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ABSTRACT 
 

The design procedure for ultrafast silicon electro-optic switches using photonic crystals 
in order optimize the operation of the electro-optic switch is presented. The material 
medium selected for propagation of the optical signal through the switch is silicon 
nanocrystals in silica. A patterned slot waveguide with one-dimensional photonic crystals 
is proposed as the preferred slow light waveguide to be used in the design of the electro-
optic switch. The ultrafast quadratic electro-optic Kerr effect is the physical effect 
utilized, and its analysis for slot waveguides is discussed. The optical structure analysis 
of the electro-optic switch using a ring resonator is presented and it is shown that the use 
of a slow light waveguide in the ring resonator can reduce the required externally applied 
electric field and the radius of the ring resonator. 
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CHAPTER 1  INTRODUCTION 

 

1.1 Overview 
 

Photonics is a scientific discipline that deals with the interaction between fundamental 

particles of light and matter, which are photons and electrons respectively. Photonics has 

basically developed from the field of optics, which involves the science of generation, 

transmission and detection of light. As the ties between optics and electronics began to 

grow due to the increasing usage of semiconductors in optical systems, the term 

photonics was coined as an analogy to the term electronics. ‘Electronics’ involves the 

control of the flow of electrons and similarly photonics refers to the control of the flow of 

photons [1]. 

Silicon is one of the most widely used semiconductors in the electronics industry and it 

has the potential to be widely used for photonics. Analysis of the behaviour of silicon for  

physical effects such as the electro-optic effect were first carried out by R.A. Soref and B 

R. Benett  in the year 1987 [2] . Such an analysis is a requirement for the application of 

silicon for photonic devices. In the area of Integrated Optics — where different optical 

devices such as modulators, switches, etc. are combined on a single chip — silicon 

photonics would play a key role. The motivating factors for the development of silicon 

photonics are: 

1) Compatibility with mature and well developed silicon integrated circuit 

manufacturing. Thus, there is potential for low-cost photonics for mass market 

applications using silicon 

2) Fabrication of nanometer scale photonic devices. This would result in a strong 

optical confinement in the photonic device resulting in nonlinear effects (for 

example, the Kerr effect) 

3) Excellent material parameters for photonic devices exhibited by silicon. Silicon 

has a greater third order nonlinear susceptibility than silica glass and has a low 
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loss window from 1-7 micrometres [3], which includes the optical communication 

wavelength of 1.55 micrometers. 

To enhance the photonic device performance, the use of nanophotonic structures looks 

promising. Nanophotonics deal with light and matter interaction at the nanometer scale 

[4]. When confined to the nanometer scale, light and matter begin to show new physical 

properties [4, 5] that could be useful for novel photonic devices such as electro-optic 

switches. 

Electro-optics is a branch of optics that involves an applied external electric field through 

a voltage source on a medium and an optical signal propagating through the medium. The 

underlying effect or phenomenon that is used in electro-optics is the electro-optic effect. 

The electro-optic effect, as defined in [1], “is the change in the refractive index of the 

medium resulting from the application of an electric field (d.c or low frequency)”. This 

fundamental effect is utilized in implementing an electro-optic switch. Figure 1.1 

describes the electro-optic effect wherein the material property (i.e. refractive index) is 

changed by the application of a steady electric field, which results in a change in the 

phase of the optical signal coming out of the material. 

 

 

 

 

 

 

 

 

 

Light 

Electric field 

Electro-optic material 

Figure 1.1 Control of light by the applied electric field 
through the electro-optic material [1]. 
Figure 1.1 Control of light by the applied electric field 

through the electro-optic material [1] 
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1.2   Motivation and Thesis Objective 
 

The main motivation for our research project is to design an ultrafast silicon electro-optic 

switch with speeds of the order of 100 GHz. Such high speed devices would be useful in 

optical communication networks in order to process large spectral bandwidth optical 

signals. Transmission bandwidths of up to 30 GHz have been achieved using a silicon 

electro-optic modulator in which the free carrier plasma dispersion effect is utilized to 

induce a change in the refractive index of the medium [6]. The drawback of the free 

carrier effects is that it offers low switching speeds due to relatively long (around 1 ns) 

free carrier recombination [7]. Another physical effect that has commonly been used for 

electro-optic devices is the linear electro-optic effect. This effect is not existent in silicon. 

Materials that possess strong second order nonlinearity such as lithium niobate and III/V 

semiconductors have been used in such cases. Due to integration and technological 

compatibility issues, devices based on the linear electro-optic effect have not been widely 

used [8].  Other driving factors include polarization independence in the electro-optic 

switch, thereby eliminating losses related to polarization. Scalability and integration with 

other optical devices are also desired which would require reduction in the drive voltage 

and size of the electro-optic device.  

An alternative approach is to utilize the third order nonlinearity of silicon for the 

switching operation. The third order nonlinearity as a material property has traditionally 

been used for all-optical effects such as self-phase modulation, four wave mixing and 

others. Instead of using the all-optical effects, it has been shown in [8] that the quadratic 

electro-optic Kerr effect can be utilized to achieve ultrafast switching in a silicon-based 

electro-optic device with speeds of the order of 100 GHz. 

Nanophotonic structures such as silicon nanocrystals, slot waveguides and photonic 

crystals have unique properties such as high material nonlinearity, strong confinement 

and enhanced phase sensitivity [9,10,11] respectively. The objective of this thesis is to 

utilize the above mentioned advantages of nanophotonic structures in order to optimize 

the operation of a silicon electro-optic switch. 
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1.3 Thesis Outline 
 

The outline of my thesis is as follows. Chapter 2 describes Nanophotonic structures and 

their unique properties. Chapter 3 explains the quadratic electro-optic Kerr effect, which 

is used in the operation of the switch. Chapter 4 provides an optical structure analysis and 

explains the advantage of using a Nanophotonic structure in the design of the electro-

optic switch. Chapter 5 summarizes the conclusions drawn from my research project and 

lists future steps to undertake to proceed further to my research goal. 
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CHAPTER 2  NANOPHOTONIC STRUCTURES 

 

Progress in science has been driven by observing phenomena that are not directly 

observable to the human eye. One example is Galileo Galilei using a telescope to observe 

craters and mountains on the Earth’s moon for the first time. With this observation, the 

field of astronomy took shape. Similiarly, the field of biology developed when 

microscopic organisms such as bacteria and protozoa were observed using an optical 

microscope [5]. In modern science, more and more findings are withheld from our senses, 

for example, the study of nanometer-sized particles, sub-atomic particles and biological 

samples. Therefore, the development of correct optical techniques and optical 

instrumentation is vital in the study of the areas mentioned above.   

