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ABSTRACT  

 

 

MODELING OF OPTICAL WAVGUIDES WITH POROUS SILICA CLADDINGS AND 

THEIR USE IN LEAC SENSORS 

 

 

       Integrated optical biosensors have many advantages such as low-cost, portability and the 

ability to detect multiple analytes on a single waveguide. They can be used in many important 

applications including biosensing applications. 

       Previous research work focused on the issues of design, modeling and measurement of the 

local evanescent array coupled (LEAC) biosensor. The sensors were made using conventional 

dielectrics such as SiO2 and SiNx. 

       The large increase in the complexity of the integrated circuits has increased the need for 

developing low-k dielectrics as new materials to cope with the integration challenges and 

improve operating speed. Furthermore, optical interconnects are required to be used to replace 

electrical interconnects in ICs to meet future goals. This increases the need for simultaneous 

manufacturing of electronics and optics on the same chip using a CMOS process. 

       The research conducted during my Master of Science studies has addressed two important 

goals. The first was to use models to calculate surface and volume scattering losses in optical 

waveguides, especially, ones with porous silica claddings. The second goal was to use the 

simulation results to demonstrate the possibility of using porous silica in designing optical 

waveguides and LEAC sensors. 

       By applying these models to porous silica optical waveguides described in previous 

publications, the agreement between their experimental results and the models results have been 
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proved. Thus, these models can be used in the future to calculate the scattering losses in optical 

waveguides including ones with porous silica cladding. 

       The main methods that are used to prepare porous silica and the models that are used to 

determine the effective index of porous silica have been discussed. A Matlab modesolver was 

used to simulate porous silica waveguides. Predictions for sensor sensitivity and waveguide loss 

as a function of waveguide dimension have been made using modesolver simulation results. The 

results demonstrate the ability to use porous silica in LEAC sensors in the future.  
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Chapter 1: Introduction 

 

 

1.1 Introduction 

 

       The local evanescent array coupled "LEAC" sensor is an optoelectronic CMOS-compatible 

sensor used for sensing applications. Because of its ability to sense multiple pathogens 

simultaneously, it can be used in many applications such as point of care clinical, food safety, 

environmental monitoring and biosensing applications [2, 3, and 5]. 

       The LEAC biosensor is a waveguide-based, label free, and non-resonant device with 

minimal temperature dependence [2, 5]. Furthermore, LEAC technology can utilize LEDs which 

offer lower cost and simplicity relative to laser diodes.  

       For the LEAC device to be used as a complete practical biosensor, the detector is divided 

into sections, each of which is activated by a different type of analyte-binding antibody. Each 

LEAC section has a detector buried under its lower cladding region to register the presence of its 

target analyte according to the specific antibody used on the LEAC section [4].  

       The performance of the device was improved for real-time measurement by adding on-chip 

reference region of known refractive index. Improvement of the fabrication process and 

optimization of the waveguide parameters to reduce the optical losses of the waveguide was 

considered to increase the performance of the device [5, 8]. 

       The main operation principle of the LEAC device is sensing the modification in evanescent 

fields both above and below the waveguide due to the analyte binding on the upper cladding and 

measuring the guided optical mode modulation induced by the refractive index change of the 

waveguide's upper cladding. The local change in the evanescent field which indicates adsorbed 

species on the upper cladding of the waveguide can be detected by reading the change of the 

photocurrent of the photodetector array elements [1-5]. 
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       The LEAC chip has emerged as a device that can be used as a low-cost biosensor in 

biomedical applications. The compatibility with CMOS technology provides a low- cost 

manufacturing and integrated signal processing. Furthermore, the entire area of the multi-analyte 

LEAC system including the optical source, detectors array, integrated signal process, and 

telemetry electronics is less than 1 2cm , which increases device portability and the ability to use 

it in different applications and different places. This will make the detection of the diseases in 

developing countries easier and less expensive [2-6]. 

       The focus of my research has been to demonstrate the ability to use low-k dielectrics in 

designing optical waveguides and optimize the sensing performance of these waveguides to be 

able to be used in sensing applications.  

       During my thesis work, I obtained a good understanding of the LEAC chip and the main 

fabrication process. Matlab mode solver can be used to solve for the waveguide's leaky modes to 

understand the main parameters that affect the device performance. Also, I have used 

mathematical models of scattering and absorption losses to study the effect of waveguide 

parameters on its performance. The reason for using low-k dielectrics is to reduce the refractive 

index of the lower cladding which will increase the refractive index contrast and then the optical 

confinement. Thus this increases the ability to use optical waveguides in communication 

applications.  

       Finally, one of the most important parts of my research work was to use mathematical 

models to calculate surface scattering loss and volume scattering loss in optical waveguides, 

especially, porous silica waveguides. 
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1.2 LEAC chip description 

       The Local Evanescent Array Coupled chip is an optical waveguide that is used to transport 

light by the method of total internal reflection. The main advantages of optical waveguides 

compared with conventional optical instruments are minimizing the optical devices and the 

ability to integrate buried photodetectors which increases the portability of the device [5, 6]. 

       In an optical waveguide, an optical material of high refractive index acts as a core 

surrounded by a material with lower refractive index as a cladding. The light is coupled into the 

core and propagates by multiple total internal reflections under certain conditions [6].                                                                                 

There are many structures for the optical waveguides, such as slab, ridge, or channel 

waveguides. In recent works, ridge waveguides are mostly used in many integrated biosensor 

structures [6].  

A silicon wafer is used as a starting substrate to fabricate the LEAC chips. Integrated 

photodetector arrays are buried by metallization on silicon substrate and then a dielectric optical 

waveguide is formed between the metal contacts [8]. Most of the research works in optical 

waveguides used traditional semiconductor materials such as silicon nitride as a core and silicon 

oxide as a cladding, which ensure low cost and CMOS compatibility [6].In this research work 

the goal is to use low-k dielectrics in designing LEAC chips to ensure the ability to integrate 

photonics and electronics on the same chip.  

       Fig. 1.1 shows a cross section and SEM picture of the LEAC chip structure with buried 

photodetectors fabricated in a commercial facility [2]. 
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Figure 1.1: Cross section and SEM picture of the LEAC biosensor structure incorporating buried detectors. 

Reproduced from [2] 

 

       One of the main parts that are used for LEAC operation is the light source. The most 

commonly used light sources for waveguides are laser diodes and LEDs. A LED is a good choice 

for integrated optical system because it is just a simple PN junction diode with low-cost, high 

efficiency, and small physical volume. However, laser is a special form of LED. It is a P-N 

junction diode with a thin depletion layer where electrons and holes collide to create light 

photons, when the diode is forward biased. But, in laser the active part is made quite narrow, to 

concentrate the carriers. Also, in a laser diode an optical resonator cavity is needed to enable 

only light with selected frequency to pass the gain material multiple times, which makes the 

stimulated emission at selected frequency dominate. Lasers have a narrower spectrum and better 

light coherence than LEDs. However, since LEAC is a non-resonant device, it is enough to use 

LED as an optical source which lowers the system cost and simplifies the design [6]. 

       The chip operates by detecting the changes in the optical properties that are caused by target 

binding into the upper cladding. The refractive index change leads to shifting the evanescent 

field up and away from the buried photodetectors. This will reduce the photodetector coupling 
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loss. While, the photodetector coupling loss is the amount of power loss from the waveguide 

propagating mode(s) into the bottom of the lower cladding (which contains the photodetectors).     

Therefore, the reduction in photosetector coupling loss results in a decrease in the measured 

photocurrent in the underlying metal semiconductor metal photodetectors (MSM) [1-6, and 8]. 

       Fig. 1.2 shows a 3-D structure of the LEAC chip with buried photodetector arrays and 

probes to measure the photocurrent coupled to the detectors. Light is weakly confined due to the 

nanoscale dimensions of the waveguide core and there is a strong interaction between the guided 

mode's evanescent tail and the structure's upper cladding [7]. 

 

 

             

 

 

 

 

 

 

 

 

 

 

                                                 
Figure 1.2: 3-D structure of the LEAC chip. Reproduced from [7] 

 

       LEAC provides multianalyte detection along a single waveguide, thus it can be used to 

improve the quality of many sensing applications. It is possible to make a low-cost portable 

biosensor chips with high detection sensitivity based on silicon and CMOS-compatible 

integrated optical waveguide biosensing technology. These sensors improve the speed and 

quality of analyte detection and they can be  used in different biomedical areas in point-of care 

diagnosis, because they can make the detection of diseases easier and less expensive [5, 6, 7, 8].  
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1.3 Motivation 

       In recent years, the LEAC chip has been used as a lab-on chip diagnostic biosensor. Many 

research works have been done to employ a novel strategy for detecting different diseases by real 

time measurements using a portable, high speed, and low-cost label-free technology. This sensor 

has a high potential for biomedical applications where it provides a great advancement in 

diagnostic testing. This device helps to improve the quality of people's life, it makes the sensing 

of diseases faster and easier and then it reduces the threat to patient's lives [2, 5, 6, and 8]. 

       Many research works have been done to improve the performance of the LEAC chip by 

trying to modify and optimize the parameters that affect its operation. Doing real time 

measurements with minimum losses using a low-cost, fast, and simple process becomes an 

important goal of designing LEAC biosensors. 

       The general purpose of my thesis work is to demonstrate the ability to use dielectrics with 

low dielectric constant k (permittivity) as lower cladding materials in optical waveguides, and 

study the ability to use them in LEAC sensors. A low-k dielectric optical waveguide has a high 

refractive index contrast between the core and the cladding which increases the ability to use 

them for high density on-chip optical waveguides to replace the current electrical interconnects. 

Using low-k dielectrics in designing optical waveguides improves the ability to use them as 

interconnects in communication systems.  

       Simulations using a mode solver programmed in MATLAB determined the electromagnetic 

EM field profiles and losses of leaky modes of optical waveguides including ones incorporating 

low-k dielectrics. Therefore, by modeling a waveguide, we can determine the main parameters 

that affect its operation and choose the dimensions that improve its sensing performance. Two 

mathematical models for calculating the scattering losses in optical waveguides have been used 
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as an important part of this research focus, and I used these models to modify the Matlab 

modesolver to simulate the surface scattering loss and volume scattering loss in optical 

waveguides. 

1.4 Overview 

       The overall objective of this research work is to use mathematical models to calculate the 

scattering losses in optical waveguides, and to study the possibility of using low-k dielectrics in 

designing optical waveguides and LEAC sensors. 

       Chapter 2 details the background information about the structures, the main optics 

principles, and the main fabrication process steps of the LEAC chip. It includes a review of 

previous work in low loss LEAC sensors. It covers the main losses in optical waveguides and the 

methods that are used to measure the losses, and it explains a mathematical model of sidewall 

scattering loss. Furthermore, it goes through the main reasons for using low-k dielectrics in 

optical and electrical interconnects. Also, it includes the main methods that are used to prepare 

porous silica, and the models that are used to define the effective index of porous silica. 

       Chapter 3 discusses a scattering loss modeling in optical waveguides. It describes the model 

that can be used to calculate the volume scattering in porous silica. Different examples of volume 

scattering loss calculations have been included. Also, it describes the model that can be used to 

calculate surface scattering loss for optical waveguides. Different examples of surface scattering 

loss calculations have been included.  

       Chapter 4 includes simulation results of the LEAC sensors made by Erickson et al. [8]. 

Simulation results using Matlab modesolver are included. Table of comparison between the 

results is included. 
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       Chapter 5 discusses the design of optical waveguides using porous silica. Matlab modesolver 

has been used to simulate porous silica waveguides made by different authors, and a comparison 

between the experimental and simulation results has been made. 

       Chapter 6 discusses the possibility to use porous silica in designing good LEAC sensors. We 

used the simulation to decide the ability to use porous silica waveguides as LEAC sensors by 

comparing these results to LEAC sensors made by other authors using normal dielectrics. In 

addition, the chapter includes predictions for the dimensions of porous silica waveguides that can 

be used in future to design porous silica LEAC sensors. 

            Conclusions and suggestions for future work are given in Chapter 7. 
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Chapter 2: Background and present progress of optical waveguides 
 

 

2.1 Optical waveguides structures 

       A typical waveguide structure consists of a high refractive index dielectric material called 

the core, and a low-refractive index dielectric material called the cladding. Light coupled into the 

core will be trapped in the high index channel and propagate through multiple total internal 

reflections under certain conditions. The material types and thicknesses in a conventional 

waveguide are selected to confine more light inside the optical waveguide with less coupling 

losses [10, 11, and 12].  

       There are two basic types of optical waveguides; cylindrical and planar (slab) waveguides. A 

cylindrical waveguide such as the optical fiber has a two dimensional transverse optical 

confinement where the core is surrounded by the cladding in all directions and the index of 

refraction n(x, y) is a function of both x and y coordinates. However, a planar(slab) waveguide 

has an optical confinement in only one transverse direction, where the core is sandwiched 

between cladding layers in only one direction and the index profile n(x) is a function of only one 

direction, say x [10, 12] . Fig. 2.1 shows an example of both cylindrical and slab waveguides. 

 

 

  

 

 

                                       a)                                                         b)  

Figure 2.1: a) cylindrical optical fiber.  b) Planar (slab) waveguide. Reproduced from [12]   
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       Furthermore, one of the important properties of an optical waveguide is the index profile. 

The waveguide is called step index waveguide if the index profile has an abrupt change between 

the core and cladding, while it is called graded index waveguide if the index varies gradually 

[12]. Fig. 2.2 shows the difference between the two index profiles. 

  

 

  

 

 

 

 

 

 

 
Figure 2.2: On the left hand side is a step index profile, while on the right hand side is a graded index profile. 

Reproduced from [12] 

 

2.2 Optics principles of optical waveguides 

       Optical waveguides have been studied for many years and they have applications in many 

areas. They are useful in microwave and optical frequency ranges, but they can be constructed to 

carry waves over a wide portion of the electromagnetic spectrum [6, 11].  

       The light can be confined inside a waveguide by multiple total internal reflections. There are 

a number of specified modes with different phases at a given frequency for the power propagated 

in a waveguide [6, 10, 11, and 12]. 

2.2.1 Fresnel’s equations 

       To understand optical waveguides, several terms related to the ray of light need to be 

clarified. An incident ray is a ray of light that strikes a surface with an angle between this ray and 

normal to the surface, is called the angle of incidence. The reflected ray is the ray that represents 

the light reflected by the surface. The angle between the surface normal and the reflected ray is 

known as the angle of reflection. The refracted ray or transmitted ray corresponding represents 

http://en.wikipedia.org/wiki/Surface_normal
http://en.wikipedia.org/wiki/Angle_of_incidence
http://en.wikipedia.org/wiki/Angle_of_reflection
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the light that is transmitted through the surface. The angle between this ray and the normal is 

known as the angle of refraction, and it is given by Snell's Law [39].  

       It is important to provide a simple way to solve and understand the waveguide problems. 

These problems affect the reflection/transmission properties of the ray of light. Thus, we need to 

understand the relationship between amplitudes for reflection/transmission and the incident field 

amplitude at a dielectric interface.  

        Fresnel’s equations can be used to calculate reflection & transmission coefficients as well as 

the phase shifts for reflected and transmitted wave. The electric field perpendicular to the plane 

of incidence in an optical waveguide is called transverse electric (TE) mode, and the electric 

field parallel to the plane of incidence in an optical waveguide is called the transverse magnetic 

(TM) mode [6]. Assuming that, 1 is the angle of incidence, 2  is the angle of refraction, n1  is 

the refractive index of the core, and n 2 is the refractive index of the cladding. The reflection 

coefficients rTE and rTM for different components, are described by the Fresnel's formulae as 

shown in the equations below [11]. 

For TE polarization: 

            
2211

2211

coscos

coscos





nn

nn
rTE




                            (Eq. 2.1) 

    

For TM polarization: 
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                              (Eq. 2.2) 

 

 

Using Snell’s Law: 
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                        (Eq. 2.3) 

 

http://en.wikipedia.org/wiki/Angle_of_refraction
http://en.wikipedia.org/wiki/Snell%27s_Law
http://en.wikipedia.org/wiki/Angle_of_incidence
http://en.wikipedia.org/wiki/Angle_of_refraction
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And: 
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                 (Eq. 2.4) 

 

 

 

θ2 is derived from Snell's law: 

           n1sinθ1 = n2sinθ2                                                                                               (Eq. 2.5) 

       The equations (2.1-2.4) are valid whenever θ2 is a real angle. This is always true for external 

reflection, where n1<n2. But, when the light is incident in the material of higher refractive index 

(n1>n2), according to Snell’s law, it is possible to choose an incidence angle θ1 for which a real 

value of the angle of refraction θ2 does not exist. This will occur for angles of incident θ1>θc 

where θc is the critical angle, θc = sin 1

1

2

n

n
            (Eq. 2.6) 

       In fact, when the incidence angle is smaller than the critical angle, Fresnel’s equations could 

be used. But, when the incident angle is larger than the critical angle, this will cause a total 

internal reflection (TIR). In this case all the power of the incident light is reflected, and then the 

amplitude of field reflectivity is unity [6]. Furthermore, we have to consider the phase shifts of 

the reflected waves as described in the following equations [11]. 

If θ1 is greater than θc: 

r=exp (jϕ)                (Eq. 2.7) 

Knowing that:    1r  

ϕTE and ϕTM are given by: 
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and: 
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2.3 Optical waveguide modes: 

       Maxwell's equations are used to solve for an optical waveguide's modes. According to 

Maxwell's boundary conditions, the tangential component of an electric field must be continuous 

across the core-cladding interface, so part of the electric field which is called evanescent field is 

present on the outside of the waveguide. This evanescent field is used to detect the existence of 

any particle on top of the waveguide by measuring the change in the evanescent field in response 

to analyte binding [12]. 

       In practice, waveguides are three-dimensional. But, the slab waveguide is considered as one 

of the simplest types among all the different waveguides structures. Thus, we can simplify it in 

2-D model, where only x-z plane is considered. And this approximation can be applied on LEAC 

sensor waveguides. [6].  

       Assuming the simple slab waveguide shown in Fig. 2.3.To solve for an optical waveguide 

modes, we apply the Snell’s law to the air-waveguide core face boundary to  find the maximum 

entrance angle θ0max. Using θ0max, the numerical aperture (NA) can be defined as following, 

NA=nsinθ0max= n1sin (
2


 - θmin) = (n1

2
- n2

2 ) 2

1

   (Eq. 2.10) 
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Where θmin is the critical angle, and n is the refractive index of the space outside the waveguide; 

hence in this case n=1.  

 

 

 

 

 

 

 

 

 

 

 

 

             

      
 Figure 2.3: a) Light incident in a slab waveguide with angles θ> θc are confined due to total internal reflection. 

Reproduced from [6]. 

 

       The normalized frequency V in Eq. 2.11 is another important parameter that we need in 

solving a waveguide's modes. The mode number supported in the waveguide can be estimated 

using V number. This is a useful factor to design a single mode waveguide (V<
2


, for single 

mode slab waveguide), which is very important for LEAC biosensor [6].The reason for that is 

related to the requirements of leaky modes in optical waveguides sensors. Where only limited 

angles will propagate in the waveguide as guided “modes”.   

     V=2


d
NA=2




d (n1

2
- n2

2 ) 2

1

    (Eq. 2.11) 

Where d is the core thickness, n1 is the core index, and n2 is the cladding index. 

       We can describe the waveguide mode as a transverse field pattern. If we assume the 

propagation is in z-direction we consider constant amplitude and polarization profiles along the 

longitudinal z coordinate [12].    
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       Assuming that we have an optical wave of angular frequency ω and free-space wavelength 

λ, the propagation constants in different regions of the waveguide can be defined as following, 

k1 =n1ω/c, k2 =n2ω/c   , where n1> n2 and k1 >k2     (Eq. 2.12) 

       Generally, we consider the x-z plane as the plane of incidence in slab waveguides. In this 

case, the direction of net travel is in the z-direction, and the electric field vector lies entirely in 

the "xy" plane (i.e. Ez=0), which is perpendicular to the direction of net travel and this field is 

called transverse electric (TE). Moreover, if we assumed an infinite extent in the y  direction, 

then Ex is also =0. Fig. 2.4 shows a useful picture to understand the path of an optical ray in a 

waveguide. 

 
Figure 2.4: Intuitive ray and wavefront picture. Reproduced from [12] 

Assuming n2 =n3 then θc=sin 1

1

3

n

n
 

       As we demonstrated before, If θ > θc, the wave inside the core is totally reflected at both 

interfaces and is trapped by the core, resulting in guided modes. 

       Therefore, when the wave is reflected back and forth between the two interfaces, it interferes 

with itself, and a guided mode can exist only when a transverse resonance condition is satisfied.    

