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Abstract 

The work presented in this manuscript concerns the study and 

modeling of the linear and non-linear properties of optical waveguide 

(ridge waveguide), and this for create a Broadband laser source on an 

optical chip using a chalcogenide glass waveguide As2S5. The linear and 

nonlinear optical properties have been calculated and optimized by using 

a fully vectorial finite-difference in the frequency-domain (FDFD) 

method. The results of simulations show that with a good optimization of 

the waveguide structure, to exhibit an all normal dispersion (ANDi) 

profile over the entire computational domain and this by properly 

adjusting its high and width, we've got a broad and perfectly coherent 

ultra-flat SC spectrum extending from 700 to 5300 nm, and this is also by 

exploiting the nonlinear effects that appear in waveguide during the 

propagation of ultra-short pulses (femtosecond). The physical model and 

the contribution of different nonlinear effects are presented in numerical 

modeling, on the other hand, is based on the solution of the generalized 

nonlinear Schrödinger equation (GNLSE).  

 

Keywords : 

Optical waveguide, Chromatic dispersion, Supercontinuum generation, 

Nonlinear optics. 

 

 

 

 

 



  

 

 الـمـلـخـص

 انخطٍح ًغٍش انخطٍح انخصائص تذساسح ًنًزجح الاطشًححٌتعهك انعًم انًمذو فً ىزه 

، ًىزا لإنشاء يصذس نٍضس ًاسع اننطاق عهى (سٌذج يٌجح يـٌجـو) انًٌجح انضٌئٍح نًـٌجـو

 انثصشٌح انخطٍح ًغٍش انخطٍح انخصائصتى حساب . As2S5 صجاجسلالح تصشٌح تاستخذاو

تظيش نتائج عًهٍاخ انًحاكاج أنو يع انتحسٍن انجٍذ نيٍكم  (FDFD). طشٌمحًتحسٍنيا تاستخذاو 

ًىزا عن طشٌك  (ANDi) ه تًا ٌضًن تثذد طٍفً سانة ين أجم كم أطٌال الأيٌاج انًٌجيٌجو

يسطح ً فائك ًيتسك تًايًا SCي ضثظ استفاعو ًعشضو تشكم صحٍح ، أصثح نذٌنا نطاق طٍف

 نانٌيتش ، ًىزا أٌضًا عن طشٌك استغلال انتأثٍشاخ غٍش انخطٍح انتً 5300 إنى 700ًٌتذ ين 

ٌتى تمذٌى اننًٌرج . (فًٍتٌثانٍح) انًٌجً أثناء انتشاس نثضاخ لصٍشج نهغاٌح يٌجوتظيش فً 

 عهى حم هاعتًادبًرنك انًادي ًيساىًح انتأثٍشاخ غٍش انخطٍح انًختهفح فً اننًزجح انعذدٌح ، 

 .(GNLSE) انعايحيعادنح ششًدنجش غٍش انخطٍح 

 

 :الكلمات المفتاحية

 .تصشي، تثذد طٍفً،طٍف ًاسع يستًش، تصشٌاخ لاخطٍحيٌجو يٌجً 

 

 

  



  

SUMMARY 

Table of contents 

LISTS OF FIGURES        I 

LIST OF TABLES         V 

LIST OF ACRONYMS        VI  

GENERAL INTRODUCTION -------------------------------------------------------------- 1 

Chapter I : Optical Waveguides 

Introduction --------------------------------------------------------------------------------------- 4 

I.1 Definition of Photonic Integrated Circuit (PIC) ----------------------------------------- 4 

I.1.1 Comparison to electronic integration ------------------------------------------------ 6 

I.1.2 Applications ----------------------------------------------------------------------------- 7 

I.2 Optical waveguides -------------------------------------------------------------------------- 7 

I.2.1 Optical fiber ----------------------------------------------------------------------------- 8 

I.2.2 Planar optical waveguides ------------------------------------------------------------- 9 

I.2.2.1 Ridge waveguide ------------------------------------------------------------------- 9 

I.2.2.2 Buried channel waveguide ------------------------------------------------------ 10 

I.2.2.3 Strip-loaded waveguide ---------------------------------------------------------- 10 

I.2.2.4 Rib waveguide -------------------------------------------------------------------- 11 

I.3 Supercontinuum (SC) generation --------------------------------------------------------- 11 

I.3.1 Types of SC generation --------------------------------------------------------------- 12 

I.3.1.1 SC generation in solid, gases and liquids ------------------------------------- 13 

I.3.1.2 SC generation in conventional fibres ------------------------------------------ 13 

I.3.1.3 SC generation in chalcogenide nanowire-------------------------------------- 14 

I.3.2 Application ----------------------------------------------------------------------------- 14 

I.4 Chalcogenide glasses ----------------------------------------------------------------------- 14 

Conclusion --------------------------------------------------------------------------------------- 16 



  

References --------------------------------------------------------------------------------------- 17 

Chapter II : Linear and Nonlinear properties of waveguides 

Introduction -------------------------------------------------------------------------------------- 23 

II.1 Linear properties of waveguides --------------------------------------------------------- 23 

II.1.1 Losses ---------------------------------------------------------------------------------- 23 

II.1.1.1 Losses by absorption ------------------------------------------------------------ 24 

II.1.1.2 Losses by diffusion -------------------------------------------------------------- 25 

II.1.1.3 Confinement losses -------------------------------------------------------------- 25 

II.1.1.4 Bending losses ------------------------------------------------------------------- 25 

II.1.1.4.1 Macro bending -------------------------------------------------------------- 25 

II.1.1.4.2 Micro bending --------------------------------------------------------------- 25 

II.1.2 Dispersion ------------------------------------------------------------------------------ 25 

II.1.2.1 Chromatic dispersion ------------------------------------------------------------ 25 

II.1.2.2 Materiel Dispersion ------------------------------------------------------------- 25 

II.1.2.3 Waveguide Dispersion ---------------------------------------------------------- 25 

II.2 Nonlinear properties of waveguides ---------------------------------------------------- 30 

II.2.1 Wave Equation ------------------------------------------------------------------------ 30 

II.2.2 The Kerr effect ------------------------------------------------------------------------ 31 

II.2.2.1 Self-Phase Modulation ---------------------------------------------------------- 32 

II.2.2.2 Cross-Phase Modulation -------------------------------------------------------- 33 

II.2.2.3 Four Wave Mixing -------------------------------------------------------------- 33 

II.2.3 Self-Steepening ----------------------------------------------------------------------- 34 

II.2.4Raman Scattering ---------------------------------------------------------------------- 34 

II.3 Generalized Nonlinear Schrödinger Equation (GNLSE) ---------------------------- 35 

II.3.1 Types of pulse envelopes ------------------------------------------------------------ 36 

II.3.1.1 Gaussian pulse ------------------------------------------------------------------- 36 

II.3.1.2 Hyperbolic secant pulse--------------------------------------------------------- 37 



  

Conclusion --------------------------------------------------------------------------------------- 37 

References --------------------------------------------------------------------------------------- 38 

Chapter III : Simulations results and discussion 

Introduction -------------------------------------------------------------------------------------- 42 

III.1 Structure of the proposed As2S5 ridge waveguide ----------------------------------- 42 

III.2 Structure optimization -------------------------------------------------------------------- 42 

III.3 SC generation in the optimized design ------------------------------------------------ 42 

III.3.1 First Simulation ---------------------------------------------------------------------- 42 

III.3.1.1 Optical Wave Breaking (OWB) ---------------------------------------------- 42 

III.3.1.2 Spectrums at different distances ---------------------------------------------- 42 

III.3.2 Effect of Self-steepening on SC generation -------------------------------------- 42 

III.3.3 Effect of Raman on SC generation ------------------------------------------------ 50 

III.3.4 Effects of Raman and Self-steepening are absences in SC generation ------- 51 

III.4 Effects of the Power and FWHM on SC generation --------------------------------- 42 

III.4.1 For Pulse duration FWHM = 50 fs ------------------------------------------------ 42 

III.4.2 For Pulse duration FWHM = 100 fs ---------------------------------------------- 53 

III.4.2.1 Spectrums at different Powers ------------------------------------------------ 54 

III.4.3 For Pulse duration FWHM = 150 fs ---------------------------------------------- 55 

III.5 Coherence ---------------------------------------------------------------------------------- 56 

Conclusion --------------------------------------------------------------------------------------- 57 

References --------------------------------------------------------------------------------------- 58 

GENERAL CONCLUSION ---------------------------------------------------------------- 60 

  



 

  

 
I 

LISTS OF FIGURES 

Chapter I 

 

Fig I.1: Photograph of SOI photonic chip fabricated at IME A*STAR 

 

     5 

 

Fig I.2: Photograph of  SOI wafer with various photonic components and 

circuits  

 

5 

 

Fig I.3: Typical process stack representing a silicon photonics platform 

with grating couplers, germanium photodetectors, waveguides, 

modulators and MOSFETs, on a silicon-on-insulator wafer 

 

6 

 

Fig I.4: Diagram of an optical fiber  

 

8 

 

Fig I.5:ridge waveguide 

 

 9 

 

Fig I.6:buried channel waveguide 

 

10 

 

Fig I.7:strip-loaded waveguide 

 

10 

 

Fig I.8:rib waveguide 

 

11 

 

Fig I.9: supercontinuum spectrum at initial and the end 

 

12 

 

Fig I.10: transparency range of some glass types 

 

15 

 

 

 

 



 

  