Presently there is a strong push for the development of nanoscience and nanotechnology. 

This drive is mainly due to the miniaturization and integration of electronic circuits in the 

computer and communication industry. The possibility of exploiting new physical effects 

that occur at the nanometer scale for technological applications is also one of the driving 

forces for the development of nanoscience. The progress in nanosceince and technology 

has been brought about by the ability to measure, fabricate and modify structures at the 

nanometer scale through sophisticated optical techniques and instruments [5]. 

In nature, too, there are examples of nanostructures that produce unique optical effects. 

Examples are the diffractive structures used by butterflies and peacocks to produce 

attractive colours and nanoscale structures used as antireflective coatings in the retina of 

insects [5]. In recent years, humans have developed nanophotonic structures — photonic 

crystals, nanoparticles and metal nanostructures, to name a few — for technological 

applications.  

The novel part of  our research project is the application of the nanophotonic structure, 

namely photonic crystals for an electro-optic switch. The purpose of this chapter is to 

intoduce the reader to the field of nanophotonics and the use of nanophotonic structures. 

Section 2.1 provides an overview of the field of nanophotonics. Sections 2.2, 2.3 and 2.4 
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explain specific nanophotonic structures used in this project, namely nanocrystals, slot 

waveguides and photonic crystals. 

2.1 Overview of Nanophotonics 
 

Nanophotonics is an interesting and emerging field that deals with the theoretical study 

and applications of light and matter interaction at the nanometer scale [4].  The broad 

categories of nanophotonics is shown in Figure 2.1 below. 

 

 

Figure 2.1 Categories in the field of Nanophotonics [4] 

 

One way to achieve light and matter interaction on the nanometer scale is by confining 

light or electromagnetic wave to a space of nanometer scale dimensions. Here, the light 

waves, which have a wavelength range between 400 to 700 nm, are confined to 

geometries that have subwavelength dimensions. Examples of such cases are light 

emerging from a subwavelength aperture and the exponentially decaying evenescent 

waves that exist in the region outside the vicinity (or subwavelength distance) of the 

waveguide. The unique physical effect of confinement is the generation of near field 

optical waves, which are optical waves in the vicinity of the subwavelength size aperture. 

An example of this near field wave is the evanescent wave that is used for light 

propagation in slot waveguides[10]. Another example of the utilization of near field 

Nanoscale 
optical science 
and technology 

Nanoscale 
confinement of 

radiation 

Nanoscale 
confinement of 

matter 

Nanoscale 
Photoprocess 



7 
 

waves is in near field scanning optical microscopes. In this case, the samples are sensed 

using near field waves, resulting in  a resolution greater than the diffraction limit [ 4]. 

In the nanoscale confinement of matter, a material such as, for example, silicon is 

transformed from its bulk form to particles called silicon nanocystals, which have 

diameters of the order of 1 to 10 nm. Another way to bring about nanoscale confinement 

of matter is to develop a structure wherein there is periodic change in the dielectric 

material, with repetition distance being of the order of nanometers. Such structures are 

called photonic crystals and will be explained later in the chapter. The purpose of the 

nanoscale confinement of matter is to use the enhanced material nonlinear properties due 

to quantum confinement[9,12] for applications such as switching. Another driving factor 

is to utilize unique physical effects such as slowing down the group velocity of the 

optical signal using photonic crystals [11, 13]. 

The nanoscale photoprocess deals with the nanometer confinement of photoprocesses or 

a light-induced process. This technique can be used for the fabrication of photonic 

structures in the nanoscale domain [4]. 

A brief explanation about the important branches of nanophotonics has been presented in 

this section, thus providing an overview of the field. The following sections aim to 

explain in detail specific examples of nanophotonic structures that are important for this 

thesis. 

2.2 Nanocrystals 
 

For a silicon-based electro-optic device, it is desired that the material possess large 

nonlinear material properties — i.e.,  third order nonlinear susceptibility (߯(ଷ)) — and 

that the Kerr coefficient (݊ଶ) . For bulk silicon and silica, ߯(ଷ) is very weak (3 x 10ିଵଽ ݉ଶ/ܸଶ  for bulk silicon  and  2.2 x 10ିଵ଼ ݉ଶ/ܸଶ  for silica at wavelength of 1550 nm 

[14]) to be useful for an electro-optic switch.  

It has been shown that reducing the size of a material to the order of nanometers 

drastically enhances third order nonlinear susceptibility of the material due to quantum 
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confinement effects  [15]. The new structure of the material is called a nanocrystal, which 

has a diameters of approximately 1nm [16]. 

Apart from having large material nonlinearities, it is highly desired that the material be 

able to be mass-manufactured. A material that satisfies both these criteria is silicon 

nanocrystals embedded in silica (ܵ݅ − ݊ܿ/ܱܵ݅ଶ), which has been used in the design of an 

ultrafast all-optical switch [7]. Secondly, silicon nanocrystals in silica can be mass-

manufactured through standard fabrication methods such as low-pressure chemical 

vapour deposition (LPCVD) or plasma-enhanced chemical vapour deposition (PECVD) 

as noted in [7]. From [14,7 ], the following comparison between important nonlinear 

material properties at wavelength of 1.55 micrometers is presented in Table 1. 

Table 1 Material Properties 

 
Material 
 

 

 
Third order 
nonlinear 
susceptibility 
(χ(ଷ)) 
(݉ଶ/ܸଶ) 

 
Kerr 
Coefficient 
(݊ଶ)(݉ଶ/ܹ) 

 
Absorptio
-n (ߚଶ) 
(m/GW) 

 
Linear 
refracti--
-ve 
index 
(݊௅) 

Silica glass 2.2 ×  10ିଶଶ 3 × 10ିଶ଴ negligible 1.45 

Silicon 3 ×  10ିଵଽ 7 × 10ିଵ଼ 0.009 3.502 

Silicon 

nanocrystals in 

silica 

2 × 10ିଵ଼ 2 × 10ିଵ଺ 0.7 1.7 

Silicon 

nanocrystals 

embedded in 

silica (LPCVD) (ܵ݅ − ݊ܿ/ܱܵ݅ଶ) 

 

Not available 

2 × 10ିଵ଺ 0.5  

Not 

available 

Silicon 

nanocrystals 

embedded in silica 

(PECVD) 

 

Not available  

 4 × 10ିଵ଻ 

 

0.05 

 

Not 

available 
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From Table 1, one can observe that silicon nanocrystals embedded in silica provide at 

least one order of magnitude improvement in the material nonlinear parameters as 

compared to bulk silicon and silica glass. This suggests that the material silicon 

nanocrystals in silica could be useful to implement a silicon-based electro-optic switch. 