In fact, when light completes a round trip in the x-direction, the total phase shift in the x-axis 

must be zero or a multiple of 2π to achieve self-consistency condition. Otherwise, if this 

condition is not satisfied this will lead into a destructive interference of the light waves, which 

leads to a diminishing of this mode [6]. 
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In the core region as shown in Fig. 2.5, the x component of the wavevector represents the 

transverse component, kx =k1 cosθ for a ray with an angle of incidence θ, while the z component 

represents the longitudinal component β = k1 sin θ, and the k-vector triangle k1 =n1ω/c = 

(β 2 +kx
2 ) 2

1

 

 

 

 

 

 
 

 

 

Figure 2.5: k-vector triangle. Reproduced from [12] 

There are phase shifts ϕ2 and ϕ3 associated with the internal reflections in the lower and 

upper interfaces. Because ϕ2 and ϕ3 are functions of θ, the transverse resonance condition for 

constructive interference in a roundtrip transverse passage is [12]: 

 mdk 2)()(cos2 321          (Eq. 2.13) 

Where m is an integer = 0, 1, 2… 

Since we can assume only integral values for m, only certain discrete values of θ can satisfy 

the transverse resonance condition. The transverse resonance condition results in discrete values 

of the propagation constant βm for guided modes identified by the mode number m. Therefore, 

TE and TM waves have different solutions for the transverse resonance condition, resulting in 

different βm and different mode characteristics for a given mode number m. So, for a given 

polarization, a solution of the transverse resonance condition yields a smaller value of θ and a 

correspondingly smaller value of β for a larger value of m. Therefore, β0 > β1 > β2 > … [12] 
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The guided mode with m = 0 is called the fundamental mode and those with m ≠ 0 are higher-

order modes. 

By solving Maxwell's equations and applying the boundary conditions, and assuming a 

symmetric waveguide which has same upper and lower claddings refractive indices, we are able to 

write the E-field distributions in Eq. 2.14, Am is the E-field amplitude [6] 

 

      E m (x)=  













))2/(exp()2/cos(

)cos(

))2/(exp()2/cos(

,

,

,

dxkdkA

xkA

dxkdkA

xcladdingmmxm

mxm

xcladdingmmxm

           

2/

2/2/

2/

dx

dxd

xd







      (Eq.2.14) 

       

From the solution above and as shown in Fig. 2.6, we can realize that the exponential decay of 

the E-field in the cladding along x direction, and the propagation in the core along z direction  

 

 
 

 

 

 

 

 

 

 

     

 

 

 

 

Figure 2.6: TE modes in a slab waveguide. Reproduced from [12] 

       All of the equations above are applied in the case of symmetric slab waveguide. However, 

for asymmetric slab waveguide the normalized frequency, V, propagation parameter, b, and 

asymmetry parameter, a, will be defined as following, 

V=k0d (n1
2 -n2

2 ) 2

1
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Em= Amsin(kx,mx)        -d/2< x<d/2 

Also, we will need to define decay constants, γu, in upper cladding and γl in lower cladding as 

following, 

γu²=β²-k0²n3²     ,   γl²=β²-k0²n2² 

The E-field decaying exponentially in the cladding is called the evanescent field. This field 

was the main reason for the possibility of using the optical waveguide as a biosensor. This field 

can be measured using near field scanning optical microscopy( NSOM), or using buried 

photodetectors on the lower cladding, which measure the change in the photocurrent in response 

to analyte binding on the upper cladding [6, 10, 11, 12]. 

2.4 Optical waveguide losses 

2.4.1 Loss coefficient in optical waveguide related to the complex refractive index 

It is important to know that the refractive indices of core, cladding or substrate are not 

necessarily real. In general the refractive index of dielectric materials is a complex number, and 

it can be defined as [11]: 

 n=nR+jnI                                                                                                                                                    (Eq. 2.15) 

The imaginary part of the refractive index will contribute a loss in optical waveguides. As 

shown in the following equations  

We know from Section 2.3 that the propagation constant can be defined as: 

k = nk0                                                                                                       (Eq. 2.16) 

We have previously expressed a propagating field as: 
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E = E0exp (j (kz−ωt))                                                                                (Eq. 2.17) 

Therefore if we introduce a complex refractive index to equations (2.15) and (2.16), we 

obtain: 

E = E0exp (j (kz−ωt) = E0exp (j (nk0z−ωt)) =E0exp (j ((nR+jnI) k0z−ωt)) 

   = E0exp (j (nR k0z- ωt)) exp (-nIk0z))                                                           (Eq. 2.18) 

Therefore there is a term exp (−k0nIz). In the same way that the propagation constant in the z 

direction is re-designated β, this term is often re-designated exp (−
2

1
αz). The term α is called the 

loss coefficient. The factor of 
2

1
is included in the definition above because, by convention, α is 

an intensity loss coefficient. Therefore we can write: 

I = I0 exp (-αz)                                                                                           (Eq. 2.19) 

Equation (2.19) describes how the intensity decays exponentially with propagation distance z, 

through a material. 

2.4.2 The main sources of loss in optical waveguides 

 Losses in an optical waveguides originate from three sources: scattering, absorption and 

radiation. The main contribution of each of these effects is dependent upon the waveguide design 

and the quality of the material in which the waveguide is fabricated [11].  

2.4.2. a Scattering loss 

There are two main types of scattering in an optical waveguide, volume scattering and 

interface scattering. The imperfections in the bulk waveguide material, cause volume scattering 

and these include voids, contaminant atoms, or crystalline defects. While, the roughness at the 

interface between the core and the claddings of the waveguide is the main reason for interface 

scattering [26]. 
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       We usually assume a negligible volume scattering loss in normal dielectrics waveguide. But, 

it is really important to consider volume scattering in low-k dielectrics waveguides especially 

porous materials. Interface scattering should be considered in both low-k and normal dielectrics 

waveguides. 

2.4.2. b Absorption loss 

       The absorption loss needs to be considered in case of semiconductor waveguide. The two 

main sources of absorption loss are, band edge absorption, and free carrier absorption.  

       Band edge absorption occurs when the energy of the incident photons is greater than the 

band gap of semiconductor material, then these photons is absorbed to excite electrons from the 

valence band to the conduction band, so this type of absorption is called inter-band absorption.                        

Therefore, if the light wavelength is longer than the absorption edge wavelength of the 

material, then the band edge absorption can be avoided [26]. Silicon is a good example to 

demonstrate the inter-band absorption. Graham T. Reed et al. [26] stated that silicon is used as a 

waveguide material for a wavelength longer than 1.1 um which is the approximate band edge 

wavelength of silicon. Since it absorbs very strongly for wavelengths shorter that 1.1μm, silicon 

is considered as a one of the most common materials that are used for photodetectors in the 

visible and at very short infrared wavelength range. However, as Graham T. Reed et al. [26] 

observed, “free carriers absorption may be significant in semiconductor waveguides. The 

concentration of free carriers will affect both the real and imaginary refractive indices”.  

2.4.2. c Radiation loss 

       When a waveguide has a radiation loss that means there is a light leakage from the 

waveguide into the surrounding media. The surrounding media typically includes the upper or 

lower cladding, or for a rib waveguide, into the planar region adjacent to the guide [27]. The 
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main reasons that cause radiation loss include the unwanted perturbation in a waveguide such as 

a slightly damaged fabrication mask which will cause a light scattering from one mode into 

another. Thus, if the second mode is leaky this in turn results in some radiation loss.         

Furthermore, some radiation loss of light occurs when there is a change in the angle of 

incidence at the wall of the waveguide which is caused if the waveguide has a curvature [26].  

Since an integrated optical circuit is typically a few centimeters in length, is important to 

know what is the max propagation loss we can tolerate for an integrated optical waveguide. The 

widely accepted range for loss is of the order of 1 dB/cm. If the loss becomes much more than 1 

dB/cm this will rapidly reduce the SNR for photodetectors. In addition, we should also consider 

that the additional losses such as the loss of coupling to or from the optical circuit, or losses 

within the circuit not associated with propagation loss, will make the operation of the sensor 

worse.  To design a practical LEAC chip, we need to modify its parameters to get high SNR and 

high sensitivity optical waveguide. Optical losses are mainly caused by material properties and 

fabrication tolerances, which adversely affect sensor performance [26, 29, and 30]. 

 2.4.3 Loss measurement in optical waveguides  

Propagation loss is one of the most important parameters for evaluating the performance of 

optical waveguides. Traditional optical waveguides propagation losses measurement methods 

include waveguide direct cut-back [30], Fabry–Perot cavity measurement [26, 28], and scattered 

light collection [26, 29].  

  2.4.3. a The cut-back method 

The cut-back method is one of the simplest methods that are used to measure an optical 

waveguide loss. A waveguide is cut to different lengths and each length is excited by one of the 

coupling methods such as end-fire coupling, the output power, and the input power to the 
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waveguide, in all cases are recorded [26]. For example, suppose we have a waveguide of length 

L1 is excited by one of the coupling methods, and the output power from the waveguide, say P1, 

and the input power to the waveguide, P0 are recorded. The waveguide is then shortened to 

another length, L2, and the measurement repeated to determine P2. The propagation loss of the 

length of waveguide (L1 − L2) is therefore related to the difference in the output power from each 

measurement which can be expressed by [26], 

2

1

p

P
= exp [−α (L1 − L2)]                                                                                   (Eq. 2.20) 

  α =
)(

1

21 LL 
 ln (P2/P1)                                                                                  (Eq. 2.21) 

The cut-back method for measurements of propagation losses is based on a comparison of 

transmission through waveguides of different lengths and fitting the length dependence assuming 

identical coupling conditions and identical surface roughness. However, cut-back method has 

uncertain factors which can affect the measurement precision. For example, measuring 

propagation loss by comparing two optical powers before and after waveguide cutting has two 

uncertain factors. Firstly, the facet of the waveguide before and after cutting cannot keep the 

same conditions so the method is destructive; secondly, fiber coupling efficiency before and after 

cutting cannot keep constant [29]. 

2.4.3. b The Fabry-Perot method 

The Fabry–Perot resonance method is advantageous for low-loss waveguides (< 1 dB/cm) 

[29]. In this method we consider the optical waveguide with polished end faces as a resonant 

cavity called a Fabry–Perot cavity, as the waves pass along the waveguide  they undergo 

multiple reflections [26]. As Graham T. Reed et al. [26] observed, "Light propagates along the 

waveguide, and may be reflected at either facet, by an amount determined by the refractive index 
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of the waveguide material and the external media (usually air). However, any coating on the 

waveguide facet may change this reflectivity”. Optical intensity transmitted through such a 

cavity, It, is related to the incident light intensity, I0, by the well-known equation [11]: 
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sin 2 (φ/2))                               (Eq. 2.22) 

Where R is the facet reflectivity, L is the waveguide length, α is the loss coefficient, and φ is the 

phase difference between successive waves in the cavity. 

 Equation 4.56 has a maximum value when φ = 0 (or multiples of 2π), and a minimum value 

when φ = π; that is [11]: 
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         Therefore we can evaluate the ratio of the maximum intensity to minimum 

intensity as: 
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So we can find α by: 

α=
L

1
ln(

R

1
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)                                                              (Eq. 2.26) 

       Therefore if we know the reflectivity R, and if we can measure the ratio of the maximum 

intensity to minimum intensity ξ, the loss coefficient can be evaluated. 

       Although the Fabry–Perot cavity resonance method is considered to be a non-destructive 

method and can be free of the uncertain factors of the cut-back method, however, this method 
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requires long samples to obtain sufficient accuracy, but it is difficult to prepare them in photonic 

integrated circuits (PIC) fabrications. Also, it requires the two facets of the waveguide to be 

reflective, a constraint that sometimes cannot be met in some configurations [29].  

2.4.3. c The measurement of scattered light  

       In fact, this method is to measure the scattered light from the surface of a waveguide, but it 

can also be used to determine the loss. This method is assuming that the amount of light scattered 

is proportional to the propagating light. Therefore, if scattered light is measured as a function of 

waveguide length, the rate of decay of scattered light will follow the rate of decay of light in the 

waveguide [26]. To collect the scattered light from the surface of a waveguide we can use optical 

fibers, and then they can be scanned along the surface. As a result, an image of the entire surface 

can be made, and the decay of scattered light determined accordingly. However, if the power 

propagating in the waveguide is high and correspondingly the waveguide loss is high, then the 

light is scattered significantly so we can collect it [26]. Thus, this method tends to be used when 

losses are high, but it is favorable to use other methods when waveguide has been optimized. As 

Graham T. Reed et al. [26] observed, "This technique requires homogeneity in the structure 

through the overall length of the waveguide and a good light scattering image on the vertical 

surface of the guiding structure so that the camera can efficiently capture it”. 

 2.4.4 Loss calculations in optical waveguides 

       Since we will focus on surface and volume scattering losses modeling in chapter 3, in this 

section, we will talk about one of the main scattering losses in silicon on insulator (SOI) 

waveguides caused by the sidewall roughness. This scattering loss highly depends on the 

waveguide dimensions especially the waveguide width. 
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        K.Lee et al. [33] used both experimental and theoretical approaches to predict the 

dependence of loss on waveguide dimensions and sidewall roughness. They measured the 

transmission loss of a Si/SiO2 strip waveguide using the cut-back method, to demonstrate the 

relationship between the transmission losses of the dielectric silicon waveguide and its 

dimensions. Furthermore, they proved that a major source of loss comes from sidewall 

roughness. Also, they employed a theoretical model to predict the relationship between the 

transmission losses of the dielectric silicon waveguide and its width. This model accurately 

predicts that loss increases as waveguide width decreases.  

       Using an analytical relation between the scattering loss and the sidewall roughness, the 

sidewall roughness can be modeled and described by an exponential or Gaussian autocorrelation 

function as demonstrated by Payne and Lacey [34]. They stated that this approach relates the 

attenuation coefficient to the standard deviation σ and the autocorrelation length Lc of the 

sidewall roughness [33, 34]. Therefore, as demonstrated by Payne and Lacey[34] the sidewall 

roughness  can be described by a real space function say f(z), so by measuring the deviation of 

f(z) from the linear mean of the sidewall we can obtain the standard deviation σ, and Lc is 

obtained from the autocorrelation function C(z) of f(z). 

       Assuming that the roughness can be described by an exponential or Gaussian autocorrelation 

function [34], the attenuation coefficient α can be expressed by 

α=
1

4

0

2

2 nwk


 gf                                                                           (Eq. 2.27) 

       Where σ is the standard deviation of the roughness, k0 is the free space wavevector, w is the 

half width of the waveguide, and n1 is the index of the core. g and f are functions of various 

parameters defined by Payne and Lacey[34]. This equation can be used for both exponential and 
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Gaussian approximations; the only difference is the function "f" which has different definitions 

for different approximations. f is defined in [34] as fG(x,y) for Gaussian approximation, and as 

fe(x,y) for exponential approximation. 

2.4.5 Modal loss 

       Within a dielectric waveguide, the loss is not uniform throughout the volume occupied by 

the optical modes of interest. In fact, the material loss is different in different regions of the 

waveguide and the lossy material may only occupy a few percent of the volume occupied by the 

optical modes. Therefore, we can define the modal loss as the net loss provided to an optical 

mode [40]. 

       In designing a LEAC sensor it is worthwhile to know the modal loss.  In fact, the modal loss 

is what we can measure by experiments. In low-k dielectrics LEAC sensors we assume that the 

contributions of the upper cladding and the core to modal loss are negligible compared with the 

loss in lower cladding, because of the assumption of having negligible volume scattering losses 

i.e. material losses in both core and upper cladding. Thus, having the material loss in a LEAC 

chip we can find the modal loss. The material loss represents the loss caused by the materials 

properties in all layers individually, core, lower and upper claddings and this represented by 

volume scattering in our case. 

       Assuming  αmaterial  is the material loss, αs is a surface scattering loss, αabsorption is the 

photodetector coupling loss, and  , inglowercladd , and inguppercladd are the confinement factors in 

core, lower and upper claddings respectively , and then the modal loss can be found using the 

following relation,  

Modal loss= αs+ αabsorption+αmaterial_lower cladding* inglowercladd  +αmaterial_core*+ αmaterial_upper 

cladding* inguppercladd                                                                 (Eq. 2.28) 



28 

       Therefore, to find the modal loss we need to find the percentage of power confined in each 

layer i.e. the confinement factor in each layer. In common, the confinement factor is used to 

represent the amount of power propagates inside the core. Or in other word it is the ratio of the 

power within the core to the total guided power of the waveguide. But, here I used the term 

confinement for all layers to represent the percentage of power in each layer.  

      To find the modal loss, I will neglect the last two terms in Eq. 2.28, assuming negligible 

material losses in the core and the upper cladding. 

Hence, to find the confinement factor in lower cladding, we will have to find the confinement 

factor in the core. Assuming a slab waveguide defined in Sec. 2.3, the confinement factor of the 

core is defined by [10], 
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                                           (Eq. 2.29) 

We can simplify Eq. 2.29 assuming that we are interested to work on the fundamental mode, and 

then the confinement factor for a symmetric waveguide can be defined by Eq. 2.30[38] 
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neff is the effective index of the waveguide, nlowercladd is the refractive index of the lower cladding 

Knowing that  
22

0 lowercladdcore nndkV      , then the confinement factor can be approximated 

by,  

                                               
22

2




V

V
               (Eq. 2.31) 

ncore is the index of the core 

Assuming asymmetric waveguide we need to find the amount of confinement in lower cladding 

which is different from the confinement in upper cladding. The following is the general equation 

to find the lower cladding confinement, 
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This equation can be simplified using the confinement equation above by, 

inglowercladd =lower cladding confinement =
uppercladdlowercladd

lowercladd

nn

n


)1(     (Eq.2.33) 

 Finally, to find the modal loss we apply the following equation: 

Modal loss= αmaterial_lower cladding * inglowercladd     + αs+ αabsorption               (Eq.2.34) 
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2.5 Fabrication process 

        In this section, we describe the general steps that are used to fabricate any device. 

Successful chip fabrication requires careful attention to detail and a good understanding of each 

individual step in the entire process. Each step must be inspected with a microscope before 

moving onto the next step whenever possible. In fact, it is very important to understand every 

step in details to ensure a successful fabrication. 

2.5.1 Cleaning  

       It is necessary to clean the silicon wafer before starting the fabrication process to remove 

any contamination. If we fail to properly clean the sample this will result in unwanted defects. In 

order to clean the sample, acetone is usually used as solvent to clean off any contamination 

where the sample is sprayed with acetone and then submerged in it. This treatment will remove 

common stains and particles. As complementary solvents ethanol is used to rinse off any residue 

left after the acetone treatment. After rinsing, compressed nitrogen is used to dry the sample [8, 

13, and 14]. 

2. 5.2 Pre-bake  

       After cleaning the sample we have to minimize the amount of moisture on the sample to 

make the spinning on resist easier and faster. This will ensure good adhesion between the film 

and the resist. To achieve this, a dehydration bake on 100 ˚C hot plate is performed for around 6 

minutes, which will help evaporating the moisture adsorbed on the film surface [8, 13]. 

2.5.3 Spin-coat  

       After cleaning and prebaking, photoresist is dripped onto the sample covering it. The sample 

is then spun for 40 s at 4000 rpm, distributing the resist evenly across the sample [8]. 
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2.5.4 Soft bake  

       After achieving a uniform resist thickness, the sample is put through a soft-bake process. 

The purpose of soft bake is to alter the properties of the resist in such a way that it is ready for 

exposure. Most of the solvents in the resist are driven-off by baking the sample. The soft bake 

improves the adhesion to the film, improves the uniformity and solidifies it. It is usually 

performed on a hot-plate with a temperature of 100 ˚C for 60 s [8, 13]. 

2.5.5 Alignment and Exposure  

       After the soft-bake, mask alignment and exposure is performed with a contact aligner. 

Different masks can be used for the fabrication process, as an example, for the optical waveguide 

designed at CSU lab, the mask used to fabricate the chips was a 3 by 3 grid consisting of 9 

unique designs, as pictured in Fig. 2.7. The bottom left sector of the mask contains the nine 

designs needed to create the buried detectors, the top left quadrant contains the mask designs for 

the metal layer, the bottom right quadrant of the mask design creates the waveguide, and finally, 

the upper right quadrant represents the  via layer. This layer is the very last step in chip 

fabrication as it is the mask used to etch material down to the metal pads to expose them for 

probing [7, 8, and 13]. 

 

 

 

 

 

 

 

Figure 2.7: LEAC chip mask designs. Reproduced from [7] 
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        In order to transfer these patterns onto a die, the die is first coated with photoresist as 

described in the previous sections. The die is then placed onto the vacuum chunk of the contact 

aligner and the relevant mask is cleaned and mounted into the system with the chrome layer 

down towards the die. To facilitate independent movement of the mask and die, there is a small 

gap between these at this point. Using the mask aligner controls and the microscope, the mask is 

aligned with the die [7, 8]. 

       After alignment, the mask and the die are brought into contact with each other. The UV light 

is then engaged, exposing the photoresist. The duration of the exposure depends on the resist. 

