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ABSTRACT  

 

SOARES, R. R. F. Systematic comparison between photonic sensors based on dielectrics 
and metals. 2020. Dissertação (Mestrado em Ciência) - Departamento de Engenharia Elétrica 
e de Computação, Universidade de São Paulo, São Carlos, 2020.   

 

Photonic biosensors have gained much attention recently due to their high sensitivity, 

low energy consumption and miniaturization capability; in the near future, these sensors will 

form the basis of the so-called Lab on a Chip: a device capable of performing accurate clinical 

analyzes in a single chip and in any location, being of great help in countries with few resources 

for disease detection. There are several configurations for biophotonic sensors ranging from 

fiber-optic based systems, waveguides, resonators, to nanoparticles and photonic crystals, to 

name a few. In spite of this great diversity, constituted by dielectric or metallic media, these 

devices can be classified in two broad categories: those that require previous mode coupling 

and those that do not. The purpose of this dissertation is to study the devices of the second 

category, focusing on the so-called quasi-guided modes, presenting the physical phenomena 

involved and the main tools used to evaluate their performances. Therefore, using numerical 

simulations, present a comparative study between dielectric and metallic systems. Finally, a 

dielectric based biosensor is proposed, aiming on obtaining the similar performances of devices 

based on metal.  

 

Keywords: Photonics. Biosensors. Systemic comparison.  



 

RESUMO 

 

SOARES, R. R. F. Comparação sistêmica entre sensores fotônicos baseados em dielétricos 
e metais. 2020. Dissertação (Mestrado em Ciência) - Departamento de Engenharia Elétrica e de 
Computação, Universidade de São Paulo, São Carlos, 2020.   

 

Biosensores fotônicos tem ganhado muita atenção recentemente devido a sua alta 

sensitividade, baixo consumo de energia e capacidade de miniaturização; em um futuro 

próximo, esses sensores formarão a base do chamado Laboratório em um chip: um dispositivo 

capaz de executar com acurácia análises clínicas em um único chip e em qualquer local, sendo 

de grande ajuda a países com recursos escassos na detecção de doenças. Existem diversas 

configurações de sensores biofotônicos, variando desde sistemas baseados em fibras-óticas, 

guias de onda, ressonadores, até nanopartículas e cristais fotônicos, para nomear alguns. Apesar 

de sua grande diversidade, constituindo-se por meios dielétricos ou metálicos, esses dispositivos 

podem ser classificados, de modo geral, em duas categorias: os que requerem acoplamento 

prévio do modo e aquelas de não requerem. O intuito dessa dissertação é estudar esses 

dispositivos da segunda categoria, focando nos chamados modos quase-guiados, apresentando 

os fenômenos físicos envolvidos e as principais ferramentas de avaliação da sua performance. 

Portanto, utilizando de simulações numéricas, apresentar um estudo comparativo entre os 

sistemas dielétricos e metálicos. Por fim, propor um biosensor baseado em meio dielétrico, com 

objetivo de atingir rendimento similar aos dispositivos baseados em metais.  

 

Palavras-chave: Fotônica. Biosensores. Comparação Sistêmica.  
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1. INTRODUCTION

1.1 What is sensing?

Sensors pervade modern life: from a simple light bulb that turns on and off depending 

on whether there is anybody in the room, to a space rover on Mars that measures the chemical 

back to the XIX century, with 

the invention of the bi-metallic electric thermostat in 1883, by Warren Johnson, for domestic 

heating systems, [1]. Since then, those devices have played an increasingly important role in 

society.

The word sensor comes from the Latin sensus

detect an event or change in its environment (temperature, pressure, light intensity, etc.) by 

transforming it into a signal, usually electrical. To clarify this definition, a bi-metallic strip 

will be taken as an example, see Figure 1-1 below. This device consists of two metal bands 

connected to an electronic circuit; the bands are made of different materials, so that one 

expands more with thermal variation than the other; when the temperature of the ambient 

increases ( ), the strip curls closing the loop. In other words, it detects a change in 

temperature by altering its shape, thus letting current flow in the system [2].

Figure 1-1 Thermostat 

The constant technological development made sensors smaller, cheaper, and wide their 

applications. Robots, self-driven cars, smart-house and the Internet of Things (IoT), to name 

only a few, are a reality today due to sensing developments [3]. Among these wide range of 

uses, biosensing stands out as a blossoming research area. Biosensing is a multidisciplinary 

field of science and technology that involves physics, chemistry, biology, engineering and 

medicine. Aiming at improving the quality of life, it is now ubiquitous in biomedical 

diagnosis [4], drug development [5], food control [6], and many others. The database of the 

Web of Sciences indexes almost 13,000 reports on this topic from 2015-2020 [7].
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According to Estrela et.al.[8], biosensors are devices capable of detecting biological or 

chemical reactions of generating signals dependent on the interaction between reagents. They 

are typically composed of the following components, as displayed in Figure 1-2: analyte: 

substances that are to be detected; bioreceptor: a molecule or biological entity that reacts with 

the analyte, producing a bio-recognition; transducer: any element which converts one form of 

energy into another; electronics: the circuitry that processes the output of the transducer in a 

readable data; and lastly, a user interface where the operator can access the results of the

analysis [8], in a IoT scenario this display can be any interface where the user can access the 

data.

Figure 1-2 Schematic of a biosensor. Analyte, Bioreceptor, Electronics, and User Interface.

The first biosensor dates back to 1956 when Clark developed the oxygen electrode; a 

system designed to detect the levels of oxygen (O2) in blood, water, and other liquids [9]. The 

device uses a Teflon membrane as bioreceptor for the analyte (O2): when the molecules are 

sensed, the bio-recognition produces a charge variation that is read by an electronic circuit. 

Even though ionic charge was firstly used as signaling, it was the advent of photonics that 

enabled the revolutions to come, as Vo-

[10].

Plasmon 

Resonance (SPR) and fiber-optics based sensors [11]. The operation of these systems will be 

detailed in the following sections. For now, it is important to give an idea of the remarkable 

sensitivities achieved by these sensors. Sensitivity can be defined as the minimum 

concentration of analyte a biosensor can resolve [8]. In 1983, Leimberg experimentally 
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reported the first SPR sensor capable of detecting the presence of antibodies in aqueous 

solution with a  [11]; this is equivalent to detect a single grain of 

sugar in one liter of water. At the present time, some groups report the detection, using 

plasmonics, of concentrations in the order of pg/ml [12] [14], which is equivalent to a single 

grain of sugar in a lake, of the size of 10 Olympic swimming pools.  

Optical-based biosensors have brought noteworthy advances in biomedical analysis, 

thus facilitating the diagnosis and prognosis of diseases [4]. However, these devices are not 

yet found in a simple integrated form, like a pregnancy test, for example. They typically 

require complex equipment, usually employed in clinical facilities and with trained personnel, 

which make them expensive [4], [8]. Therefore, there is an urging need for technologies to 

make these systems smaller, cheaper, and easier to operate.  

It is in this scenario that arises the concept of Point-of-Care (POC) 

devices that allow the analysis of a biological sample in an affordable, fast, reliable, and user-

friendly way [4], [15]. An example of a POC is the blood sugar monitor commonly found in 

drugstores. Business rket will be worth over 

25 billion dollars [16].  

These challenges, together with growing investments in the field, make this a 

promising area of research towards the so-called lab-on-a-chip (LoC): an equipment that 

would incorporate all laboratory functions into a single chip [17]. One of the main drivers for 

these technologies is the detection of diseases in resource-limited countries [18]. Cost-

effective, optical-based biosensors are the building blocks for the achievement of LoC, due to 

its miniaturization, low energy consumption, among other features. In this context, the field of 

photonics plays a crucial role.  
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1.2 Photonics in biosensing

Photonics is the field of science that studies the interaction of light with matter, 

specially under conditions where its particle aspect the so-called photon , is relevant; just 

as electronics aims at harnessing electrons, photonics aims at doing the same with photons

[19]. Lasers, light emitting diodes (LEDs), optical-fibers, photonic-computers, and quantum-

electronics are some of the technological advances brought by photonics [20]. As the XX 

century was revolutionized by advances in electronics, the same revolution is excepted with 

photonics in the XXI century.