 

The Nanophotonic structure of nanocrystals has been introduced in this section. The 

literature related to silicon nanocrystals has been reviewed. A comparison of important 

nonlinear material properties has been presented, which is useful in selecting a material 

for the design of a silicon-based electro-optic switch. The linear refractive index of 

silicon nanocrystals is around that of silica (1.45) for low silicon content [7]. As a result, 

this material cannot be used as the inner dielectric in conventional waveguides to confine 

light through total internal reflection. In order to overcome this problem, a special type of 

waveguide called the slot waveguide is used. The slot waveguide is also a nanophotonic 

structure and will be the focus of the next section. 

 

 2.3 Slot waveguides 
 

In conventional optical systems, free space optical transmission is employed where the 

optical beam is transported between different locations through mirrors, lenses and 

prisms. In such a type of optical transmission, the optical beam experiences losses in the 

form of scattering and obstruction from various objects. To overcome these issues, the 

technology of guided wave optics has been developed. In guided wave optics, light is 

transmitted through enclosed dielectrics and can be used for long-distance light 

transmission. Other applications of guidedwave optics are in establishing secure 

communication, fabrication of miniaturized optical and optoelectronic devices requiring 

confinement of light [1]. 

 

An optical waveguide is an enclosed light transmission medium. There are three types of 

optical waveguide structures namely slab, strip and fiber, which are shown in Figure 2.2. 
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a) Slab waveguide   b) Strip waveguide  

 

 

 

 

 

 

                                        c) Optical fiber 

 

Figure 2.2 Optical Waveguides [1] 

 

Each type of optical waveguide has an inner dielectric material of higher refractive index 

(shown in Figure 2.2 as a region within the shaded and dotted lines) and an outer 

dielectric medium of lower refractive index. The principle of light transmission through 

the optical waveguide is total internal reflection, so the transmission of the optical signal 

is basically in the medium of high refractive index. Therefore, one has to rely on the 

optical properties of the high-refractive index material when guiding light through an 

optical waveguide.  

 

Instead of relying on the optical properties of the high-refractive index medium, one can 

use a slot waveguide, where confinement of an optical signal is achieved in the low 

refractive index medium [10,17] and therefore the optical properties of the low refractive 

index medium is utilized. 
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The typical structure of a slot waveguide is shown in Figure 2.3.  In the figure ݊௦ is the 

low refractive index material of width  ݓ௦ present in between rectangular shaped regions 

having a higher refractive index of  ݊ு  and width ݓ௛. The narrow space between the 

high refractive index materials is called the slot. The whole structure is present inside a 

low refractive index material (݊஼  ) to ensure lateral and verticle confinment of the optical 

signal. 

 

 
 

Figure 2.3 a) Schematic of slot waveguide structure [10] 

 

Figure 2.4 Transverse electric field pattern for a quasi-TE mode in a SOI based slot 
waveguide [17] 

 

<  
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It has been shown in [10,17] that the optical field can be confined and enhanced in the 

low refractive index material even when light is guided by total internal reflection . 

 

The principle of operation in a slot waveguide is based on Maxwell’s boundary condition 

in a homogeneous medium, which states that the normal components of the electric flux 

density must be continous. 

 

Applying the boundary condition at the interface between the high and low refractive 

index materials, we get: ாೄாಹ = (௡ಹమ௡ೄమ )                                                             (2.1) 

 

Where ܧௌ  is the component of the electric field in the low refractive index medium that is 

normal to the interface between the two dielectrics, ܧு  is the normal component of the 

electric field in the high refractive index region, ݊ௌ is the refractive index of the medium 

inside the slot region and ݊ு  is the refractive index of the recetangular slabs, which 

sandwich the slot region. From eq. (2.1) we can conclude that the normal component of 

the electric field at the dielectric interface has a much higher amplitude in the slot region, 

which is shown in Figure 2.4. In Figure 2.4, we can observe that the electric field 

amplitude at the boundary interface of the slot region is the highest compared to its 

neighboring regions. 

  

The field in the slot region represents an evanescent field, which decays exponentially as 

one moves away from the slot boundary. Therefore the slot width has to be less than the 

decay length of the evanescent wave in order to have an opical mode transmitted through 

the slot region. Slot waveguides with slot widths of 50 nm and 101 nm have been 

analysed in [10, 17]. 

 

The main essence of the slot waveguide is to confine the optical energy to a narrow low 

index material region. This would be advantageous in enhancing the externally applied 

electric field in the slot due to the narrow width of the slot region. Also, it utilizes the 
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material nonlinear properties of the low refractive index material inside the slot region. 

Photonic devices such as ring resonators have been realized using slot waveguides [17]. 

 

In this section, the operating principle for a slot waveguide has been explained, which 

will be utilized later in the design of a silicon electro-optic switch. The next section 

explains photonic crystals, whose inclusion in the design of the silicon electro-optic 

switch is the novelty of our research project.  

2.4 Photonic crystals 

2.4.1 Introduction 
 

The advancement of electronics and telecommunication industry is driven by 

miniaturization and the goal to operate at high data speeds. Some of the issues of the 

miniaturization of electronic circuits as mentioned in [18] are high resistance and power 

dissipation. In order to overcome these issues, scientists are looking to use light instead of 

electrons as the fundamental unit to carry information. This is because light has 

advantages over electrons, such as a higher capacity to carry information.  

Just as semiconductors are widely used in electronic circuits because one can control the 

electronic properties of such materials, scientists envisioned creating an analogous optical 

component, which controls the properties of photons in order to realize all-optical 

circuits. A new class of materials called photonic crystals have emerged; they are 

sometimes also referred to as semiconductors of photons. These materials are said to have 

the potential to enable optical integration [19]. Photonic crystals as defined  in  [19] “are 

artificially created materials in which the index of refraction varies periodically between 

high index region and low index region”. The unique features of photonic crystals are 

discussed in the next subsection. 
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 2.4.2  Important properties of photonic crytsals 

PHOTONIC BANDGAP 
 

One of the unique features of photonic crystals is the photonic bandgap. The property of 

the photonic bandgap is similar to the energy bandgap in semiconductors. Just as 

electrons are forbidden to have energy levels that correspond to the energy bandgap in a 

semiconductor, photons that have energy levels within the photonic bandgap range are 

not allowed to exist in the photonic crystal structure. The photonic bandgap property 

causes light of a frequency range that lies within the photonic bandgap to not propagate 

through the photonic crystal.  