The exposure time for positive photoresist is around 6.2 s, but for negative photoresist is 22 s [7, 

8, and 13]. 

       After exposing the photoresist, it is good to make post-baking at 150ºC before developing to 

help remove or reduce standing wave phenomena caused by destructive and constructive 

interference patterns of the incident light [8,13]. 

       Now we can start the development. In the case of positive photoresist, the parts of the 

photoresist that have been exposed to UV light have been softened are soluble in the developer 

chemical and it takes 45 s to finish the development, but the negative photoresist behaves in an 

opposite manner, with the exposed parts hardening and becoming insoluble in the developer and 

it takes 85 s to finish the development [8, 13]. 

       The develop chemistry is delivered by spinning the wafer very fast into the developer, which 

often contains sodium hydroxide NaOH. After removing the die from the developer, it is 

promptly dipped in de-ionized (DI) water for 20 s in order to stop the development and clean-off 

the developer. The resulting wafer is hard-baked at (120 -180) ºC, this step is required to get 
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further curing for the resist and solidify the remaining photoresist to make a more durable 

protecting layer and to withstand the etchant better [8,13,14]. 

 2.5.6 Etching [8, 13, 14] 

       After developing and hard-baking the photoresist, the remaining photoresist pattern will 

protect the layer under it. There are two types of etching, wet etching and dry etching. Wet 

etching is an isotropic and is done by using wet chemical solution. Dry etching is an anisotropic 

etching and is done using plasma, it is very selective, but with low etch rate. In CSU clean room 

plasma etching is mostly used. An O2 plasma treatment is used, prior to etching, to clean the 

wafer to remove any residual scum that can't be seen under the microscope, For nonselective etch 

processes, the etch rate must be first determined by noting the etch depth per time on a dummy 

sample run.  Etch processes may also make use of an etch stop layer which has a much lower 

etch rate than the overlying target material. In this case, the etch depth is not such a strong 

function of etch time. Using the determined etch rate, fully etch or partially etch of the layer to a 

desired depth. After this step, clean the chip with acetone, methanol, and DI water to remove 

photoresist, and then dry using N2 gas. Inspect under microscope and note any irregularities in 

the layer. The layer should look smooth or it will be excessively lossy. 

2.5.7 Metallization [8, 13] 

       After etching a die, the die is coated with negative resist, exposed, developed, and hard 

baked. The die is mounted for electron beam physical vapor deposition (EBPVD) on a sample 

holder, later in the process, the end surfaces will be polished to facilitate coupling of light into 

the waveguide. 

       Polishing on a die with metal layer may cause bits of metal to break loose which in turn may 

disturb the polishing process and induce micro scratches .To avoid this problem, the edges of the 
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die is masked out with household aluminum foils, only leaving the essential parts of the metal 

structure (i.e. electrodes and contact pads).The sample is then inserted into the vacuum chamber 

of the EBPVD system and the metal is deposited.  

2. 5.8 Lift-off [8, 13] 

       After the metal has been deposited, the die is removed from the EBPVD-system. Except for 

the edges which were masked out by aluminum foils, the entire die is covered by metal. When 

we remove the underlying photoresist, only the electrodes and contact pads will remain. In order 

to remove the negative photoresist, the die is first soaked in acetone for 15 min. Subsequently, it 

is sprayed with acetone from an airbrush, removing most of the resist. 

In order to remove the photoresist in narrow spaces (such as the gap between electrodes), the die 

is placed in an acetone filter beaker. This beaker is then covered and placed into an ultrasonic 

bath for 5 minutes. In some cases it is necessary to increase the time in the ultrasonic bath. Any 

remaining photoresist should be removed using an acetone soaked brush or swab. However, this 

should be done carefully in order to avoid scratching the surface and waveguides excessively. 

After all of the resist and excess metal has been removed, the sample is cleaned and inspected for 

defects. 

2.6 Review of previous work on LEAC sensors 

       The initial concept of a novel immunoassay LEAC biosensor was demonstrated in 2005 by 

Yaun et al. [3] at CSU. They described the need for novel optical biosensors that can detect 

multiple analytes for biological and environmental applications. The CSU group investigated the 

use of LEAC chip in detecting dried target films, such as proteins, DNA, and they developed the 

device to be used in virus detection [1-9].  
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       Near-field scanning optical microscopy (NSOM) was used as an effective measurement tool 

to directly measure the change in the optical intensity due to the adlayers on the waveguide. The 

LEAC was made from SiNx core, SiO2 lower cladding, and air as upper cladding. In Ref [17] 

NSOM was used to demonstrate the response of patterned C-reactive protein (CRP) 

immunoassay-complexes with immobilized anti-CRP antibody and multiple CRP concentration. 

The NSOM results showed that the intensity modulation ratio sensitivity on a waveguide’s top 

surface arising from a 1 nm change in thickness of a 15 nm nanofilm is approximately 1.7%/nm 

       However, many research works have been done to develop portable LEAC sensor by placing 

buried detectors array in lower cladding. Guangwei Yuan et al. [18] demonstrated a compact 

planar dielectric waveguide with buried detector arrays. The detector array is placed in the lower 

cladding regions of the waveguide, each detector element opposites a region of a specific 

antibody type. Local changes in the evanescent fields, which indicate the presence of adsorbed 

species on the upper surface of the waveguide, can be sensed by detector array elements.  

       Fig. 2.8 shows the sensing mechanism of the LEAC sensor with buried detectors array, it 

shows the change in the local evanescent field due to bound analytes. Buried array of detectors 

along the length of the waveguide are shown. The detectors can sense the modification in the 

evanescent field due to local adlayers of bound analytes.  

 

 

 

 

 

 
 

 

Figure 2.8: Bio-adlayers binding on a single-mode optical waveguide effectively increases the thickness of the core 

layer, thus decreasing the evanescent field tail absorbed by the underlying detector. The solid curves illustrate the 

waveguide mode profiles at different positions along the light propagation direction. Reproduced from [3] 
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       The LEAC sensors with electronic readout circuits were developed and had been fabricated 

in a commercial 0.35 µm CMOS technology at the Avago technologies facility in Fort Collins, 

Colorado. The sensor structure was engineered with high sensitivity to local refractive index 

changes and adlayer thickness. Relatively large core to detector distances can provide very large 

normalized current modulation due to changes in surface film thickness, according to Eq. 2.35, 

the modulation ratio decays exponentially as a function of contact spacing [1, 5, 8, and 17]. 
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 (Eq. 2.35)                                                          

 Where s is the distance below the waveguide  

s: it represents the distance between the core and photodetectors, and it is equal to the lower 

cladding thickness 

γ0: is the decay constant before film adsorption. 

γfilm: is the decay constant after film adsorption . 

For a very thin adlayers, the modulation ratio ∆I/I0 ≈ −2 (γfilm − γ0) s, which makes the 

normalized response proportional to the detector distance from the core.   

       Fig. 2.9 demonstrates the operation mechanism of a LEAC sensor. Where nanoscale organic 

layers, such as those formed by the binding of target antigens or antibodies, increase the effective 

refractive index just above the silicon nitride waveguide core and hence shift the evanescent field 

profile away from the underlying buried detectors, reducing the associated photocurrent. An 

asymmetric waveguide structure amplifies the modulation of light intensity below the waveguide 

where the buried detector array is placed. 
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Figure 2.9: Schematic diagram of a LEAC biosensor CMOS chip where evanescent field distribution shifts up upon 

reaching the organic nanofilm, resulting in decreased photocurrent in detectors under the film. Reproduced from 

[18] 
      

       In his experiment Yan et al. [20] used both NSOM and integrated buried detectors to study 

the response to patterned organic nanofilms including immunocomplexes, photoresist, and 

adsorbed bovine albumin (BSA) layers. Using NSOM, the response of the LEAC sensor to CRP 

immunocomplexes was detected and 5% modulation ratio was measured for a 3 nm adlayer 

thickness change. To study the characteristics of the buried detectors array, both the thinned 

photoresist and a ~1-nm thick BSA nanofilm had been used and a very high sensitivity of 

15%/nm was demonstrated for the BSA film. 

        The measured and simulation results confirmed the successful operating mechanism and the 

high intensity ratio that can be achieved using the buried detectors array with large separation 

from the core. Furthermore, Measurement established the low temperature dependence of the 

LEAC sensor. 

       Although the chip has successfully validated the LEAC sensing concept, multiple issues 

needed to be addressed in order to realize the full potential of the LEAC chip as a competitive 

sensing platform. The chip exhibited excessively high scattering losses of roughly 90 dB/cm, 

which resulted in reduced sensitivity and it inhibited multi-analyte detection as there was little 
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optical power left in the guided mode after passing through the first analyte region to probe more 

regions along the waveguide.  

       Furthermore, the chip exhibited low photocurrents in the range of 10-100 nA, which 

required amplification by a factor of up to 500 million (V/A), resulting in both increased 

amplifier noise which limit the SNR and sensitivity [8]. Furthermore, the chip could not perform 

real-time sensing and lacked fluidic compatibility. 

       Erickson et al [5]. Described the optimization of LEAC biosensors to enable real time 

measurements of refractive index change on a CMOS fabricated chip. He optimized the 

performance of the LEAC device by modifying the CMOS compatible fabrication scheme and 

fine-tuning waveguide parameters based on simulation results of a full-vector finite difference 

matlab modesolver. He demonstrated the use of reference region of known refractive index 

followed by sensing region to get real time measurements, and provided an analytical scattering 

model assist the design and understand the effects of fabrication on scattering loss. 

       A new integrated photodetector has been fabricated, which both eases fabrication and 

generates very low dark currents, producing a photocurrent to dark current ratio of greater than 

50 in the sensing region. 

       As shown in Fig.2.10, the main principle of operation of the LEAC chip is the local 

evanescent field shift effect. If the upper cladding refractive index increases, the evanescent field 

shifts up and away from the photodetector, resulting in less photodetector coupling loss and a 

corresponding decrease in the measured photocurrent in the underlying photodetector. 
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Figure 2.10: Cross sectional diagram of LEAC structure, which indicates field shifting in response to changes in 

upper cladding index. Note that for the higher index upper cladding (n = 1.46), the field is shifted up and away from 

the underlying photodetector, whereas there is much greater field overlap with the detector for the lower index (n = 

1.33) upper cladding.  

   

         Erickson demonstrated the optimization of the device using a full-vector 2-D finite 

difference mode solver which solves the leaky modes of the LEAC waveguide and determines 

the coupling losses. The simulation results show the high dependence of the device sensitivity 

and the scattering loss on the lower cladding thickness and the waveguide core height. Fig. 2.11 

shows the photodetector coupling loss as a function of the oxide thickness toxide, ridge height H, 

and upper cladding index. 
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Figure 2.11: (a) Coupling loss for waveguides as a function of lower cladding thickness, core thickness H and upper 

cladding index n. (b) Difference in coupling loss for an upper cladding refractive index  of 0.01 refractive 

index unit(RIU) as a function of lower cladding thickness and H. Reproduced from [5] 

      

         Fig. 2.11 shows that the photodetector coupling loss decreases as the upper cladding 

refractive index increases due to the evanescent field shift effect, and photodetector coupling loss 

approaches zero as lower cladding thickness increases. 

        In general, by reducing the core thickness and driving the waveguide closer to cut off the 

device sensitivity is maximized. Also, the sensitivity increases by increasing the lower cladding 

thickness. However, there is a design tradeoff, the photodetector coupling losses rapidly decrease 

by increasing the lower cladding thickness and this will reduced the measured photocurrent, and 

the signal will be overwhelmed by the photodetector noise. 

       Absorption loss was negligible, but scattering loss was the dominant in Erickson's 

waveguide. In general, sidewall scattering loss in ridge waveguides is inversely proportional to 

the fourth power of the largest guiding dimension, so to reduce it he increased the waveguide 

width to 7 um versus 2 um he used in prior work. 
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       Using the optimized LEAC chip, Erickson et al. [8] could make a real time fluidic 

measurement with an integrated fluidic channel, with minimal resolvable change in refractive 

index sensitivities of 4.6×10−6 and 4.1×10−5, respectively.  

       Fig. 2.12 shows a real-time refractive index sensing results performed by flowing oils into 

the fluidic chamber in the following order: sesame, blend, peanut, sesame. The photocurrent was 

measured on the second detector in the sensing region (#7) and normalized to the third detector 

in the reference region (#3). Oils were injected manually using a syringe in 20 s intervals and 

care was taken to strain relieve the tubes, in order to minimize coupling misalignment caused by 

fluid flow [8]. Where   I normalized=I sensing/I reference.   (Eq. 2.36) 

 

 

 

 

 

 

 

 

 

 
Figure 2.12: Real-time refractive index sensing. Three fluids of known refractive index were made to flow through 

the chamber in 20-s intervals to validate the real-time sensing capabilities of the chip. Reproduced from [5] 
 

2.7 Low-k dielectrics  

       In communication systems, it is important to meet the increasing demands performance for 

high data rate and reduced signal attenuation. So, the microelectronics industry is required to 

deliver new technology solutions that will include new device architectures, with smaller 

dimensions, and new materials with low parasitic capacitance.  
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       In recent years, low dielectric constant (low-k) material, has been developed to replace the 

conventional SiO2 as the interlayer dielectric (ILD) in integrated circuits (ICs), and it can be used  

as an insulator between metal wires in IC interconnects. Low-k dielectrics play an important role  

in improving the speed of electrical and optical communication systems [24]. 

2.7.1 What is low-k dielectric? 

       A low-k dielectric is one kind of dielectric materials which has lower dielectric constant than 

silicon dioxide SiO2. The implementation of low-k dielectric material is required to allow 

continued scaling of microelectronic devices and extending Moore's law. In ICs dielectric 

material is used for insulating the conducting parts from one another. As the number of 

components in ICs increases and they become very close together, the insulating dielectrics have 

thinned to the point where the charge build up and crosstalk affect the performance of the device. 

Replacing the high-k dielectric such as SiO2 with a low-k dielectric of the same thickness 

reduces the parasitic capacitance, enabling faster operating speed [25]. 

       The range of low-k dielectric materials which are used today includes either ultra low-k 

(k<2.2-2.4) or low-k (2.4<k<3.5). There are two main deposition methods that are used to 

deposit low-k dielectric materials, the first method is SOD (spin-on-dielectrics), and the second 

method is CVD (chemical vapor deposition) or plasma enhanced CVD (PECVD). The main 

factors that affect the final properties of these materials are the deposition method and post 

deposition treatment steps, such as anneals, or chemical treatments [25, 41]. 

2.7.1.1 Spin-on low-k Dielectric materials (SOD) 

       The SODs mainly include polymers or organically modified SiO2 (OSGs, or organosilicate 

glasses). Many organic or inorganic low-k films are created by spin-on process, such as 

Hydrogen silsesquioxane (HSQ), Methylsilsesquioxane (MSQ) and SiLK TM  resin from Dow 



43 

Chemical etc. as an example, IBM designers use typical spin-on dielectric SiLK TM  from Dow 

Chemical for their 0.13 micron process.[25, 41] 

       One of the most important extensions in using SOD is the increase of the material’s porosity. 

Where the porosity represents the ratio of free space (or air) to that of the solid dielectric. In fact, 

the range of the materials k-value is k1, and air has the lowest k-value. Since air gaps have low 

breakdown voltage, low strength and low thermal conductivity, we can't use them as low-k 

dielectrics. Therefore, one of the most important ways to produce low-k material is depositing 

one with a reduced density, i.e. increased porosity. Hence, there are many companies produce 

low-k dielectrics by adding porosity to dielectric materials. In addition, the low-k SODs have 

well-controlled molecular properties with k values ranging from 2.0-2.6. Xerogels and aerogels 

are considered as one classification of porous materials made by SOD. Aerogels are highly 

porous solids formed by replacement of a liquid in a gel with a gas. On the other hand, xerogels 

are formed from a gel by drying it with unhindered shrinkage. These nanoporous silica material 

typically has a dielectric constant value between 1.0 and 3.0, and that depends on the porosity of 

the material [25, 41].  

2.7.1.2 CVD low-k materials 

       Silica-based low-k films are formed by CVD, where the dielectric constant of these 

materials is reduced by doping SiO2 films with carbon C or fluorine F etc. Moreover, the main 

factors that determine the porosity of these materials are reactor dimensions, the deposition 

temperature, and the pressure [25, 41].  

       The recent candidates of CVD low-k materials which are made by different foundries 

include Black Diamond™ and Black Diamond II™ (Applied Materials), CORAL™  
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(Novellus), and Flowfill™ and Orion™ (Trikon). These amorphous materials are commonly 

described as SiCOH, based on a primary silicate (SiOx) structure with organic species (CxHy) 

that can either be bonded with the silicate or trapped within the silicate structure[1,2].  

       Adding porosity to low-k dielectrics is one of the good methods that are used to control and 

reduce the k-value for these materials. However, porous materials may cause problems in 

integration and manufacturability due to their mechanical strength. Thus, we need to control the 

porosity and pores size to improve the materials adhesion and integration. For example.as pores 

become smaller, the mechanical strength of the layer increases [25, 41]. As Stephen Beaudoin et 

al.[41] observed in their low-k dielectrics update, "To create porous dielectric films, a sacrificial 

species can be chemically bonded to the dielectric matrix and later decomposed to form 

nanometer-scale voids in the low-k. Alternatively, by judicious choice of precursor and 

processing conditions, it is possible to deposit dielectric materials that have significant internal 

porosity at the nanoscale. The pores in low-k SODs are typically as large as 20 nm while those in 

PECVD or CVD materials are closer to 10 nm". 
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2.7.1.3 Table 2.1: An update on low-k dielectrics    

Low-k dielectric  k(dielect

ric 
constant) 

n (refractive index) Method of deposition  Foundries  Ref 

Fluorine-doped 

SiO2 

2.4-2.8 1.46485@ 365 nm 

1.46009@ 404.6 nm    

1.4573  @435.8nm 
1.44282@ 894.35 nm   

F=2%  [5] 

HDPCVD (high density 

plasma chemical vapor 

deposition) to produce 
fluorinated silica glass 

Taiwan Semiconductor Co , 

Ltd , Hsinchu , 

Applied Materials Taiwan 
 

41 ,45,46 

Carbon-doped  
SiO2 

2.8-3.5 Less than 2  By doping SiO2 with carbon 
by SOG or CVD 

Novellus Inc. 
Trikon Technology Ltd,  

Institute of Microelectronics, 

Singapore 117685 
Institute of Materials 

Research & Engineering, 

Singapore 117602 
 

 

41,6,7 

Porous SiO2 

(Aerogels/Xerogel

s) 

1.1-2.5 1.17±0.08  @650 nm Creating voids or pores using 
various methods such as 

electrochemical etching. 

IBM 
DOW chemical 

Honeywell 

Texas instruments  

41,60,43 

Porous carbon-

doped SiO2 

Less 
than 2 

1.39-1.42 By UV curing, floating 
methyl groups in carbon-

doped SiO2. 

IBM 
Dow chemical 

41,45, 46 

Spin-on organic 
polymeric such as: 

BCB, 

polyamides./ 
fluorinated 

polyamides 

2.6-2.8/ 
2.5-2.9 

BCB:1.552 @ 600 nm 
,1.537@ 1310  nm,1.535 

@1650 nm [3] 

Spin-on IBM 
Dow chemical 

41,60,42,
43 

Si based 
polymeric such as 

:HSQ ,MSQ. 

where  HSQ is 

hydrogen 

silsesquioxane, an 

interconnected 
network of  (H-

SiO3/2)n units.   

MSQ is methyl 
silsesquioxane, an 

interconnected  

network of (CH3-
SiO3/2)n units. 

2-3.3 1.37 Spin-on  
  

 

IBM 
Dow chemical 

National Taiwan University. 

41 , 
60,43 

Black-diamond 

(SiOCH) 

2.2-3.5 1.46 @ 633 nm  

1.5   @ 248 nm 
1.59 @ 193 nm  

PECVD TSMC 

Applied Materials Inc. 
Texas instrument 

41,43 

Diamond like 

carbon(DLC) / 
fluorinated 

2.7-3.4 / 

2.4-2.8 

 PECVD Applied Materials Inc. 

Texas instrument 

41 , 60 

PTFE (Teflon) 1.9 AF1300  :1.432 @157 

nm 

1.38 @172.2 nm 

1.364 @ 185.1 nm 

1.329 @ 248 nm  

Spin-on  60,43,48 

Porous 
MSQ/porous HSQ 

1.8-
2.2/1.7-

2.2 

Porous HSQ: 1.388-
1.369 

Spin-on IBM 
Dow chemical 

25,43,46 

Porous MSQ@630 nm : 

porosity Index 

0.398 1.627 

0.496 1.516 

Porous SiLK 1.5-2  Porosity @633 nm Spin-on IBM ,Dow chemical 
Veeco Instruments 

25,43, 
49 10% 1.588±.006 

20% 1.570±.004 
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2. 7.2 Why do we need low-k dielectrics for electrical interconnects? 

