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General introduction 

Photonic sensors are under extensive development world-wide combining 

multidisciplinary research. Optical sensors are a class of devices that use various forms of 

light–matter interactions to detect, interrogate, and quantify molecules for multiple 

applications, in industry, environmental monitoring, medicine and chemical analysis. Progress 

in materials, light sources, innovative solutions and detectors covering wider ranges of the 

electromagnetic spectrum, with higher sensitivity; allow the use of new techniques that some 

time ago would have been considered inappropriate. Photonic sensors are recent class of 

optical sensors. Hence, research in photonic structures and components has had a significant 

impact on sensor technology.  Chemical and biochemical sensors represent the state of the art 

of photonic sensing, since they are expected to exhibit higher sensitivity and selectivity as 

well as high stability, immunity to electromagnetic interference, and product improvements 

such as smaller integration sizes and lower cost. In an intrinsic photonic bio-chemical sensor, 

the optical transducer is generally represented by an integrated optical waveguide (optical 

fiber, slot-waveguide, photonic crystal waveguide, photonic wire waveguide and slab 

waveguide). By this way, this photonic device has to satisfy different parallel functions. The 

first one consists in guiding the photonic signal from the optical source to the sensible area. 

Secondly, the photonic waveguide has the role of transducer, enhancing the interaction 

between the chemical/biochemical process and the optical signal. The formation of modes in 

optical waveguides could be exploited for sensing. In fact, when light propagates through the 

waveguide by total internal reflection, it senses the medium surrounding the waveguide 

through the evanescent tails of its electric field. When a light wave interacts with the 

biomolecules that are binding to the waveguide surface, some of its properties (wavelength, 

amplitude or polarization) change and by monitoring these changes the analyte can be 

detected. A variety of optical-sensing mechanisms exist, including luminescence, 

fluorescence, phosphorescence, absorbance, elastic scattering, Raman scattering, surface-

Plasmon resonance, guided-wave resonance, interference, and reflection/ transmission 

microscopy. Optical variable has to be transformed into an analytically useful signal. To this 

purpose, several photonic integrated configurations have been proposed, comprising, 

integrated optical interferometers, microring resonators, Bragg grating resonators, directional 

couplers and photonic crystals optical sensors. Among integrated optical waveguides, slab 

optical waveguide based evanescent wave is widely used for chemical and biochemical 

sensing. The most advanced technology for fabricating waveguides is Ti: LiNbO3, Lithium 
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Niobate (LN) is widely used for integrated sensor applications due to its excellent optical, 

ferroelectrical, piezoelectrical, and thermoelectrical properties. Sensitivity is the most 

important parameter of a planar optical sensor. Thus, sensitivity enhancement of optical 

sensors based on evanescent wave interactions has attracted significant research interest. 

This thesis is divided into four chapters. In the first chapter, we presented in detail the 

principle optical sources, photodetectors, integrated optical waveguide transducers used in 

integrated photonic sensors as well as different light-coupling methods.     

In the second chapter, we described in detail principle sensing mechanisms and 

architectures employed in integrated optical chemical sensors. 

The third chapter is divided in two parts. In the first part, an isotropic and anisotropic 

slab optical waveguides are modeled with two approaches, successively. The first is the 

optical ray approach, which allows us to determine the dispersion equation of the guided 

modes for an isotropic slab waveguide. The second is the electromagnetic approach used to 

determine the wave equations and their solutions, as well as, the solutions of electromagnetic 

field for an anisotropic slab waveguides. In addition, the influence of the physical and 

geometric parameters and the wavelength of the source on the propagating modes are studied. 

In the second part, the effective index method (EIM) is used for calculating the modal fields 

and the propagation constants in the Embedded-strip waveguide.  

In the fourth chapter, after brief description of planar optical sensors principles, we 

have investigated sensitivity and evanescent field of a slab waveguide optical sensor 

constituted of Lithium Niobate as a guiding film. Hence, the influences of source, geometrical 

and physical parameters as well as the birefringence on the sensor sensitivity and on the 

evanescent field have been studied.  
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1. Introduction 

Monitoring of the various aspects of the environment, whether it be external or 

internal to ourselves and involving chemical, physical or biomedical parameters is an essential 

process for the well-being of mankind and of the individual. Optical sensor technology has a 

major part to play in this process, both to complement existing technologies and to promote 

new solutions to difficult measurement issues. Optical sensors are a class of devices that use 

various forms of light–matter interactions to detect, interrogate, and quantify molecules for 

multiple applications, in industry, environmental monitoring, medicine and chemical analysis. 

Optical sensors can measure physical or chemical quantities. Their development has been 

stimulated by advances in optoelectronic technology. The developments in new sources and 

detectors covering wider ranges of the electromagnetic spectrum, with higher sensitivity, 

allow the use of techniques that some time ago would have been considered inappropriate or 

lacking in sufficient sensitivity [1]. Photonic sensors are recent class of optical sensors. 

Photonic sensor technologies involve a lot of application fields like chemical, temperature, 

strain, biomedical, electrical, magnetic, rotation, pressure, position, acoustic and vibration 

sensors. Optical Lab-on-a-chip systems, based on chemical and biochemical sensors, 

represent the state of the art of photonic sensing, since they are expected to exhibit higher 

sensitivity and selectivity as well as high stability, immunity to electromagnetic interference, 

and product improvements such as smaller integration sizes and lower cost [2]. In an intrinsic 

photonic bio-chemical sensor, the optical transducer is generally represented by an integrated 

optical waveguide (e.g., optical fiber, slot-waveguide, photonic crystal waveguide, photonic 

wire waveguide). By this way, this photonic device has to satisfy different parallel functions. 

The first one consists in guiding the photonic signal from the optical source to the sensible 

area. Secondly, the photonic waveguide has the rule of transducer, enhancing the interaction 

between the chemical/biochemical process and the optical signal [3]. 

In this chapter we will present in detail the principle optical sources, photodetectors, 

integrated optical waveguide transducers used in integrated photonic sensors and different 

light-coupling methods.     

 

2. The Optical Sensor components  

 

Regardless of their working principles and purposes, all optical sensors have a 

common set of components: light sources, photodetectors, and optical components to guide 

the light in between. Somewhere along this light path, there will be the measurement object 
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whose static and dynamic properties will determine the signal on the photodetector and, thus, 

the sensor reading, Fig.1. 

This part gives a summary of the different kinds of light sources, of the wide variety of 

commercially available detector elements, and provides examples of optical integrated 

waveguide that guide and manipulate light for sensing applications. 

 

 
 

Figure 1: An optical sensor.   
 

3. Light Sources 
 

The light source is the very heart of an optical sensor. It not only provides the medium 

through which information is transferred, but it may also become a component of the 

detection circuit itself, for example, by a modulation of the emitted light. A light source is 

characterized in terms of, for example, its emission spectrum, degree of coherence, radiant 

intensity, power consumption, lifetime, and all other parameters decisive for the respective 

application. Due to the physical nature of their light generation process, they can be divided 

up into thermal light sources or continuous light sources, line sources, pseudo monochromatic 

light sources and monochromatic light sources. 

 

3.1. Continuous light sources or thermal light sources 

 

Thermal or incandescent light sources emit light as a result of their temperature. Every 

object with an absolute temperature T emits a continuous spectrum which is described by the 

spectral power density according to Planck‘s law of blackbody radiation [4]. One of the 

easiest embodiments of a radiating blackbody is an electrically heated, glowing piece of wire 

or a metal filament. In the presence of oxygen, such a filament would oxidize almost 

immediately. The filament is therefore surrounded by a glass vessel filled with an inert gas, 

for example, with a mixture of nitrogen and argon, or with even heavier noble gases like 

krypton or xenon. This is the basic principle of all incandescent lamps. Incandescent and gas 

discharge lamps are called white light sources because they emit light in a very broad spectral 

range. The comparison of spectral properties of typical continuous light sources, which are the 
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most frequently used in the chemical sensors, is presented in Figure 2. A xenon arc lamp 

seems to be the universal light source. It emits radiation starting from UV up to infrared but it 

is expensive and the optical power is not very stable. If a sensor needs to be excited only in 

the UV range, a deuterium lamp can give better results. This is a relatively short-lived lamp 

(1000-2000 h) and quite expensive. Tungsten halogen lamps are much cheaper than the 

previously mentioned types. Powered by a relatively simple power supply, they emit stable 

optical signal and have long lifetime. 

 

 
Figure 2: Emission spectra of continuous light sources used in sensors. 

 

One of common disadvantages of these light sources is the necessity of using a 

wavelength-selecting device. Absorption filters, interference filters or monochromators are 

utilised to match the light to the sensor requirements. Furthermore, modulation of light is 

introduced to the system in order to increase the signal to noise ratio [5]. 

 

3.2. Line Sources 
 

A discharge in a low - pressure gas does not emit a continuous spectrum, but a 

spectrum in which the intensity is concentrated in discrete and narrow wavelength intervals. 

When viewed with a spectrograph, these intervals become visible as single lines in the 

spectrum, which is therefore denoted by a line spectrum. The discrete distribution of emitted 

wavelengths is the consequence of the discrete energy levels of atomic orbits and the energy 

difference between them.  As their emission is concentrated in a limited number of discrete 

wavelength intervals, discharges in a low - pressure gas do generally not emit white light, but 

show color effects: 

  Neon has several emission lines in the visible spectrum, but also a dominant line at 632.8 

nm. This is why neon tubes emit pink light. 
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• Sodium (Na) lamps emit yellow light because of the Na D lines, a narrow - spaced line 

doublet at 589.0 nm (D 2) and 589.6 nm (D 1). During power - up, however, they emit red 

light due to the neon added to the gas in the bulb. 

• Mercury has a strong emission line at 253.7 nm. Mercury tubes, also called blacklight 

tubes, emit ultraviolet (UV) light. The ubiquitous fluorescent lamps are manufactured from 

these blacklight tubes by coating the insides of their glass vessels with phosphor substances 

that convert the UV to visible light. 

The width of the emission lines depends on temperature and pressure. Higher 

temperatures lead to broader velocity distributions of the atoms and, thus, to broader 

frequency distributions, the so called Doppler broadening. Higher pressures, on the other 

hand, increase the collision rates between the atoms and, thus, lead to a decrease in the 

lifetimes of the upper states, which also leads to a line broadening.  

 

 
Figure 3: Spectrum of a mercury short - arc lamp. Black solid lines: line center positions. 

 

 

3.3. Pseudo monochromatic light sources 

 

3.3.1. Light Emitting Diodes ( LEDs ) 
 

Light emitted by an LED is nearly monochromatic (pseudomonochromatic). LEDs are 

robust and their lifetimes are more than 100 000 hours. The actual light source in a 

semiconductor material is the pn - junction. An electronic transition from the lower edge of 

the conduction band to the upper edge of the valence band will lead to the emission of a light 

quantum, and its energy will equal the width of the energy gap.  Light emitted from a pn - 

junction has a narrow – band spectrum. Indeed, a typical spectral bandwidth of LED is within 

the range of 20-50 nm. LEDs cover the whole visible range starting from 370 nm up to infra-

red radiation. The radiation emitted by an LED depends on the semiconductor used for its 
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fabrication. III-V compounds from periodic system are used in LEDs fabrication. Their band-

gap can be changed depending on the composition of the compound. Various compounds of 

gallium, arsenic and phosphorus with zinc, oxygen or nitrogen dopants produce radiation in 

the visible range, whereas gallium arsenide doped with either silicon or zinc gives infrared 

wavelengths (900-1020 nm). The emitted optical power can be stabilised or LED can operate 

in a pulse mode. Their long lifetime, low cost and small dimensions are additional advantages 

in designing the sensor. Figure 4 shows spectral profile of LEDs.  

 

 

Figure 4: spectral profile of LEDs. 

 

Because of the extremely small exit apertures with sizes of 0.01 to10 mm
2
, light 

emission from an LED shows considerable, diffraction. For an optical designer, forming the 

light output from an LED is an important task, and manufacturers offer types with different 

radiation patterns, for example, Lambertian emitters that follow a cosine law for the radiated 

luminous intensity.  

 

3.3.2.  White - light LEDs  
 

White - light LEDs are usually based on short - wavelength LEDs that are covered 

with a layer of photoluminiscent material. Their spectra show the narrow excitation peak in 

the blue or ultraviolet wavelength range, but also a broad emission covering the entire visible 

range, Figure 5. The spectral structure of this broad emission determines the color temperature 

of the emitted light.  One major drawback is the low intensity emitted in the green part of the 

visible spectrum. 
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Figure 5: Spectrum of a white - light LED. Excitation peak at 445 nm, broadband emission 

with maximum at around 550 nm. 
 

 

3.3.3.  Superluminescent diodes (SLED s)  
 

SLEDs are LEDs manufactured from semiconductor materials with high optical gains 

as they are actually used in diode lasers. In contrast to lasers, however, there is no resonator 

that feeds radiation back into the material so that there are basically two counterpropagating 

waves inside the active zone. The light from an SLED will thus be quite intensive, but it will 

have an LED - like bandwidth and therefore low coherence. In contrast to lasers, there will be 

no speckles across a spot that is illuminated by an SLED. With increasing temperature, the 

output power of an SLED will decrease significantly. SLEDs are preferred light sources in 

many fiber optical applications. Table 1 shows a collection of typical SLED specifications. 

 

Table 1: Typical parameters of superluminescent diodes of Uncooled Single-Mode Free-

Space (SLEDs) [6]. 

Wavelength (nm)  FWHM (nm) Output power (mW) 

670 7 Up to 15 

796 15 20 

840 25-30 Up to 100 

920 30 20 

960 45 90 

1040 35-45 Up to 80 
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3.4. Monochromatic light sources 

3.4.1 Diode lasers 

Diode lasers are more convenient to use in sensor systems because of their size and 

their effectivity.  In the structure, they are similar to LEDs but they have a resonant cavity 

where laser amplification takes place. A Fabry-Perot cavity is established by polishing the end 

facets of the junction diode (so that they act as mirrors) and also by roughening the side edges 

to prevent leakage of light from the sides of the device. The emitted light beam from diode 

lasers is coherent and highly monochromatic. In principle, diode lasers are highly – doped 

LEDs with donor and acceptor concentrations of more than 10
19

 cm
-3

. As in LEDs, electron – 

hole recombination processes lead to the emission of light, but due to the high doping, 

population inversion builds up in the pn - junction. The laser diode package generally contains 

a photodiode that has one common electrode with the laser diode. This photodiode receives 

the laser radiation emitted backward from the laser crystal and is used as a sensor for the 

intensity stabilization of the laser. The main characteristic of diode lasers is the dependence of 

the light intensity on the injection current (Figure 6 (a)). For low - injection currents, the 

emitted intensity increases slowly. However, a threshold current, IT , exists above which the 

intensity increases strongly.  

 
 

 

Figure 6: a) Dependence of laser diode power on the injection current. 

  b) Diode laser spectrum for currents below and above the threshold 

current. 
 
 

Due to this strong increase, highly stable currents are required for applications in which 

highly stable intensities are required. For currents smaller than IT , and in case of damage, the 

diode laser has the spectral properties of an LED, above the threshold current, the spectral 

width decreases due to increasing light amplification (Figure 6 (b) ). The first commercial 
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diode lasers had emission wavelengths in the infrared and near infrared regions; in the 

meantime mass - produced diode lasers with red, green, and blue emission wavelengths have 

become available. Table 2 shows a collection of typical specifications of diode laser modules 

of different wavelengths.  

 

Table 2: Typical parameters of diode lasers in the visible and infrared regions [7]. 

 

wavelengths Output 

Power 

Operating 

Current 

Beam 

Divergence 

405 nm 40 mW 70 mA 8x19 

520 nm 25 mw 150 mA 7x22 

670 nm 5 mw 30mA 8x32 

780 nm 10 mw 24 mA 8x30 

850 nm 10mw 20 mA 10x30 

905 nm 10mw 50 mA 10x30 
 

 

Diode lasers reach efficiencies of as high as 50% because electrical energy is directly 

transformed into radiation. For single laser diodes, the radiant power can reach some 10 mW. 

Due to this direct energy conversion, diode lasers can easily be modulated with frequencies up 

to the gigahertz range.  Because diode lasers have a very small exit apertures, so diffraction 

effects cause high beam divergence and an elliptical beam profile. To form a parallel laser 

beam, a collimating lens is required, and circular beam profiles demand further optical 

corrections. Particularly for single - mode lasers, however, the collimating lens must be 

coated in order to avoid reflections back into the laser.  As additional protections against back 

reflections, there are also so - called optical isolators that prevent light from travelling into the 

direction of the laser. These lasers are interesting light sources for spectroscopy. A special 

version of the diode laser is the vertical - cavity surface – emitting laser (VCSEL). Laser light 

is emitted perpendicular to the plane of the pn - junction, which makes it possible to run tests 

already in the wafer level of the production process. As a VCSEL has a higher exit aperture, 

its beam divergence is smaller, and its light output can more efficiently be coupled into an 

optical fiber. The resonator mirrors are formed by layers of different refractive indices, so - 

called Bragg reflectors. Their reflectivities can reach 0.99, and thus the laser threshold is 

significantly lower than that for the pn - type diode lasers. However, their radiant power is 

smaller. 

 
 

3. 4. 2 Lasers 
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LASER is the acronym for Light amplification by stimulated emission of radiation. 

Stimulated emission is a quantum - mechanical process in which long – lived excited atomic 

states are quenched by radiation. These states are required to have lifetimes several orders of 

magnitude longer than the usual 10
-8

 s. Thus, it comes to a population inversion in the sense 

that more atoms are in excited states than in their ground states. As a consequence, one 

incoming quantum of light generates one additional quantum of outgoing light, and this, 

results in light amplification. The device becomes a signal source by feeding the output signal 

back to the input of the system. This feedback is usually accomplished by an optical 

resonator, a set of two parallel mirrors that contain the amplifying medium. The two mirrors 

have reflectance of more than 99% so that the light passes the medium more than once. The 

light waves traveling forward and backward inside the optical resonator interfere and form a 

standing wave. In the visible and ultraviolet ranges of the spectrum, the existence of 

longitudinal modes is a necessity for a domination of stimulated over spontaneous emission. 

As the emission is localized only on narrow frequency intervals, the laser emission is 

extremely monochromatic. Figure 7 illustrates how resonator modes and emission line profile 

determine the spectral output of a laser. Due to losses induced by diffraction, scattering, and 

absorption, a minimum gain, the so called laser threshold, is required for a mode to oscillate. 

The resonator mirrors must perfectly be aligned to ensure that the light waves be reflected 

exactly along the optical axis.  

 

 
 

Figure 7: Output of a laser, resonator modes. 
 
 

The intensity distribution across the beam profile is determined by the transversal modes 

TEMmn transversal electromagnetic), where m and n are small integers and describe the 

number of horizontal and vertical lines with minimal intensity in the beam profile. The 
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preferred transversal mode is the fundamental TEM00 mode: its Gaussian - shaped beam 

profile has minimum diffraction losses, and the wave fronts are almost spherical [8]. 

Another important property of a laser is its coherence. The temporal coherence of a light 

source is determined by its spectral bandwidth. It means a strong correlation (fixed phase 

relationship) between the electric fields at one location but different times.  

Spatial coherence means a strong correlation (fixed phase relationship) between the electric 

fields at different locations. It describes the surface area that a light source with circular area 

can illuminate coherently with the light cone of its 0th diffraction order in a distance r from 

the light source. Spatial coherence can thus be improved by increasing the distance to the 

source, and by reducing its size.  

The amplifying medium of a laser may be solid, liquid, or gaseous. Solid – state lasers are 

based on ion - doped crystals or glasses, for example, Cr
3+

, Nd
3+

, Ho
3+

. 

 

3. 4.2. 1 The HeNe laser 
 

The helium–neon laser was the first gas laser. The original laser transitions were in 

the near infrared, but the most commonly used transition is the red laser at a wavelength of 

632.8 nm and a second infrared line is at 1.15 µm wavelength. This laser is available in sizes 

ranging from approximately 10 cm in length to over 100. It has continuous power outputs 

ranging from less than 1 mW to over 100 mW and has a lifetime of 50,000 h for some 

commercial units. The excitation mechanism involves electrons colliding with helium atoms 

to produce helium metastable atoms, which then transfer their energy to neon laser levels [9].  

Although the size of the discharge tube prevents a significant miniaturization of the laser, 

HeNe lasers are easy to handle and, therefore, well suitable for sensor systems with no 

extreme downsizing demands. Although these lasers require high - voltage power supplies, 

these power supplies are therefore small and easy to use devices. Also, HeNe lasers have 

smaller line widths than diode lasers and, thus, longer coherence lengths. This is why they are 

still more suitable for interferometry applications than semiconductor lasers. 

 

3.4.2.2. Supercontinuum light source 

As we have seen, lasers are usually light sources of high spatial and temporal 

coherence. By coupling highly intensive, pulsed laser light into, for example, optical fibers, 

nonlinear processes inside the material lead to the generation of a wide continuous spectrum 

of light. The result is a laser system of low temporal, but still large spatial coherence, a so - 
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called Supercontinuum light source. A commercial model covers a spectral range between the 

UV and infrared parts of the spectrum (390 – 2400 nm) [10]. The repetition rate is 78 MHz, 

and the output visible power reaches 2000 mW. Potential applications cover chromatic - 

confocal sensors, white - light interferometers or multiwavelength fluorescence microscopy. 

 

4. Photodetectors 
 

Before any evaluation of the information that the received light carries can start, it has 

to be transformed into electrical signals. All processes in which light incident onto a surface 

produces a current or a voltage are therefore processes around which photodetectors can be 

designed. Therefore, the primary task of a photodetector in any optical sensor is to convertthe 

light carrying the information about the measurand into an electrical signal. The light, having 

interacted with the analyte or indicator, carries the information about the presence or 

concentration of the analyte. In fact, the process of conversion takes place in an optoelectronic 

interface as a whole optoelectronic system, because the photodetector is usually combined 

with optical elements (lenses, filters) and amplifiers. The work of optoelectronic interface can 

be synchronized by a modulation wave driving the light source. Key considerations in 

selecting a detector are the required sensitivity, the level of noise inherent in the detector (and 

thus the signal to noise ratio), spectral sensitivity, linearity, response time etc. The most 

important of these processes is the photoeffect upon which the working principles of different 

types of detectors are based. 

 

4.1. Photomultiplier tube (PMT)  

PMT being the most sensitive device is capable to detect single photons. The working 

principle of the photomultiplier is based on the external photoelectric effect [11]. The photon 

of incident light produces on the photocathode an electron, which is then accelerated towards 

first dynode where secondary electrons are generated. The process of electron generation and 

their acceleration continues up to the anode resulting in a huge number of electrons. In this 

way, a single photon, generating a single photoelectron at the first stage, is multiplied by a 

given factor with an arrangement as depicted in Figure 8 (a), a so called photomultiplier tube ( 

PMT):an evacuated glass tube contains a photocathode, an anode, and several additional 

electrodes, the  dynodes. When a photoelectron hits the first dynode after being accelerated by 

the first potential drop, secondary electrons will be released. Each of these will hit the second 

dynode and, in turn, release additional secondary electrons. This avalanche effect will lead to 
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a current amplification from stage to stage. The resulting anode current is transformed into a 

voltage across a resistor. This voltage is proportional to the light intensity incident on the 

photocathode. One of the major parameters of PMT is its quantum efficiency (QE). The QE 

shows the ratio of photons incident on the PMT to electrons emitted from the photocathode. 

The quantum efficiency can be calculated to [12]: 

 ( )  
       

 
                                                (1) 

 

Where Sλ is the spectral sensitivity of the photocathode and is   is the wavelength. 

The material used for manufacture of photocathode governs both thesensitivity and the 

spectral range of the PMT.  PMT shave their maximum spectral sensitivities in the ultraviolet 

part of the electromagnetic spectrum. However, there are special materials, in particular 

multialkali cathodes (Sb – Na – K – Cs), with increased sensitivities in the visible and near 

infrared [12]. The spectral characteristics of PMTs are presented in Figure 8 (b). 

 

 

 

 

 

Figure 8: (a) Photomultiplier with resistor network.. b) Spectral characteristics of different 

PMTs (solid thin lines mark quantum efficiency) [5]. 
 

A PMT will yield an output current in the range of 1 pA even if it is kept in the dark. This 

dark current is caused by, for example, thermionic emission from the electrodes, field 

emission, and by radioactivity from the environment, cosmic rays, or from the materials used 

in the PMT. This dark current increases with increasing supply voltage. Photomultipliers exist 

in different designs, but with a mostly cylindrical tube.  
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4.2. Quantum photodetectors 

Quantum photodetectors are based on the use of a semiconductor. Upon the light 

interaction, changes in conductivity or changes in generated voltage are observed. The most 

popular quantum device is a photodiode.  

 

4.2.1. Photodiodes 

 

Photodiodes require no high voltage and no special detector housing so that they are 

far easier to handle and operate than photomultipliers. They are, however, inferior in their 

noise characteristic that is typically three orders of magnitude higher than that of a PMT. 

when photons are absorbed, they create electron-hole pairs. As the charge carriers remain 

inside the material, this is called the internal photoeffect. An applied reverse voltage forces 

the charge carriers to drift toward the external electrodes, and this produces a photocurrent 

that is proportional to light intensity. Some of the charge carriers that travel across the pn 

junction will get lost due to recombination processes. Due to this recombination, bandwidths 

of pn diodes do not exceed values of about 10 MHz. In PIN photodiode (p doped, intrinsic, n 

doped semiconductor material), the charge carriers to travel faster across the junction provide 

higher reverse voltages. The electrical field across the intrinsic layer is constant and provides 

constant acceleration for the charge carriers. With these photodiodes, bandwidths in the GHz 

range have become possible.  

 

4.2.2. Avalanche photodiode (APD) 

APD was a response of the producers in competition between PMTs and 

semiconductor devices. It combines the benefits of both pin photodiodes and PMT, exhibiting 

the internal gain. A strong internal electrical field is created inside the APD by connecting it 

to a high reverse bias voltage. This field accelerates the electrons through the diode structure 

and thus secondary electrons are produced by impact ionisation. A special avalanching region 

can cause the increase of the gain factor up to several hundred. Apart from the architectures of 

the semiconductor material, also the sizes of the active areas determine the dynamic 

properties of photodiodes: the larger these areas are, the slower the response of the detector. 