To explain the phenomenon of photonic bandgaps, consider a one-dimensional photonic 

crystal structure containing alternating layers of two different dielectric materials. When 

a wave is incident along the axis of periodicity of the photonic crystals, it undergoes 

partial reflections at each dielectric interface as it propagates through the photonic 

crystal. If the partial reflections undergo constructive interference, they form a total 

reflected way and the incident wave is reflected back. This case is shown in Figure 2.5.  

 

 

Figure 2.5 Illustration of an input wave whose wavelength lies inside the photonic 
bandgap travelling through the photonic crystal [20] 
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For wavelengths that do not lie within the photonic bandgap, the partial reflections at 

each dielectric interface are not in phase and undergo destructive interference, thus 

cancelling the reflected waves. Due to this, the incident waves propagate through the 

photonic crystal [21] .This case is shown in Figure 2.6. It should be noted that the 

periodic separation between the same dielectric material should be of the order of the 

wavelength of the incident light for the reflected waves to interfere. 

 

Figure 2.6 Illustration of an input wave whose wavelength lies outside the photonic 
bandgap travelling through the photonic crystal [20] 

 

The explanation for the photonic bangap provided above is a traditional explanation 

pioneered by Lord Rayleigh to analyze a one-dimensional multilayer film [22].  

A different approach  to explain photonic bandgaps is the analysis of band structures. A 

band structure or band diagram for a medium is a plot that displays the allowed angular 

frequencies of the optical mode versus the angular wave numbers of the mode in the 

medium. It is obtained by solving the Maxwell’s equations specific for the medium and 

obtaining a relationship between the wave vector and angular frequency for the optical 

mode (also known as dispersion relationship). Let us consider a multilayer film that 

corresponds to a one-dimensional photonic crystal as shown in the Figure 2.7. 
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Figure 2.7 A Multilayer film [22] 

A multilayer film is a one-dimensional photonic crystal because the refractive index 

changes periodically only in one direction, which is along the Z axis as shown in Figure 

2.7. The periodic spacing between two layers of the same material is ‘a’. 

 

 

A)     B)                              C) 

Figure 2.8 Photonic band diagrams for three different multilayer films [22] 

 

The photonic band diagrams have been computed for three different multilayer films in 

[22] which are shown in Figure. 2.8. Figure 2.8 A) shows the band diagram when the 

multilayer film contains only GaAs (electric permittivity = 13). We can observe that the 
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modes correspond to the case of light line where ߱(݇) = ቀ௖బ√ఌቁ ݇. Here, ߱ is the angular 

frequency of the mode,  ݇ is the wave vector of the mode in the medium, ܿ଴ is the speed 

of light in vacuum and ߝ is the relative electric permittivity of the medium. In figure 2.8 

B), the multilayer films are composed of GaAs and GaAlAs (electric permittivity = 12). 

In this case, we can observe there is a small frequency range where there is no optical 

mode. This frequency range corresponds to the photonic bandgap. In figure 2.8 C), where 

the multilayer films are composed of GaAs and air (electric permittivity = 1), we observe 

a larger photonic bandgap due to a higher dielectric constant contrast than the previous 

case. The physical reason for the photonic bandgap in the band diagram is that the lower 

frequency mode (n=1) is confined to the higher refractive index region and the higher 

frequency mode (n=2) is confined to the low refractive index region.  Therefore a change 

in the refractive index (electric permittivity) causes the maxima and minima frequencies 

for the two modes (say n=1 and n=2) to be different at the band edge (݇ =  and this (ܽ/ߨ

results in a photonic bandgap, which is shown in figure 7 B) & 7 C). [22]  

In summary, the photonic bandgap property for a one-dimensional photonic crystal has 

been explained. The theory explained using band structures can be extended for two- and 

three-dimensional photonic crystals. The next section focuses on the slow light property 

of photonic crystals. 

SLOW LIGHT WAVEGUIDE 
 

Commonly used optical switches rely on an interferometric design [19]. In such a design, 

the main principle used is the introduction of a relative phase shift between optical 

signals propagating through two different waveguides. The induced phase shift results in 

constructive (phase difference = 0) or destructive interference (phase difference = 180 

degrees) when the two optical signals are combined. In this way, switching action is 

achieved. 

One of the problems preventing large-scale optical integration is the relatively large size 

of high speed active elements. It has been reported that the smallest all-optical and 

electro-optic devices are of the order of millimeters with little potential to get smaller 
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[11]. The reason for this is that the refractive index changes induced in the material to 

electro-optic and nonlinear optical effects are very small, of the order of 10ିଷ  [11].  So, 

the length of a material required to induce a phase shift of ∆߶ would be of the order of 

millimeters or more, and is obtained from the equation below: 

ܮ  = Δ߶ߣ௔௜௥/Δ݊2(2.2)                                                     ߨ 

 

Here, ܮ is the length of a material required to induce a phase shift of  ∆߶  in an optical 

signal propagating through the material, ߣ௔௜௥ is the wavelength of the optical signal in air 

and Δ݊  is the refractive index change induced in the material. 

Consider a waveguide in which the group velocity of the optical signal (ݒ௚ = ௗఠௗ௞ ) is much 

smaller that the speed of light in air (ܿ଴). Here, ߱ is the angular frequency and k is the 

angular wavenumber. Let the refractive index in the material of the waveguide be 

changed by a small amount Δ݊ through an external stimulus, for example, an electric 

field. Now the change in the dispersion relationship  ߱(݇) , caused by a small  Δ݊ , can 

be approximated using perturbation theory [11] and it is obtained as:  

 ୼ఠ(௞)ఠ  ≈ ୼௡௡ಽ)ߪ− )                       (2.3) 

 

Here, Δ߱(݇) is the shift in the photonic band mode for a fixed angular wave number k, ߱ 

is the angular frequency of the optical signal and ߪ is the fraction of the electric field 

energy inside the region where Δ݊ is applied. The change in phase of the optical signal 

actually depends on change in the wave number (∆݇(߱)), which can be calculated from 

(2.3) as:  

∆݇(߱) ≈ − ఠఙ௩೒ ቀ∆௡௡ಽቁ                                                    (2.4) 
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We know that relative change in the phase shift induced in a waveguide of length ܮ is 

given as:  

 ∆߮ =  (2.5)                                                          ܮ(߱)݇∆  

 

Substituting eq. (2.4) in eq. (2.5), we get the length of the waveguide required to induce a 

phase shift of ∆߮ as: 

ܮ  ≈  −(∆ఝଶగ)(ఒೌ೔ೝఙ )(௩೒௖ )( ௡୼௡)                                                  (2.6) 

 

From eq. (2.6), it can be concluded that a smaller ݒ௚ results in a shorter waveguide length 

to induce a required phase shift and thus the phase sensitivity of the waveguide is 

enhanced.  In a waveguide made from a photonic crystal structure, the factor (௩೒௖ ) can be 

reduced as per the designer’s requirement [19], and therefore the required length of the 

waveguide can be reduced. This is not achievable in a conventional waveguide where the 

factor (௩೒௖ ) is of the order of 1.  