       The complexity of the integrated circuits has increased from small scale integration (SSI) to 

medium scale integration (MSI) to large scale integration (LSI) to very large scale integration 

(VLSI), and finally to the present ultra large scale integration (ULSI). According to Moore's law, 

there is an exponential growth in the number of transistors per integrated circuit (doubling of 

transistors every couple of years) and in his prediction this trend would continue. So to achieve 

Moore's law and to have so many components on same chip, the dimensions of each device have 

to be decreased [25]. Therefore, this will increase the wire density and the number of metal 

levels on same chip. As a result, this will lead to an increase in the signal delay, the metal line 

cross-talk capacitance, and metal resistance [24, 25].  

       Fig. 2.13 shows the dependence of signal delay on device size. It was shown that below a 

certain distance of the interconnecting lines, the signal delay is dominated by RC delay of the 

interconnect. Clearly, below certain device size, the RC delay becomes the limitation factor of 

the device operating speed [25].  

 

 

  

 

 

 

 

                               Figure 2.13: Dependence of signal delay on device size. Reproduced from [25] 

RC delay can be calculated using the following equation [25]: 

 =RC=2 ρkε0 [4L 2 /S 2 +L 2 /t 2 ]   (Eq. 2.37) 
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Where  —signal delay time 

R—the resistance of metal 

C—the parasitic capacitance 

ρ —the specific resistance of the metal 

k—the dielectric constant (the permittivity) of the dielectric. 

ε0—the dielectric constant of vacuum 

L—the length of the metal 

S —the distance between two metal lines 

t—the thickness of dielectric 

       From Eq. 2.37, to decrease the RC delay we can reduce metal resistivity (ρ), reduce the 

length of the metal, increase the distance between two metal lines, increase the thickness of 

dielectric, and    reduce the dielectric constant (ε) of the ILD [25]. 

       Therefore, using low-k materials as ILD will reduce the parasitic capacitance and so it will 

decrease RC delay, and improve the operating speed of ICs.  

       In summary, It is very important to decrease signal delay and cross-talk in interconnects 

within integrated circuits as device dimensions decrease. And this motivates the need for lower 

resistivity metals and lower dielectric constant insulating films in electrical connections to meet 

future goals. 

2. 7.3 Why do we need low-k dielectrics in optical interconnects? 

        In fact, using electrical interconnects in ICs doesn't meet the future goals such as an 

increasing signal bandwidth demand. . The main advantages of optical interconnects compared 

with electrical interconnects are lower signal attenuation, lower dispersion, and lower crosstalk 

leading to superior bandwidth-distance products. Another significant advantage of the optical 
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links is the immunity of the signal’s transmission to electromagnetic interference, which makes 

them very well suited to mobile systems [23, 24, and 25]. 

       However, Optical interconnects have higher costs than electrical interconnects. As a result, 

the next generation of optical components needs to be low cost and compatible with high volume 

manufacturing. So, to achieve this requirement we need to increase the integration on optical 

devices [23, 24]. 

       The main important components for simultaneous manufacturing of electronics and optics 

function on the same chip using CMOS process are optical waveguides. This implementation 

will increase the number of components integrated on the same chip and fulfils Moore's law. So 

this means that the size will keep decreasing, and so increasing the interconnect parasitic 

capacitance [23, 24]. 

       Although, using low k-dielectrics in designing optical waveguides may increase the 

scattering losses, but, to integrate so many components on the same chip, optical waveguide 

designs with thin claddings and small bending radii are desired. A thin cladding would allow 

small inter-waveguide spacing for a given amount of cross-talk. Such waveguide designs imply 

fabrication of waveguides with a high refractive index contrast between the core and the 

cladding. These high refractive index contrast systems could be used for high density on-chip 

optical waveguides to replace the current electrical interconnects 

       Low-dielectrics can be used as low-refractive index cladding materials in optical waveguides 

[25]. Optical waveguides with low-k dielectrics cladding have high refractive index contrast, 

which might be a good point to increase the optical confinement inside the waveguide. We can 

improve the optical properties of low-k dielectrics to get highly transparent materials and 

increase the chance of using it as a lower cladding for a low-loss optical waveguide. However, 
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using low-k dielectrics in designing optical waveguides might increase both volume and surface 

scattering loss. In chapter 5, we will discuss the use of low-k dielectrics in designing optical 

waveguides in more details. 

2.7.4 Preparation methods of porous silica 

       Porous silica is one of the most important low-k dielectrics that are widely used in optical 

and electrical applications. The focus of this research work was on using porous silica as lower 

cladding in optical waveguides. Therefore, in this section we will include the main methods that 

are used to prepare porous silica. 

2.7.4.1 Electrochemical anodizing method 

       Since the first studies of porous silicon in 1950s, the main process that has been used to 

obtain nano-crystalline porous silicon NPS  is the electrochemical dissolution of silicon wafers 

based on hydrofluoric HF solution. As Ma.Concepción Arenas et al. [56] observed, "This process 

consists of applying an anodic current to the silicon wafer in an HF electrolyte contained in a 

Teflon cell, which is composed of a silicon working electrode and a Pt counter electrode. The 

dissolution of silicon requires holes supplied from its valence band at its surface; thus, for n-type 

silicon, light is necessary to photogenerate holes in contrast to p-type silicon. A constant current 

density can adjust the porosity, thickness, uniformity and reproducibility of samples. Ethanol is 

added to the HF electrolyte to counteract the hydrophobic character of silicon and facilitate the 

infiltration of HF inside the pores. In addition, ethanol helps to remove the hydrogen bubbles 

generated during pore formation on the silicon surface ".  
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       Hoseinzadeh et al. [55] describes the preparation of multilayer planar waveguide structures 

by electrochemically anodizing p-type silicon with 0.98 - 1.1 Ω-cm resistivity in an electrolyte 

mixture composed of 40 % hydrofluoric acid and ethanol (1:1). Current densities were varied 

between 25 to 40 mA/cm 2  and anodization time between 10 to 20 minutes. Then, thermal 

oxidation of the structures was performed in a furnace in order to extend guiding region into the 

visible range. In the process, firstly samples were oxidized at 300 °C for 1 hour in dry O2 to 

stabilize the porous material against the heat treatment at higher temperatures, then oxidation at 

1000 °C for 25 minutes was performed in wet O2, and finally the samples were oxidized at 1100 

°C for 1 hour in dry O2 to make oxidized multilayer planar PS waveguides (OPSWG). Table 2.2 

shows the refractive index and porosity of porous and oxidized porous silicon (OPS) layers. The 

table results show that the porosity and refractive index of porous silicon decrease after 

oxidation. 

Table 2.2: Refractive index of porous layers before (n) and after (n´) oxidation. P and P´ are 

porosities before and after oxidation, respectively. 
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2.7.4.2 Ambient drying method 

       The ambient drying technique was developed by Nitta et al. [52]. The porosity was changed 

by varying the existence of silyation (surface modification), the aging time, or the initial 

water/saline ratio. Silyation is a pre-drying surface modification; it helps in eliminating band 

moisture in these films and makes them hydrophobic. Sols containing a relatively non-volatile 

solvent (ethylene glycol) were spun in an open, ambient environment. The final porosity of the 

films was controlled using the initial TEOS/glycol ratio. The thickness, the porosity, and the 

dielectric constant of the ambient dried silica xerogel films were affected by the glycol content of 

the film, the drying temperature, the spin speed and the spin time. Thicker films are desired to 

get accurate characteristic of mechanical properties by nano-indentation. This process is cheap, 

simple and fast. Faster gelling and thicker films (1.4-2.6) um of 40% porosity for a spin speed of 

(2000) rpm can be achieved by using ethylene glycol. Porous silica prepared by the ambient 

drying process and deposited using a spin coating procedure can be considered as a very good 

low-k dielectric because of their high thermal stability and their ability to be rendered 

hydrophobic. Fig. 2.14 shows high resolution SEM fracture images of a xerogel film that is 78% 

porous. The film is composed of a collection of bonded particles that are largely spherical in 

shape. Analyzing the SEM pictures shows that the average pore size is in a range between 10 and 

20 nm and that the average particle size is also about 20 nm. 
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Figure 2.14: Cross-sectional, fracture SEMs of 78% porous xerogel film ;( a) 

Magnification: 25 000x; (b) magnification: 100 000x. Reproduced from [52] 

 

2.7.5 Effective medium models for the refractive index of porous material 

       Effective medium theory describes the effective refractive index of a porous material as a 

function of the refractive index of the host medium nh=nSilica in our case, and that of the 

embedded material with nemb=npore =1 for vacuum. Furthermore, the porosity P as well as the 

topology of the porous structure affects navg. I use average refractive index navg to define the 

effective refractive index of porous material to avoid confusion with the effective refractive 

index of the waveguide.  

       The three most frequently used effective medium models are the Bruggeman approximation 

[57], the Looyenga formula [58], and the Maxwell Garnett mixing rule [59].  

The Bruggeman approximation is defined as in the following equation: 
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=0, this model is adequate for irregularly shaped particles 

and low porosities. 
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The Looyenga model: 

navg
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3
hn + 3

2

porePn , this model is suitable for high and low porosities. 

The Maxwell Garnett formula: 
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=0, this is used for high porosities 

Finally, the simple linear interpolation 

navg =  P1 hn + porePn  should be mentioned.  

        For porosities P<30% and a wavelength between 300 and 1500 nm, this linear calculation 

deviates only 3% from the Bruggeman formula and 10% from the Looyenga model, whereas the 

deviation from the Maxwell Garnett model is 74%. Thus, when restricting to porosities below 

30%, the simple interpolation might be used instead of the more complicated Bruggeman or 

Looyenga expressions. The reason for the linear approximation was described by Gehr et al.[61]  

, when the  porosity is very small that means the pores occupy small fraction from the whole 

volume. Therefore, based on the assumptions that the porous material has two mediums the 

electric field within each constituent is uniform and that the nonlinearity makes only a small 

contribution to the refractive index, and they include similar description for effective dielectric 

constant depending on the porosity.  

       Assuming that Looyenge model can be used for all types of porosities I used it to define navg 

of porous silica waveguide. 

2.8 Optical waveguides modeling 

2.8.2 Full-Vector Finite Difference Modesolver 

       An optical waveguide modesolver is one of the most important tools that are used in 

designing optical circuits. It was first described by Fallahkhair et al. [54] and it was considered 
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as the main simulation tool for modeling optical waveguides. It calculates modal solutions to 

Maxwell’s equations in a very short time. Furthermore, it is not only used for simulating infinite 

planar waveguides, but it also enables simulation of ridge waveguides. 

       The full-vector finite difference modesolver can be considered as an accurate tool for 

modeling the LEAC chip and was used to optimize waveguide dimensions for all upper cladding 

sensing environments. This in turn, allows waveguide dimensions to be chosen. Using a 

modesolver we can do a round of simulations for different dimensions to decide the best 

optimization of the waveguide's dimensions that we can use to support a single mode for the 

waveguide and allow a sufficient amount of optical power to reach the sensing region. Using a 

mode solver we can decide the thickness of the lower cladding, the waveguide width and the 

core thickness that can be used to design a low-loss optical waveguide. For example, from the 

simulation results of the modesolver we can see that the coupling loss decreases exponentially by 

increasing the cladding thickness. 

       Furthermore, experimental results have been found to be in excellent agreement with 

modesolver predictions in many research works. In my work I added two models to calculate 

scattering loss to the modesolver code. The goal to use those two features was to calculate both 

surface and volume scattering loss in optical waveguides. Those two features can be applied on 

both normal dielectric and low-k dielectric waveguides. However, In case of normal dielectric 

waveguides we assume zero porosity i.e. zero volume scattering loss. More discussion about 

surface scattering and volume scattering models will be shown in Chapter 3. 
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Chapter 3: Modeling of scattering loss in optical waveguides  

 

 

3.1 Scattering loss caused by pores (volume scattering) in porous silica  

 

       As we discussed in previous chapters, Low-k dielectric material implementation is one of 

the main ways that are used to allow continued scaling of microelectronic devices and fulfill 

Moore's law. Accordingly, if we replace the silicon dioxide with a low-k dielectric of the same 

thickness, this will reduce the parasitic capacitance and improve the operating speed. Also, low-k 

dielectric can be used as a low-refractive index material in optical waveguides which increases 

the refractive index contrast and thus improves the waveguide confinement. 

       There are different ways to implement low-k dielectrics such as adding porosity by creating 

large voids or pores in silicon dioxide. As we know these voids can have a dielectric constant of 

nearly one, thus the dielectric constant of a porous material can be reduced to values lower than 

two by increasing the porosity of the film. 

       However, using these materials in optical waveguides may raise the concern about volume 

scattering loss. Volume scattering is considered as a material loss and it is caused when an 

incident light ray encounters the scattering particles such as pores or voids. In this section we 

will discuss a mathematical model that can be used to calculate the volume scattering loss in 

porous materials such as porous silica. 

      Light scattering theory can be categorized in terms of two theoretical models. Both models 

are applied depending on the sizes of particles. One is the Rayleigh scattering theory which is 

applicable to small, dielectric (non-absorbing), spherical or cylindrical particles [1, 6]. The 

second is Mie scattering theory [7], that includes the general spherical scattering solution 

(absorbing or non-absorbing) without a particular limit on particle size. Mie theory can be used 

for describing most spherical particles scattering systems including Rayleigh scattering. 



62 

However, if Rayleigh scattering is applicable it is generally preferred because of the complexity 

of Mie theory.  

 

We can define the particle size parameter as, 

                               p=


r2
  

Where r is the radius of the particle and λ is the wavelength of the incident light. When p > 1, the 

small particle approximation is not valid. Mie theory [2] should be used in this case.  

       Rongjin Yan stated in his dissertation [6] that Mie theory can be used for calculating the 

electric and magnetic fields inside and outside a spherical or cylindrical object and is generally 

used to calculate how much light is scattered, i.e., the total optical cross section. 

       However, the criteria for Rayleigh scattering is applied when the particle is much smaller 

than the wavelength of light (p<1), and then the total scattering cross section of the particle is 

defined by [6], 

σscat = 
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Where p=


R
 and R= 2r, i.e., R is the diameter of the particle. 

As shown in Eq.3.2, the scattering cross section depends on the particle size p, and the 

wavelength of light λ. using the formula of p as a function of R and λ, we can get 

σscat= 




3

2 2

 (


R
) 6 (

2

1
2

2





n

n
) 2    =

4

65

3

2



 R













2

1
2

2

n

n 2              (Eq.3.2), 

Where n is the refractive index of the particle. For porous materials in general we can use the 

models in chapter 2 to define n.  
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       Porosity represents a volume fraction of pores in a porous material over the total volume, it 

takes values from (0-1), or as we usually define it in a percentage between 0 and 100%.  

Once we find the scattering cross section we can calculate the light scattering loss. I used the 

same model which was used to calculate scattering loss in porous Alumina in Ref. [9], where, we 

can define the volume scattering loss by, 

αvscat= 
volume

scat
*P        (Eq.3.3) 

Where αvscat is volume scattering loss in cm 1  , σscat is the scattering cross section in cm 2 , and 

volume is the volume of pore in cm 3 . 

       In fact, pores in porous material might have spherical or cylindrical shapes. As a result, we 

will need to have different definitions for the pore volume.  

       Therefore, to find the volume scattering loss for spherical pores we will use the same 

equation above (Eq. 3.3), but the volume in this case is a sphere volume. 

The volume of spherical pore can be defined as,  

The volume of spherical pore=
3

4
π (R/2) 3  , and then the volume scattering loss can be defined 

as, 

αvscat (dB/cm) = 17.36*π 4

4

3
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2

1
2

2

n

n 2 *P                  (Eq.3.4) 

(Eq.3.4) assumes R and λ in cm; I converted from cm 1  to dB/cm by multiplying by 4.34. 

       However, to find the volume scattering loss for cylindrical pores we will use (Eq. 3.3), but 

the volume in this case is a cylinder volume. 

The volume of cylindrical pore can be defined as,  

The volume of cylindrical pore=poreheight*π* (R/2) 2 , then by using the (Eq. 3.4) we get, 

http://en.wikipedia.org/wiki/Percentage
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αvscat (dB/cm) =2.866* π 4 R 4 *P / ( poreheight* 4 )           (Eq.3.5) 

Where R and   are in cm 

Refs. [9 and 11] stated that height of pore is << the porous layer thickness and it is in the range 

of 100 nm in our case. 

       As shown in the equations above, the scattering loss depends on the size and the density of 

pores and the wavelength of light. Scattering loss rapidly decreases with increasing the 

wavelength of light. And it rapidly increases with increasing the pore diameter.  

       To study the effect of the pore diameter and the wavelength of light on volume scattering, it 

is worthwhile to have a fast way to calculate the volume scattering for different wavelengths or 

different sizes. By adding the equations above to the modesolver Matlab code, we can easily find 

the volume scattering for any waveguide. 

       However, to make the code general for low-k dielectric waveguides or normal waveguides, 

we used a case statement with two cases. One case is to assume zero volume scattering in normal 

dielectrics waveguides. And the other case is to apply the equations above to calculate volume 

scattering in porous silica waveguides. As shown in the following part of the Matlab code, 

% number: represents case number 
mynum=input('Enter a number:'); 
switch mynum 
    case -3 % volume scattering loss for normal dielectrics waveguide=0 
        volumescatteringloss=0; 

    
    case -2 % volume scattering loss for porous silica waveguide  

  
figure(5) 
number1 = input('Enter a number:'); 
switch number1 

     
    case 1 

         
volumescatteringloss=P*172*1000*3.14^4*((nporouseff^2-

1)/(nporouseff^2+2))^2*R^3./lambda1.^4; 
fprintf(1,'volume scattering = %7.5f dB/cm\n',volumescatteringloss); 
plot(lambda1,volumescatteringloss); 
    case 2 
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        porehight=0.1; 

         
        volumescatteringloss=P*2.866*10000*3.14^4*R^4./ 

(lambda1.^4*porehight); 
        plot(lambda1,volumescatteringloss); 

           
end 
end 

 

3.1.1 Examples of volume scattering loss calculations 

       To study the effect of the wavelength of light on volume scattering loss I simulated a 

waveguide for different values of wavelength as shown in Fig. 3.1. The plot shows the volume 

scattering loss as a function of wavelength, when the diameter of pore R=12.5 nm, P=40%, 

nlowercladding=1.26, and nuppercladding=1 assuming spherical pores. 

  

 

                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 3.1: Volume scattering loss as a function of wavelength 

 

       To study the effect of the diameter of pore on volume scattering, I simulated a waveguide for 

different sizes of pore as shown in Fig. 3.2. The plot shows the volume scattering loss as a 

function of R for λ= (650, 830, 1300, and 1550) nm, upper cladding index=1, lower cladding 

index=1.26, and P=40%, assuming spherical pores. The volume scattering loss increases rapidly 

by increasing the pore size. 
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Figure 3.2: Volume scattering loss as a function of pore size 

       Fig. 3.3 shows the material volume scattering loss as a function of wavelength, when 

R=17.5 nm, P=40%, and nuppercladding=1, and nlowercladdingt=1.45, porehight=100 nm, assuming 

cylindrical pores. 

                

 

 

 

 

 

 

 

 

Figure 3.3: Volume scattering loss as a function of wavelength 
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3.2 Surface scattering loss model for optical waveguides 

       Surface scattering loss depends on the root mean square (rms) deviation of the planarity at 

guiding layer interfaces (σ). Interface scattering has been modeled by many authors, but a 

reasonably accurate and attractively simple model was produced by Tien Eq. 3.6 [2 and 5]. 
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Where σu is the r.m.s. roughness for the interface between the core and upper cladding (upper 

waveguide interface), σl is the r.m.s. roughness for interface between the core and lower cladding 

(the lower waveguide interface), kxu is the perpendicular x-directed decay constant in the upper 

cladding, kxl is the perpendicular y-directed decay constant in the lower cladding, and h is the 

waveguide thickness.  