The current/voltage (I / U) characteristic of photodiodes is: 

     ( 
      )                                                      (2) 
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Where, PL is the radiant power, Is is the reverse current, UT = kT/e, and Sλ is the spectral 

sensitivity. Equation (3) means that increasing light intensities shift the I/U curve down the 

current axis (Figure 9). The spectral properties of a photodiode depend on the material used 

for its fabrication. Typical characteristics are presented in Figure 6. Photodiodes are typically 

made of silicon or germanium. The spectral sensitivity of Si reaches from about 300 nm to 

1100 nm and peaks at around 950 nm; they can be used in the whole visible range however 

their sensitivity drops by several times at the blue region. 

 

 

Figure 9: a) Current/voltage (I/U) characteristics of a photodiode in the photoamperic mode 

of operation. b) Spectral characteristics of photodiodes made from various semiconductors. 

Special structures can be made with enhanced blue sensitivity (so-called blue or UV diodes). 

Whereas, the maximum spectral sensitivity of Ge is around 1450 nm and drops to zero at 

about 1800 nm. There are also semiconductor materials with increased sensitivities at larger 

wavelengths. One of these materials is indium gallium arsenide (InGaAs) with a spectral 

sensitivity range from about 900 nm to about 2500 µm, with its maximum at about 1650 nm 

wavelength. At the peak of their sensitivity curves, Si photodiodes have spectral sensitivities 

of about 0.5 A/W, while Ge photodiodes can reach values of 0.9 A/W and InGaAs 

photodiodes values of more than 1.0 A/W. Table 3 shows the specifications of three types of 

photodetectors: a Si PIN, a PMT and an APD [13].  

Table 3: Comparison of different photodetector types: Si PIN photodiode, photomultiplier, 

APD  
 

Photodetector 

type 

Gain Useful 

spectral 

range (nm) 

Quantum 

efficiency 

(%) 

Response 

time (ns) 

Multiplied 

dark 

current 

(nA) 

Si PIN 1 400-1150 60-90 0.3-3 - 

Si APD 50-300 400-1150 70-80 0.5-5 0.1-1 
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Ge APD 10-100 800-1750 50-80 0.3-3 5-100 

InGaAs PIN 1 900-1700 70-90 0.05-1 - 

InGaAs APD 10-40 900-1700 60-90 0.1-1 0.5-5 

Photomultiplier 105-107 160-850 30 0.15-13 10-200 
 

 

4.3. Imaging Detectors 

4.3.1. Charged coupling devices (CCD)  

A CCD is an imaging detector which consists of linear or area arrays of pixels that produce 

potential wells from applied clock signals to store and transport electrons which are generated 

by the photoelectric effect from incident photons or from an internal dark signal. Basically, 

CCD consists of a light - sensitive area and a readout zone. The light - sensitive area is 

composed of single picture elements (pixels). A single pixel is a metal-oxide-silicon 

capacitor. After connecting a time variable voltage sequence, holes move away from the 

depletion region and thus a potential energy well is created. The incident light generates 

electrons, which are next accumulated in this well. The charge accumulated is proportional to 

the light detected. The readout zone basically consists of a shifting register that shifts the 

single charge packages sequentially from the pixels to a readout amplifier. The output of the 

CCD is intensity - proportional voltage.  External electronics convert the output sequence of 

voltages into a two dimensional digital image. Three basic variations of CCD architecture are 

in common use for imaging systems: full frame, frame transfer, and interline transfer (Figure 

10). The full-frame CCD, as referred to in the previous description of readout procedure, has 

the advantage of nearly 100% of its surface being photosensitive, with virtually no dead space 

between pixels. The imaging surface must be protected from incident light during readout of 

the CCD, and for this reason, an electromechanical shutter is usually employed for controlling 

exposures. Charge accumulated with the shutter open is subsequently transferred and read out 

after the shutter is closed, and because the two steps cannot occur simultaneously, image 

frame rates are limited by the mechanical shutter speed, the charge-transfer rate, and readout 

steps. Frame-transfer CCDs can operate at faster frame rates than full-frame devices because 

exposure and readout can occur simultaneously with various degrees of overlap in timing. 

They are similar to full-frame devices in structure of the parallel register, but one-half of the 

rectangular pixel array is covered by an opaque mask, and is used as a storage buffer for 

photoelectrons gathered by the unmasked light-sensitive portion. Following image exposure, 

charge accumulated in the photosensitive pixels is rapidly shifted to pixels on the storage side 

of the chip, typically within approximately 1 millisecond. Because the storage pixels are 

https://www.microscopyu.com/digital-imaging/introduction-to-charge-coupled-devices-ccds#figure7
https://www.microscopyu.com/digital-imaging/introduction-to-charge-coupled-devices-ccds#figure7
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protected from light exposure by aluminum or similar opaque coating, stored charge in that 

portion of the sensor can be systematically read out at a slower, more efficient rate while the 

next image is simultaneously being exposed on the photosensitive side of the chip. In the 

interline-transfer CCD design, columns of active imaging pixels and masked storage-transfer 

pixels alternate over the entire parallel register array. Because a charge-transfer channel is 

located immediately adjacent to each photosensitive pixel column, stored charge must only be 

shifted one column into a transfer channel. This single transfer step can be performed in less 

than 1 millisecond, after which the storage array is read out by a series of parallel shifts into 

the serial register while the image array is being exposed for the next image.  

 

 

Figure 10: CCD readout techniques: full-frame CCD, Frame-transfer CCD and interline-                                    

transfer CCD. L - light sensitive pixel, T - transfer register, A - readout amplifier. 

4.3.2. Electron - multiplying CCD s ( EMCCD) 

For very small light intensities, as they may have to be captured in fluorescence 

microscopy, cooled cameras with special CCD designs have become available. These electron 

multiplying CCDs (EMCCD s) are mostly designed like standard CCDs, but they feature an 

additional, multiplying register that follows the shifting register. Each cell of this multiplying 

register is supplied with a high voltage so that multiplication of the shifted charge occurs by 

way of impact ionization. EMCCDs can detect wavelengths between 250 and 1000 nm with 

quantum efficiencies of more than 90% and are thus capable of detecting single-photon events 

[14]. 

4.3.3. Complementary - metal - oxide - semiconductor (CMOS) 
 

In contrast to CCDs, (CMOS) sensors feature current - to - voltage converters and 

amplifiers in every single pixel. Each pixel is read out without the need for shifting its signal 

as in a CCD; the additional circuitry, however, requires extra space. The fill factor, that is, the 
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ratio between the total light sensitive area to the total area of the chip, is thus reduced. This 

also implies that the overall light sensitivity of CMOS sensors is smaller than that of CCDs. 

Further miniaturization and microlenses on every pixel have helped to overcome these 

drawbacks. On the other hand, the power consumption of CMOS sensors is smaller than that 

of CCDs. CMOS sensors are widely used as image sensors in digital cameras, from single 

lens reflex (SLR) cameras to mobile phone cameras. In other spectral regions, they are less 

sensitive than CCDs, which generally renders them unsuitable for surveillance cameras that 

require high sensitivity in the infrared.  

For both sensor types, resolution increases with increasing number of pixels, this 

always comes with decreasing pixel sizes. This means that for a given image, the intensity per 

pixel decreases as well so that the signal to noise ratio becomes smaller. Of course, more 

megapixels always mean higher resolution, but also a generally more adverse noise behavior. 

Also, with high camera resolutions, one should always try to estimate if the camera optics is 

indeed capable of providing the same optical resolution. If not, a high camera resolution 

would be completely useless. This is often the case with digital cameras in microscopy: here, 

the optical resolution of the objective is determined by its numerical aperture. A simple 

calculation shows that a camera with 1.3 megapixels and a ½ inch detector chip is sufficient 

for all detail that an objective with a numerical aperture of 0.65 can resolve. 

Neither the pixels of a CCD sensor nor those of a CMOS sensor are color-sensitive; their 

output is proportional to light intensity only.  However, recent innovation incorporates three 

image sensors stacked on top of each other, realized through the manufacturing process of the 

sensor array. Photons of different wavelengths have different penetration depths into the 

semiconductor material so that the blue ones are captured near the surface of the chip, the 

green ones in the central, and the red ones in the lowermost sensor array. Without the need to 

interpolate the color pixels, the images appear sharper than that with a Bayer filter [15].  

5. Integrated waveguides for optical sensing 

 

Optical waveguides initially developed for the advancement of the 

telecommunications. However, their efficient light-matter interactions, noise immunity, 

precise detection and dedicated flexible geometry make them suitable for sensing applications 

[16]. In principle, there are three types of widely used waveguides, namely strip waveguide, 

rib waveguide and slot waveguide. Depending on the application, it is necessary to choose an 

appropriate waveguide type. Rib waveguides show low optical losses at the cost of sensitivity. 
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In contrast, slot waveguides exhibit a large sensitivity but high optical loss at the same time. 

Strip waveguides, in contrast, offer a good compromise between loss and sensitivity [17]. 

Both the labeling-based and label-free sensing processes can be exploited by these exotic 

waveguide designs. They can be fabricated with standard lithographic techniques which 

results in low-cost mass production on a single-chip. Additionally, SOI based high index 

contrast waveguiding incorporates sensor integration with other electronic and optical 

components on the same chip. Moreover, the use of low refractive index (LI) materials 

(polymers) for realizing high sensitivity integrated optical sensors should have a number of 

advantages compared to high index (HI) dielectrics, especially: transparency in the visible 

range, great chemical flexibility and simple fabrication process [18]. The rib and strip 

waveguides confines the light wave in the high index core surrounded by low index medium. 

Here, the light guiding is based on the total internal reflection (TIR) and only a modest 

fraction of evanescent light tail interacts with the surrounded sensing analytes. However, the 

slot waveguide guide and strongly confine light in the low-refractive slot region, results in a 

strong light-matter interaction that makes this structure more attractive for extensive label-

based, label-free and opto-mechanical sensing applications. The major sensing mechanism for 

integrated optical sensors is the detection of the refractive index RI change of analyte. Hence, 

integrated optical waveguides based RI sensors are commonly implemented by means of 

interferometers and microresonators [19]. In interferometers sensors such as directional 

couplers [20], Mach-Zehnder [21], Young (YI) interferometers [22], light-matter interaction 

introduces a corresponding phase change which is dependent on the difference between the 

effective indices of the sensor arm and the reference arm. In microresonator sensors, such as 

ring, disk and Bragg resonators, the resonating wavelength shift measures the refractive index 

changes that arise due to bio-chemical bindings [23, 24, 3]. 

 

5.1 Wire (Strip) waveguide 

The wire waveguide consists of a silicon core and silica-based cladding, Figure 

11(a).When the effective refractive index is larger than the cladding and smaller than the core, 

mode is guided in the waveguide, and guiding will be stronger for higher values of effective 

index neff. Each mode propagates through the waveguide with a phase velocity of c/neff, where 

c denotes the speed of light in vacuum and neff is the effective refractive index felt by that 

mode. The neff depends on the waveguide cross-section, waveguide materials, and the 

cladding material. Higher-order modes travel with a different propagation constant compared 
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to the lowest order modes and are less confined in the waveguides. Wire waveguides are 

advantageous as they provide a small bending radius and realization of ultra-dense photonic 

circuits. However, they have higher propagation losses. 

 

 
 

Figure 11: Basic schematic of Strip waveguide (in the left) [25]. (a) Field distribution of |Ex| 

for the fundamental quasi-TE mode; (b) Field distribution of |Ey| for the fundamental quasi-

TM mode [26]. 

 

5.1.1. Sensing principle in strip waveguide 

 

When the electromagnetic wave travels through the silicon strip waveguide, most of 

the energy is confined within the core. However, there is a part of light known as evanescent 

field extending to the substrate and cladding region as shown in Figure 11. If an absorbing 

medium is located in the vicinity of the waveguide, the evanescent field is absorbed and the 

total modal power decreases as the mode propagates along the waveguide, which is detected 

in terms of a reduced transmitted intensity. In waveguide -based sensing, two basic 

approaches are commonly used, which are compared in Fig. 12. For so-called homogeneous 

sensing, a bare WG core is exposed to a typically aqueous homogeneous target medium with 

its refractive index, Fig. 12(a). For surface sensing, a WG core is functionalized such that 

target molecules from an aqueous solution can bind to the core forming a surface layer with 

its effective thickness and refractive index, Fig. 12(b). The amount of the evanescent field, 

expressed in terms of the evanescent field ratio (EFR), depends on the cross section of the 

waveguide with respect to the wavelength of the propagating light, as well as on the optical 

properties of the used materials [26]. Evanescent field absorption gas sensing is a well-

recognized approach. The light goes through power attenuation if the wavelength is properly 

selected with the absorption lines of the sensed gas. The absorption is widely dependent on 

the concentration of the gas under consideration. In these sensors two important parameters 

are generally investigated, which are the intrinsic losses and the evanescent field ratio, the 

latter determines the part of the EM mode that propagates in the gas region [27].The sensors 

with high EFR can interact more with the absorbing medium, which in turn improves the 
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sensitivity of the sensor. However, there is a drawback of a higher EFR: the mode is less 

confined in the waveguide, which leads to a higher spurious damping and leakage of the 

mode. The geometrical dependence of EFR, as well as propagation loss, provides a guideline 

for the design of optical waveguide for absorption sensing application [28]. 

 

  

 

Figure 12: Plain and functionalized strip WG on a buried silicon oxide (BOX) layer. (a) 

Homogeneous sensing. (b) Surface sensing [29]. 

 

In strip waveguide, both quasi-TE and quasi-TM modes are studied, because of the likely gas 

interaction with the evanescent field on the top and at the sidewalls of the waveguide [25, 26, 

27]. Due to the electric displacement continuity condition the surface normal component of 

the electric field shows a distinct discontinuity on the side walls for the quasi-TE mode and on 

top and the bottom for the quasi-TM mode, Fig.11(a, b). For quasi-TE mode, the dominant 

electrical field is in the horizontal direction. As the waveguide dimensions are reduced, the 

mode gets compressed and the evanescent field can jump to even higher level. This, in turn, 

leads to an increase in the EFR. However, there is a limit on narrowing the dimensions of the 

waveguide. When W gets too small, the quasi-TE mode gets leaky and it is no longer 

supported as a guiding mode and all the energy is transferred to the cladding. EFR saturates 

for large W values because most of the energy is confined laterally in the silicon core and 

most of the evanescent field will be from the top wall interface. Moreover, in the vertical 

direction, EFR doesn‘t depend so much on the waveguide height H, but shrinkage of Hc an 

still enhance the EFR value [28]. In the case of quasi-TM mode propagation in a waveguide, 

the vertical electrical field is dominant. This is for the same reason as in the quasi-TE mode; 

the evanescent field is enhanced at the top cladding as shown in Fig.11 (b). The EFR is 

sensitive to waveguide height and it depends on H in a similar fashion as it does on W in the 

quasi-TE mode. Meanwhile, larger waveguide width affects the EFR value. Waveguide 

becomes leaky when W and H become too small [16]. In conclusion, the strip waveguide 

show a higher EFR for small waveguide dimensions, due to less confinement of the mode in 

the waveguide core. Nevertheless, intrinsic losses due to absorption in the lossy cladding or 
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leakage due to the surface roughness will increase with smaller dimensions as the mode is less 

confined in the core. Furthermore, if the dimensions get too small no guided mode can 

propagate. 

 

5.2. Rib waveguide 
 

Rib or ridge waveguides have been studied comprehensively over the years since they 

are commonly used for lasers, amplifiers, modulators, and switches as essential parts to 

deliver photons and provide host medium to light matter interaction [30]. The rib waveguides 

generally consist of three parts; a silica substrate, a thin silicon layer on top of the substrate 

and a rectangular silicon rib part. The index of the rectangular region must be larger than the 

surrounding medium for the rib in order to guide light, Fig.13. Although a rib waveguide can 

never truly be single mode, by optimizing the design, the power carried by the higher order 

modes will eventually leak out of the waveguide over a very short distance, thus leaving only 

the fundamental mode. For widths below 800 nm, silicon photonic rib waveguide willbe 

single mode for each polarization. Rib waveguides typically require bend radii >50 μm in SOI 

to ensure low bend losses, which eventually result in a larger device/circuit footprint [31].  

 

             

Figure 13: Basic schematic of Rib waveguides (in the left).  a) TE mode distribution in a rib 

waveguide. b) TM mode distribution in a rib waveguide [25]. 

 

5.2.1. Sensing principle in rib waveguide 
 

Rib waveguide-based optical sensors are used in a variety of applications such as 

label-free detection of chemical or biological analytes that specifically bind to functionalized 

waveguide (WG) surfaces and for detection of bulk refractive index changes in the WG 

cladding (homogeneous sensing). The sensor principle relies on an optical rib WG, guiding a 

mode which significantly extends into the cladding medium that surrounds the WG core. The 

interaction between the optical mode field and the varying surface layer properties or the 

refractive index of cladding medium, alters the effective refractive index of the mode and thus 

the optical phase shift accumulated during propagation [29]. For sensing applications, the 
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optical waveguide structures should be designed to offer a high sensitivity. That is, the sensor 

response for variations in the optical properties of the cover medium has to be as high as 

possible. The sensitivity depends on the strength and distribution of the evanescent field in the 

outer medium. The sensors with high EFR likely interact more with the absorbing medium, 

which improves the sensitivity of the sensor. However, there is a drawback of a higher EFR: 

the mode is less confined in the waveguide, which leads to a strong leakage of the mode.  Rib 

waveguide provides a design freedom by inserting a slab layer which supports in 

waveguiding. Rib waveguide has an advantage over strip waveguide is that the attainable EFR 

can surpass that in the strip waveguide [25]. In rib waveguide, both TE and TM modes are 

considered because they are valuable for the field enhancement as shown in figure 13(a, 

b).The gas or analytes will interact with the evanescent field on the top and at the two side 

walls of the waveguide. TE mode in rib waveguide has a significant portion of field 

distributed in the two shoulders of the rib as can be seen in Fig.13 (a). It has been shown that 

the EFR is slightly dependent to the slab thickness. Moreover, EFR is much higher at larger 

waveguide width but this waveguide can suffer from high leaky modes. In the other hand, for 

TM polarization, Fig.13 (b), it has been shown that slab height has a strong impact on the 

EFR. The dependence of EFR on the waveguide geometry as well as propagation loss 

provides a standard for the design of optical waveguide for mid-IR absorption sensing 

application [25]. 

 

5.3. Slot waveguide sensor  
 

Slot waveguide consists of two strips (rails) of high refractive index (nH) separated by 

a low-index (nS) region (slot) of width Wslot, Figure 14. This structure is able to guide and 

strongly confine light in a nanoscale low-refractive index material by using TIR at levels that 

cannot be achieved with conventional waveguides. The principle of operation of this structure 

is based on the discontinuity of the electric (E) field at a normal boundary between two 

materials, which results into higher amplitude in the low-index slot region. The amplitude is 

proportional to the square of the ratio between the refractive indices of the high-index 

material and the low-index slot material (air) [32]. When the width of the slot waveguides is 

comparable to the decay length of the field, electric field remains across the slot and the 

section has high-field confinement, which results into propagation of light in the slot section; 

unlike in a conventional strip waveguide, where the propagating light is confined mainly in 

the high-index medium. The advantage of a slot waveguide is the high-field confinement in 

the slot section, which normally cannot be achieved using a simple strip- or a ridge-based 



Chapter1                                                                                    The Optical Sensor Components  

 

 25 

waveguide, making it a potential candidate for applications that require light-matter 

interaction such as sensing [33] and nonlinear photonics [34]. In addition, slot-waveguides 

can be fabricated by employing CMOS compatible materials and technology, enabling 

miniaturization, integration with electronic, photonic and fluidic components in a chip, very 

low wavelength sensitivity and mass production. These advantages have made the use of slot 

waveguides for highly sensitive biochemical optical integrated sensors an emerging field [19]. 

RI sensors based on slot-waveguide are mainly implemented by means of interferometry 

configurations such as directional couplers [19], [35], Mach-Zehnder interferometers [36] and 

microring resonators [37, 38, 39]. They are highly efficient to make a very small measurement 

that is not possible by any other means.  

Utilizing the remarkable field concentration in the slot region, an effective light-

analyte interaction could be obtained in case of both surface and bulk sensing, Figure 15. The 

bulk sensing or homogeneous sensing refers to a sensitivity investigation when the cladding 

and the slot region are filled directly with analyte. Thus, the refractive index change of cover 

and slot regions are detected. In the surface sensing, an ultrathin adlayer of receptor molecules 

uses on guiding material to immobilize the targeted analyte. The binding interaction between 

the target analyte and adlayer changes the complete (adlayer + analyte) sensing layer 

thickness that influences the effective index of the guided optical mode [16].  

 
Figure 14: (a) Schematic view of a slot-waveguide. (b) Calculated Ex profile of the quasi-TE 

eigen mode in a Si (nH = 3.45)/SiO2 (nS = nC = 1.44) slot-waveguide at a wavelength of1.55 

µm. E-field is enhanced in the nanoscale slot-region of refractive index nS [19]. 

 
 

  

Figure 15: Schematic homogenous sensing and surface sensing principle. The receptor 

molecules (antibody) are located on top of slot waveguide surface [40]. 
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In case of homogeneous sensing, slot waveguide sensitivity is defined as [18]: 
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                                (3)           

Where:       is the propagating mode effective index,   is the free space impedance, E and H 

are the electric and magnetic field vectors, respectively,   
 is the unperturbed value of cover 

medium refractive index. P is the Poynting vector calculated over the entire simulation 

domain and R is the integration domain (unless differently specified, the integral has been 

calculated over both the top cladding layer and the slot region). 

In case of surface sensing, slot waveguide sensitivity can be written as [41]: 

 

  
     

  
                                                             (4) 

Where: ρis the molecular adlayer thickness and     is the propagating mode effective index. 

Using an optimized set of geometrical parameters, a sensitivity exceeding the unity can be 

obtained. This sensitivity value is significantly larger than those obtained by other nanometer 

guiding structures, although highly sensitive, such as Si-wires [41]. A slot waveguide SWG 

can be realized in two geometrical configurations that differ by the orientation of the low 

index region, either vertically etched at a rectangular WG centre, horizontally sandwiched 

between two high index layers or a combination of both, forming a cross-slot. In case of both 

vertical and horizontal slot waveguides, the dominant electric field components (Ex and Ey) 

of the quasi-TE and TM mode, respectively, encounters discontinuities at the material 

interfaces. Thus, a peculiar (remarkable) field concentration is showed in the low refractive 

index region. 

 

5.3.1. The vertical slot waveguide 

In this waveguide, the slot region is vertically aligned between the two strips 

waveguide, Fig.16. Where n1 refers to the high index region while n2 indicates the low index 

region (slot region) and n3 depicts the cladding region, which surrounds the slot waveguide. 

From Fig.16(a, b) it is evident that the TE mode has stronger confinement in the slot region 

than TM mode due to the discontinuity of the normal component (x-component in this case) 

of the electric field at the high index contrast interface. The cladding and the slot region are 

filled directly with analyte (bulk sensing) or first, the waveguide is coated by an ultra-thin 

receptor to immobilize the target. 
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Figure 16: Slot waveguide based on SOI (in the left). Norm of the E-field distribution at 

wavelength 1550 nm for (a) TE mode and (b) TM mode [16]. 

 

5.3.2. The horizontal slot waveguide 
 

The horizontal slot waveguide shown in Figure 17(a) is used to obtain a strong 

confinement in the slot region for TM mode [42]. In this regard, the strong light confinement 

mode is the TM mode because the normal component of the electric field now becomes the y-

component. Figure 17(b) depicts the norm of the electric field distribution of the TM mode for 

the SOI horizontal slot waveguide atλ= 1550 nm. Such a horizontal slot can be fabricated on 

SOI substrate, where a low index slot channel is sandwiched by two high index silicon slabs. 

For applications towards bio-chemical or gas sensing, the slot region should be filled by the 

desired target analytes. 

 

 

 

Figure 17: (a) Horizontal slot waveguide based on SOI. (b) Norm of the E-field distribution 

at wavelength 1550 nm for TM mode [16]. 

 

5.4. SWG based photonic biosensors  

Subwavelength grating (SWG) waveguide is a periodic arrangement of silicon blocks, 

Figure 18. The geometrical parameters describing this structure are the waveguide width (W), 

the silicon layer height (H), the period or pitch(Λ) and the duty cycle (DC =LSi/Λ). Depending 
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on the size of the period (Λ) compared to the free-space wavelength (𝝀0), three different 

operating regimes exist [43]; i) Subwavelength, where the pitch is small enough to suppress 

diffraction effects (Λ <𝝀0/2*neff) and the structure behaves as a lossless waveguide whose 

core can be modeled as an homogeneous anisotropic material. ii) Bragg or photonic band gap, 

where the incoming light is completely reflected backwards (Λ = 𝝀0/2*neff). iii) Diffraction, 

where the light is gradually radiated as it travels through the periodic waveguide.  

In all cases, the electromagnetic field solutions supported by the structure can be rigorously 

described by the Floquet-Bloch modes formalism [44]. Operation in the subwavelength 

regime is very attractive in the field of photonics integrated circuits because, by using a single 

etch-depth and judiciously choosing the aforementioned geometrical parameters, it is possible 

to control the properties of the Floquet-Bloch mode. Not only is it feasible to tailor its 

effective index, and consequently its mode shape, but also its wavelength dependence or 

dispersion and even its birefringence [43]. Figure 18 shows a cut of the fundamental TE 

Floquet-Bloch mode. Due to the segmentation, a significant delocalization of the electric field 

in comparison with a photonic wire of same dimensions takes place. Furthermore, apart from 

the field enhancement that occurs at the sidewalls (like in a photonic wire waveguide), the 

field is also enhanced between the silicon blocks. This enhanced light-matter interaction is the 

cause of the high sensing capabilities of SWG waveguides. It has been showed that in bulk 

and surface sensing, significant enhancement can be achieved by optimizing the waveguide 

geometry for sensitivity [43]. 