 
II 

Chapter II 

 

25 

 

Fig II.1. Diffusion in the core of an optical fiber 

 

26 

 

Fig II.2:Macro bending 

 

27 

 

Fig II.3:Micro bending 

 

32 

 

Fig II.4: Gaussian pulse evolution that having undergone SPM in different 

regions of the waveguide 

 

35 

 

Fig II.5: Raman scattering process 

 

Chapter III 

 

40 

 

Fig III.1: Cross sectional view of the proposed As2S5 ridge waveguide 

where the width and the high of the channel are W and H, respectively 

 

41 

 

Fig III.2: Material refractive index versus wavelength of the As2S5 

chalcogenide and MgF2 glass 

 

42 

 

Fig iii.3: Variation of the chromatic dispersion with wavelengths for 

W=2µm and H changing from 0.6µm to 0.8µm 

 

43 

 

Fig III.4: Variation of the chromatic dispersion with wavelengths for 

H=0.625 µm and W changing from 1.8 µm to 2.4 µm 

 

43 

 

Fig III.5: Variation of the chromatic dispersion with wavelengths for 

H=0.625 µm and W = 2.25 µm 

 

 



 

  

 
III 

 

44 

 

Fig III.6: Variation of the effective mode area and the corresponding 

nonlinear coefficient with wavelength for H = 0.625 µm and W = 2.25 µm 

 

    45 

 

Fig III.7: Spectral and temporal evolution over 5 mm waveguide length of 

a Gaussian pulse with a peak power and FWHM of 10 kW and 100 fs, 

respectively 

 

46 

 

Fig III.8: Spectral evolution at 0.5 mm waveguide length 

 

48 

 

Fig III.9: Pulse profiles at the input and after z = 0.95 mm of propagation 

 

48 

 

Fig III.10 : Different spectrums of the SC generation process at different 

distances 

 

49 

 

Fig III.11 : Spectral and temporal evolution over 5 mm waveguide length 

In case Raman exist and  shock (self stepning) is absence 

 

50 

 

Fig III.12: Spectral and temporal evolution over 5 mm waveguide length In 

case Raman is absence and  shock (self stepning) exist 

 

51 

 

Fig III.13: Spectral and temporal evolution over 5 mm waveguide length in 

case Raman and  shock (self stepning) are absences 

 

52 

 

Fig III.14 : Spectral evolution over 5 mm waveguide length of a Gaussian 

pulse with a peak power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 

kW, respectively 

 

53 

 

Fig III.15 : Spectral evolution over 5 mm waveguide length of a Gaussian 

pulse with a peak power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 

kW, respectively 

 



 

  

 
IV 

 

54 

 

Fig III.16 : the different spectrums of the SC generation process at 

different Powers 

 

    55 

 

Fig III.17 : Spectral evolution over 5 mm waveguide length of a Gaussian 

pulse with a peak power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 

kW, respectively 

 

56 

 

Fig III.18: (a) Generated SC spectrum with an input pulse with a peak 

power and FWHM of 25 kW and 100 fs, respectively. (b) Corresponding 

degree of coherence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 
V 

LIST OF TABLES 

 

Table I.1| the different between Electronic integrated circuits and 

photonic integrated circuits 

 

7 

 

Table I.2| Linear and nonlinear optical properties of various materials 

suitable for chip-based nonlinear photonics 

 

16 

 

Table II.1| Sellmeier coefficients of As2S5 and MgF2 glasses 

 

29 

 

Table III.1| Sellmeier coefficients of As2S5 and MgF2 glasses 

 

41 

 

Table III.2|The Taylor series expansion coefficients, up to the 10th order, 

of the propagation constant have been calculated around the carrier 

frequency and their values are  given in this table 

 

    45 

 

 

 

 

 

 

 

 

 

 

  



 

  

 
VI 

LIST OF ACRONYMS 

 

ANDi                     all normal dispersion   

AsArsenic 

As2S5arsenic pentasulfide  

CAGRThe compound annual growth rate 

ChG                       chalcogenide   

FDFDfinite-difference in the frequency-domain  

FWHMFull width at half maximum 

FWMFour-Wave Mixing 

GeGermanium 

GNLSEgeneralised nonlinear Schrödinger equation   

GVDdispersion of the group velocity 

IRinfrared 

LOClab-on-a-chip  

MIRmid-infrared 

MgF2magnesium fluoride 

NIRnear-infrared  

Ooxygen  

OWB                      Optical Wave Breaking  

PIC                          Photonic Integrated Circuit 



 

  

 
VII 

 

Ssulphur  

SOIsilicon-on-insulator  

SbAntimony 

SCSupercontinuum   

SCGSupercontinuum  generation   

Seselenium  

Sisilicon  

SPMSelf- Phase Modulation   

SRSStimulated Raman scattering  

SS                             Self-Steepening  

SSFM                       Split Step Fourier Method  

TeTellurium 

WBWave Breaking   

WDMwavelength-division multiplexed  

XPMCross-Phase Modulation  

ZDW                         zero-dispersion wavelength   

 

 



GENERAL INTRODUCTION 

  

 
1 

GENERAL INTRODUCTION 

Supercontinuum (SC) generation refers to the considerable spectral 

broadening through the interaction of intense and short optical pulses with nonlinear 

materials such as solids, liquids and gases [1]. Since its discovery for the first time in 

the beginning of the 1970s [2], SC has attracted massive attentions due to its wide 

applications to metrology, pulse compression, optical communications, coherence 

tomography, spectroscopy and tunable multi-wavelength laser sources [3].SC arises 

from a series of nonlinear processes depending on the waveguide chromatic 

dispersion regime where the femtoseconde pulses are injected, When optical pulses 

propagate through a highly nonlinear waveguide, their temporal as well as spectral 

evolution are affected not only by a multitude of nonlinear effects but also by the 

dispersive properties of the waveguide. All nonlinear processes are capable of 

generating new frequencies within the pulse spectrum. SC generation relies on the 

interplay of various nonlinear effects such as Self-Phase Modulation (SPM), Cross-

Phase Modulation (XPM), Soliton dynamics, Raman scattering, and Four-Wave 

Mixing (FWM), and it requires an optical waveguide with suitably designed group 

velocity dispersion (GVD), including a zero-dispersion wavelength (ZDW) close to 

the central wavelength of the pump sources. In the anomalous regime (D > 0), SC 

generation is dominated by soliton-related propagation dynamics [4]. The generated 

spectra are broad, mainly due to the creation of new pulses resulting from the 

fundamental Soliton Fission (SF) process. However, these spectra are partially 

coherent due to their sensitivity to the noise-related pump pulse intensity fluctuations 

[5]. In the normal regime (D < 0), Self-Phase Modulation (SPM) and Optical Wave 

Breaking (OWB) are responsible for the spectral broadening. The generated spectra 

are relatively narrower than in the anomalous dispersion regime, but highly coherent 

and smooth [6]. 

 Recently, planar waveguides have gained much attention for on-chip SC 

sources due to their low cost, reduced size and high nonlinear parameter, and have 

shown also huge potential as SC light sources in the mid-infrared (MIR) region and 

considerable effort has been channeled into making the processes that lead to the 

broadening of an injected pulse more efficient, the physics behind the process of SC 

in optical waveguides has been studied since the results of Ranka et al. and several
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tries have been made to explain generated broad bandwidth [7–9]. These waveguide 

based SC sources are of growing importance for photonic integrated circuits [10], and 

we are on the cusp of revolutionary changes in communication and microsystems 

technology through the marriage of photonics and electronics on a single platform. By 

marrying large-scale photonic integration with large-scale electronic integration, 

wholly new types of systems-on-chip will emerge over the next few years.  

In recent years chalcogenide glasses have appeared as promising nonlinear 

materials in the mid-infrared region extending from 1 to 14 μm. Chalcogenide glasses 

contain one or more of the chalcogen elements from group 16 of the periodic table (S, 

Se, Te but excepting Oxygen) covalently bounded with glass forming materials such 

as As, Ge and Ga, Si [11,12]. Thanks to their suitable optical properties, they have 

been widely used to design waveguide based mid-infrared SC sources [11]. Compared 

to silica, ChG exhibits high optical Kerr nonlinearities, high refractive index and wide 

transparency window covering near-infrared and mid-infrared [13]. and the 

combustion rate at Chalcogenide (ChG) glasses is high and it is a good advantage 

even in increasing optical intensity. 

The work described in this thesis was motivated by the need to explore 

theoretically the design and optimization of optical planar waveguides (ridge 

waveguide consisting of arsenic pentasulfide (As2S5) ChG glass strip deposited on 

magnesium fluoride (MgF2) substrate and air acting as an upper cladding) for SC 

generation in the MIR regime by utilizing the dispersive and nonlinear properties of 

the waveguide. The propagation characteristics of the fundamental guided mode such 

as chromatic dispersion, effective mode area and nonlinearity are calculated by using 

a finite-difference in the frequency-domain (FDFD) method. The waveguide structure 

is optimized to exhibit an all normal dispersion (ANDi) profile over the entire 

computational domain by properly adjusting its high and width. Furthermore, we 

demonstrate spectral broadening of an intense femtoseconde pulse pumped at 2.5 µm, 

By solving the generalized nonlinear Schrödinger equation, we demonstrate 

supercontinuum generation extending from the near infrared to the mid infrared 

region. Indeed, a broad and perfectly coherent ultra-flat supercontinuum spectrum 

spanning the region from 700 to 5300 nm is successfully generated by using a 25 kW 

peak power and 50 fs, input pulse pumped at 2.5 µm, in a waveguide of 5 mm length.
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The thesis has been structured as follows: 

Chapter 1 presents theoretical overview about the main elements related to the 

generation of SC on chip that is needed to understand the work presented in this 

thesis. For an understanding in general, the photonic integrated Circuits (PICs) and its 

applications as well as types of optical waveguides and overview for supercontinuum 

generation SCG and its types, applications and chalcogenide material and its features. 