 

We can find the decay constants using (Eq. 3.7) 

                                           

                      

              
22

0

22

ixi nkk                         (Eq. 3.7) 

 

       Using Tien's model, we assume that the roughness (σ) is the same for both the upper 

cladding and core layer due to plasma etching and core and lower cladding layer interfaces [2]. I 

modified this model and improved the Matlab mode solver to help me to simulate the scattering 

loss due to surface roughness for optical waveguide. 
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Figure 3.4: Propagation in a planar waveguide. Reproduced from [2] 

 

 

       Assuming the simplest planar optical waveguide in Fig.3.4, and using the relationship 

between propagation constants in the x, z, and propagation directions as shown in Fig.3.5.  To 

find equations for sinθ1 and cosθ1, we can use Fig. 3.5 

 

 

 

 

 

 

 
 

 

Figure 3.5: The relationship between propagation constants in the y, z and wavenormal directions. Reproduced 

from [2] 

 

Knowing that k is the wavevector (propagation constant), it is related to wavelength, λ, by: 

k=


2
  

In free space k = k0, and k= nk0, 0  , hence in free space k0=
0

2




 

From Fig.3.5 above sinθ1= 

01

01

kn

kn
 sinθ1, where n1sin θ1= neff, then sinθ1=

1n

neff
, and  

cosθ1=
01

01

kn

kn
cosθ1, where n1k0cos θ1=

01

2

0

2

01 ))()((

kn

knknsqrt eff
=sqrt (1-

2

1











n

neff
) 



69 

So β=neffk0 

The decay constant in the upper cladding is kxu= sqrt( 2 -(k0n3)
2 ) 

The decay constant in the lower cladding is kxl= sqrt( 2 -(k0n2)
2 ) 

To simplify the equation and use it in Matlab mode solver I assumed the following relations: 

kxuinv=1/kxu  

kxlinv=1/kxl 

decay factor=1/(d+kxuinv+kxlinv) 

sigma factor=(4*3.14*n1*sqrt(
22

lu   )/ ) 2  

Using the formulae above and substituting in Tien's model we can get: 

αs(dB/cm) = 2.17*(4*3.14*n1*sqrt(
22

lu   )/ ) 2 *1/(d+kxuinv+kxlinv)*(1- 2

1

)(
n

neff
) 5.1 / (

1n

neff
) 

(Eq.3.8) 

       Pirasteh et al. [4] used this model for a roughness range of (1-50) nm. The results were in a 

good agreement with his experimental results of measuring scattering loss. Also, T. Reed et al. 

[2] stated that this model can be applied whenever the ratio (σ/λ) <1. 

 The model shows that the scattering loss highly depends on the amount of roughness, where 

scattering loss has a parabolic relation with the r.m.s roughness. And this model can be applied 

for both normal dielectrics and low-k dielectrics waveguides. Tien et al.[2] assumed that σu= σl, 

but in case of using porous silica in lower cladding σu is << σl. 

Finally, this model can be added to the Matlab modesolver code to make the scattering loss 

calculations easier. As shown in the following part of Matlab code, 

kxu=sqrt(beta^2-k0^2*n3^2); 
kxl=sqrt(beta^2-k0^2*nporouseff^2); 
kxuinv=1/kxu; 
kxlinv=1/kxl; 
decayfact=1/(d+kxuinv+kxlinv); 
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%segmafact=(4*3.14*n2*sqrt(segu^2+segl^2)/lambda)^2 but we assumed segu=segl; 
sigmafact=(4*3.14*n2.*sqrt(2.*sigu.^2)./lambda).^2;% this one is to plot 

surface scattering as a function of sigma 
sigmafact1=(4*3.14*n2*sqrt(2*sigl^2)/lambda)^2;% this one is to find surface 

scattering @ fixed lambda and fixed sigma  
%sth is sin(propagaion angle) 
sth=neff/n2; 
surfacescatteringloss=0.5*4.3*10000.*sigmafact*decayfact*(1-sth^2)^1.5/sth;% 

this one is to plot surface scattering as a function of sigma 
surfacescatteringloss1=0.5*4.3*10000*sigmafact1*decayfact*(1-sth^2)^1.5/sth; 

 

3.2.1 Examples of surface scattering loss calculations 

       I used this model to calculate the surface scattering losses for the waveguides made by Jain 

et al. [8]. To study the effect of wavelength and r.m.s roughness on surface scattering loss, I 

simulated the waveguides for different values of sigma at different wavelength values. Fig. 3.6 

represents the calculated surface scattering loss results for an oxide-xerogel waveguide with air 

as upper cladding, core index=1.45, lower cladding index=1.263(P=40%), lower cladding 

thickness=1.3 µm  and core thickness=2 µm. The plot represents the surface scattering loss as a 

function of wavelength for different values of sigma.  

        As shown in Fig. 3.6 the surface scattering loss decreases by increasing the wavelength, but 

at the same time it increases by increasing sigma. Also, we should take in consideration the 

effect of both the thickness and the refractive index of the core. Eq. 3.8 shows that the surface 

scattering loss increases by increasing the core index and decreases by increasing the core 

thickness. Fig. 3.7 shows the scattering loss results of polymer-xerogel waveguide, with air as 

upper cladding, the index of the lower cladding=1.263 assuming a porous silica with a porosity 

of 40% , the index of Alkoxysilane core=1.51, and the core thickness is 0.94 µm. 
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Figure 3.6: Calculated surface scattering losses as a function of the wavelength 

for different values of σ (rms) for oxide-xerogel waveguide of porosity= 40%(y-axis is in log-scale) 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Surface scattering loss as a function of wavelength for different values of sigma(y-axis is in log-scale) 
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       To show the effect of r.m.s roughness on surface scattering, I have simulated the surface 

scattering loss as a function of (σ/λ) 2  at λ=650 nm. Fig. 3.8 shows a linear relation between the 

surface scattering loss and (σ/λ) 2 . This linear relation is expected as we see in (Eq. 3.7). 

 

Figure 3.8: Surface scattering loss vs. (σ/λ)
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Chapter 4: Modeling of LEAC sensor without low-k dielectrics 

 

 

4.1 Photodetector coupling loss results 

       I simulated the LEAC chip designed by Erickson et al. [1] at different values of core 

thickness and upper cladding index, and for the same range of lower cladding thickness using 

Matlab modesolver. Fig. 4.1 shows my simulation results for Erickson’s waveguide with 

ncore=1.8, and nlower-cladding=1.46 in Ref. [1]. The figure shows different coupling losses for 

different values of core thickness and as a result of different analyte types on upper cladding. My 

Result is in a good agreement with Erickson’s simulation  result shown in Fig. 4.2. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.1: Coupling loss as a function of lower cladding thickness 
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Figure 4.2: (a) Coupling loss for waveguides as a function of lower cladding thickness. Reproduced from [1] 

       As shown in Figs. (4.1 And 4.2), the photodetector coupling loss decreases exponentially by 

increasing the lower cladding thickness. Also, the coupling loss decreases by increasing the core 

thickness and the refractive index of the upper cladding.  

       To make the comparison easier, I used the exact same range of lower cladding thickness. 

Both Figs. (4.1 And 4.2) show that the maximum values of coupling loss occur when d=30 nm 

and n=1.46. However, both Figs also show that the minimum values of coupling loss occur when 

d=60 nm and n=1.47. Also, the range of coupling loss at different values of lower cladding 

thickness in both Figures is approximately the same, but I guess the reason for having a little 

difference is due to having a different initial guess for neff   in the modesolver.  
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4.2 Modal solutions results 

       I used Matlab modesolver to create modal solutions for LEAC chips designed by Erickson et 

al. [2] for oil sensing, BTEX sensing, and biosensing as shown in Fig. 4.3, the lateral lines 

indicate the position of the upper cladding, lower cladding, and silicon, respectively. The thin 

core is not visible in the image, but is located just above the line separating the upper and lower 

cladding regions. A description of each waveguide in Figs. (4.3,4.4) is provided in Table 4.1 

  
Figure 4.3: Modesolver simulation results for fundamental TE Mode of LEAC waveguides used for sensing in 

different upper cladding environments. 
 

 

 

Figure 4.4: Modesolver simulation results for fundamental TE Mode of LEAC waveguides used for sensing in  

different upper cladding environments. Reproduced from [2] 

 

        

Upper cladding, n=1.46 Upper cladding, n=1.33 Upper cladding, n=1.31 
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       The results in Figs. (4.3 and 4.4) show that the fraction of the field present in the upper 

cladding sensing region when the upper cladding has a refractive index of 1.46 is found to be 

much higher than the fraction of field when the upper cladding has refractive indices of 1.33 and 

1.31, These results are consistent with the evanescent field shift effect. As we discussed before, 

when the refractive index of upper cladding increases by analyte binding this will shift the 

evanescent field up and reduce the amount of photodetector coupling. 

4.3 Comparisons of modeling results to Erickson’s modeling results for LEAC sensors 

       In fact to design a good LEAC sensor, the device should have high sensitivity and the 

photodetectors array should have high signal to noise ratio (SNR). The SNR of photodetectors is 

proportional to the photodetectors coupling loss. So, we have to optimize the waveguide's 

parameters until we get high values of sensitivity and coupling loss. However, as we stated 

before, there is a tradeoff between the device sensitivity and the photodetector coupling loss. For 

example, the sensitivity increases linearly by increasing the lower cladding thickness, but at the 

same time the photodetector coupling loss decreases exponentially by increasing the lower 

cladding thickness.  To understand the dependence of sensitivity and coupling loss on the lower 

cladding thickness, I simulated the waveguides designed by Erickson et al.[2], using the same 

values, that he used.  

       Table 4.1 shows the comparison between the results. The table shows the results of 

sensitivities and coupling losses for different waveguides with different dimensions and different 

indices. 
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Table 4.1: Waveguides Used for Experiments in [2] 

 

  

 

4.4  Sensitivity as a function of lower cladding, and core thicknesses. 

       To find the sensitivity of the device, dM/dn which is given in units of %/refractive index unit 

(RIU), I used the ratio of the device modulation to the refractive index unit. The modulation ratio 

as we defined in chapter 2 is the fractional change in photodetector coupling from its initial value 

Upper cladding Oil (n=1.46)  

 
Water (n=1.33)  

 
Teflon (n=1.31 ) 

 

Waveguide width (um) 4 4 4 

Lower cladding index 1.46 1.46 1.46 

Lower cladding material PECVD Oxide  

 
Thermal Oxide  

 
Thermal Oxide  

 

Core material Si Nitride  

 
Metal Oxide 

 
Si Nitride  

 

Core thickness(nm) 30 37.5 70 

Core index 1.8 2.05 1.8 

Oxide lower cladding 

thickness(nm) 

1250  

 
1900  

 
1700  

 

Photodetector 

coupling 

(dB/cm) 

Erickson's 

results 

13 8 16 

My results 18.5 10 11.43741 

% Optical 

Power in Upper 

Cladding  

Erickson's 

results 

48.6 15.2 9.8 

My results 47.802 42.5 37.822 

Sensitivity 

(%/RIU)  
Erickson's 

results 

8880 2590 1720 

My results 8734.19 2621 1804 

Effective Index 

(N_eff)  
Erickson's 

results 

1.461 1.4663 1.464 

My results 1.464054 

 

1.466174 1.468984 
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before the analyte binding to its final value after the analyte binding, and we described that 

before using (Eq. 2.34). Fig. 4.5 represents Erickson’s results for coupling loss and sensitivity as 

a function of lower cladding thickness. To compare I simulated the same waveguide with the 

same dimensions and indices as shown in Fig. 4.6.  

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 4.5: Plot of sensitivity and photodetector coupling for d=37.5 nm metal oxide core biosensing waveguide 

covered in Teflon Af. Reproduced from [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6: Plot of sensitivity and photodetector coupling for d=37.5 nm metal oxide core biosensing waveguide 

covered in Teflon Af.  
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       Fig. 4.5 shows that the sensitivity increases linearly by increasing the lower cladding 

thickness. But, at the same time the coupling loss decreases exponentially by increasing the 

lower cladding thickness. Thus, this will affect the detected evanescent optical power, and will 

decrease its magnitude exponentially. 

       In comparison with Fig. 4.5, Fig. 4.6 doesn’t show exact linear relation between the 

sensitivity and the lower cladding thickness, but both Figures agree that the sensitivity increases 

by increasing the lower cladding thickness. Also, both figures show an exponentially decrease of 

coupling loss as a function of lower cladding thickness. But, the values are not exactly the same. 

I predict the reason for this difference between the results although we both used the same 

simulator, is due to using different guess for the effective index in modesolver. Also, I used 

lambda=650 nm in my simulation, but I was not sure what was the wavelength the Erickson et al. 

[2] used in his simulations. 

       Furthermore, by calculating the sensitivity for different values of core thickness, we can see 

that the sensitivity varies by changing the core thickness. But, we will notice that the relation to 

core thickness depends on the lower cladding thickness. To clarify, I use Fig. 4.7 from 

Erickson’s dissertation [2] to show the effect of core thickness on sensitivity. The figure shows 

that for smaller values of lower cladding thickness the sensitivity increases by increasing the core 

thickness. But, for higher values of lower cladding thickness, the sensitivity decreases by 

increasing the core thickness. 

       Also, I simulated the sensitivity for (60, 65, 70, 75) nm core thicknesses as shown in Fig. 4.8 

to compare with Erickson's results.  
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Figure 4.7: Effect of lower cladding thickness on optimal core thickness. Reproduced from [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.8: Effect of core thickness and lower cladding thickness on sensitivity 
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       If I compare the results of sensitivity when the lower cladding thickness is 1500 nm, both 

figures show that the sensitivity increases by increasing the core thickness at the specified lower 

cladding thickness.  However, if I will compare the results when the lower cladding thickness is 

2600 nm, both figures show that the sensitivity decreases by increasing the core thickness at the 

specified lower cladding thickness. As Erickson observed in his dissertation [2], “Interestingly, 

modesolver results indicate that optimal sensitivity is not necessarily achieved when the 

waveguide core height is designed to be at cutoff. The optimum core thickness depends on the 

lower cladding thickness. For increasing lower cladding values, the waveguide should be 

designed to be at cutoff. However, for thinner lower cladding values, the waveguide should be 

designed to be slightly above cutoff”  

4.5 Scattering loss results 

       The following short table shows the surface scattering loss for Erickson's waveguides using 

Tien's model. The values of scattering were calculated assuming the r.m.s roughness= 2 nm. This 

value of roughness was taken from Ref. [2].  

      As shown in Table 2.2 below, the upper bound of the scattering loss of Tien's model is 25.3 

dB/cm is consistent with the upper bound loss estimate of Erickson et al. which was 20 dB/cm 

for a 7 um width waveguide. 

       Also, The lower bound of the scattering loss of Tien's model is 15.3525 dB/cm is consistent 

with the lower bound loss estimate of Erickson et al. which was 15 dB/cm for a 7 um width 

waveguide. These results indicate that Tien's model can be considered as a good estimate for the 

surface scattering loss of an optical waveguide. 
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Table 2.2: Surface scattering loss results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upper cladding Oil (n=1.46)  

 
Water (n=1.33)  

 
Teflon (n=1.31 ) 

 

Waveguide width (um) 4 4 4 

Lower cladding index 1.46 1.46 1.46 

Lower cladding material PECVD Oxide  

 
Thermal Oxide  

 
Thermal Oxide  

 

Core material Si Nitride  

 
Metal Oxide 

 
Si Nitride  

 

Core thickness(nm) 30 37.5 70 

Core index 1.8 2.05 1.8 

Oxide lower cladding 

thickness(nm) 

1250  

 
1900  

 
1700  

 

Surface scattering loss in 

(dB/cm)using my model 

assuming r.m.s roughness=2 

nm  

15.35425 25.3 23.9 
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Chapter 5: Modeling of optical waveguides with porous silica claddings 

5.1 Introduction 

       Designing optical waveguides is one of the ways that helped to improve the simultaneous 

manufacturing of electronics and optics which function on the same chip using a CMOS process. 

Highly confined optical waveguides are needed to transmit optical data in silicon photonic 

circuits. Using optical waveguides compared with electrical interconnects for transmitting data 

exhibits several demonstrated advantages, such as higher-data rate, lower signal attenuation, 

lower dispersion, and lower crosstalk [2].  

         In order to integrate so many components on one chip, the dimensions of each device need 

to be decreased, so, the RC-time delay will increase and this will reduce the operating speed. 

Therefore, one of the methods that we can use is reducing the parasitic capacitance by reducing 

the dielectric constant of the material used in interconnects [2, 4]. 

        The prior research on LEAC chip used conventional silicon-dioxide dielectrics for optical 

waveguide cladding. However, this will reduce the ability to integrate many components on 

same chip, and will reduce the data rate compared to low-k dielectrics. Therefore, to enable 

electronics and optics to be fabricated on the same optoelectronic circuit chip, new technologies 

and new materials need to be developed to cope with the integration challenges. 

       In recent years, low-k dielectric material has been developed to replace conventional 

dielectric material such as SiO2 as the interlayer dielectric (ILD) in Integrated Circuits (ICs).       

Using low-k dielectric material increases the ability to integrate large number of components on 

the same silicon wafer and satisfies Moore’s law. The reason for developing low-k dielectric 
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material is to reduce the RC-time delay and improve the operating speed of the ICs [2].               

Therefore, since low-k dielectrics have low refractive index, this also describes the need for 

using low-k dielectric material in designing high confinement optical waveguides used as 

interconnects to transmit data in silicon photonics. 

5.2 Optical waveguide using low-k dielectrics porous silica  

       Low-k dielectrics are considered as the best choice to cope with the integration challenges 

and reduce the RC signal delay for performance improvement of the next generation ICs. Porous 

materials are one example of low-k dielectrics that can be used. Controlled porosity is the most 

practical way of reducing the dielectric constant of a material below 2 [12].  

        Fabrication of waveguides of high refractive index contrast between the core and the 

cladding helps to reduce the need for large bending radii and thick cladding. Thus, having a 

waveguide of thin cladding and small bending radius increases the ability to integrate so many 

components on the same chip with low crosstalk [12]. 

       An optical waveguide of high refractive index contrast consists of a high refractive index 

material used as core such as TiO2 or Ta2O5, and a porous material such as porous silica as low-

refractive index lower cladding. Porous silica can be described as interconnected clusters of 

SiO2. Assuming that we are working in the visible light range, the clusters are considered 

optically transparent, because the typical cluster size is 20 nm which is an order of magnitude or 

smaller than the wavelength of visible light [12]. 

       The relation of the refractive index n of porous silica as a function of the volume fraction 

porosity p assuming low porosity can be described as: n= 1.458-0.458P [12]. The refractive 

index that can be obtained for such a material is in the range of (1.1-1.34) which makes it a good 

choice to reduce the integration problems [12].  
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       The properties of porous silica materials such as the simple preparation method, the 

controllable refractive index and thickness, and the ability to make it hydrophobic make it one 

promising material that can be used as low-refractive index lower cladding in optical 

waveguides. Optical waveguides of negligible absorption and scattering loss can be achieved 

using porous silica as lower cladding. Furthermore, the process of making porous silica is 

compatible with CMOS technology, which makes the integration of this interconnect strategy 

with microprocessors easier [12, 14]. 

       However, it is important to study the effect of porosity on the mechanical and interfacial 

stability when using porous materials in optical or metallic interconnects. The porosity has a 

large impact on the adhesion of porous material to different neighboring layers, and on their 

mechanical properties such as: modulus, hardness, and toughness. In addition it has a large effect 

on their electrical and chemical interaction [12].  

       Furthermore, there is an interaction between porous materials and the adjacent layers to 

which they are attached. This interaction affects the performance of these structures. Therefore, 

as we are interested in designing optical waveguides using porous materials as lower claddings, 

we need to study the scattering properties of porous materials. Clearly, the existence of pores in 

porous materials will cause volume scattering and this scattering depends on the porosity and the 

size of pores. In addition, we need to consider the losses caused at the interface between the 

porous materials and the layers above and below them. The reason for that is, the surface of a 

porous material is not smooth and I predict it has large roughness and that result in non-

negligible surface scattering loss   
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5.2.1 Optical waveguide design using porous silica as lower cladding 

       In this section I will discuss two designs of optical waveguides made by two different 

authors. The waveguides were made using porous silica as a lower cladding. I will include the 

experimental results of the optical waveguides and compare it with the simulation results using 

the Mat lab modesolver. 

5.2.1.1 The optical waveguide made by Jain et al. [12] 

       Jain et al. [12] fabricated an asymmetric planar optical waveguide of high refractive index 

contrast using air as upper cladding and porous silica as lower cladding. Hydrophobic porous 

silica films of high thermal stability and of thickness>1 um were prepared using the ethylene 

glycol co-solvent for being used as a lower cladding of the optical waveguide.  

       Two types of high refractive index materials were used for the core of the waveguide. The 

first one is inorganic material of an approximately 1 um SiO2 prepared by plasma enhancement 

chemical vapor deposition (PECVD) using SiH4 and N2O plasma.  

       The second one is a 2 um polymer film prepared by a spinning on Alkoxysiloxane epoxy at 

spinning speed of 6000 rpm for 100 s followed by a 20-min bake at 100˚C to remove the solvent.   