 

 

Figure 18: Schematic representation of a SWG waveguide. The electric field intensity 

distribution in the XZ plane is shown at half-height of the silicon blocks [43]. 
 

5.6. Photonic Crystal for Chemical/Biochemical Sensors 

Photonic sensors continue to be high on the agenda because of the ever-increasing 

demand for sensing applications in areas such as healthcare, defense, security, environment 

and food quality control, with a particular emphasis on miniaturised and personalised 
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technologies [45]. A particular photonic structure that can be used for sensing is a photonic 

crystal (PhC). Photonic crystals are the periodic dielectric structures that can control and 

guide the photons. They can be categorized into three main groups as one-dimensional (1D), 

two-dimensional (2D), and three-dimensional (3D) structures [44]. An intrinsic property of 

PC structure is Photonic Band Gap (PBG) introduced by the periodicity of dielectric constant 

which prohibits a certain range of frequencies from propagating within the materials. The 

wavelength range of propagation in PC depends upon PBG structure which in turn is 

controlled by periodicity and refractive index of material. In fact, a little change in the 

periodic structure, which is called as defect, can create a new frequency range in the band gap, 

displaying particular resonant dips/peaks in the spectral signature [44]. In the lattice of air 

holes in silicon, defects can be formed by reducing or increasing the radius of one or more air 

holes; even defects can be shaped by filling holes. Point defect creates microcavities and line 

defect creates waveguides in photonic crystals [46]. The main PC property exploited for 

sensing is the dependency of the width and position of the defect peak on the periodicity and 

on the refractive index of the surrounding materials. In addition, light can be localized in 

avery small volume, leading to strong light–analyte interactions. Sensing mechanism in the 

most photonic crystal sensors is based on the refractive index (RI) change mechanism. By 

binding the chemical or biochemical molecules to active sensing surface, the refractive index 

will be changed. So, the resonant wavelength or the intensity of the transmission spectrum is 

changed. This process can be used as a way to measure the concentration of the molecules 

[47]. In photonic crystals, the sensor can be formed by simply illuminating the structure with 

a incandescent lamp, LED or Laser. Miniature, sturdy and low cost instrumentation for 

measuring properties of photonic crystals, with the addition of the ability to fabricate photonic 

crystal structures inexpensively has made them suitable for sensor applications in 

multidisciplinary field. 

 

5.6.1. Architectures of photonic crystals  
 

Several architecture of photonic crystals have been investigated and employed in 

photonic sensors to achieve high performance e.g., simple photonic crystal, microcavities, 

waveguides, ring resonators, photonic crystal fibers, slotted photonic crystals, slotted 

waveguides, slotted ring resonators, interferometry structures [48]. 

 

5.6.1.1. W1 photonic crystal waveguides 
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One of the most common defects is realized by removing a single row of holes along a 

symmetry direction of the crystal, thus creating a W1 waveguide, Figure 19. This creates the 

defect modes in the photonic band structure. Forbidden frequencies can be guided by this 

defect Holes on either side of the line defect behave as very efficient mirrors for forbidden 

frequencies, and thus can be used to guide light. Photonic crystal waveguides can employ 

temporal light confinement mechanisms such as slow light [49, 50]. Physically, slow light 

behavior results from coherent backscattering at each unit cell of the photonic crystal forming 

slow moving interference patterns within the waveguide [49]. The main advantage of slow 

light is that it results in pulse length compression, which in turn leads to higher intensity and 

increased light-matter interactions. These linear defects are often employed to side-couple 

light into cavities by placing them in close proximity and allowing evanescent-wave coupling. 

 

 

Figure 19: Schematic of a 2-D slab photonic crystal, with a W1 defect. Light is delivered to 

and from a photonic crystal via access waveguides [51]. 

 

5.6.1.2. Slot photonic crystal waveguides  

 
Slot photonic crystal waveguides (SPCWs), are constructed by introducing a slot cut 

along the length of a standard PhC planar waveguide, Figure 20. These structures allow the 

confinement and guiding of light when it is polarized with the electrical field perpendicular to 

the slot. They are of interest for hybrid integration as they can enhance the light-matter 

interaction due to the combined slot and slow light effects [52, 53] with a low-index material 

filling the slot. Typical dimensions for a SPCW have been chosen to achieve proper fraction 

of electric-field energy density in the cladding region, especially the radius of holes in the first 

row (r1) and the value of the slot width (Wslot).  
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Figure 20.Sketch of slotted photonic crystal geometry. Slot waveguide defect introduced to 

guiding region of W1 photonic crystal [51]. 

 
 

5.6.1.3. Planar photonic crystal cavities 

 

Confinement of light in photonic crystals can be achieved by introducing defects in the 

ordered arrangement of refractive index, such as removing holes or changing their radii. The 

result is the creation of available states for a narrow-band portion of radiation within the 

bandgap, which prevents radiation from propagating in neighboring regions. The performance 

of a cavity can be evaluated by a high quality factor Q, a concept determining how long the 

lifetime of photon confined in the cavity is, and a small cavity mode volume V defining the 

cavity ability of spatial mode confinement. Defects that form cavities in a two-dimensional 

slab can be classified in three main categories: 

- They can be created by shifting several holes in the Γ-K direction to make ―point-shift‖ of 

―zero-cell‖ cavity (H0), figure 21(a), or removing one hole from a triangular lattice of air 

holes (H1), Figure 21(a). 

- Ln cavities represent line defects, whereby n adjacent holes are removed from the periodic 

lattice in order to localise light along a line, figure 22(a).  

- Heterostructure cavities; the hole size and/or period is changed along a line defect similar to 

semiconductor heterostructures, figure 22(b).  

- PhCs can also feature periodicity in only a single spatial direction, to form ―nanobeam‖ 

cavities. Nanobeam cavities utilise refractive index guiding in the transverse directions and 

photonic crystal confinement in the direction of propagation; interestingly, this approach 

tends to achieve smaller mode volumes than those of cavities in 2D slabs, while 2D cavities 

achieve higher Q-factors. To form a nanobeam cavity, a row of air holes is typically etched 

into a single mode waveguide. Defects can be introduced by removing holes, altering their 

radii or by tapering their sizes and positions. Figure 22(c). 
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Figure 21: Different kinds of PhC cavities and the Ey profile of the dipole mode (a) H0 PhC 

cavity [54]. (b) H1 PhC cavity [55]. 

 

  
 

 

Figure 22: Examples of 2D photonic crystal cavity geometries. (a) Top view of a PhC cavity, 

consisting of 3 missing holes. (b) Schematic of a Heterostructure cavity obtained by altering 

the period of the PhC in a specific section. The result is a peak in the transmission spectrum, 

similar to a Fabry-Perot cavity. (c) Schematic of a side-coupled nanobeam cavity [45]. 

 
5.6.1.4. Slot photonic crystal cavities 

 

An interesting variant of the photonic crystal cavity configuration is the slotted cavity 

[51], figure 23. Slotted cavities combine the concept of photonic crystal confinement with the 

slot waveguide [32] by adding an air slot at the center of the cavity; their main advantage is a 

strong spatial confinement of the mode within the air slot and the resulting larger overlap of 

the mode with the sensing medium, which increases sensitivity. Indeed, slotted devices show 

the best performance in terms of sensitivity and LOD within the class of PhC biosensors 

[45].In this sensor, the technological approach employed for realizing the microcavity does 

not consist in modifying the lattice constant or the hole radii characterizing the PhC, but in 

introducing a straight line defect in which a modified waveguide width acts as resonant cavity 

[56]. The waveguide region is obtained by removing a row of air holes in the middle of the 

structure. An air – slot is embedded in this line defect region. The width of the air slot is kept 

constant, except in the middle. A slit is made by increasing the width of air slot in the center. 

This increasing in slot width results in the formation of reflective barriers for traveling mode. 
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The cavity mode is strongly confined into the cavity region [3]. By this way, only resonant 

wavelengths can propagate inside the photonic cavity. The refractive index change (Δn) due 

to the sensor exposition to different analytes, causes a resonant wavelength shift (Δ𝝀). 

Consequently, it is possible to detect different analytes concentrations by monitoring the 

cavity transmission spectrum [3]. 

 

 
Figure 23: Air-slot PhC cavity with zoom of slit in the slot [3]. 

 
 

6. Light-coupling methods 

Because of the small dimensions of thin-film waveguides, the coupling of light into an 

optical waveguide requires special attention. The application of the sensor system and the 

layout of the waveguide determine the appropriate light coupling method. Coupling the light 

out is easier and may employ the same means as that used to launch light into the waveguide. 

The three means most commonly used for coupling the light into the waveguide include end-

firing, prism coupling, and grating coupling. Each method has advantages and disadvantages, 

depending on the design of the waveguide sensor. 

 

6.1. End-firing coupling 

 

End-firing is the most obvious method to excite a guided mode in a waveguide. It can 

be accomplished either by a lens focusing a collimated light beam onto the waveguide or by a 

waveguide illumination with an optical fiber, Fig.24. 

Effective coupling requires well-prepared (e.g., polished) square edges of the waveguide and 

an exact alignment of the optical elements focusing the light beam. This ensures a maximal 

overlap integral, which is determined by the intensity distribution of the light and the 

distribution of the waveguide modes [57]. Although technically not demanding, End-firing 

coupling has the disadvantage of low robustness against vibrations in the sensor system, and it 

requires extensive alignment procedures to minimize variations in the coupling efficiency. 
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Figure 24: End-firing coupling technique using a) a direct coupling by focusing beam and b) 

a coupling guide [58].    

 

6.2. Taper Coupling 
 

In this configuration, where a tapered structure is created on the waveguide surface 

over a distance of 10 to 100 times the wavelength as shown in Fig.25. The incident light can 

be progressively coupled into or out from the waveguide throughout the tapered structure, 

while the cutoff thickness of the guided mode is reached. The taper allows a continuous 

variation of the reflection angle around the critical angle. This technique is of great interest 

with high-index thin films where it is difficult to find a high-index transparent prism [59].  

However, the taper coupling has some drawbacks [60] it is a destructive method due to the 

created tapered structure on the surface of the guide; low coupling efficiency; and it is 

difficult to excite selective guided modes. 

 

Figure 25: Taper coupling technique [58]. 

6.3. Prism Coupling 
 

Prism coupling method is the most frequently technique for optical waveguide 

characterization. This method, in which a high refractive index prism is placed in intimate 

contact with the surface of the waveguide, permits highly efficient coupling of light into and 

out of a waveguide. Prisms such as heavy flint glass (n = 2.009) and rutile (no = 2.584) are 

commonly used. A bit of pressure and a scrupulously clean surface are necessary for good 
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contact. For light confinement within the guide, the longitudinal component of the wave 

vector should be equal to the guided mode propagation constant. Thus, the following 

condition should be satisfied: 

                                                           (5) 

where cladding index nc is usually air. This condition cannot be satisfied if the beam is 

directly incident on the surface of the waveguide. In order to excite guided modes, it is 

necessary to use a high-index incident medium, Fig.26, a high-index prism is used to couple 

the laser beam into the waveguide. To maintain a very small air gap, (of order of half a 

wavelength) between the prism and the guide surface, spring-loaded clamps are used to press 

the prism onto the surface of the waveguide [58]. 

When the angle between the incident light and normal to the prism base exceeds the critical 

angle at the prism–air interface, total internal reflection occurs at the base of the prism and a 

stationary wave is formed inside the prism. In the air gap, an evanescent wave exists. If the 

phase matching condition is satisfied such that the propagation constant of the light passing 

through the prism is equal to the propagation constant of the guided mode, the coupling of the 

incident light into the guided mode is obtained. This can only occur when: 

                                                                      (6) 

 

Figure 26: Prism coupling Technique [58]. 

 

Where np is the prism refractive index.  The coupling efficiency mainly depends on the 

thickness of air gap which can be controlled by the pressure applied to the prism by the 

clamps, the incident beam profile and the incident beam section at the base of the prism, 

which are related to the optical setup and the used laser source. 

If the waveguide is made to have additional modes, adjusting the angle ψ allows selecting and 

altering these individual modes. Also, such configuration can be used to characterize the 

waveguide by coupling the propagating light out of the guide. The use of prisms can find 

application when the sensing is conducted in air. However, this coupling method might not be 
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suitable for sensor systems used outside the laboratory, since the pressure of the prism on the 

waveguide needs to be reproduced with high precision. 

 

6.4. Grating Coupler 

 

The grating coupler is a periodic structure with alternating refractive indexes that is 

fabricated into the substrate or waveguide by embossing, etching, or by ion exchange. 

Gratings provide the option and advantage of having the light come in from the bottom of the 

waveguide, thus allowing for direct sensing of the environment, or the placement of the test 

cell and related fluidics on the sensing side. Gratings have less stringent alignment conditions 

than does the end-fire approach. The grating design allows waveguide chips to be routinely 

replaced, producing, a ―plug and play‖ sensor. Gratings work well for slab waveguides but 

pose a more difficult task for channel waveguides. The narrow width of gratings on a channel 

waveguide limit the amount of light that can be coupled in, as well as making alignment a 

more difficult task. As with prism coupling, the coupling angle is determined by the effective 

refractive index of the waveguide. The grating structure allows only a very narrow range of 

coupling angles, depending on the spectral bandwidth of the light source. The position of the 

light beam on the grating influences the coupling efficiency to a large extent, along with 

grating parameters (structure depth). When linearly polarized light is used, the direction of 

polarization TE or TM mode is decisive [61]. In this technique, a periodic grating structure of 

period Ω is fabricated on the surface of the waveguide as shown in Fig.27.When a light laser 

beam with propagation vector βo is incident on the grating region, the light is diffracted and 

components of a period 2π/Ω appear in the longitudinal component of the wave vector [62, 

58]. These wave components have propagation constant, 

  

 
 

Figure 27: Excitation of guided modes using grating coupler [58] 
 

       
 

 
                                                                  (7) 

 

where γ is the diffraction order, integer: 0, +1, +2, +3, … 
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Thus, light can be coupled to guided modes m when the propagation vector of the guided 

mode βm fulfills the phase matching condition in relation (3). The coupling efficiency is 

optimal for specific values of the incident angle θ that are solutions of the phase matching 

relation. It depends on many factors: the grating structure (the grating period Ω and the 

grating depth Δh), the form of the incidental beam, and the zone of coupling [60]. 

6.5. Directional coupling 

In the case of directional coupling, channel waveguides are brought in close proximity, 

so that a mode can be excited in a secondary waveguide via the evanescent field of a primary 

one [63], Fig.28. In other words, one of the two waveguides acts as the source for the second 

one. Whereby, the amount of the optical power transfer from the former to the later can be 

adjusted by geometrical means, like interaction length and their relative distance. The concept 

of directional coupling is mainly used for signal multiplexing or coupling into ring resonators, 

where this sophisticated and stable coupling mechanism is necessary, but it has the 

disadvantage that their production is technology-intensive and, analogue to the butt-end 

coupling, the light already needs to be coupled into one of the waveguides beforehand. 

 

 
Figure 28: directional coupling [63]. 

 

 

 

7. Conclusion 

 

In this chapter we have presented mainly, different photonic sensor components, 

including, light sources,   photodetectors and photonic waveguides transducers. Hence, 

different kinds of light sources and their characteristics are described including, continuous 

light sources, pseudo monochromatic and monochromatic light sources. Moreover, 

parameters of diverse photodetectors are introduced comprising, photomultiplier tube, 

quantum photodetectors and imaging detectors. In the other hand, types of optical waveguides 

widely used in photonic sensors are designated as well as their sensing principles, containing, 
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strip waveguide, rib waveguide, slot waveguide and photonic crystal. In addition to that, 

methods of coupling light into the waveguides are specified, consisting of end-firing coupling, 

taper coupling, prism, coupling, grating coupling and directional coupling. 
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1. Introduction 
 

The evolution of science and technology of optical sensors has reached to a point that 

we can almost measure all physical parameters of interest and a broad range of biological and 

chemical quantities. The incorporation of optical waveguides in the sensing process adds an 

interesting twist to this field. For example, the formation of modes in optical waveguides 

could be exploited for sensing [1]. The optical waveguide sensors, known as Integrated 

Photonic Sensors, have shown the great advantages compared to the mechanical and 

electronic sensors such as quick response, high sensitivity, lower power consumption, free 

from electromagnetic interference, higher multiplexed configuration, small footprint 

eliminates the necessity of fluorescent labelling process for biosensing and facilities the label-

free configuration, which make them promising in the sensing applications in different areas, 

especially in chemical and bio-chemical detection.[2]. Optical biochemical sensors, which 

provide detection and quantification of biochemical analytes, have emerged as a field of great 

interest because of the tremendous needs in early-stage disease diagnosis, pharmaceuticals, 

security, food quality control and environmental testing [3]. Using integrated photonic 

technologies, it is possible to fabricate very compact, high performing and low-cost chemical 

and biochemical sensors [4]. Light propagating through the waveguide is confined by total 

internal reflection, but ‘senses‘ the medium surrounding the waveguide through the 

evanescent tails of its electric field. When a light-wave interacts with the biomolecules that 

are binding to the waveguide surface some of its properties (wavelength, amplitude or 

polarization) change and by monitoring these changes the analyte can be detected. A variety 

of optical-sensing mechanisms exist, including luminescence, fluorescence, phosphorescence, 

absorbance, elastic scattering, Raman scattering, surface-Plasmon resonance, guided-wave 

resonance, interference, and reflection/ transmission microscopy. The need to measure 

multiple parameters has been fulfilled by bundling several sensors together for multiplexing. 

Different configurations have been proposed for these devices, with characteristics suitable 

for different applications. Such as, integrated optical interferometers, microring resonators, 

Bragg grating resonators, directional couplers and photonic crystals optical sensors. 

In this chapter we will describe in detail principle sensing mechanisms and architectures 

employed in integrated optical chemical sensors. 
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2. Optical Sensing Principles 

 

Independently of the sensing region, different sensing mechanisms can be considered 

to achieve the detection of the analytes or substances of interest. In particular, it is convenient 

to distinguish different sensing mechanisms usually employed in label-free and labeled optical 

detection: optical absorption, fluorescence, Raman scattering and detecting of refractive index 

changes. It is well known that absorbance changes can be detected when light interacts with 

analytes. Although different wavelengths can be selected, UV‐Vis absorption is one of the 

most employed light‐based methods for chemical identification of analytes due to its universal 

nature, i.e. many analytes can be detected through their absorption changes in this region. 

Fluorescence is usually complementary to absorption spectroscopy, and it uses a beam of 

monochromatic light that excites the electrons in the molecules of the compounds and causes 

them to emit fluorescence, which is registered in the system. In contrast to absorption 

spectroscopy, this mechanism is much more selective but only valid when molecules present 

fluorescence properties. Raman spectroscopy is another typical optical sensing mechanism 

that also employs a monochromatic light from a laser to observe vibrational, rotational, and 

other low‐frequency modes in a system. This sensing mode can provide a fingerprint for each 

chemical species, being therefore highly selective. Raman spectroscopy is gaining popularity 

over previous years in conventional analytical instrumentation and also in fiber‐based 

chemical. However, the sensitivity of this mechanism is usually lower than the others due to 

the weak response of Raman signals. To enhance the signal intensity, surface‐enhanced 

Raman spectroscopy (SERS) can be used [5]. The mechanism of detecting the refractive 

index changes consist of determining the changes in RI due to the presence of analytes that 

are in solution or adhered to the surface of the guiding structure in the sensing region. Despite 

possessing high sensitivity, many strategies can be performed to enhance the sensitivity of 

these systems. An interesting option for chemical sensing is the use of metallic nanoparticles. 

Surface plasmon resonance (SPR) based sensors have been widely used over previous years 

for obtaining an enhanced response to RI changes. The increase in sensitivity is achieved 

when the frequency of the incident light matches the frequency of the surface electrons of the 

nanoparticles. In this situation, the incident wavelength is strongly absorbed, creating a 

transmission dip in the sensor response. This resonant wavelength turns out to be highly 

sensitive to changes in the external RI and this property makes these systems ideal for 

chemical sensing applications. In addition, integrated optical sensors designed for the 
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quantification of angular velocity in gyro systems are based on Sagnac effect, exploited in 

fiber gyroscopes.  

 

2.1. Optical absorption 
 

Optical absorption is an important operating principle to be exploited in photonic 

chemical sensors. In fact, the absorption coefficient of the waveguide is a function of the 

operative wavelength, electronic and photonic properties of the material. In particular, several 

gases, organic and inorganic molecules are characterized by specific absorption spectra in the 

near- and mid-infrared (IR) wavelength regions. Hence, the frequency position of vibrational 

and rotational-vibrational transitions can provide information about the chemical composition 

of a monitored molecule. This principle is useful for optical sensing, since it is possible to 

connect the optical signal intensity to the gas or analyte concentration through the Beer-

Lambert law: 

 
       (   )                                                                 (1) 

 

Where I and I0 are the light intensities at the end and at the beginning of waveguide path 

length, respectively, L is the optical path and αrepresents the absorption coefficient.   

For liquids, the absorption coefficient can be expressed as the product of the so called molar 

absorptivity, ε( λ), and the concentration, c , of the absorbers: 

        ( )   ( )                                                            (2) 

The absorption coefficient of gases is usually expressed as the product of absorption cross 

section, σ( λ), and the number density, N , of the absorbers: 

      ( )   ( )                                                             (3) 

Sensing mechanism consists in monitoring the optical signal intensity changes as a function of 

the absorption spectrum of the chemical specie to be detected. In particular, as shown in 

Equations (2, 3), the absorption coefficient α is dependent on I0 and the concentration. 

Consequently, at the output of the waveguide it is possible to register sharp peaks in the 

transmission spectra at specific wavelengths corresponding to the molecule absorption lines. 

Fig.1, shows Absorption spectra of several gases and liquid solutions [6]. 
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Figure 1: Absorption coefficients of five atmospheric gases at 100% vol concentrations [6]. 

 

2.2. Fluorescence  

 

Fluorescence has many practical applications, including mineralogy, gemology, 

chemical sensors (fluorescence spectroscopy), fluorescent labelling, dyes, biological 

detectors, and, most commonly, fluorescent lamps. In fluorescence based detection the 

intensity of the fluorescence indicates the presence of the target molecules as well as their 

concentration. We can just measure the intrinsic fluorescence of the target analyte or a change 

in fluorescence of an indicator dye by the analyte, with the determined concentration, referred 

to as the quenching case [7]. In the latter case, the probe molecule can be immobilized onto 

the waveguide surface and placed in the evanescent field of the integrated optics sensor [4]. 

Fluorescence phenomena are related to an energetic transition from an excited state to a lower 

energy level producing photon emission. Energy levels in an organic molecule are shown by 

the so called Jablonskii diagram (Fig. 2). In this diagram, S0,…,Sn and T1,…, Tm represent the 

discrete electronic energy levels of a molecule (S1,…, Sn are excited singlet states and T1,…, 

Tm are excited triplet states). At equilibrium, molecules have the lowest possible energy S0. 

When a molecule absorbs electromagnetic energy, it moves to an excited energy level (that 

usually is a singlet state). The energy level reached by the molecule absorbing 

electromagnetic energy depends on the incident radiation wavelength. 

The intensity of the absorption (fraction of ground state molecules promoted to the electronic 

excited state) depends on the intensity of the excitation radiation (i.e., number of photons) and 

the probability of the transition with photons of the particular energy used. To characterize the 

intensity of an absorption band, a term often used is the oscillator strength f, which may be 

defined from the integrated absorption spectrum by the relationship [8]. 

 

              ∫                                              (4) 
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where     is the molar extinction coefficient at the frequency   . A molecule in an excited state 

tends to reach a lower energy level. Relaxation of the molecule from an excited state may 

occur in different manner. If relaxation takes place by emission of a photon without any 

change in spin multiplicity (from a singlet state to another singlet state), the transition is 

known as fluorescence. Emitted photon wavelength depends on loss energy by the molecule 

in the relaxation process. In most cases, the emitted light has a longer wavelength, and 

therefore lower energy, than the absorbed radiation. However, when the absorbed 

electromagnetic radiation is intense, it is possible for one electron to absorb two photons; this 

two-photon absorption can lead to emission of radiation having a shorter wavelength than the 

absorbed radiation. The emitted radiation may also be of the same wavelength as the absorbed 

radiation, termed "resonance fluorescence". 

 

 
Figure 2: Jablonskii diagram. 

 

The fluorescence quantum efficiency is defined as: 

   
    

 

    
                                                                                ( ) 

Where 

    
  is the number of luminescence photons,     

  is the number of absorbed photons. 

 

An example of integrated optical fluorescence multichannel biosensor has been studied in [9]. 

 

2.3. Raman scattering  
 

The Raman spectroscopy is one of the widely-used spectroscopic techniques and 

becoming increasingly important in a broad range of scientific disciplines categorized into 

distinct application areas such as materials science, biotechnology, pharmaceuticals, forensic 

science and photonic devices [10, 11]. Scattering of light by molecules can be elastic, 

Rayleigh scattering, or inelastic, Raman scattering. In the elastic scattering of light, the 

photon‘s energy and the state of the molecule after the scattering events are unchanged. 

Hence, Rayleigh scattered light does not contain much information on the structure of 

molecular states [12]. The incoming light photon at ground electronic state jumps up the 
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molecule to virtual electronic state and then, the outgoing light photon jumps down the 

molecule to ground electronic state, fig1. In inelastic scattering of light (Raman scattering), 

energy is transferred from the molecule to the photon or vice versa. In fact, incident and 

scattered photons have different energies and the energy lost by the incident field leads to 

creation of phonons, which modify the vibrational states of the medium. The inelastic 

scattering of light is separated into two cases, ‗Anti-Stoke Raman scattering‘ and ‗Stoke 

Raman scattering‘. When the scattered photon has less energy than the incident photon, the 

process is referred to as Raman to Stokes scattering (Fig.3), thus, an incident photon hν0 

excites a molecular vibration hνvib and is then scattered with the corresponding difference in 

energy h(ν0 - νvib) (red shift). When the scattered photon has more energy than the incident 

photon, the process is known as Raman to anti-Stokes scattering (Fig.4), thus, the photon 

acquires vibrational energy from the atoms/molecule and is scattered with a higher energy 

h(ν0 + νvib) (blue shift). This shift provides information about vibrational, rotational, and other 

low frequency transitions in molecules. Raman spectroscopy can be used to study solid, 

liquid, and gaseous samples. 