Chapter 2 chapter shows the main theory needed to understand results 

presented in this thesis. Section 1 starts with a few linear effects that occur during 

pulse propagation inside the optical waveguides. Section 2 reviews the various 

nonlinear effects responsible for SC generation in the waveguide output. Section 3 

introduces the brief overview of generalized nonlinear Schrödinger equation 

(GNLSE) for modelling pulse propagation in optical waveguides.  

Chapter 3 presents that we numerically investigate mid-infrared SC generation in a 

ridge waveguide. The propagation characteristics of the fundamental guided mode 

such as chromatic dispersion, effective mode area and nonlinearity are calculated by 

using a finite-difference in the frequency-domain (FDFD) method. As presents that 

the waveguide structure is optimized to exhibit an all normal dispersion (ANDi) by 

properly adjusting its high and width. By solving the generalized nonlinear 

Schrödinger equation, we demonstrate supercontinuum generation extending from the 

near infrared to the mid infrared region. 
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Introduction 

We are on the cusp of revolutionary changes in communication and 

microsystems technology through the marriage of photonics and electronics on a 

single platform. By marrying large-scale photonic integration with large-scale 

electronic integration, wholly new types of systems-on-chip will emerge over the next 

few years. 

Electronic-photonic circuits will play a ubiquitous role globally, influencing 

such areas as high-speed communications for mobile devices (smartphones, tablets), 

optical communications within computers and within data centers, sensor systems, 

and medical applications. In particular, we can expect the earliest impacts to emerge 

in telecommunications, data centers and high-performance computing, with the 

technology eventually migrating into higher-volume, shorter-reach consumer 

applications [14]. 

I.1 Definition ofPhotonic Integrated Circuit (PIC) 

A photonic integrated circuit (PIC) or integrated optical circuit is a device that 

integrates multiple (at least two) photonic functions and it is device similar to 

electronic integrated circuits but use light rather than electrons for information 

signaling and transfer. While electronic integrated circuits are usually constructedas 

arrays of transistors, PICs employ a range of components (e.g., waveguides) to focus, 

split, isolate, polarize, couple, modulate, and, ultimately, detect light. Technical 

advancements in materials fabrication-realized especially over the past two decades-

have enabled embedding these numerous functions in a single small-footprint PIC 

device [14]. PICs are increasingly applied in telecommunications and sensing 

platforms and significant research and development (R&D) investments continueto 

advance a rapidly expanding market (estimated CAGR (The compound annual growth 

rate) of 31% from 2016 to 2023) [15, 16]. 
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Fig I.1: Photograph of SOI photonic chip fabricated at IME A*STAR [17]. 

Moreover, existing silicon foundries that produce highly controlled wafers 

(Fig I.2) for microelectronics already exist. The microfabrication infrastructuretodo 

silicon photonics already exists, in the microelectronics industry. Milestone 

advancements in this domain have occurred. Several companies aremanufacturing 

silicon photonic chips, e.g., Luxtera’s chips are already used in some high-

performance computer clusters [15]. As -Intel© announced the first fully integrated 

wavelength multiplexed silicon-based photonics chip in 2015,a disruptive 

advancement to present day information technology architectures [18]. 

 

Fig I.2: Photograph of  SOI wafer with various photonic components and circuits [19].
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Silicon-based Photonic Integrated Circuit development is also driven by the 

telecommunications industry due to its suitability for transmitting light in the near-

infrared (NIR) region of the electromagnetic spectrum. Nevertheless, silicon is not 

appropriate for all applications and PICs that operate in the mid-infrared (MIR) and 

other ranges may require different waveguide materials.There are some materials 

compatible with many applications and their ranges broader than silicon and their 

refractive index higher than Silicon such as chalcogenides.We are going to focus 

more about chalcogenide in waveguide in this thesis. Another key challenge with 

silicon is the realization of truly monolithic and portable lab-on-a-chip (LOC) 

systems, which include integrated optical sources and detectors on-chip [17,20]. 

As shown in Fig I.3 there are many components in silicon photonics platform 

and we are going to study and focus on the waveguide part in this thesis. 

 

 

Fig I.3: Typical process stack representing a silicon photonics platform with grating couplers, 

germanium photodetectors, waveguides, modulators and MOSFETs, on asilicon-on-insulator 

wafer [17,19]. 

I.1.1 Comparison to electronic integration 

Electronic-photonic circuits will play a ubiquitous role globally, impacting 

such areas as high-speed communications for mobile devices (smartphones, tablets), 

optical communications within computers and within data centers, sensorsystems, and 

medical applications. Table 1 shows the different between Electronic integrated 

circuits and photonic integrated circuits [21]. 
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Table I.1| the different between Electronic integrated circuits and photonic 

integrated circuits 

Parameters Photonic Integrated Circuits Electronic Integrated 

Circuits 

Mode of function Analog Digital 

Materials Used InP, GaAs, LiNbO2 ,Si, SOI Majorty Silicon 

Fabrication Technique Photolithography Photolithography 

Primary Device 

(component) 

No particular Device is 

Dominant 

Transistor 

Data Transfer Rate Data is Transmitted at the 

speed of light 

Data is Transmitted at 

the speed of Electron 

Flow 

 

I.1.2 Applications 

 There are a number of applications that are emerging for complex silicon 

photonic systems, the most common being data communication. This includes high-

bandwidth digital communications for short-reach applications, complex modulation 

schemes and coherent communications for long-reach applications, and so on. Beyond 

data communications, there are a huge number of new applications being explored in 

both the commercial and academic worlds for this technology.These include: nano-

optomechanics and sensors [22,23], nonlinear optics[24,25], radio frequency 

integrated optoelectronics [26-28] and coherent communications [29]. 

I.2 Optical waveguides 

Guided wave optics, realized in both optical fiber and planar technologies, has 

numerous applications. Optical fibers are the backbone of modern high-speed 

telecommunication systems. They are also indispensable for the flexible optical power 

delivery in medical and manufacturing laser applications, high-speed computer 

interconnects, decreasing the weight, improving immunity to external electromagnetic 

fields in modern sensor and measurement systems.  

Planar optical waveguides, on the other hand, are used for beam formation in 

edge emitting laser diodes, as sensors in modern sensor and measurement systems, to
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provide amplification in optical telecommunication systems, and in high-speed 

external laser diode modulators. 

The optical fibre technology currently allows the fabrication of low loss 

optical waveguides providing both single mode and multimode wave guiding at a 

number of wavelengths and for various maximum optical power levels. The fibre 

optic technology has been advanced and provides many high-quality optical 

components. The weakness of fibre optic technology lays in the large dimensions of 

the components and in its limited suitability for low-cost mass production. Planar 

technology, on the other hand, has the potential to provide the low cost large-scale 

production of compact optical components, which can meet the demands of the 

modern telecom systems and other applications [30]. 

I.2.1 Optical fiber 

Optical fiber is a light transmission medium (transmission channel) in optical 

systems that allow high-speed data transmission through optical rays. 

Optical fiber is usually made of silica, a material that glass. Silica is a 

compound of silicon (Si) and oxygen (O) whose chemical formula is SiO2[31].  

 

 

Fig I.4: Diagram of an optical fiber [32]. 

Core: the physical component that transports the optical data signal, made up of a 

continuous strand of glass. the core's diameter is measured in microns. 

Cladding: the layer that protects the core and causes the necessary reflectionto allow 

light to travel through the fiber-core segment.
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Coating: this layer of thicker plastic surrounds the cladding and helps protect the 

fiber core. 

Strength Member: the strengthening fibers that help protect the core against damage 

during installation or from being crushed. 

Outer jacket: the outermost layer of the fibre cable [33]. 

I.2.2 Planar optical waveguides 

Recently, planar waveguides have gained much attention for on-chip SC 

sources due to their low cost, reduced size and high nonlinear parameter, These 

waveguide based SC sources are of growing importance for photonic integrated 

circuits [10,34]. The design of a photonic device requires the selection of a particular 

optical waveguide that meets the design specifications within the parameter space, 

which is imposed by a selected fabrication technology and device application. The 

core of the waveguides planar is made of silicon while the cladding is made of silica 

[7]. 

These waveguides are extensively used in photonics due to their versatility in 

terms of application, the large choice of materials they can be made of, and their 

relatively easy fabrication [8]. 

There are many types of planar waveguides.We mention some of them  

I.2.2.1Ridge waveguide 

 

 

Fig I.5:Ridge waveguide[8].

n1 
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d 
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The ridge or strip waveguide, as shown in Figure, consists of a strip of high 

index material (n1) on a substrate with a lower refractive index (n2). As the 

surrounding has a lower refractive index (nAir) than the strip, light is confined and 

propagates through the high index medium. The main part of light is confined in the 

strip which provides both lateral and transverse confinement. 

I.2.2.2 Buried channel waveguide 

 

 

Fig I.6:Buried channel waveguide[8]. 

A buried channel waveguide is formed with a high refractive index waveguide 

core buried in surrounding medium a low refractive index. 