 

 

 

 

 

 



20 
 

                  

a)                      b)        

  

   c) 

Figure 2.9 Coupled cavity waveguides [19] 

 

Figure 2.9 a) shows high refractive index dielectric rods represented by circles that are 

surrounded by a low-refractive index medium. The defect in the PC structure introduced 

over here is a reduction of the radius of a dielectric rod and this defect is repeated after a 

periodic distance. By introducing this defect in the PC structure, light whose frequency 

lies in the photonic bandgap would be trapped inside the defect. But if these defects are 

repeated over a periodic distance, the light inside a defect would tunnel through to its 

neighbouring defect [19]. Thus, the line of defects in the PC structure acts as a 

waveguide. 

Such types of photonic crystal waveguides are called coupled cavity waveguides (CCW) 

or coupled resonator oscillator waveguides (CROW) and the group velocity decreases 

exponentially as the separation between the defects increases [22]. Figure 2.9 b) shows a 

CCW with line defect in PC slab containing enlarged holes and the guided mode that 

propagates through this waveguide is shown Figure 2.9 c). The reduced group velocity of 

optical signal in the photonic crystal waveguide results in an enhanced  ∆݇(߱), which is 

explained in the next paragraph. 
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The dispersion relationships for a photonic crystal waveguide (curved shape) and a 

conventional waveguide (straight line) have been calculated in [19] and are shown in 

Figure 2.10. Here a is the lattice constant for the photonic crystal waveguide, c is the 

speed of light in vacuum and Λ is the separation between the point defects. The effect of 

change in refractive index can be approximated to a parallel shift in the dispersion mode 

[19] which is shown by dotted lines for the photonic crystal waveguide and a 

conventional waveguide in Figure 2.10. For the same frequency shift of the dispersion 

mode in a conventional waveguide and a photonic crystal waveguide, the shift in the 

angular wavenumber k for a conventional waveguide is much smaller compared to that of 

a photonic crystal waveguide. This makes a photonic crystal waveguide more phase 

sensitive compared to a conventional high index contrast waveguide. Therefore for a 

given phase shift, the length of the photonic crystal waveguide required would be lesser 

compared to a conventional waveguide, and the reduced length of the waveguide can be 

calculated from eq. (2.6). There are different types of waveguides based on the photonic 

crystal structure used to achieve slow group velocities. Such waveguides are generally 

called slow light waveguides.                                                                                                                         

 

Figure 2.10 Plot comparing dispersion relationships between a photonic crystal 
waveguide and a conventional waveguide [19] 

Dispersion modes for a 
conventional waveguide 

Dispersion modes for a 
photonic crystal waveguide 

Shifts in k 

Frequency 
Shift 
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SLOW LIGHT APPLICATION FOR SWITCHING 
 

A factor which is relevant for slow light applications is the slowdown factor S which is 

defined as “the ratio of the phase velocity over the group velocity, ܵ =  .௚)” [23]ݒ/ఝݒ

Most of the optical switching devices rely on relative phase change [23]. For example, a 

Mach-Zehnder interferometer requires a relative phase change of 180 degrees between 

the optical signals travelling through its two branches to achieve switching operation. 

Similarly, for a switch based on a ring resonator [8], the desired phase shift in the optical 

signal after one loop of propagation in the ring waveguide is 360 degrees. The phase shift 

of the optical signal is brought about by change in the angular wavenumber of the optical 

signal in the medium (Δ݇(߱)),  which is given by  Δ݇(߱) =  Δ݊ ݇଴ . Here, Δ݊  is the 

change in the refractive index, which can be induced by an external voltage source, and ݇଴ is the wavenumber of the optical signal in vacuum. The Δ݊  that should be considered 

here is the change in the effective modal index of the material in the waveguide (Δ݊௘௙௙) 

and not the material change in refractive index (Δ݊௠௔௧) [23]. 

The effective refractive index is defined in [24] as:  ݊௘௙௙ =  ௔௜௥                                                            (2.7)݇/ߚ

Here, ߚ is the propagation constant of the waveguide and ݇௔௜௥ is the wavenumber of the 

mode in air. From (2.7), we can observe that a change in  ݊௘௙௙ causes a change in the 

propagation constant of the waveguide which in turn results in a change in phase of the 

optical mode as it propagates through the waveguide. 

In Figure 2.11, a mode (represented by the dark line) corresponds to a resonant condition 

of the waveguide which represented by a transmission peak on the right of Figure 2.11. A 

change in the material refractive index causes a parallel shift to the mode (∆߱(݇)/߱ ≈∆݊௠௔௧/݊). Due to this resonant frequency of the waveguide shifts as per the new mode 

which shown by the dotted line in Figure 2.11.  
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The change experienced by the guided mode is different and is calculated from the 

change in the effective modal index (∆݊௘௙௙). The  ∆݊௘௙௙ can be calculated from eq. (2.8) 

and (2.9) which are given below, 

 

 ܿ = ߱/݇                                                               (2.8) 

                             ܿ = ܿ଴/݊௘௙௙                                                           (2.9) 

We get, Δ݊௘௙௙ = (௖బఠ)(Δ݇(߱))                                                      (2.10) 

Here, ܿ is the phase velocity of the optical mode, ߱ is the angular frequency of the optical 

mode, ݇ is the wavenumber of the mode in the waveguide and ܿ଴ is the velocity of the 

optical signal in air. From Figure 2.11, we can observe that when one operates at a 

frequency in a region where the slope of the dispersion curve is small (the region which is 

almost parallel to the x axis, and is also called the slow light regime, ex.߱ଶ), the Δ݇(߱) 

and therefore Δ݊௘௙௙ is much greater than the case when one operates at a frequency (ex. ߱ଷ) where the slope of the dispersion curve is steeper.  

 

 

 

Figure 2.11 Effect of material change in refractive index and effective modal index [23] 
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As Δ݇ varies as per the slope of the dispersion curve, it also varies as per the slowdown 

factor S (∆݇ ∝ ௚ݒ/1 ∝ ܵ). Therefore, Δ݇ = Δ݊௘௙௙݇଴                                                       (2.11) Δ݇ = ܵΔ݊௠௔௧݇଴                                                    (2.12) 

 

For conventional waveguides built from common materials  S is of the order of 1 [19], 

but by using the concept of slow light that can be achieved using photonic crystals, one 

can extract a greater Δ݇ and therefore make the waveguide more phase-sensitive. 