 
Figure 3: Energy level diagram for Rayleigh and Raman scattering, where ΔE = hνvib 

represents the difference in vibration energy levels [13]. 
 

Light scattering can be measured either by the attenuation of the incident signal as light is 

scattered away from the beam path, or by measuring the intensity of the light scattered by the 

sample at a particular angle to the incident beam. 

Raman signals are usually weak and require powerful sources and sensitive detectors. 

Therefore the Raman signal is very low from low concentrations of the analyte or poor Raman 

scatterers. Surface enhanced Raman spectroscopy (SERS) is all about amplifying Raman 

signals from molecules, by several orders of magnitude. SERS is a technique where molecules 

undergo much higher scattering efficiencies when adsorbed on metal colloidal nanoparticles 

or rough metal surfaces, represents a spectroscopic tool for non-invasive and non-destructive 
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detection of biochemical and chemical molecules [14]. Furthermore, when the intensity of the 

incident light is larger than a certain threshold value, variations of the optical properties of the 

medium lead to an enhancement of scattering process by several orders of magnitude, and 

photon emission can be stimulated by the presence of another photon, leading to optical gain, 

that is the Stimulated Raman scattering (SRS).In case of photonic sensors, stimulated 

emission is a fundamental effect since it can give rise to optical amplification and lasing [15, 

16]. An example of optical waveguide Raman sensor is illustrated at fig.4.  A laser beam 

through the aluminum nitride waveguide and illuminated a test sample containing a mixture 

of organic molecules. Upon examining the scattered light, the researchers found that they 

could discern each type of molecule within the sample based on the Raman spectra [17]. 

 

 
Fig. 4: Aluminum nitride optical waveguide carries the laser beam to a test sample. Scattered 

light reveals the sample‘s Raman molecular fingerprint [17]. 

 

 

2.4. Effective index change in guiding structures 

 

Optical sensing of chemical species is typically based on the variation of waveguide 

optical properties in the presence of some target analyte near the sensor surface. In an optical 

guiding structure the variation of propagating optical mode effective index can be induced by 

two different physical phenomena (Fig. 5): 

i) the change of thickness (equal to ρ) of an adlayer constituted by adsorbed or bound 

molecules which are transported (by convection or diffusion) from the gaseous or liquid 

medium, that serves as waveguide cover medium, to cover medium/guiding film interface. 

ii) the change of refractive index nc of the homogeneous liquid that serves as waveguide cover 

medium. 

The principle of operation of optical guided-wave bio-chemical sensors in case of 

homogeneous and surface sensing can be described as follows [18]. When light propagates 

into an optical waveguide, a certain amount of power travels into the core, while the 

remainder is confined into the cladding and substrate regions. The effective index of the 
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propagating optical field also depends on the concentration of the specific analyte or gas 

localized in the cover medium, near the sensor surface. Consequently, the magnitude of the 

effective index change is related to the percentage of field interacting with the analyte, and 

thus to the confinement factor in the medium where the analyte is concentrated. Various gases 

and chemical species can be detected exploiting homogeneous sensing. 

 

 
Figure 5: Sensing mechanisms: (a) homogeneous sensing; (b) surface sensing [3]. 

 

2.4.1. Homogeneous sensing 

 

Homogeneous sensing (effective index change of guiding structure due to cover 

medium refractive index change) enables to measure concentration of a wide spectrum of 

chemical species as glucose or ethanol, usually present in a solution. Moreover, this kind of 

sensing mechanism allows estimating some gas concentration changes because some 

polymeric materials have the refractive index sensitive to specific gas concentrations. In all 

these cases, a chemical analyte concentration change induces the refractive index change in a 

solid or a liquid material serving as cover medium in the guiding structure. For example, 

when glucose concentration in an aqueous solution changes, a shift of the solution refractive 

index is induced. The dimensionless waveguide sensitivity, Sh, can be evaluated as [18]: 
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In Equation (1), Z0is the free space impedance, neff is the effective mode index, ncis the 

solution refractive index, nc0is the aqueous solution refractive index in absence of the analyte, 

E and Hare the electric and magnetic field vectors, respectively, and   
  is the optical field 

intensity confinement factor in the cladding region, defined as follows [18]: 
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The integration domain indices, C and ∞, stands for cladding cross section and whole 

computational domain, respectively. 

 

2.4.2. Surface sensing 

Unlike homogeneous sensing, surface sensing is based on the selective immobilization 

of receptor molecules on the functionalized waveguide surface. These molecules form a very 

thin adlayer on the waveguide surface. Consequently, the increase of themolecular adsorbed 

layer (adlayer) thickness causes the effective index change Δneff as [18]: 

      
  
  (  
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Where nm is the refractive index of the molecular adlayer and Σ represents the region in which 

the adlayer increases. Similarly to the definition of sensitivity given for homogeneous 

sensing, it is possible to define the surface waveguide sensitivity as follows [18]: 
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Where ρ is the thickness of the molecular adlayer. 

 

2.5.  Sagnac Effect  

The Sagnac effect has been widely employed in fiber optic based sensor for pressure, 

temperature and torsion monitoring [19, 20]. Moreover, it is the most exploited operating 

principle in optical gyroscopes [21]. Sagnac principle, as derivation of the general relativity 

theory, states that two counter-propagating optical beams propagating in a ring structure 

change their relative phase if the ring is rotating; thus, it is possible to relate the phase change 

to the angular speed of the ring. The two optical beams reciprocally interfered and produced a 

permanent wave, stationary with respect to an external inertial reference system. The 

stationary wave is composed by nodes and anti-nodes, whether the mirror is rotating or 

standing. A detector is mounted on the ring framework, solidly rotating with it, so that, during 

rotation, by counting nodes and anti-nodes of the standing wave through the detector, it is 

possible to evaluate the angular velocity of the ring. Indeed, the number of nodes is two times 

the length of the ring divided by the light wavelength. Knowing the number of counted nodes 

in the time unit through the detector, it is possible to calculate the angular velocity of the ring 

[22]. The following calculation demonstrates how it is possible to relate the effective path 
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length to angular velocity about an axis perpendicular to the plane containing the light path. In 

order to understand the working principle, Let us consider a disk of radius R that is rotating 

clockwise with an angular velocity Ω about an axis perpendicular to the plane of the disk as 

shown in Figure.6. 

 
Figure 6: Functional principle of Signac interferometer for rotation sensing [1]. 

 

If we assume that, two identical photons are sent cw and ccw along the circumference starting 

at an arbitrary location 1. If the initial angular velocity is null, photons that travel at speed of 

light in vacuum c0 will arrive at starting point 1 after a trip length of 2πR in time t = 2πR/c. If 

the initial angular velocity is not null, photons that propagate in counter-clockwise direction, 

called CCW, will arrive at the starting point 2, due to the motion caused by the rotation, after 

a trip length of LCCW, shorter than 2πR, given by: 

                                                            (  )        

 

Where: RΩ is the tangential angular speed of the ring and tccw is the time to cover the distance 

Lccw. In the same way, the clockwise photons, called CW, will arrive at the starting point 2, 

after a trip length of LCW, longer than 2πR, due to the motion caused by the rotation, given 

by: 

                                                              (  )           

tcw is the time to cover the distance Lcw. Thus, the net time difference between the two counter 

propagating beams to cover Lcw,ccw would be : 

   
   

      
 

   

      
 

    

    
  

                              (  )         

 

Where the area A enclosed by the path length is πR
2
. We have assumed that in vacuum light 

velocity, ccw = cccw = c and the product R
2
Ω

2 
is negligible relative to c

2
. Equivalently, this 

time difference amounts to a path length
 
difference of :
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                                                             (  )          

And to this path length difference corresponds a phase shift of: 

 

        
   

   
                                                        (  )          

 

3. Integrated optical sensors configurations 

The well-developed silicon photonic integrated circuits (PICs) technology is one of the 

most promising. Due to the compatibility with complementary metal-oxide semiconductor 

(CMOS) foundry processes, silicon PICs can be manufactured with great efficiency at high 

volume. Moreover, the high refractive index contrast between silicon and silicon dioxide, or 

other surrounding media, enables the development of miniaturized compact sensing devices, 

with the additional possibility of fabricating multiple sensors on one single chip [23]. Among 

the various optical sensing devices, refractive index sensors have emerged as promising 

technology in the past few years. Refractive index sensors allow label-free, realtime and direct 

detection of the molecular interaction at a dielectric interface. In both homogeneous and 

surface sensing the optical transduction leads to the effective index change. This optical 

variable has to be transformed into an analytically useful signal. To this purpose, several 

photonic integrated platforms have been proposed in literature. Hence, numerous silicon 

photonic sensing devices, such as Mach–Zehnder interferometers (MZIs), microring 

resonators (MRRs), microdisk resonators, Bragg grating resonators, directional Couplers and 

photonic crystals (PhCs) have been developed over the past decades for biosensing 

applications. In particular, it is possible to distinguish between two different types of optical 

readout: the intensity and wavelength readout (power and wavelength interrogation, 

respectively). For example, photonic chemical sensors based on optical absorption are 

characterized by intrinsic intensity readout, because the change of the absorption coefficient is 

directly linked to the output optical intensity, according to the Beer-Lambert law [24]. 

However, Wavelength (or phase) interrogation and intensity interrogation are two common 

interrogation configurations applied to evanescent field biosensors such as Surface Plasmon 

Resonance (SPR) or planar waveguide based sensors. 

 

3.1. Integrated optical interferometers 

In a conventional interferometric biosensor, the guided light is split by a Y-junction 

into two single-mode waveguide paths, one containing the sample, which is regarded as a 
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sensing arm, and the other is used as a reference arm. The evanescent field of the sensing arm 

interacts with the sample and senses the RI change at the surface, resulting in an optical phase 

shift depending on the sensing arm effective index, i.e., analyte concentration. After a certain 

distance, the beams recombine again and cause a constructive or destructive interference at 

the output. where the intensity modulation corresponds to the RI difference between sample 

and reference arms. Two standard configurations exist for interferometers integrated on a 

chip: the Mach–Zehnder interferometer (MZI) and the Young interferometer (YI), which is 

similar but out-couples the light in both arms allowing the light to interfere in free space, 

instead of using a junction on-chip. 

3.1.1. Mach–Zehnder interferometers 

A typical MZI-based sensing system only requires afixed-wavelength laser source and 

a PD/camera for data readout. Many types of Mach-Zehnder interferometers can exist 

according to the type of waveguides constituting the tow arms, stripe waveguide, rib 

waveguide, buried waveguide, slot waveguide, ect. In the case of a MZI sensor fig.7, if any 

optical phase delay is applied to the guided mode in the sensing arm, light will be combined at 

the output Y-branch exhibiting an output optical power equal to the input optical power. If an 

optical phase delay is applied in the sensing arm, the optical output power will be different 

from the input one. According to Eq. 16, the output intensity (Iout) is a periodically oscillating 

function of the phase change difference (∆φ) of the beams from two arms: 

           (
  

 
)
 
                                                                (  )                               

The phase difference caused by the variation of the effective index (Δneff) at the wavelength   

is calculated as: 

   
  

 
                                                                             (  )                      

Where: L is the effective detection length of the sensing arm. The sensitivity S of the Mach–

Zehnder interferometer sensor can be expressed for homogeneous sensing as follows: 

  
   

 
(
     

   
)                                                                        (  )                                           

However, for surface sensing, S is given by 

  
   

 
(
     

  
)                                                                        (  )                                           

Where neff is the effective index of the propagating supported mode through the waveguide, 

ncis the cladding medium refractive index, and ρ is the thickness of molecular layer deposited 
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on guiding cover medium interface. The sensitivity of Mach–Zehnder-based sensor relies on 

sensing arm length, L. 

 

  
 

Figure.7: a) Interferometric PIC sensors. A standard MZI configuration. Light enters the 

interferometers on the left and is split into the sensing and reference arms, the arms are 

recombined in a Y-junction and the interference measured in the output is used to quantify the 

presence of an analyte in the sensing arm, from [25]. b) Highly sensitive Mach–Zehnder 

interferometer biosensor based on silicon nitride slot waveguide [26]. 

In the slot design, the sensing arm is split into two waveguides separated by a nanometer-

scale, low-refractive index ―slot‖ region for light confinement. This design greatly enhances 

the light–matter interaction yielding higher sensitivity to the refractive index of the analyte 

[26]. 

3.1.2. The BiMW configuration 

Bimodal waveguides (BiMW) has been explored to improve sensor accuracy. Light 

from a coherent source in TE polarization is coupled into a ridge waveguide supporting a 

single transversal mode. After some distance this mode is coupled into another waveguide 

which supports two transversal modes. Due to the vertical asymmetry of the junction, the 

fundamental mode of the first waveguide splits in two, the fundamental and the first order 

mode, which are propagating until the output of the chip. The fundamental mode would act as 

the reference wave being only weakly influenced by the bio-interaction, while the first order 

mode will be strongly influenced by the refractive index changes occurring within the 

evanescent field [27].The modes propagate with different velocities and create an interference 

pattern at the exit, which intensity distribution depends on the physical parameters of the 

structure (width, thickness, rib height) and, in particular, on the refractive index of the 

cladding layer through the interaction with the evanescent field. This intensity distribution is 

monitored off chip using a photodetector array [28].  
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Figure .8: Working principle of the BiMW interferometer, highlighting the TE00 and TE10 

mode profiles as well as the output detection scheme via a two-sectional photodiode [29], 

[28]. 
 

3.1.3. Young Interferometer  
 

In the Young interferometer, a Y-junction splits the input waveguide into a sensing 

arm and a reference arm but, contrary to the MZI, there is no second Y-junction at the output. 

As depicted in Figure.9, the interference pattern is produced off-chip by projecting the output 

light from both arms onto a screen or CCD camera. The phase difference between the two 

interfering beams is given by: 

  ( )  
  

 
*
   

 
 (      ( )        )  +                       (  )           

Where: d is the distance between the two arms, f the distance between the sensor output and 

the camera, and x the position of the interference pattern on the screen. When a biomolecular 

interaction takes place in the sensing area, the Δ  variation is deduced from the shift of the 

interference pattern on the screen. 

  
Figure 9: a) In the YI configuration, the light is not coupled, but is out coupled from sensing 

and reference arms and interfered in free space to create interference pattern. The presence of 

an analyte and its concentration is identified based on the interference pattern [25]. b) Four-

channel Young interferometer [30]. 
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Four-channel Young interferometer based on Si3N4/SiO2waveguides was developed and 

integrated with microfluidics to have independent measurements in each sensing arm (Fig. 

9.b). This system is highly sensitive and has one of the lowest LODs reported until now. An 

example of a bioanalytical application of this device is the specific detection of herpes 

simplex virus 1 (HSV-1) [30].  

3.1.4. Interferometry biosensor based on planar optical waveguide 

Planar waveguides are integrated with diffraction gratings for in- and out-coupling of 

light but both the split and the recombination of the sensing and reference beams are produced 

off-chip, fig.10. The core of the system is a sensor chip consisting of a planar optical 

waveguide. Light coupled into the 154 nm thick Ta2O5 waveguide propagates with 

monomode behavior in the direction perpendicular to the propagation direction. The part of 

the electromagnetic field propagating above the waveguide is called evanescent field and is 

exponentially decaying with the distance from the waveguide. The interaction of the sample 

with the evanescent field is described in terms of an effective refractive index. The effective 

refractive index depends on the refractive indices of the waveguide, the glass substrate, the 

cover fluid and, in case of an adsorption of biomolecules, the refractive index of the adsorbate 

layer. A single channel evanescent field sensor is therefore sensitive both to bulk refractive 

index changes and to changes in surface coverage due to adsorption or binding of molecules 

[31].  

 

Figure 10: Optical setup of the interferometric biosensor system. Two beams of a 

superluminescent diode are coupled into a waveguide sensing chip, as sensing and reference 

branch. After outcoupling by a second grating they pass a double slit and overlap to an 

interference pattern that is recorded by a CCD sensor [31]. 
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3.1.5. The birefringent waveguide biosensor 
 

The birefringent waveguide biosensor is based on the interference between two 

orthogonally polarized beams (TE and TM) propagating in a straight birefringent waveguide. 

A birefringent waveguide biosensor with an integrated microfluidic channel has been 

implemented for the detection of pathogenic bacteria such as Listeria monocytogenes in food 

[32]. The waveguide biosensor system consists of a waveguide sensor platform  where an 

antibody–antigen reaction occurs and a birefringence measurement system for signal 

detection and analysis. Fig. 11(a) shows the concept of utilizing an antigen–antibody reaction 

on the exposed core surface for biomolecular detection. When the antibody–antigen reaction 

occurs under the introduction of incident light, the difference in refractive index between the 

core and the sensing surface increases. This refractive index change in the waveguide in turn 

causes a change in birefringence between the two orthogonal polarizations (transverse 

electric, TE, and transverse magnetic, TM) induced from the light source. A phase difference 

between the two polarizations is converted into a phase delay by the birefringence 

measurement system. Continuous real-time monitoring of the phase delay allows us to 

determine the amount of antibody–antigen reaction taking place.  The Phase differences for 

various injection amounts of L. monocytogenes is presented in Fig.11 b). Specificity was 

demonstrated as well as the capabilities of the device to perform detection in milk. However, 

this device is not extremely sensitive as the lowest detected concentration was of 10
6 

CFU 

mL
–1 

in buffer (CFU stands for colony-forming unit). 

 

 

 
Figure.11: (a) Cross section of the waveguide sensor platform for antigen–antibody detection, 

consisting of a core and cladding with a microfluidic channel. TiO2 film with a high refractive 

index is deposited on the core. (b) phase difference comparison between concentrations of 

108, 107, 106, and 105 CFU/mL of L monocytogenes [32]. 
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3.2. Grating-Coupler Sensors  

 

A Bragg grating is characterised by a periodic perturbation of the waveguide refractive 

index along the propagating direction. Bragg gratings are usually employed to couple light 

into or out of an optical waveguide. More recent application of Bragg gratings is the 

realization of integrated optical sensors based on those structures. A propagation of the wave 

within the waveguide is observed, if the coupling condition (21) is fulfilled. The resonant 

coupling between the guided mode and a diffraction order of the grating is governed by the 

phase-matching condition as 

           
 

 
                                                                   (  )                                                 

Where:   is the incident angle of light, Λ the grating period, and m the diffraction order. To 

fulfill Eq. (21), submicronic grating periods are requested. As can be deduced from this 

equation, a variation of the effective refractive index, with the presence of different ambient 

gases or biochemical molecules, will affect the resonance angle or the resonance wavelength. 

Therefore, grating-based biosensors can be achieved with two optical configurations: the 

angular and the wavelength interrogation. Depending on the configuration, the grating can be 

defined at the interface core/substrate, at the interface core/cladding or at both interfaces. 

 

3.2.1. Grating-based biosensors with angular configuration 

  

In the angular approach, a scan of the resonance angle using a laser source of fixed 

wavelength is employed. Light is coupled into the waveguide via an input grating and then 

propagated until the output of the waveguide where it was detected by a standard 

photodetector. The sample can be rotated on a goniometer to find the coupling angle and to 

determine the shift of the resonance angle induced by the bioreactions occurring in the 

sensing area, fig.12.  Optical sensors based on output grating couplers work in the opposite 

fashion. Light propagating in the waveguide is coupled out of the waveguide by means of a 

diffraction grating. The out coupling angle is proportional to the propagation constant of the 

waveguide mode. Changes in the refractive index at the sensor surface alter the propagation 

constant of the mode resulting in a change in the outcoupling angle.fig13. Here, light is 

coupled into the horizontally positioned waveguide and a position-sensitive photodetector, 

e.g., a CCD line sensor, monitors the coupling angle depending on the layer thickness or the 

effective refractive index, respectively. The detected signal then represents the position of the 

outcoupled light beam on the detector [33]. This configuration is employed in the Optical 
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Waveguide Light mode Spectroscopy (OWLS) configuration, which has been used in awide 

range of applications. Among them, the detection of Legionella pneumophila contamination 

in water samples [34] or, more recently, the detection of vitellogenin, a biomarker for 

assessing exposure to environmental endocrine disruptors [35]. 

 

  

 

Figure 12: Input grating coupler sensor and Output grating coupler sensor [7]. 
 

 

Grating-based biosensors have also been developed using the grating as a reflector instead of 

a coupler, Fig.13 (a). In this case, light from a tunable laser is coupled into the waveguide by 

end-fire and a resonance wavelength is reflected back after interaction with the grating. A 

bioreaction on the grating surface results in a wavelength shift in the spectrum, Fig. 13. (b). 

An experimental sensitivity of 140 nm per RIU, corresponding to an LOD of 6 ×10
−6

 RIU, 

has been demonstrated using Si/SiO2/Si3N4 waveguides [36]. Direct and label-free detection 

of the PepN enzyme was achieved with an experimental resolution of about 4 pm adlayer 

growth which is equivalent to the capture of 3 ×10
9
 mol cm

−2
. 

 

 

 

 

Figure 13: (a) Schematic 2D cross-section of the grating-based biosensor wavelength 

interrogation with grating as reflector for direct, label-free surface biosensing. (b) 

Transmission spectra of the label-free protein sensing of grating-based biosensor wavelength 

interrogation with grating as reflector [36]. 
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3.2.2. Grating-based biosensors with the wavelength configuration  

 

The wavelength-interrogated approach requires a tunable laser to scan the resonance 

wavelength at a fixed angle of incidence. The operating principle of the input grating coupler 

is shown in Fig. 14[37]. A collimated laser beam is incident at fixed angle θ onto a waveguide 

deposited on a transparent substrate. When the coupling conditions are satisfied, the light 

beam is coupled into the waveguide, propagates, and a detector is placed at the waveguide 

output to monitor the intensity of light as a function of the input laser wavelength. When the 

grating is exposed to the analytes, adsorption causes changes in the refractive index at the 

grating surface and results in a shift in the laser beam coupling conditions, detected as angular 

(θ) shift or wavelength (λ) shift.  

 

 
Figure 14: Schematic of the sensing principle of the input grating coupler with the 

wavelength-interrogated approach [37]. 
 

The Wavelength Interrogation Optical Sensor WIOS technology has been used for the 

detection of sulfonamides antibiotics in milk, but including an additional amplification step 

with a secondary antibody [38]. In the field of genomics, it has been employed to study the 

kinetics of covalent immobilizationof double-stranded oligonucleotides to evaluate the 

optimal hybridization efficiency after sequential denaturation [39]. 

3.3. Evanescent-Wave Sensors  

 

Photonic-based biochemical sensors use light that is confined in its waveguide.As the 

light is reflected from the interface back into the waveguide, part of the electromagnetic field 

called evanescent field, extends beyond the surface into the external medium, where it can 

interact with analytes—this interaction is the fundamental mechanism of Photonic-based 

biochemical sensing.The evanescent field that is exponentially decays with distance, 

dependent on material properties and the physical design of the sensor(i.e., the length of the 

devices, the strength of the evanescent field, and its overlap with the optical cross section of 
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the analyte) [40]. In fact, the biochemical analytes perturb the evanescent field and modify the 

cladding refractive index and/or induce an additional optical absorption. The change in the 

cladding refractive index will primarily cause the shift of resonant peaks in photonic 

resonators, while the additional optical absorption reduces the light transmission intensity in 

waveguides [41].Accordingly, photonic biochemical sensors can be generally classified into 

RI-based sensors and absorption-based sensors. 

 

3.3.1. Refractive index -based sensors 

 

One major drawback of RI-based biochemical sensors is the lack of selectivity. 

Therefore, an additional process of sensor surface functionalization with specific receptors is 

required in order to realize selective adsorption. Hence, the target analytes can be identified, 

as illustrated in Fig.15.These sensors operate at a single wavelength that is chosen based on 

the absorption of the analyte. For applications requiring the analysis of a liquid sample (bulk 

or homogenous sensing), the sensing signal can be employed to determine the RI of the 

sample as compared to a reference sample. For biomolecule detection applications (surface 

sensing), the specific capture of biomolecules at the sensor surface results in a local change in 

RI which produces a sensing signal that enables quantification of the biomolecules in the 

sample. Hence, according to the different ways the target molecules interact with the sensors, 

two definitions for sensitivity are used in biochemical sensing applications. One is the bulk 

sensitivity (Sbulk), the other one is the surface sensitivity (Ssurf). For RI-based sensors, the bulk 

sensitivity is defined as the slope of wavelength (or phase) shift versus bulk refractive index 

unit (RIU) change: 

      
  (  )

        
                                                                       (  )        

The surface sensitivity is defined slightly differently by replacing the RI of the sample 

(nsample) with the thickness of the adlayer on the sensor surface (tadlayer): 

      
  (  )

         
                                                                      (  )  
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Figure 15: Schematic illustration of the sensing mechanisms of the RI-based sensor with its 

surface functionalized to selectively adsorb analyte. The optical signal change in the sensor, 

e.g., the resonant wavelength shift in a resonator, is known to be induced by the absorbed 

analyte [41]. 

 

3.3.2. Absorption-based sensors 

 

Absorption-based sensors do not use a chemically specific receptor to capture a known 

analyte, in contrast to RI-based sensors. Instead, the evanescent field of the optical mode 

probe the vibrational transitions of the surrounding environment directly. Optical absorption 

of the vibrational transitions, in accordance with the Beer–Lambert law, provides an 

absorption spectrum that can be used for spectroscopic identification; Fig.16.The output 

spectrum may have multiple features, which need to be deconvolved with known analytes in 

the environment in order to determine their concentrations. Measuring the IR absorption 

spectrum requires a broadband or tunable source, and Raman spectroscopy uses a 

monochromatic source to excite molecular vibrational transitions and identify them in a 

broadband optical output. This type of sensing is well-suited for environmental and air-quality 

monitoring, greenhouse-gas sensing, medical diagnostics, and standoff detection for chemical, 

biological, radiological, nuclear, and explosive (CBRNE) agents [40, 42]. 

