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ABSTRACT 

In the past few decades silicon photonics have experienced enormous evolution due to indus-

tryés large investments and a renovated interest in the research community, fuelled by prom-

ising capabilities of technological advancements similar to the ones we have witnessed since 

the 1960és up to the first decade of 21st century. Meanwhile, photonics has demonstrated that 

is able to overcome, if not all, some of the bottlenecks that are currently preventing techno-

logical progress. Photonic devices are power efficient, they are able to assure much wider 

bandwidth for data transfer and they tend to be cost effective.  

In this dissertation, it will be investigated the design feasibility of implementing dielectric 

structures based in the amorphous silicon technology, when integrated in a single device ä the 

Photonic Integrated Circuit. To that end, these issues will be approached based on state-of-

the-art research literature, simulations of pertinent structures through adequate algorithms or 

methods and experimental verification, whenever possible.  

The proof of concept will consist of simulations based on numerical methods, conducted 

over the individual structures of the device and experimental work regarding the characteriza-

tion of the deposited materials. The architectureés viability will be assessed through the analysis 

of the obtained results, considering the relevant parameters of each individual structure. With 

this, it will be provided the main guidelines to design the involved structures and a compr e-

hensive understanding of the phenomena supporting propagation, detection capabilities and 

coupling of the electromagnetic fields, which are all involved in the implementation of pho-

tonic devices developed with this technology. 

Keywords: Photonic Integrated Circuit, Surface Plasmon Resonance, Fano Resonance, Electro-

magnetic Propagation, Finite Difference Time Domain Algorithm, Beam Propagation Method, 

Design and Simulation 
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RESUMO 

Nas últimas décadas temos vindo a testemunhar uma evolução extraordinária na fotónica de 

silício, devida maioritariamente aos investimentos significativos proporcionados pela indústria 

e ao renovado interesse da comunidade académica. A perspetiva de um desenvolvimento tec-

nológico semelhante ao verificado na última metade do século passado, tem sido a força mo-

tora tanto do interesse, como do progresso verificado. Simultaneamente, os dispositivos fotó-

nicos têm vindo a demonstrar aspetos funcionais que resolvem, senão todas, pelo menos uma 

parte importante das limitações tecnológicas atuais. Nomeadamente e para a mesma funcio-

nalidade, este tipo de dispositivos apresentam-se como mais eficientes energeticamente, ca-

pazes de assegurar uma largura de banda superior para o transporte de dados e tendencial-

mente menos onerosos economicamente. 

É objetivo desta dissertação investigar a viabilidade de implementação de uma arquite-

tura por camadas dielétricas, baseada na tecnologia de silício amorfo e integrada num único 

dispositivo ä o Circuito Integrado Fotónico. Para tal, irá ser efetuada uma abordagem à temá-

tica baseada na análise do estado da arte da literatura relacionada, no desenho e simulação 

das suas estruturas principais através de métodos ou algoritmos numéricos adequados e na 

verificação experimental, sempre que haja condições para tal. 

A prova de conceito irá ser efetuada por simulação das estruturas envolvidas no dispo-

sitivo projetado, recorrendo para isso a métodos numéricos e trabalho experimental para a 

caracterização dos materiais depositados. Os resultados obtidos serão objeto de análise para 

aferir da viabilidade da arquitetura, tendo em conta os parâmetros mais relevantes de cada 

uma das estruturas individuais. Assim, irá ser proporcionada uma descrição das diretrizes prin-

cipais de desenvolvimento da arquitetura em causa e respetivas estruturas individuais, bem 

como uma abordagem detalhada aos fenómenos de propagação em meios dielétricos, 
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deteção e acoplamento de campos eletromagnéticos, inerentes às estruturas que são objeto 

desta investigação. 

Palavas chave: Circuito Integrado Fotónico, Ressonância por Plasmão de Superfície, Ressonân-

cia Fano, Propagação Eletromagnética, Algoritmo das Diferenças Finitas no Domínio do 

Tempo, Método da Propagação de Feixe, Desenho e Simulação 
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INTRODUCTION 

This chapter presents the Background and Motivation that drove th is research work develop-

ment. It is also here that we describe the main directors of our research, the Problem Introduc-

tion, the Research Question and correspondingly formulated Hypothesis , followed by both Re-

search Methodology and Validation , and the Structure of this Dissertation. 

1.1 Background and Motivation  

With the increasing demand for higher data rates resulting from the Internet of Things/Internet 

of Everything (IoT/IoE) devices and the "always on" concept for all connected entities, designers 

and manufacturers of electronic devices are facing great challenges concerning the dramatic 

increase of both, signal attenuation due to the skin effect caused by the increase of the oper-

ating frequency necessary to assure a wider bandwidth, and power dissipation due to higher 

volume of data transfer (Fang & Zhao, 2012). Silicon photonics have attracted great research 

interest over the past two decades because this technology may be able to overcome previ-

ously mentioned challenges. 

Considering that photons have zero rest mass, no charge, high frequency and they can 

propagate at much higher speeds than electrons while being immune to Electromagnetic (EM) 

interference, Photonic Integrated Circuits (PICs) may provide larger bandwidth at very low 

power consumption , when compared to Integrated Circuits (ICs). Moreover, silicon photonics 

presents a direct compatibility with the fabrication methods of the matured Complementary 

Metal Oxide Semiconductor (CMOS) technology, thus facilitating  the fabrication of  PICs. There 

are now hybrid technologies using both PICs and ICs, which are driving the next generation of 
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devices for the information society and pushing the limits in  Information and Communications 

Technology (ICT), defence and consumer technology (Doylend & Knights, 2012). 

Being a semiconductor, Silicon (Si) is able to operate both as an electrical charge con-

ductor and as an insulator. For that reason, it has been the ideal material to be used for the 

creation of memory chips, pocket calculators, supercomputers, and many more. Furthermore, 

Si is the second most abundant element on earth and its use in CMOS technology has contrib-

uted for the massive proliferation of electronic devices that we all rely on contemporaneously. 

Regarding its optical properties, Si is transparent in the near and mid infrared range of the EM 

spectrum (i. e. from 1.1 µm to 8 µm) (Zou et al., 2018). The Near Infrared (NIR) transparency, 

covering both the entire original (O -band) and conventional (C-band) bands with extremely 

low attenuation  (absorption coefficient of ρȢς ρπ ὧά  at 1450 nm (Green, 2008)) has been 

well studied and used for fibre-optic communications. In the Mid Infrared  (MIR) range, that 

includes the absorption in the atmospheric window (3 ä 5 µm) and in the chemical and biolog-

ical molecules bands (2.6 ä 2.9 µm and > 3 µm), Si photonics have recently been object of 

extensive research concerning optical interconnects (T. Hu et al., 2017) and spectroscopic sens-

ing (Lin et al., 2017). Thus, Si is regarded as the ideal candidate for the development of hybrid 

devices that implement both PICs and ICs under the same CMOS technology. 

Plasma Enhanced Chemical Vapor Deposition (PECVD) is a widely used technique to ob-

tain high quality thin films deposited over a substrate, at low temperatures. This process has 

been developed for the semiconductor industry and has also found application on the depo-

sition of amorphous silicon, both intrinsic and doped, for heterojunction solar cells fabricated 

on a silicon wafer. Moreover, the Silicon On Insulator (SOI) platform presents a high refractive 

index contrast, enabling high confinement of the EM field within the Si core waveguide, and 

backend compatibility with CMOS processes. With this in mind, we believe that depositing 

amorphous silicon by PECVD over a SOI platform  silicon wafer, presents itself as a natural so-

lution for the creation of structures to integrate photonic devices.  

1.2 Problem Introduction  

Industry is still on the search for an alternative material solution for photonic devices and se-

lecting amorphous silicon-based structures for the distribution of optical signals and the fab-

rication of these devices seems to be a valid option. These structures may be incorporated in 

electronic integrated circuits to perform several functionalities, e. g. memory access, multipro-

cessor systems internal communication, clock signals distribution, amongst many other. 
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Integrating both fields of knowledge (electronics and optics) in a single monolithic device and 

manufacturing a photonic integrated chip seems to be the natural next technological step.  

PICs may be formed by alternating layers of a material with good optical properties and 

a lower refractive index material (e. g. silicon dioxide in silicon-on-insulator platform ) to assure 

the necessary optical contrast for high confinement of EM radiation and to fabricate compact 

devices. Deposition of crystalline Si, and taking advantage of better optical properties , over an 

amorphous material is virtually impossible, so Amorphous Silicon (a-Si) appears as an excellent 

alternative for its crystalline counterpart for manufacturing photonic integrated devices. Thus, 

this dissertation will consider a thorough investigation concerning the design feasibility of 

amorphous silicon based photonic devices. To this end, we will be using state-of-the-art nu-

merical methods to design and simulate relevant structures, followed by the interpretation and 

analysis of the resulting data regarding the evaluation of performance and efficiency. 

1.3 Research Question 

Since the end of last century there have been reports in the literature confirming the progress 

of photonic devices and optical interconnects. However, the generalized adoption of photonics 

by industry is still not a reality. What are the fundamental reasons preventing photonics from 

being adopted as the technological platform that may provide more efficient, environment 

friendly and more effective ICT systems for the 21st century? 

Á Industry is looking for cost effective and precision relaxed manufacturable devices; 

Á Materials should be inexpensive and easy to synthetize; 

Á Physical/geometric/dimensional mismatch constraints exist. 

Previously mentioned statements led us to the definition of our Research Question: 

- Is it possible to design a visible range amorphous silicon compound photonic structure 

that may be integrated in a monolithic device, in a cost -effective way and to facilitate 

wide distribution and proliferation?  

1.4 Hypotheses and Approach 

From the beginning of this century, it has been reported in the related literature that silicon -

based photonics is a highly promising platform for the next technological leap. Several mate-

rials were chosen amongst the selected best contenders and amorphous silicon compounds 

were placed in the group of adequate materials for the development of photonic circuitry.  

This adequacy attributed to amorphous silicon compounds derived essentially of its prior 

use in CMOS technology and, for that reason, greatest compatibility with silicon has been 
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expected by engineers, researchers and whoever was interested in the subject. Nevertheless, 

implementation of a fully functional amorphous silicon compound PIC operating in the visible 

range of the EM spectrum and to the best of our knowledge,  is yet to be reported  in the related 

literature. 

With this in mind and embodying our Research Question, we have formulated our Hypothesis: 

- An amorphous silicon compound photonic structure, operating in the visible range, 

may be designed, and integrated in a monolithic device, while complying with efficiency 

parameters high enough for most possible implementations. Moreover, these devices 

may be manufactured in a cost-effective way and to facilitate wide distribution and 

proliferation.  

In this dissertation, the Hypothesis will be tested based on state-of-the-art research lit-

erature, simulations of pertinent structures through adequate algorithms or methods and ex-

perimental verification, whenever possible. The outcome of this dissertation will consist of a 

demonstration, from the design an d functionality point of view, of the feasibility of structures 

based in amorphous silicon technology to form photonic integrated circuits.  

1.5 Research Methodology 

Previous structures may be co-integrated with contemporaneous electronic circuits to perform 

several functionalities, e. g. memory access, multiprocessor systems internal communication, 

clock signals distribution, amongst many other. Integrating both fields of kno wledge (electron-

ics and optics) in a single monolithic device and manufacturing a photonic integrated chip, 

seems to be the natural next technological step. 

Vertical stacking of consecutive layers of crystalline and amorphous materials is inher-

ently infeasible on a Crystalline Silicon (c-Si) platform for it is virtually impossible to grow c-Si 

over an insulating amorphous material (e. g. Silicon Dioxide (SiO2)). So, by depositing interca-

lated layers of amorphous materials in a way to provide high dielectric contrast between con-

secutive layers would allow the fabrication of complex structures by stacking several levels of 

structural design. These three-dimensional structures may also integrate both electronic and 

optical functionalities, thus forming PICs with applications in many technological areas. 

a-Si based materials may constitute an interesting Si alternative to form th ese structures 

for they possess similar optical characteristics and their higher absorption within the third win-

dow of optical transmission may be minimized by the inclusion of Hydrogen ( H) in the amor-

phous matrix, as referred previously in this document. Furthermore, a-Si presents higher optical 
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nonlinearity and lower nonlinear absorption, which might be used in non -passive implemen-

tations, such as self- and cross-phase modulations, third harmonic generation and four wave 

mixing. For instance, wavelength conversion is often achieved through four wave mixing and 

Wang et al. (K.-Y. Wang et al., 2012a) have claimed error-free (bit error rate < 10 -9) 160 to 10 

Gb/s optical time demultiplexing  with 50 mW switching peak power, in a 6 mm long Hydro-

genated Amorphous Silicon (a-Si:H) waveguide. Another application example of a-Si:H non-

linearity has been demonstrated by the same author (K.-Y. Wang et al., 2012b), where an optical 

signal regeneration scheme is implemented through self-phase modulation at 5.2 W pulse 

peak power in an 1 cm long a-Si:H waveguide. This regenerator is able to improve an input 

signal with the bit error rate of 10 -7 to error free operation (<10-9) at 10 Gb/s data rates. 

It is the intention of this dissertation to develop a thorough investigation concerning the 

design feasibility of amorphous silicon based photonic structures. To this end, we will be using 

state-of-the-art numerical methods to design and simulate relevant structures, followed by the 

interpretation and analysis of the resulting data. 

To accomplish this intent, software platforms will be used implementing the Finite Dif-

ference Time Domain (FDTD) algorithm and the Beam Propagation Method ( BPM) to execute 

our simulations. Occasionally, simulations based on the Eigen Mode Expansion Method 

(EMEM) and the Plane Wave Expansion Method (PWEM), will also take place; mode solvers will 

be extensively used throughout this dissertation for they provide the initial fields from which 

all propagation evolution and analysis derives of. 

The considered strategy consisted of individual simulations of pertinent structures to 

evaluate their performance and efficiency, followed by a thorough simulation where significant 

designed devices will be evaluated as if connected and functioning together, mimicking a pho-

tonic integrate d circuit. The designed circuit will consist of an initial waveguide propagating 

the fundamental mode, with one end linked to photonic structures that will be performing the 

detection of minute variations in the refractive index of a given analyte and, at the opposite 

end, it is connected to other photonic structures which are given the task of coupling the elec-

tromagnetic fields to the outside world (an optical fibre). 

The research approach considered in previous paragraph will take place throughout this 

dissertation, where it will be demonstrated the design feasibility of a photonic integrated cir-

cuit, fully based in amorphous silicon compounds. This design will be able to function with 

good performance and efficiency, hence validating that structures based in this technology are 

surely good candidates for most intended implementations in photonic devices.  
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1.6 Research Validation 

This dissertation will follow the scientific methodology for the validation of the hypothesis. 

However, for our specific case, we propose a slightly different approach to the methodology 

presented in the Curricular Unit of Scientific Research Methodologies and Techniques from the 

Doctoral Program in Electrical and Computer Engineering. Our proposal considers an approach 

where stages 1 and 2 (Research Question and Observation) are joined together, to form the 

Observation and recognition of the problem  phase, and stages 3 and 4 (Hypothesis and Exper-

iment) are also combined, to create the Formulation of the research question and hypothesis 

phase. Thus, the proposed methodology has been divided in five main tasks, as shown in Figure 

1: 

 

Figure 1 - Proposed Research Method (5 stages), adapted to our specific case. 

Reporting to Figure 1, the blue arrow loop between phases 5 and 4 (Publish findings and An-

alyse the results, respectively), represents the iterated data collection for each of the individual 
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structures which will result in published work, while the blue arrow loop between phases 5 and 

3 (Publish findings and Test of the hypothesis, respectively), symbolizes the data collected and 

posterior analysis of all the individual structures together, and subsequent findings report in a 

published document. 

The Observation and recognition of the problem  phase will consist of a first round of 

literature research, where the problem will be identified through the associated Research Ques-

tion  and the initial Hypothesis will be formulated. To answer the Research Question and com-

pile the Thesis by testing the Hypothesis, it will be conducted a thorough survey of the relevant 

literature. Simultaneously, the design, simulation and results analysis of the involved structures, 

will be evaluated to validate their feasibility to operate in the visible range of the EM spectrum. 

This evaluation also considers a joint photonic component architecture enabling cost effective 

fabrication of a monolithic device, while keeping efficiency standards. 

The considered structures will consist of the building blocks required to form two optical 

paths from a given amorphous silicon compound waveguide inside a PIC. One is the path from 

the waveguide to the sensing device and the other is the path  to the optical fibre that connects 

to the outside world , as presented in Figure 2: 

¶ Going from the "Starting Point" in Figure 2, it is assumed that the waveguideés æfree 

endç is connected to another optical module (i. e. a multimode interference device) that 

performs as a 3 dB power splitter and provides two output waveguide arms for the 

sensing zone located upstream. The sensing device consists of these two waveguides, 

each terminated by the corresponding photodetector . One of the output arms provides 

the reference EM field for the detector calibration. A thin layer (approx. 50 nm) of metal 

is deposited over the second waveguide arm to form the transducer of the sensing 

device. Output is collected by photodetectors and consists of the signal from the sens-

ing arm subtracted of the signal from the reference arm; 

¶ Once again from the "Starting Point" of Figure 2, the building blocks of the optical path 

will consist of the other end of the optical amorphous silicon compound based wave-

guide. This end is connected to an inverted taper, to perform the beam spot -size con-

version, which is then connected to a resonant waveguide grating for the out of plane 

coupling. Then, the coupling results are collected at the optical fibre plane and perfor-

mance is evaluated. 
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Figure 2 - Building blocks of the Photonic Integrated Circuit.  

This strategy makes possible the evaluation of both optical paths and respective func-

tionalities, and the confirmation of their feasibility. Furthermore, all components that integrate 

each building block will be evaluated individually as well as an ensemble, thus increasing the 

degree of confidence in the validation methodology.  

1.7 Structure of Dissertation 

In Chapter 1, we first present the Background and Motivation  section, where are described the 

main impelling causes for the research work development. It is also here that we describe the 

main directors of our research, the Problem Introduction , the Research Question and corre-

spondingly formulated Hypotheses and Approach, followed by  the Research Methodology and 

Research Validation. 

Follows Chapter 2, where a thorough review of the related literature  is presented, and 

which has provided the main baseline for this work. Two main technologies are approached, 

the Hydrogenated Amorphous Silicon and the Amorphous Silicon Nitrides platforms, consid-

ering material deposition processes such as plasma enhanced chemical vapor deposition and 

others, for the development of functional structures. The chapter ends with an approach to the 

phenomenon known as Surface Plasmon Resonance, regarding its functionality in a sensing 

context. 

Chapter 3 provides all the theoretical background supporting this dissertation . It starts 

with an analytical approach to the refractive index of the two technologies considered in this 

research work: - The hydrogenated amorphous silicon and the amorphous silicon nitrides. Fol-

lows a mathematical introduction to the propagation of electromagnetic energy in dielectric 
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structures and an approach regarding the mathematical formalism of  the numerical methods 

used in our simulations throughout this work . Next, we develop analytical considerations con-

cerning surface plasmon and Fano resonances phenomena, and their eventual common 

ground. Finally, an analytical overview of the multimode interference phenomenon  Is pre-

sented, considering related structures and operational details. 

Chapter 4 validates alternative material solutions for photonic devices by presenting fea-

sible amorphous silicon-based structures for the distribution of optical waves and their fabri-

cation. These structures may be incorporated in electronic integrated circuits to perform sev-

eral functionalities, e. g. memory access, multiprocessor systems internal communication, clock 

signals distribution, amongst many other. Integrating both fields of knowledge (electronics and 

optics) in a single device and manufacturing a photonic integrated chip  using these platforms, 

seems to be the natural next technological step. 

In Chapter 5 we present our conclusions regarding the results obtained in previous chap-

ter, followed by a detailed description of the approach strategy for the design, simulation and 

performance analysis of a monolithic photonic integrated circuit, based on amorphous silicon 

compounds. Since the photonic integrated circuit comprises several structures of an amor-

phous material deposited on a substrate and it is often necessary to know the material's optical 

characteristics, we present the development of an optical setup that enables the determination 

of the refractive index and thickness of a given dielectric thin film deposited on a substrate. 

Finally, another optical setup has been assembled to visualize representative structures of the 

envisioned photonic integrated circuit. These components were fabricated under a collabora-

tion initiative with the Universitat Politécnica de Valéncia and where the production  feasibility 

of these photonic structures has been evaluated. 

 

 



 10 

2  

 

LITERATURE REVIEW 

In this chapter we present a thorough review of the related literature which will provide the 

main baseline for the research work development. We will be focusing this review on two tech-

nologies, the Hydrogenated Amorphous Silicon (a-Si:H) and the Amorphous Silicon Nitrides 

(a-SixNy) platforms, considering the available manufacturing technologies. Namely, material 

deposition processes such as plasma enhanced chemical vapor deposition and similar proce-

dures, and the development of functional structures. In the end of the chapter , the phenome-

non known as surface plasmon resonance will be approached considering its functionality in a 

sensing/detection context.  

2.1 Hydrogenated Amorphous Silicon 

At present, Hydrogenated Amorphous Silicon (a-Si:H) is a well-established material in the mi-

croelectronics and photovoltaics industries. Its compatibility with Complementary Metal Oxide 

Semiconductor (CMOS) technology, the doping (n or p type) capability, the  aptitude  of being 

deposited over substrates such as glass, metallic foils or flexible plastic, and the possibility of 

deposition over large areas ( ρ ά ), are the key elements for its success. There are many ap-

plication examples with this technology, e. g. Thin-Film Transistors (TFT), large area thin-film 

solar cells (Stuckelberger et al., 2017), linear arrays for printing and copying (Fennell et al., 

1988), amongst many other. A representative example is the TFT, for one may easily find these 

electronic component s operating  as switching elements in liquid crystal displays, large area 

matrix addressed sensor arrays, analogue active elements in organic light emitting diode dis-

plays, and more (Lourenço et al., 2020). 
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A TFT is essentially a metal-oxide-semiconductor field effect transistor (MOSFET), where 

the semiconductor is deposited on an insulating substrate as a thin film layer, as opposed to 

the bulk semiconductor body/substrate in the conventional MOSFET. Moreover, bulk MOSFETs 

operate in the inversion mode and typical TFTs engage in the accumulation mode (Sharma et 

al., 2014). For comparison purposes, the semiconductor film thickness in TFTs ranges from 30 

to 100 nm, though for single -crystal bulk silicon devices, the substrate depth usually is the 

silicon wafer thickness, spanning from ~100 ˃ Ƴ to 1 mm (Marks et al., 2015). Figure 3 illustrates, 

in a) and b), silicon-on-insulator (SOI) technology often used devices and, in c), the TFT struc-

ture. The resemblance is evident, namely between c) (TFT) and b) (partially depleted SOI), for 

both operate with a floating semiconductor channel (i. e. the channel does not extend over the 

whole substrate width). 

 

Figure 3 - Typical structures for a) and b) silicon-on-insulator MOSFET and c) TFT. 

The a-Si:H technology has been utilized in the electronics industry to fabricate devices 

we all rely on today. The main reason being this is a cost effective technology with a high 

degree of control and precision over the deposition process, enabling the fabrication of struc-

tures of arbitrary geometry.  Furthermore, it also presents high compatibility with  the substrates 

and encapsulation materials used in flexible electronics. Over the last decade, there has been 

a growing market trend in this field, driven mainly by an increasing demand for wearable, port-

able, wireless and real-time devices, implemented in areas such as healthcare, biomedicine and 

human body/computer interface (H. Li et al., 2021). These applications in flexible electronics 

have also contributed to significant research progress in related materials and geometric/de-

sign constraints, namely the design and fabrication of TFTs on flexible plastic, stainless steel 

and/or  glass substrates (Jong-Kwon Lee et al., 2010; Wu et al., 1997). 
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 a-Si:H Refractive Index 

The optical properties of amorphous silicon have been intensively studied for the last decades. 

Being a candidate for large scale production of photovoltaic modules , the emphasis has been 

put on the visible light absorption properties. The optical constants of this semiconductor are 

generally represented by a Tauc-Lorentz model describing the real and imaginary part of the 

dielectric function (Jellison & Modine, 1996). In order to describe the exponentially decrease 

of the absorption coefficient in amorphous silicon due to the network disorder, the Tauc -Lo-

rentz has been corrected by introducing an exponential term representing the Urbach tail (Ur-

bach-Tauc-Lorentz (UTL) model). In this way it was obtained a satisfactory analytical expression 

for the dielectric permittivity as a function of the material characteristics, like optical gap and 

material quality (Ferlauto et al., 2002). This model is suitable to be applied in simulation of 

optoelectronic devices such as solar cells and photodetectors. Figure 4 represents the complex 

relative permittivity of a-Si:H as considered by the UTL model. 

 

Figure 4 - a-Si:H permittivity according to UTL model. 

The complex relative permittivity, ‐, is defined by the equation below, where ‐ represents 

the real part and ‐ the imaginary part of th is quantity: 

‐ ‐ ‐ 
Equation 

2.1 
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The refractive index (ὲ) and attenuation/extinction coefficient ( Ὧ) are related to the rela-

tive permittivity by:  

ὲ
ȿ‐ȿ ‐

ς
 ὥὲὨ Ὧ

ȿ‐ȿ ‐

ς
  

Equation 

2.2 

Resulting in the graph in Figure 5, that represents the refractive index and extinction 

coefficient of a-Si:H, according to the Tauc-Lorentz model. 

 

Figure 5 - a-Si:H refractive index and extinction coefficient. 

On the other hand, absorption (‌) is related to the extinction coefficient by the equation 

below, where ‗ is the wavelength: 

‌
τ“Ὧ

‗
  

Equation 

2.3 

As may be observed in Figure 5, the value of Ὧ is zero for wavelengths longer than 800 

nm. This does not completely reflect the behaviour of a-Si:H because, the structural dangling 

bonds originated by the mesh disorder in a-Si:H and that have not been passivated by hydro-

gen, extend the exponential decay of the absorption into the near infrared range of the Elec-

tromagnetic (EM) spectrum. However, due to its low impact on the overall performance, infra-

red absorption has not been considered important for solar cell development and it has been 
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often neglected. On the other hand, sub-gap absorption has been intensively investigated as 

a means for the characterization of the deep defect states and the respective mid-gap density 

of localized states. Furthermore, the Constant Photocurrent Measurement (CPM) (Sakata et al., 

1992; Schmidt et al., 1999; VanŠőek et al., 1981) introduced in the 80és, has been largely applied 

to the investigation of the Stabler -Wronsky effect and the light induced degradation of amor-

phous silicon. 

Analysis of CPM spectra led to a general accepted model for the defect states in a shape 

of two Gaussian distributions (Hack & Shur, 1985). Such a model has been successfully used in 

numerical simulations of a-Si:H solar cells (Alessandro Fantoni et al., 2002) and of photo -in-

duced material degradation (Schmidt et al., 1999). CPM measurements can be performed in 

DC or AC regimes, and it has been reported that, a small-signal analysis of the photoconductive 

response to modulated sub-gap illumination reveals low frequency poles, associated with ther-

mal emission processes (Main et al., 2004). This method is especially useful at low values of 

optical absorption, where standard transmission measurements lose their accuracy. 

More recently (A. Fantoni et al., 2017), it has been proposed an improvement to the UTL 

model, to reflect the presence of defects in the network that affect light absorption in the near 

infrared range, which is an interesting range of the spectrum for photonic waveguides. As such, 

it has been introduced an additional term to the UTL model, describing photon absorption 

based on a Gaussian defect distribution (GUTL model). The parameters required to define the 

Gaussian distribution are extracted from a fitting of experimental data, obtained by CPM meas-

urements for different quality a-Si:H samples (Schmidt et al., 1999). The proposed Gaussian sub 

gap model defines the extinction coefficient ( k) as a function of the photon energy (E): 

ὯὉ
Ὤὧ

τ“Ὁ

Ὁ

„Ѝς“
Ὡ   

Equation 

2.4 

where ὧ is the speed of light, Ὤ is Plankés constant, Ὁ is the gaussian peak localization, „ is 

the defects distribution standard deviation and  Ὁ is a parameter quantifying the density of 

defects. 

2.2 Amorphous Silicon Compounds 

Silicon oxides, silicon oxynitrides and silicon nitrides form the group of amorphous silicon al-

loys. These materials are characterized by an ultra-high energy bandgap and their main appli-

cations are: 

Á Insulating layers for they possess high bandgap energy (S. Fujita et al., 1985); 
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Á Anti-reflection coating on solar cells for they have low refractive index (Jellison, Jr et al., 

1998); 

Á General purpose protective coating because of their excellent mechanical and chemical 

properties (strength, hardness, and thermal shock resistance) (Manabe & Mitsuyu, 

1989); 

Á Gate dielectric layer in TFTs (Yin & Smith, 1991). 

The efforts in the production of Amorphous Silicon Nitrides (a-SixNy) thin films have been 

directed towards the development of materials exhibiting high dielectric constant, low hydro-

gen concentration, low leakage current, high breakdown strength, and low interface trap den-

sity, resulting in the development of silicon nitrides . When silicon nitride films are used as en-

capsulation layers for III-V compounds such as GaAs, Indium Phosphide (InP) or in metal oxide 

semiconductor devices, they require low plasma bombardment, low deposition temperature 

(<300 C) and low H content, to achieve a good electrical semiconductor/ silicon nitride  inter-

face. 

Silicon nitrid e is also a promising technological platform for applications in Photonic In-

tegrated Circuits (PICs). This technology complies with the key features that contributed for the 

success of the extensively investigated silicon-in-insulator platform for integrated photonics . 

For one, the relatively high refractive index contrast (ЎὲḙπȢυ) between this material and the 

substrate/cladding  oxide, when assuming silicon dioxide as the surrounding material. Second, 

the high compatibility with complementary  metal-oxide-semiconductor technology  which 

makes it benefit from the constant evolution of the microelectronics industry and enables cost 

effectiveness at large production scales. Moreover, silicon nitride presents optical characteris-

tics that favour its use in a wide range of applications: 

¶ Due to the lower refractive index contrast, when compared to the silicon-on-in-

sulator counterpart , silicon nitride structures operating in the third window of 

optical communications present higher tolerance to  imperfections resulting from  

fabrication, and lower scattering losses (Gondarenko et al., 2009); 

¶ Being virtually transparent, low loss and highly immune to thermal variations  in 

both visible and near infrared ranges, silicon nitride is well positioned between 

the leading candidates to become the standard solution for biosensing applica-

tions within these wavelength ranges (Goykhman et al., 2010). 
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 Silicon Nitride Refractive Index 

Several programs have been initiated to fabricate silicon nitride structures in state-of-

the-art foundries with integrated Complementary Metal Oxide Semiconductor (CMOS) elec-

tronics (Meade et al., 2013; Orcutt et al., 2011). Once more, the relatively high index contrast 

between the silicon nitride core waveguide and the surrounding  silicon dioxide allows the pro-

duction of submicron cross section waveguides and very small bending radii, enabling high 

integration density  in PICs. In this work, we will be considering silicon nitride structures and 

assuming optical constants identical to stoichiometric Si3N4. For this purpose, we will be using 

the Si3N4 model present in our simulation platform (Filmetrics, n.d.), with the corresponding 

refractive index and extinction coefficient presented in Figure 6: 

 

Figure 6 - Refractive index and extinction coefficient used in our simulations. 

2.3 Manufacturing Technologies 

 Plasma Enhanced Chemical Vapor Deposition 

a-Si:H films generally used in the industry are often obtained through the  Plasma Enhanced 

Chemical Vapor Deposition (PECVD) technique. The first related work goes back to the 1960és, 
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where a-Si:H films have been deposited through  silane glow discharge (Sark & Franceschini, 

2002). The standard PECVD system consists of a reactor chamber with two parallel and sepa-

rated electrodes, capacitively coupled. The substrate is placed in one of the electrodes (the 

bottom one) and the Radio Frequency (RF) periodic signal of 13.56 MHz is applied to the top 

electrode. Silane gas (diluted with other precursor gases, if required) is pumped through the 

reactor at a given flow rate.  

The high-energy electron bombardment provided by the RF accelerated electrons in the 

plasma and their collisions, triggers the surface chemistry bonding of the deposited molecules. 

The deposition process of silicon-based films may be described in a four-steps process: 

1. The first reaction is triggered by the glow discharge, resulting in energetic electrons 

impact and promoting dissociation and ionization of the molecules, while generating a 

plasma of neutral radicals and molecules, negative and positive ions, and electrons; 

2. These reactive neutral species are diffused into the substrate, the positive ions keep 

bombarding the growing film, the negative ions are trapped in the sheaths of the grow-

ing layers and eventually form small particles; 

3. Next, surface reactions take place, namely hydrogen abstraction (a gas radical æpullsç 

one hydrogen atom from the mesh leaving a dangling bond behind) and chemical 

bonding of the radicals diffused in the substrate, forming islands and ultimately a thin 

film; 

4. The last phase consists of the release of hydrogen molecules from the subsurface of 

the film. 

There are many chemical and physical interactions involved in a deposition process both at the 

plasma itself and at the growing film surface. Furthermore, variables such as substrate temper-

ature, RF power and frequency, gas pressure, electrode geometry, and more, they all influence 

the characteristics of the thin film . The interested reader may follow this subject in (Sataloff et 

al., 1995). 

A plasma deposition system is composed of various subsystems, each with its function-

ality. The reactor chamber is the central part of the system for this is where the molecules 

dissociation, and the material deposition on a heated substrate, take place. The reactor elec-

trodes are built in a capacitor-like configuration and the RF signal of 13.56 MHz (usual fre-

quency) is fed into them through a matching network.  

Substrate samples are placed onto the bottom electrode, where the temperature may be 

controlled from room temperature to around 300 C. The gas system consists of mass flow 

controllers to monitor and maintain a constant flow rate of different usable gases (GeH 4, SiH4, 
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NH3, Argon, H2, PH3, B2H3) into the reactor chamber. The vacuum system consists of a mechan-

ical pump (establishes low vacuum), a turbo molecular pump (establishes high vacuum), a roots 

pump (gas species provider) and the pressure system, which can be controlled in a wide range 

of values (from 500 to 2000 mTorr). Figure 7 represents a simplified diagram of the reactor 

chamber with the temperature and frequency control blocks.  

 

Figure 7 - Schematic of a plasma deposition system for film deposition. 

2.3.1.1 Lithographic Mask Resolution 

In this dissertation, we have dedicated some effort to the evaluation of  the performance pen-

alty verified in structures such as the ones depicted in Figure 8, when the lithographic mask 

resolution results in accuracy deviations from the original design. These structures have as main 

functionality coupling the incoming beam of Electromagnetic (EM) energy into the output 

waveguides, while splitting uniformly  the input power over the output ports . We will be refer-

encing in the following text  some examples of structures such as the Multimode Interference 

(MMI), the directional, the cross and the Y couplers, which have been implemented and opti-

mized to minimize the impact of the lithographic mask resolution , while trying to  preserve their 

performance and efficiency. 
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Figure 8 - From left to right: - the multimode interference, directional, cross and Y couplers. 

While several structures and different methods  may be used for optical power splitting  

(Saleh & Teich, 1991), MMI structures may have relaxed fabrication requirements and smaller 

footprints (Besse et al., 1994), when compared to other configurations based on parallel , 

crossed or angled waveguides coupling. These structures have already been used as ρ ς 

splitters, ς ρ combiners in Quadrature Phase Shift Keying modulators (Dong et al., 2012), 

3 dB couplers in ring resonators (Xu et al., 2007) and cross couplers for switches (Dong et al., 

2012; Xu et al., 2007). 

In 1994, a study developed by Besse et al. (Besse et al., 1994) considered the analysis and 

the derivation of expressions relating the bandwidth capabilities of MMI  couplers and the 

quantif ication of the fabrication -related penalties on performance. The derived analytical ex-

pressions have been successfully compared with more sophisticated mode analysis of InP/In-

GaAsP waveguide structures, thus confirming the validity of the expressions derivation. The 

optical bandwidth was found to be inversely proportional to the number of input and output 

waveguides, while the fabrication tolerances were independent of the number of access wave-

guides but were proportional to the waveguide separation. Both , variations of wavelength and 

width , were proportional to the square of the normalize d beam waist, which is directly related 

to the degree of overlapping of the self -images. Based on restricted interference, 3 dB MMI 

couplers and cross-MMI  couplers have been fabricated and, for 1 dB excess losses, optical 

bandwidths of more than 100  nm for 3dB couplers and of about 80 nm for cross couplers have 

been achieved, while fabrication tolerances were kept within ±0.5 and ±0.25  µm, respectively. 

Follows the work of Levy and colleagues (D. S. Levy et al., 1998), who have proposed a 

new design for the MMI  structure that reduces the proximity limitations by allowing the access 

waveguides to be well separated, as presented in Figure 9. The device length is also reduced 

by narrowing the MMI  region width along the propagation axis. The shape of the MMI  region 
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is designed to preserve the splitting ratio in the end of the section, at the 3 dB splitting point.  

The proposed design was compared to restricted and general interference configuration s, and 

it was demonstrated that the parabolical taper design enables the fabrication of shorter de-

vices. However, a shorter length does not always correspond to higher tolerance to fabrication 

defects, for the parabolic shape introduces both mask design complexity and higher probabil-

ity of perturbations deviating from the ideal line design. Anyway, by placing the access wave-

guides in a way that their outer edges coincide with the edges of the MMI  widest region, they 

assured higher flexibility for the widening of the access waveguides, thus minimizing propaga-

tion, insertion, and excess losses. 

 

Figure 9 - Representation of the parabolical MMI. 

Still pursuing the issue of tolerance to perturbations of the ideal geometry in  waveguid-

ing structures, the work of Leuthold and Joyner (Leuthold & Joyner, 2001) proposes and 

demonstrates tuneable MMIs that are short and wide, which have been fabricated with at-the-

date (2001) standard technology. By calculating the beat length of the propagating fields  in 

the wider section, the researchers were able to define tuning spots to impact the refractive 

index around well-determined locations within the MMI  sections. With their work, it has been 

shown that significant tuning of the splitting ratios may be achieved by slight variations of the 

refractive index, and with little degradation from absorption effects. They have reported tuna-

bilit ies of approximately 20 % for the splitting ratios of a symmetric interference 2 x 2 MMI  and 

that the comparison between theory, simulations and experiment were shown to be in good 

agreement. Furthermore, they also claimed that, if properly designed, these MMI  structures 

might even be used as compact switches. It has been reported the realization of a polarization-

independent  switch (Maat et al., 2000), consisting of 2 x 2 MMI  operating  as 3 dB couplers and 

followed by phase-shifting sections to form a Mach-Zehnder Interferometer (MZI). The MMI 
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sections are spatially dilated to reduce the crosstalk and are operated as controllable absorb-

ers. 

Two of the most important characteristics of a 3 dB coupler are the excess loss and the 

imbalance between the output waveguides. Excess loss and imbalance are typically caused by 

deviations from the design dimensions, which occur due to fabrication toleran ces. Imbalance 

is particularly important when the couplers are used in MZIs for optical switches because the 

power imbalance between the two arms of the MZI causes a reduction of the output contrast 

ratio. Hill et al. (Hill et al., 2003) obtained results from simulations and experimental data from 

InP/InGaAsP couplers, and have demonstrated that the imbalance and excess loss in MMI  cou-

plers is primarily determined by the way the input power is partitioned into the MMI  section 

modes. This partitioning is in turn determined by the normalized access waveguide width and 

position. They were able to show that there are optim al access waveguide widths that corre-

spond to  minimal imbalance. In particular, paired interference couplers were found to have 

better imbalance performance than general interference couplers, given the same fabrication 

tolerances. Furthermore, for paired interference couplers, choosing the access waveguide 

width near 30 % of the wider section, delivers minimum imbalance with low excess loss. 

Some years later and directed at a different technological platform, Grillot et al. (Grillot 

et al., 2004) have developed a numerical investigation regarding the propagation losses due 

to sidewall roughness in SOI waveguides. Based on the model reported in (Lee et al., 2000; 

Payne & Lacey, 1994), which is based on the correlation length and the standard deviation of 

the distribution of defects, a numerical investigation of scattering loss induced by sidewall 

roughness has been performed as a function of the size of square SOI strip waveguides, with 

cross sections ranging from 150 x 150 nm to 500 x 500 nm. The results obtained revealed that 

the propagation losses are strongly correlated to field confinement and achieved a maximum 

for a 260 x 260 nm waveguide, and it may be advantageous to use 200 x 200 nm instead of 

320 x 320 nm waveguides, as the propagation losses are reduced by a factor larger than two 

without a significant widening of the propagating mode spot -size. 

2.4 a-Si:H Technological Platform 

Non-crystalline semiconductors are obtained by the dissociation of gas species through the 

PECVD technique (Ambrosio et al., 2015; Moreno et al., 2011). The chemical bonding between 

atoms in these materials constitutes a random covalent network, where the regular crystalline 

lattice structure is replaced by disordered bonding angles, as depicted in Figure 10 and where 
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it is presented the structural composition of crystalline and amorphous phases of silicon and 

germanium. 

 

Figure 10 - Comparison between the regular lattice of silicon/germanium and the disordered mesh of amorphous 

silicon/germanium . (Wooten, Winer, and Weaire 1985). 

The amorphous structure of Amorphous Silicon (a-Si) leads to open network connec-

tions, creating voids and not terminated bonds, which are the cause for structural defects, also 

known as dangling bonds. The integration of a-Si in electronic devices requires that the density 

of defects must not exceed 1016 cm-3 (Stutzmann, 1989). a-Si deposited by PECVD has higher 

density of defects (1019 to 1020 cm-3), but they may be decreased by the insertion of Hydrogen 

(H) atoms in the mesh, passivating the dangling bonds and resulting in a-Si:H. This passivation 

also enhances the opto-electronic properties of the  amorphous material, for it provides effi-

cient recombination centres for electrons and holes. Thus, the a-Si:H film consists of Si - Si and 

Si - H atomic covalent bonds. The usual configuration between Silicon (Si) and H atoms consists 

of one H atom replacing one of the four available Si bonds (Tsung-Ching Huang et al., 2011). 

The concentration of H atoms in a-Si:H may vary from 4 to 40 %, depending on the deposition 

conditions. 

However, despite the above mentioned and relevant properties of a-Si:H, there are still 

drawbacks such as a large density of defects in the atomic mesh, low carrier mobility and poor 

stability against radiation (Bronner et al., 2002; Roca i Cabarrocas, 2000), which limit its imple-

mentation in fast devices. Furthermore, prolonged incidence of light over a-Si:H structures in-

duces the creation of metastable defects in the material, which increase the density of defects 
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and is the main cause of Staebler-Wronski (SW) (Staebler & Wronski, 1977) degradation. These 

induced dangling bonds m ay return to their initial state  by heating up the material at temper-

atures near 200 C. There has also been reports in the literature stating that replacing H by 

fluorine in the gas mixture, has contributed for the decrease of SW degradation (Matsumura 

et al., 1981). Aiming at minimising these limitations , research has been developed towards the 

optimization of the deposition conditions of a-Si:H by PECVD, in order to improve the perfor-

mance characteristics and to fabricate a material with better structural, electrical, and optical 

properties. While pursuing the optimal deposition conditions, researchers have reported the 

formation of two other phases different from the standard a-Si:H: - the nanocrystals of and the 

microcrystalline silicon. 

The production of nanocrystals, from 3 to 5 nm diameter, in the a-Si:H matrix and just by 

modifying the conditions of the PECVD technique, has been demonstrated. These nanocrystals 

have been designated Polymorphous Silicon (pm-Si:H) (Fontcuberta i Morral et al., 2000; i 

Cabarrocas et al., 2002) and when they are distributed in the a-Si:H matrix there is a reduction 

of the Density of States (DOS) and defects, improving all the previously mentioned disad-

vantages. Furthermore, these pm-Si:H crystals also preserve the direct bandgap of a-Si:H, its 

high absorption coefficient and activation energy.  

Regarding the formation of Microcrystalline Silicon ( µc-Si:H), this is achieved again by 

changing the PECVD conditions to allow the formation of larger crystals of silicon and their 

concentration in the deposited films, altering not only the film structure but also its electro -

optical properties, namely the absorption coefficient, room temperature conductivity,  bandgap 

and activation energy. The dimensions of these crystalline agglomerates are higher than pre-

vious pm-Si:H, reaching dimensions one order of magnitude larger and where the overall crys-

talline fraction is large, thus showing electro-optical properties that differ from the other two 

already mentioned agglomeration phases (a-Si:H and pm-Si:H). µc-Si:H thin films may be used 

in the fabrication of TFTs to obtain faster devices for they have higher carrier mobility, when 

compared to a-Si:H and pm-Si:H, and larger conductivity at room temperature. Their bandgap 

and absorption coefficient also allows the production of thin solar cells with higher absorption 

in the IR region of the spectrum and increased stability against degradation due to the SW 

effect. There has been reports of developed a-Si:H/µc-Si:H tandem solar cells (a.k.a. micro-

morph solar cells) with stabilized efficiencies of 12 % (Cashmore et al., 2016). 
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 a-Si:H Waveguides 

The increasing and never-ending demand for larger bandwidth and faster applications in In-

formation and Communications Technologies (ICT) is straining the physical limits of metallic 

interconnects. Not only metals present a skin effect with increasing frequency (penetration  

depth is inversely proportional to frequency)  (Hait & Buck, 2010) that results in corresponding 

heat dissipation losses but, there is also the delay factor associated to parasitic capacitances, 

that compromises balance between data availability and internal calculations in modern pro-

cessorsé systems (Doylend & Knights, 2012). 

Industry is still on the search for an alternative solution for metallic interconnects and 

selecting Si-based waveguides for the distribution of optical waves seems to be a valid option. 

These optical interconnects may be integrated in electronic integrated circuits to perform sev-

eral functionalities, e. g. memory access, multiprocessor systems internal communication, clock 

signals distribution, amongst many other. Integrating both fields of knowledge (electronics and 

optics) in a single monolithic device and manufacturing a photonic integrated chip seems to 

be the natural next technological step (Doylend & Knights, 2012). 

The deposition of alternating layers of a material with good optical properties, interca-

lated by layers of an amorphous insulating material, would allow the fabrication of three -di-

mensional Photonic Integrated Circuits (PICs) by vertical stacking of multiple sets of these lay-

ers. However, such vertical stacking is inherently infeasible on a crystalline Si platform because 

it is virtually impossible to deposit Crystalline Silicon (c-Si) over an amorphous substrate such 

as its thermal oxide, Silicon Dioxide (SiO2). So, a-Si appears as an attractive replacement for Si, 

as the alternating stacked layers material in PICs, given its similar optical properties, high re-

fractive index (even higher than Si) and a-Si deposition technology has been used in industry 

for some years now, being a cost effective way to fabricate these structures (Takei, 2016). 

More than two decades ago, Cocorullo et al. (Cocorullo et al., 1998) first reported the 

fabrication of a-Si:H waveguides. These waveguides consisted of deposited a-Si:H films 

through PECVD, to allow the inclusion of H for the passivation of the dangling bonds in a-Si. 

Some years later, in 2005, Harke et al. reported the deposition of a single-mode a-Si:H wave-

guide on a thermal oxide, with a propagation loss of 2.0 dBcm-1 at the operating wavelength 

of 1.55 ˃ Ƴ for a ridge waveguide with a 1.3 x 1.1 ˃ Ƴ cross section (Harke et al., 2005). 

Next, Selvaraja and co-workers fabricated an a-Si:H nanophotonic waveguide using a 

process compatible with CMOS (Selvaraja et al., 2009). A propagation loss of 3.5 dBcm-1 was 

reported for a waveguide with a cross-section of 480 x 220 nm. The main contributors for the 
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achieved results were the optimized Krypton Fluoride laser (248 nm) lithography and the dry -

etching process, which decreased the roughness of the waveguide sidewalls. Again, using a 

CMOS-compatible process, a-Si:H waveguides were reported by Zhu et al. (Zhu et al., 2010), 

with propagation losses as low as 3.2 dBcm-1 for the TE mode and 2.3 dBcm-1 for the Transverse 

Magnetic (TM) mode. The waveguides cross section was found to be 500 x 200 nm and the a-

Si:H top surface was smoothened by CMP. 

Sun et al. (Sun, Cheng, et al., 2009) achieved a propagation loss of 2.5 dBcm-1 for wave-

guides with a width of 600 nm and height of 100 nm. They also reported the fabrication of a 

racetrack resonator using these waveguides and were able to achieve a Q close to 105, and 

extinction rates of 25 dB. Kang et al. (Kang et al., 2011) have reported losses of 3.8 dBcm-1 and 

3.7 dBcm-1 for the first and second vertically stacked layers of a-Si:H waveguides, respectively, 

by repeated deposition of a-Si:H and SiO2. They also investigated the relation between the 

deposition pressure of the PECVD process and the surface roughness, and the results obtained 

indicated an optimal value of 30 Pa for the lowest surface roughness.  

All above mentioned research has considered the propagation losses associated to a-

Si:H waveguides when on a straight path. Although the results obtained are highly conclusive 

and necessary for the design of more complex structures containing these waveguides, man-

ufacturing an actual device does not rely only on straight optical paths. Projected devices will 

have at some point to make turns, in order to get the Electromagnetic ( EM) field from point A 

to point B. Thus, one has to be able to predict the propagation losses that will be experienced 

in a waveguide with a given curvature. 

Sheng et al. (Sheng et al., 2009) have investigated the propagation losses in bent a-Si:H 

waveguides, only considering ultra-small bending radius. Moreover, the reported results con-

sider the curvatures of 1 µm and 2 µm radii, waveguide width of 400 nm, 450 nm, 500 nm and 

600 nm, and the operating wavelengths of 1.2 µm and 1.7 µm. Our approach will also consider 

the evaluation of the propagation losses in straight waveguides of a-Si:H as a function of the 

wavelength, namely the first and third windows of optical transmission but, more importantly, 

we will evaluate the propagation losses in bent waveguides by simulating these structures with 

the finite difference time domain algorithm a nd iterating the curvature radius, which seems 

that has been overlooked in previous literature. 