In the biosensing scenario, photonics has been successfully employed by several 

means [21]. The manipulation of light s (amplitude, phase, frequency, polarization, 

etc.) is used in techniques such as, refractometry [22], fluorescence[20], and light 

absorption[23]. Most of these photonic biosensing techniques rely on the detection of

variations in the refractive index (RI) of a sample [21], essentially caused by the presence of 

an analyte.

Figure 1-3 Spectrum change due to refractive index variation

For the sake of illustration, suppose that a biosensor , without the analyte,

has a response to a light source as shown in the Figure 1-3(A). This response typically 

transmittance or reflectance. The physical origin of such plot line will 

be discussed in more details in the section 2.4; for now, it is important to notice that this is a 

typical resonant behavior, where the spectrum is characterized by a dip in the amplitude at the

wavelength , so that t . Unsurprisingly, this resonant

behavior is very dependent on the RI of the medium. When the analyte is detected, the

variation in the RI of the sample changes the resonance wavelength, thus shifting the dip to 

the point , as shown in Figure 1-3(B). The dependence of the resonant wavelength on 

the refractive index, therefore, is the essence of the interrogation mechanism [15]. Photonic 
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biosensors relying on this kind of resonant response are one of the most important classes of 

sensors [15], [24], [25] and they are the main focus of this dissertation.

Theses sensors are typically characterized by their bulk sensitivity (SB) and Q-Factor.

SB is defined as the ratio between the wavelength shift ( ) and the refractive index change 

( ) and has units of nm/RIU [15], where RIU stands for Refractive Index Units. As will be 

explained in more details in section 2.5, the bulk term is related to a change in the RI in the 

entire medium where the analyte is present. The Q-Factor, on the other hand, is a 

dimensionless figure-of-merit that expresses sharpness. The physical origin 

and proper interpretation of this parameter will also be presented in 2.5. Another figure-of-

merit commonly used to define the precision of a transducer biosensor is the limit-of-

detection (LOD). Essentially, the LOD expresses the minimum change in the RI that the 

system can resolve, typically given in RIU; for instance, if a sensor has a LOD of 10-6 RIU, it 

is able to detect changes up to a millionth in the refractive index of the medium. 

Photonic biosensors can be found in a variety of architectures [20]. However, they can 

be divided into two broad classes, according to the medium used to direct light into the 

sensor: in one class a waveguide is required, whereas in the other class light is directed by 

free-space propagation. Figure 1-4 illustrates these two approaches. Typically, waveguide-

required devices boast of higher sensitivity, but at the expense of complexity, mainly due to 

the requirement of coupling light into the waveguide [24], [26]. Examples of waveguide-

based sensors are: planar, slot, and photonic crystals (PhC) waveguides [24], fiber-optics 

sensors [23], SPRs [27]; and the microcavity resonators, like, ring-resonators [26] and

photonic crystal cavities [28]. A summary of these systems is shown in Table 1. Examples of 

more exotic systems can be found in [15].

Figure 1-4 Two Classes of Photonic Systems

Photonic biosensors that do not require waveguide coupling, on the other hand, exhibit 

many operational advantages like facile integration and real time, label-free detection [29]. 
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Their downside is their lower sensitivity when compared with waveguide-based sensors. 

These features make these devices promising options for Point-of-Care and Lab-on-a-Chip 

applications [4]. Examples of such devices are the Localized Surface Plasmons Resonances 

(LSPR) [30] and the Quasi-Guided modes (or, as is more commonly found in the literature, 

Guided Mode Resonance GMR) sensors [31]. 

The operation of LSPR sensors is based on the interaction of light with metallic 

nanoparticles [32]. These particles are typically smaller than the wavelength of light, causing 

this interaction to be strongly dependent on their shapes and sizes [33]. Spheres, rods, stars, 

and prisms are some of the nanostructures geometries that have been successfully employed 

in biosensing applications [25]. Even though much progress has been obtained in the last 

years, there are still challenges to overcome such as the improvement of the limit-of-detection 

and selectivity of these systems [34]. The physical concepts and working mechanism of these 

sensors will be explained in the section 2.1. 

Another type of free-space sensors are the devices based on excitation of quasi-Guided 

modes (QGM). QGM-based sensors feature as one of the most promising photonic systems 

for biosensing applications mainly due to their cost-effective fabrication process, easy 

integration on chip, and capacity to control the wavelength of operation by design [24], [29], 

[31]. QGM sensors uses periodic structures, such as gratings and nanoarrays, to couple light 

into a waveguide. The details of the physical operation behind this type of sensor will be 

detailed in section 2.3. They can be implemented in both dielectric [35], [36] and metallic 

(plasmonic) [14], [37] waveguides. Although some progress has been made in trying to unify 

these two worlds [38], [39], most of the current research focuses on only one of these types.  

In general, metallic-based, or plasmonic, QGMs display high sensitivity at the expense 

of a poor spectrum, with low amplitudes and broad resonances, the reason why this occurs is 

explained on 2.2.2. For instance, Li et. al. were able to sense single cells secretion [37], [40], 

Kilic et. al. achieved drug screening [41], and Soler et. al. performed simultaneous detection 

of two distinct analytes [42] by using biosensor design based on surface plasmon propagation, 

capable of sensing changes in the order of 2 × 10 5 RIU, with sensitivity of 671 nm/RIU, 

though with a maximum transmitted amplitude of less than 10% of the emitting source and a 

Q-Factor of only 30 [39]. This sensor consisted in a thin layer of gold patterned with an array 

of nanoholes over a glass substrate. A similar design was used by Monteiro et. al. achieving 

astonishing theorical sensitivities as high as 4,000 nm/RIU [43], [44]. Gomez-Cruz et. al, 

using a similar approach, with silicon nitrate as a substrate instead of glass, were able to 

detect bacteria activities [45], displaying resolution up to 10 6 in the refractive index change.  



7



8



9 

Dielectric-based sensors, on the other hand, typically demonstrate complementary 

properties when compared to their plasmonic counterpart. Indeed, dielectric-based sensors 

typically show sharp resonances but with lower sensitivities. Wang et. al. reported a 

sensitivity of 300 nm/RIU with a Q over 5000, using a silicon-on-insulator (SOI) photonic 

biosensor patterned with a nanohole array [36]. In another paper, the same group reported a 

theoretical sensitivity over 800 nm/RIU with a Q at the scale 107, operating in the telecom 

range, by using a double slab of SOI[51]. The experimentally measured sensitivity,  however, 

is only 100 nm/RIU [52]. Lin et. al. reported a Guided Mode Resonance (GMR) based sensor 

able to detect concentrations of 75 ng/mL [53] and Triggs et. al., via chirped GMR achieved 

150 nm/RIU, able to detect concentrations down to 40 ng/mL[35]. A summary of QGM 

systems is shown in Table 2. 

 

1.3 Objective and Text structure 

 

Even though some papers discuss characteristics of both plasmonic and dielectric 

systems [24], [36], [49], [54], it is usually difficult to find in the literature a standardized 

approach which discriminates the main features of these devices, because each group tends to 

use a different platform, thus hindering a comparative assessment of the devices.  