The solvent removal step causes evaporation-induced instability which results in pinhole 

formation. Performing the UV curing step before the solvent removal step prevents the pinhole’s 

formation. Thus, we can form a uniform continuous polymer film on the xerogel, and then finally 

annealing was done at 150˚C. Finally, polymer–xerogel waveguides with a refractive index 

contrast of 0.34 maximum were fabricated using an alkoxysiloxane polymer (n=1.51). 
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5.2.1.1. a Optical waveguide loss measurement results 

       Table 5.1 lists the various waveguide structures that were fabricated using a 40% porous 

xerogel as the lower cladding. Fig. 5.1 shows the planar oxide-xerogel waveguide loss measured 

results. The results show that the oxide deposited at higher substrate temperatures gave lower 

absorption loss waveguides. The Figure doesn't show the results of polymer-xerogel waveguide, 

but Jain et al. [12] mentioned that the losses of polymer–xerogel waveguides were less than 0.5 

dB/cm and this represents only absorption loss. 

 

Table 5.1: Parameters for planar waveguides on xerogel. Reproduced from [12] 
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Figure 5.1: Modal loss for oxide / 40% porous xerogel planar waveguides at 650 and 830 nm.        

Reproduced from [12] 

 

       As demonstrated by Jain et al. [12], the adhesion of the oxide to the xerogel is stronger at 

lower deposition temperatures. This describes the negligible scattering at the air–oxide or oxide–

xerogel interfaces at lower temperatures. However, the absorption loss is dominant at lower 

temperatures because the deposition at low- temperatures is known to lead to more unsaturated 

Si sites and more Si–OH sites, so the oxide films had higher absorptions. 

Furthermore, Jain et al. [12] developed a polymer xerogel waveguide system. In the purely 

inorganic waveguides the losses were dominated by absorption losses in the oxide core and were 

dependent on the deposition temperature of the oxide. The oxide films deposited above 200˚C 

had acceptable losses for use as optical interconnect materials.  

      If proper attention is given to the method of preparation, silica xerogel can be considered as a 

good optical waveguide cladding material for on-chip optical interconnects due to the negligible 

absorption and scattering losses, controllable refractive index (n) and thickness, and CMOS-

compatible processing.  
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5.2.1.1.b The simulation results of the optical waveguides 

       In Jain et al. [12] scattering at the air–oxide or oxide–xerogel is negligible assuming several 

factors. These factors include: the control of the preparation method of porous silica to improve 

the mechanical properties of porous silica, getting higher values of hardness and modulus using 

ethylene glycol as solvent, and using low deposition temperatures which makes the adhesion of 

the oxide to the xerogel stronger. Therefore, absorption loss at lower temperatures is considered 

the dominant source of loss in xerogel-oxide and xerogel-polymer optical waveguides in Jain et 

al. [12] 

       The results in this section were simulated using Matlab modesolver and a good agreement 

between measurement and simulation results could be achieved. 

       The modesolver simulation result for fundamental TE Mode of xerogel-polymer (n=1.51) 

optical waveguide of air as upper cladding, 1.2 um thick porous silica of 40% porosity and 20 

nm pore diameter as lower cladding, and 2 um core thickness and of 4 um width at 650 nm 

wavelength is shown in Fig. 5.2, The modal loss is 0.213 dB/cm 

  
 

 

 

  

 

 

 

Figure 5.2: Rib xerogel-polymer waveguide 
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       The modesolver simulation result for fundamental TE Mode of xerogel-oxide optical 

waveguide with 1.3 um thickness of lower cladding, 0.94 um core thickness, and of 4 um width 

at 650 nm wavelength is shown in Fig.5.3, the modal loss is 2.065 dB/cm. 

 

 

 

 

 

 

 

 

 

Figure 5.3: Xerogel-oxide rib waveguide 

       To be able to compare the simulation results with the measured results, it is worthwhile to 

find the total modal loss and compare the results with Fig. 5.1. Hence; Fig. 5.4 shows the 

simulated modal loss as a function of wavelength. The value of simulated modal loss at λ= 650 

nm is 2.06529 dB/cm and this result is in a good agreement with the measured modal loss of~2.3 

dB/cm. Also, the figure shows that the simulated result of the total modal loss at λ= 830 nm is 

1.6 dB/cm which is close to the measured modal loss of ~1.9 dB/cm 
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Figure 5.4: measured modal loss by Jain et al.[12] and simulated modal loss by my models as a function of 

wavelength 

 

5.2.1.2 Optical waveguide made by Pirasteh et al. 

       Pirasteh et al. [25] demonstrated the design of both planar porous silicon waveguide (PSW) 

and oxidized porous silicon waveguide(OPSW)which are composed of a porous silicon guiding 

layer of a low porosity (high refractive index) surrounded by porous silicon cladding layer(s) 

with a higher porosity (low refractive index). As Pirasteh et al. [25] observed, "Porous silicon 

layers were obtained by electrochemical anodization of heavily p-type doped silicon wafers (5 

mΩ cm). The electrolyte solution was HF (50%):H2O: ethanol (2:1:2) at room temperature. To 

achieve multilayer planar optical waveguides, layers of different porosities (and thus different 

refractive indices) were formed by abruptly changing the anodization current. The (1-5) µm 

thickness of each of the guiding and cladding layers was controlled by the anodization time. The 

guiding (upper) layer and the cladding (lower) layer were formed by successively applying 

current densities of 50 and 80 mA/cm 2 in order to obtain porosities of about 60% and 65%, 
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respectively. This process was followed by a brief plasma etching in order to remove the 

superficial parasitic film. Then, the prepared structures were oxidized at 900 °C for 60 min in 

wet O2 after a preoxidation step at 300 °C for 1 h". 

5.2.1.2. a Optical waveguide loss measurement results 

       To understand the models that are used to calculate optical losses in a porous silica 

waveguide which we described in chapter 3, it is worthwhile to understand the measurement 

schemes of optical losses and compare the experimental results with the results obtained from the 

mathematical models.  

       Pirasteh et al. [25] measured the optical losses in OPSW by studying the scattered light from 

the surface of the waveguide. Laser light was single-mode fiber-coupled into the waveguide. The 

intensity of the scattered light was recorded with a digital camera placed above the sample.  

       Fig. 5.5 and its inset show, respectively, a typical 2D intensity distribution of the visualized 

light and its longitudinal variation. The last curve was obtained by integrating the data along 

each sampling transverse line. The light intensity decreased exponentially with the z-propagation 

distance as shown. 

 

 

 

 

 

 

 

 

Figure 5.5: Two-dimensional light intensity for OPSW; inset: logarithmic of light intensity (i) propagating in the  

OPSW as a function of the propagation distance at 633 nm. Reproduced from [25] 
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       One of the main advantages of the loss measurement experimental setup of optical 

waveguide is to observe the light propagation within the waveguide. In fact, the intensity of 

scattered light from the surface of the sample, recorded by the camera, is proportional 

to the intensity of guided light.  

       Fig. 5.6 represents a typical picture of light propagation in an OPSW at 633 nm. As we can 

see, the beam diverges and splits into several rays. Light behaved in this manner for both PSW 

and OPSW. 

 

 

 

  

 

 

 

 

Figure 5.6: Top view picture of scattered light along the waveguide from OPSW 

at 633 nm: broadening of the beam. Reproduced from [25] 

 

       Pirasteh et al. [25] measured the total losses of porous silica waveguide as a function of the 

wavelength for OPSW. The measured values are shown in Table 5.2. Losses were about 0.6 

dB/cm at λ=1550 nm. Obviously, losses decreased as the wavelength increased. However, there 

was a slight increase in losses between 980 and 1550 nm. 
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Table 5.2: Measured values of optical losses as a function of the wavelength 

OPSW [4]. 

 

 

 

 

 

 

 

 

5.2.1.2.b The simulation results of the optical waveguides 

       I used matlab modesolver to simulate a waveguide with air as an upper cladding, OPS as a 

lower cladding and silica as a core with indices of 1, 1.263 and 1.45 respectively. The 

thicknesses of the lower cladding and the core are 3 um and 1 um in respectively using the 

ranges in Pirasteh et al. [25]. The modesolver simulation result for fundamental TE Mode of the 

waveguide lambda=1550 nm is shown in Fig. 5.7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
       Figure 5.7: Modesolver simulation results for fundamental TE Mode of a planar OPS waveguide 
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       In addition, Using the surface scattering model described in chapter 3, I simulated the same 

waveguide at λ=650 nm and the surface scattering loss was 0.158 dB/cm while the volume 

scattering loss was ~4 dB/cm. The results were in a good agreement with his results at λ= 650 

nm with surface scattering and volume scattering losses of 0.25 dB/cm and 3 dB/cm respectively.  

       To compare with the measured results in Table 5.2, I simulated the waveguide modal loss as 

a function of wavelength, and I used σ=24 nm, R=16 nm. Porosity=30%, and I plotted both 

measured and simulated results together as shown in Fig. 5.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
    

 
 Figure 5.8: Simulated and measure modal lossas a function of wavelength 

 

       If we compare the measured results with the simulated modal loss as shown in Fig. 5.8, we 

will find good agreement between the results, for example at λ=1550, Fig. 5.8 shows a modal 

loss of~0.3 dB/cm which is half of the measured of 0.6 dB/cm as shown in Table 5.4. But, 

Pirasteh et al. [25] didn’t specify the meaning of tolerances that he included in his table. So if we 

considered these numbers as bit error rates to represent the max and min values of the measured 

loss, the simulated results agree with the measured results.  
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Chapter 6: LEAC sensor design using porous silica as lower-cladding 
 

 

6.1 Introduction  

       One of the main goals of my research work is to study the properties of porous silica optical 

waveguides and demonstrate the ability to use them in biosensing applications.  

       To understand the sensing mechanisms, it is important to clarify several biosensor terms. 

Sensitivity is one of the important parameters that are required to understand the biosensor’s 

performance. It can be defined as the change in the value of the output signal produced by the 

transducer in response to the change of refractive index due to analyte binding [4]. 

       Another key parameter to characterize the performance of the sensor is the noise level. The 

most common noise for most label-free optical biosensors is caused by noise fluctuations, that 

results in, changing the refractive index due to noise level, and this will change the measured 

signal[4]. 

       Limit of detection (LOD) represents the lowest quantity of a substance that can be 

distinguished from the absence of that substance, and it is usually defined as 3×standard 

deviation (SD). There are many ways to specify the LOD. LOD in units of refractive index units 

(RIU) is the most commonly used to evaluate the sensor’s performance, because all sensors are 

sensitive to a RI change in a bulk solution, and hence using this method can provide a rough 

standard to compare the performance for different biosensors[4]. 

       Another important term related to photodetectors is Signal-to-noise ratio (SNR). It 

represents the ratio of a desired signal power to the noise power. It is often expressed in decibels. 

If the SNR is greater than 0 dB that means the signal power is more than the noise power.  

 

http://en.wikipedia.org/wiki/Signal_(electrical_engineering)
http://en.wikipedia.org/wiki/Noise
http://en.wikipedia.org/wiki/Decibel
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       For the device to be used in sensing mechanism we need to improve the LOD of the device 

by increasing its sensitivity. Furthermore, we need a high SNR of the photodetectors that will be 

used to measure the change in photocurrent in response to analyte binding on a LEAC sensor. 

Using the modesolver we can optimize the parameters of the device to improve the SNR. The 

amount of photodetector coupling should be enough to have high SNR, otherwise the measured 

signal will be overwhelmed by noise and incorrect results will be measured by photodetectors. 

       In this chapter we have used modesolver to test the ability of using the optical waveguide 

made by Jain et al.[1] in sensing mechanisms. Also, we have included predictions for an optical 

waveguide parameters using Matlab modesolver to be able to use it in sensing applications i.e. as 

a LEAC biosensor. 

6.2 Can we use Jain et al.'s waveguide as a LEAC sensor? 

       In this section I will simulate for xerogel-oxide planar optical waveguide designed by Jain et 

al., where he used core thicknesses of (0.78 and 0.94) um, and lower cladding thickness of values 

1 um. Modesolver simulation results for fundamental TE mode of LEAC waveguides 

assuming it is used for sensing in different upper cladding environments is shown in Fig. 6.1. 

The lateral lines indicate the position of the upper cladding, lower cladding, and silicon, 

respectively. The thin core is not visible in the image, but is located just above the line separating 

the upper and lower cladding regions. A description of each waveguide is provided in Table 6.1.          

As shown in the table, I used lower cladding with thicknesses greater than 1 which is in the 

range of what Jain et al.[1] used in his experiment, in his experiments he used (0.94 and 0.78) um 

core, but I used 0.36 um core which is in the range of his core thicknesses,  that because I 

couldn't get coupling to photodetectors and high sensitivity using exact same values that he used. 
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The table includes the photodetector coupling loss, the % coupling on the upper cladding and the 

sensitivity in (%/RIU). 

Furthermore, I am showing the results of surface scattering loss using the scattering models 

that we described in chapter 3, assuming a roughness of 2 nm at the interface between the core 

and lower cladding and the volume scattering loss assuming the diameter of pore=17 nm 

although Jain et al.[1] assumed negligible scattering loss in his work. 

         

         
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Modesolver simulation results for fundamental TE mode of Oxide-xerogel LEAC waveguides used for 

sensing in different upper cladding environments. 
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Table 6.1: The simulation results of the waveguide designed by Jain et al. [1] 

 

 

      The question was whether we can use Jain et al.'s porous silica waveguide as a LEAC sensor 

or not. The answer to this question depends on the results of photodetector coupling loss and 

sensitivities. For the waveguide to work as a LEAC sensor we need high sensitivity and high 

SNR for the buried photodetectors. As shown in Table 6.1, the sensitivity increases by increasing 

Upper cladding index 1.31 1.32 1.33 

Waveguide 

width(micron) 

4 4 4 

Core material SiO2 SiO2 SiO2 

Core thickness 0.36 0.36 0.36 

Core index 1.45 1.45 1.45 

Lower cladding 

thickness 

1 1.25 1.7 

Lower cladding material Silica xerogel Silica xerogel Silica xerogel 

Lower cladding index 1.26 1.26 1.26 

Lambda (nm) 650 650 650 

neff 1.373 1.374 1.377 

Photo detector Coupling 

loss(dB/cm) 

0.29 0.021 0.018 

%Optical power in upper 

cladding  

 

11.29 11.047 10.765 

 

Sensitivity(%/RIU) 1053.3 1382.9 1560.3 

Surface scattering loss 

(dB/cm) @ σ=2 nm 

5.896 5.584 5.241 

Volume scattering 

loss(dB/cm) @ pore 

diameter=17 nm 

5.056 5.056 5.056 

Modal loss in (dB/cm) 6.75 6.14 5.776 
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the lower cladding thickness and the photodetector coupling loss decreases at the same time, 

which makes sense for me, because we know it is a tradeoff between the sensitivity and the 

photodetector coupling loss, but comparing with previous works on LEAC chips these values of 

sensitivity are not considered very large. For example, the maximum sensitivity in Table 6.1 is 

1560.283%/RIU which is small comparing with the max sensitivity achieved in Erickson's 

dissertation [2] which was 8880 %/RIU. 

Furthermore, values of coupling loss are very small, so there is very little optical power 

coupled into the optical detector and the small signal becomes overwhelmed by a combination of 

background scattered light and photodetector noise. 

 In addition, Jain et al.[1] in his work ignored the scattering loss which doesn't make sense to 

me, because I assume the scattering loss of porous silica waveguide is higher than the normal 

dielectrics waveguide so we can't ignore it, and the simulation results show high surface and 

volume scattering loss which will make the situation worse. Therefore, if we didn't make any 

changes to Jain et al.'s waveguide, we will not get a good sensor. So I can conclude that Jain et 

al.'s waveguide can't be used as a good LEAC sensor because of low sensitivities and low SNR. 

But, if we modify its parameters we can improve its performance as a LEAC sensor. 

6.3 Predictions of a LEAC sensor using porous silica  

To use the porous silica waveguide designed by Jain et al. [1] as a LEAC sensor we need to 

modify its parameters until we can get high sensitivity and high SNR. 

6.3.1 The first prediction assuming porosity of 40% 

In this part, the waveguide's layer thicknesses were chosen by modeling to improve the 

properties of porous silica waveguide, and obtain a high performance LEAC chip that can be 

used in sensing application. Therefore, I used a thinner core to improve the sensitivity of the 
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device, and at the same time I changed the lower cladding thickness until I obtained acceptable 

values of the photodetector coupling loss, and that is important to increase the SNR. I assumed 

40% porosity which is the same as the porosity used in Jain et al. [1] 

The local evanescent field shift effect is illustrated in Fig. 6.2, which are modesolver 

simulation results for fundamental TE mode of LEAC waveguides assuming it is used for 

sensing in different upper cladding environments. The lateral lines indicate the position of the 

upper cladding, lower cladding, and silicon, respectively. The thin core is not visible in the 

image, but is located just above the line separating the upper and lower cladding regions. Notice 

that the field is shifted upward and that there is minimal interaction of the evanescent field with 

the underlying Si when the upper cladding has an index of n=1.33; however there is significant 

interaction when n=1.32. As such, photodetector coupling is significantly higher for n=1.31. For 

sensing applications, analyte binding or partitioning into the upper cladding sensing region 

causes an increase in refractive index, and therefore a decrease in the measured photocurrent.  

A description of each waveguide is provided in Table.6.2. The table includes the 

photodetector coupling loss, the % coupling on the upper cladding and the sensitivity in 

(%/RIU). Furthermore, I am showing the results of surface scattering loss using my model 

assuming a roughness of 2 nm and the volume scattering loss assuming the diameter of pore=17 

nm. 
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Figure 6.2: Modesolver simulation results for fundamental TE Mode of Oxide-xerogel  LEAC waveguides used for 

sensing in different upper cladding environments using my prediction. 
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Table 6.2: The simulation results of the waveguide using the dimensions I predicted assuming a 

porosity of 40% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.2 The second prediction assuming a porosity of 63% 

In the second prediction I assumed that we can also modify the porosity of porous silica to 

obtain new refractive index values for the waveguide's lower cladding. In this prediction I 

assumed a porosity of 63% for the porous silica lower cladding to get new value of refractive 

index of 1.17 for the lower cladding. Fig.6.3 shows three modal solutions for rib waveguides 

simulated assuming a low-k dielectric xerogel as lower cladding. All of the waveguides have the 

same dimensions.  

Upper cladding 1.31 1.32 1.33 

Waveguide width(micron) 4 4 4 

Core material SiO2 SiO2 SiO2 

Core thickness 0.14 0.14 0.14 

Core index 1.45 1.45 1.45 

Lower cladding thickness 1 1.25 1.7 

Lower cladding material Silica xerogel Silica xerogel Silica xerogel 

Lower cladding index 1.26 1.26 1.26 

Lambda (nm) 650 650 650 

neff 1.3163 1.3229 1.3304 

Photo detector Coupling 

loss(dB/cm) 

10.3 4.6 2.5 

%Coupling on upper 

cladding  

 

34.9 29.8 26.3 

Sensitivity(%/RIU) 2724 6958 6984 

Surface scattering loss 

(dB/cm) @ σ=2 nm 

8.94 8.95 2.72 

Volume scattering 

loss(material loss)(dB/cm) 

@ pore diameter=17 nm 

5.058 5.058 5.058 

Modal loss  19.9 14.9 6.4 
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The solutions were made to compare the results of using air as upper cladding with other 

materials that are used for sensing mechanism, 1.32 upper cladding sensing, and 1.33 upper 

cladding sensing. The fraction of the field present in the upper cladding sensing region is found 

to be much higher for the 1.33 upper cladding sensing waveguide than the 1.32 upper cladding 

sensing waveguides. Also, the fraction of the field is much higher than the field present when 

1.31 upper cladding, consistent with the evanescent field shift effect. 

       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Modesolver simulation results for fundamental TE Mode of Oxide-xerogel LEAC waveguides used for 

sensing in different upper cladding environments. 
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       A description of each waveguide is provided in Table 6.3. The table includes the 

photodetector coupling loss, the % coupling on the upper cladding and the sensitivity in 

(%/RIU). Furthermore, I am showing the results of surface scattering loss using my model 

assuming a roughness of 2 nm and the volume scattering loss assuming the diameter of pore=17 

nm. 

Table 6.3: The simulation results of the waveguide using the dimensions I predicted assuming a 

porosity of 63% 

Upper cladding 1.31 1.32 1.33 

Waveguide 

width(micron) 

4 4 4 

Core material SiO2 SiO2 SiO2 

Core thickness 0.24 0.24 0.24 

Core index 1.45 1.45 1.45 

Lower cladding 

thickness 

1.3 1.3 1.3 

Lower cladding material Silica xerogel Silica xerogel Silica xerogel 

Lower cladding index 1.17 1.17 1.17 

neff 1.302303 1.338654 1.343375 

Lambda (nm) 650 650 650 

Photodetector Coupling 

loss(dB/cm) 

10.7 4.1 3.6 

%Coupling on upper 

cladding  

 

30.6 35.18 35.3 

Sensitivity(%/RIU) 6120 7036 7060 

Surface scattering loss 

(dB/cm) @ σ=2nm 

3.7 3.7 3.7 

Volume scattering 

loss(material) (dB/cm) 

@ pore diameter=17 nm 

4.36 4.36 

 

4.36 

Total Modal 

loss(dB/cm) 

16.3 9.2 8.6 
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6.3.3 Modal loss  

In previous sections we focused on calculating the material loss in optical waveguides. This 

loss includes the light intensity in all layers, core, lower cladding, and upper cladding. Since we 

are interested in using the optical waveguide as an optical sensor, it is important to know the 

modal loss which is the only loss that we can measure. 