On top of the above mentioned optical absorption of a-Si in the near infrared wavelength 

range that has been assigned for optical telecommunications and which is partially overcome 

by the passivation of the dangling bonds with H, due to the high contrast of th is material when 
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deposited over SiO2, the fabricated devices require nm-scale precision to develop high perfor-

mance components, which poses an evident constraint. 

2.4.1.1 a-Si:H nonlinearity 

Amorphous silicon (a-Si) presents higher optical nonlinearity and lower nonlinear absorption, 

when compared to its crystalline counterpart, thus it can also be an attractive material for the 

fabrication of non -linear devices, such as all optical signal processors and modulators, and 

parametric amplifiers. Namely: 

Á Narayanan and Preble (Narayanan & Preble, 2010) have reported the observation of 

higher non-linearities on a-Si:H waveguides through the propagation of ultra -short 

pulses, when compared with a SOI waveguide. Namely, the non-linear coefficient ob-

served in the a-Si:H wire was five times higher than the correspondent one in the Silicon 

On Insulator (SOI) waveguide, revealing promising properties for non-linear silicon 

photonics. However, these results did not reach a consensus with all authors (Shoji et 

al., 2010) approaching the subject of non -linearities in a-Si:H, but the verified discrep-

ancies could be attributed to the different precursor gases used in both approaches; 

Á Wang et al. (K.-Y. Wang et al., 2012a) experimentally demonstrated demultiplexing 

high-speed optical time division multiplexed data signals in a-Si:H waveguides. By uti-

lizing four -wave mixing, they demonstrated demultiplexing of a 160 Gbs-1 optical time 

division multiplexed data signal into 16 channels, each with a bandwidth of 10 Gbs-1 

and with error -free performance. Due to the ultra-high nonlinearity of the investigated 

a-Si:H device, they were able to achieve error-free operation in a 6-mm-long wave-

guide, using ultralow peak powers of only 50 mW for the switching pump pulse. Previ-

ous reports of the same demultiplexing operation with crystalline Si revealed a one 

order of magnitude higher power requirement (0.5 W) (F. Li et al., 2010); 

Á In another work of Narayanan (Narayanan et al., 2010), it has been experimentally 

demonstrated an all optical broadband modulation in low -loss a-Si:H waveguide, only 

15 µm long. This platform consisted of an SiO2 substrate and where the a-Si:H material 

has been deposited by PECVD and etched to form a strip waveguide (cross section: - 

250 x 460 nm). Finally, the structure has been covered by an SiO2 cladding, 2 µm thick. 

The operating wavelength was set to 1.55 µm and the field is coupled in and out of the 

a-Si:H waveguide by lensed single mode optical fibres. A 3 dB modulation depth has 

been accomplished by shinning upon the waveguide pump pulses at 405 nm 
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wavelength, and attributed to the free -carrier absorption induced by the photo -excited 

carriers generated through linear absorption of the pump pulse;  

Á By carefully dimensioning the cross-section of the a-Si:H waveguide, it is possible to 

bring the waveguide dispersion into the anomalous regime, enhancing the non -linear 

effect of self-modulation. Kuyken et al. (Kuyken et al., 2011) were able to obtain a 

bandgap of approximately 1.6 eV (crystalline Si bandgap is 1.1 eV) for the core a-Si:H 

material of the waveguide and studied its parametric amplification through a pump -

probe experiment. It has been possible to achieve a maximum on/off gain of 26.5 dB 

and an on/off conversion efficiency of 27 dB for a signal at the wavelength 1562 nm 

and an on-chip pump peak power of 5.3 W. This resulted in enough gain to overcome 

the high in -coupling and out -coupling waveguide losses, giving rise to 6.2 dB net off-

chip amplification. 

 a-Si:H Structures for Photonic Circuits 

The development of Si photonics can be traced back to the pioneering work done by Soref et 

al. in the mid-1980s (R. A. Soref & Lorenzo, 1985; R. Soref & Bennett, 1987). The technological 

boom that was verified in this field was mainly directed at Si-based waveguides, switches and 

modulators (e. g. (C. Z. Zhao et al., 1996, 1997; Ce Zhou Zhao et al., 1997)). A significant research 

momentum in this field took place after the first half of the first decade of this century.  

Since then, fast Si modulators and highly responsive epitaxially grown Germanium (Ge) 

detectors have both been achieved, along with great breakthroughs such as Raman Si lasers, 

Mid Infrared (MIR) Si sources, epitaxially grown Gallium Arsenide (GaAs) diodes on Si at room 

temperature and even the main obstacle in traditional Si photonics has been surpassed, the 

Ge-on-Si laser (Si based laser). These technological advancements have surely substantiated Si 

as one of the ideal material candidates on which the PIC industry should rely on.  

Coupling light into or from the Single Mode Fibres (SMFs) and the Si waveguides has 

been challenging and the developed solutions are far from trivial. Since the single mode wave-

guide dimension of silicon photonics is very small (standard 220 x 450 nm), a considerable 

mode size mismatch exists between the nanoscale silicon waveguides and the SMFs. Coupling 

loss will be very large if coupling nanoscale waveguides and SMFs (SMF core radius varies 

approximately from 4 to 10 µm) through butt -end method . One common solution is using a 

grating inscribed in the top surface of a wide waveguide to couple light between the SMF and 

the waveguide (Alonso-Ramos et al., 2010; X. Chen et al., 2010; L. Liu & Pu, 2010; D. Taillaert et 

al., 2002; Dirk Taillaert et al., 2006; Yu et al., 2010), as presented in Figure 11. Coupling efficiency 
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of 65.6% at 1550 nm has been reported experimentally (Alonso-Ramos et al., 2010) and is 

expected to be improved to 90% by optimizing grating design and layer stack (X. Chen et al., 

2010; Dirk Taillaert et al., 2006). 

 

Figure 11 - Representation of a vertical fibre/waveguide grating coupler.  

One alternative to previous method is coupling light between fibres and waveguides by 

combining a Si inverse taper and a medium index contrast waveguide, consisting of a polymer 

or an a-SixNy cladding, as depicted in Figure 12. This method consists of the gradual expansion 

the core waveguide mode into a larger cladding -guided mode. Coupling loss as low as 0.36 

dBcm-1 for transverse electric modes and 0.66 dBcm-1 for transverse magnetic modes has been 

experimentally demonstrated (Almeida et al., 2003; Pu et al., 2010). 

 

Figure 12 - Representation of the expansion method for waveguide/ fibre coupling. 

Concerning the splitting of the same optical signal into two or more optical paths for 

routing and processing functionalities, some devices were proposed. From Two Mode 
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Interference (TMI) and Y-junction, to Multimode Interference ( MMI ), all these structures have 

been implemented throughout the years. Nonetheless, former devices presented disad-

vantages when compared to the latter structure. Namely, close proximity of access waveguides 

on these devices usually leads to unwanted modal coupling and separation aperture filling, 

due to the limited resolution of lithographic process. This affects  arbitrarily the length of the 

coupling sections of TMI and Y-junction devices, thus causing performance degradation (Lucas 

B. Soldano et al., 1992). 

MMI  structures, such as the one presented in Figure 13,  provide relaxed fabrication re-

quirements, due to the design separation between the output waveguides, and smaller foot-

prints (Besse et al., 1994), when compared to previous configurations based on parallel or di-

verging waveguides coupling (TMI, directional and Y-junction couplers). MMI  devices have al-

ready been used as 1x2 splitters, 2x1 combiners in Quadrature Phase Shift Keying modulators 

(Dong et al., 2012), 3 dB couplers in ring resonators (Xu et al., 2007) and cross couplers for 

optical switches (Fan Wang et al., 2006; Leuthold & Joyner, 2001). 

 

Figure 13 - Representative diagram of an MMI structure. 

2.5 Amorphous Silicon Nitrides 

The deposition of silicon nitride can be achieved through the formation of silicon oxide and a 

gradual transition into silicon oxynitride (Lucovsky et al., 1986). Silicon nitride films deposited 
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through PECVD are not stoichiometric and are often described by the general formula a-SixN-

yHz (Sataloff et al., 1995). Si3N4 is quasi-stoichiometric  for it  presents a 
ώ
ὼ ratio of 1.3 and 

silicon rich or nitrogen rich alloys show ratios of 
ώ
ὼ ρȢσ or 

ώ
ὼ ρȢσ, respectively. Neverthe-

less, it has been possible to produce quasi-stoichiometric silicon nitride films  by PECVD and 

the best material quality is obtained with low H concentration (Lavareda et al., 2021; Parsons 

et al., 1991). 

These requirements can be reached by substituting the conventional PECVD process with 

some modified systems or by replacing the classical feed-gas mixture of SiH4 and NH3. The 

choice of the alternative gas mixtures must be aimed at a material with low etching rate, high 

density, and H content sufficiently low to reduce its diffusion in the network to achieve high 

stability and low degradation of the final device. The investigated modified techniques were 

Remote Plasma Enhanced Chemical Vapour Deposition (RPECVD), Electron Cyclotron Reso-

nance Plasma Chemical Vapour Deposition (ECRPCVD), Multipolar Plasma Chemical Vapour 

Deposition (MPCVD), Photo Chemical Vapour Deposition (PCVD) and Plasma Enhanced Evap-

oration (PEE). 

Á RPECVD is also known as the downstream plasma technique (Lucovsky et al., 1986), 

where the plasma chamber is fed with pure N2, or diluted in He and SiH4, flow close to 

the substrate region. The deposition occurs onto the substrate located outside the 

plasma zone, with the benefit of avoiding bombardment by plasma excited ions and 

photons. In addition, the RPECVD technique involves fewer reaction paths and, com-

pared to PECVD system, allows a better control over the film properties (Kushner, 1992). 

As a consequence, N ä H and Si ä H configurations are nearly absent in the material 

structure; 

Á ECRPCVD is another downstream method and is attractive as a production process of 

silicon nitride film because it works at lower pressures and temperatures (room tem-

perature). The plasma is generated by microwaves (2.45 GHz) and by resonance condi-

tions obtained b y 875-G (gauss) magnetic field in the plasma region. The Electron Cy-

clotron Resonance (ECR) silicon nitride films (Manabe & Mitsuyu, 1989) have a H con-

tent as low as 2% and a very high value for the energy gap (Eg = 5.3 eV) typical of 

thermal Chemical Vapour Deposition (CVD) films, but much larger than that of conven-

tional PECVD samples (Eg = 2 to 3 eV); 

Á MPCVD is characterized by a hot cathode and a magnetic confinement, and produces 

a plasma free from energetic species, since it requires modest DC voltage (<75 V). The 
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deposited material (Boher et al., 1988) contains a very low H concentration compared 

to typical PECVD (ὅ  = 20%); 

Á PCVD of silicon nitride films from SiH 4 - NH3 mixtures is carried out by Hg photosensi-

tization at 254 nm (Fuyuki et al., 1990) or NH3 photolysis at 185 nm (Guizot et al., 1991). 

The absence of ion and electron bombardment on the growing film is highly advanta-

geous for the application of this method as a passivation layer in groups III-V com-

pound devices; 

Á PEE process has been used in the production of SiO2 and Si3N4 at low temperatures 

(100 ä 400 C) for optical applications. The H content is less than 1% and the dielectrics 

used in the metal-insulating semiconductor diodes fabricated to investigate the electric 

properties of the deposited films, exhibited very promising characteristics (Lorenz, 

1991). 

Considering the use of alternative gas-feed mixtures, the substitution of NH 3 with N 2 not 

only results in a strong decrease in the H content of the material, but also decreases the dep-

osition rate and leads to the degradation of the nitride electrical properties (Dun et al., 1981). 

The dilution of SiH4 - N2 in Helium (He) (Parsons et al., 1991) produces silicon nitride, exhibiting 

physical and electrical properties similar to those of high-quality films prepared at 700 C by 

Low Pressure Chemical Vapour Deposition (LPCVD), and a H content lower than in absence of 

He. The He dilution causes the reduction of the SiHx, consequently inhibiting the formation of 

polymeric silicon species in the gas phase. He dilution also causes an increase in the incorpo-

ration of N, reaching a quasi-stoichiometric nitride, because the He metastable species can 

increase, through collisional energy transfer, the density of excited molecular nitrogen and also 

the amount of N ä H bonds in the structure. 

The H content in the silicon nitride alloys can also be reduced by utilizing fluorinated gas 

mixtures from SiH4 ä NH3 ä NF3 (Livengood & Hess, 1987), SiH4-N2-NF3 (Chang et al., 1987), 

SiH2F2-NH3, and SiF4(SiF2)-N2-H2 (Almeida et al., 2003; L. Liu & Pu, 2010), resulting in materials 

where some of the H is replaced by Fluor (F) atoms. The fluorinated films have been found to 

exhibit higher resistivity (1014 ä 1016 ʍ.cm), higher breakdown strength (10 MV/cm), and lower 

trap density (S. Fujita et al., 1985) than samples without fluorine, in a wide range of 
ώ
ὼ ratio 

(0.6-1.3). For instance, Cicala et al. (Cicala et al., 1992) have prepared stable and quasi-stoichi-

ometric fluorinated silicon nitride from SiF 4 - N2 - H2 mixtures under H2-rich conditions. 

However, when the intended application is the production of low loss photonic wave-

guides or devices for the visible range of the EM spectrum and possibly integrating these struc-

tures with back end of line CMOS technology, low temperature deposition requirements are 



 32 

of major importance. Low loss waveguides for the visible range have been manufactured by 

LPCVD with excellent optical properties but this method involved deposition temperatures 

over 700 C (Daldosso et al., 2004). Hence, PECVD appears as a naturally attractive fabrication 

process for integrated optical circuitry, given the possibility of deposition at much lower tem-

peratures (200  - 400 C). 

a-SixNy produced by PECVD often involves gas mixtures as SiH4, NH3 and N2. The chem-

ical composition of the deposited films is controlled by varying the NH 3 to SiH4 ratio, which is 

then reflected on the refractive index and optical absorption of the deposited material. Some 

studies have been reported in the literature regarding the correlation between the gas mixture 

ratio NH3/SiH4 and the optical absorption in the visible range of a-SixNy deposited by PECVD. 

Regarding the characterization of anti-reflection thin films for the production of solar cells, 

Jellison et al. (Jellison, Jr et al., 1998) has developed a thorough study through spectroscopic 

ellipsometry considering the deposition by PECVD of a silicon nitride layer over Si and analysed 

the correlation of the NH 3/SiH4 ratio with the optical properties of the deposited thin film, 

which resulted in the determination of the optimal thin film thickness for solar cell applications. 

Lelièvre et al. (Lelièvre et al., 2006) have extended previous work with the characterization of 

photoluminescence properties in hydrogenated silicon nitride films deposited over Si and pro-

duced by PECVD. This study revealed that the evolution of photoluminescence was especially 

correlated with the evolution of the material optical absorption. It was found a good agreement 

between the confinement of excitons in highly absorbing Si nano-structures formed in the a-

SixNy matrix, which dimensions were correlated to the precursor gas flow ratio. 

Later on, the impact of the plasma frequency on the optical properties of the deposited 

film was also investigated. In this study (Gorin et al., 2008), three wavelengths in the visible 

range were selected to characterize the refractive index and the absorption coefficient of a-

SixNy films deposited over a glass substrate and as a function of the precursor gases ratio, for 

both low (380 kHz) and high (13.56 MHz) frequency PECVD. Similar analysis was followed to 

characterize the refractive index and absorption coefficient of a-SixNy planar films deposited 

over a SiO2 substrate at the same operating wavelengths. The results obtained revealed that 

planar waveguides fabricated with low frequency PECVD have lower propagation losses at 

identical refractive index compared to equivalent waveguides fabricated with high frequency 

PECVD. 

In 2013, it has been reported the research work developed by Romero-García et al. 

(Romero-García et al., 2013). consisting of the design and experimental demonstration of high -

performance and cost effective a-SixNy optically passive structures deposited by PECVD. The 
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designed structures were a grating coupler, a 1 x 4 MMI  structure and a single mode wave-

guide, which were further produced in a standard CMOS pilot line  and characterized at the 660 

nm operating wavelength, considering parameters such as insertion loss, efficiency and loss 

over waveguide bends. The obtained results revealed that the fabricated (standard CMOS pilot 

line) a-SixNy devices were highly efficient, and presented low propagation and insertion losses, 

which places this technology as an excellent candidate for integration in photonic circuitry with 

applications in the visible range of the EM spectrum. 

The quest for the characterization of optically passive structures deposited by PECVD 

continues still in 2013 with the work developed by Subramanian et al. (Subramanian et al., 

2013), again taking advantage of a CMOS pilot line to fabricate strip waveguides of a-SixNy 

deposited over SiO2. This time, the developed research was directed at the characterization of 

a-SixNy strip waveguides but with different widths, cladding and in a wider wavelength range 

when compared to previous work (Romero-García et al., 2013). These structures were fabri-

cated either with air or SiO2 for superstrate, while keeping the same substrate (SiO2). The a-

SixNy strip waveguide losses exhibited a large dependence on the width and upper cladding 

condition. Single mode a-SixNy waveguides with SiO2 cladding exhibited low -loss (< 1 dBcm-1) 

in the 532ä900 nm wavelength regime whereas the air cladded single mode waveguides ex-

hibited losses < 1 dBcm-1 only at 900 nm and higher loss of 2.3 dBcm-1 (at 532 nm) and 1.33 

dBcm-1 (at 780 nm), respectively. 

2.6 The Multi Wafer Project 

Regarding the integration of photonics and electronics in one single package, Orcutt et al. 

(Orcutt et al., 2011) have presented an approach that enables intimate integration of large 

numbers of nanophotonic devices alongside high-density and high-performance transistors, 

at low initial and incremental cost. They have demonstrated a monolithic front -end photonic -

integration platform, within a state -of-the-art 28 nm bulk-CMOS foundry process. Their ap-

proach avoids modifying any in-foundry processes and only adds post-processing to locally 

remove the Si underlying the photonic devices. As such, the eventual optical coupling to the 

Si substrate is eliminated, together with its associated loss. By complying with all electronics 

industry design submission practices, they were able to use the existing infrastructure as a 

normal foundry user. Their demonstration consisted of the development and implementation 

of a wavelength demultiplexing filter bank integrated in the front -end, the electronic device 

layer of a state-of-the-art 28 nm bulk-CMOS process. The integration of both layers, photonic 
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and electronic, served as a vehicle to demonstrate their proposed integration scheme and to 

evaluate its feasibility by quantifying critical photonic device performance parameters. The di-

mensional precision demonstrated indirectly through optical measureme nts of the filter banks, 

combined with the potential of ultra -low-power wavelength locking, provided the basis for a 

scalable nano photonics-electronics integration platform.  It was their conviction that this ap-

proach demonstrated the fabless model that has been established as a goal for the silicon 

photonics community (Hochberg & Baehr-Jones, 2010). They conclude by stating that the gen-

erality of this approach makes it suitable for integration within existing bulk - and thin-SOI-

CMOS foundry processes. 

Another project considering the photonic/electronic integration in a monolithic device 

and which goal has been the demonstration of a cost-efficient optical interconnect on a 

memory process flow, has been conducted by Meade et al (Meade et al., 2013) in 2013. Their 

work relied on the existing CMOS platform, remained within the process flowés thermal budget 

and consisted of a cost effective solution through the reuse of existing steps. Being a FEOL-

centric process with a focus on reuse, the existing CMOS gate Polysilicon (SiP) layer stack was 

used for the waveguiding layer. This decision enabled the fabrication of cost effective SiP struc-

tures, at the expense of higher waveguide attenuation and increased process integration chal-

lenges. A number of additional processing steps were included in the standard process flow, 

namely a deep trench isolation scheme, due to the proximity of the waveguides to the bulk 

CMOS substrate, and a partial etch on the parapets of a vertical grating coupler had to be 

implemented to improve performance. The average end-of-line bulk loss for the SiP wave-

guides was as high as 18 dBcm-1, which was expected given the used material. While high when 

compared to SOI based implementations, one must balance out the competing performance 

and cost constraints. If one were focused on providing optical interconnect to a DRAM die, the 

trade-off between process cost and performance may be acceptable. 

The use of CMOS pilot lines for the fabrication of passive/active photonic structures has 

instigated the Integrated Circuit ( IC) industry to find a solution for all the laboratories, research 

facilities, academia and more, to access state-of-the-art technology for the production of these 

components in small batches or even as a prototype. The concept of multi -Project Wafer 

(MPW) was extended to photonics and this service enables cost effective access to almost an-

yone that wishes to develop a given photonic structure prototype.  A consortium was formed 

between the stakeholders of the three main areas of development involved: - design, fabrica-

tion and packaging/integration. This resulted in a cooperation effort between design and sim-

ulation companies, foundries and packaging/integr ation enterprises, under the supervision of 
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the European Union (EU) to create what is known today as the EUROPRACTICE (Europractice - 

IC Service, n.d.). The MPW consists of making available to an interested party, the development 

of a prototype or small volume production going past all the necessary steps and concluding 

with the physical creation of the component ready to operate in whatever intended way it was 

designed for. To accomplish this availability to the end user, MPW created several ærunsç 

throughout the year, where the interested parties share the available space of a 200 or 300 mm 

wafer between themselves, for their individual prototype or small production batch projects. 

As such, the cost of production associated to a whole wafer is divided by the individual projects, 

hence presenting a cost effective service provided for each of them. 

The MPW provides essentially three main technological platforms for the fabrication of 

Photonic Integrated Circuits (PICs): - The Silicon-Photonics, the Silicon Nitride -Photonics and 

the Glass-Photonics. Si-Photonics platform is dedicated to the development and fabrication of 

devices in the Near Infrared (NIR) range and the other two platforms  cover both  the NIR and 

the visible ranges of the Electromagnetic (EM) spectrum. Regarding the visible range of the 

spectrum and the latest developments reported in the literature, we have witnessed great evo-

lution especially since the incorporation of photonic devices in MPW. 

More recently and still under the MPW concept, two life sciences industry dedicated pilot 

lines have been created and completely supported by the a-SixNy platform technology, namely 

PIX4life and PIXAPP (Jans et al., 2018). These two pilot lines aim to mature a-SixNy waveguide 

platforms with very low propagation losses, low autofluorescence and a high level of integra-

tion to develop monolithic systems in a cost effective way and directed at the visible range of 

the EM spectrum. PIX4life will ensure that adequate process in-line metrology tools, photonic 

chip validation methodologies, process statistics and design software tools are ported and ex-

tended to control the quality and reliability of a-SixNy photonic ICs developed in this platform. 

PIXAPP is an open access PIC assembly and packaging supply chain, with capabilities to provide 

this service from early stage prototyping to small volume production and makes available to 

end users state-of-the-art assembly and packaging for optical technologies. It is now possible 

to create a physical photonic prototype from design to integration within a reasonable time 

lapse and in a cost effective way, which will definitely benefit both platform end users and the 

evolution of photonics.  For instance, Song and his colleagues (Song et al., 2019) have used the 

silicon nitride technological platform of  the MPW to fabricate several structures. In their work, 

it has been demonstrated a single mode propagation loss of 0.9 and 1.7 dBcm-1 at wavelengths 

of 638 and 532 nm, respectively. They have also fabricated grating couplers  which revealed 8 

dB lower back reflections (achieved through an improved design of the grating) and less than 
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0.8 dB penalties in coupling efficiency, when compared to standard grating couplers. It was 

also reported the fabrication of Bragg mirrors at wavelengths within the visible range  with 

detected reflections of -0.7 dB and -0.62 dB at the peak wavelength of 526 nm, respectively for 

N=15 and N=30 (N being the number of periods of the Bragg grating). 

On the other hand, contemporaneous life sciences equipment relies on relatively large 

optical components such as lasers, lenses and rectifiers. Bio-photonics enables the production 

of miniaturized versions of these components, such as lasers, waveguides, modulators, photo-

detectors, filters, ring resonators and other. By integrating these photonic components in a 

single package, a miniature system can be developed which ensures faster operation and more 

reliability when compared to an assemble of discrete components. Furthermore, by including 

all these building blocks into the same monolithic package, system architectures combining 

tens, hundreds or even more blocks may be conceived, paving the way to novel complex ap-

plications that could not otherwise be dev eloped when using assemblies of discrete optical 

components. Finally, photonic circuits produced on silicon wafers, in a standardized and auto-

mated production flow, also makes the integration  of the technology less expensive and easier 

to scale up. 

2.7 Optical Sensors and Surface Plasmon Resonance 

Optical sensors are structures that use optical radiation to quantify the physical magnitude of 

a given measurand of interest. These sensors are highly sensitive, accurate and selective re-

garding the concentration of  measurands, thus considerable effort has been endowed to de-

velopment in many applications throughout the world.  In order to convert the concentration 

of the measurand into a physical parameter that can be directly measured, it is usually required 

a transducer. Hence, the optical properties of th e transducer must depend on the magnitude 

of the concentration of the measurand. Furthermore, a read-out system is usually necessary to 

translate the concentration induced  changes on the optical properties  of the transducer, into 

an electrical output signal to be processed. Surface plasmons are characterized by the metallic 

surface conduction electrons oscillation, which induces the fluctuation of the electric charges 

at the surface and the corresponding EM field oscillation (Hayashi & Okamoto, 2012). On res-

onance, these electron charge density waves result from the energy absorption at the resonant 

wavelength subtracted from the spectrum of the incident EM field. Hence, the intensity of re-

flected/transmitted spectrum is reduced at the resonant wavelength.  By observing this 
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minimum  in the spectral response of the system, one is able to correlate both the measurand 

and its concentration. 

Since the electron charge density wave is generated at the boundary between the me-

tallic surface and the external medium, this phenomenon is very sensitive to alterations in the 

surrounding environment and can be interrogated by different methods (Piliarik & Homola, 

2009), being adequate to be used in sensing structures. This detection principle has been 

widely explored in many real time and label free sensor applications, in areas such as gas de-

tection or biological/chemical sensing (Jiǌą♄ Homola et al., 1999), amongst other. Figure 14 pre-

sents the three main optical configurations for the generation of this phenomenon, where for 

prism and waveguide configurations the excitation of the Surface Plasmon Wave (SPW) is 

achieved through Attenuated Total Reflection (ATR), and on the grating configuration this is 

accomplished by diffraction. 

 

Figure 14 - Optical configurations for the excitation of surface plasmon resonance (Homola 2003); left ä Kretsch-

mann configuration; centre ä waveguide configuration ; right ä grating configuration . 

 Surface Plasmon Resonance Sensors 

Sensors based on the Surface Plasmon Resonance (SPR) phenomenon are highly sensitive to 

variations of the surrounding environment refractive index and have been thoroughly investi-

gated by the research community, resulting in several commercial applications contempora-

neously in use for chemical and biomolecular detection because of their label free features, 

high sensitivity and real-time monitoring capabilities. Nevertheless, there is still a trending de-

mand for cost effective and monolithic integrated devices able to fulfil the lab -on-chip concept 

(Haeberle & Zengerle, 2007), which would enable mass production and wide implementation 

in many technological areas. 

Nowadays SPR based sensors rely mainly on noble metals such as Gold (Au) or Silver 

(Ag). The more often used metal for the transducer in these devices is Au for it has better 

chemical stability and exhibits a higher shift of the resonance peak wavelength to variations of 
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the sensed analyte. Although, its resonance curve possesses a wide spectral width which wors-

ens its performance, namely when operating on higher energies. Sensors utilizing Ag as the 

active metal benefit from a narrower spectral width but are easily oxidized due to its poor 

chemical stability, and Ag is far from being a cost-effective element. Moreover, both Au and 

Ag cannot be deposited directly over Si, and a transitional material is required (Yuan et al., 

2015), which increases the complexity of the manufacturing process. 

Aluminum (Al) is also a plasmonic metal, it is the most abundant metal on Earthés crust, 

and is several hundred times less expensive than Ag and various tens of thousand times more 

economical than Au. It benefits from a narrow resonance curve spectral width, even narrower 

than Ag, which enables operation at higher energies and can be deposited directly over Si, 

although is also affected by poor chemical stability for it can be easily oxidized. Nevertheless, 

through a surface passivation process that creates a robust protective layer (Canalejas-Tejero 

et al., 2014), corrosion and material degradation caused by oxidizing agents usually employed 

in biosensing tests can be mitigated and chemical stability is achievable. Another way to pro-

vide the necessary chemical stability, which has also been used in many other devices, is 

through a bimetallic alloy, consisting of a thin film of Chromium atop the Al layer. 

Regarding the optical configuration of structures, the Kretschmann geometry (prism con-

figuration  in Figure 14) has been found to be very suitable for sensing and has become the 

most widely used geometry in SPR sensors. In this configuration a light wave is totally reflected 

at the interface between a prism coupler and a thin metal layer (of the thickness of about 50 

nm) and excites an SPW at the outer boundary of the metal by evanescently tunnelling through 

the thin metal layer. All the main detection approaches have been demonstrated in SPR prism-

based sensors:  

Á Monitoring the intensity of the reflected light wave  - ATR - (Bo Liedberg et al., 1983; 

Nylander et al., 1982); 

Á Monitoring the resonant angle of incidence of the light wave (B. Liedberg et al., 1993; 

Matsubara et al., 1988); 

Á Monitoring the resonant wavelength of the incident light wave (L.-M. Zhang & 

Uttamchandani, 1988). 

Prism-based SPR sensors using angular interrogation have been extensively studied at 

Linköping University (Sweden) (B. Liedberg et al., 1993) and by BIAcore (Löfås et al., 1991) and 

a refractive index resolution higher than 3 x 10-7 RIU has been accomplished (Karlsson & 

Stahlberg, 1995). 
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Wavelength interrogation based devices have also been developed, namely the work of 

Pfeifer et al. (Pfeifer et al., 1999) and where they were able to achieve, after optimization, a 

sensitivity of 8000 nmRIU-1 and noise of 0.02 nm. Miniaturized SPR sensors relying on the ATR 

method have also been developed. These sensors are an alternative to bulky laboratory SPR 

devices and enable the development of mobile, compact, and cost effective solutions for field 

applications. The work of Manuel et al. (Manuel et al., 1993) reported a compact intensity based 

SPR device for the detection of alcohol in musts.  

Grating based SPR sensors have been reported in the literature regarding both interro-

gation methods, angular and light intensity. A high -sensitivity SPR grating based gas sensor, 

using silver as the active metal, has achieved a sensitivity of 1000 nmRIU-1 in wavelength inter-

rogation mode (Jory et al., 1994) and considering the angular interrogation mode, the systemés 

sensitivity would be about 100 ♯RIU-1. 

Gold based SPR grating sensors have also been used to monitor biomolecular interac-

tions in aqueous environments (Cullen et al., 1987; Cullen & Lowe, 1990), with estimated re-

fractive index sensitivity of 30 ♯RIU-1 and 900 %RIU-1 when considering the angular interroga-

tion and intensity measurement modes, respectively (Cullen et al., 1987). A disadvantage for 

grating based SPR applications, unlike prism based systems, the light beam is incident through 

the sample solution and therefore this analyte and flow -cell must be optically transparent. 

The process of exciting an SPW in an optical waveguide based SPR sensing structures is, 

theoretically, similar to Kretschmannés ATR coupler. The light wave propagates through the 

waveguide and, entering the region with a thin metal overlayer, it evanescently penetrates into 

the metal layer. If the SPW and the guided mode are phase-matched, the light wave excites an 

SPW at the outer interface of the metal. Research concerning integrated optical waveguide 

SPR sensors was pioneered by researchers at the University of Twente in the late 1980és, early 

1990és (Lambeck, 1992). Since then, various groups have developed SPR sensing structures with 

slab (B. Liedberg et al., 1993; L.-M. Zhang & Uttamchandani, 1988) and channel (Harris & 

Wilkinson, 1995; Mouvet et al., 1997) single-mode integrated optical waveguides. It has been 

reported by Homola et al. (J. Homola et al., 1997) an intensity interrogation method SPR sens-

ing device, based on an integrated optical waveguide, with a sensitivity of 2000 dBRIU-1. 

Numerous SPR biosensors have been engineered for the detection and identification of 

specific analytes. These biosensors use several platform designs, biomolecular recognition el-

ements and detection formats. Direct detection is usually preferred in applications where direct 

binding of analyte of concentrations of interest are producing enough response. If necessary, 

the lowest detection limits of the direct SPR biosensors can be improved by using sandwich 
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assay. Secondary antibodies may also be coupled to large particles such as latex particles 

(Severs & Schasfoort, 1993) and gold beads (Leung et al., 1994) to further enhance the SPR 

sensor response. 

For the detection of small size analytes Baxter et al. demonstrated SPR biosensor based 

detection of streptomycin in milk, using a commercial SPR biosensor (Biacore 2000) and inhi-

bition assay involving polyclonal anti -streptomycin antibodies. The lowest detection limit of 

the SPR biosensor for streptomycin was determined to be 4 ngmL -1 (Baxter et al., 2001). Tar-

geting medium size analytes, Spangler et al. demonstrated direct detection of E. coli entero-

toxin in aqueous solutions, being the lowest detection limit established at 6 g˃mL-1 (Spangler 

et al., 2001). Finally, directed at large size analytes, direct detection of Salmonella enteritidis 

and Listeria monocytogenes at concentrations down to 106 cfumL -1 was demonstrated by Kou-

bova et al. using a laboratory wavelength modulated SPR sensor and monoclonal antibodies 

(Koubová et al., 2001). 

With all the above mentioned examples, it is our belief that integrated waveguide bio-

sensors relying on SPR for the detection of analytes of interest may be developed in a cost 

effective way. By incorporating Al as the active metallic material, instead of Au or Ag for the 

generation of the SPW required for high resolution and sensitivity sensing, it will consist of 

another contribution for the economical aspect of fabrication. Furthermore, the miniaturization 

of such devices will enable the development of monolithic devices for fast diagnosis and field 

applications, facilitating healthcare displacement from laboratories and health centres into 

point of care human centred environments. 
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3  

 

CONCEPTUAL CONTRIBUTION 

In this chapter we will be presenting the theoretical contribution supporting this dissertation, 

consisting of an introduction to the propagation of electromagnetic energy in dielectric struc-

tures and an approach regarding the mathematical formalism of  the numerical methods used 

in our simulations throughout th e chapter. Next, we develop analytical considerations con-

cerning phenomena such as surface plasmon and Fano resonances, and their eventual com-

mon ground.  Finally, an analytical overview of the multimode interference phenomenon  is pre-

sented, considering related structures and operational details. 

3.1 Dielectric Waveguides 

Dielectric waveguides are usually formed by a high refractive index material surrounded by a 

lower refractive index medium. This configuration allows the propagation of an EM wave in the 

core waveguide through Total Internal Reflection (TIR). As long as the angle of incidence of the 

wave fronts onto the boundaries of the c entral waveguide is higher than the critical angle given 

by Snellés law (— ÓÉÎὲ ὲϳ ), the core medium is able to ætrapç the incoming energy and 

a propagating wave travels through the waveguide. This phenomenon is depicted in Figure 15, 

where n2 is the lower refractive index material, n1 is the higher refractive index of the core 

medium and the zig-zag path represents the trajectory of the wave front  bouncing off  at the 

boundaries of the core waveguide. This behaviour has been exploited to make light conduits  

with very low losses, enabling light transportation from one location to another (sometimes 

hundreds or even thousands of kilomet res apart from each other). 
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Figure 15 - Representation of total internal reflection.  

The perfect dielectric waveguide may be thought  to be as if it were made of an optically 

isotropic medium , with no losses and its boundaries were perfect mirrors, as long as EM energy 

is concerned, and the angle of incidence is lower than the critical angle (—). Thus, a wave front 

making an angle — — with the mirrorsé normal at the point of incidence, reflects and bounces 

between the mirrors without loss of energy. Now, if we assume that the boundaries between 

the inner and outer media extend to infinity , we have an ideal planar-mirror dielectric wave-

guide. This ideal waveguide has no practical application, nevertheless it provides an excellent 

pedagogical approach to light´s behaviour when propagating through dielectric waveguides. 

 Planar-mirror Dielectric Waveguide 

A planar-mirror dielectric waveguide, as defined in (Saleh & Teich, 1991), has optical confine-

ment only in one transverse direction and the central medium  (designated as core), is sur-

rounded by the outer media consisting of the upper (cladding) and lower (substrate) layers. To 

simplify the analysis of the planar-mirror dielectric waveguides, we will assume that cladding 

and substrate are of the same material, and they are referred simply as the surrounding me-

dium. Now, considering the conditions mentioned in previous subsection, light propagates 

longitudinally (along the Z-axis) in the waveguide through multiple reflections on its bounda-

ries, as shown in Figure 16. These multiple reflections, which result in light guidance through  

TIR, do not fully explain a number of important effects  in light propagation . In order to describe 

these other effects, an electromagnetic analysis is required. When carrying out an EM analysis, 

each optical ray is considered as a Transverse Electromagnetic (TEM) plane wave and the total 

EM field results of the sum of these plane waves. Before going any further, we have to try to 
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explain what a TEM wave is and, for that matter, what are both the Transverse Electric (TE) and 

the Transverse Magnetic (TM) modal waves. The latter waves (TE and TM) will be discussed and 

analytically derived in further subsections of this chapter, but for the former wave (TEM) our 

approach will only consider a qualitative analysis, because TEM waves are not the focus of our 

work. 

Figure 16 - Total internal reflection on planar -mirror dielectric waveguides (Saleh & Teich, 1991). 

We start this discussion by referring that the strategy  usually followed to solve an EM 

problem is based on finding  the spatial derivatives of the fields in a wave. If the wave of interest 

propagates in a lossless dielectric between two conductors in one given direction , with no 

spatial constraints of any sort, there is no variation of the fields along the propagating direc-

tion , and their spatial derivative is equal to zero. This is what happens when EM energy prop-

agates in a coaxial, two-open-wire, parallel plates or strip transmission lines, where the wave's 

fields propagate indefinitely  (assuming no losses) if no spatial constraint crosses its path, and 

the spatial derivative of the field along the propagation direction is equal to zero. These prop-

agation conditions characterize a TEM wave for there are no variation of the fields, both  electric 

and magnetic, along the propagation direction . 

TEM stands for transverse electric and magnetic, being transverse the cartesian coordi-

nates associated with the X and Y axes, and longitudinal the one related to the Z-axis. Thus, a 

TEM wave has fields varying along the transverse directions but no variation of the fields along 

the longitudinal direction . It is common to find in the literature that a wave has no field com-

ponent along the Z -axis; we prefer to emphasize that the wave has no field derivative along 

the Z-axis. Now, if we have a TEM wave propagating along the Z-axis and some spatial re-

striction crosses its path, then we might end up creating the ideal conditions for field variation 

along the Z-axis. If the spatial restrictions imposed over the TEM propagating wave are along 

the Y-axis, the resulting wave will have field component s along the Z-axis with a spatial deriv-

ative not equal to zero anymore. Of course, similar results will be obtained if the spatial 
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restriction is imposed over the X-axis. Regarding the spatial constraint for the EM propagating 

wave and assuming the Z-axis as the propagation direction , there are two main geometries of 

confinement, being one with no spatial derivative of the electric field and the other with no  

spatial derivative of the magnetic field, both along the Z-axis. These solutions for the EM wave 

equation consider a set of parallel planes, either along the X or Y axes, which define the sepa-

rating interfaces between two semi-infinite regions of lower refractive index and a finite central 

region of higher refractive index , similar to the representation depicted in Figure 16. The modal 

waves obtained with these conditions have been designated the TE and TM modes of propa-

gation. The former modes being transverse electric, have the spatial derivative of the electric 

field along the Z-axis equal to zero, and TE modes are characterized by spatial derivatives of 

the electric field along the Y-axis, and of the magnetic  field along the X and the Z axes. The 

latter modes being transverse magnetic, have the spatial derivative of the magnetic field along 

the Z-axis equal to zero, and  TM modes are characterized by spatial derivatives of the magnetic 

field along the Y-axis and of the electric field along the X and the Z axes. 

Still referring to Figure 16 and the planar-mirror dielectric waveguide, let us consider a 

monochromatic TEM plane wave of wavelength ‗ ‗ ὲϳ , wavenumber Ὧ Ὧὲ and phase 

velocity ὺ ὧὲϳ , where c is the speed of light in free space and n1 is the refractive index of 

the medium between the mirrors. The electric field is parallel to the reflecting surfaces (wave 

polarized in the X-axis direction) and its wave vector lies in the Y-Z plane at an angle ωπЈ— 

with the Z-axis. Like the optical ray, the TEM plane wave reflects from the upper surface, travels 

at an angle ωπЈ—, reflects from the lower surface, progresses at an angle ωπЈ—, bounces 

from upper surface, journeys once more at an angle ωπЈ— and the process is repeated. Each 

reflection introduces a phase shift of “ in the wave but polarization and amplitude remain the 

same. The “ phase shift ensures that the total field at the mirrors is zero for the sum of each 

wave with its own reflection vanishes at this point. So, for each point within the waveguide, 

there are TEM waves travelling up and downwards at ωπЈ— angles. Furthermore, a travelling 

wave in the planar-mirror dielectric waveguide replicates itself every two reflections. Now, con-

sidering an upward and a downward travelling waves with the same — angle, they interfere with 

each other and, if self-consistency is verified, they will create a transverse field pattern whose 

amplitude and polarization profiles remain constant along the longitudinal coordinate ( z axis) 

of the waveguide. This transverse field pattern is designated a waveguide mode and is a char-

acteristic of a particular waveguide structure. Quoting  (Saleh & Teich, 1991): 

- "Modes are fields that maintain the same transverse distribution and polarization at all 

distances along the waveguide axis." 
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3.1.1.1 Self-Consistency (Transverse Resonance) Condition 

Based on (Saleh & Teich, 1991) and referring to Figure 17, constructive interference is verified 

if the phase shift suffered by the original wave when travelling from A to B is the same, or 

affected by an integer multiple of ς“, from that encountered when the wave progresses from 

A to C and reflects once again. Knowing that for each reflection a “ phase shift is introduced 

on the wave, this can be mathematically explained by the equation: 

ς“ὃὅ

‗
ς“

ς“ὃὄ

‗
ς“ή          ▲ πȟρȟςȟȣ 

Equation 

3.1 

Since ὃὅ ὃὄ ςὨÓÉÎ—, with d being the width of the waveguide , previous equation 

may be written as the following:  

ς“

‗
ςὨÓÉÎ— ς“ή ρ 

  
ς“

‗
ςὨÓÉÎ— ς“ά          □ ή ρ ρȟςȟσȟȣ 

Equation 

3.2 

 The self-consistency condition is therefore only satisfied for selected angles of — —  

that verify the following expression: 

ÓÉÎ— ά
‗

ςὨ
          □ ρȟςȟσȟȣ 

Equation 

3.3 

 

Figure 17 - Self-Consistency condition (Saleh & Teich, 1991). 

The Y-axis component of the propagation constant is Ὧ ὯὲÓÉÎ— and also depends 

on the self-consistency condition. Thus, Ὧ ὯὲÓÉÎ— ς“Ⱦ‗ÓÉÎ— . Using equation 3.3, 

we are able to obtain: 

Ὧ ά
“

Ὠ
          □ ρȟςȟσȟȣ 

Equation 

3.4 
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which states that the Y-axis component of the propagation constant is spaced by “Ὠϳ  and that 

when this wave travels a round trip (2d distance) along the Y-axis, it experiences a phase shift 

of ς“. 

 The Z-axis component of the propagation constant  is also quantized and the guided 

wave travels along this axis at a rate of ‍ ὯὲÃÏÓ— , from which we may represent ana-

lytically the resulting expression and graphically as in Figure 18: 

‍ Ὧπὲρ
ς Ὧώά

ς Ὧπὲρ
ς ά

“

Ὠ

ς

 
Equation 

3.5 

 

Figure 18 - Propagation constants of a guided wave in a planar-mirror dielectric waveguide. 

 Planar Dielectric Waveguide 

Planar dielectric waveguides are similar to the structures discussed in previous subsection, the 

planar-mirror dielectric waveguide. These are waveguides where the field confinement exists 

along one of the transverse directions, thus these structures also support  TE and TM propa-

gating modes. However, when considering the planar-mirror dielectric waveguide, every re-

flection on the waveguide's boundaries accounted for a phase shift of “ in the wavefront, while 

in the planar dielectric waveguide there is an extra phase shift to be accounted for, due to the 

penetration of the wave into the cladding. We can think of this as an effective penetration of 

the wavefront into the cladding or as an effective lateral shift of the wavefront . This effective 

penetration or lateral shift has been designated as the Goos-Hänchen effect (Goos & Hänchen, 

1947) and is responsible e. g. for the different arrival times of the different modes , when prop-

agating through a waveguide of a given length  L. 

To provide this subject a better understanding, we will start by referencing the represen-

tation of a planar waveguide, as depicted in Figure 19. Then, we will proceed by follow ing the 
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usual procedure to determine the EM fields of a given wave propagating  in a waveguide 

(Okamoto, 2006). This method starts by calculating the waveés longitudinal components 

through manipulation of Maxwell's equations with adequate boundary conditions , then the 

wave's transversal components are obtained with previous calculated longitudinal terms  and 

the final expression is completed by including  the exponential behaviour. 

The differential equations describing classical EM phenomena, the Maxwellés equations, 

are defined as the following: 

​ᴆ Ὁᴆ
‬
‬ὸ
ὄᴆ

​ᴆ Ὄᴆ ὐ
‬
‬ὸ
Ὀᴆ

​ᴆϽὄᴆ π

​ᴆϽὈᴆ ”

 Equation 

3.6 

where the first equation is the Faradayés law of induction, the second equation is the Amp¯reés 

law, with the term ‬ὈᴆȾ‬ὸ included by Maxwell to reflect the displacement current effect, and 

the third and fourth equations represent Gaussé laws for the magnetic and electric flux densi-

ties, respectively. After some mathematical manipulation and simplification, the end result is 

the wave equation for a generic field   (electric or magnetic field vectors in this case) and the 

interested reader is invited to look through appendix A.1 for greater detail of this derivation:  

​ 
ρ

ὧ

‬ 

‬ὸ
π 

Equation 

3.7 

When approaching an EM problem through Maxwell's equations, we have to satisfy the 

boundary conditions  of the problem . In this case, we assume there are no superficial electrical 

charges nor current densities at the interfaces between media, thus the following must be 

accomplished: 

Boundary conditions 

¶ Ὁ  are continuous - the tangential components of the electric fields  at the separating 

interfaces are continuous; 

¶ ὄ  are continuous - the normal component s of the magnetic flux density have no 

discontinuities along the separating interfaces between the substrate (n2) or cladding 

(n2) and the core (n1); 

¶ Ὀ  are continuous - the normal components of the electric displacement have no 

discontinuities along the separating interfaces between the substrate (n2) or cladding 

(n2) and the core (n1) (no surface charge density, ” π); 

¶ Ὄ  are continuous - the tangential components of  the magnetic fields at the separat-

ing interfaces are continuous (no surface current density, ὐᴆ π). 
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Figure 19 - Planar waveguide. 

 Wave Equation in Planar Dielectric Waveguides 

A monochromatic wave is characterized by a wavefunction with harmonic time dependence, 

such as the following equation:  

 ὼȟὸ ὥὼÃÏÓς“Ὢὸ•ὼ  
Equation 

3.8 

where ὥὼ is the amplitude, •ὼ is the phase and Ὢ is the frequency. Amplitude and phase 

are position dependent but the wavefunction is a harmonic function of time with frequency  Ὢ 

at all positions. This wavefunction is a solution of the wave equation: 

ᶯ 
ρ

ὧ

‬ 

‬ὸ
π       ὧ ὧέὲίὸὥὲὸ 

Equation 

3.9 

 Since we are looking for solutions of this wave equation that are stationary, the eigen-

functions or  modes of a given structure, these solutions do not depend on time  (i. e. the inten-

sity of a monochromatic  wave does not vary with time). Hence, we may use the time-inde-

pendent form of the wave equation  (see appendix A.2 for greater detail  of the derivation ), the 

Helmholtzés equation (Saleh & Teich, 1991): 

ᶯ Ὧ   π 
Equation 

3.10 

where   is simply a function of space and Ὧ ς“‗ϳ ‫ὧϳ. This equation will be used to 

derive the eigenfunctions (modes) of a planar dielectric waveguide with an arbitrary height ὥ. 

This will be accomplished by obtaining the Z-axis propagating field components  through some 

mathematical manipulation of the Helmholtzés equation, which final result is the equation that 

explains the propagating modes in the planar dielectric waveguide, and we direct the inter-

ested reader to appendix B.1 for greater detail of the derivation . Finally, to facilitate the 
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interpretation of the obtained expressions , previous equations are then analysed through a 

parity approach, resulting in the expressions representing even and odd modes: 

  ώ
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3.11 
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Equation 

3.12 

 Transverse Modes 

We have derived the equations that explain the longitudinal components of a propagating 

wave in a planar dielectric waveguide, but the transverse components of the wave must still be 

obtained. As previously mentioned, the waveés transverse components are related to the lon-

gitudinal ones through  vectorial Maxwellés equations: 

​ Ὁᴆ ὮὌᴆ‘‫

​ Ὄᴆ ὮὉᴆ‐‫
 

Equation 

3.13 

or, in scalar form, 
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Equation 

3.14 

here, Ὂ  has the same definition as in equation 3.13, it represents eigenfunctions that 

verify each previous time-independent wave equation. This set of equations will be used in the 

following subsection  to obtain the tr ansverse components of the waveés fields for both the TM 

and TE modes of the planar waveguide, while considering a parity approach and the appropri-

ate boundary conditions . 

3.1.4.1 TM Even Modes 

In this case, the TM mode being transverse magnetic implies that there is no longitudinal com-

ponent of the magnetic field  (Ὄ π). Furthermore, we will consider the longitudinal 
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component of the electric field as an even function (Ὁ   ). As such, the other field com-

ponents are calculated through : 

Ὄ
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Equation 

3.15 

Substituting previous expressions in   ώ and considering the dielectric structure of inter-

est, 
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3.16 
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Equation 

3.18 

Previous expressions were obtained considering ‎ Ὦ‍ and Ὤ ὺ and they define 

the transverse and longitudinal components of the fields of a TM even mode. The task we set 

out ourselves to do in the beginning of this subsection  has been accomplished, however we 

will extend this analysis further into an aspect of higher practical importance: - Obtaining the 

characteristic equation of the system.  