Consequently, given their complementary aspects and mostly independent research effort, it is 

still an open question which kind of sensor, dielectric or plasmonic based, has the best overall 

performance. In this scenario, there is a need for a systematic comparison between these two 

QGMs sensors. This dissertation aims at accomplishing this task by systematically studying 

and comparing the core differences between both systems in terms of their sensing 

performance and spectral characteristics. The present work is divided into four chapters: 1 - 

Introduction; 2 - Physical Concepts, where the physics involved in the mentioned systems is 

presented; 3 - Dielectric versus Metallic based media Sensors, where it is shown and 

discussed the results obtained in the preliminary simulations; 4 - Dieletric Biosensor based on 

a-Si, where the author propose a new biosensor design based on amorphous Silicon; and, 

finally, 5 - Conclusions. 
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2 PHYSICAL CONCEPTS

As stated in the previous section, biosensors can be found in a variety of forms and 

configurations. The goal of the current section is to present the physical phenomena behind 

the most employed biosensing systems and to understand their working mechanism. Here it 

will be described the characteristics of localized, guided, and quasi-guided modes. 

2.1 Localized modes

The nature of a localized surface plasmon resonance (LSPR) is intimately related to

the concept of scattering the random spread of a light front caused by the interaction with a

small particle. This phenomenon can be classified into two regimes, depending on the size of 

the object: when it is many times smaller than the wavelength of light ( ) which it interacts, 

the physical behavior is described by Rayleigh scattering; if the particle size is in the order of 

, then, Mie scattering shall be used. The main difference between these two theories is 

associated with the propagation of the harmonic field inside the particle: 

scattering, the phase accumulation by the wave propagating inside the particle is negligible,

thus justifying a quasi-static approximation as shown in Figure 2-1; in scattering, the 

phase accumulation is no longer negligible, requiring the use of the full s

equations. For this section, which focus on the understanding of the LSPRs behavior, 

Rayleigh scattering will be outlined in more details.

Figure 2-1 Quasi-static approximation
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As illustrated in Figure 2-1, because the wavelength inside the material ( ) is much 

larger than the particle radius the phase of the harmonically oscillating 

electromagnetic field is virtually constant over the particle volume, so that one can calculate

the spatial field distribution by assuming the simplified problem of a particle in an 

electrostatic field, which is fully described by the Laplacian equation

where is the electrostatic potential. The only remaining challenge is to solve equation 

2.1.1 for both inner and outer the sphere: assuming spherical coordinate system with the 

origin at the center of the sphere shown in Figure 2-2, where is the incident field, for this 

example , is the dielectric constant of the homogenous surrounding medium and 

is the dielectric constant of the particle. Applying the proper boundary conditions, leads to 

equations 2.1.2 [55]:

Figure 2-2 Small sphere in a uniform electric field

I. The symmetry in relation to implies that:

II. The continuity of the normal components of the displacement field implies that:

III. At a great distance from the particle, the total field will be the incident:
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Putting all this conditions together will lead to the solution for this problem (2.1.3),

and more details can be found in Chapter 5 of Plasmonics: Fundamentals and 

Applications [56] equations 5.5. 

The solution to the potential is:

Now, taking the divergent of electrostatic potential ( ), in equations 2.1.3, will 

lead to the Electric Field inside and outside the sphere (since, ):

Where is the direction normal to the sphere and is the dipole moment:

For the inner field, the solution is proportional to incident field, whereas, the outer 

field solution is expressed in terms of the induced dipole moment ( ) (2.1.5). Important 

intuition on the physics of Rayleigh scattering is gained by this description: the presence of 

the incident field inside the particle causes an oscillation on its charges (the bonding between 

the material molecules will dictate how severe will be this movement), thus inducing the

dipole moment ( ), as illustrated in Figure 2-3.

Figure 2-3 Dipole moment induce from an external field
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In essence, equation 2.1.5 implies that the scattered field can be interpreted as being 

the superposition of the applied field ( ) and the field emitted by the induced dipole ( ), 

which is located at the center of the particle. Also, taking a closer look at 2.1.6, it is noticeable 

that the strength of is proportional to the sphere volume and the relation . Even 

though this relation is valid for spheres of any material, it is particularly interesting when 

applied to metallic ones. [57], metals display complex dielectric 

constants, with the real part being negative. Therefore, at a certain value, accurately,

, equation 2.1.6 reaches a resonant behavior (associated to a maximum of the 

equation). Also notice that the denominator is never 0 due to the imaginary part of the 

dielectric constant. When the real parts of the denominator in equation 2.1.6 cancel each 

other, the scattering is maximized, which is the signature of the excitation of a LSPR. 

The resonant behavior can be straightforwardly described as resulting from the 

attraction of the electrons in the interface dielectric/metal caused by the incident electric field; 

these electrons are weakly coupled with their nuclei in metals considered as an electron-

cloud and the curved surface of the particle exerts an effective restoring force on them, thus 

leading to a system analogous to a harmonic oscillator. The resonant frequency, therefore,

depends on the restoring force, which enters the macroscopic equations through the dielectric 

constant. On resonance, there is a strong field amplification in the near-field zone outside the 

particle: notice that the LSPR mode is strongly localized near the sphere, as shown in Figure 

2-4. It is this strong field localization that makes LSPR interesting for sensing applications.

Figure 2-4 Simulation of a LSPR mode on resonance
Gold nanosphere with radius ( ) of 10 nm illuminated by a plane wave with wavelength of 550 nm . It is 

noticeable that there is a strong field enhancement in the vicinity of the sphere. The plot displays the norm of the 
Electric Field, the reddish regions are maximum values and the blueish represent the minima.
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b) Near field dependence on the wavelength, showing a broad resonance with a peak at 550 nm.  

It is important to notice that equations 2.1.3 2.1.6 are only valid for a quasi-static 

regime, where ; on the other hand, when the size of the particle is of the order of the 

wavelength, it is necessary to

equation, which amounts to . The mathematical derivation of this model can be 

found in details in the chapter 4 of Bohren and Huffman Absorption and Scattering of light 

[55]. Furthermore, the use of the quasi-static approximation implies that the resonance of the 

LSPR mode does not depend on the particle s size1, just on the material permittivity ,

meaning that once is known his 

conclusion is no longer valid, and the resonance is also dependent on the size and 

shape.

In the context of sensing, the main advantage of LSPR is that they can be directly 

excited by free space propagation. Such modes, however, feature very broad resonances (see 

Figure 2-4b), which is detrimental to their applications on sensors. Guided modes, on the 

other hand, feature much sharper resonances and are the subject of the next section.

                                                
1 The dipole moment strength does depend on the particle radius as defined on 2.1.6, however the 
resonance does not, since it is the relation that determines it.
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2.2 Guided modes

Differently from localized modes, the electromagnetic field of a guided mode spans 

the entire waveguide. The main goal of the present section is to lay out the basic concepts of 

waveguide theory. For this purpose, the ray optics approach is very useful and insightful. In 

the rays optics picture the plane wave propagation direction, determined by the wavevector 

( ), is represented by a ray pointing in the same direction of - Figure 2-5 [58].

Figure 2-5 Ray optics description
is the wavevector and dictates the pointing direction of the ray

Consider first the Snell s Law. This simple equation (2.2.1) comes directly from the 

application of the boundary conditions[59] or, more generally, from translation symmetry, 

that imposes the conservation of the parallel wave vector component[60]

where is the refractive index (RI) of the medium of incidence, is the RI of the medium

of transmission, is the incident angle and is angle of transmission (or, equivalently, the 

angle of refraction). Notice that when a wave light coming from a higher index medium is 

incident on a lower index medium ( ), there can be an incident angle above which no 

light is transmitted: this condition is called total internal reflection (TIR) and this angle is 

named critical angle ( ), as illustrated in Figure 2-6. TIR cannot be met if the light is coming 

from a lower index medium ( ). Moreover, the phase shift associated with reflection 

comes directly from the Fresnel coefficients, and it is dependent on the light polarization [58].

Another manner of understanding this process is via the Goos-Hanchen Shift (GHS). 

GHS, in general, refers to the lateral shift along the interface when a light beam experiences 

total internal reflection. The GHS, which can be found on Example 7.5.7 of Orfanidis 
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Electromagnetic Waves and Antenna  [57], leads to the same mathematical conclusion of the 

phase shift described by Fresnel Equations.