I.2.2.3 Strip-loaded waveguide 

 

 

Fig I.7:Strip-loaded waveguide[8].
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The strip loaded waveguide as shown in Figure consists of a strip(dielectric 

strip or a metal strip to facilitate optical confinement) of low refractive index 

material(n3) patterned on top of a planar waveguide of higher refractive index material 

(n1). The loading strip causes a variation in the refractive index which confines light 

in the horizontal or the y-direction [8].  

I.2.2.4 Rib waveguide 

 

 

Fig I.8:Rib waveguide[8]. 

A rib waveguide has a structure similar to that of a strip or ridge waveguide, 

but the strip has the same refractive index as the high refractive index planar layer 

beneath it and is part of the wave guiding core [9].The slab waveguide confines the 

propagating light in the vertical or the x-direction. 

I.3 Supercontinuum (SC) generation 

The generation of new frequency components with spectral broadening is 

inherent feature of nonlinear optics and intensively studied since the early1960s. 

When narrowband incident pulses undergo extreme nonlinear spectral broadening to 

yield a broadband spectrally continuous output then this process is known as SC 

generation [35]. SC generation was first observed by Alfano and Shapiro in bulk BK7 

glass in 1970 [15, 16], and has since been the subject of numerous investigations in a 

wide variety of nonlinear optical waveguides. SC arises from a series of nonlinear 

processes depending on the waveguide chromatic dispersion regime where the 

femtoseconde pulses are injected. In the anomalous regime (D > 0), SC generation is 

n1 

n2 

w 

h 
d 
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dominated by soliton-related propagation dynamics [4]. The generated spectra 

arebroad, mainly due to the creation of new pulses resulting from the fundamental 

Soliton Fission (SF) process. However, these spectra are partially coherent due to 

their sensitivity to the noise-related pump pulse intensity fluctuations [5]. In the 

normal regime (D < 0), Self Phase Modulation (SPM) and Wave Breaking (WB) are 

responsible for the spectral broadening. The generated spectra are relatively narrower 

than in the anomalous dispersion regime, but highly coherent and smooth [6].The 

figure shows the different between the input pulse and output. 

 

 

 

Fig I.9: supercontinuum spectrum at initial and the end [36]. 

Nonlinear optics is an important field of science and engineering because it 

can generate, transmit, and control the spectrum of laser pulses in solids, liquids, 

gases, and fibers. One of the most important ultrafast nonlinear optical processes is 

the supercontinuum generation (the production of intense ultrafast broadband "white 

light" pulses). 
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I.3.1 Types of SC generation  

By  considering  materials  state  there  are: 

I.3.1.1 SC generation in solid, gases and liquids 

SC generation was first observed by Alfano and Shapiro 1970 extending the 

white light spectrum covering the entire visible range from 400 to 700 nm after 

launching 5 mJ picosecond pulses at 530 nm in bulk BK7 glass [15,16].The 

bandwidth of SC obtained by the Alfano and Shapiro’s experiment was ten-times 

wider than anything previously reported. Later on Manassah et al. coined this 

phenomenon assupercontinuum’ [37]. In the meantime, the phenomenon of SC 

generation was referred to as superbroadening [38-40].  

By considering properties of guides there are two types: circular guides 

(optical fibers ) and rectangular guides (planar).  

In optical fibers there are SC generation in conventional fibres and SC 

generation in silica microstructured fibres.  

I.3.1.2 SC generation in conventional fibres 

The first SC generation in optical fibres was first observed in 1976 by 

launching 10 ns pulses from a dyelaser into a 20-m-long fibre [41]. The SC spectrum 

extended over 180 nm when the peak power was 1 kW. The pulses with duration of 

25 ps were launched into a 15-m-long fibre supporting four modes at the input 

wavelength of 532 nm in a 1987 experiment [42]. The output spectrum extended over 

50 nm because of the combined effects of SPM, XPM, SRS, and FWM. Similar 

results were observed when single-mode fibres were used [43]. In a 1987 experiment, 

a 1-km-long single-mode fibre was used in which 830 fs input pulses with 530 W 

peak power produced a 200 nm wide spectrum at the output end of the fibre [44]. 

Similar features were obtained later with longer pulses [45,46]. 

In planar there is SC generation in chalcogenide nanowire. 
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I.3.1.3 SC generation in chalcogenide nanowire 

Recently chalcogenide (ChG) planar optical waveguides have emerged as the 

key devices to construct scalable, low cost integrated optical circuits such as 

supercontinuum (SC) laser sources for numerous applications between near-infrared 

(IR) and mid-infrared (MIR) regimes [47-49]. Among such planar integrated circuits 

ChG rectangular channel waveguides have shown promising waveguide design for 

such applications. ChG waveguide enables the generation of MIR SC to above 10 μm 

due to its wide transmission window as well as the higher nonlinear refractive index 

(n2), depending on the content of sulphur (S) or selenium (Se) used [50–53]. 

I.3.2 Application 

 Multi-wavelength Optical Sources 

One of the most important applications of SC to the field of telecommunications is 

the design of multi-wavelength sources for ultra-broadband wavelength-division 

multiplexed (WDM) systems based on spectral slicing of SC generated by a single 

laser. As it was mentioned in the previous section, a powerful short optical pulse can 

be non-linearly broadened into a SC spectrum. This spectrum can then be sliced with 

an array of filters to create a series of WDM channels [54]. 

 Pulse Compression and Short Pulse Generation. 

 Supercontinuum in optical coherence tomography. 
 

I.4 Chalcogenide glasses 

Recently attention has focused on chalcogenide (ChG) glasses because these 

glasses exhibit high optical nonlinearities (several hundred times that of silica), are 

transparent in the MIR region, and can be easily drawn into a fiber form [55]. Clearly, 

ChG fibres can be used to develop a SC source providing wavelengths beyond 5 μm. 

ChG glasses contain the chalcogen elements S, Se, Te, covalently bonded with 

elements such as Ge, As, Sb and form stable glasses over a wide range of 

compositions [56]. Their optical properties such as refractive index and nonlinearity 

can be tuned by the appropriate selection of composition. In general, ChG glasses
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possess relatively high refractive indices which in turn increases the nonlinear 

refractive index. 

ChG glasses can provide MIR transparency up to 14 μm when telluride-based 

materials are employed [57]. For waveguide fabrication a high refractive index is 

advantageous and allows strong confinement of light, a reduction in the effective 

mode area and thus an increased nonlinear response [58]. 

 

Fig I.10: transparency range of some glass types[59]. 

 

This table shows refractive index, nonlinear refractive index, transparency and SCG 

observed with different materials [60]. 
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Table I.2 | Linear and nonlinear optical properties of various materials suitable for chip-

based nonlinear photonics 
 

Material refractive index Nonlinear refractive 

index (m
2
/w) 

Transparency 

(µm) 

SCG observed 

SiO2 1.45 3×10-20 0.2 – 4 Y 

Si 3.47 5×10-18 1.2 – 8 Y 

AIN 2.12 2.3×10-19 0.2 – 13.6 Y 

GaN 2.31 7.8×10-19 0.36 – 13.6 N 

Gap 3.05 6×10-18 0.54 – 10.5 N 

Diamond 2.38 8×10-20 0.22 -> 50 Y 

AlGaAs 3.3 2.6×10-17 0.7 – 17 Y 

LiNbO3 2.21 1.8×10-19 0.35 – 5 Y 

As2S3 2.43 3.8×10-18 0.6 – 6.7 Y 

As2Se3 2.81 2.4×10-17 1 – 11.4 Y 

As2S5 1.85 3×10-18
 0.7 – 5.3 Y 

Y: yes; N: no. All parameters are values at 1.55 μm 

 

  In this these we are going to work with As2S5glass as mentioned before, that 

As2S5 exhibits higher optical Kerr nonlinearities, high nonlinear refractive index

(n2=3× 10
-18

) and wide transparency window covering near-infrared and mid-infrared.  

Conclusion 

This Chapter gives a theoretical overview of the main elements related to the 

generation of SC on chip that is needed to understand the work presented in this 

thesis. For an understanding in general, the photonic integrated Circuits (PICs) aswell 

as types of optical waveguides and overview for supercontinuum generation SCG and 

its types, and chalcogenide material and its features.  

In this thesis we are going to study SC generation on chip by using rectangular 

optical waveguide (Ridge waveguide) as well as the material chalcogenide As2S5.
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Introduction 

The propagation of an electromagnetic (EM) waves or pulses depends entirely 

on the medium in which it propagates. In vacuum the pulse can propagate unchanged. 

When propagating in a medium the EM field interacts with the atoms of the medium. 

This generally means that the pulse is exposed to loss and dispersion, where the last 

effect occurs because the different wavelength components of the pulse travel at 

different velocities due to the wavelength dependence of the refractive index. These 

effects are termed as the linear response of the medium. If the intensity of a pulse is 

high enough, the medium also responds in a nonlinear way. The most we can talk 

about that the refractive index becomes intensity dependent (Kerr effect) and photons 

can interact with phonons (molecular vibrations) of the medium (Raman effect). In 

linear optics, signals are only amplified or attenuated but frequencies stay unchanged, 

while in nonlinear optics, new frequencies can be generated, and a spectrum of a laser 

pulse can change radically during propagation. As extreme spectral change is indicate 

to as supercontinuum (SC) generation, a phenomenon first observed in bulk BK7 

glass by Alfano and Shapiro in 1970 [1]. These effects are the basis for the many 

spectral broadening mechanisms, which we will treat further in this chapter. 