The obtained solution complies with the electrical field continuity  boundary condition  

for when calculating the longitudinal component  of the fields, we related the propagation con-

stant Ὤ with the exponential decay coefficient ὺ. It has not been made any effort to make  sure 

that the other components comply with the other boundary conditions. Namely, no surface 

currents and continuity of the magnetic field component parallel to the interfaces  (Ὄ ) must 

be verified at ώ ὥςϳ . This means that we must have, 

Ὦ‐‫

Ὤ
ὄÓÉÎ

Ὤὥ

ς

Ὦ‐‫

ὺ
ὄÃÏÓ

Ὤὥ

ς
 

Equation 

3.19 
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or equivalently, 

ὺ Ὤ
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Equation 

3.20 

Combining equations 3.20 and B.16 (see appendix B), the two expressions characterizing 

ὺ, the characteristic equation can be obtained, 
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Equation 

3.21 

This equation can be used to determine Ὤ values for a specific waveguide and operating 

frequency. Being a non-linear equation, its solution can only be found through numerical 

methods. With the help of Matlab and considering parameter values  such as ‗ ρȢυυ ‘άȟὥ

ςȢφ ‘άȟὲ ς ὥὲὨ ὲ ρ, we have plotted the left -hand and the right -hand sides of equation 

3.21 in Figure 20, where the Ὤ and ὺ parameters of the modes of the structure of interest 

result from the intersection of both red and blue curves.  

 

Figure 20 - TMeven modes @ 1550 nm. 

3.1.4.2 TM Odd Modes 

The procedure is the same as the one utilized before on TM even modes. Again, for a transverse 

magnetic mode there is no longitudinal component of the magnetic field  (Ὄ π). This time 

we will consider the longitudinal component of the electric field as an even function  (Ὁ

  ). The remaining constituents are calculated through  the following equations : 
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3.22 

Substituting previous expressions in   ώ and considering the dielectric structure of 

interest, 
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3.25 

Previous expressions were obtained considering ‎ Ὦ‍ and Ὤ ὺ and they define 

the transverse and longitudinal components of the fields of a TM odd mode . Regarding the 

characteristic equation of the system and the other boundary conditions , we proceeded as 

before by assuring that there were no surface currents and the continuity of the magnetic field  

component parallel to the interfaces  (Ὄ ) was verified at ώ ὥςϳ . Once more, this means 

that we must have, 
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3.26 

or, equivalently, 
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3.27 

or, by combining both expressions for ὺ (equations 3.27 and B.16 - see appendix B), 
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3.28 

which defines the characteristic equation for Ὕὓ  modes. Again, being a non-linear equation, 

its solution can only be found through numerical methods. With the help of Matlab and con-

sidering adequate parameter values such as ‗ ρȢυυ ‘άȟὥ ςȢφ ‘άȟὲ ς ὥὲὨ ὲ ρ, we 

have plotted in Figure 21 the left -hand and the right -hand sides of equation 3.28, where the 

Ὤ and ὺ parameters of the modes of the structure of interest result from the intersection of 

both red and blue curves. 

 

Figure 21 - TModd modes @ 1550 nm. 

3.1.4.3 TE Even Modes 

In this case, the TE mode being transverse electric implies that there is no longitudinal compo-

nent of the electric field (Ὁ π). Furthermore, we will consider the longitudinal component of 

the magnetic field as an even function (Ὄ   ). As such, the other field component s are 

calculated through : 
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Ὤ
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Equation 

3.29 
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3.30 
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3.31 

Previous expressions were obtained considering ‎ Ὦ‍ and Ὤ ὺ and they define 

the transverse and longitudinal components of the fields  of a TE even mode. Regarding the 

characteristic equation of the system and the other boundary conditions, we proceeded as 

before by assuring that the continuity of the electric field component parallel to the interfaces  

(Ὁ ) was verified at ώ ὥςϳ . Once more, this means that we must have, 

Ὦ‘‫

Ὤ
ὄÓÉÎ

Ὤὥ

ς

Ὦ‘‫

ὺ
ὄÃÏÓ

Ὤὥ

ς
 

Equation 

3.32 

or still, 

ὺ ὬÃÏÔ
Ὤὥ

ς
 

Equation 

3.33 

or, by combining both expressions for ὺ (equations 3.33 and B.16 - see appendix B), 

‫

ὧ
ὲ ὲ Ὤ ὬÃÏÔ

Ὤὥ

ς
 

Equation 

3.34 

which defines the characteristic equation for ὝὉ  modes. Again, being a non-linear equation, 

its solution can only be found through numerical methods. With the help of Matlab and con-

sidering adequate parameter values such as ‗ ρȢυυ ‘άȟὥ ςȢφ ‘άȟὲ ς ὥὲὨ ὲ ρ, we 

have plotted in Figure 22 the left -hand and the right -hand sides of equation 3.34, where the 

Ὤ and ὺ parameters of the modes of the structure of interest result from the intersection of 

both red and blue curves. 
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Figure 22 - TE even modes @ 1550 nm. 

3.1.4.4 TE Odd Modes 

In this case, the TE mode being transverse electric implies that there is no longitudinal compo-

nent of the electric field  (Ὁ π). Furthermore, we will consider the longitudinal component of 

the magnetic field as an even function (Ὄ   ). As such, the other field component s are 

calculated through : 
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3.36 
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3.37 



 56 

Previous expressions were obtained considering ‎ Ὦ‍ and Ὤ ὺ and they define 

the transverse and longitudinal components of the fields of a TE odd mode. Regarding the 

characteristic equation of the system and the other boundary conditions, we proceeded as 

before by assuring that the continuity of the electric field component parallel to the interfaces  

(Ὁ ) was verified at ώ ὥςϳ . Once more, this means that we must have, 

Ὦ‘‫
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ς
 

Equation 

3.38 

or, 

ὺ ὬÔÁÎ
Ὤὥ

ς
 

Equation 

3.39 

or, by combining both expressions for ὺ (equations 3.39 and B.16 - see appendix B), 

‫
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Equation 

3.40 

which defines the characteristic equation for ὝὉ  modes. Again, being a non-linear equation, 

its solution can only be found through numerical methods. With the help of Matlab and con-

sidering adequate parameter values such as ‗ ρȢυυ ‘άȟὥ ςȢφ ‘άȟὲ ς ὥὲὨ ὲ ρ, we 

have plotted in Figure 23  the left -hand and the right -hand sides of equation 3.40, where the 

Ὤ and ὺ parameters of the modes of the structure of interest result from the intersection of 

both red and blue curves. 

 

Figure 23 - TEodd modes @ 1550 nm. 
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3.2 Software Simulation Platforms 

Throughout this dissertation, two main simulation software platforms will be used, the Opti-

Wave (OptiFDTD, n.d.) and the RSoft (RSoft, n.d.) packages. The former implements the Finite 

Difference Time Domain (FDTD) algorithm, available as a free version. Being a free version of 

the package, the mode solver and the Plane Wave Expansion Method (PWEM) modules were 

also available. Nevertheless, executing FDTD simulations over 3D structures are limited to 2 

gigabytes of memory , while running FDTD simulations over 1D and 2D structures have no con-

straints. Regarding the RSoft package, it implements the FDTD algorithm, the Beam Propaga-

tion Method ( BPM), the Transverse Matrix Method (TMM) module, an Eigen Mode Expansion 

Method (EMEM) module and two mode solvers. 

Most of the work developed in this dissertation will be accomplished with the package 

RSoft, either through FDTD or BPM projects, so we will be only referencing these two methods 

in the remaining of this section. Occasionally, there has been work developed with packages 

implementing  either the TMM or the EMEM. Both mode solvers (OptiWave and RSoft) have 

been extensively used and their capabilities thoroughly exploited because they provide the 

modal fields solution for a given structure, which is one of the most relevant elements in a 

designing/simulating project.  

 Beam Propagation Method 

The purpose of the BPM is to provide a general simulation package for computing the propa-

gation of light waves in arbitrary waveguiding geometries. This is a complex problem, in gen-

eral, and several assumptions are made at the outset, many of which are subsequently relaxed. 

The computational core of our software package is based on a finite difference beam propa-

gation method as described Scarmozzino et al. (R. Scarmozzino et al., 2000; R. Scarmozzino & 

Osgood, 1991). This technique uses finite difference methods to solve the parabolic or paraxial 

approximation of the  Helmholtzés equation and implements "transparent" boundary condi-

tions, as defined by Hadley (Hadley, 1991). 

The paraxial approximation of Helmholtzés equation is further detailed in appendix A, 

where the interested reader may follow the derivation of this equation starting from Maxwellés 

equations, but for now it suffices to say that it considers monochromatic waves which propa-

gate mainly along one direction, and their complex amplitude (the envelope of the wave) varies 

much slower than the wavenumber along the propagation direction . When this is the case, a 
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less complex approach may be used, which has been designated as the paraxial approximation 

of the Helmholtzés equation: 

ᶯ Ὧ  ὶ π ᶯὃ ὮςὯ
‬ὃ

‬ᾀ
π 

where ᶯ  is the transverse Laplacian, ὃ is a complex phasor and Ὧ is the wavenumber, as de-

scribed in appendix A. 

There are many reasons for the popularity of BPM. Probably, the most significant being 

that it is conceptually straightforward, allowing rapid implementation of the basic technique. 

This conceptual simplicity benefits both the user of a BPM-based modelling tool and the im-

plementer since an understanding of the results and proper usage of the tool can be easily 

understood by a non-expert in numerical methods. In addition to the relative simplicity, BPM 

is generally a very efficient method and its computational complexity may be optimal at most 

cases. This means that the computational effort is directly proportional to the number of grid 

points used in the numerical simulation. Another characteristic of BPM is that the approach is 

readily applied to complex geometries without having to develop specialized versions of the 

method. Furthermore, the approach automatically includes the effects of both guided and ra-

diating fields as well as mode coupling and conversion. Finally, this technique is very flexible 

and extensible, allowing inclusion of most effects of interest (e. g. polarization, wide angle, 

nonlinearities) through addons to the basic method that fit within the same overall framework.  

Many applications of BPM, modelling different aspects of photonic devices or circuits, 

have been reported in the literature. To enumerate examples we indicate references involving 

experimental innovative devices that have been, completely or in part, implemented via BPM: 

- Various passive waveguiding devices (Eldada et al., 1992), channel-dropping filters (M. Levy 

et al., 1992), electro-optic modulators (Eldada et al., 1994), multimode waveguide devices (Ilic 

et al., 1994), ring lasers (Shih et al., 1995), optical delay line circuits (Alonso-Ramos et al., 2010; 

L. Liu & Pu, 2010), novel y-branches (M. H. Hu et al., 1997a), optical interconnects (Robert 

Scarmozzino et al., 1997), polarization splitters (M. H. Hu et al., 1997b), multimode interference 

devices (Besse et al., 1994; Dong et al., 2012; Pu et al., 2010; Lucas B. Soldano et al., 1992; Xu et 

al., 2007) adiabatic couplers (Ramadan et al., 1998), waveguide polarizers (J. Fujita et al., 1998) 

and polarization rotators (Z. Huang et al., 2000). 

There are essentially two main techniques for the study of light propagation through the 

BPM, the Fast Fourier Transform (FFT) based method and the finite dif ference based algorithm . 

In general, the latter shows better performance when simulating the propagation of light in 

integrated optical elements, hence being widely present in commercial applications as in the 

Paraxial approximation 
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simulation platform (RSoft, n.d.) used throughout this dissertation. We will approach both 

methods by describing the mathematical formalism in each of them  and by implementing 

some lines of code in Matlab to demonstrate their application  in two simple cases. Moreover, 

and regarding the finite difference method , we will demonstrate the convenience of adding 

transparent boundary conditions  to deal with reflections from the edge limits of our simulation 

domain as propagation progresses. 

3.2.1.1 The Beam Propagation Method Formalism 

The first reference to an approximate mathematical method to solve problems concerning the 

propagation of light in dielectric waveguides of arbitrary geometry, has been made by Feit et 

al. (Feit & Fleck, 1978). This method assumes physical reasoning that is not rigorous and not 

just an approximation of an inherently exact formulation of a problem, however it provides 

surprisingly accurate results for the numerical integration of the wave equation. 

The following description is based on the book written by Dietrich Marcuse, Theory of 

Optical Waveguides (Marcuse, 1991), where the interested reader is directed to Chapter 8 for 

greater detail.  According to (Marcuse, 1991), this method is mainly constrained by two re-

strictions: - reflected waves can be neglected and the refractive index of the propagating me-

dium is nearly homogeneous within the integration step. As such, the waves described by the 

BPM should be regarded as approximate solutions of Helmholtzés equation: 

ᶯ  ὲ ὼȟώȟᾀὯ  π 
Equation 

3.41 

In equation 3.41,   is an optical wave characterized by the free space wavenumber Ὧ

ς“‗ϳ , propagating in a medium with the refractive index distribution ὲὼȟώȟᾀ. From the as-

sumption that the refractive index is almost homogeneous within the integration step, one 

may infer that a wave travelling in the Z-axis direction will remain in the same direction over 

long distances. 

Due to its wave nature, optical radiation  is subject to diffraction and the rays moving 

from a plane at a given ᾀ location, to a plane at the ᾀ Ўᾀ, will experience different phase shifts 

that depend on their ὼȟώ positions in the planes. These influences act continuously on the 

optical energy, but they may be applied separately, providing one considers small enough Ўᾀ 

segments separated by virtual lenses that incorporate the local refractive index of the medium. 

Thus, the continuous medium can be replaced by a number of lenses, which reflect the condi-

tions of the medium at that location and are separated by small discrete segments of constant 

refractive index ὲ, which is an average of the refractive index distribution ὲὼȟώȟᾀ of the 
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medium between consecutive lenses. Figure 24 depicts the implementation of the technique , 

where n1 to n5 represent the averaged refractive indexes and L1 to L5 the virtual lenses with 

the local refractive index of each position. 

 

Figure 24 - The homogeneous medium sections (n1 to n5) and the separating lenses (L1 to L5). 

Then, the wave in the discrete segment is decomposed into its spectrum of plane waves 

for computer processing, as in equation 3.42: 

 ὼȟώȟЎᾀ
ρ

ς“
‰‌ȟ‎Ὡ Ў Ὠ‌ Ὠ‎ 

Equation 

3.42 

Where ‌ȟ‎ȟ‍ are the ὼȟώȟᾀ vector components of the propagating plane waves. Replac-

ing ὲὼȟώȟᾀ by ὲ and substituting equation 3. 42 in equation 3.41, shows that the following 

condition must be satisfied, if   is a solution of the wave equation: 

‍ ὲὯ ‌ ‎ 
Equation 

3.43 

The integral in equation 3.42 is a two-dimensional Fourier transform which may be cal-

culated through the FFT algorithm. The separation between the rapid ᾀ-variation and slower 

varying amplitude of the wave is achieved through arithmetic manipulation of e quation 3.42, 

obtaining : 

‍ ὲὯ
‌ ‎

ὲὯ ὲὯ ‌ ‎
 

Equation 

3.44 

In this form, the large constant part ὲὯ of ‍ is separated from the small ‌ȟ‎ dependent 

part. In such a way, the wave in the homogeneous medium can be expressed as: 

 ὼȟώȟЎᾀ ὊὩ Ў  
Equation 

3.45 

with ὲ being the constant and averaged refractive index of the homogeneous medium and, 
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Ὂ
ρ

ς“
‰‌ȟ‎Ὡ

Ў

Ὡ Ὠ‌ Ὠ‎ 
Equation 

3.46 

Apart from the separation of the rapid ᾀ-variation and the slower varying amplitude  pre-

sented in equation 3.46, there is also a different domain of integration  restricted to  a range of 

real positive values of ‍, when compared to equation 3.42. This has been done because BPM 

requires waves to travel essentially parallel to the Z-axis, thus all evanescent waves resulting 

from imaginary solutions of the double integral in equation 3. 42, are not accounted for in 

equation 3.46. 

The contribution of the lenses to the beam propagation process may be obtained by 

assuming a wave travelling parallel to the Z-axis, as in equation 3.47: 

Ὃ Ὡ ЎȟύὭὸὬ ‚ ὲὼȟώȟᾀὯ 
Equation 

3.47 

The reader may notice this is not an exact representation of a wave dependent of only ᾀ, 

because ὲ depends also on ὼ and ώ. Nevertheless, when considering waves mainly consisting 

of plane wave contributions propagating  nearly parallel to the Z-axis, this formulation gives an 

accurate description of the phase change experienced by the wave when propagating through 

the inhomogeneous medium of the lens. Since equation 3.45 already includes the phase shift 

experienced by the wave when travelling through the h omogeneous medium, i. e. Ὡ , this 

contribution should be subtracted from the lens step, as in equation 3.48: 

Ὃ Ὡ ȟȟ Ў  
Equation 

3.48 

By joining equations 3.46 and 3.48, we obtain the mathematical description of BPM, as 

in equation 3.49: 

  ὊὋ 
Equation 

3.49 

and finally, we may write the full  equation as in 3.50: 

 ὼȟώȟЎᾀ

Ὡ ȟȟ Ў

ς“
‰‌ȟ‎Ὡ

Ў

Ὡ Ὠ‌ Ὠ‎ 

Equation 

3.50 

3.2.1.2 Fast Fourier Transform in the Beam Propagation Method  

The computational burden of solving a BPM problem is directly dependent on how fast one is 

able to solve the double integral of equation 3. 46. This equation represents a double Fourier 
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transform, which can be solved by evaluating each integral with the FFT algorithm, as in equa-

tion 3.51: 

Ὂ
ρ

ς“
‰‌ȟ‎Ὡ

Ў

Ὡ Ὠ‌ Ὠ‎ 
Equation 

3.51 

Here, the domain of integration for ‌ȟ‎ should be kept small to maintain our previous 

assumption that our waves are essentially ᾀ dependent (parallel to the Z-axis). Moreover, these 

are continuous Fourier transforms and should be discretized as summations before being ready 

to be processed by a computer . The transition should observe the general notation of equation 

3.52: 

ρ

ς“
Ὢ‌Ὡ Ὠ‌O Ὅ

ρ

ὔ
ὪὩ ϳ

ϳ

ϳ

 
Equation 

3.52 

This conversion involves several assumptions, namely that the infinite ὼ-interval consid-

ered in the continuous Fourier transform is restricted to the finite interval π ὼ Ὀ . This 

interval is next divided into ὔ sections of length Ўὼ, as in equation 3.53: 

Ὀ ὔЎὼ 
Equation 

3.53 

We now have a discrete ὼ variable, as in the following expression: 

ὼO ὼ όЎὼȟύὭὸὬ ό πȟρȟςȟȣȟὔ ρ 
Equation 

3.54 

The integration variable ‌ is also discretized within its limits, to a corresponding set of ὔ 

points, as in equation 3.55: 

‌ᴼ‌
ς“

Ὀ
ὺ 

Equation 

3.55 

The domains of ὼ and ώ variables may not be equal, thus Ὀ  is the domain over which 

the ὔ points of the ώ-variable are distributed. As such, the expression of Ὅ becomes as in 

equation 3.56: 

Ὅ
ρ

ὔ
ὪὩ ϳ

ϳ

ρ

ὔ
ὪὩ ϳ

ϳ

 
Equation 

3.56 

Furthermore, the FFT algorithm requires the summation extending from π to ὔ ρ. 

Hence, Ὅ should be rewritten in a suitable form. To this end, a new variable ὺ is introduced 

and ranging from ὔ ςϳ ρ to ὔ ρ, as in equation 3.57: 

ὺ ὺ ὔ 
Equation 

3.57 
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The corresponding exponential term now becomes Ὡ ϳ Ὡ ϳ , which 

turns the rewriting of Ὅ as in equation 3.58: 

Ὅ
ρ

ὔ
ὪὩ ϳ ȟύὭὸὬ Ὢ

Ὢ                          π ὺ ὔȾς

Ὢ     ὔ ςϳ ρ ὺ ὔ ρ
 

Equation 

3.58 

The FFT algorithm requires that ὔ is a power of 2, hence ὔς is always an integer. One 

other aspect that should be observed when performing the Fourier transform, is the shifting of 

negative spatial frequencies to the upper part of the summation range; the correspondence 

between negative and high positive spatial frequencies must be considered. 

The amplitude function ‰‌ȟ‎ in equation 3.51 may be obtained through an inverse 

Fourier transform. Using the notation of equation 3. 58 for discrete Fourier transforms and for 

ᾀ π, equation 3.51 can be written as in equation 3.59: 

 ὼȟώ ȟπ
ρ

ὔ
‰‌ȟ‎ Ὡ ϳ  

Equation 

3.59 

where ‰ is described by Ὢ in equation 3.58. The initial amplitude function ‰ is then obtained 

from the known field distribution at ᾀ π by inverting the transformation of equation 3.59, as 

in equation 3.60: 

‰‌ȟ‎  ὼȟώ ȟπὩ ϳ  
Equation 

3.60 

We are now in conditions to describe the BPM algorithm in pseudo -code: 

1. Define domains Ὀ  and Ὀ  large enough to include the waveguide structure and allow 

fields to decay to small values (1 % of the initial amplitude); 

2. Select the initial input field  ὼȟώȟπ and calculate the initial Fourier amplitudes 

through equation 3. 60; 

3. Calculate the discrete segment influence over the initial field through equation 3. 51 in 

the form of equation 3. 60, which corresponds to the propagation from ᾀ π to Ўᾀ; 

4. Multiply previous result by the exponential in equation 3. 48 to account for the phase 

shift, as indicated in equation 3.49; 

5. Start the process again from point 2. for the next discrete segment, using the result 

obtained in previous point as input field.  

The discrete Fourier transform repeats the structure inside the base domain (π ὼ Ὀ  

and π ώ Ὀ ) periodically. This behaviour may lead to fields present at one end to reappear 

at the opposite end. To circumvent this, absorbing boundary conditions must be considered. 

This may be achieved by surrounding the base domain with a small negative imaginary 
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refractive index distribution, preventing fields to build up in the opposite side of the exiting 

wave. Figure 25 shows both the initial and final fieldsé amplitudes and transversal profiles re-

sulting from propagation  of a 2D gaussian beam of light through free space. This is the result 

obtained from  an implementation  in Matlab of the FFT split-step BPM (Wartak, 2013), which is 

listed in appendix C.1 and where one is able to notice the decrease in amplitude and the inter-

ference present at the edges of the finite domain  when the broadening of the beam reaches 

the limits  imposed by the boundaries of the simulation workspace. 

 

Figure 25 - Propagation in free space with the FFT split-step BPM. 

3.2.1.3 Finite Difference and the Beam Propagation Method 

The finite difference numerical approach used in this subsection relates to light propagation in  

planar waveguides (one-dimensional structures) and is based on the published work of Ginés 

Lifante, Integrated Photonics: Fundamentals (Lifante, 2003). We start our approach with the 

Helmholtz's equation as derived in appendix A.2, only we will be using a different convention 

to describe a wave propagating in the forward direction  (Ὡ ), as opposed to the one used 

in appendix A (Ὡ ). Furthermore, we will be assuming that our wave propagates primarily 

along the Z-axis and there is no fast variation of the refractive index along this direction . As 

such, the propagating field may be represented as follows: 

 ὼȟώȟᾀ όὼȟώȟᾀὩ  
Equation 

3.61 

where ὑ ὲ‫ὧϳ represents the characteristic of the fast propagating wave vector, ὲ is 

chosen as the refractive index of the substrate or the cladding, is the angular frequency and ‫ 

ὧ is the vacuum speed of light. 

Substituting this field in the Helmholtz's equation , we obtain: 

‬ό

‬ᾀ
ςὮὑ
‬ό

‬ᾀ

‬

‬ὼ

‬

‬ώ
ό ὑ Ὧ ό 

Equation 

3.62 
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where Ὧὼȟώȟᾀ Ὧὲὼȟώȟᾀ is the spatial dependence of the wavevector and Ὧ ‫ὧϳ

ς“‗ϳ  is the vacuum wavevector. Imposing now the paraxial approximation  in previous equa-

tion  and assuming the Transverse Electric (TE) propagation in unidimensional waveguides  

(where ‬ςὉώ‬ώ
ς π), we will obtain: 

ςὮὯὲ
‬Ὁ

‬ᾀ

‬Ὁ

‬ὼ
Ὧ ὲ ὼȟᾀ ὲ Ὁ  

Equation 

3.63 

where Ὁ  is the non-vanishing component of the electric field in TE modes and the refractive 

index of the waveguide is represented by ὲὼȟᾀ. 

In the Finite Difference (FD) BPM, the partial derivatives of previous equation are approx-

imated by the following finite difference scheme: 

ςὮὑ
όᾀ Ўᾀ ό ᾀ

Ўᾀ

ό ᾀ ςό ᾀ ό ᾀ

Ўὼ
Ὧ ὲ ὲ ό ᾀ 

Equation 

3.64 

where ό ᾀ represents the optical field at location (ὮЎὼȟᾀ) with Ὦ ρȟςȟȣȟὔ. This is known as 

the "forward-difference" scheme and allows the calculation of the optical field at όᾀ Ўᾀ 

when the field  ό ᾀ at the position  ᾀ is known. This calculation of the optical field at  

ό ᾀ Ўᾀ is accomplished through the field values at ό ᾀ, ό ᾀ and ό ᾀ, for a given 

location ᾀ. This method is accurate to the first order and the condition stability is given by: 

Ўᾀ
Ўὼ

ςὑ
Ўὼ ὲ

“

‗
 

Equation 

3.65 

Previous expression demands Ўᾀ to be small, too small for practical implementations . For ex-

ample, with the usual operating wavelength of  ‗ ρȢυυ ‘ά, a reference refractive index ὲ

ρȢυ and a mesh grid of Ўὼ πȢρ ‘ά, the propagation step must be  Ўᾀ πȢπσ ‘ά (approx.). 

If one intends to simulate a 3 mm long waveguide, it will require approximately one hundred 

thousand steps and the corresponding simulation time.  

There is an alternative way, known as the "backward-difference" scheme, which allows 

longer propagation steps. In this finite difference scheme the partial derivatives of the Helm-

holtz's equation are approximated by the following:  

ςὮὑ
όᾀ Ўᾀ ό ᾀ

Ўᾀ

ό ᾀ Ўᾀ ςό ᾀ Ўᾀ ό ᾀ Ўᾀ

Ўὼ

Ὧ ὲ ὲ όᾀ Ўᾀ 

Equation 

3.66 
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This method is unconditionally stable but is similar to the "forward -difference" scheme, thus 

being equally first order accurate and introduces numerical dispersion, which results in an ap-

parent loss of energy as non-physical losses. Nevertheless, there is a finite difference based 

method that not only is unconditionally stable but also provides greater accuracy: - The Crank-

Nicolson scheme. This method may be regarded as a linear combination of previous methods, 

the "forward-difference" and the "backward-difference" schemes. The linear combination con-

sists of the sum between the "forward-difference" expression, affected by the multiplicative 

term (ρ ‌), and the "backward-difference" expression, affected by the multiplicative term (‌). 

ςὮὑ

Ўᾀ
όᾀ Ўᾀ όᾀ

ρ ‌
ό ᾀ ςόᾀ ό ᾀ

Ўὼ

Ὧ ὲ ὲ όᾀ

‌
ό ᾀ Ўᾀ ςό ᾀ Ўᾀ ό ᾀ Ўᾀ

Ўὼ

Ὧ ὲ ὲ όᾀ Ўᾀ  

Equation 

3.67 

here, π ‌ ρ is the scheme parameter that indicates the contribution of the forward /back-

ward methods and ‌ πȢυ is the value used in the standard Crank-Nicolson scheme. For the 

‌ πȢυ cases, the method presents excellent numerical stability and unconditional stability  if 

the refractive index is not dependent on the X and Z axes. Still for the ‌ πȢυ cases, if the 

refractive index varies slowly, or if it is uniform with small discontinuities, the CrankäNicolson 

scheme is able to provide valid solutions. 

Renaming, όᾀ Ўᾀᴼό  and ό ᾀᴼό , and rearranging the terms of previous 

equation, we obtain an expression of the form: 

ὥό ὦό ὧό ὶ 
Equation 

3.68 

where: 

¶ ὥ
Ў

; 

¶ ὦ
Ў

‌ ὲ ὲ Ὧ
Ў

; 

¶ ὧ
Ў

; 

¶ ὶ
Ў

ό ό ρ ‌ ὲ ὲ Ὧ
Ў Ў

ό . 
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Equation 3.68 may be decomposed in a tridiagonal system of N linear equations, where Ὦ

ρȟςȟȣȟὔ. This system of linear equations can be resolved very efficiently through  the Thomas 

method , an algorithm that swiftly solves order ὕὔ  operations (Press et al., 1997). 

Figure 26 shows the evolution of the fieldés amplitude and transversal profile of a gauss-

ian beam as it propagates through free space. This is the result obtained from an implementa-

tion in Matlab of the FD (Crank-Nicolson scheme) BPM (Wartak, 2013), which is listed in ap-

pendix C.2 and where the profile of the beam is plotted every ten propagation steps ; on the 

left of Figure 26 the propagation is represented by a superposition of each beam profile in the 

same canvas, while on the right hand side there is a 3D representation of the propagation of 

the beam along the Z-axis. Moreover, as the beam diverges beyond the boundaries, one is 

able to notice the interference introduced at the edges and toward the centre of the simulation 

domain, due to the absence of boundary conditions . 

 

Figure 26 - Propagation in free space with the Finite Difference BPM. 

 

3.2.1.4 Transparent Boundary Conditions 

Given that a computational domain is finite , the description of the  propagating  optical fields 

when reaching the limits of the computational window  will either be reflected by the boundary 

limit , or it reappears at the opposite edge. In both cases, these descriptions re-enter the simu-

lation space and they introduce an unphysical error in the simulation due to the superposition  

of the original travelling wave and the reflected/re -entered fields. To minimize the error intro-

duced in the computational space, it is necessary to define boundary conditions. If these 

boundary conditions are not well defined, the radiation tends to reflect at the limits and re-

enters the computational domain in the FD (Crank-Nicolson scheme) BPM and, when in the 

FFT split-step BPM, the radiation disappears from one edge limit  to reappear at the opposite 

one, re-entering the simulation space once more. 
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Regarding the FD (Crank-Nicolson scheme) BPM and the use of boundary conditions , 

much research has been developed in the pursue to implement  the optimal  boundary condi-

tions scheme. When this method is applied at the boundary points  Ὦ π and Ὦ ὔ ρ, we 

find that these indexes are outside of the domain (i. e. ό and ό ). Thus, since the fields at 

the indexes Ὦ π and Ὦ ὔ ρ are not defined and they are required for field's calculation at 

the domain points Ὦ ρ and Ὦ ὔ, two extra equations must be defined. Hence, for the points 

at the computational domain limits , equation 3.68 must reflect the appropriate boundary con-

ditions t o complete the system of equations. These boundary conditions must be such as if 

there were no limits in the computational window and no errors would be introduced  in the 

propagation description of the optical field. If these conditions are not well  specified, the radi-

ation could be reflected on the limits of the computational window, returning  to enter the 

region of interest, and avoiding a correct propagation description of the optical field.  

One approach may be considering Dirichlet boundary conditions. These conditions pro-

vide the simplest possibility by specifying the boundary  values ό π and ό π. Another 

possibility is using Neumann boundary condition s, which implement conditions on the field 

gradients (e. g. ό ό and ό ό ). Unfortunately, none of these strategies produce sat-

isfactory results, as their implementation is not able to eliminate reflections of the  optical field 

at the edges of the computational window. In particular, the Dirichlet boundary conditions are 

not realistic because, by simply imposing the field to  vanish at the boundaries, is equivalent to 

placing perfectly reflecting walls at the edges of the simulation domain. 

An evident solution is to consider a wide enough computational window , thus avoiding 

reflections of the propagating fields  at the edges of the domain . However, this solution implies 

an unnecessary increment of the window size and calculating the descriptors of the propagat-

ing optical fields in regions unimportant for the solution of the problem , with the inherent 

increase of comput ing time and memory . Another approach also involving the increase of the 

simulation domain  consists of implement ing artificial absorbing regions adjacent to the com-

putational domai n edges (Absorbing Boundary Condition or ABC method), allowing the refrac-

tive index to be complex and use its imaginary part to control the absorption  in these regions 

(Yevick et al., 1995). One alternative approach to ABC consists of implementing physically re-

alistic boundary conditions, known as Transparent Boundary Condition ( TBC) and that prevents 

the radiation flux from returning  into the  computational domain. The TBC algorithm allows the 

radiation to freely get past the domain limits without appreciable reflection, thus being like a 

non-existent boundary. Another method to avoid reflections at the window edges is to build a 

layer with some sort of anisotropic  conductivity (known as a Perfectly Matched Layer, PML) 
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(Berenger, 1994; Jiménez et al., 1999). Except for grazing incidence, the reflection coefficient 

for a plane wave incident in such PML region can be practically zero. 

The approach followed in this work is based on the TBC algorithm , which consists of an 

elegant way to overcome the problem of radiation returning  to the domain after reaching  the 

simulation window limits. This algorithm implements physically realistic boundary conditions 

by allowing the wave to leave the computational region when  the limiting edges are reached. 

The "transparent" designation comes from the fact that the method  simulates a non-existent 

boundary (Hadley, 1991), allowing radiation to escape the simulation region  without significant 

reflections, thus preventing the return of the  radiation flux into the simulation region, like if 

there were no boundaries limiting the simulation domain. Also, this algorithm  employs no ad-

justable parameters which makes it problem independent  and can be directly applied to any 

waveguide structure. Furthermore, the algorithm  may be easily incorporated into the standard 

CrankäNicolson differencing scheme in two and three dimensions and is applicable to longi-

tudinally varying structures. We will start the description of the algorithm by considering a 

system consisting of a set of an arbitrary number of nodes, as depicted in Figure 27 and num-

bered from ὢ to ὢ . Nodes ὢ and ὢ  are outside the initial set of nodes but they are 

necessary to calculate ὢ and ὢ , respectively, in the implementation of the algorithm . 

 

Figure 27 - System with a set of nodes from 1 to N to be used in the numerical scheme. 

We exemplify our analysis by looking at the left  hand side boundary and assume that 

near the edge the field may be approximated as: 

όὼȟᾀ ὃᾀὩ  
Equation 

3.69 

We may then define the field's descriptor in  each node in Figure 27 as the following: 

ό όὼ ὃᾀὩ  

ό όὼ ὃᾀὩ  

ό όὼ ὃᾀὩ  

Through above expressions and considering a uniform grid  (i. e. Ўὼ ὼ ὼ ὼ ὼ), we 

are able to obtain the field's value at the outside point  ὼ, since: 

ό

ό

ὩὯὼ

ὩὯὼ
ὩὯὼ ḳὩὯὼЎ  
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and, 

ό

ό

ὩὯὼ

ὩὯὼ
ὩὯὼ ḳὩὯὼЎ  

thus, the field at  the location ὼ may be described and calculated through the following e qua-

tion : 

ό όὩ Ў  
Equation 

3.70 

and the wavenumber Ὧ may be calculated through any of the above expressions describing 

the ratio between the fields of two nodes (ό όϳ  or ό όϳ ): 

Ὧ
ρ

ὮЎὼ
ÌÎ
ό

ό
 

Equation 

3.71 

Knowing the value of Ὧ at the completion of the  άth step, allows writing  the equation de-

scribing the boundary condition for the next propagation step (ά ρ), where ὔ represents the 

upper edge node and Ўὼ ὼ ὼ : 

ό ό Ὡ Ў  
Equation 

3.72 

When implementing the TBC in the FD (Crank-Nicolson scheme) BPM, one should keep in mind 

that the real part of Ὧ must be restricted to positive  values, assuring radiation outflow. Hence, 

if the real part of Ὧ assumes negative values, the usual procedure is to reset it to zero and the 

field at the boundary is recalculated with the corrected value of Ὧ. 

Figure 28 shows the evolution of the fieldés amplitude and the transverse profile of a 

gaussian source as it propagates through free space with the  TBC implementation .  

 

Figure 28 - Propagation in free space with the FD BPM and Transparent Boundary Conditions. 

These results were obtained from an implementation in Matlab of the FD (Crank-Nicolson 

scheme) BPM with TBC (Wartak, 2013), listed in appendix C.3, and where the profile of the 

beam is plotted in a similar way as presented before in Figure 26. In both plots  (left and right 
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images) of Figure 28, the absence of interference in the simulation domain is evident and re-

sults from the implemented  boundary conditions. 

 Finite Difference Time Domain Algorithm 

The Finite Difference Time Domain (FDTD) algorithm provides rigorous solutions to Maxwell's 

equations and does not have any approximations or theoretical restrictions; such is not the 

case of other numerical methods. The most common method to solve these equations is based 

on Yee's mesh (Yee, 1966) and computes the Ὁᴆ and Ὄᴆ field components at points on a grid 

and where grid points are spaced apart by Ўὼ, Ўώ, and Ўᾀ. 

This approach is a direct solution method for Maxwellés time-dependent curl equations. 

It is based on the volumetric sampling over a period of time, of the unknown electric and 

magnetic near-fields distribution in the structure and the surrounding environm ent of the sim-

ulated workspace. The space sampling is at subwavelength resolution, and it is the userés re-

sponsibility to set this parameter, in order to properly sample the highest near -field spatial 

frequencies that are thought to be relevant to the physics of the problem. Typically, the sam-

pling should be set at 10 or 20 samples per the lowest wavelength to ensure the numerical 

stability of the algorithm.  

Resuming, the FDTD method is a marching-in-time procedure that simulates the contin-

uous electromagnetic waves in a finite spatial region through sampled numerical data from 

the wave and being iterated  in a computer data space. Time stepping continues as the numer-

ical data evolves in the space grid and causally links the physics of the simulated region. In 

simulations where the modelled region goes to infinity, Absorbing Boundary Condition s (ABC) 

are employed at all the outer grid truncation planes which, ideally, enable all outgoing numer-

ical data to exit the simulated region with insignificant reflection. By introducing no restrictions 

or approximations, this method tends to be an intensive tim e and computer resources con-

sumer as the dimensions of the simulated workspace increase (namely, in 3D projects) (Taflove 

& Hagness, 1995). 

3.2.2.1 Maxwell Equations and the Yee Algorithm 

Back in 1966, Kane Yee (Yee, 1966) reported an extraordinary insight over a geometric relation 

to spatially sample the vector components of the electric and magnetic fields and, simultane-

ously, robustly represent the integral and differential forms of Maxwellés equations. Following 

discussion is based on the 1995 book edition of Allen Taflove (Taflove & Hagness, 1995), and 

to which the interested reader is directed to for greater detail.  
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The time dependent Maxwellés equations are expressed in their differential form as: 

¶ Faradayés law 

‬ὄ

‬ὸ
​ Ὁ ὓ 

Equation 

3.73 

  

¶ Ampèreés law 

‬Ὀ

‬ὸ
ᶯ Ὄ ὐ 

Equation 

3.74 

  

¶ Gaussé law for the electric field 

​ϽὈ π 
Equation 

3.75 

  

¶ Gaussé law for the magnetic field 

​Ͻὄ π 
Equation 

3.76 

  

Symbols and units in equations 3.73 to 3.76 the are as follows: 

E electric field (Volt/m ) 

D  electric flux density (C/m 2) 

H  magnetic field (A/m) 

B  magnetic flux density (Weber/m2) 

J  electric current density (A/m2) 

M  equivalent magnetic current density (Volt/ m2) 

Considering linear, isotropic, and non-dispersive materials, the electric flux density (D ) 

and the electric field (E ), as well as, the magnetic flux density (B ) and the magnetic field (H ), 

may be related through the equations:  

Ὀ ‐Ὁ ‐‐Ὁ    ὥὲὨ    ὄ ‘Ὄ ‘‘Ὄ 
Equation 

3.77 

where, ‐ is the electrical permittivity in Fm -1, ‐ is the electrical permittivity of free space 

(ψȢψυτρπ  Ὂά ), ‐ is the relative permittivity (dimensionless), ‘ is magnetic permeability 

in Hm-1, ‘ is the magnetic permeability of free space (τ“ ρπ Ὄά ) and ‘ is the relative 

permeability (dimensionless). 
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The electric current density (J ) and the equivalent magnetic current density (M ) may 

incorporate independent sources of electric and magnetic fields, being designated as ὐ  

and ὓ . These electric and magnetic sources may also describe materials with isotropic, 

non-dispersive electric and magnetic losses that attenuate the E  and H  fields, which is ac-

counted for through : 

ὐ ὐ „Ὁ    ὥὲὨ    ὓ ὓ ”Ὄ 
Equation 

3.78 

where, „ is the electric conductivity (Sm-1) and ” is the equivalent magnetic loss (Wm-1). 

Considering linear, isotropic, nondispersive and lossy materials and substitut ing equa-

tions 3.78 in Maxwellés equations 3.73 and 3.74, we obtain: 

‬Ὄ

‬ὸ

ρ

‘
​ Ὁ

”

‘
Ὄ 

Equation 

3.79 

‬Ὁ

‬ὸ

ρ

‐
​ Ὄ

„

‐
Ὁ 

Equation 

3.80 

Next, we define the six coupled scalar equations that are equivalent to Maxwellés curl 

equations in the 3D cartesian coordinates ὼȟώȟᾀ: 

‬Ὄ

‬ὸ

ρ

‘

‬Ὁ

‬ᾀ

‬Ὁ

‬ώ
”Ὄ  

Equation 

3.81 

‬Ὄ

‬ὸ

ρ

‘

‬Ὁ

‬ὼ

‬Ὁ

‬ᾀ
”Ὄ  

Equation 

3.82 

‬Ὄ

‬ὸ

ρ

‘

‬Ὁ

‬ώ

‬Ὁ

‬ὼ
”Ὄ  

Equation 

3.83 

‬Ὁ

‬ὸ

ρ

‐

‬Ὄ

‬ώ

‬Ὄ

‬ᾀ
„Ὁ  

Equation 

3.84 

‬Ὁ

‬ὸ

ρ

‐

‬Ὄ

‬ᾀ

‬Ὄ

‬ὼ
„Ὁ  

Equation 

3.85 

‬Ὁ

‬ὸ

ρ

‐

‬Ὄ

‬ὼ

‬Ὄ

‬ώ
„Ὁ  

Equation 

3.86 

These six equations form the basis of the FDTD algorithm for electromagnetic interaction 

with generic 3D objects. This algorithm does not have to enforce Gaussé law indicating zero 

free electric and magnetic charges, because these relations are a direct consequence of the 

curl equations. 

3.2.2.2 The Yee Algorithm 

As presented in Figure 29, the Yee algorithm centres the Ὁ and Ὄ fields in 3D space, in a way 

that every electric field component is surrounded by four circulating magnetic components, 
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and each magnetic component is surrounded by four circulating electric components.  The Yee 

algorithm also centres in time the electric and magnetic fields components in a leapfrog ar-

rangement. 

 

Figure 29 - The Yee cube lattice; adapted from (Yee 1966). 

The vectorial components of the electric field in the 3D space of interest are calculated, 

for a particular point in time and preserved in memory, by operating over the magnetic field 

vectorial components previously stored in the computer memory. Then, the magnetic field 

components of the space of interest are computed and stored in memory by operating over 

the electric field component s just calculated. The process goes on for every time step consid-

ered in the simulation. 

3.2.2.3 Second Order Accuracy 

Before carrying out our reasoning for the Yeeés algorithm, it will be first be mentioned what a 

second-order accurate expression represents. To this end, it will be given a brief explanation 

of what we mean by the æorder of accuracyç of a numerical approximation of a wave function. 

Let us consider the wavefunction ό represented symbolically by: 
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‬ό

‬ὸ
flό 

Equation 

3.87 

where, fl is a general linear operator (e. g. the spatial derivative portion of Maxwellés equations). 

Consider now a one-step approximation given by: 

ό ό

Ўὸ
flό 

Equation 

3.88 

here, Ўὸ is the time-step and ὶ is the mesh size in all spatial directions. If ό is a sufficiently 

smooth solution of equation 3. 87, the approximation fl has order of accuracy ὴ in time and ή 

in space when the truncation error † satisfies equation 3.87: 

†
ό ό

Ўὸ
flό ὕ Ўὸ ὶ  

Equation 

3.89 

Thus, the order of accuracy of an approximation represents how well the discrete solution 

represents the actual function. The more terms we use from Taylorés expansion, the more ac-

curate our approximation is and higher is the order accuracy. As an example, let us consider a 

Taylorés series expansion of όὼȟὸ  over the space point ὼ to the space point ὼ Ўὼ, keeping 

time fixed at ὸ: 

όὼ Ўὼȿ όȿȟ Ўὼ
‬ό

‬ὼȟ

Ўὼ

ς

‬ό

‬ὼ
ȟ

Ўὼ

φ

‬ό

‬ὼ
ȟ

Ўὼ

ςτ

‬ό

‬ὼ
ȟ

 

Equation 

3.90 

The last term in equation 3.90 is the remainder or error and •  is a point in space located 

somewhere in the interval ὼȟὼ Ўὼ. Being ό a space centred function, we have also to con-

sider Taylorés series expansion to the space point ὼ Ўὼ and keeping time fixed at ὸ. 

όὼ Ўὼȿ όȿȟ Ўὼ
‬ό

‬ὼȟ

Ўὼ

ς

‬ό

‬ὼ
ȟ

Ўὼ

φ

‬ό

‬ὼ
ȟ

Ўὼ

ςτ

‬ό

‬ὼ
ȟ

 

Equation 

3.91 

Once again, in the remainder term in equation 3.91, •  is a point in space located some-

where in the interval ὼȟὼ Ўὼ. By adding both equations 3.90 and 3.91, we obtain: 

όὼ Ўὼȿ όὼ Ўὼȿ

ςόȿȟ Ўὼ
‬ό

‬ὼ
ȟ

Ўὼ

ρς

‬ό

‬ὼ
ȟ

 

Equation 

3.92 

here, according to the mean value theorem, •  is a point in space located somewhere in the 

interval ὼ Ўὼȟὼ Ўὼ. Rearranging the terms in the equation, we obtain: 
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‬ό

‬ὼ
ȟ

όὼ Ўὼ ςόὼ όὼ Ўὼ

Ўὼ
ὕ Ўὼ  

Equation 

3.93 

where ὕ Ўὼ  is a shorthand notation for the remainder term; note that this term approaches 

zero with the square of the space increment. Equation 3.93 is usually referred as the second-

order accurate, central-difference approximation to the second partial space derivative of ό 

function. By adopting the subscript Ὥ for the space position and the superscript ὲ for the time 

observation point, we may write equation 3.94: 

‬ό

‬ὼ
ȟ

ό ςό ό

Ўὼ
ὕ Ўὼ  

Equation 

3.94 

This notation ό  represents a wave or field quantity calculated at the space location ὼ

ὭЎὼ and at the time point ὸ ὲЎὸ. By analogy with previous derivations to obtain equation 

3.94, we are able to derive the second-order accurate central difference approximation for the 

second partial time derivative of ό function, as in equation 3.95: 

‬ό

‬ὸ
ȟ

ό ςό ό

Ўὸ
ὕ Ўὸ  

Equation 

3.95 

3.2.2.4 Finite Difference Notation 

We start this subsection by assuming that a point in a uniform and regular lattice may be 

represented by equation 3.96: 

ὭȟὮȟὯ ὭЎὼȟὮЎώȟὯЎᾀ 
Equation 

3.96 

where, Ўὼ, Ўώ and Ўᾀ are spatial increments in the ὼ, ώ and ᾀ coordinate directions, and Ὥ, Ὦ and 

Ὧ are integers. Furthermore, we consider a function ό of space and time, evaluated at discrete 

points both in space and time, as in equation 3.97: 

όὭЎὼȟὮЎώȟὯЎᾀȟὲЎὸ όȟȟ 
Equation 

3.97 

here, Ўὸ is the increment in time, uniform over the interval of observation, and ὲ is an integer. 

Yee used centred finite-difference (central-difference) and second-order accurate expressions 

in both derivatives and increments, of space and time. The resulting expression for the first 

partial space derivative of ό in the X-direction and evaluated at the fixed time ὸ ὲЎὸ, is 

presented in equation 3.98: 

‬ό

‬ὼ
ὭЎὼȟὮЎώȟὯЎᾀȟὲЎὸ

ό ϳȟȟ ό ϳȟȟ

Ўὼ
ὕ Ўὼ  

Equation 

3.98 
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Yeeés strategy to derive equation 3.98 has considered equations 3.90 and 3.91. First by 

replacing Ўὼς by Ўὼ, then subtracting the latter from the former equations and, finally, by 

solving the equation for ‬ό‬ὼ. He also aimed at second-order accurate central differencing 

and calculated the fields at the left- and right -hand sides of the observation point, considering 

a displacement in each increment of ЎὼȾς rather than Ўὼ. 

The procedure to obtain ‬ό‬ώ or ‬ό‬ᾀ is identical to the one used to find equation 

3.98, as in equations 3.99 and 3.100: 

‬ό

‬ώ
ὭЎὼȟὮЎώȟὯЎᾀȟὲЎὸ

όȟ ϳȟ όȟ ϳȟ

Ўώ
ὕ Ўώ  

Equation 

3.99 

‬ό

‬ᾀ
ὭЎὼȟὮЎώȟὯЎᾀȟὲЎὸ

όȟȟ ϳ όȟȟ ϳ

Ўᾀ
ὕ Ўᾀ   

Equation 

3.100 

Follows the expression for the first time partial derivative of function ό, evaluated at a 

fixed space point ὭȟὮȟὯ: 

‬ό

‬ὸ
ὭЎὼȟὮЎώȟὯЎᾀȟὲЎὸ

όȟȟ
ϳ

όȟȟ
ϳ

Ўὸ
ὕ Ўὸ  

Equation 

3.101 

As may be observed in equation 3.101, the ρςϳ  increment is in the superscript of func-

tion ό (time coordinate), corresponding to finite -difference in time of ρςϳЎὸ. This way, the 

electric and magnetic components are interleaved in time for intervals of ρςϳЎὸ, which is ad-

equate for the numerical implementation of the leapfrog algorithm. 