For absorption-based sensors, the sensitivity refers to bulk sensitivity in most cases as no 

surface functionalization is implemented, and is defined as the change in absorbance R (or 

transmittance T) divided by the change in sample concentration C: 

      
  (  )

        
                                                                      (  )            
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Figure 16: Schematic illustration of the absorption-based sensor without surface 

functionalization. The different analytes adsorbed on the sensor surface are distinguished by 

their induced characteristic absorption peaks at different wavelengths on the sensor 

transmission spectrum [41]. 

                                                                                                                                                        

3.4. Surface Plasmon Resonance Sensors 

Surface plasmon resonance (SPR) is a surface optical technique that measures minute 

changes in refractive index at a metal-coated surface. It has become increasingly popular in 

the study of biological and chemical analytes because of its label-free measurement feature. In 

addition, SPR allows for both quantitative and qualitative estimation of binding interactions in 

real time, making it ideally suited for probing weak interactions that are often difficult to 

study with other methods. Despite the obvious advantages of a label-free technique, SPR is a 

non selective detection because anything that binds to the surface will change the refractive 

index. Therefore, reproducible and well-understood surface chemistry to create a selective 

sensing interface is an important research area for understanding the nature of biological 

interactions [33]. SPR has applications in drug development, medical diagnostics, 

environmental monitoring, and food and water safety [43]. Surface plasmons (SPs) are 

surface electromagnetic waves that propagate parallel along a metal/dielectric interface. For 

this phenomenon to occur, the real part of the dielectric constant of the metal must be 

negative, and its magnitude must be greater than that of the dielectric. Thus, only certain 

metals such as gold, silver, and aluminum are usually used for SPR measurements. In SPR 

technique, a transverse magnetic-polarized light causes the excitation of oscillations of 

electron density at the metal-dielectric interface [44]. This oscillation of electrons produces a 

wave known as surface plasmon wave (SPW). When the incident light and the surface 

plasmon wave are matched, a conversion of light energy to surface plasmons occurs 

(resonance).the excitation of SPW corresponds to an attenuation of the reflected light 

intensity, which results in a sharp dip in the reflected light intensity.  The incident angle, 

wavelength of the light, and the dielectric constant for both metal and substrate are the 
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parameters that affect the resonance condition. The sensing mechanism depends on the 

monitoring of the incident angle when the wavelength remains constant. The sharp dip occurs 

at the resonance angle. Similarly, the sensing mechanism can be through the monitoring of the 

wavelength while the incident angle remains constant. The resonance occurs at a specific 

wavelength. The dielectric media refractive index affects both the resonance incident angle 

and the resonance wavelength. So any variation in such refractive index will change the 

resonance wavelength or the resonance incident angle [2]. The Kretschmann geometry, 

depicted in Fig. 17(a), is the most common method for SPR. In this geometry, a 

monochromatic light wave passes through a high refractive index prism and is reflected at the 

prism-metal layer interface generating an evanescent wave penetrating the metal layer. For a 

certain angle of incidence, the component of the wave vector of the incident light parallel to 

the metal surface matches that of the surface plasmon and coupling between the light wave 

and the surface plasmon occurs: 

        
  

 
                                                                        (  )            

Where λ is the incident wavelength, np is the prism refractive index, θis the incident angle, 

and βsp is the propagation constant of the SPW. This coupling results in absorption of light 

and a characteristic dip in the angular spectrum of reflected light, Fig 17 (b). A change in the 

refractive index at the surface of the metal film gives rise to a change in the propagation 

constant of a surface plasmon. This change results in a change in the resonant angle and a 

shift in the angular position of the SPR dip. 

 
 

 
Figure 17: (a) Kretschmann configuration in SPR sensor depicting the conversion of energy 

from light waves to surface plasmons via a gold/dielectric interface [45]. (b) Reflectivity for 

the geometry Kretschmann, consisting of an SF14 glass prism, 50 nm thick gold layer, and a 

dielectric, as a function of the angle of incidence for two different refractive indices of the 

dielectric; wavelength = 682 nm. [7]. 
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3.5. Ring Resonator Optical Sensors  

 

3.5.1. Straight waveguide coupled to a ring resonator 
 

Integrated optical resonant microcavities have been widely proposed for the realization 

of photonic chemical sensors with high sensitivity and low detection limits. In particular, 

resonant microcavities characterized by high quality factors Q and low level of optical noise, 

present some unique advantages with respect to other technological platforms. In particular, in 

resonant microcavities the interaction length is greater than the physical length of the device. 

Since, light propagates in multiple round trips into the resonant cavity. The sensing principle 

of a ring resonator optical sensor consists in monitoring the resonance wavelength shift as a 

consequence of the variations of the waveguide refractive index in the presence of the 

substance to be detected. The typical structure of optical microcavities includes a straight 

waveguide coupled to a ring resonator fig.18. Resonance wavelengths are determined as a 

function of the modal effective index of the optical mode propagating into the cavity. 

Consequently, by selecting the operative wavelength as one of the resonant wavelengths 

characterizing the ring resonator spectrum, variations of optical properties of the cover 

medium will induce an operating resonant wavelength shift Δ𝝀, small changes in refractive 

indexΔns of the solution can be determined. The wavelength shift can be calculated by [46]: 

   
    

  
                                                                          (  )        

 

Where: Γclad is the field confinement factor in the cladding. Δns is the refractive index change, 

ng is the group index and 𝝀res is the resonant wavelength of ring resonator. 

          
     

  
                                                                 (  )         

   
       

 
                                                                                 (  )          

Where: r is the ring radius of the ring, neff is the mode effective index and m is an integer.  

The sensitivity SSR of sensors based on single ring resonators can be connected to the 

sensitivity of the waveguide Sw (homogeneous Sh or surface Ss sensitivities) as: 

        
   

  
                                                                            (  )          

Where FSRs is the free spectral range of the sensing cavity (the period of the resonant 

spectrum) and ng is the group index.  

The effective length (Leff) is related to the Q factor by: 

      
 

   
                                                                                 (  )        
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Where: λ is the wavelength and n the refractive index of the ring resonator. High Q factors 

indicate low optical losses and long photon lifetimes, which is translated into narrow line 

widths and high peak resolution (which means a high sensitivity) [48]. 

 

 
 

 
 

Figure 18: (a) Schematic of a ring resonator with one coupled bus waveguide. [25]. (b) 

Schematic of the sensor principle: The resonant peak is shifted due to a refractive index 

change in the cladding material.  The resonance condition is changed. Wavelength shift Δ𝝀 is 

correlated to the analyte concentration [46]. The resonant wavelength can be calculated as 

[47]. 

 

3.5.2. Two cascaded ring resonators and the Vernier effect: 

 
A relevant improvement of chemical sensor based on resonant cavities is the excitation 

of the Vernier effect, which significantly modifies the shape and the condition for resonance 

[49-52]. Photonic sensors based on such an effect are usually made by two cascaded ring 

resonators, figure 19(a). The former, referred to be the resonator acting as a filter, is covered 

by a proper cladding medium, while the latter, i.e., the resonator acting as a sensor, is exposed 

to the analyte. The overall wavelength shift, the Low Detection Limit LOD and the sensitivity 

are strongly enhancing by the excitation of the Vernier effect, so that: 

    
        

|         |

   

  
                                                            (  )              

 

Where: FSRF is the free spectral range of the filtering ring resonator [25]. Due to the different 

FSRs between the sensing and reference (filter) devices, a spectral response with a major peak 

plus some minor peaks will be presented at the output. As shown in Figure 19(b), the major 

peaks are located at the overlapped peaks of these devices, showing a Vernier FSR of the least 

common multiple of total FSR values, and the height of major peaks is determined by the 
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amount of overlap. When the RI above the sensing device changes, the major peak shifts 

(Δ𝝀max) discretely which equals to an integer multiple of the reference device‘s FSR [53]: 

            
   

                                                                    (  )       

 

In this way, the Vernier effect cascaded sensor system yields an ultra-high sensitivity which is 

given by Dai [53]: 

  (        ⁄ ) *
     

   

(     
   

      
   )

+                                (  )        

 

Where      is the wavelength of the major peak,      
   

 and      
   are the FSRs of reference 

and sensingdevices respectively, and S0is the actual sensitivity of the single sensing device. 

Thus, the sensitivity of the optical sensor based on Vernier effect cascaded devices is M times 

improved than that of a single device, without requiring a narrow line width tunable light 

source or a high-resolution readout system [25]. 

 

 

 

 

Figure 19: (a) Illustration of the Vernier effect sensing system consisting of two cascaded 

MRRs with different FSRs. The sensing ring is exposed to RI changes in its environment, 

while the reference ring iscovered by the cladding. (b)  Illustrations of calculated transmission 

spectra of the reference device(DlFSR1), sensing device (DlFSR2), and cascaded system, 

respectively. Red-dashed lines represent transmission spectra after an RI change above the 

sensing device, showing an amplified wavelength shift in the cascaded system.[25]. 

 

 

3.5.3. Silicon slotted microring resonator sensor 

 

Common silicon ring resonators are based on strip-waveguides, where the light is 

highly confined in the high-index silicon and exhibits low optical losses. This leads to a 

relatively low light-analyte-interaction. Ring resonators based on slot waveguides exhibit 

ultra-high performance for photonic bio-chemical sensing. In fact, by using slot waveguides it 

is possible to confine an extremely high optical field in the low refractive index region called 
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―slot region‖, where the chemical solution or gas will be detected [54]. by combining the 

enhanced light-matter interaction of the slot waveguide with the refractive index sensitivity of 

the microring resonator, [55] demonstrate the ability to detect small changes in the refractive 

index of surrounding medium. The transmission spectrum for the microring resonator, 

fig.21(a), in air (solid) and acetylene gas (dashed) at room temperature and atmospheric 

pressure show a resonance shift of approximately 0.2 nm, Fig.21(b). 

 

  
Figure 20: (a) SEM image of a silicon slotted microring resonator like the one used in our 

experiment. Inset shows the slot waveguide in the ring. (b) Transmission spectra for the 

microring resonator in the presence of air (solid) and acetylene gas (dotted) at room 

temperature and atmospheric pressure. The shift in resonance is due to the difference in 

refractive index between air and acetylene gas [55]. 

 

3.6. Photonic Sensors Based on Directional Couplers 

 
Photonic sensors based on directional couplers, as shown in figure 21 a), are 

constituted of two collinear waveguides in the waist, with divergent inputs and outputs. Only 

one waveguide (waveguide 1), is directly exposed to the chemical test sample. The other one 

(waveguide 2) has to be isolated by using appropriate coatings. Generally, both waveguides 

have to be designed as symmetrical (e.g., identical geometries and contrast index Δn), in order 

to exhibit the same propagation features. The sensing principle of photonic sensors based on 

directional couplers is based on the power modulation at the output ports performed by the 

phase shift between the optical waves propagating into the two waveguides with respect to the 

synchronous condition. In particular, when optical propagation constants β1 and β2 

characterizing optical modes propagating in the upper and lower arms, respectively, are equal, 

then the synchronous condition is verified (kL =π/2, 3π/2, 5π/2, etc) and the coupling 

mechanism is ensured with complete coupling efficiency (P2 = P0 and P1 = 0, at the end 

section x = L). The presence of any chemical analyte or gas in the coupling region 

(waveguide1)change the refractive index of the cover medium, causing change in the modal 
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effective index of the propagating mode neff1. Consequently, the synchronous coupling 

condition will not be ensured because β1 ≠β2 and P1 will be different to zero. By monitoring 

the change of coupler outputs P1 and P2, it is possible to detect a particular chemical target 

and estimate its concentration with high limit of detection. The sensitivity S can be calculated 

as follows: 

       (   )
  

      
|
           (   )

                                 (  )           

 

Where: T is the transmittance registered at the output of the reference waveguides, nclad is the 

chemical analyte refractive index and nclad(REF) is the reference analyte refractive index value 

for which the derivative is calculated. The highest sensitivity can be achieved at the point of 

maximum slope of the main peak of the transmittance curve. Consequently, this condition 

indicates the operating point of the sensor. Obviously, the overall sensitivity depends on the 

waveguide sensitivity, SW. In this context, the use of slot waveguides represents the best 

solution [24]. Multichannel directional couplers with slot waveguides have been also 

investigated and exploited for photonic chemical sensors [56]; [57]; figure 21 b). In particular, 

the sensing principle consists in the coupling coefficient change (Δk) as a function of the 

cover refractive index change (Δnclad). The coupling coefficient k has an exponential 

dependence on analyte refractive index [57].  

 

 
 

 

Figure 21: a) Schematic of directional coupler for sensing applications [24].  b) Schematic 

top view of a directional coupler formed by slot-waveguides [58]. 

 
 

3.7. Photonic Crystal Optical Sensors 

 

Integrated Photonic Crystal (PhC)-based sensors represent one of the most popular 

class of photonic sensors, generally employed for physical and chemical/biochemical sensing. 

In this context, the principal advantages of these intriguing photonic sensor architectures are 

ultra-high light confinement in very small volumes, high wavelength selectivity, ultra high 

sensitivity and selectivity in sensing mechanism. Sensing mechanism in the most photonic 
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crystal sensors is based on the refractive index (RI) change mechanism. By binding the 

chemical or biochemical molecules to active sensing surface, the refractive index will be 

changed. So, the resonant wavelength or the intensity of the transmission spectrum is 

changed. This process can be used as a way to measure the concentration of the molecules. 

Several types of PhC-based sensor architectures are presented, focusing on employed sensing 

principles (i.e., opto-mechanical , nonlinear effects, optical absorption and refractive index 

(RI)-based sensor) [59]. 

 

3.7.1 Optomechanical sensors based on PhC 

 

3.7.1.1. Force and strain sensors based on PhC 

 

Strain sensor is an opto-mechanical sensor depends upon the variations of optical 

characteristics induced by the physical deformation of the PC-based device. A strain sensor 

[60] of dual-nano ring (DNR) channel drop filter on 2Dphotonic crystal with hexagonal lattice 

structure is presented to detect the deformation of physical structure, Figure 22 (a). In fact, Li 

et al. have demonstrated that the wavelength of the resonant peak at the backward drop port is 

strongly dependent on the ring size and separation distance d between the two rings. 

Consequently, when physical structure is deformed, a variation of the resonant wavelength 

can be detected. The application of an external force to the device induces a strain linearly 

proportional to the applied force located at the junction between cantilever and SOI substrate. 

The stronger the applied force, thus the strain induced to the sensor, the bigger the red shift of 

the resonant wavelength to be detected, Figure 22 (b). 

 

 
 

 

Figure 22: (a) Cantilever architecture with PC based dual-nano ring. (b) Resonant 

wavelength peak at the backward drop (BD) port under various force loads [60]. 
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3.7.1.2 PhC micro-pressure sensor 

 

Pressure sensor is an opto-mechanical sensor based on the principle of shifting of 

resonance wavelength, which occurs due to the change in PC‘s refractive index by the 

application of a hydrostatic pressure onto sensing surface [61]. A pressure sensor based on 2D 

PC microcavity structure is proposed with a linear resonant wavelength shift according to the 

applied pressure [62]. Another PhC micro-pressure sensor has been fabricated and 

characterized [63].The device is based on an air-bridged line-defect silicon slab PhC 

waveguide, Fig. 23. 

 

 
 

 

Figure 23: The basic photonic crystal sensor on a SOI platform in normal position and b) the 

same structure under uniform pressure. C) Transmission spectrum of the PC line defect 

waveguide at different bridge heights [63]. 

 

In case of TM polarization, the structure shows a band gap with its center at about 1550 nm. 

The basic operation of the device is based on the sensitivity of the waveguide transmission to 

the proximity of the surrounding material. By pushing the bridge nearer to the substrate, by 

the applied pressure (as shown in Figure. 23b), the evanescent field of the waveguide reaches 

the substrate, changing the transmission behavior of the bridge. Consequently, changes in the 

transmission spectrum are directly linked to the magnitude of the applied force. To this 

purpose, it is possible to define the device sensitivity as follows: 

  
  

  
 

  

  
 

  

  
                                                                      (  )        

 

Where: T is the optical transmittance, P the applied pressure and h is the photonic crystal 

height over the substrate. 
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3.7.2. Integrated photonic crystal sensors based on nonlinear effect 

 

Nonlinear photonic crystals (PhC) are periodic structures whose optical properties 

depend upon the intensity of the optical field that propagates into the crystal. In optically 

nonlinear media, index of refraction is modified by the presence of a light signal. But, such 

nonlinearities are extraordinarily weak, therefore slow light waveguide structures can be used 

to boost these nonlinear effects in which group velocity of light is decreased from vacuum 

speed of light [61], [64].The main nonlinear effects investigated in these photonic crystal 

structures are Kerr nonlinearities, Raman effect and harmonic generation. PC sensors based 

on nonlinear effects represent a new and intriguing approach in advanced sensing for ultra-

high response of photonic crystal sensor. Such sensors are expected to be able to detect single 

particle in aqueous solutions, with very small dimensions comparable to that of virus or 

proteins [59]. An original nonlinear photonic crystals sensor is proposed [65], consisting in a 

PhC microcavity in which the Raman Effect related to the vibrational excitations mode in 

silica is excited. In fact, a photon of the incident field is scattered by a molecule of the 

medium in which the field propagates, resulting in the generation of a photon of lower energy 

(the Stokes wave). At the same time, the residual energy is absorbed by molecules via 

phonons. The Raman shift is then the frequency difference between the incident wave and the 

scattered one. The device proposed is characterized by a L6 PhC cavity, as sketched in Fig. 

24. The device is designed in order to ensure the generation of Stokes wave into the cavity, 

away from the resonant wavelength of about 15,6 THz. This wavelength shift due to pump 

wave and resonant Stokes wavelength generated into the cavity is typical for silica. 

 

 

Figure.24: Schematic of L6 PhC cavity to generate Raman Effect [59]. 

 

3.7.3. Photonic crystal sensors based on optical adsorption 

 

In IR absorption sensing, gases and liquid molecules that absorb radiation in near- and 

mid-infrared, are detectable by photonic crystal sensor by the study of peaks in absorption 

spectrum [59]. Molecules that bind to the surface of crystal structures interact with evanescent 
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field that is weak and exponentially decays with distance causing weak interaction. When the 

wavelength of an optical signal matches the natural frequencies or resonances of irradiated 

gas or molecules, the energy states of vibrating atoms change in discrete steps. The resonance 

frequencies or wavelengths depend on the number and mass of atoms in molecules as well as 

the number and strengths of chemical bonds. If the chemical structure of the molecules is 

complex, then a range of resonant vibrations characterize the optical absorption of molecules 

[59]. Fig. 25(a) present a photonic sensor based on a PhC slot waveguide proposed by 

[66].The PhC waveguide is a line defect with uniform lattice constant a. The device is 

designed for xylene and methane sensing. The sensing mechanism takes place by introducing 

analyte in the device sensible area through tygon tubes. For methane sensing, the absorbance 

peak selected occurs at 1665.5nm.In Fig. 25(b), absorbance magnitude at 1665.5nm is plotted 

versus methane concentration. The lowest experimentally determined concentration was 

100ppm (parts per million) or 0.2% PEL. As observed in Fig. 5(b), the linear Beer-Lambert 

law is followed for low concentrations of methane. At higher concentrations, deviations from 

linearity are observed [66]. 

 

 

 
Figure 25: (a) Cross section of PhC slot waveguide based on optical adsorption [59]. (b)The 

absorbance magnitude of methane at 1665.5nm is plotted as a function of concentration 

obtained by direct absorption spectroscopy experimentally [66]. 

 

3.7.4. RI-based PhC sensors 

 

RI sensing is most common form of sensing specifically used in chemical and bio 

sensing. RI-based PhC sensors present numerous advantages such as minimal sample 

preparation without fluorescence labeling, real–time detection, high sensitivity and selectivity. 

In particular, the sensing principle consists in measuring RI changes of a bulk solution due to 

the presence of chemical analytes or gases generally characterized by higher refractive 

indices. Applications in gaseous and aqueous environment have been studied to detect 
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concentrations of chemical and biological species [59]. RI sensing includes two fundamental 

sensing, i.e., surface sensing and homogeneous sensing. In surface sensing, PC holes are 

initially functionalized by receptor molecules properly chosen in order to selectively adsorb 

target analytes. Consequently,when the device is exposed to a sample, target molecules are 

trapped by receptors on the sensor hole inner surfaces inducing a localized refractive index 

change around the hole region. Homogeneous sensing involves optical mode propagation 

changes due to RI variations in bulk solution induced by gases or liquid samples where the 

photonic sensor is exposed. In fact, a large number of advanced architectures (e.g., integrated 

microcavities, waveguides, slotted cavities and interferometric configurations) employ the 

refractive index sensing for detection [61]. In the following, main architectures of PhC RI-

based sensors are presented, focusing on their operating principles and performance. 

3.7.4.1. PhC resonant microcavities sensors 

 

The biosensing principle for these structures is the following; the defect hole of the 

PhC disturbs the PhC‘s period structure, leading to the formation of the defect mode in the 

band gap. Light resonates with the defect mode can propagate in the PhC. As a result, the 

defect mode appears as a sharp peak within the band gap on the transmission (or reflection) 

spectrum. The high electric field concentration results from Bragg reflection in the in-plane 

directions and total internal reflection(TIR) in the vertical direction makes the defect mode 

position highly sensitive to changes in the refractive index of the surrounding medium. 

Several photonic crystal resonant microcavities based sensors have been studied. Such as 

Biosensor-based PhC micro-resonator to detect small changes in the refractive index [67], 

PhC sensor based on air-bridge cavity [68], 1D-photonic crystal microcavity sensor [69], PhC 

device with one latex sphere in the central defect of microcavity [70] and biosensors based on 

photonic crystal nanocavity resonator [71, 72]. In [67], the sensor was suitable to detect many 

chemical or biochemical molecules. The micro-resonator was formed by decreasing the size 

of the air hole in the center of the structure. The general layout of the structure is represented 

in Figure 26(a).The transmission spectra of the sensor have a resonance wavelength within the 

wavelength range of 1.5 μm and the quality factor was equal to 400. The structure was 

responsive to changes in the refractive index in the range of 1–1.5. By changing the refractive 

index as 1.446, 1.448, 1.450, 1.452, and 1.454, the resonant peak is shifted to about 1500.2 

nm, 1500.8 nm, 1501.2 nm, 1501.7 nm, and 1502.1 nm, respectively, as shown in Figure 

26(b).  
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Figure 26: (a) Scanning electron microscope view of a photonic crystal microcavity 

integrated with two ridge waveguides. The regular hole diameter is d =0.58 a, the defect hole 

diameter is d0 =0.4 a, and a =440 nm is the lattice constant of the photonic crystal. (b) 

Normalized transmission spectra of the photonic crystal microcavity with five different 

ambient refractive indices ranging from n =1.446 to n=1.454 in 0.002 increments [67]. 

 

3.7.4.2. Biochemical sensor based on PhC LX resonator 

 

This resonator is formed by removal of the successive air holes of structure which X 

represents the number of removed holes. In other words, X is the resonator length. For 

example, L3 resonator is obtained by removing three air holes in the photonic crystal 

structure. Some of the resonators, namely, L3, L4, L7, and L13, have been provided [73], [74]. 

In the later, photonic crystal (PC) microcavity biosensor consists of a linear photonic crystal 

microcavity coupled to a photonic crystal waveguide (PCW) in a silicon-on-insulator (SOI) 

platform. The PCW is a W1 line defect waveguide with uniform lattice constant a=400 nm. 

The linear L13 PC microcavities with 13 missing holes along Γ_K direction, are fabricated 

two periods away from the PCW, Fig 27 (a). Fig. 27 (b) shows experimental resonant 

transmission spectra observed when avidin binds to the target biotin at different 

concentrations (0 nM, 0.04 nM, 0.08 nM and 0. 1nM).A resonance wavelength shift of 0.03 

nm was observed for each concentration. 
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Figure 27: (a) Scanning electronmicrograph image of L13 PC microcavity coupled to W1 PC 

waveguide. The edge air holes are indicated by A and A0 and the direction of shift indicated 

by the red arrows. (b) Experimental transmission spectra showing the transmission drop 

resonance spectra f or the binding between Avidin and Biotin (Kd~10
-15

M) between 0nM and 

0.1nM [74]. 

 

3.7.4.3. Biochemical sensor based on Slot PhC cavities 

 

Slotted photonic crystal cavities are advantageous for sensing applications as most of 

the field interacts with contents of the air slot. In conventional photonic crystal cavities and 

other devices such as ring resonators, most of the light is confined to the dielectric of the 

waveguide structure, and only the evanescent tail of the optical mode sees the analyte of 

interest. In the slotted photonic crystal case a change in the refractive index of the slot 

contents is felt by the majority of the modal field, altering the resonant wavelength of the 

system more strongly. An SEM image of the structure is shown in Figure 28 (a) [75]. As a 

first test different alcohols were introduced into the microchannel, as shown in Figure 28 (b) 

below. The cavity peak (around 1,532 nm for ethanol) is clearly distinguished from the bulk 

transmission of the mirror waveguide (above 1,540 nm for ethanol), and was found to shift 

significantly with the different alcohols. At 1,550 nm, Ethanol has a refractive index of 

approximately 1.354 and IPA has 1.378. Given that the shift in resonant wavelength is 

approximately 10 nm, this corresponds to a refractive index sensitivity of approximately 415 

nm/RIU. 
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Figure 28: (a) SEM image of slotted photonic crystal cavity fabricated in SOI.  (b) 

Transmission spectra of a slotted photonic crystal cavity with different alcohols injected into 

the integrated microchannel [75]. 