This chapter shows the main theory needed to understand results presented in 

this thesis. Section 1 starts with a few linear effects that occur during pulse 

propagation inside the optical waveguides. Section 2 reviews the various nonlinear 

effects responsible for SC generation in the waveguide output. Section 3 introduces 

the brief overview of generalized nonlinear Schrödinger equation (GNLSE) for 

modelling pulse propagation in optical waveguides. 

II.1 Linear properties of waveguides 

II.1.1 Losses 

Loss/attenuation is an important waveguide parameter which provides a 

measure of power loss during propagation of optical signals inside the waveguide, 

given by: 

  10

0

10
/ log TP

dB m
L P


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where P0 is the power launched at the input of a waveguide of length L and PT is the 

transmitted power [2]. These processes can be classified into two categories: those 

that are related to the core material (Chalcogenide) and its quality of manufacture 

(absorption, diffusion)and others are two more attenuation mechanisms are occurred 

such as confinement losses and bending losses [3]. 

II.1.1.1 Losses by absorption 

Absorption of signal is a serious loss mechanism in an optical fiber. This type 

of loss results in a conversion of photon energy into another form of energy (vibration 

for example) due to the presence of imperfections in the atomic structure of the fiber 

material, due to some basic intrinsic material properties and due to some extrinsic 

material properties. But the contribution from imperfections is relatively small in fiber 

optic absorption losses. intrinsic absorption is caused by basic fiber material 

properties. If a material is free from impurities and imperfections, then entire 

absorption is due to intrinsic absorption. Silica fibers very low intrinsic material 

absorption. Here, the vibration of silicon-oxygen bonds causes absorption. The 

interaction between these bonds and the electromagnetic field of the optical signal is 

responsible for intrinsic absorption. Presence of impurities in the fiber material leads 

to extrinsic absorption. This is caused by the electronic transition of metal impurity 

ions from one energy level to another. Another reason for extrinsic absorption is the 

presence of hydroxyl ions in the fiber[4]. 

II.1.1.2 Losses by diffusion 

Diffusion losses arise from microscopic variations in the density of the 

material, fluctuations in composition and inhomogeneity, or defects induced during 

the manufacturing process of the fiber. In the presence of a scattering center,a 

propagating wave undergoes diffusion in all directions (Fig.II.1). 
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Fig.II.1: Diffusion in the core of an optical fiber [3]. 

Part of the scattered rays emerge from the core of the fiber and disperse  in the 

cladding, thus causing a loss of power of the transmitted light  energy, thus a signal 

attenuation which is a function of λ, and which decreases rapidly when λ increases. 

There are two types of scattering: linear diffusion (elastic), for which diffused photons 

keep the same frequency, and nonlinear diffusion (inelastic), for which diffused 

photons have their frequency modified. There are two linear diffusion subtypes, 

depending on the size of the scattering center: the Rayleigh scattering that occurs 

when the dimensions are far smaller than the wavelength and the Mie scattering that 

manifests itself when the dimensions are the same order of the wavelength. 

II.1.1.3 Confinement losses 

The confinement loss is determined by the waveguide, the diameter to pitch 

ratio in a particular design of microstructured fibre determines how much light leaks 

from the core into the cladding. The lower the ratio, the more leakage is expected into 

the cladding. By careful design, the confinement loss can be made as low as required 

[5,6]. 

These losses are calculated according to the imaginary part of the effective 

index of the mode according to the following formula [7]: 

α (dB / km) = 
2𝜋

𝜆

20

ln 10 
𝐼𝑚(𝑛𝑒𝑓𝑓 )  (II.2) 
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II.1.1.4 Bending losses 

Bend loss is caused by bending of the fibre. This is because internal light paths 

exceeding the critical angle for total internal reflection which mainly depends 

onwavelength. Theoretically, when the fibre is bent, light propagates outside the bend 

faster than the inner radius. This is not possible practically and the light is radiated 

away [7-10].  

Two types of bending occur in micro-structured fibres: macro bending and 

micro bending. 

II.1.1.4.1 Macro bending 

is a large scale bending that is visible in which the bend is imposed on optical 

fibre. The bend region strain affects the refractive index and acceptance angle of the 

light ray. 

 

Fig II.2:Macro bending [11]. 

II.1.1.4.2 Micro bending 

is a small scale bend that is not visible which occurs due to the pressure on the 

fibre that can be as a result of temperature, tensile stress of force and so forth. It 

affects refractive index and refracts out the ray of light and thus loss occurs [7].  
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Fig II.3:Micro bending[11]. 

II.1.2 Dispersion 

An optical waveguide is dispersive when the effective index of its 

fundamental mode is a function of the wavelength. Thus a pulse propagating in an 

optical fiber will undergo a more or less significant time spread depending on its 

central wavelength and its time width[3]. 

By changing the waveguide dispersion (altering the fibre design) and 

balancing it against the materiel dispersion (fixed), the dispersion characteristics of 

the fibre can be engineered to required values[7]. 

gc mD D D       (II.3) 

II.1.2.1 Chromatic dispersion 

Since the pulse has a nonzero spectral width around the frequency f0, we can 

use Taylor's development around the w0 pulse to express the propagation constant β at 

the pulsation w[3]: 
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The term β1 is inversely proportional to the group velocity vg of the wave[3]
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The value of β2 reflects the variation of the group velocity vg between two 

different wavelengths, the dispersion of the group velocity GVD is expressed by the 

variable β2 according to: 
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In the domain of optical fibers, the term is used "chromatic dispersion", 

referred to as Dc, expressed in( ps / (nm.km) ), given by[10]: 
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        (II.8) 

Nonlinear effects in optical waveguides can manifest qualitatively different behaviors 

depending on the sign of the GVD parameter. If parameter D is negative (β2> 0), this 

is the normal dispersion regime where the red components of the pulse travel faster 

than the blue components, i.e. positive chirp. Similarly, if D is positive (β2< 0), i.e. 

anomalous dispersion regime, where the red components of the pulse travel slower 

than the blue components, i.e. negative chirp. When D = 0, which corresponds to the 

zero-dispersion wavelength (ZDW), all frequency components of the pulse travel at 

the same speed (to lowest order) and the pulse maintains its original shape[3]. 

II.1.2.2 Materiel Dispersion 

The refractive index of chalcogenide is wavelength dependent. Different 

wavelength has different refractive index. This is called material dispersion [7]. This 

variation is often expressed by the Sellmeier formula given by [2]:
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Table II.1|Sellmeier coefficients of As2S5 and MgF2 glasses 

As2S5  MgF2 

Aj j  Aj j 

2.1361             0.3089  0.48755708         0.0433840 

0.0693             15  0.39875031         0.09461442 

1.7637             4.66 x 10-4
  2.3120353           23.793604 

  

The dispersion of material is given by[3]: 
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m
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c d
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
        (II.10) 

The dispersion due to the material and described until now is not the only 

contribution to the chromatic dispersion of an optical fiber. Indeed, we must not 

forget to add the dispersion introduced by the guide itself[12].  

II.1.2.3 Waveguide Dispersion 

This is due to the fact that light is in fact not strictly confined to the core. The 

electric and magnetic fields constituting the light impulse actually extend (a little) 

outside the core, therefore in the cladding. The electromagnetic field "overflows" in 

the cladding all the more as the wavelength is large. The refraction index seen by the 

wave is therefore an average between the refractive index of the core and that of the 

cladding. The smaller wavelengths will therefore tend to propagate more slowlythan 

the longer wavelengths, resulting in an enlargement of the light pulse[13]. 

As for guide dispersion, its expression is given by[3]: 
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II.2 Nonlinear properties of waveguides 

II.2.1 Wave Equation 

Understanding nonlinear phenomena in optical fibers requires studying the 

theory of electromagnetic wave propagation in nonlinear dispersive media. Like any 

electromagnetic phenomenon, the propagation of optical fields is governed by the 

Maxwell equations that lead to the wave equation, given by: [14] 

 
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 

   
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  (II.12) 

The constant μ0 then corresponds to the magnetic permeability of the vacuum 

and c is the speed of light in a vacuum (299,792,458 m / s). 

Under the influence of an electric field E, it is possible to deform the 

electronic cloud locally: this is the phenomenon of electronic polarization. This 

phenomenon is likely to create many microscopic electrostatic dipoles. The field seen 

locally by the material then results from the field applied to the material and the 

induced polarization field. When the applied electric field is weak, the induced 

polarization is proportional to this field, the material has a so-called linear response, it 

is called linear polarization PL. When the applied field reaches values of the order of 

magnitude of the intra-atomic fields, the polarization of the material then becomes a 

non-linear function (PNL) of the electric field E and is expressed according to the 

following relations [3]:  

L NLP P P        (II.13) 

 1

0LP E        (II.14) 

    2 3

0 ...NLP EE EEE        (II.15) 

For low intensities of the electric field, the development can be truncated at its 

first term; the polarization then depends linearly on the E field. The real and 

imaginary part of the linear susceptibility χ
(1)

 corresponds to the refractive index of 

the material n and to the  linear absorption coefficient α. For intense field strength, the  
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influence of higher order terms ceases to be negligible. The susceptibility of order 2: 

χ
(2)

 is responsible for non-linear effects such as second harmonic generation and sum 

frequency generation. However, it is null for media with inversion symmetry at the 

molecular level.  Therefore, for glass which is a symmetrical molecule, χ
(2)

 is zero. As 

a result, glass is mainly the seat of non-linear effects originating from the 3-fold 

susceptibility: χ
(3)

, which is responsible for nonlinear  inelastic phenomena such as 

stimulated Raman or elastic phenomena such as the optical Kerr effect responsible for 

many effects such as self-phase modulation (SPM), cross-phase modulation (XPM), 

four-wave mixing (FWM). [14] 

II.2.2 The Kerr effect 

The propagation of an intense optical field in an optical fiber causes an 

instantaneous change in the refractive index of the medium. This phenomenon is 

called optical Kerr effect. The refractive index is then dependent on the intensity of 

the optical field and is decomposed in two: 

    2, ( )Ln w t n w n I t      (II.16) 

Where nL corresponds to the linear index, I(t) the intensity of the field and n2 the 

nonlinear index of the medium. The refractive index then consists of a linear 

component related to the dielectric susceptibility of the first order and a nonlinear 

component related to the dielectric susceptibility of the third order. When the 

intensityof the electric field is low, the non-linear contribution to the refractive index 

can be neglected. If not, it must be taken into account.   