3.2.2.5 Finite Difference Expressions for Maxwell's Equations 

Applying previous subsection ideas and notation, it is possible to obtain an approximation to 

Maxwellés curl equations 3.81 to 3.86. We will initiate our derivation with equation 3.81, , 

substituting for time and space derivatives at time step ὲ and lattice point ὭȟὮȟὯ, as in equa-

tion 3.102: 

Ὄȿȟȟ
ϳ

Ὄȿȟȟ
ϳ

Ўὸ

ρ

‘ȟȟ

Ὁ
ȟȟ ϳ

Ὁ
ȟȟ ϳ

Ўᾀ

Ὁȿȟ ϳȟ Ὁȿȟ ϳȟ

Ўώ
”ȟȟὌȿȟȟ  

Equation 

3.102 

Equation 3.102 has all field quantities on the right -hand side evaluated at time step ὲ 

and that includes the magnetic field term Ὄ , which appears due to the magnetic loss ”. At 
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time step ὲ the value of Ὄ  is unknown, only the value of the magnetic field at previous time 

step, ὲ ρςϳ , is stored in memory. This Ὄ  term needs to be estimated; the estimation method 

has been designated semi-implicit approximation, as in equation 3.103: 

Ὄȿȟȟ
Ὄȿȟȟ

ϳ
Ὄȿȟȟ

ϳ

ς
  

Equation 

3.103 

Here, Ὄ  at time step ὲ is assumed as the arithmetic average of the previous stored value 

of Ὄ  at time step ὲ ρςϳ  and the yet-to-be evaluated value of Ὄ  at time step ὲ ρςϳ . Mul-

tiplying both members of equation 3.1 02 by Ўὸ, and substituting the right -hand side Ὄ  term 

by the arithmetic average of equation 3.103, we obtain: 

 

Ὄȿȟȟ
ϳ

Ὄȿȟȟ
ϳ

Ўὸ

‘ȟȟ

Ὁ
ȟȟ ϳ

Ὁ
ȟȟ ϳ

Ўᾀ

Ὁȿȟ ϳȟ Ὁȿȟ ϳȟ

Ўώ
”ȟȟ

Ὄȿȟȟ
ϳ

Ὄȿȟȟ
ϳ

ς
 

Equation 

3.104 

By collecting all terms Ὄȿȟȟ
ϳ

 and Ὄȿȟȟ
ϳ

, isolate the term Ὄȿȟȟ
ϳ

 on the left -hand 

side and divide both members of the resulting equation by ρ ”ȟȟЎὸȾς‘ȟȟ , one obtains 

the desired explicit time-stepping relation for Ὄȿȟȟ
ϳ

, as in equation 3.105: 

Ὄȿȟȟ
ϳ

ở

Ở
ờ
ρ
”ȟȟЎὸ

ς‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ
Ὄȿȟȟ

ϳ

ở

Ở
ờ

Ўὸ
‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ

Ͻ
Ὁ

ȟȟ ϳ
Ὁ

ȟȟ ϳ

Ўᾀ

Ὁȿȟ ϳȟ Ὁȿȟ ϳȟ

Ўώ
 

Equation 

3.105 

Following identical procedure, one can derive the other magnetic and electric fields fi-

nite-difference expressions given by Maxwellés equations and based on the Yeeés algorithm. 

Thus, for Ὄ  and Ὄ  components we get equations 3.106 and 3.107: 
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Ὄ
ȟȟ

ϳ

ở

Ở
ờ
ρ
”ȟȟЎὸ
ς‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ
Ὄ

ȟȟ

ϳ

ở

Ở
ờ

Ўὸ
‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ

Ͻ
Ὁȿ ϳȟȟ Ὁȿ ϳȟȟ

Ўὼ

Ὁȿȟȟ ϳ Ὁȿȟȟ ϳ

Ўᾀ
 

Equation 

3.106 

Ὄȿȟȟ
ϳ

ở

Ở
ờ
ρ
”ȟȟЎὸ
ς‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ
Ὄȿȟȟ

ϳ

ở

Ở
ờ

Ўὸ
‘ȟȟ

ρ
”ȟȟЎὸ

ς‘ȟȟỢ

ỡ
Ỡ

Ͻ
Ὁȿȟ ϳȟ Ὁȿȟ ϳȟ

Ўώ

Ὁ
ϳȟȟ

Ὁ
ϳȟȟ

Ўὼ
 

Equation 

3.107 

For the electric field components Ὁ, Ὁ  and Ὁ, these are obtained in equations 3.108 to 

3.110, by applying an identical semi-implicit approximation , and knowing that „Ὁ Ⱦ repre-

sents the loss term of the electric field component. 

Ὁȿȟȟ

ở

ờ
ρ
„ȟȟЎὸ
ς‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟỢ

ỠὉȿȟȟ

ở

ờ

Ўὸ
‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟỢ

Ỡ

Ͻ
Ὄȿȟ ϳȟ

ϳ
Ὄȿȟ ϳȟ

ϳ

Ўώ

Ὄ
ȟȟ ϳ

ϳ
Ὄ

ȟȟ ϳ

ϳ

Ўᾀ
 

Equation 

3.108 

Ὁ
ȟȟ

ở

ờ
ρ
„ȟȟЎὸ
ς‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟỢ

ỠὉ
ȟȟ

ở

ờ

Ўὸ
‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟ Ợ

Ỡ

Ͻ
Ὄȿȟȟ ϳ

ϳ
Ὄȿȟȟ ϳ

ϳ

Ўᾀ

Ὄȿ ϳȟȟ
ϳ

Ὄȿ ϳȟȟ
ϳ

Ўὼ
 

Equation 

3.109 

Ὁȿȟȟ

ở

ờ
ρ
„ȟȟЎὸ
ς‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟỢ

ỠὉȿȟȟ

ở

ờ

Ўὸ
‐ȟȟ

ρ
„ȟȟЎὸ
ς‐ȟȟỢ

Ỡ

Ͻ
Ὄ

ϳȟȟ

ϳ
Ὄ

ϳȟȟ

ϳ

Ўὼ

Ὄȿȟ ϳȟ
ϳ

Ὄȿȟ ϳȟ
ϳ

Ўώ
  

Equation 

3.110 



 80 

As such, the new value for a field component at any space point in the lattice depends 

solely on its previous value and the previous values of the other field component at adjacent 

points. Furthermore, with this strategy, computing a field vector may be executed one point at 

a time or ὲ points at a time, with ὲ processors working in parallel. Figure 30 presents the evo-

lution  of a 2D gaussian pulse in free space, at different instants in time  and simulated by the 

FDTD algorithm. This algorithm was implemented in Matlab, the corresponding code has been 

adapted from Wartakés work (Wartak, 2013) and we have listed it in appendix C.4: 

 

Figure 30 - Gaussian pulse evolution at different instants in time. 

Figure 31 shows an animation of an Electromagnetic (EM) gaussian pulse propagating through 

free space, which resulted from an 1D-FDTD with Perfectly Matched Layer (PML) simulation 

implemented in Matlab . As may be observed in the animation, when the waveés representation 

reaches the edges of the simulation workspace, it behaves as if there were no boundaries lim-

iting the region and carries on evolving in the same direction, with no sign of waveés compo-

nents being reflected and evolving in the opposite direction . The developed code in Matlab 

for this animation has been listed in appendix C.5. 
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Figure 31 - Animation of a free space 1D propagating pulse, simulated by FDTD. 

3.3 Surface Plasmon Resonance 

Surface plasmons occurring in metallic structures may be described as the resonant oscillation 

of the surface conduction electrons. This phenomenon is characterized by the fluctuation of 

the electric charges at the metallic surface and the corresponding Electromagnetic (EM) field 

oscillation (Hayashi & Okamoto, 2012). When at resonance, these electron charge density 

waves result from the energy absorption at the resonant wavelength, which is subtracted from 

the spectrum of the incident EM field. Hence, at the resonant wavelength, there is a reduction 

of the intensity in the reflected spectrum.  

The conduction electrons surface wave propagates at the boundary between the metallic 

surface and the external environment, thus this phenomenon is highly dependent on variations 

of the surrounding media and this dependence may be probed through  different methods of 

interrogation  (Piliarik & Homola, 2009), being adequate to be used in sensing devices. This 

detection principle has already been widely explored in many real time and label free sensor 

applications, in areas such as gas detection or biological/chemical sensing (Jiǌą♄ Homola et al., 

1999), amongst other. 
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 Surface Plasmon Polariton 

Before going any further, we will try to  clarify what plasmons are, the Surface Plasmon Reso-

nance (SPR) phenomenon and the Surface Plasmon Polariton (SPP). As already mentioned, 

plasmons are the collective oscillation of electrons in a plasma. These oscillations are travelling 

waves with a defined frequency and wave vector. Plasma waves are longitudinal waves, i. e. the 

displacement of the electrons (relative to the uniform positive background formed by the pro-

tons in static nuclei) is parallel to the direction of propagation of the wave.  

The customary way of exciting plasmons is through electron bombardment. An electron 

beam going through a thin metallic film, will transfer some of its energy to an excited plasmon 

in the film and this exchange of energy may be observed as a peak in the electron energy loss 

spectrum. The longitudinal waves created by this mechanism are not possible to be generated 

by a transverse or EM wave (photon), when at normal incidence. 

However, when at an interface between two dielectrics and one of the permittivities is 

negative, an incident transverse wave (photon) may couple to a dipole wave (HUANG, 1951), 

and the resultant coupled transverse optical mode has been designated as the polariton (po-

larized electron) or surface plasmon. This is only possible when the incident wave is polarized 

in the plane of incidence (i. e. p-polarized), as demonstrated further  below in this document 

near the end of section 3.3.2.1.  

At the interface, the incoming wave may be decomposed in two components : - One 

along the interface and parallel to the direction of propagation (the longitudinal component 

that may couple to the surface plasmon longitudinal wave), and a second one perpendicular 

to the interface and associated with the evanescent fields as we move away from the interface. 

To generate the SPP, both incident waveés longitudinal component and SPR should have the 

same frequency and wave vector. Hence, to indirectly observe the coupling of the SPP, one 

may monitor absorption on the reflected intensity from an interface, of a single frequency 

(laser) incident EM wave as a function of the incidence angle. The excitation of the SPP will be 

denoted by the presence of a peak in the absorption, as the angle of incidence is varied. If the 

intent is to obtain the  angular dispersion of the SPP, one may do so by scanning the wavelength 

of the wave and, for each relevant wavelength, obtain the incidence angle that excites the SPP. 

 Surface Plasmon Resonance Formalism 

The following discussion is based on the book by Stefan Maier (Maier, 2007), namely Chapter 

2 ä Surface Plasmon Polaritons at Metal/Insulator Interfaces. We start this subsection with 
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equation 3.111, which regulates the propagation of a harmonic electromagnetic wave of an-

gular frequency w in a linear medium with no sources (” π ὥὲὨ ὐᴆ πᴆ), constitutive parame-

ters ‐ and ‘, and designated by Helmoltzés equations: 

​Ὁᴆ Ὁᴆ‐‘‫ π

​Ὄᴆ Ὄᴆ‐‘‫ π
 

Equation 

3.111 

Considering a non-magnetic medium, ‘ ρ Ὥὲ ‘ ‘‘, and knowing that ὧ

ρ ‘‐ϳ , leads to the equivalent Helmholtzés equation for the electric field:  

​Ὁᴆ Ὧ‐Ὁᴆ π 
Equation 

3.112 

where, Ὧ ‫ ὧϳ ς“‗ϳ  is the wave number of the propagating wave in free space. For the 

propagation geometry , it has been selected a different set of prerogatives for the cartesian 

coordinates. Specifically, the propagation direction is the X-axis and there is no variation in ‐ 

along the Y-axis. This is an 1D problem, with ‐ ‐ᾀ and the plane ᾀ π is the interface 

supporting the propagating waves resulting from the SPP excitation. Figure 32 depicts this 

geometry: 

 

Figure 32 - Propagating geometry; X-axis is the direction of propagation.  

The surface plasmon waves travelling in the metallic film are of the form Ὁὼȟώȟᾀ

ὉᾀὩ , and the propagation constant is ‍ Ὧ, as in equation 3.113: 

​Ὁᴆ Ὧ‐ ‍ Ὁᴆ π  
Equation 

3.113 

One must recall that these waves are defined in a different set of cartesian coordinates 

than those defined in  Wave Equation in Planar Dielectric Waveguides. There, the Z-axis was 

selected as the propagation axis, the electric field evolves along the Y-axis and there are no 

boundaries along the X-axis. Thus, if one's intention is to establish some parallelism between 

previous and following explanations, the correspondence between axes should be considered 

to establish a link between previous and following notations of the fields.  
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Identical assumptions as previous analysis regarding the fields in the beginning of this 

chapter, lead to two sets of solutions with different polarizations for propagating waves. The 

TE (s or perpendicular) modes which have non-zero components Ὄ , Ὁ  and Ὄ , and the TM (p 

or parallel) modes which have non-zero components Ὁ, Ὄ  and Ὁ. 

After some mathematical expressions manipulation (Maier, 2007), the system of equa-

tions is simplified for the TM modes as in equations 3.114: 

Ὁ Ὥ
ρ

‐‐‫

‬Ὄ

‬ᾀ

Ὁ
‍

‐‐‫
Ὄ

‬Ὄ

‬ᾀ
Ὧ‐ ‍ Ὄ π

 
Equation 

3.114 

and as in equations 3.115, for TE modes: 

Ὄ Ὥ
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‬ᾀ
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‬Ὁ

‬ᾀ
Ὧ‐ ‍ Ὁ π

 
Equation 

3.115 

3.3.2.1 The Single Interface 

The simplest geometry supporting SPPs is a single flat interface between a dielectric (non-

absorbing half-space, ᾀ π) with a real positive permittivity (‐ π), and a conducting half-

space (ᾀ π) with permittivity ‐ ‫ . The metallic character imposes that ὙὩ‐ π and the 

surface plasmon wave is a travelling wave confined to the interface and evanescent along the 

+Z-axis. Figure 33 shows the single interface geometry. 

 

Figure 33 - Representation of the single interface. 

Considering equations 3.114 for TM modes, we can write their solutions for both half -

spaces as in equations 3.116 for ᾀ π, and as in equations 3.117 for ᾀ π: 
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3.116 
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Equation 

3.117 

The subscripts 1 and 2 in the above quantities symbolize either the metal or the dielectric, 

respectively (e. g. ὃ represents the amplitude of the field component in the metallic medium 

and ‐ represents the permittivity of the dielectric medium). The wavenumber ὯᾀȟύὭὸὬ Ὥ ρȟς, 

represents the wave vector component perpendicular to the interface. Thus, its reciprocal ᾀǶ

ρȿὯȿϳ  defines the decay length of the fields perpendicular to the interface between the two 

media. 

Continuity of Ὄ  and ‐Ὁ impose that ὃ ὃ  and that: 

Ὧ

Ὧ

‐

‐
 

Equation 

3.118 

The sign convention on the exponents of equations 3.116 and 3.117, enforces the con-

finement of the ὼ propagating wave, at the separation interface between the two media. Sur-

face waves are only allowed at interfaces of materials with opposite signs of the real part of 

their dielectric permittivity ( ὙὩ‐ π and ὙὩ‐ π). Furthermore, Ὄ  needs to be consistent 

with the wave equation: 

‬Ὄ

‬ᾀ
Ὧ‐ ‍ Ὄ π 

Equation 

3.119 

which leads to the following equalities:  

Ὧ ‍ Ὧ‐

Ὧ ‍ Ὧ‐
 

Equation 

3.120 

Through some manipulation of equation 3.1 18 and substitution in the expressions of 

equations 3.120, knowing that at the interface Ὧ Ὧ Ὧ, one is able to derive the equation 

that describes the dispersion relation of SPPs, excited at the separation interface between a 

metal and a dielectric. This equation is valid for real or complex ‐, thus for metals with or 

without attenuation.  
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‍ Ὧ
‐‐

‐ ‐
 

Equation 

3.121 

Following identical procedure for the TE mode and equations 3.115, we may write the 

solutions for the fields components as in equation 3.122 for ᾀ π, and 3.123 for ᾀ π: 
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Equation 

3.122 

ᾀ π
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Equation 

3.123 

From the equation of Ὄ ᾀ in both half -spaces and because of continuity, we may write 

that: 

ὃὯ ὃὯ 
Equation 

3.124 

It is also true that ὃ ὃ , due to the confinement at the interface of Ὄ ᾀ. Thus, we 

may conclude the condition 3.125: 

ὃ Ὧ Ὧ π 
Equation 

3.125 

Because a propagating surface plasmon wave implies that ὙὩὯ π and ὙὩὯ π, 

condition 3.124 is only verified when ὃ ὃ π. This explains why the excitation of SPPs is 

not possible for the TE polarization. The same reasoning applied to TM polarization leads to 

ὃὯ ὃὯ due to the negative value of ‐, which cancels out the sign of Ὁ ᾀ and allows 

other solutions to equation 3.1 26: 

Ὁ ᾀ Ὥὃ
Ὧ

‐‐‫
Ὡ Ὡ  

Equation 

3.126 

Figure 34 represents the dispersion of TM modes, when considering a single interface 

between a metallic film and air. The metallic film has been represented by a Drude model with 

gold parameters: 
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Figure 34 - Dispersion relation of SPPs for a single gold/air interface. 

As can be observed in Figure 34, at low frequencies the excitation of SPPs is confined to 

the right of the light line due to their bound nature. Radiation into the metal is only verified 

above the plasma frequency ‫ , and there is a gap between the bound and radiative regimes 

where propagation is not allowed (plasmon bandgap in Figure 34), because in this region the 

propagation constant is purely imaginary. 

3.3.2.2 The Double Interface 

In this geometry, it will be considered a system of three layers consisting of alternating dielec-

tric and conducting materials, where a thin metallic layer is sandwiched between two different 

dielectrics; the semi-infinite half -spaces substrate and superstrate. The dielectric constants for 

the metallic thin film correspond to experimental data from Rosenblatt et al., available at 

(refractiveindex.info, n.d.), considering a film of gold 44 nm thick, and deposited over Silicon 

Dioxide (SiO2). This system is depicted in Figure 35: 
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Figure 35 - A double interface system representing a thin metallic layer sandwiched between two half spaces with 

different refractive indexes. 

Proceeding as before in previous subsection, and considering the description of bound 

(non-radiative) TM modes, the field components are: 
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3.127 

and, 
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Equation 

3.128 

Considering now the system of Figure 35 with air as the superstrate, the 44 nm thick gold 

film and silicon dioxide for substrate, Figure 36 depicts the dispersion curve of the system: 
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Figure 36 - Dispersion curves for SiO2/Au (44 nm)/air double interface system. 

To calculate the dispersion of the double interface system, the permittivity of SiO2 was 

modelled as in equation 3.129, where ‗ is in ‘m: 

ὲ ρ
πȢφωφρφφσ‗

‗ πȢπφψτπτσ

πȢτπχωτςφ‗

‗ πȢρρφςτρτ

πȢψωχτχωτ‗

‗ ωȢψωφρφρ
  

Equation 

3.129 

In Figure 36, the dispersion curve of the 44 nm thick Gold (Au) film and the substrate line 

intersect at the SPPés propagation constant. This intersection occurs below the air light line, 

indicating that surface plasmons cannot be excited through light propagating from air to the 

metallic surface, but rather from the substrate to the metallic surface. Furthermore, the pho-

ton/phonon coupling (Raether, 1988) characteristic of SPR excitation should result in high field 

absorption at the substrate/metal interface, which should correspond to the highest imaginary 

value of the dispersion curve in the lower interface.  

Figure 37 confirms this by showing the representation of the SPP dispersion curve of the 

upper interface and the imaginary part of the lower interface dispersion curve, together with 

the substrate line where occurs the intersection with the upper interface dispersion curve. 
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Figure 37 - Intersection of upper interface dispersion with substrate line and corresponding maximum imaginary 

dispersion in lower interface. 

 Surface Plasmon Resonance Sensors 

Sensors based on the SPR phenomenon are highly sensitive to variations of the refractive index 

in the surrounding environment and have been thoroughly investigated by the research com-

munity. This led to several commercial applications, namely for chemical and biomolecular de-

tection, because of their label free features, high sensitivity, and real-time monitoring capabil-

ities. Nevertheless, there is still a trending demand for cost effective and monolithic integrated 

devices, able to fulfil the lab-on-chip concept (Haeberle & Zengerle, 2007), and which would 

enable mass production and wide implementation in many technological areas. 

Nowadays, SPR based sensors rely mainly on noble metals such as Au or Silver (Ag). The 

more often used active metal in these devices is Au, for it has better chemical stability and 

exhibits a higher shift of the resonance peak wavelength to variations of the sensed analyte. 

Although, its resonance curve possesses a wide spectral width which worsens its performance, 

namely when operating on higher energies. Sensors utilizing Ag as the active metal benefit 
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from a narrower spectral width but are easily oxidized due to its poor chemical stability, and 

Ag is far from being a cost-effective element. Moreover, both Au and Ag cannot be deposited 

directly over Silicon (Si), and a transitional material is required (Yuan et al., 2015), which in-

creases the complexity of the manufacturing process. 

Aluminum (Al) is also a plasmonic metal, it is the most abundant metal on Earthés crust, 

and it is many hundred times less expensive than Ag and several tens of thousand times more 

economical than Au. It benefits from a narrow resonance curve spectral width, even narrower 

than Ag, which enables operation at higher energies and can be deposited directly over Si, 

although is also affected by poor chemical stability for it can be easily oxidized. Nevertheless, 

through a surface passivation process that creates a robust protective layer (Canalejas-Tejero 

et al., 2014), corrosion and material degradation caused by oxidizing agents usually employed 

in biosensing tests, can be mitigated and chemical stability is achievable. Another way to pro-

vide the necessary chemical stability, which has also been used in many other devices, is 

through a bimetallic alloy, consisting of a thin film of Chromium atop the Al layer. 

The SPR phenomenon is characterized by a TM wave propagating along the separation 

interface between the metal and the surrounding dielectric environment. The phenomenon is 

triggered when a TM polarized wave strikes the metallic layer and its propagation constant 

matches the one of the Surface Plasmon Wave (SPW) supported by the interface, then absorp-

tion takes place and a sudden drop in reflectance may be observed at the SPW wavelength. 

This matching condition is highly influenced by the refractive index of the surrounding 

environment, so this configuration can be used for the design of sensing structures, as may be 

inferred by the SPW propagation constant expression: 

‍ Ὧ
‐‐

‐ ‐
   

Equation 

3.130 

where, Ὧ is free space propagation constant and, ‐  and ‐, are the relative permittivities of 

metal and environment, respectively. As can be inferred by the above equation, this matching 

condition is highly sensitive to slight changes in the refractive index of the surrounding envi-

ronment. 

Performance of SPR based sensors is mainly evaluated by their sensitivity, detection ac-

curacy and resolution. When working with sensors on spectral interrogation (Cennamo et al., 

2011), the refractive index of the sensing layer (ὲ ) is assumed as the independent varia-

ble and to which the resonance wavelength (‗ ) depends on, i. e. to a ‏ὲ  variation 

on the sensing layer refractive index, will correspond a shift ‏‗  on the resonance 
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wavelength. Thus, sensitivity (Ὓ) of a spectral interrogation sensor can be expressed as equa-

tion 3.131: 

Ὓ  
‗‏

ὲ‏
    ὲάὙὍὟϳ  

Equation 

3.131 

Detection Accuracy (DA) of these devices depends on how accurate and precisely they 

are able to detect ‗  and, consequently, their sensing layers ὲ . The accuracy in 

detecting ‗  further depends on the spectral width of the SPR dip. A narrower spectral 

width leads to higher detection accuracy. Therefore, expressing the spectral width of the SPR 

response curve referenced to an arbitrary level of transmitted power as ‏‗ , detection 

accuracy of the sensor can be defined as the reciprocal of ‏‗ . Therefore, for spectral in-

terrogation devices, detection-accuracy is thus defined as in equation 3.132: 

Ὀὃ  
ρ

‗‏
  

Equation 

3.132 

being ‏‗  the Full Width Half Maximum (FWHM) of the SPR resonance curve. 

Resolution (Ўὲ) is the minimum variation in the refractive index that can be detected by 

an SPR based sensor. This parameter also depends on the spectral resolution of the measuring 

device (spectrometer of some sort: - external spectrum analyser or wavelength monitoring 

diode, or a fully integrated, lab -on-chip (Haeberle & Zengerle, 2007), wavelength detector), 

‗‏ . Hence, assuming a shift of ‏‗  on the resonance wavelength corresponding to a 

ὲ‏  variation of the sensing layer refractive index, resolution might be defined as in equa-

tion 3.133: 

Ўὲ  
ὲ‏

‗‏
‗‏  

Equation 

3.133 

 Fano Resonance 

For many years, the Lorentzian line shape was thought as the fundamental description for res-

onance. This changed in 1961 when Ugo Fano derived and reported (Fano, 1961) a new reso-

nance phenomenon that has been named after its discoverer. This resonance originates from 

constructive and destructive interference between a narrow discrete resonance and a broader 

spectral line, resulting in an asymmetric line shape. Fano resonances can be usually observed 

in light scattering, transmission and reflection spectra of resonant optical systems, and can be 

described as the formation of asymmetric peaks in a spectral response generated by the inter-

action between a discrete and a continuum of states at the same energy level (LukéYanchuk et 

al., 2010).  
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At the time, Fano was trying to explain the unusual sharp peaks observed in the absorp-

tion spectrum of noble gases. These line shapes differed from a Lorentzian one because they 

revealed an asymmetric nature. Fano was able to explain this æabnormalç line profile with his 

theory of configuration, based on a bound state of an atom named autoionization and de-

scribed by Jevons and Shenstone (Jevons & Shenstone, 1938). 

The autoionization process is generally described as a mechanism that couples bound 

states of one channel with continuum states of another. One possibility is the excitation of two 

electrons by one photon, when the electrons have similar excitation energy magnitudes, and 

the total excitation energy exceeds the atom ionization threshold. In this case, one of the elec-

trons may decay spontaneously to a lower state, releasing the energy that ejects the second 

electron into the continuum, thus generating the int erference between a bound state (the 

ejected electron) and a continuum (Miroshnichenko et al., 2010). 

Due to the superposition principle of quantum mechanics, whenever there are two states 

coupled by different paths, interference may take place (Miroshnichenko et al., 2010). This pro-

cess is similar to two coupled mechanical oscillators, in a medium under an external harmonic 

force (Joe et al., 2006). Figure 38 depicts such a system, where each oscillator is defined by a 

resonant energy (‫ρȟ‫ς), an amplitude (ὃρȟὃς) and an external harmonic force actuating on 

one of them. 

 

Figure 38 - Two coupled damped oscillators with an external force exerted on one of them. 

The motion of the oscillators are described by two second order differential equations, 

as in 3.134: 
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Ὠὼ
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Ὠὼ

‫ὼ ὺ ὼ ὥὩ

Ὠὼ
Ὠὼ

‎
Ὠὼ
Ὠὼ

‫ὼ ὺ ὼ π
 

Equation 

3.134 

where, ὺ  describes the oscillatorsé coupling and ὥ is the amplitude of the external harmonic 

force. Assuming no damping in the oscillators (‎ ‎ π), the eigenmodes of the coupled 

oscillators may be obtained from:  

‫ ‫ ‫ ‫ ὺ π 
Equation 

3.135 

If the coupling  between oscillators is weak (‫ ‫ ḻὺ ), then the eigenmodes of the system 

may be approximated by: 

‫ ḙ‫
ὺ

‫ ‫
    ὥὲὨ    ‫ ḙ‫

ὺ

‫ ‫
 

Equation 

3.136 

which are slightly displaced from the eigenmodes of the individual oscillators with no coupling.  

Now, considering the particular solution with friction  of equations 3.136 (Joe et al., 2006), 

the resulting steady-state solutions for the oscillatorsé displacement are also harmonic and 

expressed as in 3.142: 

ὼ ὃὩ

ὼ ὃὩ
 

Equation 

3.137 

The amplitudes ὃ and ὃ  are as in equations 3.138 and 3.139: 

ὃ ὥ
‫ ‫ Ὥ‎‫

‫ ‫ Ὥ‎‫ ‫ ‫ Ὥ‎‫ ὺ
 

Equation 

3.138 

ὃ ὥ
ὺ

‫ ‫ Ὥ‎‫ ‫ ‫ Ὥ‎‫ ὺ
 Equation 

3.139 

Letés assume that the frictional parameter of the second oscillator ‎ π, the frictional 

parameter of the first oscillator ‎ πȢπςυ, the coupling parameter ὺ πȢρ (weak coupling), 

the driving force amplitude ὥ ρ, and resonant frequencies not far from each other for oscil-

lators 1 and 2, respectively ‫ ρ and ‫ ρȢς. Figure 39 shows the resonant behaviour of 

both oscillators as well as their phases: 
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Figure 39 - Resonant behaviour of both oscillators regarding their amplitudes and phases with frequency.  

Analysing Figure 39, one may observe two distinct peaks representing the amplitude 

profiles ȿὃ ‫ȿ and ȿὃ -‫ȿ. These peaks are located near each of the selected resonant fre

quencies, ‫ ḙ‫ ρ and ‫ ḙ‫ ρȢς, and correspond to the real part of the complex ei-

genfrequencies (‫  and ‫ ) which are determined from the vanishing condition (‫ ‫  and 

‫ ‫ ) of the denominator of equations 3.138 and 3.139. The imaginary part of these complex 

eigenfrequencies determine the width of each resonance and are related to the frictional pa-

rameters. 

The amplitude graph of the first oscillator (Oscillator 1 - ȿὃ ‫ȿ) shows two different line 

profiles around the oscillatorsé resonant frequencies: - a symmetric and an asymmetric line 

profiles, near ‫  and ‫  energies respectively. The former profile corresponds to the usual 

Lorentzian line shape and the latter represents an asymmetric profile resulting from an inter-

ference condition, which may be described by Fanoés pioneering theory of configuration  (Fano, 

1961). 

First, letés try to understand the asymmetry in the amplitude profile of the second peak 

of Oscillator 1. Looking at equation 3.138 and considering that ‎ π (assumed previously), 

this equation has a zero at ‫ ‫ , resulting in a zero amplitude frequency which distorts the 

second resonance peak and leads to an asymmetric amplitude profile.  

Looking at the phase graph of Oscillator 1, one may observe that the phase progresses 

from “ςϳ  to “ςϳ  as frequency increases, crossing the zero phase frequency (in-phase) at the 
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Oscillator 1 resonance ‫ , and reaching the “ςϳ  phase at the Oscillator 2 resonance ‫ . The 

‫  resonance corresponds to the zero amplitude frequency (an anti-resonance) and, as the 

frequency increases, the phase jumps to “ςϳ  and back to “ςϳ  to resume the usual symmetric 

amplitude profile.  

Regarding the amplitude graph of Oscillator 2, we find the first and second peaks at the 

eigenfrequencies ‫  and ‫ . The former presents a lower amplitude because the best phase 

condition is reached at “ςϳ , as frequency crosses the first resonance, and the latter has a 

greater amplitude because the best phase condition is reached in-phase, as frequency goes 

over the second eigenfrequency. Both peaks show a symmetric amplitude profile in this graph. 

There is an analogy between the asymmetric amplitude profile verified in the second 

resonance of the first oscillator and the interference phenomenon between a bound state and 

a continuum, regarding light -matter interaction and one of the possible autoioni zed states of 

an atom. Follows a simple interpretation of Fanoés work and the interested reader is invited to 

gain further insight by consulting the work developed by Andrey E. Miroshnichenko et al. 

(Miroshnichenko et al., 2010) and references therein. Letés start by assuming a two electron 

excitation by an incoming photon:  

1. The two electrons are excited to a quasi-discrete bound state near the ionization po-

tential; 

2. Due to the electron-electron interaction, one of the electrons decays spontaneously to 

the ground state, releasing a photon; 

3. This released photon is absorbed by the remaining electron in the excited bound state 

and the electron is ejected into the continuum (all the atoms at ground state), gener-

ating the interference/perturbance.  

The resonance profile of the scattering cross-section as described by Fano is as in equa-

tion 3.140: 

„  
‭ ή

‭ ρ
 

Equation 

3.140 

where ή is a phenomenological shape parameter and ‭ ςὉ Ὁ ῲϳ  is the reduced energy. 

Ὁ  is the resonant energy and ῲ is the width of the autoionized state. Manipulating the reso-

nance profile expression, one is able to see the individual components in each of the terms: 

‭ ή

‭ ρ

ή ρ

‭ ρ

ςή‭

‭ ρ
ρ 

Equation 

3.141 
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corresponding  to the discrete interfering state, the term  corresponds to the æmixerç 

medium and ρ to the continuum of states (Miroshnichenko et al., 2010).  Figure 40 shows 

the corresponding line profile when considering the phenomenological parameter ή πȢυ: 

 

 Figure 40 - The Fano profile for the phenomenological parameter q = - 0,5.  

If one observes the bulk reflectance of gold as a function of the angle of incidence, re-

garding an incoming laser beam centred at the φυπ ὲά operating wavelength, one finds a 

graph such as the one presented in Figure 41 (refractiveindex.info, n.d.): 
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Figure 41 - Reflectance of gold as a function of the angle of incidence for both polarizations @ 650 nm. 

Now, letés consider the Kretchmann configuration for the Attenuated Total Reflection 

(ATR) of a ττ ὲά film of gold, deposited over a silica/quartz ( SiO2) prism, and where a parallel 

polarized monochromatic (φυπ ὲά wavelength) laser beam is directed at the metallic surface, 

as depicted in Figure 42: 

 

Figure 42 - Ketchsmann configuration for Attenuated Total Reflection.  

To calculate the reflectance of the system as a function of the incident angle, the usual ap-

proach originally developed by Heinz Raether (Raether, 1988), has been followed. The calcula-

tions consider the multipath interference of Fresnel reflections at the separation interface be-

tween gold and the dielectric, as in 3.142: 

Ὑ  
ὶ ὶὩ

ρ ὶὶὩ
 

Equation 

3.142 
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and where  ὶ  and ὶ  represent the Fresnel reflection coefficients for the interfaces between 

the metal and the dielectric media, prism/gold, and gold/air respectively. The thickness of the 

metallic film is defined by Ὠ and Ὧ  represents the waveés propagation constant in the medium, 

with ί πȟρ έὶ ς corresponding to prism, metal, or air respectively. The Fresnel coefficients are 

described as in 3.143: 

ὶ  
‐Ὧ ‐Ὧ

‐Ὧ ‐Ὧ
 

Equation 

3.143 

Figure 43 shows the ATR profile calculated with the Kretchmann-Raether equation 3.142, 

in a setup configuration with previously defined parameters for the prism material, gold film 

thickness and operating wavelength. 

 

Figure 43 - Calculated Attenuated Total Reflection for a three layers (SiO2, Au and air) system, as a function of the 

incidence angle (reflection minimum at 45,6 degrees). 

It is not hard to hypothesize that the Fano profile presented in Figure 40, when superim-

posed over the reflectance of gold shown in Figure 41 for the parallel polarization, might gen-

erate a profile showing great resemblance with the one presented in Figure 43. However, the 

profile depicted in Figure 43 has been calculated by Raetherés equations and Fresnel coeffi-

cients. 

A number of authors have been questioning the true nature of the SPR phenomenon 

verified in the monitored reflectance of the Kretschmann -Raether configuration. The debate is 

mainly supported by the so called ædiscrepanciesç verified on Raetherés approach: 
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¶ The analysis did not consider a complete description of the problem because, when 

assuming the boundary conditions, the mismatch of the wavevectors in each adjoining 

medium should account for reflection from the separation interfaces;  

¶ The dispersion of metals is complex, being the imaginary part associated to absorption. 

On the other hand, the prism dispersion is solely real. Hence, complete match between 

both wave vectors (resulting in a reflectance minimum equal to zero) is next to impos-

sible: 

o Ὧ Ὧ  cannot match Ὧ Ὧὲ ÓÉÎ—. 

Despite Figure 43 showing a minimum for reflectance higher than zero, Raetherés equa-

tions allow for an almost null reflectance in the considered setup configuration, only at a dif-

ferent operating wavelength (specifically @ υͯχυ ὲά) as depicted in Figure 44. This raises 

some issues over the real nature of the phenomenon and the debate is still going on. 

 

Figure 44 - Null reflectance for the ATR configuration @ 575 nm operating wavelength. 

For instance, back in 2007, Wakamatsu et al. (Wakamatsu & Saito, 2007) have presented 

a different interpretation for the excitation of surface waves associated to the ATR method. In 

their work they state that the reflection dips are mainly due to the absorption of the metal. 

Furthermore, they also stated that the reflectivity dip of experimental data was found at an 

angle of incidence greater than the critical angle and for which there should not be total inter-

nal reflection. 
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Later, Brissinger et al. (Brissinger et al., 2013) have also claimed discrepancies found re-

garding the classical interpretation of the nature of the surface wave generated at the separa-

tion interface metal/air of the Kretschmann -Raether configuration. Through an analytical ap-

proach to the phenomenon, they were able to claim that the plasmonic resonance of the thin 

metallic film does not agree with the position of the minimum of the reflectivity.  

The classical approach to the problem of surface wave excitation at the metal/dielectric 

interface considers the inexistence of surface current densities and induced surface charges. In 

his work, Yang and his colleague (Yang & Fiddy, 2014) have demonstrated that, the solution of 

Maxwellés equations when imposing boundary conditions that consider non-zero surface cur-

rent, is equivalent to the solution of the same equations when classical boundary conditions 

consider zero surface current densities. They state that there are two non-conflicting and cou-

pling manifestations for this phenomenon, one surface wave excited by incoming radiation 

with surface current density and the self-sustained surface wave with zero surface current den-

sity. 

Foley et al. (Foley IV et al., 2015) have claimed they found a discrepancy between the 

leakage radiation patterns of excited surface waves on a germanium/gold/air configuration 

and the reflectance dip verified on a Kretschmann-Raether experiment. They state that the 

experiment revealed a correlation between the reflectance dip and, what they designated as, a 

perfect absorbing mode. Their experiment reported a discrepancy as high as 7° between the 

angles where the reflection dip and the leakage radiation maximum were verified. 

Akimov and his colleagues (Akimov et al., 2017) have revised the classical theory of cou-

pled eigenwaves in Kretschmann-Raether configuration and have claimed that it does not 

completely explain the resonance behaviour. They claim that the theory neglects the im-

portance of the reflected fi elds in the metal, although they conclude later on that, when ac-

counted for, the impact of these fields on the overall result is rather small. Finally, through the 

analysis of the reflectance for the resonant eigenwave number, they concluded that coupling 

to unguided pl asmon polaritons may assure efficient interaction between these fields and the 

resonance, resulting in complete vanishing reflection of the incoming laser beam. 

Finally, and more recently, Parrish and Yang (Parrish & Yang, 2020) have proposed that 

the true nature of the surface wave generated at the separation interface gold/air in Kretsch-

mann-Raether configuration, is that of a Fano resonance. They claim that, both analytical for-

malism and experimental data, confirm this hypothesis. Moreover, their developed analytical 

model is able to better predict the experimental interface wavenumber of the reflec tance min-

imum and provide a better fitting for the line profile.  
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We found the latter interpretation of the phenomenon for surface wave generation very 

interesting. For one, surface waves are collective oscillations of electrons in a materialés surface. 

These are longitudinal waves of oscillating electrons, usually created by particle bombardment. 

Electromagnetic radiation is not able to directly excite these oscillations for it is a transverse 

wave. However, when in a double interface system, such as the Kretschmann-Raether configu-

ration and when all necessary conditions are fulfilled, surface waves may be excited. 

From all the above authors and their claims, it is clear that this is an open for discussion 

subject and there is some controversy. It is our intention, in the near future, to further pursue 

the investigation regarding the true nature of SPR. 

3.4 Multimode Interference (MMI)  

The number of modes propagating in a dielectric waveguide depends on the operating wave-

length, the refractive index of both the core and the cladding materials, and the geometric 

dimensions of the waveguide. Assuming a planar waveguide, where along the X-axis the fun-

damental mode is assured, the modes propagate along the Z-axis. If all these parameters but 

the waveguide width do not change, the number of propagating modes depend on the width 

dimension of the waveguide.  

As the waveguide width increases, the more modes may be excited. On a multimode 

waveguide wide enough to support more than three modes propagating (Honbun, 2006), in-

terference between the propagating modes may take place, given enough length along the Z -

axis. This interference generates real or inverted, single or multiple images of the input profile 

at periodic intervals in space. This phenomenon is being exploited for the design and fabrica-

tion of the designated  Multimode Interference  (MMI) devices, which have found many appli-

cations in the photonic industry.  

Self-imaging of periodic objects illuminated by coherent light was first described more 

than 185 years ago (Talbot, 1836). Self-focusing or graded index waveguides can also produce 

periodic real images of an object. However, the possibility of achieving self-imaging in uniform 

index slab waveguide was first suggested by Bryngdahl and Ulrich (Bryngdahl, 1973; Ulrich, 

1975). The principle may be described in simple words as:  

- Self-imaging is a multimode waveguide property that consists of the reproduction of single 

or multiple images of an input field profile, at periodic distances along the propagation 

direction of the waveguide.  
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 Multimode Interference (MMI) structures 

Generally, MMI  structures comprise two sections. One is the central section multimode wave-

guide, and the other are the access waveguides. This section supports a large number of modes 

and it is where the interference occurs. A number of access waveguides are placed at both 

ends of this section. Such devices are generally referred as M x N MMI  couplers, where M and 

N refer to the number of input and output waveguides, respectively. Usually, access wave-

guides are single-mode waveguides to provide the best performance regarding the self -image 

principle. 

 

Figure 45 ä a) MMI structure embedded in SiO2; b) Power profile along the structure and -3 dB output s. 

These structures are able to provide two identical beam profiles at each of the outputs 

by relying on the self-imaging principle. Figure 45.a) shows a typical structure for a 3 dB coupler 
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1 x 2 MMI  device, that is able to provide identical images at half power of the input profile at 

each of its output waveguides, and Figure 45.b) presents the power profile in the structure and 

the verification of its division at the output waveguides . This principle states that by assuming 

a MMI  waveguide along the Y-Z plane, the lateral wavenumber Ὧ  and the propagation con-

stant ‍ are related by the dispersion equation 3.144: 

Ὧ ‍ Ὧὲ 
Equation 

3.144 

where, ὲ is the refractive index of MMI  waveguide, Ὧ  and ‗ is the free space wavelength. 

The standing wave or self-consistency condition in the Y direction can be expressed by: 

Ὧ ὡ ὺ ρ“ 
Equation 

3.145 

where, ὺ πȟρȟςȟȣ ά ρ and ά represents the allowed mode number in the multimode 

waveguide. Then, the effective width ὡ  of each mode, which is approximately th e effective 

width ὡ  of the field comprising all modes propagating in the multimode waveguide,  may be 

defined as: 

ὡ ḙὡ ὡ
‗

“

ὲ

ὲ
ὲ ὲ ϳ  

Equation 

3.146 

here, ὡ  is the width of MMI  waveguide, ὲ is the refractive index of the substrate and 

cladding, and: 

„ π ὝὉ
„ ρ Ὕὓ

 
Equation 

3.147 

hence, the propagation constant of any ὺ mode may be expressed as: 

‍ Ὧὲ
ὺ ρ“

ὡ
 

Equation 

3.148 

Through Taylor expansion of equation 3.148, the propagation constant may be rewritten 

as: 

‍ ὲὯ
ὺ ρ “‗

τὲὡ
 

Equation 

3.149 

As such, the difference between the propagation constant of the fundamental mode and 

the propagation constant of any other mode ὺ, is defined by: 

‍ ‍
ὺὺ ς“‗

τὲὡ
 

Equation 

3.150 
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Which leads us to the definition of the beat length, ὒ, that represents the minimum MMI  

waveguide length for which the fundamental and the first order modes are in phase (single 

image is formed): 

ὒ ḳ
“

‍ ‍

τὲὡ

σ‗
 

Equation 

3.151 

When considering 3D structures, the refractive index of the MMI  waveguide, ὲ, may be 

replaced by the effective refractive index calculated by the Effective Index Method (a.k.a. the 

2.5D refractive index method), in order to find the correct value of ὒ. 

By combining equations 3.150 and 3.151, the spatial difference between propagation 

constants of the fundamental and any other mode, may be simplified and rewritten as the 

approximation: 

‍ ‍ḙ
ὺὺ ς“

σὒ
 

Equation 

3.152 

 Guided Mode Analysis 

Considering an input field profile ɰÙȟπ located at Z = 0 and completely included within the 

multimode section of the MMI  structure, the corresponding modal field distributions ɰ Ù 

may be defined as: 

 ώȟπ ὧ‪ ώ Equation 

3.153 

where the summation includes guided as well as radiative modes. The field excitation coeffi-

cients ὧ may be estimated using overlap integrals and based on the field orthogonality rela-

tions. 

ὧ
 ᷿ώȟπ‪ ώὨώ

‪᷿ ώὨώ

 Equation 

3.154 

Providing the æspatial spectrumç of the input field ɰÙȟπ is narrow enough to excite only 

guided modes (this condition is assured in most practical applications for the input field con-

sists of a narrow spectral source - a laser), we may decompose ɰÙȟπ as follows: 

 ώȟπ ὧ‪ ώ 
Equation 

3.155 

As such, the field profile at a given distance Z may be defined as the superposition of the 

field distributions of all guided modes within the MMI  section.  
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 ώȟᾀ ὧ‪ ώὩ  
Equation 

3.156 

Taking the phase of the fundamental mode as a common factor out of the sum, dropping 

it and assuming the time dependence Ὡ  implicit hereafter, the field profile ɰÙȟÚ becomes: 

 ώȟᾀ ὧ‪ ώὩ  
Equation 

3.157 

Considering an arbitrary distance L along the Z-axis and using equation 3.152, we may 

write: 

 ώȟὒ ὧ‪ ώὩ  
Equation 

3.158 

As such, the shapes, and the types of ɰÙȟ, formed at L are determined by the modal 

excitation ὧ and the properties of the mode phase factor,  

Ὡ  
Equation 

3.159 

It will be seen that, under certain circumstances, the field ɰÙȟ, will be a reproduction 

(self-imaging) of the input field ɰÙȟπ. We will be referring the self-imaging mechanisms that 

are independent of the modal excitation as General Interference and those which are obtained 

by exciting certain modes alone, as Restricted Interference (L.B. Soldano & Pennings, 1995). 

Furthermore, we will be considering the following properties, which will prove useful in 

later derivations: 

ὺὺ ς
ὩὺὩὲ Ὢέὶ ὺ ὩὺὩὲ
έὨὨ Ὢέὶ ὺ έὨὨ

 
Equation 

3.160 

and, 

‪ ώ
‪ ώ Ὢέὶ ὺ ὩὺὩὲ

‪ ώ Ὢέὶ ὺ έὨὨ
 

Equation 

3.161 

In our case, we will only be referring to the Restricted Interference and, more specifically, 

the Symmetric Interference, for these are the mechanisms that have been implemented in the 

work developed throughout this dissertation. The interested reader may find out more about 

this subject in the work of Soldano et al. (L.B. Soldano & Pennings, 1995; Lucas B. Soldano et 

al., 1992). 

3.4.2.1 Restricted and Symmetric Interference 

In this section we investigate the design possibilities of MMI  couplers, in which only some of 

the guided modes are excited by the input field. This selective excitation reveals interesting 
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multiplicities of ὺὺ ς, which allow new interference mechanisms through shorter periodic-

ities of the mode phase factor. 

By inspecting equation 3.158, we can see that ɰÙȟ, is an image of ɰÙȟπ if: 

Ὡ ρ έὶ ρ  
Equation 

3.162 

The condition Ὡ ρ means that the phase changes of all the modes along L must 

differ by integer multiples of ς“. In this case, all guided modes interfere with the same relative 

phases as in Z = 0, hence the image formed at the output is a direct replica of the input field. 

By analysing the condition Ὡ ρ , we may infer that the phase changes must be 

alternatively even and odd multiples of “. In such a case, the even modes will be in phase and 

the odd modes will be in antiphase with ɰÙȟπ. Recalling the odd symmetry of equation 3.161, 

the interference phenomenon provides a mirrored image with respect to y = 0. Considering 

now the conditions expressed by equation 3.160, it is evident that both conditions expressed 

by equation 3.162 will be fulfilled when:  

ὒ ὴσὒ   ύὭὸὬ  ὴ πȟρȟςȟȣ 
Equation 

3.163 

or ὴ even and ὴ odd, respectively. 

Factor ὴ reveals the periodic nature of imaging along the multimode waveguide section. 

As such, direct and mirrored single images of the input field ɰÙȟπ will be formed at distances 

Z that are, respectively, even, and odd multiples of the length σὒ. 

In addition to these single images, multiple images are obtained at half the distance 

between the direct and mirrored images, i. e. at distances: 

ὒ
ὴ

ς
σὒ   ύὭὸὬ  ὴ ρȟσȟυȟȣ 

Equation 

3.164 

By using equation 3.164 in equation 3.158, one is able to express the total field encoun-

tered at these distances. 

  ώȟ
ὴ

ς
σὒ ὧ‪ ώὩ  

Equation 

3.165 

where ὴ is an odd integer. Recalling again the property expressed by condition 3.160 and the 

mode field symmetry conditions of 3.16 1, the above equation may be expressed as: 

  ώȟ
ὴ

ς
σὒ ὧ‪ ώ Ὥ ὧ‪ ώ 

Equation 

3.166 

which may be written as: 
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  ώȟ
ὴ

ς
σὒ

ρ Ὥ

ς
 ώȟπ

ρ Ὥ

ς
  ώȟπ 

Equation 

3.167 

This last equation represents a pair of images of the input field, which are in quadrature 

and the amplitude ratio between these images and the input field is ρ
Ѝς

. These images are 

located at ᾀ σὒ ȟ σὒ ȟȣ and may be used to design 3 dB couplers. 