       To find the modal loss, we assumed a negligible material loss in the core and the upper 

cladding and it is dominated by volume scattering in lower cladding. To find the modal loss, we 

need to find the confinement factor as we discussed in chapter 2. The confinement factor as we 

discussed in chapter 2 can be described using (Eq.2.29). 

We used (Eq.2.34) to find the modal loss where  

Modal loss= αmaterial_lower cladding * inglowercladd     + αs+ αabsorption         

Material loss= material loss in the core + material loss in lower cladding +material loss in the 

upper cladding. 

Hence, we assume negligible material losses in the core and the upper cladding, so we only 

consider material loss in the lower cladding.                         

 Where inglowercladd  is the lower cladding confinement and we found it using (Eq.2.17) 

Lower cladding confinement is =
uppercladdlowercladd

lowercladd

nn

n


1( )             

I added the equations to the modesolver to find the modal loss of an optical waveguide. 

The value of the modal loss depends on the waveguide refractive indices, the core thickness, and 

the cladding thickness. Furthermore, as the modal loss depends on the material loss which 

represents volume scattering in lower cladding in our case. Also it highly depends on the amount 

of surface scattering and the photodetectors coupling loss. The value of the modal loss might 
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have impact on the sensitivity of the device and the photodetector coupling. Therefore, for the 

device to work as a good sensor we need to make sure that we have acceptable values of modal 

loss in lower cladding. 

Fig.6.4 represents a plot of sensitivity, modal loss, and photodetector coupling vs. lower 

cladding thickness for a 0.14 µm core optical waveguide. The simulated RIU change is 

Δn=0.005, from n=1.310 to n=1.315. As shown in this figure, sensitivity increases with lower 

cladding thickness. However, notice that as sensitivity increases, the magnitudes of photo 

detector coupling and modal loss decay exponentially with lower cladding thickness. The 

sensitivity increases linearly with core-detector distance (lower cladding thickness). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4: Plot of sensitivity, photo detector coupling, modal volume scattering, surface scattering  and total modal 

loss for core thickness=0.14 um 
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obtained in table.6.1 in section 6.1 using Jain et al.'s design's parameters and dimensions. In table 

6.1, the maximum sensitivity is 1560.3%/RIU, where in Tables (6.2 and 6.3) the maximum 

sensitivities are 6984 and 7060 respectively. However, the maximum sensitivity that for example 

Erickson et al.[2]  could get  in his dissertation  was 8080 %/RIU. 

Using the simulation results we can prove that the device sensitivity is highly dependent on 

the lower cladding thickness, waveguide core height, core index and the magnitude of absorbed 

scattered power. Thus, in order to maximize the sensitivity of a porous silica waveguide and 

target a specified photo detector coupling magnitude, we need to precisely choose the 

waveguide’s parameters and at the same time make sure that we are still achieving a single mode 

condition. Furthermore, the evanescent coupling for single mode waveguides was found to 

exhibit an inverse exponential dependence on lower cladding thickness as shown in Fig.6.5 

 

    

     

 

 

 

 

 
                  

 

 

 
 Figure 6.5: Photo detector coupling loss in dB/cm as a function of lower cladding thickness in nm for different

values of core and upper cladding indices. 
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sensitivity. In my prediction I used a thin lower cladding with the thickness of the core above the 

cut off value. Therefore, the optimum core thickness depends on the lower cladding thickness. 

For increasing lower cladding values, the waveguide should be designed to be at cutoff.           

However, for thinner lower cladding values, the waveguide should be designed to be 

slightly above cutoff.  Fig. 6.6 demonstrates that device sensitivity is also dependent on a core 

thickness, the figure shows that for lower values of lower cladding thickness, the sensitivity 

increases by increasing the core thickness and for higher values of lower cladding thickness the 

sensitivity decreases by increasing the core thickness and this was also demonstrated for LEAC 

chips using normal dielectrics by Erickson et al.[2] 

     
              Figure 6.6: Plot of sensitivity as a function of lower cladding thickness for core thicknesses of (75, 140 and 

240) nm 
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before and after a Δn=0.005 RIU increase. The modulation when scattering s is taken into 

account Ms is then given by,  
0(1 ) (1 )

1
(1 ) (1 )

tot

f tot

l s l

s l s l

e e
M

e e





 

 

  
 

  
                     (Eq. 6.1) 

stot=αs + αvscat*Γlower-cladding. 

       Note that as stot increases the modulation decreases, then the sensitivity will also decrease.  

Erickson et al.[2] stated that, "Scattering affects the device sensitivity on two fronts. First, it 

reduces the amount of power in the guided mode, thereby leading to increased amplifier noise 

due to the higher required gain and increased proportional shot noise. Secondly, a high scattering 

background confounds measurement of the evanescently coupled signal, thereby reducing device 

sensitivity". Fig. 6.7 is a plot that shows sensitivity as a function of the magnitude of absorbed 

scattered light in dB/cm. The plot reveals that sensitivity is ultimately limited by scattering and 

that the optimal lower cladding thickness depends on the intrinsic scattering properties of the 

waveguide. 

 

 

 

 

 

 

 

 

 

 

        Figure 6.7: Effect of scattered power on sensitivity and optimal lower cladding thickness, where the core 

thickness is 0.14 µm, the core index is 1.45, and the porosity is 40% 
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        The figure shows that at high values of scattering the sensitivity goes to zero and the 

optimal lower cladding thickness has lower values. Optical waveguides with porous silica 

cladding have high volume and surface scattering losses. Thus, to design a LEAC sensor using 

porous silica lower cladding we have to pay attention to the preparation methods to reduce 

scattering loss to ensure high sensitivity and high SNR. 

 

       Finally, we applied surface and volume scattering loss models on porous silica waveguides 

and LEAC sensors with different indices and dimensions. We noticed that for porous silica 

waveguides in the visible spectrum, losses were mainly due to volume scattering whereas in the 

near infrared spectrum, losses were principally due to surface scattering. But, in LEAC sensors 

with porous silica claddings losses were dominated by surface scattering in all regions. Fig. 6.8 

shows the results of modal volume scattering and surface scattering losses for porous silica 

waveguides and LEAC sensors with different indices and dimensions. 

 
Figure 6.8: The porosity is 30%, ncore=1.51, dashed lines represents the data for 0.07 µm  core thickness, solid lines 

represents the data for 2 µm  core thickness.. Red lines: modal volume scattering loss, blue lines: surface 

scattering loss(both axis are in log-scale) 
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Chapter 7: Conclusions and Future Work 

 

      This chapter summarizes the achievements of the research work of this thesis. Conclusions 

and suggestions for future work are given based on thesis achievements. 

7.1 Achievements 

       The overall objective of this MS research work is to study the design of optical waveguides 

using low-k dielectrics, and to use accurate mathematical models to calculate the scattering 

losses of the waveguide. Full-Vector Finite Difference Modesolver method has been applied to 

achieve a better understanding of the working mechanism of the optical waveguide. The 

achievements include: 

1) Simulating of optical waveguides made by Erickson et al. using Matlab mode solver and    

comparing my simulated results with his simulated results.  

2) A table for the last update of low-k dielectrics was included; I made this table depending on 

my reading for many low-k dielectrics references. 

3) Preparation methods of porous silica were reviewed. 

4) Simulating porous silica waveguides made by Jain et al. and Pirasteh et al. using matlab 

modesolver and comparing the simulated results with the experimental results. 

5) A mathematical model for surface scattering loss calculations was used and added to the 

Matlab mode solver. 

6) A mathematical model for volume scattering loss calculations was used and added to the 

Matlab mode solver. 

7.1.1 Theoretical study of LEAC sensors  

       Optical waveguide has been modeled using Full-Vector Finite Difference Modesolver 

written in MATLAB. Some of the most important parameters were studied and optimized. For 
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example, the relationship between the geometric dimensions of the waveguide in the LEAC 

sensor and the refractive indices of the waveguide layers has been studied to ensure a single 

mode waveguide in the LEAC sensor. Furthermore, the relationship between the waveguide 

dimensions and attenuation has been simulated for waveguides made by high k-dielectrics and 

porous silica waveguides. 

7.1.2 Measurement of optical losses in optical waveguides 

       The methods that are commonly used to measure the losses in optical waveguides have been 

studied such as the cut-back method, the Fabry-Perot method, and the measurement of scattering 

light from the surface of porous silica waveguide. 

7.1.3 Preparation methods of porous silica 

       The methods that are mainly used to prepare porous silica have been studied and the main 

models that are used to find the refractive index of porous silica have been considered. 

7.1.4 Optical waveguides loss calculations 

       The models that are used to calculate the optical losses have been studied. Two models have 

been used and added to the modesolver code. The first model is to calculate the surface 

scattering loss while the second model is to calculate the volume scattering loss. 

7.2 Conclusions  

       We have simulated porous silica optical waveguides made by Jain et al. and Pirasteh et al. 

with negligible absorption losses and low scattering losses. 

       Porous silica is used as a low-k dielectric lower cladding due to its advantages over high-k 

dielectric silica to increase the optical confinement and allow simultaneous manufacturing of 

photonics and electronics on same chip. 
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       Therefore, paying attention to the preparation method of porous silica we can get a high 

performance porous silica optical waveguides which can be used in communication systems. 

       The use of Matlab modesolver gives good information about the main parameters of the 

waveguide and the effect of these parameters on its operation. We can solve for the waveguide's 

leaky modes and decide the waveguide dimensions that help to design low-loss optical 

waveguides. 

       Furthermore, by using mathematical models for the waveguide scattering loss we can get 

good approach to the main factors that affect the waveguide's operation and use the results to 

design optical waveguide with better agreement between the experimental and theoretical results. 

Finally, we can design LEAC sensors using optical waveguides with porous silica lower 

claddings by paying a careful attention to the preparation method of porous silica to reduce the 

scattering loss and optimize the parameters of the device to insure high sensitivity and high SNR. 

7.3 Future work suggestions 

       For a very large-scale integrated (VLSI) photonic scheme, optical waveguides designs with 

thin claddings and small bending radii are desired. A thin cladding would allow small inter-

waveguide spacing for a given amount of crosstalk. Thus, this describes the need for a 

waveguide with a high refractive index between the core and cladding. By paying a careful 

attention to porous silica waveguide fabrication process it can be used for high density on-chip 

optical waveguides to replace the electrical interconnects and this will also allows integrating so 

many components on the same chip. 

       Metal Oxide Semiconductor Implementation Service (MOSIS) system provides multi-

project wafers (MPWs) and related services that drive IC innovation. At the beginning of my 

research work I was going to design a LEAC chip using MOSIS technologies. But because of the 
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lack of the information that MOSIS provides for general users I didn’t have enough information 

about the materials that MOSIS technologies use in their designs. After studying the low-k 

dielectrics and the optical waveguide designed using low-k dielectrics I realized that most of 

MOSIS technologies use low-k dielectrics in most of their designs. After characterizing a porous 

silica waveguide and simulating it using modesolver we can determine the main parameters and 

dimensions that help to design a practical waveguide and then we can use MOSIS system to 

design porous silica waveguide that can be used in ICs and/or communication systems. 

       Furthermore, after optimizing and characterizing the porous silica waveguide we are 

planning to use it in designing a LEAC sensor with buried detectors array that can be used in 

biosensing applications. The sensor that we are interested to design has the same principle as the 

LEAC chips that were designed before, but we just want to use porous silica in lower cladding 

and try to improve the properties of the waveguide to get better LOD, good sensitivity, and high 

SNR for the photodetectors array 
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Appendix A: Fabrication Process Flow of porous silica waveguides with porous silica made 

by electrochemical etching  

 

 

Formation mechanism of porous silicon 

       I added this appendix to have a clear understanding of one of the most commonly used 

method of fabricating porous silica, which is called electrochemical etching. I am adding the 

exact same information from Ref.[18]. The only thing I changed is the references numbers that 

he used in his observation; I just changed them to add them as references to this appendix. 

       As Xing Weir et al. [18] observed, "The porous silicon is fabricated by electrochemical 

etching of silicon in a hydrofluoric acid based electrolyte. It is the most commonly used method 

of fabricating PSi and is usually conducted in the dark to prevent photogenerated currents from 

contributing to the formation process [1, 2]. The exact formation process of PSi is still under 

debate. A number of theories have been proposed on the formation mechanisms and 

morphologies of PSi. In the early 1990s, Lehmann and Gösele proposed the quantum wire effect 

to explain pore formation on p-type silicon [1]. Fig.A.1 illustrates this chemical dissolution 

mechanism, which is recognized as the main mechanism during the PSi formation [4]". 

       "In the Lehmann and Gösele theory, the silicon/HF solution interface behaves like a 

Schottky contact [8]. Fig.2 (a) shows the band diagram of the p-type Si/PSi/HF electrolyte 

solution interface under current flow. Holes transfer occurs at the bottom of the valence band 

(VB) edge, which is physically at the PSi/Si interface (pore tips, Fig.A.2 (b)) [7]. The pore walls 

are depleted of the holes necessary for the dissolution, which inhibits lateral etching of the pores 

and maintains pore directionality. In the p-type Si, the bandgap of PSi increases by quantum 

confinement effects [3]".  
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       "The resulting characteristics of the PSi layer, including the average pore width, porosity, 

pore orientation, and layer thickness, depend upon the fabrication conditions used, including the 

substrate doping and type, the hydrofluoric acid concentration, the anodization current density 

and anodization time [1, 4, and 8]. PSi can have pore sizes ranging from a few nanometers to 

several microns, as primarily dictated by the silicon substrate doping and space charge region 

that forms during the etching process [9]. In this work, PSi of ~ (3-20) nm-radius pore size is 

used [15, 16, 17, and 18]. For a specific hydrofluoric acid concentration, the porosity, which 

determines the refractive index of the PSi layer, is proportional to the current density [10].        

Varying the current density is a convenient way to form PSi layers with different refractive 

indices. Consecutive PSi layers can also be fabricated [11, 12]. Changing the current density 

does not affect the layer previously formed because silicon dissolution occurs preferentially at 

the silicon-electrolyte interface. Additionally, the thickness of each layer can be precisely 

controlled by the etching time for a given applied current density." 
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Figure A.1: Mechanism of PSi formation on p-type silicon. Reproduced from [13] 
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Figure A.2:  (a) Band diagram of the p-Si/PSi/HF solution interface under current flow. (b) Schematic of the PSi 

etching cell. Reproduced from [7] 

 

PSi waveguide fabrication 

     PSi has the advantage of a large internal surface area(>100m²/cm³), which makes it an 

attractive host material in biosensing applications and leads to improved 

capabilities for detecting small molecules[18]. As Xing Weir et al. [18] observed, "Based on the 

electrochemical etching method introduced before a PSi waveguide structure is fabricated 

(Figure A.3) using the etching cell shown in Fig.A.2 (b) [19]. The PSi waveguide is fabricated 

by electrochemical etching of p+ (0.01Ω-cm) silicon wafers in a 15% ethanoic hydrofluoric acid 

electrolyte, which is composed of 175 mL 99% ethanol and 75 mL 49% aqueous HF. The 

waveguide consists of two thin PSi films: a top, low porosity (high refractive index) layer etched 

at 5 mA/ 2cm  for 62 seconds and a bottom, high porosity (low refractive index) layer etched at 48 

mA/ 2cm  for 53 seconds. After anodization, the waveguides are soaked in 1.5 mM KOH for 30 

minutes to widen the pores. The nominal thicknesses of the PSi waveguide layers, as measured 
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by scanning electron microscope (SEM), are as follows: 325 ± 20 nm top PSi layer and 1500 ± 

20 nm bottom layer". 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.3: Cross-section SEM image of two-layer porous silicon waveguides. 

The brighter regions are the nanoscale silicon matrix and the dark regions are 

void spaces.Reproduced from [18] 

 

 

Oxidation 

       "In order to let biomolecules interact greatly with the strongly confined field in the PSi 

waveguide region, biomolecules must be immobilized within the pores. Several methods for 

immobilizing different kinds of biomolecules onto a silicon dioxide surface are available [20, 

21]. Therefore, PSi waveguides need to be firstly oxidized in order to utilize these techniques. 

There is an optimal thickness of oxide to grow on the pore walls. Insufficient oxide will lead to 

incomplete attachment of biomolecules. Over-oxidation will compromise the refractive index 

contrast of the waveguide, which subsequently reduces the electric field confinement in the 

waveguide film layer and reduces the sensitivity of detecting biomolecules in that layer. 

Oxidation can dramatically reduce refractive index of a PSi layer (nSi = 3.4784 at 1550nm, 

nSiO2 = 1.45 at 1550nm) [22]. Hence, the minimum amount of oxidation that allows bimolecular 

attachment needs to be determined in order to achieve the best sensing performance". 
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       "There are two major elements that can affect the oxidation rate: temperature and time. For 

bulk silicon, it is typical to heat the sample at 800ºC for tens to hundreds of minutes to create a 

10-20 nm thin gate oxides for submicron devices [23]. For PSi waveguide sensors, it is not 

necessary to grow a thick insulating oxide layer. Only a thin SiO2 film is needed for bimolecular 

attachment. Due to its distinct structure and morphology, PSi oxidizes at different rates 

compared to bulk silicon. Therefore, a series of oxidation testing experiments were conducted for 

PSi under different temperature and time conditions. For simplicity, single-layer PSi samples 

were used to test the oxidation conditions". 

       "Single-layer PSi samples are fabricated by electrochemical etching of boron doped p+ 

silicon with a 0.01 Ω.cm resistivity. The electrolyte is 15% hydrofluoric (HF) acid. The PSi layer 

is formed by applying 48 mA/cm 2  for 100 seconds. Then 100 μL of 1.5 mM KOH solution is 

dropped on the PSi to open the pores. After incubating for 30 min in KOH, washing the sample 

with ethanol, and drying with nitrogen, the sample is ready for oxidation. The thickness of the 

PSi layer is approximately 3 μm, and the porosity is about 88%". 
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Appendix B: Matlab modesolver code used to solve for the waveguide leaky modes, 

absorption loss, surface scattering loss, and volume scattering loss 

 

 

       To use this code the reader needs to follow the comments that I have added next to every 

line. There are parameters must be entered by the user such as the waveguide dimensions and 

indices, the wavelength, the pore size, the porosity, and the r.m.s roughness (sigma). 

Furthermore, it is very important to use very accurate guess, so the first step I used to do was to 

run the basic full vector code to find neff and use that as a guess for the main code.  

       I tried to add the instructions used to find neff to the main code used for solving the 

waveguide's leaky modes but I failed, because there was an overlap between the waveguide mesh 

functions with different parameters which are used in both codes and they are both required for 

the main operations so we can't delete any of them. 

1- The basic full vector code. 

% This example shows how to calculate and plot both the 
% fundamental TE and TM Eigen modes of an example 3-layer ridge 
% waveguide using the full-vector Eigen mode solver.   