 

3.7.4.4. Photonic crystal ring resonator based sensors   

 

The sensing mechanism of this biosensor or biochemical sensor is based on the 

measurement of the refractive index change. Thus, the resonance wavelength of the 

transmission spectrum shifts to longer wavelengths. Defects into the structures consist of a 

ring resonator of different shapes and two waveguides for input and output of light. For 

increasing the quality factor and sensitivity of the sensor, reduction of the radius of the ring 

can be very important. Several sensor based on photonic crystal ring resonator have been 

studied: nanoring resonator for both pressure and temperature sensing [76], diamond-shaped 

nanoring resonator for biochemical sensing [77, 78], Two-curve-shaped (TCS) photonic 

crystal ring resonator for biochemical sensor [79], biochemical sensor based on nano-ring 

resonator shaped by two consecutive curves [80]. Several parameters where studied in the 

purpose to obtain the better response of the sensor according to the refractive index changes 

caused by measurand, such as the shape of the ring resonators, defect holes radius, the end 

point of the waveguides, and the best holes for attaching chemical or biochemical molecules. 

In [78], Figure 29 (a), the red and green holes indicate position of end waveguide and air 

holes around the ring resonator for binding biochemical molecules, respectively. A 

waveguide to input light is located at the bottom of the structure. The light from top 

waveguide is detected by a photodetector. Figure 29 (b) represents the normalized curve of 

the resonant wavelength shifts which is changed by the refractive index variation in the range 

of 1.33-1.55. This curve shows an approximately linear relationship between RI and resonant 
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wavelength shift. An acceptable linear relationship between refractive index and wavelength 

resonance will cause to measure more accurate of refractive index changes [78]. 

 

 
 

 
 

Figure 29: (a): Sketch of the biosensor based on photonic crystal diamond-shaped ring 

resonator for biochemical sensing applications [77]. b) The normalized curve of the resonant 

wavelength shifts which is changed by the refractive index variation in the range of 1.33-1.55. 

[78]. 

 

4. Conclusion 

In this chapter, a variety of optical-sensing mechanisms were described, including 

optical absorption, fluorescence, Raman scattering, detecting of refractive index changes and 

The Sagnac effect. In the purpose to transform optical variable induced by such optical-

sensing mechanism into an analytically useful signal, several integrated photonic sensors 

configurations have been described suitable for different applications, such as integrated 

optical interferometers, microring resonators, Bragg grating resonators, directional couplers 

and photonic crystals optical sensors. 
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1. Introduction  

The term photonics reflects the growing bind between optics and electronics. If 

electronics can be considered as the discipline that describes the flow of electrons, photonics 

deals with the control of photons. The term photonics also reflects the importance of the 

photon nature of light in describing the operation of many optical devices. Furthermore, 

integrated photonics refers to the fabrication and integration of several photonic components 

on a common planar substrate. These components include optical elements, sources and 

detectors. In turn, these can then be used as building blocks to fabricate more complex planar 

devices, which can perform a wide range of functions with applications in optical 

communication systems, optical signal processing and sensors [1]. The main goal pursued by 

integrated photonics is therefore the miniaturisation of optical systems; this is possible thanks 

to the small wavelength of the light, which permits the fabrication of circuits and compact 

photonic devices with sizes of the order of microns. The integration of multiple functions 

within a planar optical structure can be achieved by means of planar lithographic production 

used in microelectronics. Optical waveguides are the key elements of integrated photonic 

devices that perform not only guiding, but also coupling, switching, splitting, multiplexing 

and demultiplexing of optical signals.  

In this chapter, firstly, slab optical waveguides will be studied with two approaches. The 

optical ray approach, witch allow us to determine the dispersion equation of the guided 

modes, and the Maxwell‘s equations approach, to determine wave equations and their 

solutions, as well as, the solutions of electromagnetic field. In addition, the influence of the 

physical and geometric parameters and the wavelength of the source on the propagation 

constants and the cutoff frequencies will be studied. Secondly, the effective index method 

(EIM) will be used for calculating the modal fields and the propagation constant in channel 

waveguides.  

2. Photonic components characteristics 

Systems based on integrated photonic technology have the following interesting 

characteristics [1]: 

 Integrated photonic devices based on integrated optical circuits take advantage of the 

relatively short wavelength of the light in this range (0.5–2 μm), which allows the 

fabrication of miniature components using channel waveguides the size of microns. 
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 The technology required to fabricate planar optical circuit components of microns 

dimensions is therefore common in the well-established Micro-electronic technology, 

using the tools and techniques of the semiconductor industry. This technology makes 

mass production and reduces the quantity of material necessary to fabricate the 

photonic devices. Furthermore, this technology possesses important advantages in 

terms of choice of materials, design, fabrication and performance characteristics. 

 The basic idea behind the use of photons rather than electrons to create integrated 

photonic circuits is the high frequency of light (200 THz), which allows a very large 

bandwidth for transporting and managing a huge amount of information. 

 Because optical circuits and components are integrated in a single substrate, the 

alignment problem is avoided and the stability is assured.  

 The key elements in an integrated optical device are monomode channel waveguides 

where the optical radiation propagates in a single mode, with width and depth 

typically of the order of microns; witch means weak dispersion and attenuation. 

Further, it is easier to control the optical radiation flux through the electro-optic, 

acousto-optic, thermo-optic or magneto-optic effects, or even by the light itself via 

non-linear interactions. 

 The optical power density in a monomode channel waveguide is very high, due to the 

small cross-sectional area of the guide. This is of special relevance in the performance 

of devices requiring high radiation intensity, such as frequency converters or even 

optical amplifiers and lasers. 

 Since the field distributions of surface acoustic waves (SAW) are located within a 

distance of a few wavelengths beneath the substrate surface (tens of microns), the 

SAW and the optical waveguide modes overlap strongly, giving rise to efficient 

acousto-optic interactions. 

 For devices based on light control via the electro-optic effect, the short width of the 

channel waveguides allows one to drastically reduce the distance between the control 

electrodes. This implies that the voltage required to obtain certain electric field 

amplitude can be considerably reduced. Furthermore, the small size of the control 

electrodes implies low capacitance, and this allows for a faster switching speed and 

higher modulation bandwidth. 
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3. Basic integrated photonic components  

All the optical components in integrated photonics are constructed with three building 

blocks. They are the straight waveguide, the bend waveguide and the power splitter. The 

optical elements that can be found in an optical chip can be classified according to their 

function as passive, active and non-linear.  Passive optical elements have fixed input/output 

characteristics, which are determined when the photonic component is fabricated. Examples 

of these components are the straight and bend waveguides, the power splitter, waveguide 

reflector, directional coupler and polarizer [1, 2]. Active optical elements are photonic 

components which are driven by externally applied fields. Examples of this class are electro-

optic TE/TM converter, frequency converter, intensity modulator, the phase modulator, 

integrated optical amplifier and the integrated laser. Finally, integrated optical non-linear 

devices make use of the non-linearity of certain materials to make frequency doubling or 

optical parametric oscillation [1].   

 

4. Optical waveguides classification  

An optical waveguide is a light conduit of dielectric material embedded in another 

dielectric material of lower refractive index. The light is transported through the inner 

medium by multiple total internal reflections at the boundaries without radiating into the 

surrounding medium. Optical waveguides can be classified according to their geometry, mode 

profile, refractive index distribution and the number of dimensions where the light is 

confined. Generally, dielectric waveguides are determined by the transverse profile of its 

dielectric constant εr(x, y), which is independent on the longitudinal direction. In addition, 

optical waveguides can be classified based on mode structure as single mode and multiple 

modes. Optical waveguides can be classified based on the number of dimensions where the 

light rays are confined. The confinement of light takes place in a single direction (planar 

waveguides),   in two directions (cannel waveguides) and in three directions (photonic 

crystals).According to their geometry, the optical waveguides can be categorized by three 

basic structures: planar or slab waveguide, cylindrical channel or fiber and rectangular 

channel (strip, rib, strip-loaded waveguide, Embedded-strip waveguide, Buried channel 

waveguide, Slot waveguide and arrow waveguide) [2, 3], figure 1. 
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Figure 1: various waveguide geometries. The darker the shading, the higher the refractive 

index [2, 3]  

 

5. Materials for integrated optical waveguides 

The most advanced technology for fabricating waveguides is Ti:LiNbO3 . An 

embedded- strip waveguide is fabricated by diffusing titanium into a lithium niobate substrate 

to increase its refractive index in the region of the strip. GaAs strip waveguides are made by 

using layers of GaAs and AlGaAs of lower refractive index. Another semiconductor material 

that has recently gained importance in waveguides is InP. Glass waveguides are made by ion 

exchange. Polymer waveguides are also emerging as a viable technology. Waveguides can 

also be fabricated using silicon-on-insulator (Si-Si0 2 or SOl), and silicon and oxide etching 

tools, which are standards in the industry. This technology is also called silica-on-silicon. 

Since the refractive index of silica is ~ 3.5 and that of silica is less than 1.5, this combination 

of materials exhibits a large index-of-refraction difference Δn. Silicon processing and 

fabrication has been well developed by the microelectronics industry, and compatibility with 

CMOS fabrication technology is an important advantage [2]. 

6. Modeling of integrated optical waveguides  

Generally, optical waveguides can be analyzed by solving Maxwell‘s equations or their 

reduced wave equation, with appropriate boundary conditions determined by their geometry 

and the materials properties. The main issue is to analyze the supported modes of the 

waveguide, which is an Eigen value problem. Analytical solutions of waveguides modes are 

only available in few simple cases such as slab waveguide which is invariant along the 
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waveguide axis. The most practical waveguides have usually complex geometries with non-

uniform structure in the direction of wave propagation. Other examples are the waveguides 

with structures composed of nonlinear, anisotropic, or metamaterials. In these cases, 

numerical methods are needed for computing complex modes and to simulate the light wave 

propagation. 

6.1. Guided modes in step-index planar waveguides 

6.1.1. Ray approach 

Consider the case of the guided mode propagating along an optical waveguide via 

series of total internal reflections at the core–substrate and core–cladding interfaces, as shown 

in Figure 2. The critical angle at the core–substrate interface is θc1 and that at the core–

cladding interface is θc2. Then, the angle θ must be greater than the critical angles at both 

interfaces (θ>θc1, θc2) to have total internal reflection. In this case, light is confined in the 

waveguide corresponding to a guided mode which propagates along the waveguide in a 

zigzag path. Rays making larger angles refract, losing a portion of their power at each 

reflection, and eventually vanish. 

The condition for a guided mode is established on the basis of constructive interference, 

which implies that the total transversal phase shift in a complete round trip should be an 

integral number of 2π. Only a discrete number of angles fulfil that condition, and these will 

correspond to the propagation angles of guided modes. The phase shift encountered by the 

original wave in traveling from A to D must be equal to, or differ by an integer multiple of 2π, 

from that encountered when the wave reflects, travels from P to Q, and reflects once more. An 

additional phase shifts 𝝋R1and 𝝋R2 are associated with the internal reflections in the lower and 

upper interfaces. These phase shifts depend on the angle θ and on the polarization of the 

propagated wave. 

 

Figure 2: total reflection in the interfaces of an asymmetrical waveguide. 
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The difference in phase shifts for the two waves is described by [4]: 
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Where: zfnN cos                                                                                                  

fn , cn  and sn are the core, cover and substrate indices, respectively.                                                  

We replace (2) and (3) in (1) by taking in consideration ig , we get: 
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For TE modes. 
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For TM modes. 

The dispersion equations describe discrete values of the effective refractive index N for 

guided modes corresponding to the mode number m, where the guided mode with m = 0 is 

called the fundamental mode while those with m ≠ 0 are called higher-order modes. The 

number of modes that can be supported by a slab waveguide depends on the thickness of the 

core, refractive indices and the wavelength of the source. Each mode has its cutoff frequency 

fc below which waveguiding cannot occur. 
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Cut-off frequencies for TE modes 
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Cut-off frequencies for TM modes                   

                          
 22

22

22

2

2

4

arctan

sf

sf

cs

c

f

m

nn

m
nn

nn

n

n
c

f










































                                                  (7)                                       

Where 
cs nn   

The optic-ray approach cannot be used to determine the guided mode electric field 

distribution, and hence, it is necessary to consider the Maxwell‘s equations approach. 

6.1.2. Maxwell’s equations approach 

The study of photonic waveguides by the electromagnetic approach allows us to find the 

distribution of the E and M fields in each region of the waveguide, in addition to the 

information concerning the number of propagated modes, the cutoff frequency and the 

propagation constant of each mode.  

We consider a slab waveguide constituted by three layers uniaxial crystals as presented in 

Figure 3. The core permittivity tensor is   ̿ with its optic axis in the direction of propagation z. 

The permittivity tensors of the media above and below the film guide are   ̿  and   ̿ 

respectively. We consider that the materials of the three layers are lossless and non-magnetic. 

 

Figure 3: uniaxial anisotropic slab waveguide based sensor 

Maxwell’s equations can be written as follows: 
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Notice that   and   are the dielectric constant and the magnetic permeability of vacuum, i=c, 

f, s (cover, film, substrate). 

We consider only time harmonic waves propagating in the z-direction with a propagation 

constant β, then: 

)().( ztjexEE  


                                                           (10) 

)().( ztjexH  


                                                          (11) 

By using Cartesian coordinate system (x,y,z), equations (9) and (9) become: 
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We simplify the description of the slab wave guide by assuming that there is no variation of 

the field in the y-direction.  
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The set of six equations become: 
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6.1.2. 1.TE modes 

In this case, electric field has only one component according the y axis, whereas, 

magnetic field component is zero according this axis.  
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6.1.2.1.1. Wave equation of TE modes 

We replace the simplifications above in the set of six equations above, we get: 
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From equations of (16) and (17) we can obtain the magnetic field components in terms of the 

   component: 
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Substituting    and 
   

  
 into equation (18) we obtain the wave equations in each region: 
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                        (21) 

Where:   
                                                  

Equation (21) is the wave equation of TE modes in each region (cover, film and substrate). 

6.1.2.1.2. Solutions of the wave equations in the three regions for TE modes 

Guided TE modes have exponentially decreasing behavior in the cover and substrate, 

and a sinusoidal behaviorin the film region. Then, solutions of the electric field in the three 

regions can be expressed as: 

   {
                             

                              
                                   

                     (22) 

Solutions of the above wave equations must satisfy boundary conditions at the two dielectric 

interfaces, x=0 and x=-d. This requires that the tangential electric and magnetic fields (Ey and 

HZ) be continuous at the dielectric discontinuities. 

At x=0: 

,
   ( )     ( )

   ( )     ( )
                                                             (23) 

At x=-d: 

,
   (  )     (  )

   (  )     (  )
                                                       (24) 

This conditions giving place to four equations linear and homogenous that relate the constant 

parameters A, B, C and D and the propagation constant β: 

{
 

 
           

                    

                                     
        

           
                         

  (25) 

To have no trivial solutions of this set of equations, the determinant should be zero. After 

cumbersome calculation, the characteristic equation for TE modes is obtained: 
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)            (26) 

Where:   
 

  
 is the effective refractive index of TE modes. 

6.1.2.1.3. Field Distribution in each region for TE modes 

By using the boundary conditions, we can determine the components of EM field    , 

    and    in each region function of A as follow: 
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Figure 4: TE0 magnetic field components (Ey) in three regions (cover, film and substrate) of 

slab waveguide (ns= nc =1.60, d=50 nm, LiNbO3 as guiding film). 

-10 -5 0 5

x 10
-7

0

0.5

1

1.5

2

2.5

3

3.5

4

x (m)

E
le

c
tr

ic
 f

ie
ld

 E
y

Eyc

Eyf

Eys



Chapter3                                                                                    Photonic Waveguides Modeling 

 

 95 

Figure 4 represent the dominant component    in each region of the slab waveguide, where 

we are considered that the cover and the substrate are isotropic. Red and black curves 

represent evanescent fields in the cover and substrate region, successively. However, blue 

curve represent electric field component in the core.  

6.1.2.2. TM modes 

In this case, magnetic field has only one component according the y axis, whereas, 

electric field component is zero according this axis.  

{
        

   

  
 

   

  
  

     
   

  
 

   

  
  

                                      (30) 

6.1.2.2.1. Wave equation for TM modes 

The same steps from TE modes are followed. We get: 

                                                                           (31) 

   

  
                                                                          (32) 

      
   

  
                                                         (33) 

From equations (31) and (32) we can obtain the electric field components in terms of the    

component: 

 

     
                                                                          (34) 

  

      

   

  
                                                                      (35) 

Substituting    and 
   

  
 into equation (33) we obtain the wave equations of TM modes in each 

region: 

{
 
 

 
 

    

   
 (  

          

  
)            

    

   
 (     

  
   

    )            

    

   
 (     

  
   

    )                

                         (36) 

Equation (36) is the wave equation of TM modes in each region (cover, film and substrate). 
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6.1.2.2.2. Solutions of the wave equations in the three regions for TM modes 

In a similar way seen for TE modes, guided TM modes have exponentially decreasing 

behavior in the cover and substrate, and a sinusoidal behaviorin the film region. Then, 

solutions of the electric field in the three regions can be expressed as: 

   {
     

                         

     
         

                  

     
                               

                             (37) 

Where  

  
  √  

          

  
                                                       (38) 

  
  √     

  
   

                                                            (39) 

  
  √     

  
   

                                                            (40) 

 

Solutions of the above wave equations must satisfy boundary conditions at the two dielectric 

interfaces, x=0 and x=-d. This requires that the tangential electric and magnetic fields (Hy and 

EZ ) be continuous at the dielectric discontinuities. 

At x=0: 

,
   ( )     ( )

   ( )     ( )
                                                            (41) 

At x=-d: 

,
   (  )     (  )

   (  )     (  )
                                                      (42) 

This conditions giving place to four equations linear and homogenous that relate the constant 

parameters A, B, C and D and the propagation constant β. 

To have no trivial solutions of this set of equations, the determinant should be zero. After 

cumbersome calculation; the characteristic equation for TM modes is obtained: 
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Where:   
 

  
 is the effective refractive index of TM modes. 

6.1.2.2.3. Field Distribution of TM modes in each region 

By using the boundary conditions, we can determine constants and different 

components of EM field as follow: 
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  and    can be determined from (10) and (11) respectively. 
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            (46) 

Where the dielectric constant εi differs from region to region, it is equal to    in the cover 

region and to    in the substrate region and    in the film guide. 

 

Figure 5: TM0 magnetic field components (Hy) in three regions (cover, film and substrate) of 

slab waveguide (ns= nc =1.60, d=50 nm, LiNbO3 as guiding film). 
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Figure 5 represent the magnetic field component    in each region of the slab 

waveguide, where we are considered that the cover and the substrate are isotropic. Red and 

black curves represent evanescent fields in the cover and substrate region, successively. 

However, blue curve represent magnetic field component in the core.  

6.1.2.3. Solutions of the characteristic equations for both TE and TM modes 

The characteristic equations link the propagation constants of modes with the different 

parameters of the waveguide. We developed a program in Matlab, based on the bisection 

method, which allowed us to calculate the propagation constants of both TE and TM modes 

(fundamental modes and higher order modes) as a function of the frequency, of the 

wavelength and the thickness of the waveguiding film. The developed program also allowed 

us to see the influence of the physical and geometrical parameters and the wavelength of 

source on the propagation constants and the cutoff frequencies of the propagated modes.  

The slab waveguide consists essentially of a core of LiNbO3 on a glass substrate; the 

wavelength of the source is 650 nm. 

Figure 6 represents effective indices (propagation constants) versus frequency of TE0, 

TE1, TM0 and TM1 modes. The figure shows that, the effective indices of TE modes are 

greater than those of TM modes. Whereas, cut off frequencies of the latter, are greater than 

those of TE modes. On the other hand, the effective indices of fundamental modes are greater 

than those of higher order modes. Whereas, cut off frequencies of the latter, are greater than 

those of fundamental ones. If the slab waveguide is symmetric, we note that TE and TM have 

the same cut off frequencies, figure 7.   
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Figure 6: effective index versus frequency of TE and TM modes in asymmetric slab 

waveguide for (ns=1.80, nc =1.628, d=100 nm, LiNbO3 as guiding film). 

 

Figure 7: effective index versus frequency of TE and TM modes in symmetric slab 

waveguide for (ns=1.80, nc =1.628, d=100 nm, LiNbO3 as guiding film). 
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in the propagation constants of the modes as well as a decrease in their cut-off frequencies, 

especially for higher order modes. As a conclusion, the thickness of the core plays an 

important role in the choice of the frequency ranges of the propagated modes. 

 

Figure 8: effective index versus frequency of TE0 modes in slab waveguide for different core 

thicknesses, (ns=1.80, nc =1.628, LiNbO3 as guiding film). 

 

Figure 9: effective index versus frequency of TM modes in slab waveguide for different core 

thicknesses, (ns=1.80, nc =1.48, LiNbO3 as guiding film). 
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modes as well as an increase in their cut-off thicknesses, especially for de modes of higher 

orders.   

 

Figure 10: effective index versus core thickness of TE modes in slab waveguide for different 

wavelength source, (ns=1.80, np =1.628, d=100 nm, LiNbO3 as guiding film). 

 

Figure 11: effective index versus core thickness of TM modes in slab waveguide for different 

wavelength source, (ns=1.80, np =1.628, d=100 nm, LiNbO3 as guiding film). 
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in cut-off frequencies of modes and neglected increase in their propagation constants, figure 

12. 

 

Figure 12: effective index versus frequency of TE0 modes in slab waveguide for different 

cover indices, (ns=1.80, d =100 nm, LiNbO3 as guiding film). 

 

Figure 13: effective index versus frequency of TM modes in slab waveguide for different 

cover indices, (ns=1.80, d=100 nm, LiNbO3 as guiding film). 
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modes and their propagation constants near to the cut-off frequencies, in both TE and TM 

cases, figure (14, 15).   

 

Figure 14: effective index versus frequency of TE0 modes in slab waveguide for different 

substrate indices, (np=1.48, d =100 nm, LiNbO3 as guiding film). 

 

Figure 15: effective index versus frequency of TM modes in slab waveguide for different 

substrate indices, (nc=1.48, d=100 nm, LiNbO3 as guiding film). 
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constants and a decrease in the cut off frequencies. Notice that, higher order modes are more 

sensitive to the core refractive index changes.     

 

Figure 16: effective index versus frequency of TE modes in slab waveguide for different core 

indices, (nc=1.48, ns=1.60, d=100 nm). 

 

Figure 17: effective index versus frequency of TM modes in slab waveguide for different 

core indices, (nc=1.59, ns=1.60, d=100 nm). 
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pure TE or TM modes, but instead there are two families of hybridtransversal electromagnetic 

modes (TEM). Fortunately, the TEM modes that propagatein channel waveguides are strongly 

polarised along the x or y direction (z being thedirection of propagation of light), and therefore 

a classification can be made accordingto the major component of the electric field associated 

with the electromagnetic radiation. Optical modes having the main electric field component 

along the x-axis are called    
 

 modes, and behave very similarly to the TM modes in a planar 

waveguide.For this reason, they are known as quasi-TM modes. The subscripts p and q denote 

the number of nodes of the electric field Ex in the x and y direction, respectively. Accordingly, 

the    
 

 modes have Ey as the major component of the electric field, andare closely related to 

the TE modes in a planar waveguide, and can be considered as quasi-TE modes [1]. 

6.2.1. The effective index method 

The effective index method (EIM) is an approximate analysis for calculating the 

modal fields and the propagation constant in channel waveguides having arbitrary geometry 

and index profiles. In this method, the propagation constant of the TMm-1 or TEn-1, (according 

to    
  or    

 
), mode in the slab of thickness a is first calculated and used to define an 

effective index neff, which forms the refractive index of the second slab of thickness b. The 

propagation constant of the TEn-1 (TMm-1) mode in the second slab then represents the 

propagation constant of the    
  (   

 
) mode in the channel waveguide [5].  

The EIM treats the channel waveguide as the superimposition of two 1D waveguides: 

planar waveguide I confines the light in the x direction, while planar waveguide II traps the 

light in the y direction [1], (Figure 18). The depth and width of the core waveguide are a and b 

respectively. The waveguide core with refractive index nf  is embedded in a substrate of 

refractive index of ns being the upper part delimited by the cover with refractive index nc. 
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Figure 18: Scheme of the effective index method for solving the propagation constant of a 

step-index channel waveguide. Starting from a 2D waveguide, the problem is split into two 

step-index planar waveguides [1]. 

6.2.1. 1.    
 

 Modes 

For propagating modes polarised mainly along the x direction    
  (m and n are 

integers), the field components are Ex, Ey, Hy, Hz and Ez, where the major field components 

are Ex, Hy (Hx=0). According to the Maxwell equations, the electromagnetic field 

representation and the wave equation are obtained as: 
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                                                 (47) 

A complete solution for the electromagnetic optical fields can be established once the solution 

for Hy is known. 

    

    
    

    (    
    )                                           (48) 
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In the EIM, we first express the solution of the wave Eq. (48) for the    
  mode, by using the 

separation of variables, as: 

  (   )   ( ) ( )                                                       (49) 

Substituting Eq. (49) into Eq. (48) and after taking in account the approximation used by the 

effective index method, which consists of assuming that the function Y(x, y) has a slowly 

variation respect to the y coordinate [6], we obtain a system of two differential equations:  

   

    (  
      

   ( )
 )                                      (50) 

   

    (  
   ( )

    )                                          (51) 

6.2.1.1.1. Solution of the wave equation of    
 

 Modes 

The first step in the EIM procedure consists of solving the differential equation (50), 

using the y coordinate as a parameter. The eigenvalue solution of equation (50) gives an 

effective index profile N1(y), which depends explicitly on the y coordinate. Once the index 

distribution N1(y) has been obtained, we introduce this function in the second differential 

equation (51), thus performing the second step in the problem resolution. 