For a fiber in ChG(As2S5) n2 is equal to 3×10
-18

 m
2
 / W[15], this value 

depends in particular on the presence of possible dopants and the measurement 

technique. This nonlinear index is directly related to the susceptibility of order three 

by the relation[10]:   

 3

2

3
Re

8 L

n
n

 
       (II.17) 

For an optical fiber, the Kerr effect isexpressed by its factor γ given by:
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where w0 is the pulsation, c is the celerity of the light and Aeff is the effective area 

relative to the guided mode. 

II.2.2.1 Self-Phase Modulation 

Under a strong field intensity, the variation of the refractive index causes a 

self-induced phase shift. This effect is called self-phase modulation (SPM).SPM 

creates new frequencies and can lead to the spectral broadening of optical pulses, 

which arises due to the time dependence of the nonlinear phase shift i.e. the 

instantaneous optical frequency changes across the pulse[2].The nonlinear phase shift 

induced by the self-phase modulation is given by:[3] 

   2 0SPM t n k LI t       (II.19) 

give a graphical representation of the self-phase modulation induced by a 

Gaussian impulse. 

 

 

Fig II.4: Gaussian pulse evolution that having undergone SPM in different regions of the 

waveguide.
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II.2.2.2 Cross-Phase Modulation 

If we consider two optical fields of wavelengths λ1 and λ2 different, co-

propagating in a fiber of length L. Each field is susceptible to generate its own SPM 

and to undergo an additional nonlinear phase shift induced by the other wave. This 

phenomenon is called Cross Phase Modulation (XPM)[14], and the additional phase 

shift received by the first wave is written, in the case where the two waves are 

polarized along the same axis[12, 16]:  

  2 0 2 22 2XPM t n k I L P L        (II.20) 

with I2 (P2) the intensity (power) of the second wave. The XPM phase shift is 

generally responsible for an asymmetrical spectral broadening of the pulses with 

respect to their initial frequencies. This asymmetry is due to the difference in the 

group velocities between the two spectral components[14]. 

II.2.2.3 Four Wave Mixing 

Four wave mixing (FWM) describes a nonlinear process in which four optical 

waves interact with each other as the consequence of the third order susceptibility 

χ
(3)

.The origin of FWM is in the nonlinear response of bound electrons of a material to 

an electromagnetic field [2]. FWM process involve nonlinear interaction between four 

optical waves oscillating at frequencies ω1, ω2, ω3, and ω4. Generally, there are two 

types of FWM process. First corresponds to the case in which three photons transfer 

their energy to a single photon at the frequency ω4 = ω1 + ω2 +ω3. Second 

corresponds to the case in which two photons at frequency ω1 and ω2 are destroyed, 

while two photons at frequencies ω3 and ω4 are created simultaneously, so that  

ω3+ ω4 = ω1 + ω2. 

The efficiency of FWM depends strongly on the phase matching of the 

frequency components and consequently relies on dispersion properties of the optical 

waveguide[2]. 
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II.2.3 Self-Steepening 

Self-steepening is a higher order nonlinear effect which results from the 

intensity dependence of the group velocity. It causes an asymmetry in the SPM 

broadened spectra of ultrashort pulses as the pulse moves at a lower speed than the 

wings of the pulse [17]. Therefore, as the pulse propagates inside the waveguide, the 

peak shifts towards the trailing edge and the trailing edge becomes steeper with 

increasing distance. Self-steepening of the pulse creates an optical shock and is only 

important for short pulses [2]. 

II.2.4Raman Scattering 

The effects of scattering, Raman and Brillouin, were the first nonlinear effects 

studied in optical fibers [18]. Unlike the Kerr effect, the Raman and Brillouin effects 

are due to an exchange of energy between the optical field and the dielectric medium, 

which is called inelastic effects. Nevertheless, the Brillouin effect does not contribute 

to the generation of the supercontinuum in the femtosecond regime because the 

threshold of its appearance is higher compared to that of Raman. In addition, the 

Brillouin effect is manifested only with long-lasting pulses (> 1 ns) [19]. Here we 

describe the phenomenon of stimulated Raman scattering [20]. 

During the propagation of an intense optical field in a nonlinear medium, a 

photon of the pump wave at the frequency ωp is diffused into a photon of frequency 

ωs, the energy difference being absorbed by the scattering center. The excitation of 

the medium is reflected, most often, by a modification of the vibrational or rotational 

level of the molecules. The process gives rise to a lower frequency photon (Stokes 

wave) or a higher frequency photon (anti-Stokes wave).However, in the presence of 

the pump wave ωp and the signal wave ωs, an amplification process of the wave ωs at 

the expense of the wave ωp can take place. This is called stimulated diffusion [21]. 

This amplification process can be very efficient (> 10% of the value of the pump 

wave). Fig. 5 shows the process of Raman scattering. 
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Fig II.5: Raman scattering process [22]. 

II.3 Generalized Nonlinear Schrödinger Equation (GNLSE) 

The change in pulse envelope A as the pulse propagates along the fibre axis z 

is described by the generalized nonlinear Schrödinger equation (GNLSE) [17] 
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In the Eq (II.21), relating to the total dispersion of the fiber, we thus find 
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Describing the derivative of order k of the propagation constant with respect to ω 

[23]. 
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αis the linear propagation loss. 

The non-linear effects involved during propagation in a fiber can be identified. 

In this case, the magnitude of these effects is determined by the nonlinear coefficient 

γ according to: [22]. 
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The effective area of the propagation mode of the fiber can be calculated 

according to Eq. (II.25) from the transversal distribution of the mode of guidance in 

the frequency domain Få (x, y, ω):[22]. 
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   (II.25) 

The result of this expansion leads to obtaining an optical shock term τshock in 

order to take into account the dispersion of the non-linearity as a function of ω: 

0

1
shock


       (II.26) 

Finally the material response function includes both the instantaneous 

electronic response (Kerr type) and the delayed Raman response and has the form [2]: 
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where fR = 0.11, τ1 = 15.2 fs, and τ2 = 230.5 fs  are taken as for chalcogenide 

material.[16] 

II.3.1 Types of pulse envelopes 

From a general point of view, two main forms of initial pulse envelopes A 

having a peak power P0 are used. We thus distinguish the impulses of Gaussian type 

and secant hyperbolic type. [22] 

II.3.1.1 Gaussian pulse 
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with T0 the half-width (at the point of intensity P0 / e), but in practice we use 

more easily the total width at half height TFWHM instead of T0. For a Gaussian pulse, 

the relation is: 

  1/2

0 0 2 2   1.665 FWHMT ln T T     (II.30) 

II.3.1.2 Hyperbolic secant pulse 
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   (II.31) 

with T0 connected to the total width at half height TFWHM by the relation: 

   0 02. 1 2 1.763FWHMT ln T T      (II.32) 

Although the pulses emitted by a large number of lasers correspond to a 

Gaussian profile, hyperbolic secant pulses are usually considered, particularly in the 

context of optical solitons and pulses emitted by mode-locked lasers[14]. 

Conclusion 

This Chapter gives a theoretical overview of the physics related to the 

generation of SC that is needed to understand the work presented in this thesis.For an 

understanding of the linear(losses and dispersion) and nonlinear phenomena(the Kerr 

effect,Self-Steepening and Raman scattering) as well as their effects during 

propagation of optical signal inside the waveguide it is necessary to introduce the 

GNLSE that governs the propagation of optical field in the waveguide. Finally, a few 

of the most relevant nonlinear effects and concepts responsible for propagation 

dynamics of SC generation have been reviewed. 
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Introduction 

We numerically investigate mid-infrared SC generation in a ridge waveguide 

consisting of arsenic pentasulfide (As2S5) ChG glass strip deposited on magnesium 

fluoride (MgF2) substrate and air acting as an upper cladding. The propagation 

characteristics of the fundamental guided mode such as chromatic dispersion, 

effective mode area and nonlinearity are calculated by using a finite-difference in the 

frequency-domain (FDFD) method. The waveguide structure is optimized to exhibit 

an all normal dispersion (ANDi) profile over the entire computational domain by 

properly adjusting its high and width. Furthermore, we demonstrate spectral 

broadening of an intense femtoseconde pulse pumped at 2.5 µm. By solving the 

generalized nonlinear Schrödinger equation, we demonstrate supercontinuum 

generation extending from the near infrared to the mid infrared region. 