  
% Refractive indices: 
% there are two cases for lower cladding  

  
mynum1=input ('Enter a number:'); 
switch mynum1 
    case 1 % this case is when lower cladding is normal dielectric  

         
n1 = 1.26;          % Lower cladding 
case 2    % this case is used when the lower cladding is porous material  

         
nh=1.45;         %refractive index of host material ,it is Silica in our 

case, but in case of normal dielectrics waveguide this is the refractive 

index of lower cladding assuming npore=1 
 

npore=1;         % the refractive index of embedded material(pore) which is 

air in this case 
 

porosity=0.3;    % the porosity can be changed depending on the design 

,porosity=0 in normal dielectrics waveguide  
 

n1=((1-porosity)*nh^(2/3)+npore^(2/3)*porosity)^1.5; % Yusra's thesis using 

Looyenga's model for porous material's effective index 
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fprintf(1,'effective index of porous = %7.5f \n',n1); 
end 

  

   
n2 = 1.45;          % Core 
n3 = 1;          % Upper cladding (air) 

  
% Layer heights: 
h1 =3;           % Lower cladding 
h2 = 1;           % Core thickness 
h3 = 5;           % Uper cladding 

  
% Horizontal dimensions: 
rh = 0.5;          % Ridge height 
rw =2;           % Ridge half-width 
side = 1.5;         % Space on side 

  
% Grid size: 
dx = 0.0125;        % grid size (horizontal) 
dy = 0.0125;        % grid size (vertical) 

  
lambda =0.546;      % vacuum wavelength 
nmodes = 1;         % number of modes to compute 

  
[x,y,xc,yc,nx,ny,eps,edges] = waveguidemesh([n1,n2,n3],[h1,h2,h3], ... 
                                            rh,rw,side,dx,dy);  

  
% First consider the fundamental TE mode: 

  
[Hx,Hy,neff] = wgmodes(lambda,n2,nmodes,dx,dy,eps,'000A'); 

  
fprintf(1,'neff = %.6f\n',neff); 

  
figure(1); 
subplot(121); 
contourmode(x,y,Hx); 
title('Hx (TE mode)'); xlabel('x'); ylabel('y');  
for v = edges, line(v{:}); end 

  
subplot(122); 
contourmode(x,y,Hy); 
title('Hy (TE mode)'); xlabel('x'); ylabel('y');  
for v = edges, line(v{:}); end 

  
% Next consider the fundamental TM mode 
% (same calculation, but with opposite symmetry) 

  
[Hx,Hy,neff] = wgmodes(lambda,n2,nmodes,dx,dy,eps,'000S'); 
fprintf(1,'neff = %.6f\n',neff); 

  
figure(2); 
subplot(121); 
contourmode(x,y,Hx); 
title('Hx (TM mode)'); xlabel('x'); ylabel('y');  
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for v = edges, line(v{:}); end 

  
subplot(122); 
contourmode(x,y,Hy); 
title('Hy (TM mode)'); xlabel('x'); ylabel('y');  
for v = edges, line(v{:}); end 

 

 

2- The main code used for solving the waveguide's leaky modes 
 

 

% This code illustrates how to use perfectly matched layers 
% at the edges of the computation window. The waveguide 
% considered here is the same as in 'basic_semivector.m', with 
% the exception that we have added a substrate layer that has 
% the same refractive index of the core.  The modesolver 
% computes a complex propagation constant that includes the 
% propagation loss associated with radiation into the 
% substrate.   
%the code has good models to calculate volume scattering loss in porous 
%silica waveguide, and surface scattering loss for both normal dielectrics 
%and low-k dielectrics waveguide . 
% Note that the perfectly-matched layer is constructed using 
% the stretchmesh routine, with a complex stretching factor 
% (i.e., complex coordinate stretching.) 
% Refractive indices: 

  

  

  
close all 
clear all 

  

  
ns = 3.84+.013*i ;   % substrate is silicon , this value should be changed 

when we change the substrate3.84+.013*i  
n2 = 1.45;           % Core 
n3 = 1;          % Upper cladding 
n1=1.45;         %refractive index of host material ,it is Silica in our 

case, but in case of normal dielectrics waveguide this is the refractive 

index of lower cladding assuming npore=1 
 

npore=1;         % the refractive index of embedded material(pore) which is 

air in this case 
 

porosity=0.3;    % the porosity can be changed depending on the design 

,porosity=0 in normal dielectrics waveguide  
 

nporouseff=((1-porosity)*n1^(2/3)+npore^(2/3)*porosity)^1.5; % Yusra's thesis 

using Looyenga's model for porous material's effective index 

  

  
% Vertical dimensions: 
hs = 4;           % Substrate in microns 
h1 = 3;       % Lower cladding in microns2 



133 

h2 = 1;        % Core thickness in microns 
h3 = 5;           % Upper cladding in microns1 
rh = 0.5;         % Ridge height in microns0.015 

  
% Horizonta3l dimensions: 
rw=4;               %ridge width 
rw = rw/2;           % Ridge half-width 
side = 5;         % Space on side 

  
% Grid size: 
dx = 0.04;        % grid size (horizontal)dx = 0.04; 
dy = 0.015;        % grid size (vertical)dy = 0.015; 
delta_y=dy; 
lambda =0.633;      % vacuum wavelength 
nmodes = 1;         % number of modes to compute 

  

  
k0=2*3.14/lambda; 

  
d=0.0175;% diamater of the pore in porous material 
drange=0:0.005:0.05; % I used this range to plot the volume scattering as a 

function of the pore diameter 

  
%sigu is the r.m.s. roughness (sigma) for the upper waveguide interface  
%sigl is the r.m.s. roughness (sigma) for the lower waveguide interface 

  
sigu=0.001:0.005:0.02;% I used this range just to get plot of scattering as 

function of segu, we can change the range depenfing on the design 
 

sigl=0.024;% I used this value separatly to get plot of scattering as a 

function of lambda; we can change it depending on our design  

  
fprintf (1,'generating index mesh...\n'); 

  

  
%  This function creates an index mesh for the finite-difference 
% mode solver.  The function will accommodate a generalized three 
% layer rib waveguide structure.  (Note: channel waveguides can 
% also be treated by selecting the parameters appropriately.)  

     

                                         
                                        %INPUT 

  
% n - indices of refraction for layers in waveguide 
% h - height of each layer in waveguide 
% rh - height of waveguide feature 
% rw - half-width of waveguide 
% side - excess space to the right of waveguide 
% dx - horizontal grid spacing 
% dy - vertical grid spacing 
%  
% OUTPUT 
%  
% x,y - vectors specifying mesh coordinates 
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% xc,yc - vectors specifying grid-center coordinates 
% nx,ny - size of index mesh 
% eps - index mesh (n^2) 
% edges - (optional) list of edge coordinates, to be used later 
%   with the line() command to plot the waveguide edges 

  
 

 

 

[x,y,xc,yc,nx,ny,eps,edges] = 

waveguidemesh([ns,nporouseff,n2,n3],[hs,h1,h2,h3], ...  
                                            rh,rw,side,dx,dy); 
               

                           

  

  
% Complex coordinate stretching: 
% 
% This function can be used to continuously stretch the grid 
% spacing at the edges of the computation window for 
% finite-difference calculations.  This is useful when you would 
% like to increase the size of the computation window without 
% increasing the total number of points in the computational 
% domain.  The program implements four different expansion 
% methods: uniform, linear, parabolic (the default) and 
% geometric.  The first three methods also allow for complex 
% coordinate stretching, which is useful for creating 
% perfectly-matched non-reflective boundaries. 

  
% INPUT: 
%  
% x,y - vectors that specify the vertices of the original 
%   grid, which are usually linearly spaced. 
% nlayers - vector that specifies how many layers of the grid 
%   you would like to expand: 
%   nlayers(1) = # of layers on the north boundary to stretch 
%   nlayers(2) = # of layers on the south boundary to stretch 
%   nlayers(3) = # of layers on the east boundary to stretch 
%   nlayers(4) = # of layers on the west boundary to stretch 
% factor - cumulative factor by which the layers are to be 
%   expanded.  As with nlayers, this can be a 4-vector. 

  
% OUTPUT: 
%  
% x,y - the vertices of the new stretched grid 
% xc,yc (optional) - the center cell coordinates of the 
%   stretched grid  
% dx,dy (optional) - the grid spacing (dx = diff(x)) 
% 

  

  
[x,y,xc,yc,dx,dy] = stretchmesh(x,y,[0,160,20,0],1+j*2); 
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% This function computes the two transverse magnetic field 
% components of a dielectric waveguide, using the finite 
% difference method. 

  
% INPUT: 
%  
% lambda - optical wavelength 
% guess - scalar shift to apply when calculating the eigenvalues. 
%     this routine will return the eigenpairs which have an 
%     effective index closest to this guess 
% nmodes - the number of modes to calculate 
% dx - horizontal grid spacing (vector or scalar) 
% dy - vertical grid spacing (vector or scalar) 
% eps - index mesh (isotropic materials) 

  
% boundary - 4 letter string specifying boundary conditions to be 
% applied at the edges of the computation window.   
%   boundary(1) = North boundary condition 
%   boundary(2) = South boundary condition 
%   boundary(3) = East boundary condition 
%   boundary(4) = West boundary condition 

  
% OUTPUT: 
%  
% hx - three-dimensional vector containing Hx for each 
%      calculated mode  
% hy - three-dimensional vector containing Hy for each 
%      calculated mode (e.g.: hy(:,k) = two dimensional Hy 
%      matrix for the k-th mode  
% neff - vector of modal effective indices 

  
% NOTE:  when analyzing leaky modes, it is important that you 
% provide a good guess, usually by solving the mode of an 
% equivalent non-leaky structure first. use the basic full vector code to 
% find accurate guess  

  
guess= 1.430802; 

  
[Hx,Hy,neff] = wgmodes(lambda,guess,nmodes,dx,dy,eps,'000A'); 

  
fprintf(1,'Real[nte] = %.6f\n',real(neff)); 
fprintf(1,'Imag[nte] = %.6e\n',imag(neff)); 
alpha = 4*pi*imag(neff)/lambda; % um^-1 
absorption = 4.34*alpha*10000; %dB/cm @ lambda um 

  
beta=k0*sqrt(real(neff)^2+imag(neff)^2); 
 

%kyu:y-directed decay constant in the upper cladding 
%kyl:y-directed decay constant in the lower cladding 
%h2:core thickness in micron 

  
kyu=sqrt(beta^2-k0^2*n3^2); 
kyl=sqrt(beta^2-k0^2*nporouseff^2); 
kyuinv=1/kyu; 
kylinv=1/kyl; 
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decayfact=1/(h2+kyuinv+kylinv); 
 

%segmafact=(4*3.14*n2*sqrt(segu^2+segl^2)/lambda)^2 but we assumed segu=segl; 

sigmafact=(4*3.14*n2.*sqrt(2.*sigu.^2)./lambda).^2;% this one is to plot  

 

surface scattering as a function of sigma 

sigmafact1=(4*3.14*n2*sqrt(2*sigl^2)/lambda)^2;% this one is to find surface  

 

 

scattering @ fixed lambda and fixed sigma  
%sth is sin(propagaion angle) 
 

sth=neff/n2; 

  
surfacescatteringloss=0.5*4.3*10000.*sigmafact*decayfact*(1-sth^2)^1.5/sth;%  

 

this one is to plot surface scattering as a function of sigma 
 

surfacescatteringloss1=0.5*4.3*10000*sigmafact1*decayfact*(1-sth^2)^1.5/sth;%  

 

this one will give surface scattering at sigl and lambda  

  

  
mynum1=input('Enter a number:'); 
switch mynum1 
    case -7 % volume scattering loss for normal dielectrics waveguide=0 
        volumescatteringloss1=0; 

    
    case -6 % volume scattering loss for porous silica waveguide  

  

  
volumescatteringloss1=porosity*172*1000*3.14^4*((nporouseff^2-

1)/(nporouseff^2+2))^2*d^3/lambda^4;% volume scattering at lambda and d  

  
end 

  

  
fprintf(1,'surfac scattering loss @lambda nm = %7.5f 

dB/cm\n',surfacescatteringloss); 
fprintf(1,'surfac scattering loss @lambda nm and sigml = %7.5f 

dB/cm\n',surfacescatteringloss1); 
fprintf(1,'effective index of porous = %7.5f \n',nporouseff); 
fprintf(1,'Absorption loss = %7.5f dB/cm\n',absorption); 
fprintf(1,'volumescattering loss @lambda nm = %7.5f 

dB/cm\n',volumescatteringloss1); 

  

  
Hx = Hx/max(Hy(:)); 
Hy = Hy/max(Hy(:)); 
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figure(1); 

  
I=Hy.*conj(Hy); 
K=flipud(I); 
I=[K;I]; 
I=I'; 
I=flipud(I); 
I=I/sum(sum(I)); 
imagesc(I) 

  
I=I*10000; 
p=-7:dx:7.04; 
q=[fliplr(y)]; 
figure(2) 
contourmode(p,q,(I')); 
title('Optical Field Intensity'); xlabel('x'); ylabel('y');  
for v = edges, line(v{:}); end 
y1=(hs+h1+h2)/delta_y; 
y2=(hs+h1+h2+h3)/delta_y; 
uc_field_pct=sum(sum(I(1:(y2-y1),:)))./sum(sum(I))*100; 

  
% the following is to find the cladding confinement 
V=2*3.14*h2*sqrt(n2^2-nporouseff^2)/lambda;  %normalized thickness 
gamafact=k0*sqrt(neff^2-nporouseff^2); 
conf=(1+(2*gamafact*h2/V^2))/(1+(2/(gamafact*h2)));% the confinement factor 

at lambda in um  
claddconf=(1-conf)*(nporouseff/(nporouseff+n3));%the cladding confinement 

factor @ lambda in um 
 

fprintf(1,'conf = %7.5f \n',conf); 
fprintf(1,'cladding conf = %7.5f \n',claddconf); 

  
totalscattering=surfacescatteringloss1+volumescatteringloss1; 

  
fprintf(1,'total scattering loss  @ lambda = %7.5f dB/cm\n',totalscattering); 

  
modallosslowercladd=volumescatteringloss1*claddconf+surfacescatteringloss1+ab

sorption; %the cladding modal loss  @ lambda in um 
 

fprintf(1,'modal loss  @ lambda =  and sigl and d value %7.5f 

dB/cm\n',modallosslowercladd); 

  
% plot surface scattering as a function of sigma @ lambda  
 

figure(3); 
plot(sigu,surfacescatteringloss); 

   
% plot of total surface scattering as a function of lambda assuming 

sigl=constant 
figure(4); 
lambda1=0.5:0.2:1.9;% we defined new lambda just for getting different plots 

in the same run  
k1=2*3.14./lambda1; 
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beta1=k1.*sqrt(real(neff)^2+imag(neff)^2); 
kyu=sqrt(beta1.^2-k1.^2.*n3^2); 
kyl=sqrt(beta1.^2-k1.^2.*nporouseff^2); 
kyuinv=1./kyu; 
kylinv=1./kyl; 
decayfact=1./(h2+kyuinv+kylinv); 
%sigmafact=(4*3.14*n2*sqrt(segu^2+segl^2)/lambda)^2; 
sigmafact2=(4*3.14*n2.*sqrt(2*sigl^2)./lambda1).^2; 
sth=neff/n2; 
surfacescatteringloss2=0.5*4.3*10000.*sigmafact2.*decayfact.*(1-

sth^2)^1.5/sth; 
fprintf(1,'surface scattering = %7.5f dB/cm\n',surfacescatteringloss2); 
plot(lambda1,surfacescatteringloss2); 

  
% having two models for volume scattering one in case of spherical pores and 
% the other in case of cylinrical pores, case 1 plot of volume scattering 
% for spherical pores as function of lambda , case 2 plot of volume 

scattering 
% for cylindrical pores as function of lambda 

  

  
mynum=input('Enter a number:'); 
switch mynum 
    case -3 % volume scattering loss for normal dielectrics waveguide=0 
        volumescatteringloss=0; 

    
    case -2 % volume scattering loss for porous silica waveguide  

  
figure(5) 
number1 = input('Enter a number:'); 
switch number1 

     
    case 1 

         
volumescatteringloss=porosity*172*1000*3.14^4*((nporouseff^2-

1)/(nporouseff^2+2))^2*d^3./lambda1.^4; 
fprintf(1,'volume scattering = %7.5f dB/cm\n',volumescatteringloss); 
plot(lambda1,volumescatteringloss); 
    case 2 
        porehight=0.1; 

         
        

volumescatteringloss=porosity*2.866*10000*3.14^4*d^4./(lambda1.^4*porehight); 
        plot(lambda1,volumescatteringloss); 

           
end 
end 

  
% plot the total loss as function of wavlength  
 

figure(6) 
alpha2 = 4*pi*imag(neff)./lambda1;  % um^-1 
absorption2 = 4.34*alpha2*10000; %dB/cm 
totalscatteringloss2=surfacescatteringloss2+volumescatteringloss; 
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fprintf(1,'total loss = %7.5f dB/cm\n',totalscatteringloss2); 
plot(lambda1,totalscatteringloss2,'color','g'); 
hold on; 
plot(lambda1,volumescatteringloss,'color','b'); 
hold on; 

  
plot(lambda1,surfacescatteringloss2,'color','r'); 
hold on 
plot(lambda1,absorption2,'color','y'); 

  

  
%the plot of modal loss in cladding as  a function of  wavelength 
figure(7) 
V2=2*3.14*h2*sqrt(n2^2-nporouseff^2)./lambda1;  %normalized thickness 
conf2=(1+(2*gamafact*h2./V2.^2))/(1+(2/(gamafact*h2)));% i defined this V2 to 

find the values a s a function of wavelength  
claddconf2=(1-conf2).*(nporouseff/(nporouseff+n3)); 
fprintf(1,'cladding conf = %7.5f \n',claddconf2); 
modallossincladding=claddconf2.*volumescatteringloss+surfacescatteringloss2+a

bsorption2; 
fprintf(1,'modal loss in cladding = %7.5f dB/cm\n',modallossincladding); 
plot(lambda1,modallossincladding); 

  

  

  

  
%case 1 plot of volume scattering  for spherical pores as function of pore 

size , case 2 plot of volume scattering 
% for cylindrical pores as function of pore size  

  
number2 = input('Enter a number:'); 
switch number2 

     
    case -5 
        volumescatteringloss2=0;  % voulme scattering loss in normal 

dielectric waveguide 
    case-4 

         

  
figure(8) 
number = input('Enter a number:'); 
switch number 
     case -1 
volumescatteringloss2=porosity*17.2*10000*3.14^4*((nporouseff^2-

1)/(nporouseff^2+2))^2.*drange.^3./lambda^4; 
fprintf(1,'volume scattering = %7.5f dB/cm\n',volumescatteringloss2); 
plot(drange,volumescatteringloss2); 
    case 0 
        poreheight=0.1; 

         
        

volumescatteringloss2=porosity*2.866*10000*3.14^4.*drange.^4./(lambda^4*poreh

eight); 
        plot (drange,volumescatteringloss2); 
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end 
end 

 

3- The Matlab code that I used to study the effect of scattering on sensitivity and optimal lower 

cladding thickness. 

       In the following code, I just simulated for every lower cladding thickness and modal 

scattering loss. Then,  I recorded the data for different sensitivities and different values of lower 

cladding thickness and scattering, and I made  them  in groups to make specific plot for each 

value of scattering. 

close all 
clear all 

 
 % x represents lower cladding thickness 

 
x=[6000 
5000 
4000 
3000 
2500 
2000 
1900 
1800 
1700 
1600 
1500]; 
 

S represents sensitivity modulation/RIU  

 
S=[70.63551402 
51.2625538 
47.84172662 
34.08071749 
26.82060391 
20.42940794 
18.47368421 
17.25738397 
15.92592593 
14.71919084 
13.62403505];  

  
S4=[0.207901817 
1.391015409 
5.493921869 
14.53154876 
17.49710313 
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17.09308655 
15.95454545 
14.31835206 
13.4648318 
12.63076165 
11.82151973 
]; 

  
S2=[0.917186109 
3.991773394 
13.40339764 
23.52941176 
22.77526395 
19.18142944 
17.55 
16.55870445 
15.40716612 
14.33756806 
13.34559575]; 

  
S5=[0.185004091 
0.842258911 
3.455058265 
10.51175657 
14.20507996 
15.41482572 
14.625 
14.25087108 
13.63112392 
12.9903688 
12.33704893]; 

  
S15=[0.092600917 
0.4404441 
1.592245794 
6.01422731 
8.160908509 
10.37682302 
10.10344828 
10.13649852 
9.91435768 
9.62497372 
9.2722251]; 
S05=[8.37398374 
25.16205068 
38.06214227 
32.61802575 
26.35253054 
20.29734971 
18.37696335 
17.18487395 
15.87248322 
14.6801168 
12.59566937]; 

     
loss1=[3.0107 
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3.0697 
3.3892 
5.23 
8.63 
18.37 
22 
26.7 
32.7 
40.57 
50.93 
]; 

 

here I multiplied S by 100 to make it as (%modulation/RIU) 

 
S2=S2*100; 
S=S*100; 
S4=S4*100; 
S5=S5*100; 
S15=S15*100; 
S05=S05*100; 
%m1 and loss1 are for 3 dbscat loss 
figure(1) 
[AX,H1,H2] = plotyy(x,S2,x,loss1,'plot'); 

  
set(get(AX(1),'Ylabel'),'String','Sensitivity (%/RIU)')  
set(get(AX(2),'Ylabel'),'String','Photodetector Coupling (dB/cm)')   

  
xlabel('Lower Cladding Thickness (nm)')  
title('LC Thickness vs. Sensitivity and Coupling (3 dB/cm scatter)')  
set(H1,'LineStyle','s') 
set(H2,'LineStyle','d') 
legend('Sensitivity','Coupling Loss'); 

  

  
set(gca,'YTick',[0 400 800 1200 1600 2000]) 
set(AX(2),'YTick',[0 10 20 30 40 50 60]) 

  
figure(4) 
plot(x,S,'*',x,S05,'d',x,S2,'s',x,S4,'^',x,S5,'x',x,S15,'o') 
xlabel('Lower Cladding Thickness (nm)')  
ylabel('Sensitivity (%/RIU)'); 
title('Effect of Absorbed Scattered Power on Optimal LC Thickness'); 
legend('0 dB/cm','0.5 dB/cm','2 dB/cm','4 dB/cm','5 dB/cm','15 dB/cm'); 

 

 

 

End 