If one considers the propagation in the asymmetric step-index planar waveguide I in 

figure 18, which consists of a film of width a and refractive index nf, surrounded by a cover 

and a substrate, having refractive indices nc and ns respectively. One notices that the 

component of the field EM almost perpendicular to the plane of incidence is the most 

dominant component of the field H which is Hy. So this propagation is similar to the TM 

mode in this slab waveguide. The effective indices supported by this waveguide can be 

calculated by using one method solving step index planar structures. The wave equations in 

the three regions are: 

{
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 )           

                                  (52) 

The solution of (52) is the solution of an asymmetric step-index planar waveguide for TM 

mode, and this is given by [7]: 
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Where 
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 are continuous at the boundaries of core–cladding interfaces x=±a. 

after some calculation, we get: 
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From these two equations we deduce the characteristic equation of the asymmetric step-index 

planar waveguide for TM mode is given by: 
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Where 

        

Now the second step consists of considering a symmetric step-index planar waveguide 

(waveguide II) formed by a core film of thickness b, whose refractive index is the effective 

refractive index N1 calculated previously. The film is surrounded on both sides by a medium 

with refractive index equal to the substrate refractive index ns. If one considers the 

propagation in this slab waveguide, one notes that the component of the field EM almost 

perpendicular to the plane of incidence is the most dominant component of the field E which 

is Ex. therefore this propagation is similar to the mode TE. This new waveguide can easily be 

solved by conventional methods applied to planar structures. The effective refractive index N 

calculated by this planar waveguide corresponds to the modal effective index for the channel 

waveguide. 
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The wave equation (51) in the core and the substrate regions are given by:  

{

   

    (  
   ( )
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 )               

                                (59) 

The solution of (59) is the solution of a symmetric step-index planar waveguide for TE mode 

and this is given by: 
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Where 
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Where 

      

 ( ) and 
  ( )

  
 are continuous at the boundaries of core–cladding interfaces x=±b. after some 

calculation, we get: 
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From these two equations we deduce the characteristic equation of the symmetric step-index 

planar waveguide for TE mode as: 

    √  
            (√

     
 

  
    )                                        (64) 
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6.2.1. 1.2. Field distribution of     
  modes in each region 

Figure 19, which consist of a central homogeneous high index core surrounded by four 

homogeneous low index regions. The waveguide core, referred to region I in the figure 19, 

has a rectangular cross-section with dimensions a and b in the x and y directions respectively, 

and a refractive index n1. The central core is surrounded by homogeneous regions II, III, IV 

and V as indicated in Figure 19, which have refractive indices nc  and  ns respectively. 
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Figure 19: Three-dimensional rectangular waveguide. The dotted regions are not considered 

in this analysis [1]. 

 

The    components are obtained by multiplying (53) and (60) equations in each 

region as in [7]. The other components are obtained by replacing the derivatives 
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 in the formula  (47) in each region. After calculation, we get the complete field 

distribution of    
  modes as fallow: 
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Region II 
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6.2.1. 2.    
 

 Modes 

The solutions for quasi-TE modes (   
 

 polarised modes) are obtained in a similar 

manner to that carried out for quasi-TM modes. The field components are Ex, Ey, Hx, Hz and 

Ez, where the major field components are Ey, Hx (Hy=0). According to the Maxwell equations, 

the electromagnetic field representation and the wave equation are obtained as: 
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                                                  (71) 

A complete solution for the electromagnetic optical fields can be established once the solution 

for Hy is known. 

    

    
    

    (    
   ̅ )                                           (72) 

the solution of this wave equation by using the separation of variables, is: 

  (   )   ̅( ) ̅( )                                                                 (73) 

Where: 

   ̅

    (  
      

   ( )
 ) ̅                                              (74) 

   ̅

    (  
   ( )

   ̅ ) ̅                                                       (75) 

 

6.2.1. 2.1. Solution of the wave equation of    
 

 Modes 

For    
 

 modes, if one considers the propagation in the planar waveguide I, one 

notices that the component of the field EM almost perpendicular to the plane of incidence is 

the most dominant component of the field E which is Ey. So this propagation is similar to TE 

mode, solution of equation (74). If one considers the propagation in the plane guide of the 

thickness b, one notes that the component of the field EM almost perpendicular to the plane of 

incidence is the most dominant component of the field H which is Hx. so this propagation is 

similar to the TM mode, solution of equation (75). 
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The solutions of (74) are done as [7]: 
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Where 
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 ̅( ) and 
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 are continuous at the boundaries of core–cladding interfaces x=±a. we get: 
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From these two equations we deduce the characteristic equation of the asymmetric step-index 

planar waveguide for TE mode is given by: 
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Where 

        

The solution of (2) is the solution of a symmetric step-index planar waveguide for TM mode 

and this is given by: 
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Where 
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Where 
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 ̅     ̅ 

 ̅( ); 
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 are continuous at the boundaries of core–cladding interfaces x=±b. We get 

the following equations: 
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From these two equations we deduce the characteristic equation of the symmetric step-index 

planar waveguide for TM mode as fallow: 
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6.2.1. 2.2. Field distribution of    
 

 modes in each region 

We deduce    components by multiplying (76) and (82) equations in each region. The 

other components are obtained by replacing the derivatives 
   

  
, 

   

  
, 

    

    and 
    

    
 in the 

formula  (71) in each region. After calculation, we get the complete field distribution of    
 

 

modes as fallow: 
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Region II 
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Region V 

{
 
 
 
 

 
 
 
 

 
       (      ̅)   ( ̅    ̅)  ̅ (   )        

   
 ̅     

    
   

   (      ̅)   ( ̅    ̅)  ̅ (   )        

     (
   

 
 

 ̅ 
 

    
   

)    (      ̅)   ( ̅    ̅)  ̅ (   ) 

   
  ̅  

   
   

   (      ̅)   ( ̅    ̅)  ̅ (   )        

   
     

 
   (      ̅)   ( ̅    ̅)  ̅ (   )        

    

           (92) 

 

7. Conclusion 

In this chapter we have modeled slab and channel photonic waveguides.  Firstly, 

isotropic and anisotropic slab waveguides were studied with the optical ray approach and the 

Maxwell‘s equations approach, successively. The former approach allowed us to calculate the 

dispersion equations of the guided modes whereas, the latter approach, enabled us to 

determine the wave equations, their solutions and the characteristic equations, as well as, the 

solutions of electromagnetic field in each region of the waveguide. In addition, we have 

studied the influence of geometrical, wavelength source and physical parameters on the 

propagation constants and the cutoff frequencies of modes. The results showed that, the 

increase in the thickness of the core induces an increase in the propagation constants of the 

modes as well as a decrease in their cut-off frequencies, especially for of higher order modes. 

Further, the increase in the wavelength source motivates the decrease of the propagation 

constants of modes as well as the increase of their cut-off thicknesses, especially for de modes 

of higher orders.  Furthermore, changes of cover and substrate indices produce slight changes 

in the propagation constants of the modes and their cut-off frequencies. However, small 

changes in the core refractive index engender considerable changes in the propagation 

constants and cut-off frequencies of propagating modes.        

Finally, the effective index method (EIM) is described in detail and used to calculating the 

propagation constants of quasi-TE and quasi-TM modes as well as their field distribution in 

each region of the Embedded-strip waveguide.  
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1. Introduction 

 
A broad range of planar waveguide based optical sensors exploit evanescent wave 

effects in their operation. Due to the exponential decay of the evanescent field in the external 

medium, only changes occurring in close proximity to the surface will be sensed. This feature 

makes evanescent wave chemical sensors and biosensors particularly attractive for use with 

reduced sample volumes and consequently reduced auxiliary reagent volumes as well. 

Evanescent-wave biosensors enable monitoring of biomolecular interactions in real-time and 

can contribute to a more concrete disease diagnosis. With these types of sensors, it would be 

possible to, selectively, sense an almost limitless range of analytes just by selecting the 

appropriate biological receptor [1]. Currently, Plasmonic and silicon photonics based 

biosensors are among the most employed evanescent-wave biosensors for the analyses of NAs 

with potential applicability in clinical diagnosis [2, 3]. In addition, Lithium Niobate (LN) is 

widely used for integrated sensor applications due to its excellent optical, ferroelectrical, 

piezoelectrical, and thermoelectrical properties [4]. Sensitivity is the most important 

parameter of a planar optical sensor. Sensitivity enhancement of optical sensors based on 

evanescent wave interactions has attracted significant research interest. Therefore, a 

normalized analysis for the design of evanescent wave sensors was carried out, and the 

condition for the maximum achievable sensitivity was derived for both linear TE and TM 

waveguide sensors [5]. In addition to that, a new highly sensitive evanescent field sensor 

using silicon-on-insulator (SOI) photonic wire waveguides was demonstrated [6]. 

Furthermore, sensitivity analysis of the nonlinear asymmetric metal-clad planar waveguide-

based sensor was reported [7], it has been shown that the introduction of the nonlinear 

material in the cover media not only improves the sensitivity but also provides additional 

parameters to increase the sensitivity. Recently, binary and ternary photonic crystal with left-

handed material (LHM) layers and multi-layer slab waveguides comprising LHMs with 

different configurations, have been investigated as optical sensors. It has been found that the 

sensitivity of the proposed structures can be significantly improved by the optimization of 

physical and geometrical parameters of the LHM layers [8, 9, and 10]. 

In this chapter, after brief description of planar optical sensors principles, we have 

investigated sensitivity and evanescent field of a slab waveguide optical sensor constituted of 

Lithium Niobate as a guiding film, where the influence of different parameters of the 

waveguide on the sensor sensitivity have been studied. 
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2. Planar waveguide-Based Optical Sensors 

 
Figure 1 illustrates a typical planar optical sensor platform based on multimode slab 

waveguide configuration. Light is coupled into the waveguide and propagates along its length 

where it is then out coupled to an appropriate detector. When light undergoes total internal 

reflection at the interface between two dielectric materials, an evanescent field is generated. 

The basic IO sensor effect is caused by interaction of the evanescent wave of the guided mode 

with the sample. The evanescent field senses the changes in the refractive index distribution 

near the waveguide surface. Thus, changes in the effective refractive indices of the guided 

modes are induced. The effective refractive index changes (ΔN) can be induced by different 

effects, such as:(i) The formation of an adlayer of thickness  , transported from the bulk of 

the sample to the waveguide surface. (ii) Changes Δnc of the refractive index nc of the 

homogeneous (liquid) sample C covering the waveguide surface and (iii) the adsorption or 

desorption of molecules in pores of the wave guiding film F of refractive index nF. When all 

the effects are present, the resulting effective refractive index changes are as follows [11]: 

    (
  

   
)    (

  

   
)    (

  

   
)                                   (1) 

 

Where the last summand can be omitted for nonporous waveguides. 

 

 

 
Figure 1: Schematic illustration of the principle of total internal reflection, 

generating an evanescent wave at the point of reflection[12]. 
 

Exponentially decaying evanescent tail extends into both cover and substrate layers over a 

distance that is characterised by the penetration depth, dp, it is typically of the order of the 

wavelength of the propagating light [1, 13]:  
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Here, 𝝀0 is the wavelength of the interrogating light, n is the refractive index of the 

waveguide, θis the angle of incidence of the propagating light at the waveguide – cover layer 
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interface and θc is the critical angle defined by the refractive indices of the waveguide and 

cover layer. N is the effective refractive index of the core, and nc refractive index of the 

cladding region. It is clear from the equation that the penetration depth is tuneable and 

depends on the choice of incident angle, interrogating wavelength and the material refractive 

indices, which dictate the value of the critical angle, θc. Typical penetration depths range 

between 50 and 700 nm, depending mainly on the wavelength and on the contrast between the 

refractive indices of the core and the cladding. 

Both transverse electric (TE) and transverse magnetic (TM) polarized guided light can be 

used in the evanescent wave detection mechanism. However, TM modes usually have larger 

evanescent field, which means greater sensitivity than TE modes. 

 

2.1. Absorption-Based Optical Sensors 
 

A typical planar platform for absorption-based optical sensing is depicted in Figure 4, 

which consists of a planar waveguide on top of which a thin sensing layer has been deposited. 

Light propagates along the waveguide by total internal reflection. The sensing layer is doped 

with an analyte-sensitive dye whose absorption properties change upon exposure to the target 

analyte. The analyte diffuses into the sensing layer where it causes a change in the extinction 

coefficient, ε, of the layer. The evanescent field of the propagating light interrogates the 

sensing layer. Therefore, changes in the optical absorption of the layer result in a modulation 

of the detected light intensity, which is related to the analyte concentration, thereby providing 

the basis for the sensor. The output intensity can be written as [1]: 

       (        )                                                                        (3) 

Where Lint  is the interaction length of the waveguide and r is the ratio of the optical power 

present in the evanescent field to the total guided optical power. In this configuration, 

sensitivity is proportional to the product of rand Lint.  

 

Figure 2: A planar, evanescent-wave absorption-based sensor platform [1]. 
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2.2. Fluorescence-Based Optical Sensors 
 

The utilization of fluorescence dyes for analytical measurements enhances the 

sensitivity for the detection of the molecules of interest. Contrary to the label free refractive-

index sensors where the mass of the molecule of interest is crucial, the sensitivity of the 

evanescent field fluorescence depends, in addition to the number of capture sites and affinity 

constants, especially, on the fluorescence dye. The higher the molar extinction coefficient and 

the number of fluorescent reporter molecules, the more sensitive is the fluorescence detection 

system [4]. The platform consists of a multimode slab waveguide on the upper surface of 

which antibodies have been immobilized, Figure 5. These antibodies selectively bind the 

target analyte, which, in this case, is a specific antigen present in the sample solution that is 

passed over the platform using the required fluidics. A second solution containing 

fluorescently labelled antibodies similar to those bound to the surface of the waveguide is 

subsequently passed over the platform. These antibodies again bind selectively to the surface-

bound antigens. Light from a suitable source is coupled to the glass slide and propagates 

along its length by total internal reflection. The evanescent field of the light extends above the 

surface of the waveguide where it excites fluorescence from the bound, labelled antibodies. 

The fluorescence from the upper surface is imaged using a CCD camera and the recorded 

fluorescence is correlated to antigen concentration. The fluorescence could be also separated 

via the out coupling grating and detected by a photodiode. The tuneable nature of the 

evanescent field penetration depth is critical to the effective operation of this sensor as it 

facilitates surface-specific excitation of fluorescence. This means that only those fluorophores 

attached to the surface via the antibody-antigen-labelled antibody recognition event. Hence, 

those within the distance defined by the penetration depth of the evanescent field are excited, 

permitting discrimination between surface binding events and fluorescence from the bulk 

solution. 

 

 

Figure 3: A planar platform for evanescent-wave excitation of fluorescence [1].  
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2.3. Performance parameters of optical sensors 

 

Optical sensor performance is determined by a number of parameters [14] suchas 

sensitivity, limit of detection (LOD), limit of quantization (LOQ), response time, Resolution, 

dynamic range, specificity/selectivity and other parameters that are summarized as follows: 

Resolution: is the smallest change that can be observed in the output signal. It is a critical 

performance parameter for detecting analytes at low concentration or molecules at low weight 

and depends on transducer, read-out technique, overall noise level, and data processing. 

Limit of quantization (LOQ): An additive figure used to describe the smallest concentration 

of a measurand, if a numerical concentration is required, is the limit of quantitation, and is 

typically five times higher than the LOD. It is defined as the lowest concentration at which not 

only the analyte can be reliably detected, but also at which some predefined goals concerning 

measurement errors, i.e., bias and imprecision, are met.  

The dynamic range: is the range of the measured values detectable by the sensor. It is lower 

limited by the LOD and upper limited by the saturation of the sensing signal sensor or by the 

physical limitation such as sensor breakage or unpredictable changes of the sensitivity. A 

wide dynamic range is desired to detect a broad interval of the analyte concentration. 

Selectivity or Specificity: In addition to being able of producing an output signal related to 

the presence of an analyte, a sensor must also be able to distinguish between the analyte and 

any other substance. This capability is named selectivity or specificity, which is difficult to be 

measured due to the very large number of possible substances that do not generate an output 

signal. In fact, the sensor selectivity becomes particularly important when trying to detect an 

analyte at low concentration in an environment containing a high concentration of other 

materials, many of which cannot specifically bind to the sensor and therefore can produce an 

anomalous signal. Selectivity depends on the inherent binding capabilities of the bioreceptor. 

Thus, nonspecific binding of matrix molecules to the sensing layer leads to false positive 

signals causing an error in the measurement values. Many biosensors exploit complex, 

specific binding interactions provided by nature, such as antibody–antigen, nucleic acid 

hybridization, biotin–streptavidin, and enzyme–substrate interactions. Other substances such 

as aptamers have been artificially developed for the same purpose. 

The response time: is the time required by the transducer to convert a change at the 

transducer surface such as analyte binding into a variation of the output signal. 

Sample Volume: The sample volume is the least requested volume to make a consistent 

measurement. 
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The reproducibility: is the ability of the biosensor to reproduce output response when the 

same analyte concentration is applied in the same conditions. 

Stability: Often, a regeneration of the sensor surface is desirable so that several samples can 

be measured with the same sensor surface. Therefore, regeneration solutions for stringent 

washing of the surface are applied, for example solutions with low pH or a considerable 

amount of detergents. The comparability between the assays performed with the identical 

sensor surface requires a sufficient stability against these chemical conditions. 

Portability: refers to the possibility to easily carry the biosensors. It is important for real-time 

detection when time and location are critical aspects, such as in the case of difficult 

transportation of the sample to the laboratory.  

Sensor Sensitivity: Sensitivity is the change of the sensor output signal in response to unit 

change in a property of the sensor (e.g., the concentration of an analyte deposited on the 

sensor surface). It is a parameter that defines the ability of a sensor to transduce an input 

signal to an output one. It depends on the nature of the analyte and on the type of transducer. 

According to the different ways the target molecules interact with the sensors, two definitions 

for sensitivity are used in biochemical sensing applications. One is the bulk sensitivity, 

referring to the response of the sensor to a uniform change in the cladding, where the sensor 

surface is mostly not functionalized. The other one is the surface sensitivity, which assesses 

the sensor response to light–matter interactions at the adsorbed molecule layer on the sensor 

surface, where the adsorption is normally assisted by a receptor layer through the surface 

functionalization.  

 

3. Sensitivity study of a birefringence slab waveguide evanescent-wave sensor  

Many integrated sensor applications use crystalline film guides with anisotropic 

optical properties. The simplest types of anisotropic materials are the uniaxial anisotropic 

crystals known as birefringent materials. Lithium Niobate (LN) is a birefringent material 

widely used for integrated sensor applications due to its excellent optical, ferroelectrical, 

piezoelectrical, and thermoelectrical properties [4]. Especially after the fabrication of 

LiNbO3thin film crystals having an optical quality and electrooptical coefficients comparable 

to bulk crystals [15].Thing that allowed the production of a LiNbO3slab waveguide structure, 

where the coupling of TE and TM modes into such waveguide was observed [16]. 

In this part, we investigate mainly, the sensitivity and the evanescent fields of uniaxial 

anisotropic slab waveguide sensor. The core of the waveguide, media above and below the 
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guiding film, are constituted of uniaxial anisotropic crystals. Firstly, the expressions of the 

sensitivity will be derived from the characteristic equations of TE and TM modes calculated 

in the previous chapter, in the case where the material above the guide film is isotropic. 

Secondly, the influence of light source parameters, physical and geometrical parameters of the 

waveguide, on the sensor sensitivity and the evanescent fields, will be studied in detail for the 

two kinds of modes. Finally, the influence of E-field induced birefringence of the wave 

guiding film constituted by LiNbO3, on the sensor sensitivity, will be investigated for the two 

fundamentals modes.  

3.1. Theoretical modeling 

3.1.1 Characteristic equations calculation 

Planar optical waveguides are the basic element in building integrated optical sensors. 

In following, we consider a slab waveguide constituted by three layers uniaxial crystals as 

presented in Fig. 1.We consider that the materials of the three layers are lossless and non-

magnetic. The core permittivity tensor is  ̿withits optic axis in the direction of propagation z. 

The permittivity tensors of the media above and below the film guide are   ̿ and 

  ̿respectively, where 

  ̿  [

    
    
     

]    [

  
   

   
  

     
 

]                               (4) 

Notice that    is the dielectric constant of vacuum, i=c, f, s (cover, film, substrate),       

   ,    are, respectively, the ordinary and the extraordinary refractive indices of each layer. 

 

Figure 4: Uniaxial anisotropic slab waveguide based sensor 

Two waves are propagated separately in the core of such slab waveguide, the ordinary wave, 

considered as a TE wave and the extraordinary wave considered as a TM wave [17]. Using 
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Maxwell's equations, constitutive relations and boundary conditions, the characteristic 

equations of TE and TM waves are obtained (detailed calculation can be found in the previous 

chapter) as follows: 

For TE modes it‘s given by 
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For TM modes it is 
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Where:   is the effective refractive index, m is the mode order,   is the core thickness and 

  is the free-space wavenumber. 

3. 1.2. Sensitivity of uniaxial anisotropic planar waveguide sensor 

The sensitivity is defined as the rate of change of the modal effective refractive index 

relative to the cover refractive index,  (
   

  
)
  

, (we consider that the cover layer is 

isotropic, that‘s means:       . By differentiating the characteristics equations (5) and 

(6)with the last consideration, and after long algebra we found the sensor sensitivity or TE 

and TM modes, by taking into account the normalization as in [18]: 

For TE modes, the sensitivity is given by 
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In the same maner, the sensitivity for TM modes is given by 
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4. Influence of waveguide and source parameters on the sensor sensitivity and 

evanescent fields 

As we have seen previously, sensitivities expressions and evanescent field components 

are functions of the waveguide and the light source parameters. We developed a program in 

Matlab that allowed us to calculate the sensitivities of both TE and TM modes (fundamental 

modes and higher order modes) as a function of the frequency, of the wavelength and the 

thickness of the waveguiding film. The program calculates also, the electric and magnetic 

fields components in each region of the waveguide. The developed program allowed us to see 

the influence of physical, geometrical and the source parameters on the sensitivities of both 

TE and TM modes as well as their influence on the evanescent fields in the cover of 

waveguide especially. The slab waveguide consists essentially of a core of LiNbO3 on a glass 

substrate; the wavelength of the source is 650 nm. 

Figure 5 shows the sensitivity variation of both TE and TM modes, for an 

asymmetrical slab waveguide sensor as a function of frequency. The core of the waveguide 

sensor is LiNbO3 (nfx=2.2880, nfz=2.2030), the refractive index of the substrate is ns=1.80, 

whereas, the cover refractive index is nc=1.628. For the first look on the graph, it is clear that 

sensitivities of TM modes (red curves) are more important than those of TE modes (blue 

curves). Further, sensitivities of fundamental modes (TM0 and TE0) are greater than those of 

higher order modes. Furthermore, maximum sensitivities of all modes are situated near the cut 

off frequencies, where those of higher order modes are situated in higher frequencies, in 

comparison with those of fundamental modes. We note also that, maximum sensitivities of TE 

modes are shifted towards lower frequencies in comparison with maximum sensitivities of 
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TM modes. In the other hand, for a symmetrical slab waveguide sensor, we note that 

maximum sensitivities of TE and TM modes are equals and they are situated in the cut off 

frequencies, however, sensitivities decrease quickly in higher frequencies, especially for TE 

modes, figure 6.  A comparison of sensitivities of fundamental modes, for both symmetrical 

and asymmetrical slab waveguide sensors is represented in figure 7. It is clear that 

sensitivities of symmetrical slab waveguide sensor are more important than those of 

asymmetrical slab waveguide sensor. Furthermore, for TM0 mode, the sensitivity is maximal 

for wide band of frequency, in comparison with maximum sensitivities of TE0 mode. 

 

Figure 5: Sensitivities as a function of the frequency for the first three TE and TM modes of 

an asymmetric slab waveguide (nc=1.628, ns=1.80,d=100 nm and LiNbO3as guiding film). 
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Figure 6: Sensitivities as a function of the frequency for TE0and TM0 modes of a symmetric 

slab waveguide (nc=ns=1.60, d=100 nm and LiNbO3as guiding film. 

 

Figure 7: Sensitivities comparison as a function of the frequency for TE0and TM0modes of a 

symmetric and asymmetric slab waveguide (nc=ns=1.60, d=100 nm and LiNbO3as guiding 

film. 
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those of TE modes, for this reason, sensitivity of TM modes are always greater than that of 

TE modes.  The expressions of electric and magnetic fields components are presented in the 

previous chapter. The intensities of these evanescent fields are responsible of sensing 

biochemical substances in optical slab waveguide sensors.  We notice that all previous 

remarks are available in the rest of this chapter. 

 

Figure 8: evanescent field components in the cover versus x of TM0 mode, (ns=1.80, 

np=1.628, LiNbO3as guiding film, d=100 nm).Hy is very small in comparison with Ez and Ex. 

 

Figure 9: evanescent field components in the cover versus x of TE0 mode, (ns=1.80, 

np=1.628, LiNbO3as guiding film, d=100 nm).Hz and Hx are very small in comparison with 

Ey. 
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4.1.  Influence of the source parameters 

4.1.1. Influence of field amplitude 

Obviously, the greater the intensity of the evanescent field is, the more sensitive the 

sensor, both in TE and TM modes, will be. The expression of the sensitivity as a function of 

evanescent field intensity is defined as in [18]: 

 

    *√
    

   
   (√

   

    
 √

    

   
)+                                  (17) 

 
Where P=0 for TE polarization. However, P=1 for TM polarization, 

The intensity of the evanescent field can be represented by the confinement factor   , which is 

the ratio of the electric field intensity in the sensitive region or the sensitive layer to the entire 

mode distribution of the guiding mode [19], defined as: 

   
∬ | (   )|      

∬ | (   )|      

                                                                    (18) 

Where, the intensities of the electric and magnetic evanescent fields are function of their 

amplitudes.  

 

Figures 10 and 11 illustrate, respectively, the sensitivity as a function of the frequency 

for TE0 and TM0 modes for different fraction of modal power located in the cover. The two 

graphs show that, the sensitivity increase when the fraction of modal power located in the 

cover increase. However, for TE0, the sensitivity is maximal for the lower frequencies and it 

decreases for the higher frequencies. Whereas, for TM0, the sensitivity is minimal for the 

lower frequencies and it is maximal for the higher frequencies. The increase of the 

sensitivities by increasing the modal power located in the cover can be explained by the 

increasing of evanescent field amplitudes in such region, as it is illustrated in figures 12 and 

13.   
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Figure 10: Sensitivity as a function of the frequency for TE0modesfor different fraction of 

modal power located in the cover layer, (ns=1.80, np=1.628, d=100 nm, LiNbO3as guiding 

film). 