III.1 Structure of the proposed As2S5 ridge waveguide 

The cross sectional view of the proposed ridge waveguide is given by Fig III.1 

As mentioned in the previous section, the proposed ridge waveguide consists of As2S5 

strip deposited on MgF2 substrate, and air acting as an upper cladding. The parameters 

W and H are the core width and high, respectively. The wavelength dependent 

refractive index of the core and the cladding are given via the Sellmeier equation: 

2

2 2
1

( ) 1
-

m
j

j j

A
n




 

      (III.1) 

Were the coefficients are given in Table III.1 [1, 2]. 

 

Fig III.1:Cross sectional view of the proposed As2S5 ridge waveguide where the width and 

the high of the channel are W and H, respectively [3].
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Table III.1|Sellmeier coefficients of As2S5 and MgF2 glasses 

As2S5  MgF2 

Aj j  Aj j 

2.1361             0.3089  0.48755708         0.0433840 

0.0693             15  0.39875031         0.09461442 

1.7637             4.66 x 10-4
  2.3120353           23.793604 

 

The variation of the refractive index with wavelength for both As2S5 and MgF2 

is depicted in Fig III.2 The large index contrast between the core and the cladding 

permits a strong light confinement inside the core whatever its wavelength. The inset 

Fig III.2 shows the optical field distribution at the excitation wavelength 1 µm and 4 

µm respectively[3]. 

 

Fig III.2: Material refractive index versus wavelength of the As2S5 chalcogenide and MgF2 

glass.  

III.2 Structure optimization 

As mentioned previously, we aim to optimize the waveguide structure 

exhibiting negative dispersion so that the generated SC is relatively coherent and 
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noise insensitive over the entire bandwidth. In order to achieve all normal dispersion 

(β2> 0) over a wide wavelength range, the structural parameters of the proposed ridge 

waveguide are suitably adjusted. The impact of both the width (W) and the high (H) is 

carefully investigated through several numerical simulations. First, we analyzed the 

effect of W on the dispersion parameter. FigIII.3 shows the evolution of the chromatic 

dispersion with wavelength for the fundamental TE mode with W = 2 µm and H 

varying from 0.6 µm to 0.8 µm with step of 0.05 µm. From the figure we observe that 

dispersion curve increases when H increases too with a peak moving toward long 

wavelengths. Hence, ANDi (all normal dispersion) regime with a peak close to the 

zero can be achieved for H laying between 0.6 µm and 0.65 µm. For this respect, we 

investigated the impact of changing W when H is set to 0.625 µm. FigIII.4 depicts the 

evolution of dispersion parameter for different values of W ranging from 1.8 µm to 

2.4 µm with a step of 0.2 µm. As we can see, the curves shift upward, with an 

invariant peak, when W decreases. Moreover, the ANDi regime with a peak close to 

the zero can be obtained for H laying between 2.2 µm and 2.4 µm. Therefore, and 

from the above results, one can optimize the design of the proposed waveguide in 

order to achieve the desired ANDi profile over a wide range of wavelengths. For this 

purpose, we have calculated the chromatic dispersion for the waveguide parameters 

W = 2.25 m and H = 0.625 m. 

 

Fig III.3: Variation of the chromatic dispersion with wavelengths for W=2µm and H 

changing from 0.6µm to 0.8µm.
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Fig III.4: Variation of the chromatic dispersion with wavelengths for H=0.625 µm 

and W changing from 1.8 µm to 2.4 µm.  

 

Fig III.5: Variation of the chromatic dispersion with wavelengths for H=0.625 µm 

and W = 2.25 µm. 

As plotted in Fig III.5, the optimized design exhibits a negative dispersion 

over the whole wavelength range with a zero dispersion around 2µm. 

III.3 SC generation in the optimized design 

SC generation was, then, carried out in the proposed chalcogenidewaveguide with the 

optimized parameters. We consider theinjection of a chirpless Gaussian pulse given 

by[3]:
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(III.8) 

where, P0 is the peak power and T0 is the pulse duration related to the pulse Full 

Width Half Maximum (FWHM) as 

T0 = FWHM / 1.665     (III.9)
 

In order to generate broad SC, the pulse is pumped close to the zero dispersionat 2.5 

µm. The chromatic dispersion and the nonlinear coefficient at thepump wavelength 

are −18 ps/nm.km and 0.5×10
4
 W

−1
km

−1
, respectively. 

 

 

Fig III.6: Variation of the effective mode area and the corresponding nonlinear 

coefficient with wavelength for H = 0.625 µm and W = 2.25 µm
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We have computed both the effective mode area and the Kerr nonlinear 

coefficient. Their evolution against wavelength is depicted in Fig III.6 where we, 

clearly, observe that the waveguide exhibits high nonlinearity up to 2.2×10
4
 w

−1
km

−1
. 

This is due to, jointly, the small effective mode area and the high nonlinear refractive 

index. 

Table III.2|The Taylor series expansion coefficients, up to the 10th order, of the 

propagation constant have been calculated around the carrier frequency and their 

values are  given in this table 

Coefficient Valeur 

β2 0.0791 ps2/km 

β3  ps3/km0.0012-  

β4 1.5202 × 10−5 ps4/km 

β5 −1.4895 × 10−7 ps5/km 

β6 1.4122 × 10−9 ps6/km 

β7 −1.1137 × 10−11 ps7/km 

β8 6.4771 × 10−14 ps8/km 

β9 −2.4170 × 10−16 ps9/km 

β10 4.3176 × 10−19 ps10/km 

 

III.3.1 First Simulation 

 

Fig III.7: Spectral and temporal evolution over 5 mm waveguide length of a Gaussian pulse 

with a peak power and FWHM of 10 kW and 100 fs, respectively.
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First of all, in the aim to provide a simple physical interpretation of pulse 

spectral broadening in our proposed design, we have done the first simulation with 

initial pulse at Peak Power 10 kw and FHWM of 100 fs propagating over 5 mm 

waveguide length. As we can see Fig III.7 shows the spectral and temporal evolution 

of the SC generation process over the propagation distance. And it can be noticed that 

from the pulse spectral evolution, the pulse spectrum begins to broaden due to SPM, 

SPM create new frequencies so that's why the pulse spectrum begins to broaden 

automatically. This can be, clearly, observed from the oscillatory structure that 

appears in  the generated spectrum in the first few millimeters [4]. And the Fig III.8 

Explains more about the oscillation of SPM that shown in Fig III.7. 

 

 

Fig III.8: Spectral evolution at 0.5 mm waveguide length. 

Then, at a certain point, the pulse is exposed to breaking this is called Optical 

Wave Breaking (OWB) .  

III.3.1.1Optical Wave Breaking (OWB) 

A new effect appears in femtosecond optical pulse compression, using single-

mode fibers, that we describe as Optical Wave Breaking (OWB). In the fiber, 

frequency-shifted light in the leading and trailing edges of a pulse overtakes unshifted 

light in the pulse tails [5]. 

The optical wave breaking appears (OWB) when N > 1, OWB is veryweak 

and in fact is not observable in case of N < 1. [6]
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So for calculate The distance where the OWB is first observed, there are some 

parameters we have to calculate before , Therefore, the dispersion length LD given by 

[3] :  

2

0
D

2

T
L = = 0.0405m

     (III.10)
 

And the nonlinear length LNL given by: 
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(III.11)
 

the soliton order N can be calculated as following: 

45D

NL

L
N

L
        

(III.12)
 

Furthermore, the SC spectra start to broaden asymmetrically due to the effect of 

OWB. The distance where the OWB is first observed is given by [7]:  

3
-

22

0.95

4 -1

DL
z mm

e N

 
    (III.13)

 

For this simulation, the distance is found to be 0.95 mm. Fig III.9  shows the 

pulse at the input as well as after 0.95 mm of propagation. Moreover, an overlap of 

two pulse components with different instantaneous frequencies results in sinusoidal 

beats between those frequencies [8]. These oscillations indicate the appears of OWB 

[9]. With further propagation, OWB fully develops by transferring energy from the 

pulse center wavelengths to the new frequency band around 3900 nm. 
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Fig III.9: Pulse profiles at the input and after z = 0.95 mm of propagation. 

III.3.1.2 Spectrums at different distances 

 

 

Fig III.10 : Different spectrums of the SC generation process at different distances.   

 

Second of all, in the aim to provide a simple physical interpretation of pulse 

spectral broadening in our proposed design, we have done first simulation again But 

by focusing on the shape of the spectrum at different distances with initial pulse at 

Peak Power 10 kw and pulse duration at FHWM = 100 fs, propagating over 5 mm 
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waveguide length, as we can see Fig III.10 shows the different spectrums of the SC 

generation process at different distances. And it can be noticed that when distance 

increase, the spectrum width increases too, and the pulse form changes too with 

distance,in in this case  the spectrum  approximately stay at same form from z = 1.5 

mm to z = 5 mm. 

III.3.2 Effect of Self-steepening on SC generation 

 

 

Fig III.11 : Spectral and temporal evolution over 5 mm waveguide length In case Raman 

exist and  shock (Self-Steepening) is absence.  

The purpose of simulation replication is to learn how the nonlinear effects 

contribute to extend the spectrum. We have done the second simulation with initial 

pulse at Peak Power 10 kw and pulse duration at FHWM = 100 fs propagating over 5 

mm waveguide length and Raman exists and Self-steepening is absence. As we've 

seen from Fig III.11 that absences of shock term has an effect which make the spectral 

evolution asymmetrically and the spectral broadening increasingly from 0 to 1.5 

mm.Without forgetting that OWB responsible too for make the spectral evolution 

asymmetrically and the spectral broadening. 
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III.3.3 Effect of Raman on SC generation 

 

Fig III.12: Spectral and temporal evolution over 5 mm waveguide length In case Raman is 

absence and shock (Self-Steepening) exist.  