Resuming, multi-fold images are formed at intermediate Z -positions (Ulrich & Ankele, 

1975) and analytical expressions for the positions and phases of the N-fold images have been 

derived (Bachmann et al., 1994) using Fourier analysis and the properties of generalized gauss-

ian sums. Based in previous considerations, equation 3.155 may be interpreted as a spatial 

Fourier sum and has been shown (Bachmann et al., 1994) that N-fold images form at distances: 

ὒ
ὴ

ὔ
σὒ  

Equation 

3.168 

where, ὴ π and ὔ ρ are integers with no common divisor. 

Optical N-way splitters can be realized on the basis of the general N-fold imaging at 

lengths given by equation 3.168. However, by exciting only the even symmetric modes, 1-to-

N beam splitters can be realized with multimode waveguides four times shorter (Jenkins et al., 

1992). Considering that: 

άέὨὺὺ ς π  ύὬὩὲ ὺ Ὥί ὩὺὩὲ 
Equation 

3.169 

The length periodicity of the mode phase of expression 3.168 will be reduced fourfold if,  

ὧ π  Ὢέὶ  ὺ ρȟσȟυȟȣ 
Equation 

3.170 

Therefore, single images of the input field ɰÙȟπ will be obtained at (see equation 3.163), 

if the odd modes are not excited in the multimode waveguide section.  

ὒ ὴ
σὒ

ὥ
  ύὭὸὬ ὴ πȟρȟςȟȣ 

Equation 

3.171 

where a denotes the type of coupler (for a power splitter  operating  in restricted and symmet-

rical interference, a = 4). This condition may be achieved by centre-feeding the multimode 

waveguide with a symmetric field profile. Then, the imaging consists of linear combinations of 

only the symmetric (even) modes and this mechanism has been designated as Symmetric In-

terference. In reality, N-fold images are formed (Heaton et al., 1992; Jenkins et al., 1992; L.B. 

Soldano & Pennings, 1995) at distances (resulting from  equation 3.168): 

ὒ
ὴ

ὔ

σὒ

τ
 

Equation 

3.172 
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with N images of the input field ɰÙȟπ, and symmetrically placed along the Y-axis with equal 

spacing  (see equation 3.168). 
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4  

 

VALIDATION METHODOLOGY 

Industry is still on the search for an alternative material solution for photonic devices, and 

selecting amorphous silicon based structures for the distribution of optical waves and their 

fabrication, is a valid option. These structures may be incorporated in electronic integrated 

circuits to perform several functionalities, e. g. memory access, multiprocessor systems internal 

communication, clock signals distribution, amongst many other. Integrating both fields of 

knowledge (electronics and optics) in a single device and manufacturing a photonic integrated 

chip seems to be the natural next technological step. 

4.1 Contribution  

The deposition of alternating layers of a material with good optical properties, intercalated by 

layers of an amorphous insulating material, would allow the fabrication of three -dimensional 

hybrid integrated circuits (i. e. combining photonic and electronic platforms) by vertical stack-

ing of multiple sets of these layers. However, such vertical stacking is inherently infeasible on 

a c-Si platform, because it is virtually impossible to grow crystalline Si by deposition over an 

amorphous substrate such as its thermal oxide, the Silicon Dioxide (SiO2). So, Amorphous Sil-

icon (a-Si) appears as an attractive replacement for c-Si, as the alternating stacked layers ma-

terial in Photonic Integrated Circuits (PICs) and even in 3D hybrid integrated circuits, given its 

identical good optical properties and high refractive index. Moreover, a-Si presents higher op-

tical nonlinearity and lower nonlinear absorption, which might be used in non -passive imple-

mentations. 

In this dissertation, it has been conducted a thorough investigation concerning the de-

sign feasibility of amorphous silicon based photonic devices. To this end, software platforms 



 112 

implementing state -of-the-art numerical methods have been used to design and simulate rel-

evant structures, followed by the interpretation and analysis of the resulting data.  

Our strategy consisted of performing individual simulations of pertinent structures and 

evaluate their performance and efficiency, followed by a set of sequential simulations where 

the outcome of one structure is fed into the next one, mimicking a running photonic integrated 

circuit. As such, it will be demonstrated the design feasibility of a photonic integrated circuit 

fully based in amorphous silicon compounds, operating with good performance and efficiency.  

Considered structures consist of the building blocks required to form two optical paths, 

from a given amorphous silicon waveguide inside a PIC. One is the path to the optical fibre 

that connects to the outside world and the other is the path from the waveguide to the sensing 

device. 

In the former, it is assumed that the waveguideés æfree endç is connected to another 

optical module, the Multimode Interference ( MMI) structure, that performs as a 3 dB power 

splitter and provides two output waveguide arms for the sensing zone located upstream. The 

sensing device consists of these two waveguides, each terminated by the corresponding pho-

todetector . One of the output arms provides the reference electromagnetic field for the detec-

tor calibration. A thin layer (approx. 50 nm) of metal is deposited over the second waveguide 

arm, to form the transducer of the sensing device. Output is collected by the photodetectors 

and consists of the difference signal between the sensing the reference arms. 

For the latter, the building blocks of the optical path will consist of the other end of the 

optical amorphous silicon based waveguide, connected to an inverted taper to perform the 

beam spot-size conversion, which is then connected to a resonant waveguide grating for the 

out of plane coupling. Then, the coupling results are collected at the optical fibre plane and 

performance is evaluated. 

This strategy makes possible the evaluation of both optical paths and respective func-

tionalities, and the confirmation of their feasibility. Furthermore, all components that integrate 

each building block have been simulated individually, thus increasing the degree of confidence 

in the validation methodology.  

4.2 Photonic Wire Power Decay 

An Electromagnetic (EM) wave propagating in a dielectric structure requires a core with higher 

refractive index than the surroundings. Here, the supported modes progress onwards through 
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successive reflections on the boundary separating the two-dielectric media. This is a phenom-

enon referred in the literature as Total Internal Reflection  (Saleh & Teich, 1991). 

In order to have a propagating mode confined to the core, its angle ‰ must be smaller 

than the critical angle ‰ . This does not mean that all modes with an angle ‰ ‰  will be 

able to propagate. Each mode is associated with light rays at a discrete angle of propagation, 

as given by electromagnetic wave analysis. This critical angle derives from Snellés law and is 

defined as below, considering ὲ as the lower refractive index medium surrounding ὲ which 

is the core with higher refractive index: 

‰ ὧέί
ὲ

ὲ
 

Equation 

4.1 

Let us consider Figure 46, where wavelength and the wavenumber of light in the core are 

‗
ὲand Ὧὲ Ὧ ς“

‗, respectively, and ‗ is the wavelength of light in vacuum. Propagation 

constants along axis ᾀ and ὼ are: 

‍ Ὧὲὧέί‰ 
Equation 

4.2 

‖  ὯὲίὭὲ‰ Equation 

4.3 

 

Figure 46 - Confined light rays and their phase fronts. 

Before going into details about how modes are possible, it must be explained first the 

phase shift suffered by a light ray when on total internal reflection. The reflection coefficient of 

total reflected light (polarized perpendicularly to the plane of inc idence, meaning by plane of 

incidence the plane formed by the incident and reflected rays), naming the reflected and inci-

dent rays ὃ and ὃ, respectively, is given by: 

ὶ
ὃ

ὃ

ὲίὭὲ‰ Ὦὲὧέί‰ ὲ

ὲίὭὲ‰ Ὦὲὧέί‰ ὲ
 

Equation 

4.4 

Knowing that the refractive index contrast (Ў) is given by: 

Ў
ὲ ὲ

ςὲ
ḙ
ὲ ὲ

ὲ
 

Equation 

4.5 
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And expressing the complex reflection coefficient as ὶ Ὡ , the phase shift • is (uti-

lizing equation 4.5): 

• ςὸὥὲ
ὲὧέί‰ ὲ

ὲίὭὲ‰
ςὸὥὲ

ςЎ

ίὭὲ‰
ρ  

Equation 

4.6 

this phase shift is known as the Goos-Hänchen shift. 

Now, going back to Figure 46, let us consider the phase difference between light rays 

that travel from P to Q and from R to S. Light ray PQ has not suffered any reflection influence 

yet, while light ray RS has been reflected twice before (first on lower then on upper core-clad-

ding interfaces). Since points P and R or Q and S are in the same phase front, the optical paths 

PQ and RS (including the Goos-Hänchen shifts introduced by the two total reflections) should 

be equal or their difference must be an integral multiple of ς“. 

The distance between points Q and R is, 

ὗὙ
ςὥ

ὸὥὲ‰
ςὥὸὥὲ‰ 

Equation 

4.7 

the distance between points P and Q can be expressed by, 

ὖὗ Љ ὗὙὧέί‰
ςὥ

ὸὥὲ‰
ςὥὸὥὲ‰ ὧέί‰ ςὥ

ρ

ίὭὲ‰
ίὭὲ‰  

Equation 

4.8 

The distance between points R and S is, 

ὙὛ Љ
ςὥ

ίὭὲ‰
 

Equation 

4.9 

So, phase matching condition (a.k.a. Total Internal Reflection) for optical paths PQ and 

RS is: 

ὯὲЉ ς• ὯὲЉ ςά“ȟ ύὬὩὶὩ ά πȟρȟςȟȣ 
Equation 

4.10 

Substituting equations 4.6, 4.8 and 4.9 into equation 4.10, we may obtain the condition 

for propagating angle ‰, 
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Equation 

4.11 

Equation 4.11 shows that the propagation angle is discrete and is determined by the 

waveguide structure (core half width ὥ, refractive index ὲ and contrast Ў) and the light sourceés 

wavelength Ὧ ς“
‗. The optical field that satisfies equation 4.11 is designated the mode. 

The value of propagation constant ‍ given by equation 4.2 is also discrete and is denoted as 
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an eigenvalue. The mode that has the smallest angle ‰ in equation 4.11 ά π is the funda-

mental mode. All other larger angle modes are higher order modes ά ρ. 

When developing an optical device, several design constraints arise quite easily. One of 

utmost importance is the power budget and newly developed device characteristics must meet 

the given specifications. Moreover, geometrical constraints often lead to flections in propagat-

ing direction, hence contributing negatively to transmission efficiency. To provide a better as-

sessment on how attenuation might be affected by these direction changes, we conducted an 

analysis over the Poynting vector amplitude variation, as the fundamental mode propagates 

along the core waveguide. 

To accomplish this analysis, two different dielectric structures were considered. One be-

ing a straight waveguide and the other an arc waveguide preceded and terminated by straight 

waveguides; both cores were Hydrogenated Amorphous Silicon (a-Si:H) based and embedded 

in SiO2, as depicted in Figure 47. 

 

Figure 47 - Simulated straight and arc a-Si:H waveguides. 

These structures were simulated, by means of Finite Difference Time Domain (FDTD) al-

gorithm, over a range of decreasing arc waveguide radius for the latter and on selected 
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frequencies, encompassing wavelengths in all three windows of optical transmission, for the 

former, while keeping all other design parameters constant. In a Z-axis propagating wave, the 

power contained in an X-Y plane may be formed by two components. The X-polarized, Z prop-

agating power and the Y-polarized, Z propagating power. The algebraic sum of these two 

components is the total power at the X -Y plane (OptiFDTD, n.d.): 

ὖ ὖ ὖ  
Equation 

4.12 

The Z direction Poynting vector for a point in an X-Y plane is given by: 
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Equation 

4.13 

The Poynting vector is a complex value, and this software platform only displays its am-

plitude, thus we had to place monitoring detectors at different locations along the optical path, 

to calculate the power attenuation experienced by the propagating mode.  Our simulations 

modelled a 2D waveguide with no geometrical restrictions over the third dimension, hence a 

slab waveguide. Moreover, we considered the fundamental Transverse Electric (TE) propagat-

ing mode as the evaluated quantity (analogous conclusions would be drawn for the Transverse 

Magnetic (TM) mode). 

As such, the power of the fundamental TE mode at a given X-Y plane is described by: 
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Equation 

4.14 

The results obtained in this work through FDTD simulations, showed that the use of a-

Si:H waveguides for the propagation of electromagnetic energy, is highly dependent of the 

operating wavelength. Namely, for energies above 1.24 eV (< 1 µm wavelength), the propaga-

tion losses are prohibitively high. Nevertheless, when operating within the 2nd or 3rd windows 

of optical transmission, a-Si:H is almost transparent at these wavelengths, and deposited wave-

guides may be used as optical interconnects. The results obtained are depicted in Figure 48 for 

both operating wavelengths, 880 nm and 1500 nm. 
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Figure 48 - a) Power decay verified at the wavelength of 880 nm; b) Power decay verified at the wavelength 1500 

nm. 

Regarding the arc waveguides, we verified that the power decay was of no great signifi-

cance. The high refractive index contrast between a-Si:H and SiO2 is able to provide high con-

finement for the propagating mode, thus radiation leakage due to a change in propagation 

direction is very low. The simulation workspace is presented in Figure 49 and corresponds to 

an arc radius = 5 µm (approximately three quarters of the way through all iterations):  

 

Figure 49 - Design conditions workspace (radius = 5 µm). 

In the above figure, green rectangles represent observation lines, all able to measure 

optical power going through. The script runs each iteration and the intensity of the 



 118 

electromagnetic field at three different observation points is used to plot power decay as wave-

guide radius decreases, as per equation 4.15, where P2 and P3 represent the field intensity at 

observation lines 2 and 3, respectively. 

ὝέὸὥὰὨὄ ρπὰέὫ
ὥὦίὖσ

ὖς
 

Equation 

4.15 

Figure 50 shows power readings obtained at the three measuring points (observation 

lines 1, 2 and 3) as arc waveguide radius is being iterated and at the operating wavelength of 

1500 nm. Looking at observation line 3 plot, one can see that the electromagnetic field intensity 

is decreasing as the arc waveguide radius increases, or reversely, the field intensity increases 

as radius decreases. Should it not be the other way around? The explanation for this behaviour 

is that observation line 3 is sensing the total electromagnetic field intensity and that includes 

losses due to the intrinsic attenuation of a-Si:H by path unit (which happens to be approxi-

mately ςȢυ Ὠὄὧά ) plus losses due to interference from higher order modes as the electro-

magnetic field propagates through the interface straight/arc waveguides, hence another anal-

ysis strategy is needed. 

 

Figure 50 - Observed power decay as radius increases. 

This new strategy led to equation 4.16, which considers a-Si:H intrinsic attenuation and 

calculates interference losses verified along the arc waveguide. The obtained results have 
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generated the graph on Figure 51 where the collected data, as arc waveguide radius increases, 

has been exhibited. 

ὙὥὨὭὥὸὭέὲὨὄ ὝέὸὥὰὨὄ ὰέίίϳ Ὠὄ 
Equation 

4.16 

 

Figure 51 - Corrected power loss as radius increases. 

Looking at the graph presented in Figure 51, it is evident the increase in losses as the 

arcés radius decreases, confirming the validity of this new strategy for the calculation of losses 

with the arcés radius. Furthermore, the presented results show no significant impact on the 

overall losses even at the lowest simulated arc radius (3 µm). 

4.3 Sensing Structures Based on Surface Plasmon Reso-

nance 

Regarding the elements implementing the sensing functionality  of the envisioned photonic 

integrated circuit , we have explored two distinct approaches in this work. The first one consid-

ered a sensing structure that consisted of an a-Si:H waveguide, wide enough to support prop-

agating only the fundamental mode and that is butt -coupled to a thinner air gap, created in 
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an involving metallic structure. An additional air gap stub has been placed perpendicularly to 

previous air gap, with a given width and height, to detect minute variations of the refractive 

index of the analyte under observation. For the second approach of our work, we have de-

signed a sensing structure consisting of a thin metallic layer deposited over an a-Si:H wave-

guide 235 nm thick and with a central section 5 nm thicker, where the metallic layer has been 

deposited on. This is an Aluminum (Al) layer 500 nm long and 18 nm thick. The thickness of 

the Al layer has been found by optimization through consecutive simulations.  

Performance of SPR based sensors is mainly evaluated by their sensitivity, detection ac-

curacy (DA) and resolution. When working with sensors on spectral interrogation, the refractive 

index of the sensing layer (ὲ ) is assumed as the independent variable and to which the 

resonance wavelength (‗ ) depends on, i. e. a ‏ὲ  variation on the sensing layer 

refractive index will correspond a shift ‏‗  on resonance wavelength. Thus, sensitivity 

(Ὓ) of a spectral interrogation sensor can be expressed as equation 4.17: 

Ὓ  
‗‏

ὲ‏
    ὲάὙὍὟϳ   

Equation 

4.17 

Detection accuracy (DA) of these structures depends on how accurate and precisely they 

are able to detect ‗  and, consequently, their sensed layers ὲ . The accuracy in 

detecting ‗  further depends on the spectral width of the SPR dip. A narrower spectral 

width leads to higher detection accuracy. Therefore, by expressing the spectral width of the 

SPR response curve referenced to an arbitrary level of transmitted power as ‏‗ , the de-

tection accuracy of the sensor can be defined as the reciprocal of ‏‗ . Therefore, for spec-

tral interrogation devices, detection  accuracy is thus defined as in equation 4.18: 

Ὀὃ  
ρ

‗‏
  

Equation 

4.18 

being ‏‗  the Full Width Half Maximum (FWHM) of the SPR resonance curve. 

Resolution (Ўὲ) is the minimum variation in the refractive index that can be detected by 

an SPR based sensor. This parameter also depends on the spectral resolution of the measuring 

device (spectrometer of some sort: - external spectrum analyser or wavelength monitoring 

diode, or a fully integrated lab -on-chip, wavelength detector), ‏‗ . Hence, assuming a shift 

of ‏‗  on the resonance wavelength corresponding to a ‏ὲ  variation of the 

sensed layer refractive index, resolution might be defined as in equation 4.19: 

Ўὲ  
ὲ‏

‗‏
‗‏   

Equation 

4.19 



 121 

 Plasmonic Waveguide 

Our proposed SPR/Fano based sensor structure is similar to the approach followed by Zafar et 

al. (Zafar & Salim, 2016), but adjusted for our particular case, and the simulation workspace 

layout is shown in Figure 52. This plasmonic structure contains only one cavity as opposed to 

what is described in previously mentioned article (Zafar & Salim, 2016) and other literature 

(Deng et al., 2017), where two stub cases are referred. These structures rely on multipole (usu-

ally quadrupole) resonant modes to interfere with the dipole resonant mode, thus generating 

the asymmetric line shape. According to their findings, these structures produce steep dips on 

the transmission spectral response, offering prospects of high-performance sensing capabili-

ties but they also require high precision on relative dimensions and positioning which, given 

contemporaneous state of the art nanotechnology, would not be ea sy to accomplish consid-

ering large scale manufacturing. 

 

Figure 52 - SPR/Fano stub sensor workspace layout. 

The proposed structure finds many similarities to the work described in the first part of 

a classical analogy to resonances in harmonic oscillator systems (Joe et al., 2006). In this work, 

it is mentioned that the Fano resonance phenomenon requires weak coupling between the 

oscillators, meaning that the damping factor must be at least one order of magnitude lower 

than the resonance frequency amplitude. Not all materials present this weak coupling feature, 

namely and according to Lukyanchuk et al (Lukyanchuk et al., 2007), noble metals such as gold 

and silver do not verify this prerogative. Nevertheless, Al is indicated as possessing weak dis-

sipation rates near surface plasmon excitation frequency. 

Our sensing structure consisted of an a-Si:H waveguide, ςςχ ὲά wide (calculated to as-

sure minimal loss and single mode propagation at the operating wavelength of ρȢυυ ‘ά) and 

a wider Al structure with an air gap at the middle and across its length, which has connected 
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another upwards gap stub. The input field consisted of the fundamental TM mode, a gaussian 

modulated pulse (~870 nm bandwidth) , with ρ ὃά amplitude and central wavelength of 

ρȢυυ ‘ά. Two observation lines were placed to monitor, from left to right, reflection and trans-

mission. An observation point was placed near the transmission detector to monitor the dy-

namic convergence of the propagating electromagnetic pulse. 

As previously mentioned in this document, Fano resonance originates from the interac-

tion between a discrete resonance mode and a broader spectral line resulting from dipole 

resonant modes, which generates an asymmetric line shape. To investigate that the underlying 

phenomenon of our observations was indeed a Fano resonance, we planned a course of action 

where two simulations of our proposed structure were carried out:  

Á Structure where there is only the Al/air gap and no stub  Oobserve and identify the 

resonant poles that generate the propagating continuum of states ; 

Á The proposed structure with the Al/air gap and the upwards air stub  Oobserve and 

identify the discrete resonant mode and its influence on the overall spectral response. 

In Figure 53.a) one can observe the dipole resonant mode that is characterized by a broad 

continuum of states propagating through the metal -dielectric-metal structure and in Figure 

53.b) the correspondent spectral response obtained on the transmission detector. 

 

Figure 53 - Poynting Vector dipole resonant mode; b) transmission spectral response. 

The simulation results of the second of our planned actions is depicted in Figure 54.a), 

where one is still able to perceive the dipole resonant mode but, this once, a discrete resonant 

mode has materialized due to the inclusion in the structure of the upwards air stub. The addi-

tion of this cavity and the discrete resonant mode generation result in an interaction between 

the two resonant modes which is, in fact, a characteristic Fano spectral response, an asymmetric 

line shape as can be observed on the transmission spectral response of Figure 54.b). 
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Figure 54 - a) Poynting Vector dipole and discrete resonant modes; b) transmission spectral response. 

To evaluate sensor parameters such as sensitivity, detection accuracy and resolution, it 

has been selected the υπ ὲά wide and σρπ ὲά high stub configuration for its curve transmis-

sion response presents good modulation depth and almost intensity balanced peaks . This is 

depicted in Figure 55, where it is also possible to observe similar criteria responses of Silver 

(Ag) and Gold (Au). Similar procedure was conducted for structures with Ag and Au as the 

active metal. As previously mentioned, all Lorentz-Drude dispersive models were obtained 

from OptiFDTD (OptiFDTD, n.d.) materials library. As expected, preliminary comparison results 

between Ag and Au structures and our proposed Al based structure showed that noble metals 

have higher modulation depth at this operating wavelength.  

 

Figure 55 - Transmission wavelength impulse response in the spectral range 1 to 3 um. 

Next, it has been evaluated the influence of an alteration of the surrounding environment 

refractive index in the resonance wavelength of the sensing structure. Being a Fano resonance-

based structure, it is expected a somewhat large Full Width Half Maximum (FWHM) and that a 
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minor change in the refractive index should produce a significant deviation of the resonance 

wavelength. 

Figure 56 shows transmission response to the electromagnetic input field of our pro-

posed SPR/Fano stub-based sensing structure exhibiting good modulation depth. According 

to equation  4.17 and through the observation of the above figure, the resonance wavelength 

was red shifted by ͯ ρφ ὲά ( ρͯσ ὲά for Ag and ͯ ρυ ὲά for Au), which results in sensitivity Ὓ

 ͯρφππ ὲάȾὙὍὟ (Ὓ  ͯρσππ ὲάȾὙὍὟ for Ag and Ὓ  ͯρυππ ὲάȾὙὍὟ for Au). 

 

Figure 56 - Aluminium device spectral response for a refractive index variation of 0,01. 

The FWHM calculated for ὲ ρȢπ was found to be ςͯτπ ὲά for Al ( σͯππ ὲά for Ag and 

Au), which according to equation 4.18 results on a detection accuracy Ὀὃ τȢς ‘ά  (Ὀὃ

σȢσ ‘ά  for both Ag and Au). Assuming a resolution of πȢπς ὲά for the spectrometer con-

nected to the output waveguide and considering equation 4.19, this sensor resolution would 

be Ўὲ ρȢςυὩ  (Ўὲ ρȢυσψυὩ  for Ag and Ўὲ ρȢσσσσὩ  for Au). 

 Waveguide-Based Surface Plasmon Resonance Sensor 

The following structure has been designed considering cost-effective materials (a-Si:H and Al), 

and all requirements concerning replication of physical reality, as far as materialsé dispersive 

models and extinction coefficients are concerned, were fulfilled. This was accomplished by se-

lecting, for the a-Si:H waveguides, a dispersive model (A. Fantoni et al., 2017) for very good 

quality hydrogenated amorphous silicon (approximately πȢττ Ὠὄὧά  attenuation at the se-

lected operating wavelength and simulation conditions) and, for the Al structure, a Lorentz-

Drude dispersive model from OptiFDTD (OptiFDTD, n.d.) materials library. This good quality a-

Si:H model incorporates light absorption in the near infrared range, by considering the density 

of defects in the atomic structure, which governs absorption in this spectrum range. Hence, the 
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need for its inclusion in simulations, namely if the intended targets are a-Si:H waveguides op-

erating at telecommunication wavelengths. 

The proposed structure is depicted in Figure 57. It consists of an input waveguide, the 

sensing area formed by the central waveguide with a thin aluminium layer placed on top, and 

an output waveguide. These are a-Si:H waveguides designed to operate as single mode struc-

tures at the wavelength ‗ ρȢυυ ‘ά. The width of both input and output waveguides is se-

lected to assure single mode operation and the central waveguide is υ ὲά wider to enable 

excitation of the first mode.  

 

Figure 57 - Workspace layout for the SPR based waveguide sensor. 

Aluminium has been simulated considering a Lorentz-Drude dispersive model from the 

materialsé library of the software platform. The input field consisted of a Gaussian modulated 

TM impulse, centred at the operating wavelength. Several detectors were placed along the 

structure, as can be observed in Figure 57, being the most relevant the ones monitoring the 

electromagnetic field reflection and transmission (green vertical lines located at the left and 

right -hand sides of the layout). 

The results obtained for reflectance are depicted on Figure 58.b), while on Figure 58.a) is 

represented the Poynting vector magnitude along the waveguide structure. The narrower res-

onance has been attributed, given its profile and spectral location, to a Fano-like resonance 

(Fano, 1961). As can be observed, two main dip features are present at the reflectance graphic 

(Figure 58.b)). The first one at the approximate wavelength of ρȢφφ ‘ά and the second one at 

the approximate wavelength of ςȢρυ ‘ά. 
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Figure 58 - a) Poynting vector along the waveguide; b) Reflectance in the range 1,033 to 3,1 µm. 

Considering water for the aqueous medium, aluminium for the thin metal layer, both 

their permittivities at the operating wavelength ‗ ρȢυυ ‘ά and equation 3.130 for the Surface 

Plasmon Wave (SPW) propagation constant, the analytical solution yields ‗ ḙςȢπυς ‘ά. 

This is in fair good agreement with the wavelength of the second observed dip feature. How-

ever, there is a narrower and deeper dip feature, observed at a shorter wavelength, which offers 

prospects for a better performance sensor. 

This resonance might be explained by the interference phenomenon known as Fano res-

onance and already referred in this dissertation. Typical graphical representation is described 

as the asymmetric peaks in a spectral response, generated by the interaction between a dis-

crete and a continuum of states, at the same energy level. This interference or detuning con-

dition is highly dependent on the upper metal/dielectric interface and, consequently, highly 

dependent of the refractive index of the medium above the u pper interface. 

Followed an evaluation of an alteration in the surrounding environment refractive index, 

over the resonance wavelength of the device. Being a Fano resonance-based structure, it is 

expected a somewhat large FWHM, and that a minor change in the refractive index should 

produce a significant deviation of the resonance wavelength. Figure 59 shows the results ob-

tained for the Al device with a refractive index increase of one tenth of Refractive Index Unit 

(RIU). 
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Figure 59 - Resonance red shift due to an increase in refractive index of 1/10 RIU. 

Simulations were performed to evaluate the dip feature deviation for a change of 0.1 in 

the refractive index of the aqueous medium. Figure 59 depicts the results obtained and where 

one is able to observe a spectral response with fairly good modulation depth and a ςτ ὲά red 

shift of the resonance wavelength. Through equations 4.17 - 4.19, one is able to calculate a 

sensitivity of ςτπ ὲάȾὙὍὟ, the FWHM was found to be ρͯχς ὲά, resulting in a detection accu-

racy of υȢψ ‘ά  and, assuming a resolution of πȢπς ὲά for the spectrometer connected to the 

input waveguide, this structure resolution would be ψͯȢσσσσὩ  ὙὍὟ. 

4.4 Multimode Interference Structures 

This subsection considers the photonic component which is responsible to provide both refer-

ence and sensing arms for the detecting transducer (see in previous section, Sensing Structures 

Based on Surface Plasmon Resonance) ä the Multimode Interference ( MMI ) structure. As such, 

two approaches have been followed: 

¶ First approach considers the analysis of the impact of fabrication tolerances in the per-

formance of manufactured structures; 

¶ The second approach considers two different strategies to mitigate the negative impact 

of perturbations in the structureés geometry, introduced by fabrication processes.  

 Design and Analysis of Fabrication Tolerances 

Next, it has been conducted an analysis of a symmetric interference MMI  device tolerance to 

manufacturing deviations, considering photonics in a Complementary Metal Oxide 
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Semiconductor (CMOS) platform . A representation of the device is presented in Figure 60. This 

schematic represents an Amorphous Silicon Nitride (a-SiNx) multimode interference device em-

bedded in SiO2 and associated dimensions, which were used throughout this paper in our simu-

lations and subsequent analysis. 

 

Figure 60 - Diagram of simulated MMI structure and involved dimensions.  

The effective refractive index variations due to the limited resolution of lithographic mask 

process are known to adversely affect the splitting ratio from the optimum MMI  device design. 

Hence, the width and length of our simulated MMI structure were designed as short as possible 

to assure the highest tolerance to manufacturing perturbations.  

Previous studies (Besse et al., 1994; L.B. Soldano & Pennings, 1995) have been reported 

in the literature based on a 2D paraxial approximation. This research has considered both 

bandwidth and tolerance analysis of InP MMI  based devices, but this method is applicable for 

any other suitable semiconductor, namely a-SiNx. Once the MMI  section length is established, 

wavelength ‗  for optimal self -image generation may be expressed by combining equation 

3.151 and equation 3.172, resulting in equation 4.20, where ὥ denotes the type of coupler (for 

1 × N power splitter, ὥ τ): 
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Equation 

4.20 

Considering equation 3.151, one can notice that the operating wavelength is inversely 

related to the beat length, thus longer wavelengths require shorter devices and vice-versa. 
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Also, variations on the operating wavelength, width, effective refractive index, and length of 

the MMI  coupler are related by: 
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Equation 

4.21 

From equation 4.21, together with equation 4.20, it can be directly inferred that shorter 

devices will be more tolerant (the same repeating perturbation over a longer length has more 

impact than over a shorter one), thus higher losses and smaller fabrication tolerances are ex-

pected for a cross-coupler, when compared to a 3 dB MMI coupler. For well-separated output 

images, any design parameter variation leads first to an increase of the losses, so the optical 

bandwidth and the fabrication tolerances can be described in terms of excess losses, ‌. 

In Besseés work (Besse et al., 1994), excess losses are calculated as a function of the MMI 

length variation and the optical field amplitude of the single mode symmetrical, for both input 

and output waveguides, is approximated by Gaussian beams of waist Ὠ. Hence, MMI  section 

length variation may be expressed by: 
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Equation 

4.22 

where ὤɻ is a function of the excess loss ‌. 

In previous article (Besse et al., 1994), the authors have expressed excess losses as a func-

tion of the structure length variation but considering the width perturbation as tolerance af-

fecting factor, for this is the most critical geometrical parameter. Our work also assesses width 

variation but  by evaluating the output power imbalance dependence to lithographic mask fi-

nite resolution. The simulated structure consists of input and output waveguides, and MMI 

section affected by independent defects distributions along longitudinal edges.  

The standard deviation of the distribution of d efects affects the width (X-axis) of all sec-

tions of the structure along the propagation length (Z -axis) and are independent in each sec-

tion of the structure (input and output waveguides, and MMI  section). It was assured that de-

fects on the left and right longitudinal edges of each section were not correlated to one an-

other, nor even within sections. The correlation length was 10 µm and 70.5 µm for input/output 

waveguides and MMI  section (full length of each section), respectively. This has been the uti-

lized strategy to emulate defects distribution on real -world devices. 

A silicon nitride waveguide buried in silicon dioxide is not a usual waveguide design. 

However, there are some reports in the literature which have implemented similar technology. 

Namely, for the manufacturing of such a device, the process could rely on a bottom thermal 

SiO2 substrate, followed by Plasma Enhanced Chemical Vapour Deposition (PECVD) of the a-
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SiNx waveguide and an SiO2 cladding which can be obtained by a PECVD process (Sun, 

McComber, et al., 2009) or by plasma gas decomposition (Takei, 2016). 

Figure 61.a) shows the impact, on a 5:1 display ratio for better readability, of lithographic 

mask defects on the refractive index of the MMI device, when considering 10 nm standard 

deviation for the random distribution of perturbations. This is a representation of the refractive 

index profile of a particular structure, under previously referred constraints regarding defects 

distribution, and at the Ù πȢρ ‘ά cut plane (half thickness). 

 

Figure 61 - a) Refractive index perturbations due to lithographic mask defects (10 nm standard deviation); b) Rep-

resentation of transversal refractive index profile at z = 50 ˃Ƴ (multimode interference section embedded in SiO2). 

Figure 61.b) depicts, on a 1:5 display ratio, previously mentioned structure refractive in-

dex profile at the cut plane ᾀ  υπ ‘ά, and where one is able to point out features like its 

thickness at this location, and both SiO2 substrate and same material 50 nm covering layer. 

Simulations were conducted on a structure with the following characteristics, and where the 

MMI  section length was determined considering equation 3.172 with corresponding parame-

ters for a 3 dB power splitter structure (ὴ ρȟὔ ς ὥὲὨ ὥ τ): 

¶ ρ πȢς ρπ ‘ά for input and output waveguides width, height and length, respec-

tively; 

¶ χ πȢς χπȢυ ‘ά for MMI  section width, height and length, respectively; 

¶ MMI  device is completely embedded in SiO2 with 50 nm cover; superstrate is air. 

Next, it has been defined imbalance between output waveguides as the ratio expressed 

by equation 4.23: 

ὍάὦὥὰὥὲὧὩ
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Equation 

4.23 
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BPM simulations were conducted on a device with the characteristics presented in Figure 

61, with the fundamental TM mode as the input field and at the operating wavelength of 650 

nm, while iterating standard deviation of defects distribution from 1 to 30 nm. Power imbalance 

between output waveguides has been monitored at the 10 µm mark (the end of output wave-

guides), providing the results depicted in Figure 62.  

 

Figure 62 - Resulting imbalance due to limited lithographic mask resolution.  

As can be observed and for this particular sample, measured power imbalance remains 

under 10 % boundary for manufacturing defects standard deviation up to ρͯτ ὲά, increasing 

almost monotonically for higher order values. These standard deviation higher values may, in 

fact, compromise the MMI  structure main purpose, which is to generate two identical mode 

profiles in both detecting and reference arms for our biomedical sensing device. 

Then, a slightly different approach has been considered. Under a manufacturing perspec-

tive, we evaluated the influence of lithographic mask defects on a batch production of samples. 

To this end, we considered a manufacturing facility where 750 MMI  devices were to be pro-

duced with limited lithographic mask resolution. All samples had random distributions of de-

fects along their longitudinal edges and all these perturbation distributions were independent 

to one another. The uncorrelated variables required to generate the random distributions were 

obtained through a discrete random function that is one of the features contained in Synop-

sys©  simulation software tool (RSoft, n.d.). 

To evaluate the tolerance to mask defects of the samples batch, BPM simulations were 

carried out, while random perturbations standard deviation was iterated from 1 to 15 nm. Fig-

ure 63 presents the imbalance verified along the last υ ‘ά of propagation in the output 
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waveguides of all 750 samples. Verified field amplitude fluctuations are due to constructive/de-

structive interference, caused by random refractive index perturbations, which result from the 

limited lithographic mask resolution along the longitudinal edges of the monitored output 

waveguide. It is distinguishable a clear agglomeration of samples within the υ Ϸ imbalance 

marks. 

 

Figure 63 - Verified imbalance along last 5 µm of propagation in output waveguides for all 750 samples.  

In order to quantify the number of manufactured devices with imbalance between the 

output waveguides not above 5%, the imbalance of all 750 samples was computed considering 

an average of the last υ Аά of propagation in each sample. Then, statistical analysis of acquired 

data has been performed and the results obtained show that, approximately, ωσ Ϸ of all pro-

duced samples are within this ratio range, as depicted in Figure 64.  

This means that, in a production batch of 750 fabricated devices, and considering the 

standard deviation of random perturbations introduced by lithographic mask not higher than 

ρυ ὲά, χ Ϸ of manufactured devices are expected to have power imbalance between the out-

put waveguides above υ Ϸ. 
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Figure 64 - Imbalance histogram for the 750 manufactured devices. 

 Lithographic Mask Defects Mitigation  

The remarkable success of lithographic technology in semiconductor industry, has persuaded 

the transference and adaptation of this technology to device manufacturing in the photonic 

integrated circuits industry. However, optical devices present a much higher sensitivity to lith-

ographic imperfections, when compared to the electronic counterparts. This greater reactive-

ness to imperfections is explained mainly by the wavelength at which such devices operate, 

being similar to the wavelength used for mask transfer (Harriott, 2001), with corresponding 

resolution: 

ὙὩίέὰόὸὭέὲὯ
‗

ὔὃ
 

Equation 

4.24 

where ‗  is the wavelength used for lithography, Ὧ is a constant that depends on the used 

process (for integrated circuits manufacturing, Ὧvaries from 0.5 to 0.8), and ὔὃ is the numer-

ical aperture of the optical lithographic tool (usually ὔὃ varies from 0.5 to 0.6). 

Only selected few manufacturers have access to state-of-the-art foundries, where reso-

lutions of ρππ ὲά or less are a reality. In most facilities that are able to fabricate such structures, 

namely research institutes and universities, lithographic mask defects present a performance 

constraint that must be better understood and mitigated.  
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This work has considered two approaches to mitigate the impact of the main causes of 

excess loss and power imbalance in these structures, namely the lithographic mask limited 

resolution: 

¶ The insertion of tapers to adapt the width mismatch between the access waveguides 

and the wider MMI  section; 

¶ By using graphene sandwiched between dielectric waveguides and placed at strategic 

locations along the MMI  structure to control the influence of propagating modes inside 

the multimode section.  

4.4.2.1 Tapered access waveguides 

First approach considered the evaluation of the impact of inserting linear tapers in each access 

waveguide. To this end and considering the structure referred in previous section, a set of 

simulations were carried out on a device with the dimensions listed in Table 1. The MMI  section 

length was determined considering equation  3.172, with corresponding parameters for a σ Ὠὄ 

power splitter device (ὴ ρȟὔ ς ὥὲὨ ὥ τ). 

Table 1 - Waveguides and multimode sections dimensions. 

Section width [µm] height [µm] length [µm] 

waveguide 1 0.2 10 

multimode 8 0.2 90.4 

The schematic presented in Figure 65 reflects the impact of the random distribution of 

defects along the longitudinal edges of the simulated structure, where the whole device is 

embedded in SiO2 with a υπ ὲά cover layer and the superstrate is air. 
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Figure 65 - Simulation workspace of the tapered MMI structure.  

Simulations were conducted considering the operating wavelength ‗ φυπ ὲά, the 

Transverse Electric (TE) fundamental mode as the input field, and ρπ ὲά standard deviation for 

the random distribution of defects, while iterating the width of the linear tapers located be-

tween the multimode section and the access waveguides. By monitoring the power at the end 

of the output waveguides, we were able to obtain the results presented in Figure 66, when 

considering the imbalance between the output waveguides as before in equation 4.23. 

 

Figure 66 - Power imbalance and insertion loss vs taper width for a distribution of defects with 10 nm standard 

deviation. 

Above figure clearly shows that, as the taper width increases, the field intensity at both 

the output waveguides converges, hence minimizing power imbalance. Consequently, 
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insertion loss also decreases which is denoted by a slight increase on the monitored input 

power. These results seem to be in accordance with the work presented in Hill et. al (Hill et al., 

2003), which states that the ratio between the optimal access waveguide and the multimode 

section widths should be approximately πȟσ. 

4.4.2.2 Dynamic Tuning through Graphene 

Graphene has been a subject of intense research for some years now, because of its remarkable 

electronic and optical properties. It presents flexibility, robustness, environmental stability 

(Balandin et al., 2008) and singular optical properties, such as, strong light coupling 

(Bonaccorso et al., 2010) and optical conductivity controlled by bias gating (F. Wang et al., 

2008). This gate variable optical conductivity is of high interest for electro -optical modulation.  

According to Lu et al. (Lu & Zhao, 2012), there are two absorption processes in light-

graphene interaction. These processes are the inter-band and intra-band absorptions, which 

together characterize the complex conductivity of graphene:  

„ „ ˟‫ȟ‘ȟːȟ „ ˟‫ȟ‘ȟːȟ  
Equation 

4.25 

where, is the light angular frequency, ‘ is the chemical potential,  ːis the charged particle ‫ 

scattering rate and  ˟ is the temperature. Because the chemical potential may be electrically 

controlled, the conductivity of graphene can be tuned through gating voltage ὠ. 

It has been evaluated the evolution of the permittivity of graphene with the chemical 

potential, at the wavelength of operation for our MMI  structure (φυπ ὲά), to determine if this 

feature of graphene could also be exploited at this wavelength. Figure 67 presents the behav-

iour of graphene for our particular case. 

 

Figure 67 - Permittivity of graphene with the chemical potential when free space wavelength is 650nm. 

As can be observed in this figure, at the operating wavelength of φυπ ὲά, when the 

chemical potential reaches ρȟσςυ Ὡὠ and above, the real part of graphene permittivity crosses 
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zero while the imaginary part remains constant. This corresponds to a sign inversion of the real 

part of permittivity and is usually associated to a resonance often described as the "near-zero-

epsilon". Such effect is not a particularity of graphene, for many other materials (R. Liu et al., 

2008; Silveirinha & Engheta, 2006) also possess a plasma frequency which is characterized by 

a metallic-like behaviour, only in graphene this resonance may be reached through electrical 

gating. 

As such, we propose that by placing layers of graphene at strategic locations, namely 

where direct/mirrored images of the input profile are formed within the MMI  section, we might 

be able to control independently the influence of a given image or images, on the correspond-

ing affected output. If this control bias depends on the output power verified in one of the 

exiting waveguides, then through negative/positive f eedback, we might be able to dynamically 

tune the imbalance verified between output waveguides. 

Figure 68 presents an MMI  structure, where the propagating field is controlled by the 

bias applied on the graphene layer. By varying the chemical potential of graphene, one is able 

to affect its resonance at a given wavelength, hence the propagating field intensity may be 

modulated through bias gating of graphene.  

 

Figure 68 - Schematic of MMI structure with control through bias gating of graphene.  

Based on Figure 68 and the results presented regarding the change on the dielectric 

constant with increasing chemical potential, we used a mode solver to determine the modal 

index of the TE fundamental mode on a multilayer waveguide ς ‘ά wide and with the layers 

composition as presented in Table 2: 
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Table 2 - Multilayer structure composition and individual layers heights.  

Dielectric  Layer height  

ὛὭὔ  ωπ ὲά 

ὛὭὕ ρπ ὲά 

Graphene πȢχ ὲά 

ὛὭὕ ρπ ὲά 

ὛὭὔ  ωπ ὲά 

Our intent was to evaluate the impact of the chemical potential ‘ variation on the prop-

agating modes. We also considered SiO2 as the substrate and air for the cladding. Figure 69.a) 

represents the transverse refractive index profile of the waveguide utilized by the mode solver 

to determine the TE fundamental mode supported by the multilayer waveguide. Figure 69.b) 

and c) show the fundamental mode profiles when the chemical potential of graphene is π Ὡὠ 

and ρȟσςυ Ὡὠ. Note the difference between the imaginary parts of the modal indexes present 

at both profiles. The ‘ ρȢσςυ Ὡὠ profile presents a value almost one order of magnitude 

lower, and the same behaviour has been verified in the first 4 modes (four propagating modes 

were searched with the mode solver, although this structure supports higher order modes). 

 

Figure 69 - a) Transverse refractive index profile of simulated waveguide; b) fundamental mode profile when ˃ c=0 

eV and c) fundamental mode profile when c˃=1,325 eV. 

The complex value of the modal index of a given mode is defined as in equation 4.26: 

ὲ ὲ ὭὯ 
Equation 

4.26 

where, ὲ and Ὧ correspond to the real and the imaginary parts, respectively, of complex value 

ὲ ; Ὧ is often referred to as the extinction coefficient and is directly related to the absorption 

of the material, as in equation 4.27: 

‌ τ“Ὧ
‗ 

Equation 

4.27 

Furthermore, and to properly evaluate the whole MMI  structure and its behaviour when 

subjected to electromagnetic field radiation, we had to configure our simulation tools 
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accordingly. One must realize that the MMI  device is too long to be simulated by the Finite 

Difference Time Domain (FDTD) algorithm and that the BPM is not accurate enough to simulate 

a graphene layer πȟχ ὲά thick. Certainly, FDTD can perform a simulation over the entire 3D 

structure and, simultaneously, being able to æseeç the πȟχ ὲά high graphene layer, only not 

within sensible limits of time.  

Also, this time we considered an MMI  structure (similar to the one presented in Figure 

68) ψ ‘ά wide, ρπψ ‘ά long in total (ψψ ‘ά for the MMI  section and ρπ ‘ά for each input and 

output waveguides) and ςππȟχ ὲά thick (0.7 nm accounts for graphene thickness). This is a 

silicon nitride structure deposited on an SiO2 substrate, and where have been deployed the 

metallic contacts. Beneath this substrate there should be a metallic plane to assure enough 

charge carriers for the development of an electric field on the above placed graphene layer 

and, at the same time, to avoid collisions between these charge carriers and the incoming 

photons of the propagating electromagnetic field.  

Due to the limitations of our simulation tools, the workspace domain had to be divided 

in three sections. The first section started at the input waveguide and considered the first υς ‘ά 

of simulation workspace (ρ ‘ά before the graphene section), from υς ‘ά to υφ ‘ά (ρ ‘ά after 

the graphene section) corresponded to the second simulation section, and the third section 

goes from the υφ ‘ά mark to the end of the simulation domain. Each section was handled by 

the appropriate software tool and the outcome results were passed over to the next simulation 

stage tool. The tool sequencing is described in Table 3, together with the simulated propaga-

tion length and the intended outcome of each step.  

Table 3 - Simulation lengths and tools sequence. 

Algorithm  Length  Objective  

1. Mode solver ρπ ‘ά Obtain input field 

2. BPM υς ‘ά Obtain end field 

3. FDTD τ ‘ά Obtain end field 

4. BPM υς ‘ά Propagate to the end 

The FDTD simulations were executed on the central section of the structure, where the 

graphene multilayer structure extends from υσ ‘ά to υυ ‘ά. Figure 70.a) and Figure 70.b) de-

pict a Z-cut (ᾀ υτ ‘ά) view of the refractive index of this structure, considering both chemical 

potential levels for graphene, ‘ π Ὡὠ and ‘ ρȟσςυ Ὡὠ. 
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Figure 70 - Z-cut of the structure where graphene is located; the insets depict a vertical cut showing the impact of 

chemical potential, in a) with c˃=0 eV and in b) with c˃=1,325 eV, on the refractive index of the structure. 

The insets show a one-dimensional vertical cut of the refractive indexes, and their distri-

bution through the area where graphene has been deposited. These images enable the visu-

alization of the chemical potential impact on graphene's refractive index, with  each selected 

level ‘. As may be observed, when the chemical potential is ‘ ρȟσςυ Ὡὠ, the real part of the 

refractive index of graphene is close to zero (see in the inset of Figure 70.b), corresponding to 

the material "near-zero-epsilon" resonance presented in Figure 67, and which characterizes a 

"metallic-like" behaviour of graphene. 

The results obtained by FDTD simulation are presented in Figure 71, which were collected 

at the end of the graphene section, and for both values of the chemical potential. One is able 

to notice the amplitude difference verified between the two Poynting vector profiles, namely 

near the x-axis edges of the simulation domain (Figure 71.b) and c)). These results were ob-

tained by varying in both graphene layers the chemical potentia l (either Ⱨ╬ ȟ  ▄╥ or Ⱨ╬
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π ▄╥), emulating this way a gating voltage ὠ variation (see in Figure 68) and corresponding 

deformation of the Fermi level of graphene. 

 

Figure 71 - a) Normalized power at the end of graphene section when c˃=1,325 eV and c˃=0 eV; b) Poynting vector 

magnitude at the end of graphene section for c˃=0 eV and c) for c˃=1,325 eV. 

Then, follows the simulation of the rest of the structure. Again, the beam propagation 

method has been used to simulate this last section and Figure 72 shows the results obtained 

on both output waveguides for both chemical potential cases, ‘ ρȟσςυ Ὡὠ and ‘ π Ὡὠ. 

The observed difference between the two distinct ‘ instances is not of great significance, but 
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one must not forget that the power difference previously observed at the end of the graphene 

layers has been diluted through interference in the rest of the multimode section.  

 

Figure 72 - Normalized power at the output waveguides for both chemical potential instances ( c˃=1,325 eV and 

c˃=0 eV). 

Moreover, this corresponds to ς ‘ά long and ρ ‘ά wide graphene layers, and that the 

same chemical potential has been assumed for both of these layers at each simulated instance, 

which would not be the case if we were to compensate the power imbalance between the 

output waveguides in a closed loop dynamic control. In that case, it would be assumed a chem-

ical potential differential between both graphene layers, resulting from the negative/positive 

feedback given by the dynamic closed loop control.  