In conclusion, the concept of slow light can be used to make the device more phase-

sensitive, which would result in reducing the size of the device and /or the external 

energy required to operate the device. The next section discusses different slow light 

waveguide structures found in literature.  

 

 2.4.3 Slot and Slow Light Waveguides 
 

Most applications of slow light photonic crystal waveguides use all-optical effects such 

as self-phase modulation, cross phase modulation, four wave mixing and the all-optical 

Kerr effect [13,11]. The application for our project is an electro-optic switch with the 

externally applied electric field being the controlling parameter. So the parameter to 

optimize would be the externally applied electric field and also to utilize the slow group 

velocity modes possible through photonic crystals.  A waveguide structure that satisfies 

both these criteria is the combination of slot waveguides and photonic crystal structure. 

Slot waveguides as analysed in section 2.3 confine the optical signal to nanometer scale, 

and photonic crystals provide dispersion control. Examples of such structures are the 

slotted photonic crystal waveguides [25, 26] and the one-dimensional photonic crystals 

embedded into slot waveguide (1D PhoCSloW) [27].  
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The 1D PhoCSloW has been characterized at the telecommunication wavelength of 1.55 

micrometers in [27], which is also the wavelength of operation for our proposed electro-

optic switch. The structure considered is a rectangular slot waveguide with silicon as the 

high index material (݊ு = 3.5) and silicon nanocrystals in silicon oxide as the low index 

material (݊௅ = 1.65) inside the slot.  

 

In Figure 2.12, the Silicon layer thickness is ℎ = 300݊݉ and the total waveguide width 

is 2 ுܹ + ௌܹ = 500݊݉, with the slot width ௌܹ = 140݊݉. 

 

 

 

Figure 2.12 Basic geometry of a slot waveguide [27] 

 

 In the 1D PhoCSlow, the photonic crystal structure is introduced through air slits in the 

slot waveguide. Of the different types of configurations of the air slits that are analysed, 

the internal comb geometry is the preferred structure because it has a large photonic 

bandgap compared to the other configurations in [27]. 

 

TM mode 

TE mode 
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Figure 2.13 Geometry of a CROW device formed using the internal comb geometry [27] 

 

The geometry of a coupled resonator oscillator waveguide (CROW) designed using the 

internal comb geometry of air slits is shown in Figure 2.13. The blown up image shows 

the optimizations used in [27] where the first air slit facing the cavity is shifted by 120 

nm and the second air slit by 60 nm. The group velocity for the structure shown in Figure 

2.13 was found to be 0.09ܿ଴ at an operating wavelength of 1.55 micrometers using FDTD 

simulation.[27] Here, ܿ଴ is speed of light in vacuum. 

In conclusion, a patterned slot waveguide can be used to make use of the advantages of 

the slow light effect instead of a conventional slot waveguide. The CROW device with 

the internal comb geometry discussed earlier can be directly integrated into a silicon 

waveguide, thereby reducing the size and complexity of the device.[27]  

In the current chapter, the nanophotonic structures used in our research project — silicon 

nanocrystals, slot waveguides and photonic crystals — have been reviewed. A particular 

type of slow light photonic crystal waveguide, the 1D PhoCSloW, has been analyzed, 

which has potential to be applied to the Kerr switch in [8]. The next chapter discusses the 

electro-optic Kerr effect and how it would apply to the nanophotonic structures discussed 

in this chapter. 
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CHAPTER 3  ELECTRO-OPTIC KERR EFFECT 
  

Electro-optic effects involve the change to the optical property of a medium when the 

medium is subjected to an electric field. This change to the optical properties is caused by 

atomic level changes in the material due to the applied electric field. Change in the 

optical property can refer to change in the refractive index of the medium. The change in 

the refractive index is utilized for implementing switches and modulators based on the 

electro-optic effect [1]. For an applied d.c electric field E, the refactive index varies only 

slightly and can be expanded using the Taylor’s series. [1] 

(ܧ)݊ = ݊ + ܽଵ  ܧ + ቀଵଶቁ ܽଶܧଶ + ⋯                                           (3.1) 

Here, ݊ = ݊(0)  , ܽଵ = ቀௗ௡ௗாቁ , ܽଶ = ቀௗమ௡ௗாమቁ ; ܧ ݐܽ = 0  are the Taylor series coefficients 

and ݊(ܧ)  is the refractive index of a material to the applied electric field. The 

relationship between the applied electric field and the change in the refractive index of 

the medium depends on the material of the medium. This relationship can either be linear 

or quadratic. The case when the relationship is linear is called the linear electro-optic 

effect or Pockels effect. The case when the change in the refractive index of the medium 

is proportional to the square of the applied external electric field is called the  quadratic 

electro-optic effect or the Kerr effect [1].  An example of a medium that experiences the 

Pockels effect is Lithium Niobate. For a centrosymmetric medium, ݊(ܧ)  is an even 

symmetric function and therefore ܽଵ = 0 . Such a material is called a Kerr medium [1]. 

Silicon and silicon nanocrystals are examples of a Kerr medium. 

A dielectric medium is characterised by its polarization density equation, which is given 

below [28]: ܲ(ݐ) = (ݐ)ܧ଴  (߯(ଵ)ߝ  + ߯(ଶ) ܧଶ(ݐ) +  ߯(ଷ) ܧଷ(ݐ) … . )                               (3.2) 

 

Where ܲ(ݐ) is the polarization density vector, (ݐ)ܧ is the applied optical field, ߝ଴ electric 

permittivity of free space, ߯(ଵ) is the leniar material susceptibility, ߯(ଶ) and  ߯(ଷ) are the 
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second and third order material nonlinear susceptibilities. Here it is assumed that the 

medium is lossless, dispersion less and repond instantaneously.  

Optical crystals such as lithium niobate  have a large second order nonlinearity and are 

therefore commonly used to implement electro-optic switches and modulators based on 

the linear electro-optic effect [1,8]. Due to issues such as  material compatibility with 

silicon, which is widely used in the electronics and telecommunication industry, the use 

of devices based on linear electro-optic materials has not become widespread [8]. For the 

semiconductor silicon which is a Kerr medium, ߯(ଶ) = 0 and the highest nonlinearity in 

the medium is ߯(ଷ). The third order nonlinearity ߯(ଷ) has been mostly used for all-optical 

effects such as four wave mixing and the optical Kerr effect. Instead of utilizing ߯(ଷ) for 

all-optical effects, its electro-optic functionality is utilized to design a silicon-based 

electro-optic switch in [8]. Based on the review of various electro-optic effects relevant to 

silicon in [8], the Kerr effect is found the most suitable for the design of an ultrafast 

silicon-based electro-optic switch. 