 

Figure 11: Sensitivity as a function of the frequency for TM0modesfor different fraction of 

modal power located in the cover layer, (ns=1.80, np=1.628, d=100 nm, LiNbO3as guiding 

film). 
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Figure 12: Evanescent field component Eyc in the cover versus x of TE0 mode for different 

amplitude of field, (ns=1.80, np=1.628,d=100 nm, LiNbO3as guiding film). 

 

Figure 13: Evanescent field components (Ex, Ez)in the cover versus x of TM0 mode for 

different amplitude of field, (ns=1.80, np=1.628,d=100 nm, LiNbO3as guiding film). 
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4.1.2. Influence of the source wavelength  

Sensitivity as a function of the frequency for TE0 and TM0 modes, are presented in 

figures 14 and 15, respectively, for different wavelength source. The curves show that, the 

sensitivity of the slab waveguide sensor increases by increasing the wavelength source, 

however, the curves shift towards higher core thicknesses. This implies that, for longer 

wavelength source, maximal sensitivity is obtainable for longer core thicknesses and vice 

versa. The increase of the sensitivity for longer wavelength source can be explained by the 

increase of the evanescent fields intensities caused by increasing of their amplitudes, as 

illustrated in figures 16 and 17. 

 

Figure 14: Sensitivity as a function of the frequency for TE0modesfor different wavelength 

source, (ns=1.80, np=1.628,d=100 nm, LiNbO3as guiding film). 
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Figure 15: Sensitivity as a function of the frequency for TM0modesfor different wavelength 

source, (ns=1.80, np=1.628,d=100 nm, LiNbO3as guiding film). 

 

 

Figure 16: Evanescent field components Eycin the cover versus x of TE0 mode for different 

source wavelengths, (ns=1.80, np=1.628,d=100 nm, LiNbO3as guiding film). 

0 0.2 0.4 0.6 0.8 1

x 10
-6

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

core thickness

S
e
n
s
it
iv

it
y

STM0, lambda=480 nm

STM0, lambda=615 nm

STM0, lambda=1.55 µm

0 0.5 1 1.5 2 2.5 3 3.5

x 10
-7

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x(m)

E
y
c
 

Eyc, lambda=480 nm

Eyc, lambda=615 nm

Eyc, lambda=1.55 µm



Chapter4                                                    Planar Optical Sensor and Evanescent Wave Effects                                                  

 

 136 

 

Figure 17: Evanescent field components (Ex, Ez) in the cover versus x of TM0 mode for 

different source wavelengths, (ns=1.80, np=1.628, d=100 nm, LiNbO3as guiding film). 
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Figure 18: Sensitivity as a function of the frequency for TE0modesfor different core 

thicknesses, (ns=1.80, np=1.628, LiNbO3as guiding film). 

 

Figure 19: Sensitivity as a function of the frequency for TM0modesfor different core 

thicknesses, (ns=1.80, np=1.628, LiNbO3as guiding film). 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
15

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Frequency (Hz)

S
e
n
s
it
iv

it
y

STE0, d=100 nm

STE0, d=150 nm

STE0, d=200 nm

0 0.5 1 1.5 2

x 10
15

0

0.05

0.1

0.15

0.2

0.25

Frequency (Hz)

S
e
n
s
it
iv

it
y

STM0, d=100 nm

STM0, d=150 nm

STM0, d=200 nm



Chapter4                                                    Planar Optical Sensor and Evanescent Wave Effects                                                  

 

 138 

 

Figure 20: Evanescent field component Eyc in the cover versus x of TE0 mode for different 

core thicknesses, (nc=1.628, ns =1.80, LiNbO3as guiding film). 

 

Figure 21: Evanescent field components in the cover versus x of TM0 mode for different core 

thicknesses, (nc=1.628, ns =1.80, LiNbO3as guiding film). 
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4.3. Influence of the physical parameters  

From expressions of sensitivities (4) and (5), we would know how physical parameters 

of the waveguide influence the sensitivity of the sensor. Physical parameters are refractive 

indices of the cover, the substrate and the core of the waveguide.   

4.3.1. Influence of the cover refractive index 

TE and TM modes sensitivities as a function of the frequency are presented in figures 22 

and 23, respectively, for different cover refractive index. Whereas, figure 24 and 25, illustrate 

the sensitivities of TE0 and TM0 modes as a function of the effective refractive index, for 

different cover refractive index. The graphs give us the values of maximal sensitivities and 

their corresponding frequencies as well as their corresponding effective refractive index. For 

TE0, maximal sensitivities are 0.11 and 0.225 corresponding to 1.48 and 1. 70 cover refractive 

index, respectively; while their corresponding frequencies are 3.0E14 Hz and 2.25E14 Hz; 

whereas their corresponding effective refractive index is 1.85. However, for TM0, maximal 

sensitivities are 0.175 and 0.29 corresponding to1.48 and 1.70 cover refractive index, 

respectively; while their corresponding frequencies are 6.E14 Hz and 4.45E14 Hz; whereas 

their corresponding effective refractive index is1.86. The curves show that, the sensitivity of 

the slab waveguide sensor increases by increasing the cover refractive index for both TE and 

TM modes.  In addition to that, the position of the maximal sensitivities exhibit small shifts 

toward lower values. As cover refractive index must be always less than substrate refractive 

index, we can conclude that, for both TE and TM modes, the sensitivity of the sensor increases 

by making the cover refractive index closer to that of the substrate. We can conclude that, 

changes of the cover refractive index, induces changes in the value of maximum sensitivity 

and changes in their corresponding frequencies.  
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Figure 22: Sensitivity as a function of the frequency for TE modes for different refractive 

index of the cover material nc, lines curves for TE0  modes and square markers linked lines 

curves for TE1 modes, (ns=1.80, d=100 nm, LiNbO3as guiding film). 

 

Figure 23: Sensitivity as a function of the frequency for TM modes for different refractive 

index of the cover materials nc, lines curves for TM0  modes and square markers linked lines 

curves for TM1 modes, (ns=1.80, d=100 nm, LiNbO3as guiding film). 
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Figure 24: Sensitivity as a function of the effective index for TE0 modes for different 

refractive index of the cover material nc, (ns=1.80, d=100 nm, LiNbO3as guiding film). 

 

Figure 25: Sensitivity as a function of the effective index for TM0 mode for different 

refractive index of the cover materials nc, (ns=1.80, d=100 nm, LiNbO3as guiding film). 
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by changes of core refractive index, figure 28. These small changes of the evanescent field 

components in the cover, near to the cut off frequencies, have neglected influence on the 

sensitivity of the slab waveguide sensor. 

 

Figure 26: Evanescent field components Eyc in the cover versus x of TE0 mode for different 

cover refractive indices, (ns=1.80, d=100 nm, LiNbO3as guiding film). loin de fc. 

 

Figure 27: Evanescent field components (Exc, Ezc) in the cover versus x of TM0 mode for 

different cover refractive indices, (nc=1.48, d=100 nm, LiNbO3as guiding film). 
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Figure 28: Effective index versus frequency of TE0 and TM0 modes in slab waveguide for 

different cover indices, (ns=1.80, d=100 nm, LiNbO3as guiding film). 
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refractive indices, figure 31, 32. We can conclude that, changes of substrate refractive index, 

induces changes in the value of maximum sensitivity and changes in its position.  

 

Figure 29: Sensitivity as a function of the frequency for TEmodes for different refractive 

index of the substrate materials ns, lines curves for TE0  modes and circle markers linked lines 

curves for TE1 modes, (nc=1.48, d=100 nm, LiNbO3as guiding film). 

 

Figure 30: Sensitivity as a function of the frequency for TM modes for different refractive 

index of the substrate materials ns, lines curves for TM0  modes and circle markers linked lines 

curves for TM1 modes, (nc=1.48, d=100 nm, LiNbO3as guiding film). 
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Figure 31: Sensitivity as a function of the effective index for TE0 mode for different 

refractive index of the substrate ns, (nc=1.48, d=100 nm, LiNbO3as guiding film). 

 

Figure 32: Sensitivity as a function of the effective index for TM0 mode for different 

refractive index of the substrate ns, (nc=1.48, d=100 nm, LiNbO3as guiding film). 
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addition, these small changes occur near the cut off frequencies of each mode. Far from these 

later, there are no changes of evanescent field components at all. The same thing for 

evanescent field components in the substrate, figures 35 and 36. There are small increases of 

Eys and small decreases of Exs, Ezs in the substrate resulting from increasing substrate 

refractive index. These small changes of the evanescent field components in the cover and in 

the substrate, near to the cut off frequencies, are caused by small changes of the effective 

refractive indices resulting from substrate refractive index changes, figure 37. Thus, changes 

of the evanescent field components in the cover have neglected influence on the sensitivity of 

the slab waveguide sensor, where there are important changes caused by changes of substrate 

refractive index, as we have seen in figures 31 and 32. 

 

Figure 33: Evanescent field components Eyc in the cover versus x of TE0 mode for different 

substrate refractive indices, (nc=1.48, d=100 nm, LiNbO3 as guiding film).  
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Figure 34: Evanescent field components (Ex, Ez) in the cover versus x of TM0 mode for 

different substrate refractive indices, (nc=1.48, d=100 nm, LiNbO3as guiding film).  

 

Figure 35: Evanescent field components Eys in the substrate versus x of TE0 mode for 

different substrate refractive indices, (nc=1.48, d=100 nm, LiNbO3 as guiding film).  
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Figure 36: Evanescent field components (Exs, Ezs) in the substrate versus x of TM0 mode for 

different substrate refractive indices, (nc=1.48, d=100 nm, LiNbO3as guiding film). 

 

Figure 37: Effective index versus frequency of TE0 and TM0 modes in slab waveguide for 

different substrate indices, (nc=1.48, d=100 nm, LiNbO3as guiding film). 
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4.3.3. Influence of the core refractive index 

Figures 38, 39, represent sensitivities as a function of the frequency of TE and TM 

modes, respectively, for different core refractive index. Whereas, figure 40 and 41, illustrate 

the sensitivities of TE0 and TM0 modes as a function of the effective refractive index, for 

different core refractive index. For TE0, maximal sensitivities are 0.125 and 0.24 

corresponding to 1.80 and 2.2880 core refractive index, respectively; while their 

corresponding frequencies are 6.6E14 Hz and 2.E14 Hz; whereas their corresponding 

effective refractive indices are 1.62 and 1.65 successively. However, for TM0, maximal 

sensitivities are 0.15 and 0.34 corresponding to, 1.80 and 2.2880 substrate refractive index, 

respectively; while their corresponding frequencies are 8.5E14 Hz and 5.0E14 Hz; whereas 

their corresponding effective refractive indices are 1.63 and 1.71 successively. The curves 

show that, the sensitivity of the slab waveguide sensor increases by increasing the core 

refractive index for both TE and TM modes.  In addition to that, the position of the maximal 

sensitivities exhibit shifts toward lower frequencies, figures 38, 39, and shifts toward higher 

values of effective refractive indices, figure 40, 41. Thus, as in the cases of cover and 

substrate refractive indices, changes of core refractive index, induces changes in the value of 

maximum sensitivity and changes in their corresponding frequency and effective refractive 

index.   

 

Figure 38: Sensitivity as a function of the frequency for TE modes for different refractive 

index of the cover materials nf, lines curves for TE0  modes and square markers linked lines 

curves for TE1 modes, (nc=1.48, d=100 nm, ns=1.60). 
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Figure 39: Sensitivity as a function of the frequency for TM modes for different refractive 

index of the cover materials nf, lines curves for TM0  modes and square markers linked lines 

curves for TM1 modes, (nc=1.48, d=100 nm, ns=1.60). 

 

Figure 40: Sensitivity as a function of the effective index for TE0 mode for different 

refractive index of the core nf, (nc=1.48, ns=1.60, d=100 nm,). 
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Figure 41: Sensitivity as a function of the effective index for TM0 mode for different 

refractive index of the core nf, (nc=1.48, ns=1.60, d=100 nm,). 
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Figure 42: Evanescent field component Eyc in the cover versus x of TE0 mode for different 

core refractive indices, (ns=1.60, nc=1.48, d=100 nm).Loin de fc. 

 

 

Figure 43: Evanescent field components (Exc, Ezc) in the cover versus x of TM0 mode for 

different core refractive indices, (ns=1.60, nc=1.48, d=100 nm). 
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Figure 44: effective index versus frequency of TE0 and TM0 modes in slab waveguide for 

different core indices, (nc=1.48, ns=1.60, d=100 nm). 

4.4.  Electric-field-induced birefringence of uniaxial crystals 

It is well known that electric fields can alter the refractive index of certain materials via 

the Pockels effect. When an electric field E is applied along (or opposite) the optic axis (c) of 

Trigonal 3m uniaxial Crystals (as LiNbO3), the crystal remains uniaxial with the same 

principal axes, but its refractive indices are modified. We distinguish two cases according to 

the direction of the applied electric field. If the electric field is applied along the optic axis 

(+c), then refractive indices are modified as [20]: 

  ( )      

 
  
                                                 (19) 

  ( )      

 
  
                                                 (20) 

However, if the electric field is applied opposite to the optic axis (-c) of such uniaxial 

crystal, its refractive indices are modified as 

  ( )      

 
  
                                                 (21) 

  ( )      

 
  
                                                 (22) 
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Where:   and    are the ordinary and extraordinary refractive indices of the uniaxial crystal 

without the application of electric field ,  ( )and   ( ) are respectively the modified 

ordinary and extraordinary refractive indices of the uniaxial crystal with the application of 

electric field,   and    are the linear electro-optic coefficients of the medium.  

For this trigonal 3m uniaxial Crystal (LiNbO3), the total birefringence as defined by [21] is 

given as: 

  ( )  |     ( )      ( )|                                       (23) 

For a positive applied electric field (according +c), the corresponding total birefringence is: 

  ( )  |       

 
 (   

       
    )|                            (24) 

We know that all Pockels media have     greater than    (       ). This means that total 

birefringence   ( )is a linear increasing function of  . 

For negative applied electric field (according -c), the corresponding total birefringence is 

  ( )  |       

 
 (  

      

 
  
    )|                       (25) 

While        This means that total birefringence   ( )is a linear decreasing function of  .  

Noting that, typical optical properties of LiNbO3are given in table.1 below: 

         (10
-12

 mV
-1

)    (10
-12

 mV
-1

) 

2.2880 2.2030 10 32.2 
 

Tab.1 Optical properties of LiNbO3 at 632.8 nm 

 

4.4.1. Influence of E-field induced birefringence on the sensor sensitivity 

As we have seen previously, the naturel anisotropy of LiNbO3birefringent material, 

changes with the application of an external electric field. Indeed, if the applied electric field is 

positive (according +c), the total birefringence is an increasing function of  (Eq.24). While, if 

the applied electric field is negative (according -c), the total birefringence is a decreasing 

function of   (Eq.25). To see the influence of birefringence variation on the sensor sensitivity 

for both positive and negative applied electric field, theoretically, we take arbitrary three 

values of   ( ) for each case; the values of   ( ) and    ( ) are deduced from their 
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corresponding equations. We have traced the sensitivities of the sensors as a function of 

frequency for the three values of   ( ).  

The slab waveguide sensor characteristics are (d =100nm, np=1.628, ns=1.72, LiNbO3as 

guiding film). 

Figure.45 and figure.46 present respectively, fundamental modes sensitivities as a 

function of the frequency for different values of total birefringence induced by different 

values of positive and negative electric field. The curves of sensitivities, for TE0 or TM0, 

show two different behaviors; the first behavior occurs before the frequencies 3.1e14 Hz and 

6.2e14 Hz for TE0 andTM0 modes successively, whereas, the second behavior occurs beyond 

these two frequencies. For positive applied E-field (Fig.45) and before the mentioned 

frequencies (in the left of vertical dashed lines), the increase the electric field induces an 

increase in the total anisotropy, which causes the decrease of the sensor sensitivity 

particularly around the maximum. However, for negative applied E-field (Fig.46), the 

increase of the absolute values of electric field induces a decrease in the total anisotropy, 

which causes an increase in the sensor sensitivity on the vicinity of the maximum. On the 

other hand, beyond the previous frequencies (in the right of vertical dashed lines), the increase 

of the electric field induces an increase in the sensor sensitivity (positive E-field case), while, 

the increase of absolute values of electric field induces a decrease in the sensor sensitivity 

(negative E-field case).Our interest focuses on the intervals where the sensitivities are 

maximal, which means, the near infrared domain for TE0 mode and the visible frequency 

domain for TM0 mode.  
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Fig. 45:TM0 and TE0 modes sensitivities as a function of the frequency for different value of 

increasing total birefringence Δn induced by different values of positive applied electric field, 

, blue curves for TM0  mode and red curves for TE0 mode. 

 

Figure 46: Sensitivities as a function of the frequency for different value of decreasing total 

birefringence Δn induced by different values of negative applied electric field, magenta 

curves for TM0  mode and black curves for TE0 mode. 
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Fig.47 and 48 present maximum fundamental modes sensitivities changes as a function 

of total birefringence Δn for positive and negative applied E-Field, respectively. The fig. 47 

shows the decreasing of maximum sensitivity according to the increasing of anisotropy. 

Whereas, fig. 48 shows the increasing of maximum sensitivity according to the decreasing of 

anisotropy. Further, the figures show well that the sensitivities of TM0 mode (blue and 

magenta lines), are greater than those of TE0 mode (red and black lines). Moreover the 

sensitivities in the case of negative electric field are more important than those in the case of 

positive electric field. The difference between the two maximum sensitivities corresponding 

to the two extremes values of Δn are approximately 7.5e-3 and 9.0e-3 for TE0 and TM0 

modes, respectively, for both positive and negative applied electric field. Hence, the 

maximum sensitivity changes as a function of anisotropy for TM0 mode are greater than those 

of TE0 mode. 
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Figure 47: Maximum sensitivity variation as a function of total birefringence Δn for positive 

applied E-Field, red line for TE0 mode and blue line for TM0 mode. 
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Figure 48: Maximum sensitivity variation as a function of total birefringence Δn for negative 

applied E-Field, black line for TE0 mode and magenta line for TM0 mode. 

Figure 49 and 50 represent TE0 and TM0 effective refractive index changes as a 

function of the frequency for different value of increasing and decreasing total birefringence 

Δn, induced by different values of positive and negative applied electric field, respectively. 

Figure 49 shows that, the increase of the birefringence induces a decrease in the effective 

refractive index of both TE0 and TM0 modes. While, Figure 50 shows that, the decreasing of 

the birefringence induces an increase in the effective refractive index of both TE0 and TM0 

modes.  

From the curves of effective refractive index (figure 49, 50) and the curves of the 

sensitivities (figure 45, 46), we can beforehand, conclude that the evanescent fields changes 

induced by the birefringence have no or neglected influence on the sensitivity changes 

induced by this birefringence. This conclusion is explained as follow: for the reason that, 

evanescent field components are functions of effective refractive index, in the other hand, for 

the frequencies where the sensitivity changes are maximal (vertical dashed line in figures 49, 

50), we show that the effective refractive index changes are minimal, hence, evanescent fields 

changes will be minimal. Thus, sensitivity changes are due to the birefringence itself. 
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Figure 49: Effective refractive index as a function of the frequency for different value of 

increasing total birefringence Δn induced by different values of positive applied electric field, 

blue curves for TM0  mode and red curves for TE0 mode. 

 

Figure 50: Effective refractive index as a function of the frequency for different value of 

decreasing total birefringence Δn induced by different values of negative applied electric 

field, magenta curves for TM0  mode and black curves for TE0 mode. 
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5. Conclusion 

In this chapter, we have studied the sensitivity and the evanescent field of a slab 

waveguide sensor based on evanescent wave interactions constituted by uniaxial birefringent 

materials. We have calculated the sensor sensitivity formulas for the two kinds of modes 

propagating simultaneously in its waveguide. Then, we have studied the influence of the 

source, geometrical and physical parameters of the planar waveguide on the sensor sensitivity 

and the evanescent field. The results show that, in all cases, the maximal sensitivities of TM 

modes and their corresponding frequencies are greater than those of TE modes. In addition, 

the increase of the amplitude and wavelength light source, induce the increase of both the 

maximal sensitivity and the evanescent field in the cover. Further, the increase of the core 

thickness induces the decrease of the sensitivity of the sensor, in the reason of the decrease of 

the evanescent field in the cover. Furthermore, we have found that, the increase of the cover 

and the core indices induces the increase of the sensor sensitivity. On the contrary, the 

increase of the substrate index induces the decrease of the sensor sensitivity. Is worth to note 

that, changes of physical parameters of the waveguide sensor have no or neglected influence 

on the evanescent fields in the cover.  

On the other hand, we have studied the influence of E-field induced birefringence of the 

wave guiding film (LiNbO3), on the sensitivity of the studied sensor for TE0 and TM0 modes. 

In our study we have distinguished between two different cases.  The first case when the 

electric field is applied along the optic axis (+c) of the LiNbO3 wave guiding film (positive 

electric field); the second case when the electric field is applied opposite to the optic axis (-c) 

of such uniaxial crystal (negative electric field).The obtained results showed that, for positive 

electric field, the increase of electric field induces an increasing of the total anisotropy which 

causes a decreasing on the sensor sensitivity particularly around the maximum. However, for 

negative electric field, the increase of absolute values of negative electric field induces the 

decrease of the total anisotropy which causes an increasing on the sensor sensitivity on the 

vicinity of the maximum. 
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General conclusion 

During this thesis we modeled two kinds of optical waveguides, including, slab and 

embedded-strip waveguides. The modeling of the slab waveguide, allowed us the modeling 

and simulation of a slab optical sensor constituted by three layers of uniaxial crystals, as well 

as the investigation of the sensor parameters influencing its sensitivity and evanescent field.  

In the first chapter we have presented mainly, different photonic sensor components, 

including, light sources,   photodetectors and photonic waveguides transducers. Hence, 

different kinds of light sources and their characteristics are described including, continuous 

light sources, pseudo monochromatic and monochromatic light sources. Moreover, 

parameters of diverse photodetectors are introduced comprising, photomultiplier tube, 

quantum photodetectors and imaging detectors. In the other hand, types of optical waveguides 

widely used in photonic sensors are designated as well as their sensing principles, containing, 

strip waveguide, rib waveguide, slot waveguide and photonic crystal. In addition to that, 

methods of coupling light into the waveguides are specified, consisting of end-firing coupling, 

taper coupling, prism, coupling, grating coupling and directional coupling. 

In the second chapter, a variety of optical-sensing mechanisms were described, 

including optical absorption, fluorescence, Raman scattering, detecting of refractive index 

changes and The Sagnac effect. Moreover, several integrated photonic sensors configurations 

have been presented suitable for different applications, such as integrated optical 

interferometers, microring resonators, Bragg grating resonators, directional couplers and 

photonic crystals optical sensors. 

In the third chapter, we have modeled slab and channel photonic waveguides.  Firstly, 

isotropic and anisotropic slab waveguides were studied with the optical ray approach and the 

Maxwell‘s equations approach, successively. The former approach allowed us to calculate the 

dispersion equations of the guided modes whereas, the latter approach, enabled us to 

determine the wave equations, their solutions and the characteristic equations, as well as, the 

solutions of electromagnetic field in each region of the waveguide. In addition, we have 

studied the influence of wavelength of source, geometrical and physical parameters on the 

propagating modes. The results showed that, the increase in the thickness of the core induces 

an increase in the propagation constants of the modes as well as a decrease in their cut-off 

frequencies, especially for of higher order modes. Further, the increase in the wavelength 

source motivates the decrease of the propagation constants of modes as well as the increase of 
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their cut-off thicknesses, especially for de modes of higher orders.  Furthermore, changes of 

cover and substrate indices produce slight changes in the propagation constants of the modes 

and their cut-off frequencies. However, small changes in the core refractive index engender 

considerable changes in the propagation constants and cut-off frequencies of propagating 

modes. Finally, the effective index method (EIM) is described in detail and used to 

calculating the propagation constants of quasi-TE and quasi-TM modes as well as their field 

distribution in each region of the Embedded-strip waveguide.  

In last chapter, we have studied the sensitivity and the evanescent field of a slab 

waveguide sensor based on evanescent wave interactions constituted by uniaxial birefringent 

materials. We have calculated the sensor sensitivity formulas for the two kinds of modes 

propagating simultaneously in its waveguide. Then, we have studied the influence of the 

source, geometrical and physical parameters on the sensor sensitivity and the evanescent field. 

The results show, in all cases, that, the maximal sensitivities of TM modes and their 

corresponding frequencies are greater than those of TE modes. In addition, the increase of the 

amplitude and the wavelength of light source, induce the increase of both the maximal 

sensitivity and the evanescent field in the cover. Further, the increase of the core thickness 

induces the decrease of the sensitivity of the sensor, in the reason of the decrease of the 

evanescent field in the cover. Furthermore, we have found that, the increase of the cover and 

the core indices induces the increase of the sensor sensitivity. On the contrary, the increase of 

the substrate index induces the decrease of the sensor sensitivity. It is worth to note that, 

changes of physical parameters of the waveguide sensor have no or neglected influence on the 

evanescent fields in the cover.   

On the other hand, we have studied the influence of E-field induced birefringence of the 

wave guiding film (LiNbO3), on the sensitivity of the studied sensor for TE0 and TM0 modes. 

In our study we have distinguished between two different cases.  The first case when the 

electric field is applied along the optic axis (+c) of the LiNbO3 wave guiding film (positive 

electric field); the second case when the electric field is applied opposite to the optic axis (-c) 

of such uniaxial crystal (negative electric field).The obtained results showed that, for positive 

electric field, the increase of electric field induces an increasing of the total anisotropy which 

causes a decreasing on the sensor sensitivity particularly around the maximum. However, for 

negative electric field, the increase of absolute values of negative electric field induces the 

decrease of the total anisotropy which causes an increasing on the sensor sensitivity on the 

vicinity of the maximum. 