Figure 2-6 Total internal reflection.
Left side: incident angle lower than the critical angle. Right: incident angle higher than the critical angle.

Before proceeding, it is important to remark the two most significant polarizations, 

illustrated in Figure 2-7: The Transverse Electric (TE) polarization where the Electric field is 

transverse to the incidence plane, also termed polarization ( for senkrecht, perpendicular in 

German), and the Transverse Magnetic (TM) polarization where the Magnetic Field is 

perpendicular or the Electric Field is parallel to the incidence plane, sometimes referred as 

polarization ( for parallel Electric Field). For angles of incidence larger than the critical 

angles, the phase shifts are given by: 

Figure 2-7 TE and TM Polarizations,
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2.2.1 Slab waveguide

Now, consider not just one interface, but two, thus constituting what is called a slab 

waveguide shown in Figure 2-8, where and is the thickness of the slab with 

higher index, which is denoted the waveguide . If there is a ray propagating in the 

central medium ( ), when the TIR condition is satisfied at both interfaces, the light will be 

confined in . However, just the trapping of the ray does not satisfy the guiding process; the 

light wave must also interfere constructively with itself inside the guiding medium [58], [59], 

[61]. This state is achieved when the phase difference of two consecutive wave-fronts is a 

multiple of . In other words, the round trip of a ray is a multiple of . This condition is 

typically called self-consistence of the wave, also transverse resonance. Therefore, only a 

certain discrete number of incidence angles will satisfy it. The field distribution associated 

with rays propagating at angles that assure the self-consistence criterion is called a waveguide 

mode[58].

Figure 2-8 Slab Waveguide
, , and are the refractive indexes of the media. and are the and components of the wavevector, 

respectively, is the free space wavelength, is effective index of the waveguide, is the incident angle, and 
and are the phase shift imposed in by the TIR on the interfaces.

One important characteristic of the waveguide mode is its propagation constant ( ). In 

essence, it tells the phase velocity of the wave in the direction of propagation (see Figure 2-8).

The propagation directions allowed in this guide Figure 2-8 are parallel to the - plane, 

but for convenience the ray will be considered to propagate in . In this case, is the 

component of the wavevector in the medium, equation 2.2.3, where is the incidence angle.
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The self-consistence condition is described mathematically by the phase accumulated 

in the  direction within one round-trip of the wave, which determines the allowed angles  

and, consequently, . Explicitly, the round-trip phase accumulation is: 

Where  is the  component of the wavevector,  is the thickness of 

 is the free-space wavelength,  and  are the phase shift imposed 

by the total internal reflection on the upper and lower boundaries, since the expressions for 

TM and TE are negative they appear subtracting in 2.2.4, respectively, and  is an integer. 

The only unknown in 2.2.4 is , because once the polarization is established the are 

determined by the Fresnel coefficients. For TE polarization, for instance, assuming a 

symmetric guide, where , and using the  equation 2.2.2a,  could be found via: 

 

Equation 2.2.5 does not have an analytical solution, and it is called the transcendental 

equation of the waveguide, for TE polarization[58]. The same process can be used to derive 

the transcendental equation of TM polarization, just using  instead of  in 2.2.4. Every 

 will determine , which is associated with a mode in the waveguide, thus defining a 

specific .  effective refractive 

index ( , defined as in Equation 2.2.6, where  is the free-space wavevector and 

. 

 

A plot of the propagation constant against the wavelength (or frequency) is typically 

diagram , as the one shown in Figure 2-9. More on waveguides can be 

found in [62]. The dispersion plays an important role in photonic biosensors, as will be 

discussed in the next section.  
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Figure 2-9 Waveguide dispersion
Solid line represents the TE fundamental mode and the dashed line the TM one, the black dashed point lines are 
the light line in the cover (lower limit) and in the core (upper limit), demonstrating that all guided-modes satisfy 

. The structure simulated on MatLab consisted of a slab waveguide with thickness of 100 nm 
and refractive indexes: and ; the wavelength span for 500 to 1000 nm.

Although the ray optics description is sufficient to find the waveguide dispersion, it 

cannot be used to calculate the electromagnetic field distribution inside the waveguide. In 

order to find the field profiles, it is necessary to use the 

boundary conditions, with the requirement that the field oscillates in the vertical direction 

inside the waveguide, but that it decays exponentially outside the waveguide core [57], [61]. 

This exponential decay is usually referred to as the evanescent part of the mode, or evanescent 

field. One example of field distribution in a waveguide is displayed in Figure 2-10: it is

evident that the field displays an oscillating characteristic in the waveguide core and an

exponential decay in the outside regions. 

Figure 2-10 Waveguide modes
Plot of the Electric Field norm. TE mode on the left and TM mode on the right. Note that the E field is 

continuous on the TE mode but not in the TM, also that it is much less confined in the core for this mode. In 
white is displayed the field distribution. The structure simulated on COMSOL via Eigen Solver consisted of a 

slab waveguide with thickness 100 nm and indexes of and 
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The evanescent part of a mode plays an important role in photonic biosensors. 

Evanescent field sensing can be applied to several different transduction approaches including 

evanescent fluorescence detection, monitoring of refractive index changes or detecting 

spectroscopic shifts[63]. Since the guided mode is strongly dependent on the constituting 

media, any change in the surrounding media optical properties perturb the modes, 

consequently making these structures great biosensor transducers.

2.2.2 Surface Modes

In the previous discussion, it was assumed that the slab waveguide consisted of a stack 

of dielectric materials; an interesting phenomenon, however, arises on the interface between a 

metallic and a dielectric slab. Consider an interface between a metal and an insulator 

(dielectric) as shown in Figure 2-11, where and are, respectively, the metal and the 

insulator dielectric constants.

Figure 2-11 Surface Wave
is permittivity of upper dielectric medium for the lower metallic medium. This wave will display an 

evanescent profile at both sizes and a propagating mode confined on the interface. is the propagation constant
of the mode, and the component of the wavevector, and is the component of the wavevector.

At the interface between the two media, conservation of the parallel momentum ( )

( and ), lead to the 

relations expressed in equations 2.2.7 [56], where the subscript refers to the metal part and 

to the dielectric part, is the parallel component of the wavevector, is the transversal 

component , and is the dielectric constant

a special kind of propagating mode, which features an exponential decay at both sides, called 

a surface wave, shown in red in Figure 2-11.
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This condition can only be achieved for TM polarization, because the Electric Field 

must have a component parallel to interface. As discussed in Section 2.1, according to 

[57], metals display complex permittivity with the real part being negative, for 

certain frequencies. Notice then, when  and ,  will be real and  will 

be purely imaginary, given rise to a mode that is confined at the interface between the two 

media. Defining the propagation constant  equal to , and arranging equations 2.2.7  

where , one will get [56]: 

The full derivation of the previous equations can be found in 

Plasmonics Fundamentals and Applications[56]. Equation 2.2.8 is the dispersion relation of 

special type of mode called Surface Plasmon Resonance (SPR). SPR is the resonant 

oscillation of conduction electrons at the interface between negative (metal) and positive 

(dielectric) permittivity material stimulated by incident light [25].  

The confinement of the SPR is ensured since the propagation constant is greater than 

the wavevectors  and , leading to evanescent decay on both sides of the interface. 

However, it implies that the mode cannot be directly coupled from the dielectric, requiring 

phase-matching techniques to do so. The most employed methods are prism, like 

Kretschmann configuration, and grating coupling (1D and 2D, in the form of nanoholes array) 

[56]. The latter will be explained in next section.  