Section 3.1 aims to provide a explanation of the Kerr effect and its response for different 

silicon-based materials. Section 3.2 provides a Kerr effect analysis of slot waveguides 

and section 3.3 discusses losses that would have to be considered in the design of the 

silicon electro-optic switch. 

3.1 Kerr Effect 
 

The electro-optic Kerr effect requires an external stimulus, which is the externally 

applied electric field. So, this effect depends on an electric field and it is caused by the 

displacement of bound electrons in the material upon the application of the external 

electric field. The displacement of the bound electrons results in a nonlinear polarization 

in the medium. The generalized expression for the induced polarization in the medium is 

given by equation (3.2) which is repeated below,  

(ݐ)ܲ  = (ݐ)ܧ଴  (߯(ଵ)ߝ  + ߯(ଶ) ܧଶ(ݐ) +  ߯(ଷ)ܧଷ(ݐ) … . ) 
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(ݐ)ܲ                      = ܲ(ଵ)(ݐ) + ܲ(ଶ)(ݐ) + ܲ(ଷ)(ݐ) ….                                            (3.3) 

 

In equation (3.3), ܲ(ଶ)(ݐ) is the second order nonlinear polarization and ܲ(ଷ)(ݐ) is the 

third order nonlinear polarization. From eq. (3.2) and (3.3), the third order nonlinear 

interaction is:  ܲ(ଷ)(ݐ) = ߳଴߯(ଷ) ܧଷ(ݐ)                                                (3.4) 

The most general case for the applied field would consist of three different frequencies, 

which can be expressed as:  (ݐ)ܧ = ଵ݁ି௜ఠభ௧ܧ  +  ଷ݁ି௜ఠయ௧                            (3.5)ܧ+ଶ݁ି௜ఠమ௧ܧ

Calculation of ܧଷ(ݐ) will present different frequency components. When the expanded 

version of ܧଷ(ݐ) is substituted in eq. (3.4), it is convenient to represent the third order 

nonlinear polarization as: ܲ(ଷ)(ݐ) = ∑ܲ(߱௡)݁ି௜ఠ೙௧                                                 (3.6) 

 where ܲ(߱௡)  is the complex amplitude of the ݊௧௛  frequency component of the third 

order nonlinear polarization. 

 The generalized expression for the third order nonlinear polarization for the frequency 

component (߱ଵ + ߱ଶ + ߱ଷ) using eq. (3.4) and (3.5) is as obtained [28], 

௜ܲ(߱ଵ + ߱ଶ + ߱ଷ) = 3߳଴ ∑ ߯௜௝௞௟(ଷ)௝௞௟ (߱ଵ + ߱ଶ + ߱ଷ, ߱ଵ, ߱ଶ, ߱ଷ) ×  ௟(߱ଷ) (3.7)ܧ௞(߱ଶ)ܧ௝(߱ଵ)ܧ

 In the above equation, ߯௜௝௞௟(ଷ)  (߱ଵ + ߱ଶ + ߱ଷ, ߱ଵ, ߱ଶ, ߱ଷ)  represents the third order 

nonlinear susceptibility tensor and ݆݈݅݇ refers to the cartesian components of the fields. 

 Let ߱ଵ = ߱ represent an optical field and ߱ଶ = ߱ଷ = 0 represent the externally applied 

D.C electric field. Then eq.(3.7) reduces to: 

௜ܲ(߱) = 3߳଴ ∑ ߯௜௝௞௟(ଷ)௝௞௟ (߱; ߱, 0,0) ×  ௟(0)                    (3.8)ܧ௞(0)ܧ(߱)௝ܧ
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 The above equation describes the quadratic electro-optic Kerr effect (pure Kerr effect), 

where the propagation of light is controlled by the square of the applied dc electric field 

[29]. 

 From eq.(3.7), we can observe that the third order nonlinear suceptibility of a 

material(߯(ଷ))  is frequency dependent or dispersive. But if one operates at a frequency 

that is far away from the material’s resonant frequency , ߯(ଷ)  can be assumed to be 

dispersionless [8].  

 The nonresonant third order nonlinearity is present in all materials, but is not large 

(typical value around ߯(ଷ)~ 10ିଶଶ ݉ଶ/ܸଶ)[28] .This nonlinearity is important because of 

its instantaneous response time and hence could be used for an ultrafast switching 

application. The characteristic response time of the pure Kerr effect is the time taken to 

displace the electron cloud around a nucleus due to the applied electric field. This 

response time is estimated to be of the order of  10ିଵ଺seconds.[28] 

The nonlinear polarization described by eq. (3.8) causes a change in the dielectric 

constant and therefore results in a change of the refractive index of the material.[8,29]. 

This change in the refractive index of the material (Δ݊) is given as [30]: Δ݊ = (3߯(ଷ)/8݊௅)ܧ௘௫௧ଶ                                                (3.9) 

Here, ߯(ଷ) is the third order nonlinear material susceptibility, ݊௅ is the linear refractive 

index of the material and ܧ௘௫௧ is the externally applied electric field.  

The ߯(ଷ) for materials relevant to our design of the electro-optic switch has been analysed 

and compared in Table 1 of Chapter 2. For device applications, a Δ݊ ≥ 10ିସ is desired 

[8]. 
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Table 2 Comparison of induced change in refractive index for different materials 

Material Δ݊ 

Silica glass 5.68 × 10ିଽ 

Bulk Silicon 3.21 × 10ି଺ 

Silicon nanocrystals in silica 4.41 × 10ିହ 

 

For an externally applied electric field of 10 ܸ/݉ߤ, Table 2 gives a comparison for the 

refractive index change in silica glass, bulk silicon and for silicon nanocrystals embedded 

in silica. Here, Δ݊ is calculated using eq.(3.9). We can observe that there is at least an 

order of magnitude improvement in Δ݊ for the material silicon nanocrystals embedded in 

silica.  

 The current section provided a theoretical description of the electro-optic Kerr effect. The 

next section analyses the application of the Kerr effect for the preferred slot waveguides.  