4.5 Experimental Setup for Optical Characterization 

Contemporaneous need for integrated photonics is a reality. Laser beams can be guided into 

thin film structures, where manipulating processes such as modulation, switching, frequency 

conversion and more, may be accomplished entirely within these structures. Assembling all 

components of a system within the same structure will contribute to the reduction of ambient 

conditions effects, an increase of reliability, lower systemsé footprint and increase their cost-

effectiveness. Moreover, the thickness of these structures is in the order of hundreds of 
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nanometres. This enables the propagation of EM waves with very high-power densities by unit 

area, which is beneficial for both electro-optic conversion and non-linear effects. These features 

may then be exploited to further promote photonics integration.  

PICs are assembled through the deposition of consecutive material layers. These are thin 

layers, few hundreds of nanometres thick, of a given material and their optical properties are 

different from bulk material properties. In order to fabricate these photon ic systems, one must 

know the optical properties of each deposited layer.  

 The Optical Setup 

Our approach considered the top surface of a Corning glass substrate, where a thin layer of a 

known dielectric has been deposited and for which its refractive index and thickness are to be 

determined; this assembly will be referred to as the sample. Next, a laser beam is focused on 

the face of an adequately chosen prism (Thorlabs ADT-6 - Rutile Coupling Prism), which has 

been placed over the sample as depicted in Figure 73. 

 

Figure 73 - Optical setup schematic. 

If all possible waveguide modes of the thin film are to be excited, the prism refractive 

index (ὲ) must be higher than the refractive indices of the dielectric film, gap or substrate 

(ὲȟὲ έὶ ὲȟ respectively). On the above figure, one is able to identify the laser diode (Thorlabs 

L650P007 operating at the 650 nm wavelength) providing the incident plane wave, the polar-

izer that enables the selection of TM or TE polarization and an aperture that has been used to 

minimize the diffraction effects associated to the laser beam.  

Next follows the rotary table (Thorlabs RBB300A/M), where the sample, prism and pro-

jection plane have been securely placed and fastened. This allows their angular motion with 

the rotary table, while maintaining the prism centred in the rotary table. Prism refractive index 
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is polarization and wavelength dependent, being established through Sellmeierés equations 

4.28 and 4.29 for TM and TE polarizations, respectively (Thorlabs, n.d.), where ‗ is in ‘ά: 

ὲ σȢςπψω
σȢτπππρπ

ρȢςςχπρπ ‗
σȢςυτυρπ‗ 

Equation 

4.28 

ὲ ςȢωχρσ
υȢρψωρρπ

ρȢςςψπρπ ‗
τȢςωυπρπ‗ 

Equation 

4.29 

which, at the 650 nm operating wavelength, yielded the refractive indices 2.5746 and 2.8614 

for TM and TE polarizations, respectively. 

According to  the literature (Tien & Ulrich, 1970), the coupling principles for the excitation 

of prism-dielectric film modes may be explained in simple terms: 

¶ Incoming laser beam goes through the prism face and is totally reflected at the 

base of the prism; 

¶ Total reflection of the laser beam generates a standing wave inside the prism and, 

consequently, an evanescent field extending from its base into the air gap below; 

¶ Boundary conditions of EM fields at the prism base require that fields below and 

above the prism base propagate with the same wave motion, thus the evanescent 

field varies in the Z-axis as Ὡ , where the subscript σ in ὲ and — is re-

lated to the prism; 

¶ If the air gap spacing is thin enough (between 1/8 to 1/4 of ‗, (Tien, 1971)), the 

evanescent field penetrates into the dielectric film and may excite a propagating 

mode (phenomenon described as optical tunnelling); 

¶ If the X-axis component of the wave vector mode in the film, which varies in the Z-

axis as Ὡ , where the subscript ρ in ὲ and — is related to the deposited 

film, coincides with the correspondent component of the evanescent field below 

the prism base, the EM wave inside the prism is exclusively coupled to the wave-

guide mode and the laser beam is considered to be in a synchronous direction; 

¶ Hence, it is possible to couple the EM standing wave developed within the prism 

to any dielectric film mode by selecting the correct synchronous direction for the 

incoming laser beam. 

Figure 74 shows in a) the propagation of the EM field within the a-SiNx thin film. The 

streak of light observed reveals some brighter points which might indicate surface roughness 

on the deposited thin film. Figure 74.b) shows the first generated line on the projection plane 

as the prism is rotated counterclockwise. Figure 74.c) presents the projection plane at a later 

stage of the prism rotation. The bright light point indicated as æangular positionç moves 
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horizontally on the projection plane as æmode line 1ç vanishes and æmode line 2ç appears. The 

two marked lines correspond to the fundamental and first modes that are being guided by the 

a-SiNx thin film.  

 

Figure 74 - Experimental results: a) Propagation of light on the thin film; b) Projected line when the fundamental 

mode is excited on the thin film; c) Projection plane when another mode is excited on the thin film.  

The obtained angular synchronous directions, relative to the prism base normal, for the exci-

tation of these modes were: 

¶ 39.8 ̄ ; 

¶ 48.3 ̄ . 

According to Tien et al. (Tien et al., 1969), the incident beam on the prism base must have the 

right angle of incidence , for its associated evanescent field phase velocity matches the phase 

velocity of the propagating mode in the semiconductor. The component of the propagating 

vector, parallel to the thin film, inside the prism is ὯὲÓÉÎ—, where Ὧ ‫ ὧϳ is the wave num-

ber, is the angular frequency and ὧ is the speed of light in free space. Considering ‫ ‍  as the 

propagation constant of the mode in the wave guiding film, a synchronous direction — of the 

standing wave generated inside the prism is verified when: 

‍ ὯὲίὭὲ— 
Equation 

4.30 



 146 

After calculating the modal indices of the excited modes, these parameters were fed into 

a developed Matlab application which returning outcome are the refractive index and thickness 

of the semiconductor wave guiding structure. The obtained results for this sample were: 

ὥ πȢφπρχ ‘ά ȟὲ ςȢσφυσ 

where ὥ and ὲ represent thin film thickness and refractive index, respectively. 

 In a later iteration of this optical setup, we used a sample consisting of a Corning glass 

substrate and where a thin film (581 nm thick) of Si2C2N6 had been deposited. The projection 

plane was replaced by a silicon photodetector and Figure 75 depicts the results obtained, 

where it is possible to identify three features corresponding each to an allowed excited mode 

in the Si2C2N6 film. 

 

Figure 75 - Excited modes in an Si2C2N6 film. 

4.6 Waveguide/Fibre Coupler 

Diffraction gratings, and the phenomena associated with these structures, have been known 

for some time now. From Wood (Wood, 1902), and the observation of rapid variation of re-

flected diffracted orders, to Maystre (Maystre, 1984) with the development of a rigorous vector 

theory to accurately describe the properties of general gratings. Later on, diffraction gratings 
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supporting the existence of leaky or quasi-guided modes have been referred as Resonant 

Waveguide Gratings (RWGs). 

For instance, Tamir (Tamir & Peng, 1977) and his analysis based on an improved pertur-

bation approach, was able to present reliable expressions for the design and analysis of RWGs. 

Rosenblatt et al. (Rosenblatt et al., 1997) also reported a thorough analysis and experimental 

results, explaining why these structures presented resonance phenomena depending on the 

incident wavelength, the angle of incidence and the characteristics of the grating. All these 

developments, and more not mentioned here, have paved the way for many different ap-

proaches using these structures throughout the years (Quaranta et al., 2018). 

Generally, reports referred in this paper and other present in the related literature, are 

mainly concerned with the analysis and design of these structures when operating in the 

third window of optical communications, the near infrared region. References to struc-

tures operating in other regions of the electromagnetic spectrum are sparse, or we have 

not been able to find them. Hence, the design and analysis of such devices in different 

spectrum ranges would contribute for a broader knowledge of these struct ures. One such 

region of the electromagnetic spectrum where research is especially active recently, is 

the visible one. Thus, our work is directed to structures operating in this range, namely 

the 650 nm wavelength. 

This work concerns the design and analysis of the structures required to couple out into 

a single mode optical fibre, a propagating mode inside a single mode waveguide, when oper-

ating at the 650 nm wavelength. For this purpose, we designed two main structures ä the RWG 

and the taper waveguide as depicted in Figure 76. The former structure is responsible for the 

efficient coupling of the beam of light into the single mode optical fibre and the latter for its 

lateral expansion. 
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Figure 76 - Full grating coupler structure comprising from right to left, the single mode Si3N4 waveguide, the taper 

waveguide, the RWG and the core of the single mode optical fibre. 

The proposed structure consists of a taper waveguide (rectangular waveguide engi-

neered to perform as a taper) connected at one end to a Silicon Nitride (Si3N4) single mode 

waveguide and, at the other end, connected to the RWG. The whole structure is monolithic, 

completely embedded in Silicon Dioxide (SiO2), and a thin layer (100 nm) of aluminium is 

placed at a given depth to behave as a metallic reflector (see in Figure 76). The taper waveguide 

is a rectangular cuboid as wide as the RWG. The tapering functionality is assured by a gaussian 

distribution of the refractive index and given by the expression:  

ὲὼ ὲ ЎὲὩ  
Equation 

4.31 

where, ὲὼ is the refractive index along one of the cartesian axes (X, Y and Z), ὲ is the refer-

ence refractive index, Ўὲ is the refractive index variation and ὥ is half the component width.  

Efficient coupling of electromagnetic energy in or out of a photonic circuit, has been 

object of great evolution since the 70és and 80és of the last century, when it all began. There 

have been many reports in the literature since those days, and we have witnessed many devel-

opments and enhancements concerning these structures (Quaranta et al., 2018). 

For the sake of comprehension and with the help of Figure 76, we will try to explain in 

our own words what has been stated by Tamir (Tamir & Peng, 1977): 

¶ Let us assume an out coupler, like the one presented in Figure 76, that converts a 

propagating fundamental mode into outgoing beams of energy. The mode wave in 

the waveguide propagates as Ὡ  along the +Z axis, where ‍  is the wave-

number of the mode and ;is its angular frequency ‫ 
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¶ When the wave reaches the grating section, the grooves and trenches of the grating 

scatter the incoming beam as space harmonic fields characterized by Ὡ , 

where ὑ  represents the harmonic fields wavenumber and n is an integer either pos-

itive or negative and associated to each of them; 

¶ ὑ  (a complex quantity) is related to the grating period Ώ by: 

o ὑ ‍ Ὥ‌ O  ‍ Ὥ‌ ȟύὭὸὬ ὲ πȟρȟςȟȣ; 

o here, ‍ is an unknown reference wavenumber,  represents each harmonic 

periodicity in relation to the grating period Ώ and ‌ is the decay factor along Z 

axis; 

¶ Usually, the permittivity of the grating grooves is equal to the permittivity of the 

waveguide, thus we might assume that ‍ḙ‍ , meaning that the unknown refer-

ence wavenumber is now approximately equal to the mode wavenumber propagat-

ing in the waveguide. Accordingly: 

o because ‍  the same applies to ‍; 

o ‌ is also very small, so ‌‗Ḻρ; 

¶ in previous expressions, ˂  is the free space wavelength. 

¶ This means that the wavenumber of the fields scattered by the grating grooves may 

be assumed to be the algebraic sum of the waveguide mode wavenumber and the 

periodic perturbation introduced by the grating:  

o ὑ ‍  ȟύὭὸὬ ὲ πȟρȟςȟȣ 

It remains the issue of coupling the space harmonic fields to the profile required by the 

single mode optical fibre. Again, in Tamirés article (Tamir & Peng, 1977) there is a diagram 

representing the expected beam profile scattered by the grooves and trenches of the grating, 

and which is being reproduced in Figure 77. This profile is directly related to the decay factor 

‌ and varies exponentially along the propagation axis. 
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Figure 77 - Exponential profile of the diffracted beam propagating in the film between the substrate and air (Tamir 

and Peng 1977). 

The fundamental mode propagating in an optical fibre presents a gaussian profile, which 

shows no resemblance to an exponential profile. If one intends to efficiently couple the out-

going beam from the grating into the single mode fibre, the exponential prof ile must suffer an 

adequate transformation. This adaptation may be accomplished by apodization. 

Our strategy consisted of including in the RWG a linear variation in the decay factor, that 

counteracts previous exponential decay factor. As such, one can modulate the outgoing beam 

profile as a gaussian-like distribution profile, and dramatically increase the coupling efficiency. 

This has been accomplished by linearly decreasing the refractive index of each consecutive 

grating groove, between higher and lower limits. The higher limit was set to the Si3N4 refractive 

index and the lower limit was set to the substrate (SiO2) refractive index. 

Going back to tapered waveguides and their functionality, coupling electromagnetic en-

ergy between waveguides of different cross-sections is usually accomplished through a ta-

pered waveguide, that performs the modal conversion required by the mismatch. This trans-

ference of energy must be efficiently performed, thus there should be no mode conversion to 

higher order or to radiative modes. Assuming the same thickness for both waveguides and 

considering the lower cross section waveguide, where the only propagating mode is the fun-

damental one, it must be assured that the only mode propagating in the higher cross section 
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waveguide, is also the fundamental mode. When this is achieved, we have adiabatic propaga-

tion of the fundamental mode throughout the taper waveguide.  

As early as 1977, Burns et al. (Burns et al., 1977) presented a general derivation of equa-

tions, although his paper reported preliminary experimental results obtained with Ti -diffused 

LiNbO3 waveguides, to guide the design of adiabatic waveguide tapers while minimizing their 

length. Using this method, adiabatic propagation of the fundamental mode was obtained with 

a parabolic taper (reduced to three-point linear tapers for ease of fabrication) linking 30 µm 

and 4 µm waveguides, only well over 2 mm long. 

The main rule of adiabatic taper design is governed by the following equation:  

—
‗

ςὡὲ
 

Equation 

4.32 

where, — is the local half angle (a taper waveguide is formed by two diverging half angle sides) 

at a given z point along the taper, ‗ is the free space wavelength, W is the width of the taper 

at a given z location and ὲ  is the modal index of the propagating mode in the taper. The 

half slope of a linear taper (or a linear section of a taper) is given by the following equation:  

ὸὥὲ
•

ς

ὡ ὡ

ςὒ
 

Equation 

4.33 

where, ÔÁÎ  is the sidewall slope, ὡ  and ὡ  are the waveguides wider and narrower 

widths, respectively, and ὒ is the length of the taper waveguide. 

Equation 4.32 states that the slope of the waveguide sidewall must not be greater than 

the divergence spreading angle of the propagating mode, or in other words, the mode must 

experience some confinement, so it does not diverge indefinitely. On the other hand, the side-

wall slope of the taper waveguide must not either change its slope abruptly or being such that 

the propagating wave divergence angle would be substantially altered, giving way to higher 

order or radiative modes. 

Although we refer to parabolic tapers for adiabatic coupling, there are other configura-

tions also capable of highly efficient transfer of electromagnetic energy between different 

cross-section waveguides. Namely, there have been reports of adiabatic parabolic, exponential, 

gaussian and linear taper waveguides, but they all require long tapered waveguides and shal-

low slopes of the sidewalls. 

More recently, research has been developed on a different taper configuration ä the de-

nominated non -adiabatic tapers. Examples of such configurations have been reported by 

Spühler (Spuhler et al., 1998) and Luyssaert (Luyssaert et al., 2005) which, by exploiting the 

developments in genetic algorithms, have announced high efficiency and compact non-
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adiabatic taper waveguides. Their strategy resides in the discretization of the taper sidewall, 

resulting in a staircase like structure and then use the evolutionary optimization capabilities of 

the genetic algorithm to change the width of the discretized segments, to obtain the best 

outcome. 

 Then, Zhang (J. Zhang et al., 2017) and Liu (Y. Liu et al., 2018) used a similar strategy to 

design their compact tapers. The former exploited the effective medium theory to design in-

clusions of a different refractive index material, followed by a linear taper. These inclusions 

were designed in a way that the electromagnetic beam converges to a focal point, where the 

narrower width waveguide is positioned. The latter also uses inclusions in his design to obtain 

a modulated refractive index along the taper, only their location is calculated and optimized 

by an evolutionary algorithm. The result consisted of a staircase like linear taper, with strategi-

cally placed inclusions of a different refractive index material, located inside the waveguide 

material. 

Finally, there is Huang (Y. Huang & Ho, 2005) that exploited the graded index concept 

on his design. His structure consisted of several layers of alternating materials with different 

thicknesses, to build up a material with a parabolic refractive index profile along the height of 

the structure. 

Our work considered the design and functional analysis of a tapered waveguide, operat-

ing at the 650 nm wavelength. This structure consists of a rectangular cuboid, with a designed 

thickness to support propagating the fundamental mode, and with an embedded gaussian 

distribution of the refractive index, hence consisting of a graded index structure. The propo sed 

design for the simulation of this structure consists of, an Si3N4 input waveguide propagating 

the fundamental mode, the Si3N4 with graded refractive index tapered waveguide and an Si3N4 

output waveguide. The output waveguide is then connected to the following structure, which 

is responsible for the longitudinal expansion of the propagating mode, and its out of plane 

coupling to the single mode optical fibre ( see in Figure 76) ä the RWG. 

As such, the whole development consisted of the design and analysis of two main struc-

tures: - The taper waveguide and the RWG; these two structures perform the required radial 

expansion of the beam profile to match the corresponding spot -size of the single mode optical 

fibre. 

 Inverted Taper 

Our taper waveguide bases its functionality on the imaging principle of interference, to assure 

an adiabatic transference of energy between the fundamental mode of the waveguide and the 
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lateral width of the RWG. To this end, we designed an inverted taper as depicted in Figure 

78.a). 

 

Figure 78 - a) Overall view of the single mode waveguide followed by the lateral expansion taper and end waveguide; 

b) Gaussian function distribution embedded in the taper waveguide (normalized); c) Refractive index variation on 

the X-Y axes. 

This taper waveguide consists of an Si3N4 waveguide with a gaussian modulated refrac-

tive index profile, represented as the grey rectangle in Figure 78.a). The normalized gaussian 

distribution function implemented in the refractive index of the taper is shown in Figure 78.b) 

and Figure 78.c) depicts the actual transversal variation of the refractive index along the Z axis 

(specifically at ὤ ρψ ‘ά). 

The modulated profile enables focusing capabilities for the electromagnetic energy 

beam within a short distance (ρυȢφ ‘ά). This is based in the same principle as the optical mac-

roscopic lenses, and some implementations of similar structures have been reported before 

(Suhara & Nishihara, 1986). The lateral beam expansion is attained within ρυȢφ ‘ά, by position-

ing the input waveguide at the wave focal diverging point, which is imposed by the refractive 

index gaussian profile of the inverted taper waveguide. The taper length depends, essentially, 
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of the refractive index contrast verified between the highest and lowest limits of the refractive 

index distribution.  

To verify that our structure performed as expected, it has been utilized the semi-vectorial 

Beam Propagation Method (BPM) with the following simulation parameters:  

¶ Input and output waveguides length of ρπ ‘ά each and a ρυȢφ ‘ά long inverted taper 

waveguide; 

¶ Waveguides thickness of ρυπ ὲά to assure single mode operation at φυπ ὲά wave-

length; 

¶ Waveguides width of ρ ‘ά for the input waveguide and ρςȢσυ ‘ά (the width of the 

RWG that will be connected to the output waveguide; discussed further on in this 

paper) for both the inverted taper (depicted as the grey waveguide in Figure 78.a)) 

and the output waveguide;  

¶ Substrate width of ρυ ‘ά, thickness of ς ‘ά (it has been assumed as infinite thickness 

for the simulation) and length of συȢφ ‘ά (individual waveguides lengths sum). 

The fundamental Transverse Magnetic (TM) mode was solved for the input waveguide 

and has been considered as the input field to be propagated along the structure. Simulation 

was carried out and the obtained results are presented in Figure 79, Figure 80 and Figure 81. 

 

 

Figure 79 - Output fields at the end of the tapered waveguide.  
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Figure 80 - Propagation along the structure. 

 

Figure 81 - Solved mode fields used as input source for propagation. 

As may be observed in previous three figures, the lateral expansion of the input field is 

evident as it progresses towards the output. Moreover, this expansion is adiabatic for both the 

electric and magnetic fields maintain the field profile as they propagate along the structure, 

and we see no evidence of excited higher order or radiated modes. This is confirmed by the 

results presented in Figure 79 and Figure 81.  
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Losses in the structure seem to be solely related to insertion loss, as depicted in Figure 

80. This may be observed in the right-hand side graph of this figure and where it has been 

identified a power decay of 0.4 % (blue line) along the συȢφ ‘ά of propagation.  

There was no need to modulate vertically the refractive index of the taper for this func-

tionality is achieved upstream at the RWG, when the propagating wave is out of plane coupled. 

Dimensions and materials, superstrate and substrate included, were chosen to match the cor-

responding ones of the following structure, the RWG, for one may consider the joint compo-

nents as a single structure. The fields obtained at the taper waveguide end and shown in Figure 

79, are then fed into the foll owing device as the input source of the RWG. 

 Resonant Waveguide Grating (RWG) 

The proposed structure consists of a Si3N4 waveguide grating, ρυπ ὲά high, ρςȢσυ ‘ά wide and 

approximately ςυȢτ ‘ά long, embedded on a SiO2 substrate/superstrate. These dimensions and 

materials, superstrate and substrate included, were chosen to match the corresponding ones 

of previous structure, the tapered waveguide, as above stated. 

Figure 82 shows a tri-dimensional representation of the simulated structure. In this figure 

one may identify the grating grooves and trenches (the yellow groove is like any other, being 

that colour to mark every tenth groove), the substrate and the superstrate, the metallic reflecto r 

embedded in the substrate and two monitors. One of the monitors is positioned at an angle in 

relation to the grating surface, and the other one is located near the beginning of the structure 

(XYZ origin) and positioned vertically to intercept the ρςȢσυ ‘ά wide waveguide. 

 

Figure 82 - The Resonant Waveguide Grating (RWG). 

As mentioned before in section 4.6, the design of the RWG considered apodization of 

the grating to adequate the outgoing wave profile to the fundamental mode profile of the 
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single mode optical fibre. This apodization was achieved through a linear decrease of the re-

fractive index of each grating ætrenchç. The resulting refractive index distribution along the Z 

axis is depicted in Figure 83.b), where one may verify the linear variation of the refractive index 

along the propagation direction (Z axis). Figure 83.a) shows the contour map of the different 

refractive index regions, present in the simulated workspace. 

 

Figure 83 - Refractive index of the RWG; a) contour map of the refractive index in the simulated area; b) refractive 

index profile cut along the Z axis and showing the linear apodization of the refractive index.  

This linear variation of the refractive index of the RWG poses an imbalance in the phase 

of the outgoing diffracted beams. Thus, a phase matching condition must be established for 

efficient out coupling of the electromagnetic energy. Based on ray theory and referring to the 

diagram presented in Figure 84, for the efficient coupling of rays a and b, they must interfere 

constructively. 

 

Figure 84 - Ray scattering from consecutive grating grooves and phase front imbalance. 

Ray theory states that, for two diffracted rays to interfere constructively, they must verify 

the following condition:  

ὲὒ ὲὒ ὲίὭὲ‌ὒ ὒ ά‗ 
Equation 

4.34 
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being ὲ, ὲ, ὲ and ὲ the refractive indexes of Si3N4, the metamaterial to define, SiO2 and air, 

respectively. ὒ and ὒ  are the lengths of the Si3N4 groove and of the metamaterial ætrenchç, 

‌ is the ray angle with respect to the  normal of the superstrate surface at the point of incidence, 

ά is an integer (πȟρȟςȟȣ) representing the diffraction order and ‗ is the free space wave-

length. 

Because we are designing a subwavelength grating, the diffraction orders that must be 

considered are the 0th and first orders of the diffracted beam. In our design we consider the 

first order of diffraction ( ά ρ). By keeping constant the length of the metamaterial (ὒ

ςτπ ὲά) and with a simple rearrangement of equation 4.34, we can express the length of the 

Si3N4 groove (ὒ) in terms of the other parameters: 

ὒ
‗ ὲ ίὭὲ‌ὒ

ὲ ίὭὲ‌
 

Equation 

4.35 

Equation 4.35 allows us to generate a metamaterial with a constant length, varying its 

refractive index in a stepwise linear variation along the Z axis and, simultaneously, maintaining 

the phase matching condition. We are now able to proceed with the Eigen Mode Expansion 

Method (EMEM) simulations (RSoft, n.d.) to optimize the structure for the best efficiency. The 

results obtained are shown in Figure 85. 

 

Figure 85 - Eigen mode expansion simulation of the designed structure. 

The optimized structure revealed good performance on the EMEM simulation. We ob-

tained almost 94% power transfer to the monitor placed 15° degrees off the surface normal 

and above the grating, with an overlap with the single mode optical fibre just over 53%.  
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Before moving onto the design of the 3D RWG, we verified the results obtained with a 

2D Finite Difference Time Domain (FDTD) simulation and not only the results were confirmed, 

but they were slightly improved. We obtained, this time and for the 2D FDTD simulation, almost 

95% power transference to the monitoring detector and an overlap to the mode fibre of 54.7%.  

One last step must be performed before the final design is started. So far, our analysis 

considered a 2D workspace where the structure is represented by a vertical cut and assuming 

no restrictions laterally. Such is not the case of an optical fibre and a real RWG. Therefore, in 

addition to optimizing the outgoing beam shape along the grating, it is also required the op-

timization of the grating width so that the outgoing beam matches the fibre mode in the lateral 

direction. 

To this end, we created an effective refractive index 2.5D waveguide with the width of 

the fibre core and propagated its fundamental mode, while iterating the length. The obtained 

results are presented in Figure 86. In accordance with the results obtained, the optimal width 

of the RWG has been found to be ρςȢσυ ‘ά. 

 

Figure 86 - Lateral optimization of the RWG width. 

To validate the design concept in 3D, we proceeded with the design of a full 3D structure 

where the grating consists of consecutive rectangular cuboid volumes of Si3N4 and 
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metamaterial, positioned along the propagation direction (Z -axis). Figure 87 shows a Y-plane 

cut view of the simulated structure in 2:1 aspect ratio. Here one can identify the different re-

fractive index regions (coloured in red and blue; every ten metamaterial/Si3N4 set is distin-

guished by a yellow metamaterial ætrenchç for easier identification). 

 

Figure 87 - Overview of the simulated RWG. 

The simulated workspace is a volume over ςυρφρπ ‘ά so, there was the need to 

optimize this workspace to the smallest possible or, otherwise, a single simulation would take 

weeks to perform and use huge amounts of memory. By exploiting the symmetry of the struc-

ture, a 50% reduction in the size of the simulation workspace has been accomplished. 

The simulation of this structure considered the fields obtained previously at the output 

of the tapered waveguide (see in Figure 79), as the input fields for the RWG. The propagation 

temporal evolution (bottom graph) and a Y -cut of the steady state (top figure) of the 3D sim-

ulation are presented in Figure 88. 
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Figure 88 - Top: X-plane cut of Ex field steady state; Bottom: Graph with reflected power in the input waveguide, 

and incident power and integral overlap monitored at the optical fibre input plane as propagation in time/space 

evolves. 

This figure shows, at the top, the input field propagating in the RWG at ὣ π ‘ά and 

along the Z axis; the ὣ π ‘ά region corresponds to the substrate and is where the first order 

of the diffracted beam bounces off the metallic reflector, and generates the visualized interfer-

ence pattern; the ὣ π ‘ά region represents the other first order of the diffracted beam, 
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reinforced by previous reflected first order, propagating upwards at an angle of 15° and cou-

pling with the fundamental mode of the single mode optical fibre.  

The graph at the bottom is associated to the monitoring detectors that have been posi-

tioned to collect relevant quantities such as: 

¶ Power transfer of almost 94% to the plane of the single mode optical fibre facet, 

which is represented in the graph by the blue line (Mon#5 Power); 

¶ Overlap integral of over 53% between the upward propagating fields and the funda-

mental mode of the single mode optical fibre, and represented in the graph as the 

green line (Mon#5 Overlap); 

¶ Negligible reflected power (< 0.2%) in the RWG, which is represented in the graph 

by the red line (Mon#57 Power). 

As stated before, the exploitation of the structureés symmetry has enabled us to reduce 

the simulation workspace in half (vertical symmetry around ὢ  π), which resulted in the spa-

tial fields depicted in Figure 89 and monitored  at the plane of the end facet of the single mode 

optical fibre. Due to the symmetry and the reduction of the simulated workspace, one must 

assume an identical left profile for each of the represented fields in this figure. 

 

Figure 89 - Spatial fields Ex, Hy, Ey and Hx, detected at the end facet plane of the single mode optical fibre. 

Moreover, the results obtained for the detected spatial power at the plane of the end 

facet of the single mode optical fibre and the expected far field beam projection, are presented 
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in Figure 90. Here, the corresponding full width half maxima of 1.49  ̄and 12.68̄  denote an 

elliptical profile associated to the far field beam, which should not be disregarded when im-

plementing this structure, and would require further research to minimize their impact in the 

structureés functionality. 

 

Figure 90 - Spatial near field power and corresponding far field polar projection.  
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5  

 

CONCLUSIONS 

We started this work inspired by the expected technological leap that photonics is prone to 

enable and by addressing industryés search for the ideal material for the fabrication of photonic 

integrated circuits. These integrated circuits maybe fabricated through the deposition of alter-

nating layers of different materials in such a way that photons remain confined in the higher 

refractive index material. Since complementary metal/oxide/semiconductor electronic inte-

grated circuits are highly representative of the electronic devices we all rely on today and sili-

con dioxide plays the insulating layer part, the integration of the electronic and photonic tech-

nologies in a single device will be highly beneficial. 

5.1 Photonic Integrated Circuit  

This dissertation proposes the use of amorphous silicon as the higher refractive index layer 

material, and silicon dioxide as cladding and substrate, for the confinement of photons. As 

such, complex structures maybe designed and fabricated to perform arbitrary photonic func-

tionalities. Our research contemplated the design feasibility of relevant photonic structures, 

which when together, will be able to perform an intended functionality and co -integrated with 

electronic circuits to fabricate a photonic integ rated circuit. Furthermore, some of the designed 

structures were actually fabricated and optically characterized in a collaborating initiative with 

the Universitat Politécnica de Valéncia, namely multimode interference and input coupler/ta-

per/waveguide/taper/output coupler elements, to demonstrate the validity of the designed 

structures.  

To this end, the relevant photonic structures were developed in software platforms that 

implement state-of-the-art numerical methods, enabling the design, simulation and results 
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analysis of all the involved photonic elements. The envisioned photonic device is presented in 

Figure 91 where all the building blocks are represented: 

 

Figure 91 - PIC building blocks. 

This structure consists of an input grating coupler (beneath the optical fibre), followed by a 

taper and a single mode waveguides, connecting to a multimode interference structure that 

operates as a 3 dB coupler and provides two identical output paths. One of the multim ode 

interference output arms is directly connected through a single mode waveguide to a 
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photodetector, providing the reference signal. The other multimode interference output arm 

is also connected to a photodetector through a single mode waveguide but there is a region 

where a thin layer (50 nm thick) of gold is deposited to form a transducer to the outside envi-

ronment. This transducer operates as a highly sensitive detector, through surface plasmon res-

onance, to refractive index variations at the gold surface, thus enabling a highly sensitive and 

selective sensing device. 

5.2 Photonic Wire Power Decay 

Our research strategy is defined throughout the sections and subsections of this chapter. We 

started by evaluating the power decay in a photonic wire  in section 4.2, such as a single mode 

waveguide of amorphous silicon embedded in silicon dioxide . In our analysis, two wavelengths 

of operation and two different configurations for the waveguides were considered. The oper-

ating wavelengths were selected out of the ranges defined by the first and third windows of 

optical transmission and considering the refractive index and extinction coefficient of amor-

phous silicon at these wavelengths: 

1) First window of optical transmission, ‗ ψψπ ὲά; 

2) Third window of optical transmission, ‗ ρυππ ὲά. 

Two geometric configurations  have been evaluated for the waveguid ing structure, a 

straight and an arc waveguides embedded in silicon dioxide. Regarding the straight waveguide 

when operating at ‗ ψψπ ὲά, the propagation losses were verified to be excessively high, 

inhibiting the use of amorphous silicon as an optical conduit of any sort at this wavelength. In 

fact, propagation losses of amorphous silicon are prohibitively high for wavelengths below 

1000 nm. However, for operating wavelengths within the second or third windows of optical 

transmission, the propagation losses in amorphous silicon are almost inexistent and this ma-

terial shows an almost transparent behaviour at these wavelengths. With the results obtained 

in our simulations of a straight waveguide, propagating the transverse electric fundamental 

mode and at the operating wavelength of 1500 nm, we were able to calculate a propagation 

loss of approximately ςȢυ Ὠὄὧά , which is in good agreement with the values reported in the 

literature for good quality amorphous silicon. Moreover, maintaining previous propagating 

conditions, we evaluated the power decay when considering a 90° change of direction and a 

decreasing turn radius from 13 µm to 3 µm. Our simulations revealed that, the high refractive 

index contrast provided by the amorphous silicon/silicon dioxide structure prevents radiation 

leakage from the waveguide, resulting of the excitation of higher order propagating  modes as 
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the arc curvature radius decreases. The results obtained showed an increase of approximately 

0.03 dB by path unit of propagating losses, as the arc waveguide radius is iterated from 13 µm 

to 3 µm. Considering the expected dimensions of the object of this research work (<<5 mm), 

the photonic integrated sensing device, we concluded that our intent should not be limited by 

propagation losses in the waveguide material. 

5.3 Detection Functionality 

Next, we approached the detection functionality in section 4.3. Our research work considered 

the evaluation of two structures, the plasmonic waveguide and the waveguide-based surface 

plasmon resonance sensor: 

1) The first structure considers an amorphous silicon waveguide followed by a metallic 

cavity filled with air. The amorphous silicon waveguide has been dimensioned to prop-

agate the transverse magnetic fundamental mode (227 nm) and the cavity is 50 nm 

high and placed along the waveguideés axial centre. Aluminium has been considered 

first as the material where the cavity has been inscribed, due to its reported low dissi-

pation rate around the surface plasmon resonance wavelength, an essential character-

istic to develop Fano resonances. An upward gap stub has been placed at a calculated 

position along the length of the aluminium central cavity, to excite the intended Fano 

resonance resulting from the interaction of the discrete and the dipole resonant 

modes. This interaction is detected downstream by a monitor evaluating the spectral 

response of transmission, which resulted in an asymmetric line shape, characteristic of 

a Fano resonance. We have also evaluated the spectral response when using gold and 

silver as the metallic material, being the best overall results obtained with silver. Re-

garding the sensing capabilities of this structure to detect variations of the refractive 

index in the metallic cavity, we were able to calculate sensitivities of 1600, 1300 and 

1500 nm/RIU (RIU ä refractive index units) for aluminium, silver and gold, respectively. 

The detection accuracy of previous structures has been calculated to be 4.2, 3.3 and 

3.3 µm-1, respectively for aluminium, silver and gold. Finally, the detection resolution 

for these structures has been calculated as 0.0000125, 0.000015385 and 0.000013333 

RIU, for aluminium, silver and gold, respectively; 

2) The second approach regards a friendlier structure, when considering contemporane-

ous state of the art nanotechnology fabrication capabilities. We designed a single 

mode hydrogenated amorphous silicon waveguide with a wider central section, and 

where it has been deposited a thin layer of aluminium. Except for the central section, 

the input and output waveguides have been designed to support propagation of the 

fundamental transverse magnetic mode at the 1.55 µm central wavelength. The results 

obtained for ref lectance revealed two resonances at 2.15 µm and 1.66 µm, being the 

latter the one that has been selected to evaluate its sensing capabilities, for it pre-

sented the deeper and narrower feature. We then simulated this structure assuming a 
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refractive index variation of 0.1 in the medium (water) next to the aluminium transducer 

and verified a 0.024 µm shift of the dip feature towards the red part of the electromag-

netic spectrum. As such, we were able to calculate sensitivity as 240 nm/RIU, detection 

accuracy as 5.8 µm-1 and resolution as 0.000083 RIU, for the designed structure. 

Given the results obtained in previous two approaches and regarding the detection ca-

pabilities of these structures, we may say that the integration of a sensing structure in the 

envisioned photonic integrated circuit should not be imparted by limitations imposed by de-

tection capabilities, for the obtained results  revealed good prospects regarding all evaluated 

metrics. Comparing both approaches, the first one presents better detection capabilities but 

requires higher manufacturing precision, while the latter shows lower sensing capabilities and 

more relaxed fabrication issues. Thus, the selection of which structure should be integrated in 

a photonic integrated circuit should ultimately depend on the intended application.  

5.4 Multimode Interference Structure  

In section 4.4, we designed and analysed the photonic structure that provides both sensing 

and reference optical paths for previous detection element, the multimode interference struc-

ture. At this stage of our research and because we wanted this work to represent some added 

value to what could be found in the related literature at the time, we decided to approach a 

region of the electromagnetic spectrum that had been, somewhat, overlooked by the research 

community and with many expected applications in several fields of knowledge including life 

sciences, the visible range. Hence, from this point onwards, all our research work has been 

accomplished considering a wavelength within the visible range of the electromagnetic spec-

trum, the 650 nm, unless otherwise stated. This does not invalidate our previous work in the 

near infrared region of the electromagnetic spectrum, for the results obtained with amorphous 

silicon may be met or even surpassed by using amorphous silicon compounds (e. g. silicon 

nitride) as the core waveguide and 650 nm as the central wavelength. 

Once more, we followed two strategies regarding the evaluation of these structures when 

used as a 3 dB coupler. The first approach considered the evaluation of the impact in perfor-

mance of fabrication tolerances, and in the second approach we propose two alternative de-

sign configurations to mitigate the deviations from the ideal geometry that are introduced by 

fabrication processes. These defects result from the limited resolution of the lithographic 

mask/etch process and, by altering locally the effective refractive index, they have a negative 

impact over the splitting ratio of the multimode interference, when operating as a 3 dB coupler. 
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As such, our research considered a random distribution of perturbations along the sides of the 

multimode structure to emulate the distribution of defects in real world components. Next, we 

simulated the propagation of the input field, the transverse magnet ic fundamental mode at 

the operating wavelength of 650 nm, throughout the multimode interference structure, while 

iterating the standard deviation of defects from 1 to 30 nm and monitoring the output splitting 

ratio through the power imbalance between the output ports. The results obtained revealed 

that, for this particular structure, the output power imbalance would remain under 10 % if the 

standard deviation of the distribution of defects is kept below 14 nm. We then evaluated which 

would be the impact over a production batch of 750 multimode interference structures, when 

considering a standard deviation of defects up to 15 nm. The results obtained through statis-

tical analysis of the produced data showed that in a production batch of 750 manufactured 

structures, when considering the standard deviation of random defects introduced by the lim-

ited resolution of the lithographic mask not higher than 15 nm, only 7 % of the produced 

samples would have a power imbalance between the output ports higher than 5 %. 

We have proceeded our research over multimode interference structures by devising 

some strategies to mitigate the performance impact of excess loss and output power imbal-

ance. To this end, we have evaluated two approaches: 

3) Insertion of tapers to minimise the width mismatch between the access waveguides 

and the wider multimode interference section;  

4) Inserting graphene layers at specific locations in the wider section of the multimode 

interference structure, in order to enable interference control over the modes propa-

gating in the waveguide. 

Regarding the insertion of tapers in the access waveguides, we have considered the same 

multimode interference structure and simulation conditions as before, except for the polariza-

tion of the input field which has been the transverse electric fundamental mode. This way, we 

were able to cover the evaluation of both polarizations propagating in the same dielectric 

structure. The taper elements were chosen to be linear tapers 5 µm long in all access wave-

guides, and the standard deviation of the random distrib ution of defects in the multimode 

interference structure was assumed to be 10 nm (linear tapers included). We then evaluated 

the insertion loss and the power imbalance between the output waveguides with an increasing 

taper width. The results obtained show that as the linear taper width increases, both insertion 

loss and power imbalance between the output ports significantly improve. It has also been 

verified the optimal width ratio between the access and the multimode section waveguides, 

reported in the rel ated literature to be approximately 0.3. 
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Still considering the multimode interference structures and the adverse impact of the 

random distribution of defects introduced by the limited resolution of the lithographic mask, 

we have proposed a dynamic approach to mitigate these effects. To this end, we have evalu-

ated how grapheneés permittivity evolves with the chemical potential, at the 650 nm operating 

wavelength, and the results obtained revealed a resonance when the chemical potential 

reaches 1.325 eV that resembles what is described as the ænear-zero-epsilonç behaviour, a 

phenomenon characteristic of negative index metamaterials. Since the chemical potential of 

graphene may be actuated through electrical gating, by exploiting this resonance we are able 

to significantly alter the effective refractive index of graphene (one order of magnitude), hence 

the local propagation conditions. As such, we designed a multimode interference structure 

with strategically placed multilayer sections containing a layer of graphene embedded in the 

propagating waveguide, which can be electrically actuated and modify the effective permittiv-

ity of each layer of graphene locally. The results obtained with this approach were not highly 

satisfying, for the variation of output po wer with and without electrical gating was small. Nev-

ertheless, this approach showed that there is indeed output power variation originated by the 

electrical gating of graphene, thus we may conclude that the proof -of-concept has been veri-

fied and further w ork is required. 

5.5 Thin-film Optical Characteristics 

Since this dissertation considers the development of photonic structures and these are 

achieved through the deposition of consecutive layers of different materials, it is of major im-

portance knowing the optical properties and thickness of each deposited fi lm. To this end, we 

have developed an optical setup in section 4.5, consisting of a laser diode at the operating 

wavelength of 650 nm and which is going to be reflected at the base of a rutile prism, after 

being refracted through one of its faces. The material film with the unknown thickness and 

optical characteristics is deposited over a substrate of Corning glass and pressed against the 

prism base. The set prism/sample is attached to a motorized rotary table to enable the finest 

control of the angle of incidence of the incoming laser beam at the prismés base. By monitoring 

the reflected laser beam in a stationary projection plane, we are able to determine at which 

angle of incidence corresponds the excitation of an electromagnetic mode guided by the de-

posited film. As long as two or more modes are detected at different angular positions, we are 

able to calculate both the refractive index and thickness of the deposited layer over the 
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substrate. With this optical setup we were able to characterize some of the waveguiding films 

used for the fabrication of representative structures of the envisioned photonic integrated cir-

cuit. 

5.6 Waveguide/fibre Coupler  

Regarding section 4.6, we evaluated the remaining photonic element that, together with pre-

vious ones, forms our photonic integrated circuit. At the operating wavelength of 650 nm, the 

waveguide/fibre coupler provides the necessary radial expansion to couple the fundamental 

transverse magnetic mode propagating in the single mode waveguide into the single mode 

optical fibre. The approach to compensate for the coupling mismatch between the beam pro-

files of the single modes waveguide and optical fibre followed a two stages strategy. As such, 

we use a taper waveguide to expand laterally the beam profile propagating in the single mode 

waveguide, which is then followed by a resonant waveguide grating providing the radial ex-

pansion, the beam profile match and that couples out the electromagnetic radiation towards 

the optical fibre.  

Regarding the taper waveguide, we have considered a non-conventional structure by 

using a graded index waveguide to achieve the tapering functionality. By modulating the re-

fractive index of a rectangular waveguide along its width with a gaussian profile, we were able 

to significantly reduce the length of the structure necessary to perform the lateral expansion 

of the beam profile. Conventional linear taper waveguides are long structures, requiring hun-

dreds of micrometres to perform the expansion of the beam  profile within reasonable loss 

limits. The designed structure is able to laterally expand the beam profile from 1 µm to 12.35 

µm within a 15.6 µm length, while keeping losses close to adiabatic coupling, thus presenting 

significant length reduction when compared to conventional taper waveguides (linear, para-

bolic or exponential).  

Followed the performance evaluation of the resonant waveguide structure, which imple-

ments the radial expansion and profile matching of the fundamental transverse magnetic mode 

propagating in the taper waveguide, while coupling out the expanded electromagne tic radia-

tion into the single mode optical fibre. To this end, we have developed a resonant waveguide 

grating with a linearly apodized distribution of the refractive index along the structureés length. 

This linear apodization of the refractive index has been achieved in a stepwise manner through 

the implementation of the effective medium theory, and to achieve matching of the profiles 

between the beam coupled out of the resonant waveguide grating and the fundamental mode 
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of the single mode optical fibre. With this approach, we were able to achieve a power transfer 

into the plane of the end facet  of the optical fibre better than -0.27 dB, and a coupling efficiency 

higher than -2.8 dB with the fundamental transverse magnetic mode of the optical fibre, while 

keeping the reflected power in the waveguide/fibre coupler below 0.0087 dB.  

5.7 Fabricated Structures 

Finally, we present in the following figures the optical setup that has been assembled to pro-

duce the images and the respective photographs of the two representative structures of the 

envisioned photonic integrated circuit . These representative components have been fabricated 

at the Universitat Politécnica de Valéncia, under the collaboration initiative that has been es-

tablished with this institution to evaluate the production  feasibility of photonic  structures. 

These figures show the fabricated input coupler/waveguide/output coupler  and multimode 

interference structures. 

Figure 92 is a photograph of the optical setup  required to characterize the fabricated 

structures. It consists of a scientific camera with an extended optical zoom/focus system that 

habilitates the visualization of micrometri c structural features while placed sufficiently away to 

enable unobstructed manipulation of the sample of interest. At the bottom centre of the pho-

tograph, we may identify the sample holder followed by , on the left and right, two XYZ + slope 

positioners which are used to hold the input and output optical fibres . All positioning  elements 

(holders for the sample and the optical fibres) are sub-micron precision devices. 
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Figure 92 - The characterizing optical setup consisting of the scientific camera, extended focus/zoom system, XYZ 

+ angle positioners f or the optical fibres and a XYZ sample holder. 

In Figure 93 one is able to identify, from left to right, an optical fibre, a set of optical 

couplers placed along the height of the photograph and another optical fibre . In the inset and 

with greater resolution , it is possible to discriminate the optical fibre  placed above, at a selected 

angle and in close proximity to the  darker region of the  left end of the waveguiding structure . 

This darker structure consists of the resonant waveguide grating  which couples the incident 

beam coming out of  the optical fibre with the mode propagating in the waveguiding structure. 

At the far end of this structure , the reversed functionality is obtained by another resonant 

waveguide grating that couples out the propagating mode in the waveguiding structure  into 

the optical fibre. Once more, the optical fibre  has been placed above the resonant waveguide 
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grating , at a given angle and in close proximity  to the darker region of the waveguiding struc-

ture. 

 

 

Figure 93 - Fabricated grating/waveguide/grating structures  (width = 12.35 µm, height = 0.25 µm) with input and 

output optical fibre s; Inset shows optical fibres positioned to feed the input and collect the output optical beams, 

in greater detail. 

The fabricated multimode interference structures are presented in Figure 94, where one 

may identify three power splitter structures. Each of these structures has an input and two 

output waveguides, performing as a 3 dB power coupler with identical outputs . As such, this 

structure is able to provide four identical optical beams, each with a power amplitude that is a 

quarter of the amplitude of the input field. The inset presents in greater detail the leftmost 

structure, where we may identify an input field coupling system  as the one previously used in 

the grating /waveguide/grating . In this case, there is a resonant waveguide grating coupler 

(darker region) followed by a taper waveguide and a multimode interference  (rectangular fea-

ture preceded by the taper waveguide and with two output arms)  structures. 
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Figure 94 - Fabricated multimode interference structures; Inset shows in greater detail the input grating  (width = 

12.35 µm, height = 0.25 µm) followed by a taper waveguide (initial width = 12.35 µm, final width = 2  µm, height = 

0.25 µm) and the multimode interference structure  (width = 12 µm, height = 0.25 µm) with two output arms.  

Resuming, in this dissertation we have demonstrated the design feasibility and devel-

oped a performance analysis of several amorphous silicon based structures. The performance 

and efficiency of the isolated structures has been confirmed through the interpretation and 

analysis of simulation results. Extreme care has been taken in our simulations to reflect as much 

as possible physical reality. As such, we have demonstrated that these isolated components 

may function together and may be fabricated as a monolit hic device, resulting in the envi-

sioned photonic integrated circuit. Moreover, our research group has an extensive experience 

and expertise regarding the deposition of silicon compounds on a substrate by plasma en-

hanced chemical vapour deposition and has developed much work over the subject through-

out the years, both  experimental and theoretical, thus being able to provide invaluable support 

for the fabrication of a prototype of the proposed photonic integrated circuit . 
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4. Communications 

1. E-MRS 2018; conference/exhibition held on June 19 ς 21 at the Convention Centre of Stras-

bourg, France. Participation: ά{ƛƳǳƭŀǘƛƻƴ ŀƴŘ !ƴŀƭȅǎƛǎ ƻŦ {ǳǊŦŀŎŜ tƭŀǎƳƻƴ wŜǎƻƴŀƴŎŜ {ŜƴǎƛƴƎ 

{ǘǊǳŎǘǳǊŜǎέ [Poster] 

2. Ciência 2018 Meeting; meeting held on July 2 ς 4 at the Convention Centre of Lisbon, Portu-

gal. Participation: ά{ǳǊŦŀŎŜ tƭŀǎƳƻƴ wŜǎƻƴŀƴŎŜ {ŜƴǎƛƴƎ {ǘǊǳŎǘǳǊŜǎέ [Poster] 

3. IberSensor TMSB 2018; congress/meeting held on September 17 ς 20 at Barcelona, Spain. 

Participation: άaaL /ƻǳǇƭŜǊ {ŜƴǎƛƴƎ {ǘǊǳŎǘǳǊŜέ [Poster] 

5. Reviewing Activities 

1. It has been conducted a scientific review of the article entitled άaƻŘŜΣ 5ƛǎǇŜǊǎƛƻƴΣ ŀƴŘ [ƻǎǎ 

Analysis of a Graded-Index Germanium-5ƻǇŜŘ {ƛƭƛŎƻƴ .ǳǊƛŜŘ {ǘǊƛǇ ²ŀǾŜƎǳƛŘŜέ, authored by 

Darpan Mishra and Ramesh Kumar Sonkar, and published in January of 2020 in the Optical 

Engineering journal. https://doi.org/10.1117/1.OE.59.1.016118 

2. Lǘ Ƙŀǎ ōŜŜƴ ŎƻƴŘǳŎǘŜŘ ŀ ǎŎƛŜƴǘƛŦƛŎ ǊŜǾƛŜǿ ƻŦ ǘƘŜ ǇŀǇŜǊ ŜƴǘƛǘƭŜŘ άDǊŀǇƘŜƴŜ ƳŜǘŀƭŜƴǎŜǎ ǿƛǘƘ 

ŘƛǾŜǊǎŜ ŜƭŜŎǘǊƛŎŀƭ ǘǳƴŀōƛƭƛǘƛŜǎ ŀǘ ŘƛŦŦŜǊŜƴǘ м ǘŜǊŀƘŜǊǘȊ ŦǊŜǉǳŜƴŎƛŜǎέΣ ŀǳǘƘƻǊŜŘ ōȅ IǳƛȄƛŀƴ ½Ƙƻǳ 

et al., and published in December 2020 as an article in the Optical Engineering journal; 

https://doi.org/10.1117/1.OE.59.12.127106 

6. Awards 

In December 2020, ISEL has been awarded the European third place (Bronze distinction) 

regarding the work developed under the project to create a point -of-care detection platform 

prototype for acute kidney injury, which is based on a photonic integrated cir cuit containing 

an array of interferometric plasmonic sensors. The Edmund Optics Educational Award | Europe 

consists of î3000 in optical products, which have assisted us setting  up related optical experi-

ments, contributing to build up and consolidate theoretical knowledge with experimental re-

sults, regarding the development of the projectés main objective: ä The acute kidney injury early 

diagnostic prototype.  

https://www.european-mrs.com/meetings/2018-spring-meeting
https://www.fccn.pt/en/events/encontro-ciencia-2018/
http://ibersensor-tmsb-2018.ibersensor.org/en/
https://doi.org/10.1117/1.OE.59.1.016118
https://doi.org/10.1117/1.OE.59.12.127106
https://www.edmundoptics.com/promotions/educational-award/




 181 

REFERENCES 

Akimov, Y., Pam, M. E., & Sun, S. (2017). Kretschmann-Raether configuration: Revision of the 

theory of resonant interaction. Physical Review B, 96(15), 155433. 

https://doi.org/10.1103/PhysRevB.96.155433 

Almeida, V. R., Panepucci, R. R., & Lipson, M. (2003). Nanotaper for compact mode conversion. 