Surface Plasmon Resonance based sensors are widely used on biosensing platforms, 

mainly due to their strong dependence on the evanescent field [64]. In Section 3.1 a SPR 

sensor based on nanohole array is analysed in more details.  
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2.3 Quasi-guided modes

One of the main challenges in photonic biosensing is the integration of the transducer 

to the system. In this context, quasi-guided modes play an important role, due to their 

capability of coupling light directly from free-space. In this section, the basics of waveguide 

coupling will be outlined, starting with diffraction gratings. 

Figure 2-12 Grating.
and are the refractive indexes of the constituting materials. is periodic of the structure. The region 

marked region represent the unity cell of the structure.

A diffraction grating is made of two materials periodically arranged, as shown in the

Figure 2-12. The symmetry arising from the periodicity imposes that the electromagnetic 

modes of the system are also periodic [60]. Figure 2-12 shows a grating infinite in the 

plane, and periodic on the direction. Therefore, the wavevector components in this direction 

will display the same periodicity, and, thus, they can be expressed by a Fourier Series in the 

form [60]:

where the term is the Fourier expansion in direction, with being 

the incidence wavevector component on it, is the mth coefficient of the Fourier 

expansion, where is an integer; only a specific combination of will satisfy the 

solution of the system, which can be found via application of the boundary conditions[60].

The field described by Equation 2.3.1 is usually called a Bloch Mode.

The Bloch Mode is a sum of plane waves, with amplitude and phases determined by 

its Fourier Series coefficients. The component in the direction of each plane wave is 

given by the incident field component in the same direction ( ) plus a multiple of the grating 

vector (where is the grating period), as:
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where are the wavevector components parallel to the interface of incidence. Equation 

2.3.2 is sometimes referred to as the Floquet Condition.

Figure 2-13 Bragg Law.

The Floquet condition can also be expressed in terms of the angle that each plane 

wave makes with the axis normal to the grating as illustrated in Figure 2-13; straightforward 

2.3.2 leads to 

Equations 2.3.3 [65] :

where is the free-space wavelength, and is the incidence angle. Each in 2.3.3

represents a diffraction order of the grating and only diffracted waves that satisfy equations

2.3.3 will exists and propagate.

Now, suppose that there is a waveguide below the grating. As discussed in the 

previous section, the waveguide can be characterized by its propagation constant , which is 

the wavevector parallel component in the waveguide. With that in mind, assume that the 

structure is illuminated by normal incidence ( = 0°), to ease the explanation as shown in 

Figure 2-14.

Consider the incident wavelength is such that the diffraction orders = ±1 exist for 

the transmission (2.3.3b), thus producing a ray with propagation angle given by . In this 

scenario, two phenomena could happen. First, if does not coincide with the propagation 

angle of a waveguide mode light propagation will be predominant in the transverse direction 

and thus the entire structure will act as a thin film, with reflection or transmission spectra 

similar to a Fabry-Perot interferometer [66]. However, when the coincides with the 

propagation angle of a waveguide mode, the mode will be excited and light will propagate 
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horizontally, thus producing a fast phase accumulation, typical of a resonance behaviour, 

leading to a drastic spectral change both in the transmission and in the reflection. 

Figure 2-14 Waveguide mode coupling through a grating
Symmetric waveguide with and , thickness of 200 nm, with a upper binary grating of period 

, and height of 100 nm. Assuming that the incidence angle is 0°.

Take the structure of Figure 2-14 as an example; its waveguide supports a single mode 

in the wavelength range between 500 and 700 nm, for the TE polarization, as shown by

dispersion plot in Figure 2-15a. In the example, the grating period is , which 

corresponds to a grating momentum = 13.96 [µm]-1; the position of the grating momentum 

is marked by the dashed line in Figure 2-15a. The assumption of perpendicular incidence 

implies that the incident parallel k vector is null ( in Equation 2.3.2a). Therefore, 

. The condition for excitation of a mode, on the other hand, is satisfied 

when one or more of the satisfy , which means that the mode will be excited 

for the wavelength that satisfies . In the dispersion plot of Figure 2-15a , this is the 

incident wavelength that intercepts the dashed line [67]. The rapid phase accumulation 

resulting from the excitation of a mode is manifested as a rapid variation on the transmission 

or reflection spectrum, as shown in Figure 2-15b. 

Notice that, for the same reason that gratings couple light into the waveguide, they 

also couple light out, so the mode is essentially leaky or, in other words, a quasi-guided mode. 

Gratings are important in the biosensing scenario because they allow mode coupling 

from free-space. Although the discussion was made over periodicity in one dimension, the 

same reasoning can be extended for structures which are periodic in more dimensions, like 

nanohole arrays, for instance more information can be found in the review by Cetin et. al. 

[31]. Besides the dielectric based structure, they are also used in SPR excitation, following the 

same logic of parallel wavevector matching explained above.
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Figure 2-15 Dispersion plot and mode coupling
(a) Dispersion of the Mode TE0 (b) Transmission Spectrum and Reflection Spectra (c) Electric Field at 

resonance (d) Electric Field out of resonance. The structured simulated in COMSOL via Ports Illumination 
consisted of 200 nm thick core, superposed with a grating of 100 nm height. The indexes were 

and ,being the grating consisted of and periodic arranged with pitch 450 nm.

The rapid spectral variation resulting from the excitation of a quasi-guided mode 

resonance forms the basic interrogation mechanism of a guided-mode photonic biosensor. 

This specific application is discussed in the next section.
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2.4 Quasi-guided modes in biosensing 

Once the nature of a quasi-guided mode is understood, the goal of this section is to 

explain how the devices based on this mechanism operate in biosensing. For this, consider the 

scenario illustrated in Figure 2-16: on the left is displayed almost the same waveguide 

coupling processes of the previous section, the only difference is the existence of a

bioreceptor, whose role is to attach the analyte to the surface. In the absence of analyte, the

quasi-guided mode resonant wavelength is , as shown in the bottom part of Figure 2-16a.

When the analyte bounds with the bioreceptor, the refractive index of the surrounding 

medium changes by a small amount . However, as it is known from equation 2.2.5, any 

change in the refractive index induces a change on the propagation condition of the mode 

inside the waveguide. That is, the propagation angle will no longer be the same, leading to a 

different propagation constant ). Consequently, the dispersion plot varies and the point of 

interception with the grating momentum the momentum-matching condition, occurs at other 

point ( ), therefore, leading to a resonance shift, as illustrated in Figure 2-16b. The 

wavelength shit, signals the presence of the analyte, thus constituting the interrogation 

mechanism of the photonic biosensor. The main parameters that quantify the performance of 

the sensor are discussed in the next section.

Figure 2-16 Resonance shift caused by medium perturbation.
is the incident wavevector, is the refractive index of the cover region with the bioreceptor, of the core, 

and of the substrate. is the refractive index change caused by the analyte.
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2.5 Sensing Parameters 

 

Previously, the nature of the most common modes used for biosensing applications 

were described. It was shown that localized modes can be directly excited by free-space 

propagation but that they feature broad resonances; guided modes, on the other hand, can 

display sharper resonances but demand more complex coupling mechanisms; finally, quasi-

guided modes retain the advantages of both localized and guided-modes: while it still can be 

excited from free-space propagation, it also features the sharp resonances associated with 

guided modes. The goal of the present section is to present the main figures-of-merit used to 

characterize the resonances. 

The Quality-Factor, or Q-Factor, or just Q, is a dimensionless variable defined as the 

ratio of the time-averaged energy stored in the cavity ( ) to the energy loss per cycle 

( ) multiplied by  [68]: 

 

where,  is the energy stored,  is the power dissipated per cycle, and  is the angular 

frequency, defined as , which is also the frequency of the mode confined inside 

the cavity. For the definition 2.4.1, it is possible to derive two other forms for Q [69]. 