 

We have done the third simulation with initial pulse at Peak Power 10 kw and 

pulse duration at FHWM = 100 fs propagating over 5 mm waveguide length, and 

Raman is absence and Self-Steepening exists. As we've seen from Fig III.12 that in 

case Raman is absence andshock exists there areno changes according to first 

simulation (Raman and shock are existing). 
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III.3.4 Effects of Raman and Self-steepening are absences in SC 

generation 

 

Fig III.13: Spectral and temporal evolution over 5 mm waveguide length in case Raman and 

shock (Self-steepening) are absences. 

We have done the forth simulation with initial pulse at Peak Power 10 kw and 

pulse duration at FHWM = 100 fs propagating over 5 mm waveguide length, and 

Raman and Self-steepening are absences.As we've seen from Fig III.13 that this 

simulation give us the same results with second simulation (Raman is absence and 

shock exists). After neglecting Raman and shock, the GNLSE equation become NLSE 

(Nonlinear Schrödinger Equation).  

As conclusion, we've seen that if Raman exists or not does not have aneffect in 

spectral evolution but shock (Self-steepening) and Optical Wave 

Breaking(OWB)have a big effects and Contributes for spectral broaden, so in the 

normal regime (ANDi), Self-Phase Modulation (SPM) and Optical WaveBreaking 

(OWB) are responsible for create the spectral broadening.  



Simulations results and discussion 

  
52 

III.4 Effects of the Power and FWHM on SC generation 

III.4.1 For Pulse duration FWHM = 50 fs 

 

 

Fig III.14 : Spectral evolution over 5 mm waveguide length of a Gaussian pulse with a peak 

power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 kW, respectively. 

 

 

 

 

 

 

 

a) b) 

c) d) 
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III.4.2 For Pulse duration FWHM = 100 fs 

 

Fig III.15 : Spectral evolution over 5 mm waveguide length of a Gaussian pulse with a peak 

power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 kW, respectively. 

 

 

 

 

 

a) b) 

c) d) 
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III.4.2.1 Spectrums at different Powers 

 

Fig III.16 : the different spectrums of the SC generation process at different Powers. 

 

We have done first simulation again But by focusing on the shape of the 

spectrum at different Powers with initial pulse duration at FHWM = 100 fs, 

propagating over 5 mm waveguide length, as we can see Fig III.16: shows the 

different spectrums of the SC generation process at different Powers. As it can be 

seen that by increasing the initial peak power, the output spectrum width increases 

too, the pulse form changes a little bit. 
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III.4.3 For Pulse duration FWHM = 150 fs 

 

Fig III.17 : Spectral evolution over 5 mm waveguide length of a Gaussian pulse with a peak 

power of: (a) 10 kW, (b) 15 kW, (c) 20 kW and (d) 25 kW, respectively. 

The effect of the initial pulse peak power on the output spectrum width is 

investigated. Simulations are performed with a pulse with different values of FWHM 

(50 fs,100 fs,150 fs) and a peak power of 10 kW,15 kW, 20 kW and 25 kW, 

respectively.  

All figures (a)–(d) shows the spectral evolution of the SC generation process 

over the propagation distance with different values of the peak power. As it can be 

seen, by increasing the initial peak power, the output spectrum width increases too, 

where the both sides of the pump wavelength are amplified stronger than the mid-

section of the generated spectrum. Moreover, for a peak power of 25 kW, SC spectra

a) b) 

c) d) 
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extending to the mid infrared region and spanning 4600 nm in the range from 700 nm 

to 5300 nm is successfully obtained, along with smooth spectral profile.  

According to these Figures (III.11,III.12, III.13, III.14, III.15, III.17) shown at 

the top, it can be observed that when FWHM is increasing, the OWB appearing point  

increases too and the largest spectral is first one (50 fs, 25kw ). 

III.5 Coherence 

 

 

Fig III.18: (a) Generated SC spectrum with an input pulse with a peak power and FWHM of 

25 kW and 100 fs, respectively. (b) Corresponding degree of coherence. 

 

Fig III.18 shows the SC generated over 5 mm of the waveguide length 

employing a pulse with a peak power and FWHM of 10 kW and 100 fs, respectively 

and the corresponding first-order degree of coherence calculated from 50 independent 

realizations. As expected, the spectrum is perfectly coherent over the entire spectral 

range. This high spectral coherence is attained due to the elimination of soliton effects 

by pumping in the normal dispersion regime. Thereby, spectral broadening is mainly 

achieved through SPM which is a deterministic process that maintains the input pulses 

coherence.  
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Conclusion 

We have numerically demonstrated broadband and coherent SC generation in 

ANDi ridge waveguide. The proposed dispersion engineered waveguide consists of 

As2S5 ChG strip deposited on MgF2 substrate and air acting as an upper cladding. The 

linear and nonlinear optical properties have been calculated and optimized by using a 

fully vectorial finite-difference in the frequency-domain (FDFD) method. The 

numerical results indicate that ANDi profile is obtained over the entire computational 

domain with a zero dispersion around 2 µm. Besides, the proposed structure exhibits 

high nonlinearity up to 2.2×10
4
 w

−1
km

−1
 . Such high nonlinear coefficient is obtained 

due to the small effective mode area and the high nonlinear refractive index. 

Furthermore, the SC generation at 2.5 µm is simulated by solving the Non Linear 

Schrödinger Equation (GNLSE) and using the Split Step Fourier Method (SSFM). 

Simulations have shown that spectral broadening is realized due to SPM and 

OWB. and we saw effects of Power and pulse duration FWHM and we've seen the 

impact of the presence and absence of nonlinear effects in SC generation. A broad and 

perfectly coherent ultra-flat SC spectrum extending from 700 to 5300 nm is 

successfully generated by using a 25 kW peak power and 50 fs input pulse in only 5 

mm waveguide length.Owing to its interesting properties, the proposed As2S5 ChG 

based waveguide is found to be suitable as an on-chip SC source for various 

applications such as gas sensing, frequency comb generation and ultrafast optical 

switching. 
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GENERAL CONCLUSION 

The objective of this research was to study Broadband laser source on an 

optical chip using a chalcogenide glass waveguide employing highly nonlinear 

chalcogenide (ChG) between near-infrared and mid-infrared regime. This was done in 

ChG planar waveguides (ridge waveguides) and it is considered for designing such 

SC sources which could be used for near infrared to mid-infrared applications.   

The waveguides proposed for designing SC sources were optimized by applying 

rigorous numerical procedure such as the finite-difference frequency-domain (FDFD) 

approach and the results obtained by this approach have been utilized for numerically 

solving the generalized nonlinear Schrödinger equation (GNLSE) to study broadband 

SC generation.  

First step, we were interested in the study of the main elements related to the 

generation of SC on chip, that is needed to understand the work presented in this 

thesis. For an understanding in general the photonic integrated Circuits (PICs) as well 

as types of optical waveguides and overview for supercontinuum generation SCG and 

its types, and chalcogenide material and its features. 

Second step, we were interested in the study of the main effects that take place 

during the propagation of light waves in the ridge waveguide. For an understanding of 

the linear (losses and dispersion) and nonlinear phenomena (the kerr effect, Self-

Steepening and Raman scattering) as well as their effects during propagation of 

optical signal inside the waveguide it is necessary to introduce the GNLSE that 

governs the propagation of optical field in the waveguide. Finally, a few of the most 

relevant nonlinear effects and concepts responsible for propagation dynamics of SC 

generation have been reviewed.  

in the last step, we have numerically demonstrated Broadband laser source on 

an optical chip using a chalcogenide glass in ANDi ridge waveguide (in normal 

regime D < 0), The waveguide structure is optimized to exhibit an all normal 

dispersion (ANDi) profile over the entire computational domain by properly adjusting 

its high and width. and we've seen that the proposed dispersion engineered waveguide 

consists of As2S5 ChG strip deposited on MgF2 substrate and air acting as an upper 

cladding.
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The linear and nonlinear optical properties have been calculated and optimized 

by using a fully vectorial finite-difference in the frequency-domain (FDFD) method. 

The numerical results indicate that ANDi profile is obtained over the entire 

computational domain with a zero dispersion around 2 µm. Besides, and we see that 

the proposed structure exhibits high nonlinearity up to 2.2×10
4
 w

−1
km

−1
. Such high 

nonlinear coefficient is obtained due to the small effective mode area and the high 

nonlinear refractive index. Furthermore, we've done the SC generation at 2.5 µm is 

simulated by solving the generalized Non Linear Schrödinger Equation (GNLSE) and 

using the Split Step Fourier Method (SSFM). 

Simulations have shown that spectral broadening is realized due to SPM and 

OWB in normal regime. and we saw effects of Power and pulse duration FWHM and 

we've seen the impact of the presence and absence of nonlinear effects in SC 

generation. 

 As we've seen in Simulation results, that a broad and perfectly coherent ultra-

flat SC spectrum extending from 700 to 5300 nm is successfully generated by using a 

25 kW peak power and 50 fs input pulse in only 5 mm waveguide length. Owing to its 

interesting properties, the proposed As2S5 ChG based waveguide is found to be 

suitable as an on-chip SC source for various applications. 

 