Optics Letters, 28(15), 1302. https://doi.org/10.1364/OL.28.001302 

Alonso-Ramos, C., Ortega-Moñux, A., Molina-Fernández, I., Cheben, P., Zavargo-Peche, L., & 

Halir, R. (2010). Efficient fiber-to-chip grating coupler for micrometric SOI rib waveguides. 

Optics Express, 18(14), 15189. https://doi.org/10.1364/OE.18.015189 

Ambrosio, R., Moreno, M., Torres, A., Carrillo, A., Vivaldo, I., Cosme, I., & Heredia, A. (2015). 

Deposition and characterization of amorphous silicon with embedded nanocrystals and 

microcrystalline silicon for thin film solar cells. Journal of Alloys and Compounds, 643(S1), 

S27äS32. https://doi.org/10.1016/j.jallcom.2014.11.105 

Bachmann, M., Besse, P. a, & Melchior, H. (1994). General self-imaging properties in N × N 

multimode interference couplers including phase relations. Applied Optics, 33(18), 3905. 

https://doi.org/10.1364/AO.33.003905 

Balandin, A. A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., & Lau, C. N. (2008). 

Superior thermal conductivity of single -layer graphene. Nano Letters, 8(3), 902ä907. 

https://doi.org/10.1021/nl0731872  

Baxter, G. A., Ferguson, J. P., OéConno, M. C., & Elliott, C. T. (2001). Detection of Streptomycin 

Residues in Whole Milk Using an Optical Immunobiosensor. Journal of Agricultural and 

Food Chemistry, 49(7), 3204ä3207. https://doi.org/10.1021/jf001484l  

Berenger, J.-P. (1994). A perfectly matched layer for the absorption of electromagnetic waves. 

Journal of Computational Physics, 114(2), 185ä200. 

https://doi.org/10.1006/jcph.1994.1159  

Besse, P. A., Bachmann, M., Melchior, H., Soldano, L. B., & Smit, M. K. (1994). Optical bandwidth 

and fabrication tolerances of multimode interference couplers. Journal of Lightwave 

Technology, 12(6), 1004ä1009. https://doi.org/10.1109/50.296191 

Boher, P., Renaud, M., Van Ijzendoorn, L. J., Barrier, J., & Hily, Y. (1988). Structural and electrical 

properties of silicon nitride films prepared by multipolar plasma Ȥenhanced deposition. 

Journal of Applied Physics, 63(5), 1464ä1472. https://doi.org/10.1063/1.339927 

Bonaccorso, F., Sun, Z., Hasan, T., & Ferrari, A. C. (2010). Graphene photonics and 

optoelectronics. Nature Photonics, 4(9), 611ä622. 

https://doi.org/10.1038/nphoton.2010.186  



 182 

Brissinger, D., Salomon, L., & De Fornel, F. (2013). Unguided plasmon-mode resonance in 

optically excited thin film: exact modal description of KretschmannäRaether experiment. 

Journal of the Optical Society of America B, 30(2), 333. 

https://doi.org/10.1364/JOSAB.30.000333 

Bronner, W., Kleider, J. ., Brüggemann, R., Roca i Cabarrocas, P., Mencaraglia, D., & Mehring, M. 

(2002). Comparison of transport and defects properties in hydrogenated polymorphous 

and amorphous silicon. Journal of Non-Crystalline Solids, 299ä302, 551ä555. 

https://doi.org/10.1016/S0022 -3093(01)01201-7 

Bryngdahl, O. (1973). Image formation using self-imaging techniques*. Journal of the Optical 

Society of America, 63(4), 416. https://doi.org/10.1364/JOSA.63.000416 

Burns, W. K., Milton, A. F., & Lee, A. B. (1977). Optical waveguide parabolic coupling horns. 

Applied Physics Letters, 30(1), 28ä30. https://doi.org/10.1063/1.89199  

Canalejas-Tejero, V., Herranz, S., Bellingham, A., Moreno-Bondi, M. C., & Barrios, C. A. (2014). 

Passivated aluminum nanohole arrays for label-free biosensing applications. ACS Applied 

Materials and Interfaces, 6(2), 1005ä1010. https://doi.org/10.1021/am404509f  

Cashmore, J. S., Apolloni, M., Braga, A., Caglar, O., Cervetto, V., Fenner, Y., Goldbach-

Aschemann, S., Goury, C., Hötzel, J. E., Iwahashi, T., Kalas, J., Kitamura, M., Klindworth, M., 

Kupich, M., Leu, G.-F., Lin, J., Lindic, M.-H., Losio, P. A., Mates, T., Þ Sinicco, I. (2016). 

Improved conversion efficiencies of thin-film silicon tandem (MICROMORPHTM) 

photovoltaic modules. Solar Energy Materials and Solar Cells, 144, 84ä95. 

https://doi.org/10.1016/j.solmat.2015.08.022 

Cennamo, N., Massarotti, D., Conte, L., & Zeni, L. (2011). Low cost sensors based on SPR in a 

plastic optical fiber for biosensor implementation. Sensors, 11(12), 11752ä11760. 

https://doi.org/10.3390/s111211752  

Chang, C., Flamm, D. L., Ibbotson, D. E., & Mucha, J. A. (1987). Fluorinated chemistry for highȤ

quality, low hydrogen plasmaȤdeposited silicon nitride films. Journal of Applied Physics, 

62(4), 1406ä1415. https://doi.org/10.1063/1.339645 

Chen, X., Li, C., & Tsang, H. K. (2010). Two dimensional silicon waveguide chirped grating 

couplers for vertical optical fibers. Optics Communications, 283(10), 2146ä2149. 

https://doi.org/10.1016/j.optcom.2010.01.059  

Cicala, G., Bruno, G., Capezzuto, P., & Losurdo, M. (1992). Study of SiF 4 -N 2 -H 2 Plasmas for 

the Deposition of Fluorinated Silicon Nitride Films. MRS Proceedings, 284(c), 27. 

https://doi.org/10.1557/PROC-284-27 

Cocorullo, G., Della Corte, F. G., de Rosa, R., Rendina, I., Rubino, A., & Terzini, E. (1998). 

Amorphous silicon-based guided-wave passive and active devices for silicon integrated 

optoelectronics. IEEE Journal of Selected Topics in Quantum Electronics, 4(6), 997ä1002. 

https://doi.org/10.1109/2944.736096  

Cullen, D. C., Brown, R. G. W., & Lowe, C. R. (1987). Detection of immuno-complex formation 

via surface plasmon resonance on gold-coated diffraction gratings. Biosensors, 3(4), 211ä

225. https://doi.org/10.1016/0265 -928X(87)85002-2 

Cullen, D. C., & Lowe, C. R. (1990). A direct surface plasmonåpolariton immunosensor: 

Preliminary investigation of the non -specific adsorption of serum components to the 

sensor interface. Sensors and Actuators B: Chemical, 1(1ä6), 576ä579. 

https://doi.org/10.1016/0925 -4005(90)80276-6 

Daldosso, N., Melchiorri, M., Riboli, F., Sbrana, F., Pavesi, L., Pucker, G., Kompocholis, C., 



 183 

Crivellari, M., Bellutti, P., & Lui, A. (2004). Fabrication and optical characterization of thin 

two-dimensional Si3N4 waveguides. Materials Science in Semiconductor Processing, 7(4ä

6), 453ä458. https://doi.org/10.1016/j.mssp.2004.09.023 

Deng, Y., Cao, G., Yang, H., Li, G., Chen, X., & Lu, W. (2017). Tunable and high-sensitivity sensing 

based on Fano resonance with coupled plasmonic cavities. Scientific Reports, 7(1), 10639. 

https://doi.org/10.1038/s41598 -017-10626-1 

Dong, P., Xie, C., Chen, L., Fontaine, N. K., & Chen, Y. (2012). Experimental demonstration of 

microring quadrature phase-shift keying modulators. Optics Letters, 37(7), 1178ä1180. 

https://doi.org/10.1364/OL.37.001178 

Doylend, J. K., & Knights, A. P. (2012). The evolution of silicon photonics as an enabling 

technology for optical interconnection. Laser & Photonics Reviews, 6(4), 504ä525. 

https://doi.org/10.1002/lpor.201100023  

Dun, H., Pan, P., White, F. R., & Douse, R. W. (1981). Mechanisms of PlasmaȤEnhanced Silicon 

Nitride Deposition Using SiH4 / N 2 Mixture. Journal of The Electrochemical Society, 

128(7), 1555ä1563. https://doi.org/10.1149/1.2127682 

Eldada, L., Nongfan Zhu, Ruberto, M. N., Levy, M., Scarmozzino, R., & Osgood, R. M. (1994). 

Rapid direct fabrication of active electro-optic modulators in GaAs. Journal of Lightwave 

Technology, 12(9), 1588ä1596. https://doi.org/10.1109/50.320941 

Eldada, L., Ruberto, M. N., Scarmozzino, R., Levy, M., & Osgood, R. M. (1992). Laser-fabricated 

low-loss single-mode waveguiding devices in GaAs. Journal of Lightwave Technology, 

10(11), 1610ä1616. https://doi.org/10.1109/50.184900 

Europractice - IC Service. (n.d.). Retrieved March 24, 2021, from https://europractice-ic.com/ 

Fan Wang, Jianyi Yang, Limei Chen, Xiaoqing Jiang, & Minghua Wang. (2006). Optical switch 

based on multimode interference coupler. IEEE Photonics Technology Letters, 18(2), 421ä

423. https://doi.org/10.1109/LPT.2005.863201 

Fang, Z., & Zhao, C. Z. (2012). Recent Progress in Silicon Photonics: A Review. ISRN Optics, 

2012, 1ä27. https://doi.org/10.5402/2012/428690  

Fano, U. (1961). Effects of configuration interaction on intensities and phase shifts. Physical 

Review Letters, 124(6), 1866ä1878. 

Fantoni, A., Lourenco, P., & Vieira, M. (2017). A model for the refractive index of amorphous 

silico for FDTD simulation of photonics waveguides. Proceedings of the International 

Conference on Numerical Simulation of Optoelectronic Devices, NUSOD, L, 167ä168. 

https://doi.org/10.1109/NUSOD.2017.8010044 

Fantoni, Alessandro, Viera, M., & Martins, R. (2002). Influence of the intrinsic layer 

characteristics on a-Si:H p-i-n solar cell performance analysed by means of a computer 

simulation. Solar Energy Materials and Solar Cells, 73(2), 151ä162. 

https://doi.org/10.1016/S0927 -0248(01)00120-9 

Feit, M. D., & Fleck, J. A. (1978). Light propagation in graded-index optical fibers. Applied 

Optics, 17(24), 3990. https://doi.org/10.1364/AO.17.003990 

Fennell, L. E., Thompson, M. J., Tuan, H. C., & Weisfield, R. (1988). Page-wide a-Si:H TFT arrays 

for electronic printing and copying. Conference Record of the 1988 International Display 

Research Conference, 167ä169. https://doi.org/10.1109/DISPL.1988.11302 

Ferlauto, A. S., Ferreira, G. M., Pearce, J. M., Wronski, C. R., Collins, R. W., Deng, X., & Ganguly, 

G. (2002). Analytical model for the optical functions of amorphous semiconductors from 

the near-infrared to ultraviolet: Applications in thin film photovo ltaics. Journal of Applied 



 184 

Physics, 92(5), 2424ä2436. https://doi.org/10.1063/1.1497462 

Filmetrics. (n.d.). Retrieved July 31, 2022, from https://www.filmetrics.com 

Foley IV, J. J., Harutyunyan, H., Rosenmann, D., Divan, R., Wiederrecht, G. P., & Gray, S. K. (2015). 

When are Surface Plasmon Polaritons Excited in the Kretschmann-Raether Configuration? 

Scientific Reports, 5(1), 9929. https://doi.org/10.1038/srep09929 

Fontcuberta i Morral, A., Brenot, R., Hamers, E. A. G., Vanderhaghen, R., & Roca i Cabarrocas, P. 

(2000). In situ investigation of polymorphous silicon deposition. Journal of Non-Crystalline 

Solids, 266ä269, 48ä53. https://doi.org/10.1016/S0022-3093(99)00723-1 

Fujita, J., Levy, M., Scarmozzino, R., Osgood, R. M., Eldada, L., & Yardley, J. T. (1998). Integrated 

multistack waveguide polarizer. IEEE Photonics Technology Letters, 10(1), 93ä95. 

https://doi.org/10.1109/68.651119  

Fujita, S., Ohishi, T., Toyoshima, H., & Sasaki, A. (1985). Electrical properties of silicon nitride 

films plasmaȤdeposited from SiF 4 , N 2 , and H 2 source gases. Journal of Applied Physics, 

57(2), 426ä431. https://doi.org/10.1063/1.334768 

Fuyuki, T., Allain, B., & Perrin, J. (1990). Modeling and diagnostics of silicon nitride deposition 

from 254Ȥnm Hg photosensitization of SiH 4 ȤNH 3 mixtures: Luminescence of HgNH 3 

excimer and laserȤinduced fluorescence of NH 2 ( A ַ2 ײ A 1 ). Journal of Applied Physics, 

68(7), 3322ä3337. https://doi.org/10.1063/1.346385 

Gondarenko, A., Levy, J. S., & Lipson, M. (2009). High confinement micron-scale silicon nitride 

high Q ring resonator. Optics Express, 17(14), 11366. 

https://doi.org/10.1364/oe.17.011366  

Goos, F., & Hänchen, H. (1947). Ein neuer und fundamentaler Versuch zur Totalreflexion. 

Annalen Der Physik, 436(7ä8), 333ä346. https://doi.org/10.1002/andp.19474360704 

Gorin, A., Jaouad, A., Grondin, E., Aimez, V., & Charette, P. (2008). Fabrication of silicon nitride 

waveguides for visible-light using PECVD: a study of the effect of plasma frequency on 

optical properties. Optics Express, 16(18), 13509. https://doi.org/10.1364/OE.16.013509 

Goykhman, I., Desiatov, B., & Levy, U. (2010). Ultrathin silicon nitride microring resonator for 

biophotonic applications at 970 nm wavelength. Applied Physics Letters, 97(8). 

https://doi.org/10.1063/1.3483766  

Green, M. A. (2008). Self-consistent optical parameters of intrinsic silicon at 300K including 

temperature coefficients. Solar Energy Materials and Solar Cells, 92(11), 1305ä1310. 

https://doi.org/10.1016/j.solmat.2008.06.009 

Grillot, F., Vivien, L., Laval, S., Pascal, D., & Cassan, E. (2004). Size Influence on the Propagation 

Loss Induced by Sidewall Roughness in Ultrasmall SOI Waveguides. IEEE Photonics 

Technology Letters, 16(7), 1661ä1663. https://doi.org/10.1109/LPT.2004.828497 

Guizot, J. L., Alnot, P., Wyczisk, F., Perrin, J., & Allain, B. (1991). Kinetics of deposition and 

electrical properties of silicon nitride films obtained by 185 nm photolysis of SiH4 -NH3 

mixtures. Semiconductor Science and Technology, 6(7), 582ä589. 

https://doi.org/10.1088/0268 -1242/6/7/003  

Hack, M., & Shur, M. (1985). Physics of amorphous silicon alloy p Ȥ i Ȥ n solar cells. Journal of 

Applied Physics, 58(2), 997ä1020. https://doi.org/10.1063/1.336148 

Hadley, G. R. (1991). Transparent boundary condition for beam propagation. Optics Letters, 

16(9), 624. https://doi.org/10.1364/OL.16.000624 

Haeberle, S., & Zengerle, R. (2007). Microfluidic platforms for lab -on-a-chip applications. Lab 

on a Chip, 7(9), 18. https://doi.org/10.1039/b706364b  



 185 

Hait, W., & Buck, J. (2010). Engineering Electromagnetics (8th Editio). 

Harke, A., Krause, M., & Mueller, J. (2005). Low-loss singlemode amorphous silicon waveguides. 

Electronics Letters, 41(25), 2. https://doi.org/10.1049/el:20052387  

Harriott, L. R. (2001). Limits of lithography. Proceedings of the IEEE, 89(3), 366ä374. 

https://doi.org/10.1109/5.915379  

Harris, R. D., & Wilkinson, J. S. (1995). Waveguide surface plasmon resonance sensors. Sensors 

and Actuators B: Chemical, 29(1ä3), 261ä267. https://doi.org/10.1016/0925 -

4005(95)01692-9 

Hayashi, S., & Okamoto, T. (2012). Plasmonics: Visit the past to know the future. Journal of 

Physics D: Applied Physics, 45(43). https://doi.org/10.1088/0022 -3727/45/43/433001 

Heaton, J. M., Jenkins, R. M., Wight, D. R., Parker, J. T., Birbeck, J. C. H., & Hilton, K. P. (1992). 

Novel 1ȤtoȤ N way integrated optical beam splitters using symmetric mode mixing in 

GaAs/AlGaAs multimode waveguides. Applied Physics Letters, 61(15), 1754ä1756. 

https://doi.org/10.1063/1.108495  

Hill, M. T., Leijtens, X. J. M., Khoe, G. D., & Smit, M. K. (2003). Optimizing imbalance and loss in 

2 x 2 3-db multimode interference couplers via access waveguide width. Journal of 

Lightwave Technology, 21(10), 2305ä2313. https://doi.org/10.1109/JLT.2003.818164 

Hochberg, M., & Baehr-Jones, T. (2010). Towards fabless silicon photonics. Nature Photonics, 

4(8), 492ä494. https://doi.org/10.1038/nphoton.2010.172  

Homola, J., 2tyroký, J., Skalský, M., Hradilová, J., & Koláǌová, P. (1997). A surface plasmon 

resonance based integrated optical sensor. Sensors and Actuators B: Chemical, 39(1ä3), 

286ä290. https://doi.org/10.1016/S0925-4005(97)80220-1 

Homola, Jiǌą♄, Yee, S. S., & Gauglitz, G. (1999). Surface plasmon resonance sensors: review. 

Sensors and Actuators B: Chemical, 54(1ä2), 3ä15. https://doi.org/10.1016/S0925-

4005(98)00321-9 

Honbun. (2006). Multimode Interference Theory - Chapter 2 (pp. 15ä64). 

Hu, M. H., Huang, J. Z., Scarmozzino, R., Levy, M., & Osgood, R. M. (1997a). A low-loss and 

compact waveguide Y-branch using refractive-index tapering. IEEE Photonics Technology 

Letters, 9(2), 203ä205. https://doi.org/10.1109/68.553092 

Hu, M. H., Huang, J. Z., Scarmozzino, R., Levy, M., & Osgood, R. M. (1997b). Tunable Mach-

Zehnder polarization splitter using height -tapered Y-branches. IEEE Photonics Technology 

Letters, 9(6), 773ä775. https://doi.org/10.1109/68.584986 

Hu, T., Dong, B., Luo, X., Liow, T.-Y., Song, J., Lee, C., & Lo, G.-Q. (2017). Silicon photonic 

platforms for mid -infrared applications [Invited]. Photonics Research, 5(5), 417. 

https://doi.org/10.1364/PRJ.5.000417 

HUANG, K. (1951). Lattice Vibrations and Optical Waves in Ionic Crystals. Nature, 167(4254), 

779ä780. https://doi.org/10.1038/167779b0  

Huang, Y., & Ho, S.-T. (2005). Superhigh numerical aperture (NA&gt;15) micro gradient -index 

lens based on a dual-material approach. Optics Letters, 30(11), 1291. 

https://doi.org/10.1364/OL.30.001291 

Huang, Z., Scarmozzino, R., Nagy, G., Steel, J., & Osgood, R. M. (2000). Realization of a compact 

and single-mode optical passive polarization converter. IEEE Photonics Technology 

Letters, 12(3), 317ä319. https://doi.org/10.1109/68.826926 

i Cabarrocas, P. R., i Morral, A. F., Lebib, S., & Poissant, Y. (2002). Plasma production of 

nanocrystalline silicon particles and polymorphous silicon thin films for large -area 



 186 

electronic devices. Pure and Applied Chemistry, 74(3), 359ä367. 

https://doi.org/10.1351/pac200274030359  

Ilic, I., Scarmozzino, R., Osgood, R. M., Yardley, J. T., Beeson, K. W., & McFarland, M. J. (1994). 

Modeling multimode -input star couplers in polymers. Journal of Lightwave Technology, 

12(6), 996ä1003. https://doi.org/10.1109/50.296190 

Jans, H., OéBrien, P., Artundo, I., Hoofman, R., Geuzebroek, D., Dumon, P., van der Vliet, M., 

Witzens, J., Bourguignon, E., Van Dorpe, P., Lagae, L., & Porcel, M. A. G. (2018). Integrated 

bio-photonics to revolutionize health care enabled through PIX4life  and PIXAPP. In A. N. 

Cartwright, D. V. Nicolau, & D. Fixler (Eds.), Nanoscale Imaging, Sensing, and Actuation for 

Biomedical Applications XV (Issue February 2018, p. 31). SPIE. 

https://doi.org/10.1117/12.2288519  

Jellison, Jr, G. E., Modine, F. A., Doshi, P., & Rohatgi, A. (1998). Spectroscopic ellipsometry 

characterization of thin-film silicon nitride. Thin Solid Films, 313ä314, 193ä197. 

https://doi.org/10.1016/S0040 -6090(97)00816-X 

Jellison, G. E., & Modine, F. A. (1996). Parameterization of the optical functions of amorphous 

materials in the interband region. Applied Physics Letters, 69(3), 371ä373. 

https://doi.org/10.1063/1.118064  

Jenkins, R. M., Devereux, R. W. J., & Heaton, J. M. (1992). Waveguide beam splitters and 

recombiners based on multimode propagation phenomena. Optics Letters, 17(14), 991. 

https://doi.org/10.1364/ol.17.000991  

Jevons, W., & Shenstone, A. G. (1938). Spectroscopy: I. atomic spectra. Reports on Progress in 

Physics, 5(1), 210ä227. https://doi.org/10.1088/0034 -4885/5/1/318  

Jiménez, D., Ramą♄rez, C., Pérez-Murano, F., & Guzmán, A. (1999). Implementation of Bérenger 

layers as boundary conditions for the beam propagation method: applications to 

integrated waveguides. Optics Communications, 159(1ä3), 43ä48. 

https://doi.org/10.1016/S0030 -4018(98)00590-2 

Joe, Y. S., Satanin, A. M., & Kim, C. S. (2006). Classical analogy of Fano resonances. Physica 

Scripta, 74(2), 259ä266. https://doi.org/10.1088/0031 -8949/74/2/020  

Jong-Kwon Lee, Yu-Sok Lim, Choon-Ho Park, Yong-In Park, Chang-Dong Kim, & Yong-Kee 

Hwang. (2010). a-Si:H Thin-Film Transistor-Driven Flexible Color E-Paper Display on 

Flexible Substrates. IEEE Electron Device Letters, 31(8), 833ä835. 

https://doi.org/10.1109/LED.2010.2051531 

Jory, M. J., Vukusic, P. S., & Sambles, J. R. (1994). Development of a prototype gas sensor using 

surface plasmon resonance on gratings. Sensors and Actuators B: Chemical, 17(3), 203ä

209. https://doi.org/10.1016/0925 -4005(93)00871-U 

Kang, J., Atsumi, Y., Oda, M., Amemiya, T., Nishiyama, N., & Arai, S. (2011). Low-Loss Amorphous 

Silicon Multilayer Waveguides Vertically Stacked on Silicon-on-Insulator Substrate. 

Japanese Journal of Applied Physics, 50(12), 120208. 

https://doi.org/10.1143/JJAP.50.120208 

Karlsson, R., & Stahlberg, R. (1995). Surface Plasmon Resonance Detection and Multispot 

Sensing for Direct Monitoring of Interactions Involving Low -Molecular-Weight Analytes 

and for Determination of Low Affinities. Analytical Biochemistry, 228(2), 274ä280. 

https://doi.org/10.1006/abio.1995.1350  

Koubov§, V., Brynda, E., Karasov§, L., ċkvor, J., Homola, J., Dost§lek, J., TobiČka, P., & RoČickē, J. 

(2001). Detection of foodborne pathogens using surface plasmon resonance biosensors. 



 187 

Sensors and Actuators B: Chemical, 74(1ä3), 100ä105. https://doi.org/10.1016/S0925-

4005(00)00717-6 

Kushner, M. J. (1992). Simulation of the gasȤphase processes in remoteȤplasmaȤactivated 

chemicalȤvapor deposition of silicon dielectrics using rare gasäsilaneȤammonia mixtures. 

Journal of Applied Physics, 71(9), 4173ä4189. https://doi.org/10.1063/1.350821 

Kuyken, B., Clemmen, S., Selvaraja, S. K., Bogaerts, W., Van Thourhout, D., Emplit, P., Massar, S., 

Roelkens, G., & Baets, R. (2011). On-chip parametric amplification with 26.5 dB gain at 

telecommunication wavelengths using CMOS-compatible hydrogenated amo rphous 

silicon waveguides. Optics Letters, 36(4), 552. https://doi.org/10.1364/OL.36.000552 

Lambeck, P. V. (1992). Integrated opto-chemical sensors. Sensors and Actuators B: Chemical, 

8(1), 103ä116. https://doi.org/10.1016/0925 -4005(92)85016-P 

Lavareda, G., Vygranenko, Y., Amaral, A., Nunes de Carvalho, C., Barradas, N. P., Alves, E., & 

Brogueira, P. (2021). Dependence of optical properties on composition of silicon 

carbonitride thin films deposited at low temperature by PECVD. Journal of Non-Crystalline 

Solids, 551(July 2020), 120434. https://doi.org/10.1016/j.jnoncrysol.2020.120434 

Lee, K. K., Lim, D. R., Luan, H.-C., Agarwal, A., Foresi, J., & Kimerling, L. C. (2000). Effect of size 

and roughness on light transmission in a Si/SiO2 waveguide: Experiments and model. 

Applied Physics Letters, 77(11), 1617ä1619. https://doi.org/10.1063/1.1308532 

Lelièvre, J.-F., De la Torre, J., Kaminski, A., Bremond, G., Lemiti, M., El Bouayadi, R., Araujo, D., 

Epicier, T., Monna, R., Pirot, M., Ribeyron, P.-J., & Jaussaud, C. (2006). Correlation of optical 

and photoluminescence properties in amorphous SiNx:H thin films deposited by PECVD 

or UVCVD. Thin Solid Films, 511ä512, 103ä107. https://doi.org/10.1016/j.tsf.2005.12.136 

Leung, P.-T., Pollard-Knight, D., Malan, G. P., & Finlan, M. F. (1994). Modelling of particle-

enhanced sensitivity of the surface-plasmon-resonance biosensor. Sensors and Actuators 

B: Chemical, 22(3), 175ä180. https://doi.org/10.1016/0925 -4005(94)87018-7 

Leuthold, J., & Joyner, C. W. (2001). Multimode interference couplers with tunable power 

splitting ratios. Journal of Lightwave Technology, 19(5), 700ä707. 

https://doi.org/10.1109/50.923483  

Levy, D. S., Scarmozzino, R., Li, Y. M., & Osgood, R. M. (1998). A new design for ultracompact 

multimode interference -based 2 x 2 couplers. IEEE Photonics Technology Letters, 10(1), 

96ä98. https://doi.org/10.1109/68.651120 

Levy, M., Eldada, L., Scarmozzino, R., Osgood, R. M., Lin, P. S. D., & Tong, F. (1992). Fabrication 

of narrow-band channel-dropping filters. IEEE Photonics Technology Letters, 4(12), 1378ä

1381. https://doi.org/10.1109/68.180582 

Li, F., Pelusi, M., Xu, D.-X., Densmore, A., Ma, R., Janz, S., & Moss, D. J. (2010). Error-free all-

optical demultiplexing at 160Gb/s via FWM in a silicon nanowire. Optics Express, 18(4), 

3905. https://doi.org/10.1364/OE.18.003905 

Li, H., Ma, Y., & Huang, Y. (2021). Material innovation and mechanics design for substrates and 

encapsulation of flexible electronics: a review. Materials Horizons, 8(2), 383ä400. 

https://doi.org/10.1039/D0MH00483A  

Liedberg, B., Lundström, I., & Stenberg, E. (1993). Principles of biosensing with an extended 

coupling matrix and surface plasmon resonance. Sensors and Actuators B: Chemical, 11(1ä

3), 63ä72. https://doi.org/10.1016/0925 -4005(93)85239-7 

Liedberg, Bo, Nylander, C., & Lunström, I. (1983). Surface plasmon resonance for gas detection 

and biosensing. Sensors and Actuators, 4(C), 299ä304. https://doi.org/10.1016/0250 -



 188 

6874(83)85036-7 

Lifante, G. (2003). INTEGRATED PHOTONICS: FUNDAMENTALS. 

Lin, H., Luo, Z., Gu, T., Kimerling, L. C., Wada, K., Agarwal, A., & Hu, J. (2017). Mid-infrared 

integrated photonics on silicon: a perspective. Nanophotonics, 7(2), 393ä420. 

https://doi.org/10.1515/nanoph -2017-0085 

Liu, L., & Pu, M. (2010). High-efficiency, large-bandwidth silicon -on-insulator grating coupler 

based on a fully-etched photonic crystal structure. Applied Physics Letters, 96(5), 051126. 

https://doi.org/10.1063/1.3304791  

Liu, R., Cheng, Q., Hand, T., Mock, J. J., Cui, T. J., Cummer, S. A., & Smith, D. R. (2008). 

Experimental demonstration of electromagnetic tunneling through an epsilon -near-zero 

metamaterial at microwave frequencies. Physical Review Letters, 100(2), 1ä4. 

https://doi.org/10.1103/PhysRevLett.100.023903 

Liu, Y., Sun, W., Xie, H., Zhang, N., Xu, K., Yao, Y., Xiao, S., & Song, Q. (2018). Adiabatic and 

Ultracompact Waveguide Tapers Based on Digital Metamaterials. IEEE Journal of Selected 

Topics in Quantum Electronics, 25(3). https://doi.org/10.1109/JSTQE.2018.2846046 

Livengood, R. E., & Hess, D. W. (1987). Plasma enhanced chemical vapor deposition of 

fluorinated silicon nitride using SiH 4 ȤNH 3 ȤNF 3 mixtures. Applied Physics Letters, 50(10), 

560ä562. https://doi.org/10.1063/1.98134  

Löfås, S., Malmqvist, M., Rönnberg, I., Stenberg, E., Liedberg, B., & Lundström, I. (1991). 

Bioanalysis with surface plasmon resonance. Sensors and Actuators B: Chemical, 5(1ä4), 

79ä84. https://doi.org/10.1016/0925 -4005(91)80224-8 

Lorenz, H. (1991). Characterization of low temperature SiO2 and Si3N4 films deposited by 

plasma enhanced evaporation. Journal of Vacuum Science & Technology B: 

Microelectronics and Nanometer Structures, 9(2), 208. https://doi.org/10.1116/1.585595 

Lourenço, P., Fantoni, A., Fernandes, M., Costa, J., & Vieira, M. (2020). Applications for a-Si:H 

TFTs: modelling and simulation. I-ETC: ISEL Academic Journal of Electronics, 

Telecommunications and Computers, 6(1), 1ä10. 

Lu, Z., & Zhao, W. (2012). Nanoscale electro-optic modulators based on graphene-slot 

waveguides. Journal of the Optical Society of America B, 29(6), 1490. 

https://doi.org/10.1364/JOSAB.29.001490 

Lucovsky, G., Tsu, D. V., & Markunas, R. J. (1986). Deposition of Dielectric Films by Remote 

Plasma Enhanced CVD. MRS Proceedings, 68, 323. https://doi.org/10.1557/PROC-68-323 

LukéYanchuk, B., Zheludev, N. I., Maier, S. A., Halas, N. J., Nordlander, P., Giessen, H., & Chong, 

C. T. (2010). The Fano resonance in plasmonic nanostructures and metamaterials. Nature 

Materials, 9(9), 707ä715. https://doi.org/10.1038/nmat2810  

Lukyanchuk, B. S., Wang, Z. B., Tribelsky, M., Ternovsky, V., Hong, M. H., & Chong, T. C. (2007). 

Peculiarities of light scattering by nanoparticles and nanowires near plasmon resonance 

frequencies. Journal of Physics: Conference Series, 59(1), 234ä239. 

https://doi.org/10.1088/1742 -6596/59/1/050  

Luyssaert, B., Bienstman, P., Vandersteegen, P., Dumon, P., & Baets, R. (2005). Efficient 

nonadiabatic planar waveguide tapers. Journal of Lightwave Technology, 23(8), 2462ä

2468. https://doi.org/10.1109/JLT.2005.850795 

Maat, D. H. P., Zhu, Y. C., Groen, F. H., van Brug, H., Frankena, H. J., & Leijtens, X. J. M. (2000). 

Polarization-independent dilated InP-based space switch with low crosstalk. IEEE 

Photonics Technology Letters, 12(3), 284ä286. https://doi.org/10.1109/68.826915 



 189 

Maier, S. A. (2007). Plasmonics: Fundamentals and Applications. Springer US. 

https://doi.org/10.1007/0 -387-37825-1 

Main, C., Reynolds, S., ZrinČőak, I., & Merazga, A. (2004). Comparison of AC and DC constant 

photocurrent methods for determination of defect densities. Journal of Non-Crystalline 

Solids, 338ä340(1 SPEC. ISS.), 228ä231. https://doi.org/10.1016/j.jnoncrysol.2004.02.059 

Manabe, Y., & Mitsuyu, T. (1989). Silicon nitride thin films prepared by the electron cyclotron 

resonance plasma chemical vapor deposition method. Journal of Applied Physics, 66(6), 

2475ä2480. https://doi.org/10.1063/1.344258 

Manuel, M., Vidal, B., López, R., Alegret, S., Alonso-Chamarro, J., Garces, I., & Mateo, J. (1993). 

Determination of probable alcohol yield in musts by means of an SPR optical sensor. 

Sensors and Actuators B: Chemical, 11(1ä3), 455ä459. https://doi.org/10.1016/0925 -

4005(93)85287-K 

Marcuse, D. (1991). Theory of Dielectric Optical Waveguides. Elsevier. 

https://doi.org/10.1016/B978 -0-12-470951-5.X5001-X 

Marks, M. R., Hassan, Z., & Cheong, K. Y. (2015). Ultrathin Wafer Pre-Assembly and Assembly 

Process Technologies: A Review. Critical Reviews in Solid State and Materials Sciences, 

40(5), 251ä290. https://doi.org/10.1080/10408436.2014.992585 

Matsubara, K., Kawata, S., & Minami, S. (1988). Optical chemical sensor based on surface 

plasmon measurement. Applied Optics, 27(6), 1160. 

https://doi.org/10.1364/AO.27.001160 

Matsumura, H., Nakagome, Y., & Furukawa, S. (1981). Conductivity and p Ȥ n type control of 

fluorinated amorphous silicon ( a ȤSi:F) without incorporating hydrogen. Journal of 

Applied Physics, 52(1), 291ä295. https://doi.org/10.1063/1.328491 

Maystre, D. (1984). I Rigorous Vector Theories of Diffraction Gratings (E. B. T.-P. in O. Wolf (Ed.); 

Vol. 21, pp. 1ä67). Elsevier. https://doi.org/10.1016/S0079-6638(08)70121-5 

Meade, R., Tehar-Zahav, O., Sternberg, Z., Megged, E., Sandhu, G., Orcutt, J. S., Ram, R., 

Stojanovic, V., Watts, M. R., Timurdogan, E., Shainline, J., & Popovic, M. (2013). Integration 

of silicon photonics in a bulk CMOS memory flow. 2013 Optical Interconnects Conference, 

1, 114ä115. https://doi.org/10.1109/OIC.2013.6552950 

Miroshnichenko, A. E., Flach, S., & Kivshar, Y. S. (2010). Fano resonances in nanoscale structures. 

Reviews of Modern Physics, 82(3), 2257ä2298. 

https://doi.org/10.1103/RevModPhys.82.2257 

Moreno, M., Torres, A., Ambrosio, R., Zuñiga, C., Torres-Rios, A., Monfil, K., Rosales, P., & 

Itzmoyotl, A. (2011). Study of the effect of the deposition parameters on the structural, 

electric and optical characteristics of polymorphous silicon films prepared by low 

frequency PECVD. Materials Science and Engineering: B, 176(17), 1373ä1377. 

https://doi.org/10.1016/j.mseb.2011.01.022 

Mouvet, C., Harris, R. D., Maciag, C., Luff, B. J., Wilkinson, J. S., Piehler, J., Brecht, A., Gauglitz, G., 

Abuknesha, R., & Ismail, G. (1997). Determination of simazine in water samples by 

waveguide surface plasmon resonance. Analytica Chimica Acta, 338(1ä2), 109ä117. 

https://doi.org/10.1016/S0003 -2670(96)00443-6 

Narayanan, K., Elshaari, A. W., & Preble, S. F. (2010). Broadband all-optical modulation in 

hydrogenated-amorphous silicon waveguides. Optics Express, 18(10), 9809. 

https://doi.org/10.1364/OE.18.009809 

Narayanan, K., & Preble, S. F. (2010). Optical nonlinearities in hydrogenated-amorphous silicon 



 190 

waveguides. Optics Express, 18(9), 8998. https://doi.org/10.1364/OE.18.008998 

Nylander, C., Liedberg, B., & Lind, T. (1982). Gas detection by means of surface plasmon 

resonance. Sensors and Actuators, 3(C), 79ä88. https://doi.org/10.1016/0250 -

6874(82)80008-5 

Okamoto, K. (2006). Fundamentals of optical waveguide fibers. In Academic Press (Issue 2). 

OptiFDTD. (n.d.). OptiFDTD - OptiWave. Retrieved January 7, 2020, from 

https://optiwave.com/optifdtd -overview/ 

Orcutt, J. S., Khilo, A., Holzwarth, C. W., Popoviŏ, M. A., Li, H., Sun, J., Bonifield, T., Hollingsworth, 

R., Kärtner, F. X., Smith, H. I., Stojanoviŏ, V., & Ram, R. J. (2011). Nanophotonic integration 

in state-of-the-art CMOS foundries. Optics Express, 19(3), 2335. 

https://doi.org/10.1364/OE.19.002335 

Parrish, T., & Yang, W. (2020). Surface Plasmonic Resonance: The Underlying Fano Resonance 

Mechanism for the Attenuated Total Internal Reflection (ATIR). 2020 SoutheastCon, 2020-

March, 1ä4. https://doi.org/10.1109/SoutheastCon44009.2020.9249718 

Parsons, G. N., Souk, J. H., & Batey, J. (1991). Low hydrogen content stoichiometric silicon nitride 

films deposited by plasmaȤenhanced chemical vapor deposition. Journal of Applied 

Physics, 70(3), 1553ä1560. https://doi.org/10.1063/1.349544 

Payne, F. P., & Lacey, J. P. R. (1994). A theoretical analysis of scattering loss from planar optical 

waveguides. Optical and Quantum Electronics, 26(10), 977ä986. 

https://doi.org/10.1007/BF00708339 

Pfeifer, P., Aldinger, U., Schwotzer, G., Diekmann, S., & Steinrücke, P. (1999). Real time sensing 

of specific molecular binding using surface plasmon resonance spectroscopy. Sensors and 

Actuators B: Chemical, 54(1ä2), 166ä175. https://doi.org/10.1016/S0925-4005(98)00334-

7 

Piliarik, M., & Homola, J. (2009). Surface plasmon resonance (SPR) sensors: approaching their 

limits? Optics Express, 17(19), 16505. https://doi.org/10.1364/OE.17.016505 

Press, W. H., Flannery, B. P., Teukolsky, S. A., & Vetterling, W. T. (1997). Numerical Recipes in 

Pascal--The Art of Scientific Computing. In Mathematics of Computation  (Vol. 1). 

https://websites.pmc.ucsc.edu/~fnimmo/eart290c_17/NumericalRecipesinF77.pdf 

Pu, M., Liu, L., Ou, H., Yvind, K., & Hvam, J. M. (2010). Ultra-low-loss inverted taper coupler for 

silicon-on-insulator ridge waveguide. Optics Communications, 283(19), 3678ä3682. 

https://doi.org/10.1016/j.optcom.2010.05.034  

Quaranta, G., Basset, G., Martin, O. J. F., & Gallinet, B. (2018). Recent Advances in Resonant 

Waveguide Gratings. Laser and Photonics Reviews, 12(9), 1ä31. 

https://doi.org/10.1002/lpor.201800017  

Raether, H. (1988). Surface Plasmons on Smooth and Rough Surfaces and on Gratings. In 

Applied Optics (Vol. 111, Issue 11). Springer Berlin Heidelberg. 

https://doi.org/10.1007/BFb0048317 

Ramadan, T. A., Scarmozzino, R., & Osgood, R. M. (1998). Adiabatic couplers: design rules and 

optimization. Journal of Lightwave Technology, 16(2), 277ä283. 

https://doi.org/10.1109/50.661021  

refractiveindex.info. (n.d.). Refractive index database. Retrieved September 11, 2021, from 

https://refractiveindex.info/  

Roca i Cabarrocas, P. (2000). Plasma enhanced chemical vapor deposition of amorphous, 

polymorphous and microcrystalline silicon films. Journal of Non-Crystalline Solids, 266ä



 191 

269, 31ä37. https://doi.org/10.1016/S0022-3093(99)00714-0 

Romero-García, S., Merget, F., Zhong, F., Finkelstein, H., & Witzens, J. (2013). Silicon nitride 

CMOS-compatible platform for integrated photonics applications at visible wavelengths. 

Optics Express, 21(12), 14036. https://doi.org/10.1364/OE.21.014036 

Rosenblatt, D., Sharon, A., & Friesem, A. A. (1997). Resonant grating waveguide structures. IEEE 

Journal of Quantum Electronics, 33(11), 2038ä2059. https://doi.org/10.1109/3.641320 

RSoft. (n.d.). Synopsys RSoft Solutions. Retrieved July 10, 2021, from 

https://www.synopsys.com/optical -solutions/rsoft.html  

Sakata, I., Yamanaka, M., Numase, S., & Hayashi, Y. (1992). Deep defect states in hydrogenated 

amorphous silicon studied by a constant photocurrent method. Journal of Applied 

Physics, 71(9), 4344ä4353. https://doi.org/10.1063/1.350818 

Saleh, B. E. A., & Teich, M. C. (1991). Fundamentals of Photonics. In Fundamentals of Photonics. 

John Wiley & Sons, Inc. https://doi.org/10.1002/0471213748 

Sark, W., & Franceschini, D. (2002). Thin Films and Nanostructures. 

https://www.elsevier.com/books/advances-in-plasma-grown-hydrogenated-

films/agranovich/978 -0-12-533030-5 

Sataloff, R. T., Johns, M. M., & Kost, K. M. (1995). Plasma Deposition of Amorphous Silicon-

Based Materials (P. Capezzuto & A. Madan (Eds.)). 

Scarmozzino, R., Gopinath, A., Pregla, R., & Helfert, S. (2000). Numerical techniques for 

modeling guided -wave photonic devices. IEEE Journal on Selected Topics in Quantum 

Electronics, 6(1), 150ä162. https://doi.org/10.1109/2944.826883 

Scarmozzino, R., & Osgood, R. M. (1991). Comparison of finite-difference and Fourier-

transform solutions of the parabolic wave equation with emphasis on integrated -optics 

applications. Journal of the Optical Society of America A, 8(5), 724. 

https://doi.org/10.1364/JOSAA.8.000724 

Scarmozzino, Robert, Osgood, Jr., R. M., Eldada, L. A., Yardley, J. T., Liu, Y., Bristow, J. P. G., Stack, 

J. D., Rowlette, Sr., J. R., & Liu, Y.-S. (1997). Design and Fabrication of Passive Optical 

Polymer Waveguide Components for Multimode Parallel Optical Links (R. T. Chen & P. S. 

Guilfoyle (Eds.); Vol. 3005, pp. 257ä265). https://doi.org/10.1117/12.271094 

Schmidt, J. A., Arce, R. D., Koropecki, R. R., & Buitrago, R. H. (1999). Light-induced creation of 

metastable defects in hydrogenated amorphous silicon studied by computer simulations 

of constant photocurrent measurements. Physical Review B - Condensed Matter and 

Materials Physics, 59(7), 4568ä4571. https://doi.org/10.1103/PhysRevB.59.4568 

Selvaraja, S. K., Sleeckx, E., Schaekers, M., Bogaerts, W., Thourhout, D. Van, Dumon, P., & Baets, 

R. (2009). Low-loss amorphous silicon-on-insulator technology for photonic integrated 

circuitry. Optics Communications, 282(9), 1767ä1770. 

https://doi.org/10.1016/j.optcom.2009.01.021  

Severs, A. H., & Schasfoort, R. B. M. (1993). Enhanced surface plasmon resonance inhibition test 

(ESPRIT) using latex particles. Biosensors and Bioelectronics, 8(7ä8), 365ä370. 

https://doi.org/10.1016/0956 -5663(93)80075-Z 

Sharma, A., Madhu, C., & Singh, J. (2014). Performance Evaluation of Thin Film Transistors: 

History, Technology Development and Comparison: A Review. International Journal of 

Computer Applications, 89(15), 36ä40. https://doi.org/10.5120/15710 -4603 

Sheng, Z., Dai, D., & He, S. (2009). Comparative study of losses in ultrasharp silicon-on-insulator 

nanowire bends. IEEE Journal on Selected Topics in Quantum Electronics, 15(5), 1406ä



 192 

1412. https://doi.org/10.1109/JSTQE.2009.2013360 

Shih, M. C., Hu, M. H., Freiler, M. B., Levy, M., Scarmozzino, R., Osgood, R. M., Tao, I. W., & Wang, 

W. I. (1995). Fabrication of an InGaAs single quantum well circular ring laser by direct laser 

patterning. Applied Physics Letters, 66(20), 2608ä2610. https://doi.org/10.1063/1.113099 

Shoji, Y., Ogasawara, T., Kamei, T., Sakakibara, Y., Suda, S., Kintaka, K., Kawashima, H., Okano, 

M., Hasama, T., Ishikawa, H., & Mori, M. (2010). Ultrafast nonlinear effects in hydrogenated 

amorphous silicon wire waveguide. Optics Express, 18(6), 5668. 

https://doi.org/10.1364/OE.18.005668 

Silveirinha, M., & Engheta, N. (2006). Tunneling of electromagnetic energy through 

subwavelength channels and bends using ʁ -near-zero materials. Physical Review Letters, 

97(15). https://doi.org/10.1103/PhysRevLett.97.157403 

Soldano, L.B., & Pennings, E. C. M. (1995). Optical multi-mode interference devices based on 

self-imaging: principles and applications. Journal of Lightwave Technology, 13(4), 615ä

627. https://doi.org/10.1109/50.372474 

Soldano, Lucas B., Veerman, F. B., Smit, M. K., Verbeek, B. H., Dubost, A. H., & Pennings, E. C. M. 

(1992). Planar Monomode Optical Couplers Based on Multimode Interference Effects. 