 

 

In equation 2.4.2,  is the decay time of the mode inside the cavity; this formalism 

expresses the Q-factor as the number of cycles necessary for the energy inside a cavity to drop 

by the amount . Equation 2.4.3 is probably the most common form of the Q, and it is 

derived from the linewidth of the frequency response of the cavity, here  is the 

fullwidth at half maximum (FWHM) of the Lorentzian line (the Lorentzian line is a 

consequence of the exponential decay over time).  

Although the Q-Factor is defined in terms of a mode confined inside a cavity, its 

definition can be expanded for other types of mode confinement like waveguides. In this 

context, the Quality Factor will express how sharp the resonance line of the structure is. As 

discussed in the previous sections, metallic structures tend to display broader resonances, due 

to the materials properties, thus having smaller Q, and dielectrics, on the other hand, shows 
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sharp responses. In a biosensing context, typically higher Q are related to easier detection, 

since the resonance line shift is more evident. Dielectric based sensors tend to display this 

characteristic, thanks to their lower absorption. 

Another very important parameter in the sensing scenario, perhaps the most 

significant, is the Sensitivity. The Sensitivity is ratio between the resonance shift ( ) and the 

refractive index variation ( ), defined as equation 2.4.5 (with unities nm/RIU): 

 

The Sensitivity is typically found in two forms: The Bulk Sensitivity ( ) and the 

Surface Sensitivity ( ). The  is defined in terms of the refractive index change in the entire 

cover region, hence the term bulk. The , on the other hand, is defined in terms of a RI 

change occurring only on a small thin surface layer, typically of the order dozen nm, which 

corresponds to the typical analyte size. The sensitivity is strongly dependent on the 

evanescent filed, since it is the interaction between this field and the perturbation that causes 

the wavelength shift. Therefore, metallic based structures usually display higher  values, 

and, for the same reason, dielectric sensors based on TM mode excitation are typically more 

sensitive than TE based ones. Indeed, as it can be seen in Figure 2-10 the electric field is more 

localized on the cover for TM, and more confined in the core for TE modes.  

The last parameter that will be used is a figure-of-merit (FOM) that take into 

consideration both the Q-Factor and bulk Sensitivity at once. The FOM is defined as the ratio 

of the  and . The use of the  is to take out the influence of the resonance 

wavelength, because two sensors can display the same line-width This will 

be relevant in the context of this dissertation for comparison between different systems.  
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3 DIELECTRIC VERSUS METALLIC BASED MEDIA SENSORS

The goal of this dissertation is to systematically study and compare the main

differences between dielectric and metallic quasi-guided based systems, in terms of their 

sensing performance and spectral characteristics (Q-Factor). For this, as a starting point, the 

results of three articles, two from metallic based sensor and one from dielectric, will be 

reproduced and their main features will be analyzed and compared. The simulations software 

COMSOL Multiphysics and Lumerical Finite Difference Time Domain (FDTD), also the 

Rigorous Coupled Wave Analysis (RCWA) will be used as tools to achieve this goal. 

3.1 Nanohole Arrays Metallic Based Biosensors

Starting with the metallic sensor, Altug structure shown in 

Figure 3-1 for various biosensing utilities [14], [39] [41]. This sensor is comprised of a thin 

layer of gold (Au), with thickness ( ) of 120 nm, patterned with an array of nanoholes (fulling 

etching the gold layer), with pitch ( ) of 600 nm and radius ( ) of 100 nm, surrounded by an 

aqueous media. There is a very thin (5 nm) layer of Titanium (Ti) used for membrane placing 

purposes of the Au layer[37]. 

Figure 3-1 - Au Nanoholes structure 
Consisting in a 3D structure, periodic in the and planes, with a unity cell composed by a 600 x 600 x 120 
nm³ Au and a 600 x 600 x 5 nm³ Ti, with a nanoholes of 200 nm diameter, water as superstrate and substrate. 

The structure was illuminated normally with the Electric field polarized in the direction.
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From the dispersion equation for the SPR mode, equation 2.2.8, it is possible to 

determine the modes supported by this structure. The result shown in Figure 3-2, the dashed 

line represents the momentum provided by the nanoarray, suggesting that a resonance can be 

found around 840 nm.2 

Figure 3-2  Dispersion of the SPR. 
Blue line represents the dispersion of the SPP mode and Dashed Gray Line the Momentum provided for a 

symmetric grating of gold and air. 

 

This structure was then simulated with COMSOL using the periodic boundary 

condition on the parallel boundaries, a Perfect Matched Layer was used on the  direction 

(normal to the gold layer) and the scattered field was analyzed. The background field used to 

illuminate the structure was polarized in the  direction, being normally incident. The 

wavelength ranged from 800 and 950 nm. The transmittance was calculated by integrating the 

time-average power in a plane on the substrate. The same simulation was performed with 

Lumerical FDTD and RCWA. For metallic based simulations the RCWA does not have a 

good convergence, mainly due to the high absorption on the metal. The spectral response is 

shown in Figure 3-3, the amplitude of the mode was normalized in order to meet the reported 

results, the maximum value obtained in the simulation was 0.08. This low transmission is 

characteristic of metallic based structures caused by the absorption of light, but it is typically 

ignored in the literature, by plotting the spectra in arbitrary units.  

                                                 
2 Unlike binary gratings the coupling resonance for nanohole arrays structures will be a shifted, 
depending on the ratio of the constituting materials. For this sensor, the resonance is expected at the 
right of 840 nm, since there is more gold then air in the layer.   
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Figure 3-3 Transmittance Nanogold array structure.
The shift on the resonance wavelength is due to the grating size. 

Figure 3-4 Field Profile at resonance.
From left to right and top to bottom: Norm of the Electric Field viewed form the Side (YZ plane the first letter 
represents the horizontal direction and the second the vertical), Front (XZ) and Top (XY), followed by the Norm 
of the Magnetic Field in the same order. The brighter regions represent the maxima and the darker the minima.

Figure 3-4 shows Field Profile at resonance. A hot spot with a long evanescent tail is 

noticeable in the corners of the hole for the norm of the Electric Field.

From Figure 3-3, it is possible to find the Q-Factor of the structure, which can also be 

found using the eigensolver. For this sensor the resonance is at 884 nm and the FWHM of 38 

nm (908 870 nm), leading to a Q of 23. The Bulk Sensitivity ( ) of this sensor can be 
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calculated in simulation by varying the refractive index in the cover (upper) region. The  of 

this sensor is 630 nm/RIU. The Surface Sensitivity ( ), on the other hand, was calculated by 

varying the refrac s surface with height of 10 nm. 

The  of this sensor for this height is 30 nm/RIU. The FOM is then 16,15 RIU-1, using 

equation 2.4.6 considering a S of 630 nm/RIU and  of 39 nm. 

The same research group has proposed another plasmonic sensor, using the same 

nanohole array on the gold layer [39], shown in Figure 3-1, however in this design glass 

(SiO2) was used as substrate ( ), and the cover material was initially set to air 

( ), and then, for the sensitivity calculation, was changed to di-Water (

), acetone ( ), ethanol ( ), and isopropanol (IPA) (

); the Ti layer was removed. The dispersion is shown in Figure 3-5. Notice that, since this 

structure is asymmetric, there will be modes at the interface between the Gold and the air, in 

the upper interface, and between the Gold and the Glass, in the lower interface. 

Figure 3-5  Dispersion of the SPR modes 
The SPR dispersion was calculated via equation 2.2.8 

 

From Figure 3-5, it is expected to find at least three modes when illuminating this 

structure at normal incidence, since the dashed grey line of the nanohole momentum 

intercepts the dispersion at three different points: around 640 nm a first order mode is 

expected in the upper and a second order at the lower, and around 900 nm the first order mode 

will be excited at the interface between Gold and Glass. All this can be confirmed by 

inspection of the transmission plot shown in Figure 3-6. 
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Figure 3-6 - Transmittance Nanogold array structure 

 

By comparing Figure 3-3 and Figure 3-6, it is clear that the second design has a better 

transmission, with both higher amplitude and shaper resonances, with Q of 35, for the mode 

of the upper interface. However, the presence of the other modes, mainly the one located at 

650 nm, spectrally closer to the main resonance 700 nm, could interfere in the detection 

process. The authors of the paper have then added a layer of Silicon Nitrate (Si3N4) right 

below the golden layer to get rid of these extras resonances that appeared at the lower 

interface. 

In terms of biosensing performance both sensors were very similar. The  of the 

present design was calculated and found to be   420 nm/RIU, even though the paper 

reports a  671 nm/RIU (analytical result), and  = 30 nm/RIU, value obtained via 

numerical simulation. On the other hand, since the FWHM is 22 nm, the FOM is 19, greater 

than the 8.6 of the structure Figure 3-1. This sensor design, which is registered as the patent 

US 2017/0023476A1[70], has been successfully employed in many applications such  as: 

single cell secretion [37], [40], drug screening [41], and simultaneous detection of two distinct 

analytes [42]. 
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3.2 Nanohole Arrays Dielectric Based Biosensor

Once the main characteristics of the metallic based nanohole biosensors have been 

illustrated in the previous examples, a similar characterization will be done in this section for 

sensors based on dielectric media. For this, the sensor design based on Silicon on Insulator 

(SOI) proposed by Sun et. al. [36] Figure 3-7 will be reproduced, and the same parameters 

analyzed before for plasmonic systems will be calculated for the dielectric sensor.

Figure 3-7 SOI nanohole array photonic crystal 
It consisted in a 3D structure, periodic in the and planes, with a unity cell compose by a 970 x 970 x 156
nm³ Crystalline Silicon (c-Si), followed by 970 x 970 x 2000 nm³ of glass (SiO2), with a nanoholes of 206 nm 

diameter, water as superstrate, and Amorphous Silicon (a-Si) as substrate. The structure was illuminated 
normally with the Electric field polarized in the direction.

The great challenge of photonic biosensing is to offer a high sensitivity with a good 

spectral response. The majority of the designs typically show just one of these features. This 

sensor, on the other hand, provides both a sharp resonance line, with Q-Factor as high as 

5000, and fair bulk sensitivity of about 300 nm/RIU [36].

Once again, the analysis begins with the dispersion plot in order to have a better 

understanding of the nature of the modes. Since silicon is absorbing for wavelengths smaller 

than 950 nm, the structure is illuminated with infrared light. In this range (1200 1600 nm) 
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both TE0 and TM0 are supported, but just the TM mode will be excited by the nanohole array 

around 1535 nm, as shown in Figure 3-8. 

Figure 3-8  Dispersion plot (SOI)  

 

This structure was then simulated in COMSOL using the periodic boundary condition 

on the parallel boundaries, a Perfect Matched Layer was used on the  direction, the port 

setup was used to excite the mode. The incident field was polarized in the  direction, being 

normally incident. The wavelength ranged from 1500 and 1600 nm. Notice that the silicon 

substrate prevents this sensor from operating in transmission mode. The same simulation was 

performed in RCWA, since this is a semi-analytical approach which demands perform faster 

than FDTD for dielectric structures. The spectral response is shown in Figure 3-3, displaying 

a very sharp Fano resonance line with a Q-Factor of 2374 (with a FWHM 0.6 nm). 

Figure 3-9  Fano resonance of the sensor. 
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Figure 3-10 Field Profile at resonance.
From left to right: Norm of the Electric Field viewed form the Side (YZ plane the first letter represents the 

horizontal direction and the second the vertical), Front (XZ) and Top (XY). The reddish regions are maximum 
values and the blueish represent the minimums. In the top view it is evident the TM likeness of the mode since

the propagation direction is parallel to the coupled Electric Field.

From Figure 3-10, it is possible to see (YZ and XY views) the TM like characteristic 

of the mode, since the Electric Fields is concentrated in the cover and substrate region, with a 

prominent evanescent tail. By varying the refractive index of the cover region between 1.34 

and 1.35, it was found a Bulk Sensitivity of = 300 nm/RIU, the Surface Sensitivity, on the 

other hand, was = 20 nm/RIU (found by changing the RI of a small volume with 10 nm 

height). This performance is remarkable, leading to a FOM of 500 RIU-1, using the relation 

2.4.6 with a S of 300 nm/RIU and of 0.6 nm.

Therefore, although metallic systems win on their overall sensitivities, dielectric based 

systems can achieve similar results and even offer much better resonance lines. The table 

below summarizes the main characteristics of the analysed systems

Table 3 Sensors Comparison
Sensor FOM

Gold/Water 884 23 630 30 16.15

Gold/Air 700 35 420 30 19

SOI 1532 2374 300 20 500

Therefore, the only disadvantages of this SOI sensor is that it is based on reflectance

and operates in the infra-red range, which demands a more complex system for detection. In a 

future work, the author aims to overcome this by proposing a design based on amorphous 

silicon that operates in transmission and in the mid-infrared. 
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4 DIELETRIC BIOSENSOR BASED ON a-SI 

 

The previous sections discussed the main characteristics of a photonic biosensor, 

presenting the physical phenomena involved in their working mechanics, and comparing the 

performance parameters of both a dielectric and metallic based design. It was shown that 

although plasmonic devices typically feature higher bulk sensitivities, their FOM are lower 

than in their dielectric counterparts. Indeed, dielectric sensors can achieve almost the same 

surface sensitivity as plasmonic devices, but with the advantage of a better Q-factor and 

spectral responses.  

The design proposed by S group [36] has a promising application as a transducer 

for a Lab on a Chip device. Nevertheless, since it is based on a Silicon-on-Insulator chip, this 

design cannot operate in transmission [71]. In this scenario, this section investigates a 

dielectric based quasi-guided mode photonic sensor with performance similar to the SOI one 

but with the ability of operation both in transmission and in reflection. 

 

4.1 Amorphous Silicon (a-Si) 

 

The refractive index of the photonic structures crucially influences their biosensing 

performance. In principle, a high refractive index is advantageous to confine the light to 

create the resonances used in probing the surrounding media. Another characteristic to 

consider is the ease of the fabrication process and the quality of the films, since roughness 

induces scattering losses that lower the resonances Q-factor.  

There are some promising materials such as Titanium Dioxide, TiO2, polycrystalline 

Silicon, p-Si, crystalline Silicon, c-Si,  to name a few; details of these dielectric media can be 

found in [72]. In this variety of materials, amorphous Silicon, a-Si, was the one chosen for 

this sensor design, due to its good balance between ease of deposition and high refractive 

index. As it can be seen on Figure 4-1, the refractive index of the amorphous [73], is virtually 

constant ( ) and the material is nonabsorbing ( ) for wavelengths greater than 

1,000 nm. This make a-Si a good choice for a sensor operating in the low-infrared part of the 

spectrum, which is the goal of this work. 
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Figure 4-1  Amorphous Silicon Refractive Index (n, k) 

 
This research was carried out in a collaboration between USP and the University of 

York (UK), where the former was responsible for the characterization of the device, design 

parameters, and numerical simulations, while the latter focused on the fabrication process and 

experimental characterisation. The fabrication process used hydrogenated amorphous Silicon 

(a-Si:H), which has optical responses similar to normal a-Si, however the imaginary part of 

the refractive index is negligible for wavelength greater than 850 nm. Also, the substrate of 

this wafer was SiO2, which in this wavelength range is virtually constant at .[74] 

4.2 Design of the a-Si Biosensor 

 

Once the material is chosen, the next step is to design the main parameters of the 

biosensor. In other to do so, it is interesting to start with the waveguide dispersion diagram, as 

it will provide a better understating of the mode characteristics. In Figure 4-2, it is shown this 

plot for a slab waveguide with a-Si core, water ( ) cover and silica substrate; the 

thickness of the core was 100 nm. The dashed lines represent the momentum imparted by 

gratings with periods of 400, 500 and 600 nm. 