Journal of Lightwave Technology, 10(12), 1843ä1850. https://doi.org/10.1109/50.202837 

Song, J. H., Kongnyuy, T. D., Troia, B., Saseendran, S. S., Soussan, P., Jansen, R., & Rottenberg, 

X. (2019). Grating devices on a silicon nitride technology platform for visible light 

applications. OSA Continuum, 2(4), 1155. https://doi.org/10.1364/OSAC.2.001155 

Soref, R. A., & Lorenzo, J. P. (1985). Single-Crystal Silicon: A New Material For 1-3 And 1-6 Fim 

Integrated-Optical Components. Electronics Letters, 21(21), 953ä954. 

https://doi.org/https://doi.org/10.1049/el:19850673  

Soref, R., & Bennett, B. (1987). Electrooptical effects in silicon. IEEE Journal of Quantum 

Electronics, 23(1), 123ä129. https://doi.org/10.1109/JQE.1987.1073206 

Spangler, B. D., Wilkinson, E. A., Murphy, J. T., & Tyler, B. J. (2001). Comparison of the Spreeta® 

surface plasmon resonance sensor and a quartz crystal microbalance for detection of 

Escherichia coli heat-labile enterotoxin. Analytica Chimica Acta, 444(1), 149ä161. 

https://doi.org/10.1016/S0003 -2670(01)01156-4 

Spuhler, M. M., Offrein, B. J., Bona, G.-L., Germann, R., Massarek, I., & Erni, D. (1998). A very 

short planar silica spot-size converter using a nonperiodic segmented waveguide. Journal 

of Lightwave Technology, 16(9), 1680ä1685. https://doi.org/10.1109/50.712252 

Staebler, D. L., & Wronski, C. R. (1977). Reversible conductivity changes in dischargeȤproduced 

amorphous Si. Applied Physics Letters, 31(4), 292ä294. https://doi.org/10.1063/1.89674  

Stuckelberger, M., Biron, R., Wyrsch, N., Haug, F.-J., & Ballif, C. (2017). Review: Progress in solar 

cells from hydrogenated amorphous silicon. Renewable and Sustainable Energy Reviews, 

76(January), 1497ä1523. https://doi.org/10.1016/j.rser.2016.11.190 

Stutzmann, M. (1989). The defect density in amorphous silicon. Philosophical Magazine B, 60(4), 

531ä546. https://doi.org/10.1080/13642818908205926 

Subramanian, A. Z., Neutens, P., Dhakal, A., Jansen, R., Claes, T., Rottenberg, X., Peyskens, F., 

Selvaraja, S., Helin, P., DuBois, B., Leyssens, K., Severi, S., Deshpande, P., Baets, R., & Van 

Dorpe, P. (2013). Low-Loss Singlemode PECVD Silicon Nitride Photonic Wire Waveguides 

for 532ä900 nm Wavelength Window Fabricated Within a CMOS Pilot Line. IEEE Photonics 

Journal, 5(6), 2202809ä2202809. https://doi.org/10.1109/JPHOT.2013.2292698 

Suhara, T., & Nishihara, H. (1986). Integrated optics components and devices using periodic 



 193 

structures. IEEE Journal of Quantum Electronics, 22(6), 845ä867. 

https://doi.org/10.1109/JQE.1986.1073051 

Sun, R., Cheng, J., Michel, J., & Kimerling, L. (2009). Transparent amorphous silicon channel 

waveguides and high-Q resonators using a damascene process. Optics Letters, 34(15), 

2378. https://doi.org/10.1364/OL.34.002378 

Sun, R., McComber, K., Cheng, J., Sparacin, D. K., Beals, M., Michel, J., & Kimerling, L. C. (2009). 

Transparent amorphous silicon channel waveguides with silicon nitride intercladding 

layer. Applied Physics Letters, 94(14), 141108. https://doi.org/10.1063/1.3117363 

Taflove, A., & Hagness, S. C. (1995). Computational Electrodynamics: The Finite-Difference 

Time-Domain Method. In Artech House. 

Taillaert, D., Bogaerts, W., Bienstman, P., Krauss, T. F., Van Daele, P., Moerman, I., Verstuyft, S., 

De Mesel, K., & Baets, R. (2002). An out-of-plane grating coupler for efficient butt -

coupling between compact planar waveguides and single-mode fibers. IEEE Journal of 

Quantum Electronics, 38(7), 949ä955. https://doi.org/10.1109/JQE.2002.1017613 

Taillaert, Dirk, Van Laere, F., Ayre, M., Bogaerts, W., Van Thourhout, D., Bienstman, P., & Baets, 

R. (2006). Grating Couplers for Coupling between Optical Fibers and Nanophotonic 

Waveguides. Japanese Journal of Applied Physics, 45(8A), 6071ä6077. 

https://doi.org/10.1143/JJAP.45.6071 

Takei, R. (2016). Amorphous Silicon Photonics. In P. Mandacci (Ed.), Crystalline and Non-

crystalline Solids (p. 21). InTech. https://doi.org/10.5772/63374 

Talbot, H. F. (1836). LXXVI. Facts relating to optical science. No. IV. The London, Edinburgh, and 

Dublin Philosophical Magazine and Journal of Science, 9(56), 401ä407. 

https://doi.org/10.1080/14786443608649032  

Tamir, T., & Peng, S. T. (1977). Analysis and design of grating couplers. Applied Physics, 14(3), 

235ä254. https://doi.org/10.1007/BF00882729 

Thorlabs. (n.d.). Coupling prisms - Thorlabs. Retrieved December 28, 2019, from 

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=3243  

Tien, P. K. (1971). Light Waves in Thin Films and Integrated Optics. Applied Optics, 10(11), 2395. 

https://doi.org/10.1364/AO.10.002395 

Tien, P. K., & Ulrich, R. (1970). Theory of PrismäFilm Coupler and Thin-Film Light Guides. Journal 

of the Optical Society of America, 60(10), 1325ä1337. 

https://doi.org/10.1364/josa.60.001325 

Tien, P. K., Ulrich, R., & Martin, R. J. (1969). Modes of propagating light waves in thin deposited 

semiconductor films. Applied Physics Letters, 14(9), 291ä294. 

https://doi.org/10.1063/1.1652820  

Tsung-Ching Huang, Jiun-Lang Huang, & Kwang-Ting Cheng. (2011). Robust Circuit Design for 

Flexible Electronics. IEEE Design & Test of Computers, 28(6), 8ä15. 

https://doi.org/10.1109/MDT.2011.74  

Ulrich, R. (1975). Light-propagation and imaging in planar optical waveguides. Nouvelle Revue 

déOptique, 6(5), 253ä262. https://doi.org/10.1088/0335 -7368/6/5/302  

Ulrich, R., & Ankele, G. (1975). SelfȤimaging in homogeneous planar optical waveguides. 

Applied Physics Letters, 27(6), 337ä339. https://doi.org/10.1063/1.88467  

VanŠőek, M., Koőka, J., Stuchlík, J., & Tǌíska, A. (1981). Direct measurement of the gap states 

and band tail absorption by constant photocurrent method in amorphous silicon. Solid 

State Communications, 39(11), 1199ä1202. https://doi.org/10.1016/0038 -1098(81)91113-



 194 

3 

Wakamatsu, T., & Saito, K. (2007). Interpretation of attenuated-total -reflection dips observed 

in surface plasmon resonance. Journal of the Optical Society of America B, 24(9), 2307. 

https://doi.org/10.1364/JOSAB.24.002307 

Wang, F., Zhang, Y., Tian, C., Girit, C., Zettl, A., Crommie, M., & Shen, Y. R. (2008). Gate-variable 

optical transitions in graphene. Science, 320(5873), 206ä209. 

https://doi.org/10.1126/science.1152793 

Wang, K.-Y., Petrillo, K. G., Foster, M. A., & Foster, A. C. (2012a). Ultralow-power all-optical 

processing of high-speed data signals in deposited silicon waveguides. Optics Express, 

20(22), 24600. https://doi.org/10.1364/OE.20.024600 

Wang, K.-Y., Petrillo, K. G., Foster, M. A., & Foster, A. C. (2012b). Bit-error rate improvement 

through all -optical signal regeneration in deposited silicon waveguides. The 9th 

International Conference on Group IV Photonics (GFP), 24, 308ä310. 

https://doi.org/10.1109/GROUP4.2012.6324169 

Wartak, M. S. (2013). Computational Photonics - An Introduction with Matlab . Cambridge 

University Press. 

Wood, R. W. (1902). XLII. On a remarkable case of uneven distribution of light in a diffraction 

grating spectrum. The London, Edinburgh, and Dublin Philosophical Magazine and 

Journal of Science, 4(21), 396ä402. https://doi.org/10.1080/14786440209462857 

Wu, C. C., Theiuss, S. D., Gu, G., Lu, M. H., Sturm, J. C., Wagner, S., & Forrest, S. R. (1997). 

Integration of organic LEDs and amorphous Si TFTs onto flexible and lightweight metal 

foil substrates. IEEE Electron Device Letters, 18(12), 609ä612. 

https://doi.org/10.1109/55.644086  

Xu, D.-X., Densmore, A., Waldron, P., Lapointe, J., Post, E., Delâge, A., Janz, S., Cheben, P., 

Schmid, J. H., & Lamontagne, B. (2007). High bandwidth SOI photonic wire ring resonators 

using MMI couplers. Optics Express, 15(6), 3149. https://doi.org/10.1364/OE.15.003149 

Yang, W., & Fiddy, M. A. (2014). Surface plasmon excitation and non-zero induced surface 

current density. IEEE SOUTHEASTCON 2014, 1ä4. 

https://doi.org/10.1109/SECON.2014.6950732 

Yee, K. (1966). Numerical solution of initial boundary value problems involving Maxwellés 

equations in isotropic media. IEEE Transactions on Antennas and Propagation, 30, 141ä

147. https://doi.org/10.1007/978 -3-319-61185-3_17 

Yevick, D., Yayon, Y., & Yu, J. (1995). Optimal absorbing boundary conditions. Journal of the 

Optical Society of America A, 12(1), 107. https://doi.org/10.1364/JOSAA.12.000107 

Yin, Z., & Smith, F. W. (1991). Studies of the deposition of high quality N-rich amorphous silicon 

nitride films. Journal of Non-Crystalline Solids, 137ä138, 879ä882. 

https://doi.org/10.1016/S0022 -3093(05)80260-1 

Yu, Z., Xue-Jun, X., Zhi-Yong, L., Liang, Z., Wei-Hua, H., Zhong-Chao, F., Yu-De, Y., & Jin-Zhong, 

Y. (2010). High efficiency and broad bandwidth grating coupler between nanophotonic 

waveguide and fibre. Chinese Physics B, 19(1), 014219ä5. https://doi.org/10.1088/1674 -

1056/19/1/014219 

Yuan, D., Dong, Y., Liu, Y., & Li, T. (2015). Design of a high-performance micro integrated surface 

plasmon resonance sensor based on silicon-on-insulator rib waveguide array. Sensors 

(Switzerland), 15(7), 17313ä17328. https://doi.org/10.3390/s150717313 

Zafar, R., & Salim, M. (2016). Enhanced Phase Sensitivity in Plasmonic Refractive Index Sensor 



 195 

Based on Slow Light. IEEE Photonics Technology Letters, 28(20), 2187ä2190. 

https://doi.org/10.1109/LPT.2016.2587320 

Zhang, J., Yang, J., Xin, H., Huang, J., Chen, D., & Zhaojian, Z. (2017). Ultrashort and efficient 

adiabatic waveguide taper based on thin flat focusing lenses. Optics Express, 25(17), 

19894. https://doi.org/10.1364/oe.25.019894 

Zhang, L.-M., & Uttamchandani, D. (1988). Optical chemical sensing employing surface 

plasmon resonance. Electronics Letters, 24(23), 1469. https://doi.org/10.1049/el:19881004 

Zhao, C. Z., Liu, E. K., Li, G. Z., & Guo, L. (1996). Silicon-on-insulator optical intensity modulator 

based on waveguide-vanishing effect. Electronics Letters, 32(18), 1667ä1668. 

https://doi.org/10.1049/el:19961110  

Zhao, C. Z., Liu, E. K., Li, G. Z., Li, N., & Guo, L. (1997). Silicon raised strip waveguides based on 

silicon and silicon dioxide thermal bonding. IEEE Photonics Technology Letters, 9(4), 473ä

474. https://doi.org/10.1109/68.559392  

Zhao, Ce Zhou, Liu, E. K., Li, G. Z., Liu, Y. L., & Guo, L. (1997). Silicon-on-insulator 2×2 symmetric 

optical switch based on total internal reflection. Chinese Physics Letters, 14(2), 106ä108. 

https://doi.org/10.1088/0256 -307X/14/2/008 

Zhu, S., Lo, G. Q., & Kwong, D. L. (2010). Low-loss amorphous silicon wire waveguide for 

integrated photonics: effect of fabrication process and the thermal stability. Optics 

Express, 18(24), 25283. https://doi.org/10.1364/OE.18.025283 

Zou, Y., Chakravarty, S., Chung, C.-J., Xu, X., & Chen, R. T. (2018). Mid-infrared silicon photonic 

waveguides and devices [Invited]. Photonics Research, 6(4), 254. 

https://doi.org/10.1364/PRJ.6.000254 

 

 





 197 

A  

 

WAVE EQUATIONS 

In this appendix we will start from Maxwellés equations and derive the vector wave equation. 

Then, from the six scalar wave equations resulting from the  wave equation applied over an 

Electromagnetic (EM) problem, we generalize by designating anyone of the involved fields as 

  and write that as a scalar wave equation. Next, by assuming that this wave field is mono-

chromatic and of known angular frequency, we are able to entirely eliminate the time depend-

ency and derive a time-independent wave equation, the Helmholtzés equation. Finally, regard-

ing the propagation of waves in a more practical perspective, we assume propagation mainly 

along one direction (i. e. the Z-axis) and most of the intensity dependence along the transverse 

direction  (i. e. the X-Y plane), and we derive the paraxial wave equation. 

A.1 Wave Equation 

In the following derivations we will assume the following postulate :  

1. Light propagates in the form of waves and, when in free space, these waves travel 

at the velocity of light:  

ὧ
ρ

Ѝ‐‘

ρ

‐‐‘‘
ςωωχωςτυψ άί  

Equation 

A.1 

where ‐ ‘ ρ (relative permittivity and permeability  of a given medium; vacuum in 

this case), ‘ τz “z ρπ Ὄά  and ‐ ψȢψυτρψχψρχφςπσωρzπ  Ὂά . 

We will start our derivation by writing  the differential  equations that describe all classical 

EM phenomena: - The Maxwell's vectorial equations. 
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ᴆɳ Ὁᴆ
‬
‬ὸ
ὄᴆ

ᴆɳ Ὄᴆ ὐ
‬
‬ὸ
Ὀᴆ

ᴆɳϽὄᴆ π
ᴆɳϽὈᴆ ”

 Equation 

A.2 

here, the first equation is the Faradayés law of induction, the second equation is the Amp¯reés 

law, modified by Maxwell to include the displacement current ‬ὈᴆȾ‬ὸ, and the third and fourth 

equations are Gaussé laws for the electric and magnetic flux densities. The symbols Ὁᴆ and Ὄᴆ are 

the electric and magnetic field vectors and their modul i are measured in units of [ὺέὰὸȾά] and 

[ὥάὴὩὶὩȾά], respectively. The symbols Ὀᴆ and ὄᴆ are the electric and magnetic flux densities 

and their moduli  are in units of [ὧέόὰέάὦȾά ] and [ύὩὦὩὶȾά ], or [ὸὩίὰὥ]. Ὀᴆ may also be des-

ignated as the electric displacement, and ὄᴆ may also be designated as the magnetic induction. 

The quantities ” and ὐ are the volume charge density and electric current density (or charge 

flux) of any external charges. 

Now, in this analysis we will be considering a charge free vacuum as the medium, unless 

otherwise noted. This assumption facilitates our analysis for it introduces a simplification to 

Maxwell's equations. Since our waves propagate in a charge free vacuum, there will be no 

electric current nor volume charge densities. Hence, the terms ὐ and ” are null and the sim-

plified Maxwell's equations are as follows: 

ᴆɳ Ὁᴆ
‬
‬ὸ
ὄᴆ

ᴆɳ Ὄᴆ ὐ
‬
‬ὸ
Ὀᴆ

‬
‬ὸ
Ὀᴆ

ᴆɳϽὄᴆ π
ᴆɳϽὈᴆ ” π

 Equation 

A.3 

To facilitate our derivations and analysis, it is convenient to have Maxwell's equations 

expressed only in terms of the electric field Ὁᴆ and magnetic flux density ὄᴆ. Thus, for our analysis 

we will be using the Maxwell's equations in a charge free vacuum, and defined as in equation 

A.4: 

ᴆɳ Ὁᴆ
‬
‬ὸ
ὄᴆ

ᴆɳ ὄᴆ ‘‐
‬
‬ὸ
Ὁᴆ

ᴆɳϽὉᴆ π
ᴆɳϽὄᴆ π

 Equation 

A.4 

The derivation of the equations that describe the EM fields starts by applying the curl 

operator to both sides of equation A.4. The resulting expressions are as follows: 
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ᴆɳ ὒὌὛ ᴆɳ ᴆɳ Ὁᴆ 
Equation 

A.5 

For the operation  ᴆɳ ᴆɳ Ὁᴆ, there is a vector identity with the following expres-

sion: 

​ᴆ ​ᴆ Ὁᴆ ​ᴆ​ᴆϽὉᴆ ​ᴆὉᴆ 
Equation 

A.6 

Since the third equation in the set of equations A.4 equates the divergence of Ὁᴆ to zero, 

the resulting expression will be: 

ᴆɳ ὒὌὛ ​ᴆὉᴆ 
Equation 

A.7 

Moving on to the curl operator of the right hand side of the first equation:  

ᴆɳ ὙὌὛ ᴆɳ
‬

‬ὸ
ὄᴆ 

Equation 

A.8 

and recalling that the grad operator represents the sum of the spatial derivatives of the carte-

sian coordinates and that the grad operator and the time derivative may interchange their 

positions in the expression (associative property), we get: 

ᴆɳ
‬

‬ὸ
ὄᴆ

‬

‬ὸ
ᴆɳ ὄᴆ ‘‐

‬

‬ὸ

‬

‬ὸ
Ὁᴆ

ρ

ὧ

‬Ὁᴆ

‬ὸ
 

Equation 

A.9 

where ρὧϳ ‘‐ and ὧ is the speed of light in free space. Joining the results obtained for the 

curl operator in both sides of the first Maxwell equation (ὒὌὛὙὌὛ): 

​ᴆὉᴆ
ρ

ὧ

‬Ὁᴆ

‬ὸ
 

Equation 

A.10 

which is, nonetheless, the wave equation describing the harmonic electric fields of an oscillat-

ing wave. Following an identical procedure with the magnetic field will result in the wave equa-

tion describing the harmonic magnetic fields of an oscillating wave: 

​ᴆὄᴆ
ρ

ὧ

‬ὄᴆ

‬ὸ
Ƞ ὄᴆ ‘Ὄᴆ 

Equation 

A.11 

Generalizing this wave equation for an arbitrary field   and rearranging the terms, we 

may write the wave equation A.12: 

​ᴆ ᴆ
ρ

ὧ

‬ ᴆ

‬ὸ
π 

Equation 

A.12 
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A.2 Helmholtzés Equation 

Equation A.12 describes the vector wave equation for harmonic fields of oscillating waves, such 

as the EM fields of light . The vectorial field   has three components, each corresponding to 

one cartesian coordinate and resulting in three scalar wave equations. In our specific case of 

the EM fields, we have six scalar wave equations describing the six scalar components 

ὉȟὉȟὉȟὄȟὄ ὥὲὨ ὄ. In this subsection, we will be using the arbitrary field   to denote any 

of the components of the scalar wave equation. 

We start the derivation of Helmholtzés equation by factoring out the time dependency 

of the field, as in the following expression: 

 ὼȟώȟᾀȟὸ  ὼȟώȟᾀὩ  

here,  ὼȟώȟᾀ is the three dimensional field, is the angular frequency and the Ὡ ‫  is a 

complex quantity representing the time dependency of the field. Before proceeding with the 

derivation of Helmholtzés equation, we must make an introduction to the phasor notation  to 

represent wave fields as presented in previous expression. This notation is very useful because 

it replaces the sine and cosine operators by exponentials, which are much easier to deal with 

through the usual arithmetic operations  (specifically, multiplications and divisions) we perform 

on wavefields. Nevertheless, one must keep in mind that this notation finds no correspondence 

in the physical world and if we want to calculate physical quantities such as the intensity or 

amplitude, we must operate with only the real part of the phasor . We next demonstrate what 

has just been said with an example, assuming that our wave field is a monochromatic plane 

wave propagating along the Z -axis and represented as a phasor: 

 ὼȟώȟᾀȟὸ Ὡ  

here Ὧ is the wavenumber and .is the angular frequency ‫ 

To obtain the real part of this phasor we retrieve the trigonometric functions through the 

Eulerés equation: 

ὙὩ ὼȟώȟᾀȟὸ ὙὩὩ ὙὩÃÏÓὯᾀ‫ὸ ὮÓÉÎὯᾀ‫ὸ ÃÏÓὯᾀ‫ὸ 

Going back to our derivation of Helmholtzés equation, we start with the scalar wave equa-

tion  and substitute the wavefield  ὼȟώȟᾀȟὸ by the wave field with the  time dependency fac-

tored out  ὼȟώȟᾀὩ , as in equation A.13: 

ᶯ  ὼȟώȟᾀὩὮ‫ὸ
ρ

ὧ

‬

‬ὸ
 ὼȟώȟᾀὩὮ‫ὸ π 

Equation 

A.13 
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The spatial derivatives of the Laplacian (ᶯ) do not affect the time dependency and the time 

derivatives do not affect the spatial dependency of the wavefield, thus we may write the fol-

lowing equation : 

Ὡ ᶯς ὼȟώȟᾀ
ρ

ὧς
 ὼȟώȟᾀ

‬ς

‬ὸς
Ὡ π 

Equation 

A.14 

The second time derivative of the time dependency is ‬ς‬ὸςϳ Ὡ ‫ς and ‫ ὧϳ

Ὧ, so we may write: 

Ὡ ᶯς ὼȟώȟᾀ Ὡ Ὧς ὼȟώȟᾀ π 
Equation 

A.15 

By limiting our wavefield to monochromatic waves, we may cross out the time dependency of 

both terms on the left hand side of equation A.15 and obtain the time -independent wave 

equation describing monochromatic waves, the Helmholtzés equation: 

ᶯ ὼȟώȟᾀ Ὧ ὼȟώȟᾀ π 
Equation 

A.16 

A.3 Paraxial Wave Equation 

For the paraxial wave equation, we will assume a plane wave propagating along the Z-axis but , 

because a plane wave by itself would be unphysical, there is another component  that encap-

sulates (i. e. modulates its amplitude) the plane wave at a much slower rate. The plane wave 

component may be described as ὃὩ , where the amplitude  ὃ has a 3D spatial dependency 

ὃ όὼȟώȟᾀ. Next, we substitute our wavefield  ὼȟώȟᾀ όὼȟώȟᾀὩὭὯᾀ in Helmholtzés 

equation: 

​ ὼȟώȟᾀ Ὧ ὼȟώȟᾀ πḳ​ όὼȟώȟᾀὩ ὯόὼȟώȟᾀὩ π   
Equation 

A.17 

Since this wave is mainly propagating along the Z -axis, we denote this behaviour by sep-

arating the Laplacian in the transverse and Z-axis operators: 

​  ᶯ 
‬

‬ᾀ
  

The transverse operator in regard to  the wave field has no Z-axis dependency, thus we may 

factor out this term:  

ᶯ  Ὡ ᶯ όὼȟώȟᾀ  

Letés now act on the second derivative with respect to the Z-axis: 

‬

‬ᾀ
 

‬

‬ᾀ
όὼȟώȟᾀὩ  

This is a second derivative of a product of functions . Thus, the product rule must be applied:  
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‬

‬ᾀ
όὩ Ὡ

‬

‬ᾀ
ό ςὮὯ

‬

‬ᾀ
ό Ὧό 

Retrieving equation A.17 and substituting the transverse Laplacian and the Z-axis dependency 

with the results obtained , we get: 

​ όὼȟώȟᾀὩ ὯόὼȟώȟᾀὩ π 

Ὡ ᶯ όὼȟώȟᾀ Ὡ
‬

‬ᾀ
ό ςὮὯ

‬

‬ᾀ
ό Ὧό ὯόὩ π 

Equation 

A.18 

The term Ὡ  is present in all the sums, thus it may be removed. Moreover, the Ὧό terms 

cancel each other out and if we add the paraxial wave assumptions, resulting from the weak 

influence of the complex amplitude όὼȟώȟᾀ on the wave field along the Z-axis: 

‬

‬ᾀ
όḺ

‬

‬ᾀ
ό 

‬

‬ᾀ
όḺὯό 

We may neglect the second derivative on the wave field with respect to the Z-axis (‬ ‬ᾀϳ ό) 

and write the final expression for the paraxial equation: 

ᶯ όὼȟώȟᾀ ςὮὯ
‬

‬ᾀ
όὼȟώȟᾀ π 

Equation 

A.19 

 



 203 

B  

 

PROPAGATION IN PLANAR WAVEGUIDES 

In this appendix we will start from Helmholtzés wave equation and derive the characteristic 

equations that describe the Electromagnetic (EM) modes propagating in a planar dielectric 

waveguide. By obtaining the EM fieldés longitudinal components through Helmholtzés equa-

tions, we are able to derive the equations that explain the propagation of the modes in a planar 

dielectric waveguide and the existence of Transverse Electric (TE) and Transverse Magnetic (TM) 

modes. Next, through a parity approach and Maxwellés equations we are able to derive the 

characteristic equations associated with each and every EM propagating mode in a given pla-

nar dielectric waveguide. 

B.1 Guided Waves ä Longitudinal Components 

We will start this analysis with the time-independent form of the wave equation, the Helm-

holtzés equation: 

​ Ὧ   π 
Equation 

B.1 

where   is simply a function of space and Ὧ ς“‗ϳ .‫ὧϳ 

This is the equation that will be used to calculate the field components  of the eigenfunctions 

of the system depicted further down in  Figure 95. We will start by defining  ώ as a function 

that verifies a homogeneous 2nd order differential equation with constant coefficients  and 

evolving along the spatial coordinate ώ of a planar waveguide: 

‬ 

‬ώ
Ὤ  π          ύὬὩὶὩ Ὤ  

Ὤȟ ȿώȿ  ὥς
Ὤȟ ȿώȿ ὥ    

  
Equation 

B.2 
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Replacing the waveés electric and magnetic phasors into previous equation and assuming 

a propagating EM wave of angular frequency ”) in a linear medium with no sources ‫

π ὥὲὨ ὐᴆ πᴆ) and parameters ‐ and ‘, we will obtain the following  Helmoltzés equations: 

​Ὁᴆ Ὁᴆ‐‘‫ π

​Ὄᴆ Ὄᴆ‐‘‫ π
 

Equation 

B.3 

These two wave equations originate six scalar wave equations, one for each field com-

ponent (three field components times two equations). These scalar wave equations are not 

independent from each other so, it is not necessary to solve all of them to obtain a complete 

description of Ὁᴆ and Ὄᴆ. Actually, one needs only to find the longitudinal components because 

the transversal ones can be obtained from these. 

‬Ὁ

‬ὼ

‬Ὁ

‬ώ
ὬὉ π

‬Ὄ

‬ὼ

‬Ὄ

‬ώ
ὬὌ π

‬Ὁ

‬ὼ

‬Ὁ

‬ώ
ὬὉ π

‬Ὄ

‬ὼ

‬Ὄ

‬ώ
ὬὌ π

‬Ὁ

‬ὼ

‬Ὁ

‬ώ
ὬὉ π

‬Ὄ

‬ὼ

‬Ὄ

‬ώ
ὬὉ π

 
Equation 

B.4 

where ὊὭὩὰὨ  (ὊὭὩὰὨὉȟὌ and ὧέέὶὨὭὲὥὸὩὼȟώȟᾀ) represent eigenfunctions that 

verify each previous time-independent wave equation. So, let us start with the Helmholtzés 

equation for the longitudinal component of the electric field:  

‬Ὁ

‬ώ
ὬὉ π 

Equation 

B.5 

This is a homogeneous 2nd order differential equation with constant coefficients, which 

characteristic equation is: 

ὶ Ὤ πP ὶ Ὤ ᴾὶ ὮὬ 
Equation 

B.6 

Depending on h value, this equation will behave in one out of two ways. If Ὤ π (h is 

real), solution is of the type: 

ώ ὧὩ ὧέί‍ὼ ὧὩ ίὭὲ‍ὼ 
Equation 

B.7 

where ‌  ὥὲὨ ‍
Ѝ

ᴾ‌ π ὦ π ὥὲὨ ‍ Ὤ ὥ ρ ὥὲὨ ὧ Ὤ . 

If Ὤ π (h is imaginary), solution is of the type: 

ώ ὅὩ ὈὩ           ύὬὩὶὩ Ὤ Ὦὺ 
Equation 

B.8 

So, the solutions for the longitudinal components of the electric field are, if Ὤ π: 
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Ὁ ώ ὃίὭὲὬώ ὄὧέίὬώ 
Equation 

B.9 

or if Ὤ π, 

Ὁ ώ ὅὩ ὈὩ           ύὬὩὶὩ Ὤ Ὦὺ 
Equation 

B.10 

 Similar solutions were found for the longitudinal components of the magnetic field. If 

Ὤ π: 

Ὄ ώ ὃίὭὲὬώ ὄὧέίὬώ 
Equation 

B.11 

or if Ὤ π, 

Ὄ ώ ὅὩ ὈὩ           ύὬὩὶὩ Ὤ Ὦὺ 
Equation 

B.12 

 In previous equations, the quantities ὃ and ὄ are constants defining the amplitude of 

the longitudinal components of the fields in the waveguide. So, although  we have now enough 

information to define both longitudinal components of the wave when Ὤ π, we still require 

finding the nature of parameters ὅ and Ὀ when Ὤ π. We will start by referring to Figure 95, 

where a Y-Z cut plane of a planar waveguide is depicted and where ὥ is the height of the central 

dielectric, and ὲ and ὲ are the refractive indexes of the central and surrounding materials, 

respectively. Once again, depending on the value of Ὤ, there are two possible solutions: 

1. h2 > 0 Ÿ h is real, and the solution varies periodically with y, 

  ὃÓÉÎὬώ ὄÃÏÓὬώ 
Equation 

B.13 

2. h2 < 0 Ÿ h is imaginary, and the solution varies exponentially with y, 

  ὅὩ ὈὩ ȟ ύὬὩὶὩ Ὤ Ὦὺ 
Equation 

B.14 

 

Figure 95 - Core and cladding propagation constants. 

So far, we may conclude that for a dielectric structure to be able to guide an EM wave, 

the above mentioned assumptions must be verified; namely, fields must be periodic in the core 
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(Ὤ is a real number) and exponential and decreasing in intensity, as distance to the core in-

creases, in the surrounding media (Ὤ is an imaginary number). Considering Ὤ as the real and 

Ὤ Ὦὺ as the imaginary values of Ὤ respectively, we may write: 

Ὤ
Ὤ  ‎  

‫

ὧ
 ὲ

ὺ  ‎   
‫

ὧ
 ὲ  

 
Equation 

B.15 

Ὤ and ὺ (exponential decay coefficient) can now be related to obtain: 

ὺ  
‫

ὧ
ὲ ὲ Ὤ  

Equation 

B.16 

Moreover, on a wave propagating along a given direction (e. g. along the Z -axis, Ὡ ) 

there must be a term reflecting the direction dependency, thus  ‎ Ὦ‍ Ÿ ‎ ‍ , which 

leads to the value of the propagation constant with the extra constraint that it must verify both 

following expressions: 

‍
‫

ὧ
ὲ Ὤ

‫

ὧ
ὲ ὺ  

Equation 

B.17 

It can now be concluded that, on a propagating mode, the propagation constant ‍ will 

be within the limits:  

‫

ὧ
ὲ ‍

‫

ὧ
ὲ  

Equation 

B.18 

The above mentioned limits are the phase constants of a plane wave, propagating on 

limitless media with refraction indexes n2 and n1. One can also infer from previous inequalities 

that a propagating mode requires n1 > n2, which fully agrees with propagation through  TIR 

where the refractive index of the central material must be higher than the refractive index of 

the surrounding environment. So, with the obtained parameters and knowing that this wave-

function must not be infinite within the regions of interest, we may now define   ώ as fol-

lows: 

 ώ

ὈὩ                                         ώ ὥ
ς

ὃÓÉÎὬώ ὄÃÏÓὬώ     ȿώȿ ὥ
ς

ὅὩ                                            ώ ὥ
ς

 
Equation 

B.19 

Because this function may represent Ὁ  for TM modes and Ὄ  for TE modes, it has to be 

made sure that  ώ is a continuous function where ώ ὥ
ς. Meaning, 
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ὃÓÉÎ
Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
ὅὩ

ὃÓÉÎ
Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
ὈὩ

 
Equation 

B.20 

and, 

ὅ ὃÓÉÎ
Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
Ὡ

Ὀ ὃÓÉÎ
Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
Ὡ

  
Equation 

B.21 

Replacing previous results on equation B.19, we obtain: 

 ώ

ừ
Ử
Ừ

Ử
ứ ὃÓÉÎ

Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
Ὡ                      ώ ὥ

ς

ὃÓÉÎὬώ ὄÃÏÓὬώ                                                ȿώȿ ὥ
ς

ὃÓÉÎ
Ὤὥ

ς
ὄÃÏÓ

Ὤὥ

ς
Ὡ                           ώ ὥ

ς

 
Equation 

B.22 

Equation B.22 explains the propagation modes in the waveguide and to facilitate its in-

terpretation  it is usually analysed through a parity approach of the obtained expressions. Thus, 

even modes will be the ones where  ώ is an even function and odd modes will be the ones 

where  ώ is an odd function . To accomplish this the usual procedure consists of setting 

amplitude A to zero in equation B.22, resulting in the definition of  ώ with only even func-

tions: 

  ώ

ừ
Ử
Ừ

Ử
ứὄÃÏÓ

Ὤὥ

ς
Ὡ                             ώ ὥ

ς

ὄÃÏÓὬώ                                              ȿώȿ ὥ
ς

ὄÃÏÓ
Ὤὥ

ς
Ὡ                               ώ ὥ

ς

 
Equation 

B.23 

Similarly, odd modes will be the ones where  ώ is an odd function, or amplitude B set 

to zero in equation B.22: 

  ώ

ừ
Ử
Ừ

Ử
ứὃÓÉÎ

Ὤὥ

ς
Ὡ                          ώ ὥ

ς

ὃÓÉÎὬώ                                          ȿώȿ ὥ
ς

ὃÓÉÎ
Ὤὥ

ς
Ὡ                            ώ ὥ

ς

 
Equation 

B.24 
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C  

 

CODE LISTINGS 

In this appendix we present the code scripts developed in Matlab and which were required to 

present the graphical results shown throughout section 3.2. It starts with the code to emulate 

field propagation with the Beam Propagation Method through  Fast Fourier Transform and re-

sulting in the graphical results presented in sub-section 3.2.1.2. Then follows the code devel-

oped to present the graphical results of sub-section 3.2.1.3, regarding the implementation of 

the Beam Propagation Method with Finite Differences numerical scheme. Next, follow s the 

code that produced  the graphical results presented in sub-section 3.2.1.4, where has been 

considered the implementation of Transparent Boundary Condition  in the Beam Propagation 

Method  with Finite Difference numerical scheme. Then, we moved on to the Finite Difference 

Time Domain algorithm, where we present the code to simulate a 2D gaussian pulse in free 

space at different instants in time, and an animation of the propagation  of a unidimensional 

pulse, simulated by the Finite Difference Time Domain algorithm with  Perfectly Matched Layers 

and which provided the graphical results presented in sub-section 3.2.2.5, Finite Difference 

Expressions for Maxwellés Equations. 

C.1 Fourier Transform Split-Step BPM 

Extracted from Computational Photonics: An Introduction with Matlab (Wartak, 2013). 

% File name: pbpm.m  
% Propagation of 2D Gaussian pulse by paraxial FT split - step BPM  
clear variables  
clc  
N= 10;  
delta_x = 1/N;  
x = - 5:delta_x:5; % creation of space arguments  
y = - 5:delta_x:5; % creation of space arguments  
delta_z = 5.0; % step size along z - axis  
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delta_n = 0.4;  
k_zero = 100;  
beta = 20; % propagation constant  
% 
u_init=(exp( - x.^2))'*exp( - y.^2); % initial Gaussian pulse  
mesh(x,y,abs(u_init)); % plots original pulse  
pause  
close all  
% 
k_x = - 5:1/N:5; % creation of Fourier variables  
k_y = - 5:1/N:5; % creation of Fourier variables  
% 
temp = delta_z/(2*beta);  
H_transfer = (exp(1i*temp*k_x.^2))'*(exp(1i*temp*k_y.^2));  
H_transfer = fftshift(H_transfer);  
S_phase = exp( - 1i*k_zero*delta_n);  
% 
for  n=1: 150 

z = fft2(u_init);  
zz = z.*H_transfer;  
u_prime = ifft2(zz);  
u = S_phase.*u_prime;  
u_init = u;  

end  
% 
mesh(x,y,abs(u_init)) % plots pulse after propagation  
pause  
close all  

C.2 Finite Difference BPM 

Extracted from Computational Photonics: An Introduction with Matlab (Wartak, 2013). 

% File name: fdBPM_freeSpace.m  
% Propagation of Gaussian pulse in a free space by Crank - Nicholson method  
% No boundary conditions are introduced  
clear variables  
clc  
L_x=10.0; % transversal dimension (along x - axis)  
w_0=1.0; % width of input Gaussian pulse  
lambda = 0.6; % wavelength  
n=1.0; % refractive index of the medium  
k_0=2*pi/lambda; % wavenumber  
N_x=128; % points on x axis  
Delta_x=L_x/(N_x - 1); % x axis spacing  
h=5*Delta_x; % propagation step along z - axis  
N_z=100; % number of propagation steps  

  
plotting=zeros(N_x,N_z); % storage for plotting  
x=linspace( - 0.5*L_x,0.5*L_x,N_x); % coordinates along x - axis  
x = x';  
E=exp( - (x/w_0).^2); % initial Gaussian field  
% 
% beta = n*k_0. With this choice, last term in propagator vanishes  
prefactor = 1/(2*n*k_0*Delta_x^2);  
main = ones(N_x,1);  
above = ones(N_x - 1,1);  
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below = above;  
P = prefactor*(diag(above, - 1) - 2*diag(main,0)+diag(below,1)); % matrix P  
% 
step_plus = eye(N_x) + 0.5i*h*P; % step forward  
step_minus =eye(N_x) - 0.5i*h*P; % step backward  
% 
z = 0;  
z_plot = zeros(N_z);  
for  r=1:N_z  
    z = z + h;  
    z_plot(r) = z + h;  
    plotting(:,r)=abs(E).^2;  
    E=step_plus \ step_minus*E;  
end ;  
% 
for  k = 1:N_z/10:N_z % choosing 2D plots every 10 - th step  

plot(x,plotting(:,k), 'LineWidth' ,1.5)  
set(gca, 'FontSize' ,14); % size of tick marks on both axes  
hold on 

end  
pause  
close all  
% 
for  k = 1:N_z/10:N_z % choosing 3D plots every 10 - th step  

y = z_plot(k)*ones(size(x)); % spread out along y - axis  
plot3(x,y,plotting(:,k), 'LineWidth' ,1.5)  
hold on 

end  
grid on  
xlabel( 'x [ \ mum]' , 'FontSize' ,14)  
ylabel( 'z [ \ mum]' , 'FontSize' ,14) % along propagation direction  
set(gca, 'FontSize' ,14); % size of tick marks on both axes  
pause  
close all  

C.3 FD BPM with Transparent Boundary Conditions 

Extracted from Computational Photonics: An Introduction with Matlab (Wartak, 2013). 

% File name: BPMtbc.m  
% Illustrates propagation of Gaussian pulse in a free space  
% using BPM with transparent boundary conditions  
% Operator P is determined in a separate function  
clear variables  
clc  
L_x=10.0; % transversal dimension (along x - axis)  
w_0=1.0; % width of input Gaussian pulse  
lambda = 0.6; % wavelength  
n=1.0; % refractive index of the medium  
k_0=2*pi/lambda; % wavenumber  
N_x=128; % number of points on x axis  
Delta_x=L_x/(N_x - 1); % x axis spacing  
h=5*Delta_x; % propagation step  
N_z=100; % number of propagation steps  
plotting=zeros(N_x,N_z); % storage for plotting  
x=linspace( - 0.5*L_x,0.5*L_x,N_x); % coordinates along x - axis  
x = x';  
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E=exp( - (x/w_0).^2); % initial Gaussian field  
% 
z = 0;  
z_plot = zeros(N_z);  
for  r=1:N_z % BPM stepping  
    z = z + h;  
    z_plot(r) = z + h;  
    plotting(:,r)=abs(E).^2;  
    E = step(Delta_x,k_0,h,n,E); % Propagates pulse over one step  
end ;  
% 
for  k = 1:N_z/10:N_z % choosing 2D plots every 10 - th step  
    plot(x,plotting(:,k), 'LineWidth' ,1.5)  
    set(gca, 'FontSize' ,14); % size of tick marks on both axes  
    hold on 
end  
xlabel( '[ \ mum]' )  
pause  
close all  
% 
for  k = 1:N_z/10:N_z % choosing 3D plots every 10 - th step  
    y = z_plot(k)*ones(size(x)); % spread out along y - axis  
    plot3(x,y,plotting(:,k), 'LineWidth' ,1.5)  
    hold on 
end  
grid on 
xlabel( 'x [ \ mum]' , 'FontSize' ,14)  
ylabel( 'z [ \ mum]' , 'FontSize' ,14) % along propagation direction  
set(gca, 'FontSize' ,14); % size of tick marks on both axes  
pause  
close all  

 

% File name: step.m  
function  E_new = step(Delta_x,k_0,h,n,E_old)  
% Function propagates BPM solution along one step  
N_x = size(E_old,1); % determine size of the system  
%---  Defines operator P outside of a boundary  
prefactor = 1/(2*n*k_0*Delta_x^2);  
main = ones(N_x,1);  
above = ones(N_x - 1,1);  
below = above;  
P = prefactor*(diag(above, - 1) - 2*diag(main,0)+diag(below,1)); % matrix P  
% 
L_plus = eye(N_x) + 0.5i*h*P; % step forward  
L_minus = eye(N_x) - 0.5i*h*P; % step backward  
% 
%----  Implementation of boundary conditions  
% 
pref = 0.5i*h/(2*k_0*Delta_x^2);  
k=1i/Delta_x*log(E_old(2)/E_old(1));  
if  real(k)<0  
k=1i*imag(k);  
end ;  
left = pref*exp(1i*k*Delta_x); % left correction for next step  
L_plus(1) = L_plus(1)+left;  
L_minus(1) = L_minus(1) - left;  
% 
k=- 1i/Delta_x*log(E_old(N_x)/E_old(N_x - 1));  



 213 

if  real(k)<0  
k=1i*imag(k);  
end ;  
right = pref*exp(1i*k*Delta_x); % right correction for nest step  
L_plus(N_x) = L_plus(N_x) + right;  
L_minus(N_x) = L_minus(N_x) -  right;  
% 
E_new = L_minus \ L_plus*E_old; % determine new solution  

C.4 Gaussian Pulse in Free Space with the FDTD Algorithm 

Adapted from Computational Photonics: An Introduction with Matlab (Wartak, 2013). 

% File name: fdtd_2D.m  
% Program for finite - difference time - domain method in 2D  
% Propagation of Gaussian pulse  
clear variables  
clc  
N_x = 60; % number of steps in x - direction  
N_y = 60; % number of steps in y - direction  
N_steps = [20,30,40,60]; % number of time steps  
% 
N_x_middle = N_x/2.0; % middle point; location of pulse  
N_y_middle = N_y/2.0; % 
% 
delta_x = 0.01; % cell size  
delta_t = delta_x/6e8; % time step  
epsilon = 8.8e - 12;  
% 
% Initialization  
E_z = zeros(N_x,N_y); % Initialize field to zero at all points  
H_x = zeros(N_x,N_y);  
H_y = zeros(N_x,N_y);  
% 
t_zero = 20.0; % center of incident pulse  
width = 6.0; % width of the incident pulse  
time = 0.0;  
% 
for  n=1:4  
    for  istep = 1:N_steps(n) % main loop  
        time = time + 1;  
    % calculate E_z field  
        for  i = 2:N_x  
            for  j = 2:N_y  
                E_z(i,j,n)=E_z(i,j)+0.5*(H_y(i,j) - H_y(i - 1,j) -

H_x(i,j)+H_x(i,j - 1));  
            end  
        end  
    % Gaussian pulse in the middle  
        pulse = exp( - 0.5*((t_zero -  time)/width)^2); % Gaussian pulse  
        E_z(N_x_middle,N_y_middle,n) = pulse;  
    % 
    % Calculate H_x field  
        for  i = 1:(N_x - 1)  
            for  j = 1:(N_y - 1)  
                H_x(i,j) = H_x(i,j) -  0.5*(E_z(i,j+1,n) -  E_z(i,j,n));  
            end  
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        end  
    % 
    % Calculate H_y field  
        for  i = 1:(N_x - 1)  
            for  j = 1:(N_y - 1)  
                H_y(i,j) = H_y(i,j) + 0.5*(E_z(i+1,j,n) -  E_z(i,j,n));  
            end  
        end  
    end  
    %-----------  Plotting ------------------------------  
    subplot(2,2,n)  
    [x,y] = meshgrid(0:1:N_x - 1,0:1:N_y - 1);  
    mesh(x,y,E_z(:,:,n));  
    xlabel( ' \ bfx' , 'FontSize' ,14);  
    ylabel( ' \ bfy' , 'FontSize' ,14);  
    zlabel( ' \ bfE_z' , 'FontSize' ,14);  
    set(gca, 'FontSize' ,14); % size of tick marks on both axes  
    axis([0 60 0 60 0 1])  
    txt=[ 'time = ' ,int2str(N_steps(n))];  
    text(50,40,0.5, txt, 'Fontsize' , 10)  
end  

C.5 Pulse Propagation with 1D-FDTD and PML (animation) 

%-------------------------------------------------------------------- % 
%------------  1D FDTD method ---------------------------------------- % 
%------------  with PML Boundary conditions --------------------------- % 
%------------  all units in eV,fs, nm -------------------------------- % 
%-------------------------------------------------------------------- % 
clc  
close all  
clear  
%-------------------------------------------------------------------- % 
h=0.6582119514 ; % Planck's constant  
dt=0.13; % time step in femto seconds  
tmax=70; % maximum time limit  
t= - 20:dt:tmax; % time array  
c=299.792458; % speed of light in nm/fs  
S=1; % courant factor  
dz=c*dt/ S;  
mu0=2.013354451e - 4; % permeability of free space in (V fs^2/e nm)  
ep0=55.26349597e - 3; % permittivity of free space in (e / V nm)  
%!----------------- create E - field array  
wlev=1.5d0 ;   % freq of light in eV  
wl=(wlev/h) ;  % freq of light in (1/fs)  
delta=10.0d0 ; % width of electric field  
source=exp( - ((t).^2)/(delta^2)).*cos(wl.*t); % Electric field is an Gauss-

ian envelop  
%--------------------------------------  
a1=dt/dz; % intermediate term for computation  
%--- Gaussian envelop source ----------  
Zs=200; % position index of source  
M=500; % no. of spatial grid points  
Z=(0:M - 1).*dz; % space axis  
ep(1:M)=ep0; % permitivity array  
mu(1:M)=mu0; % pemeability array  
%----  PML absorbing boundary condition ----  
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sigma(1:M)=0; % initialize conductivity array  
d=55; % width of PML layer  
m=3; % polynomial order for grading sigma array (pp 292, Taflove)  
neta=sqrt(mu0/ep0);  
R=1e- 8; % required reflectivity  
sigma_max= - (m+1)*log(R)/(2*neta*d*dz);  
Pright=((1:d+1)./d).^m*sigma_max;  
sigma(M - d:M)=Pright; % lossy conductivity profile  
sigma(1:d+1)=fliplr(Pright);  
sigma_star(1:M)=sigma.*mu0./ep0; % Eq 7.8 Taflove, pp 275  
%-------------  PML constants ---------------------------------------- % 
A=((mu - 0.5*dt*sigma_star)./(mu+0.5*dt*sigma_star));  
B=(dt/dz)./(mu+0.5*dt*sigma_star);                           
C=((ep - 0.5*dt*sigma)./(ep+0.5*dt*sigma));  
D=(dt/dz)./(ep+0.5*dt*sigma);                      
%--------------------------------------------------------------------- % 
%------ initialize fields in space array  
Hy(1:M)=0.0;  
Ex(1:M)=0.0;  
%----  begin time loop ----  
fh = figure(1);  
set(fh, 'Color' , 'white' );  
% Get figure size  
pos = get(gcf, 'Position' );  
width = pos(3);  
height = pos(4);  

  
% Preallocate  
mov = zeros(height, width, 1, length(t), 'uint8' );  
for  n=1:length(t)  
    Ex(Zs)=source(n); % insert source in certain space grid  
    Hy(1:M - 1)=A(1:M - 1).*Hy(1:M - 1) - B(1:M - 1).*(Ex(2:M) - Ex(1:M - 1));  
    Ex(2:M - 1)=C(2:M - 1).*Ex(2:M - 1) - D(2:M - 1).*(Hy(2:M - 1) - Hy(1:M - 2));  
    Ex(M)=Ex(M - 1);  
    figure(1)  
    plot(Z,Ex)  
    xlabel( 'Z in nm' , 'fontSize' ,14);  
    ylabel( 'E_x' , 'fontSize' ,14);   
    title( '1D FDTD with PML' , 'fontSize' ,14);               
    axis([0 M*dz - 1 1]);  
    getframe();  
    % Get frame as an image  
    f = getframe(gcf);  

  
    % Create a colormap for the first frame. For the rest of the frames, 

use the same colormap  
    if  n == 1  
        [mov(:,:,1,n), map] = rgb2ind(f.cdata, 256, 'nodither' );  
    else  
        mov(:,:,1,n) = rgb2ind(f.cdata, map, 'nodither' );  
    end  
end  
% Create animated GIF  
imwrite(mov, map, 'FDTD - 1D- PML.gif' , 'DelayTime' , 0, 'LoopCount' , inf)  
%----------------------------------------------------------------------- % 

 

 



 

  