The period of the grating ( ) sets the mode excited by an incoming plane wave; as 

discussed in the previous sections, the transversal magnetic mode (TM) displays higher 

sensitivities when compared to the transversal electric (TE) mode, due the delocalization of 

the Electric Field from the core. According to dispersion diagram below, a  of 500 and of 

600 nm, can couple TM modes at the wavelengths of 850 and 1250 nm, respectively; those 

periods are chosen for this design.  
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Figure 4-2 Dispersion diagram
Orange line: TE mode dispersion, Blue line: TM mode dispersion. Solid gray line: Momentum provided (G) by a 
GMR of ; Dashed-point gray line: momentum provided by a GMR of ; and Dash line 

momentum provided by a GMR of 

Figure 4-3 shows the biosensor design adopted in this work. represents the 

thickness of the core, the radius of the hole, the etching depth, and the period of the 

structure. Once the dispersion is known, the remaining task is to tune these parameters, in 

order to obtain the best biosensing performance. As a reference design, will be set to 

100nm, to 100nm, to 500 nm, and to 100 nm, the spectral response is shown in Figure 

4-5, next page.

Figure 4-3 Biosensor Parameters
represents the thickness of the core, the radius of the hole, the etching depth, and the period of the 

structure. The structure was illuminated normally with Electric Field polarized in the y direction. 
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Figure 4-4 Transmittance response
Obtained in COMSOL, blue solid line, and RCWA, dashed black line, via Simulating the structure on Figure 4.3

This structure was then simulated in COMSOL using the periodic boundary condition 

at the parallel boundaries, a Perfect Matched Layer was used in the direction, and the port 

setup was used to excite the mode. The incident field was polarized in the direction, being 

normally incident. The wavelength ranged from 850 to 1250 nm. The same simulation was 

performed in RCWA to cross-check the results. The reference design has 3 modes: a TM-like

mode localized at 871 nm, a TE-like mode at 1130 nm, (those mode receive the like 

termination since they are not pure TE or TM modes, they are excited via a Bloch mode with 

constructive interferes with the momenta required for them) and a pure Bloch mode at 900 nm

(where the multiple frequencies components generated by the grating interferes but not in a 

expected polarization). Their characteristics field profile, and sensing parameters can be seen 

in Figure 4-5 (a) (c).
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Figure 4-5 Biosensor Fields Profiles
a) TM-like mode at b) Pure Block Mode TE like at c) TE-like mode at 

Table 4 compares this reference design with the ones previously studied in this 

dissertation. The mode with the best performance is the TM-like at 871 nm, which has a bulk 

sensitivity of 150 nm/RIU, which is in the same range of the SOI design, and a surface 

sensitivity of 20 nm/RIU, which is comparable to plasmonic sensors. The Q factor was 475, 

with , leading to a FOM of 83 [RIU]-1.

Table 4 Sensors Comparison

Sensor FOM

Gold/Water 884 23 630 30 16.15

Gold/Air 700 35 420 30 19

SOI 1532 2374 300 20 500

a-Si(ref) 871 475 150 20 83

In other to understand the influence of each on the spectral 

responses and sensing performances, the variables defined in Figure 4-3 were adjusted. In this 
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scenario, one parameter was manipulated separately while the others were kept fixed. To 

make it easier to follow the resonances shifts, the following symbols will be used: stands 

TM, for TE, and for the pure Bloch. The period was set to 400 nm and 600 nm. In 

Figure 4-6 the spectral responses for this study are shown; as it was discussed before, the 

greater the period, the smaller the momentum provided by the excitation; this phenomenon 

can be seen through the red-shift caused in all modes of the structure; for instance the TE 

mode located at 1130 nm for = 500 nm, moves to 950 nm for = 400 nm.

Figure 4-6 Influence of on the Spectral Response

The thickness of the core ( ) directly influences the waveguide dispersion diagram,

red shifting the transmission spectrum. Also, as can be seen in Figure 4-7 the thicker is the 

core, the greater is the transmittance between the pure Bloch and the TE mode, approaching 

the Fano Resonance to a Lorentzian like curve. The Fabry Perot cavity formed in the a-Si 

photonic crystal layer has a Lorentzian like shape for the TM mode for , as it can 

be seen on Figure 4-9. More in the theory behind it can be found on [75], [76].

Figure 4-7 Influence of on the Spectral Response
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Figure 4-8 Influence of transition from Fano to Lorentz resonance

The hole parameters (radius ( ) and etching depth ( )) have a direct interference on 

the linewidth of the resonances. This dependence expresses the degree of perturbation of the 

structure: a smaller radius or shallower etching amounts to a smaller perturbation of the 

waveguide, thus leading to a longer cavity lifetime, i.e., a larger Q-factor. Notice, however, 

that a shallow etching leads to weaker resonances. Therefore, it is preferable to control the Q-

factor by controlling the hole radius. See Figure 4-9 (a) and (b).

Figure 4-9 Influence of the hole parameter
(a) radius and (b) depth of etching 
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To help the analysis of the sensitivity, it is taken the sensitivity of the TM mode 

located at 871 nm in the Design in Figure 4-5, as reference. In terms of bulk sensitivity (see 

Table 5), for the parameters studied, there is no clear relation between the terms and , but 

for , where scales with the pitch, for varying from 450 and 800 nm, can be described 

by the relation (4.4.1), with a coefficient of determination3 (R²) of 0,97. See Figure 4-10 for 

more details.

Figure 4-10 Relation between and 

Table 5

value [nm] 500 550 600 80 100 120 60 80 100 80 100 120

150 170 200 75 150 100 120 120 150 100 150 150

Based on these results, the design in Figure 4-11 is chosen. It consists of a a-Si 

dielectric layer with thickness of 100 nm, fully etched by a nanohole array with hole diameter 

of 100 nm and pitch of 600 nm. Water was used as superstrate and glass as substrate. The 

spectral response for varying from 950 to 1000 nm is shown in Figure 4-12. The coupled 

mode is a TM mode located at 973 nm, with leading to a Q-Factor of 9730. 

The was 200 nm/RIU and of 25 nm/RIU. The field profile of this mode can be seen on 

Figure 4-13, once again the TM likeness can be notice via the propagation direction, This 

operating wavelength was chosen due to the near infrared detector available at the fabrication 

group [77].

                                                
3 This coefficient varies from 0 to 1 and determines how well a distribution of points can be described by a line.
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Figure 4-11 Final Design a-Si nanohole array photonic crystal
It consisted in a 3D structure, periodic in the and planes, with a unity cell compose by a 600 x 600 x 100

nm³ amorphous Silicon (a-Si) on a glass (SiO2) substrate, with a nanoholes of 100 nm diameter, water as 
superstrate. The structure was illuminated normally with the Electric field polarized in the direction, with 

varying from 950 nm to 1000 nm.

Figure 4-12 Transmittance response of the sensor

Figure 4-13 Field Profile of TM-like Mode
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This sensor performances are finally summarized in Table 6. 

Table 6  Sensors Comparison 

Sensor     FOM  

Gold/Water 884 23 630 30 16.15 

Gold/Air 700 35 420 30 19 

SOI 1532 2374 300 20 500 

a-Si(ref) 871 475 150 20 83 

a-Si(final) 973 9730 200 25 2000 

5 CONCLUSIONS 

 

This dissertation offered an overview of the main types of photonic systems employed 

in biosensing and provided the background for the physical phenomena involved in them as 

well the main parameters used to measure sensing efficiency. Through the simulation of state-

of-the-art designs on metallic and dielectric based sensors, the dissertation presented a 

systematical comparison between metallic and dielectric sensors [78]. The dissertation 

concluded that dielectric based sensors have better overall performance, quantified in terms of 

the FOM. Finally, a novel a-Si based design with FOM two orders of magnitude higher than 

the plasmonic sensors was presented [77].   
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