3.2 Kerr effect analysis for Slot waveguides  
 

As explained in Chapter 2, slot waveguides are the preferred waveguide structure for the 

design of the electro-optic switch. A schematic of the cross sectional view of a horizontal 

silicon slot waveguide with silicon nanocrystal material in the slot is shown in Figure 3.1 

[31].  In Figure 3.1, we can observe that the slot layer of width ݐ௦  is filled with the 

material silicon nanocrystal (Si-nc). The amorphous silicon (a-Si) and crystalline silicon 

(c-Si) layers sorrounding the the slot region have thicknesses of ݐଵ and ݐଶ respectively. 

The whole slot waveguide is placed in layers of silicon dioxide of thickness ݐଷ and ݐସ. 
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Figure 3.1 Cross sectional view of a biased slot waveguide [31] 

 

To get an understanding of the practical functionality in terms of phase change of the 

optical signal propagating through the slot waveguide, we need to consider a slot 

waveguide of infinite width and with the thickness of the layers small enough so that the 

electric field within the slot can be assumed to be constant. This is shown in Figure 3.2. 

 

Figure 3.2 Schematic of a simplified horizontal slot waveguide with infinite width [31] 

From Maxwell’s boundary matching conditions, the electric fields within the layers can 

be expressed as:  ܧଵ݊ௌ௜ଶ = ௦݊ௌ௜ି௡௖ଶܧ = ଶ݊ௌ௜ଶܧ = ସ݊ௌ௜ைమଶܧ = ଷ݊ௌ௜ைమଶܧ                          (3.10) 
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Here, ,ଶܧ ,ଵܧ  ௦ are the electric fields within the different layers shown in Figureܧ, ସܧ,ଷܧ

3.2, and ݊ௌ௜ , ݊ௌ௜ି௡௖, ݊ௌ௜ைమ are the refractive indices of the materials of the layers shown 

in Figure 3.2. 

Let ௘ܸ௫௧ be the applied external voltage. Then, by Kirchhoff’s voltage law, we have: 

௘ܸ௫௧ = ଵܸ + ଶܸ + ଷܸ + ସܸ+ ௦ܸ                                           (3.11) 

Here,  ଵܸ, ଶܸ, ଷܸ, ସܸ , ௦ܸ  are voltages across the different layers in the slot waveguide as 

shown in figure 3.2. Using eq. (3.10) and eq. (3.11), we get the electric field inside the 

slot waveguide as: 

௦ܧ = ௘ܸ௫௧/[ቀ௡ೄ೔ష೙೎௡ೄ೔ ቁଶ ଵݐ) + (ଶݐ + ൬௡ೄ೔ష೙೎௡ೄ೔ೀమ ൰ଶ ଷݐ) + (ସݐ +  ௦]               (3.12)ݐ

From eq. (3.12), it is clear that reducing the slot thickness is going to result in an increase 

of the electric field inside the slot with other parameters being the same. An increased ܧ௦ 

would result in a greater refractive index change due to the electro-optic Kerr effect.  

From [30], the refractive index change due to the applied d.c electric field in the slot 

region (ܧ௘௫௧ =  :௦) can be written asܧ2

Δ݊ = (ଷఞ(య)ଶ௡ಽ  ௦ଶ                                                          (3.13)ܧ(

The ߯(ଷ) of a material is related to the more well-known material constant, which is the 

Kerr coefficient or the nonlinear refractive index of a material ( ݊ଶ) through the 

relationship [32] : 

݊ଶ = (ଷସ)( ఞ(య)௖௡ಽమఌబ)                                                           (3.14) 

In the above equation, ߝ଴ is the electric permittivity of free space and ܿ is the speed of 

light in vacuum. Using eq. (3.14) in eq. (3.13), we get: Δ݊ = 2݊௅ܿߝ଴݊ଶܧ௦ଶ                                                      (3.15) 
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For   ܧ௦ = the Δ݊  ݉ߤ/10ܸ = 1.806 × 10ିସ for silicon nanocrystal material. 

Using the concept of slow light explained chapter 2, we can write the change in the wave 

number of the optical mode (Δ݇) as it propagates along the slow light waveguide as:   Δ݇ = ܵ݇଴Δ݊௠௔௧ =  (3.16)                             (௦ଶܧ଴݊௅݊ଶߝ2߱)ܵ

Here, ܵ is the slowdown factor of the waveguide. 

So, the phase shift experienced by an optical signal as it propagates along a waveguide of 

length L to which an external electric field is applied is generally represented as:  Δ߶ = Δ݇(3.17)                                                         ܮ 

 

Using eq. (3.16) in eq. (3.17) we have: Δ߶ =  (3.18)                                           ܮௌଶܧ଴݊௅݊ଶߝ2ܵ߱

 

From eq. (3.18), we can observe that the slow light effect has made the slot waveguide 

structure with photonic crystal more phase sensitive than a conventional slot waveguide 

due to the slowdown factor S which is greater than one. Equation (3.18) is a new equation 

specific for the electro-optic Kerr effect which includes the concept of slow light. 

In conclusion, the application of the electro-optic Kerr effect has been analyzed for a slot 

waveguide. The induced refractive index change for silicon nanocrystals has been 

calculated. Also, the effect of slow light due to the inclusion of photonic crystals has been 

discussed with respect to phase sensitivity of the waveguide and a new expression has 

been derived for this case. The next section describes factors that account for losses in the 

operation of a silicon electro-optic switch. 

3.3 Loss Analysis 
 

One needs to consider optically induced losses such a linear absorption losses and 

nonlinear absorption losses for practical importance. This is because linear absorption can 
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lead to localized heating and cracking in the material [28]. Nonlinear absorption, such as 

the two photon absorption (TPA) process, would induce a refractive index change that 

can dominate over the refractive index change due to the electro-optic Kerr effect. This 

would result in slower operation speeds as the refractive index change through TPA is 

caused by free carriers [7]. 

 

Based on the experimental results in [12], silicon nanocrystals have almost negligible 

linear absorption at the wavelength of 1.55 micrometers. As a result, losses due to linear 

absorption can be neglected in the system. TPA is process where a bound electron in the 

valence band acquires sufficient energy from two incident photons to jump to the 

conduction band [28]. Two photon absorption is a third order nonlinear process that 

depends on the third order nonlinear susceptibility of a material ( ߯(ଷ)) . The TPA 

parameter of a material corresponds to the imaginary part of ߯(ଷ). The TPA process can 

be prevented by keeping the operating wavelength below the half energy bandgap of the 

material [28, 8]. Also, as the silicon nanocrystal’s diameter is reduced to the order of 3 

nm or below, the bandgap of the material, and therefore the half bandgap energy of the 

material, is increased due to quantum confinement [33]. Based on the results obtained in 

[33], the operating wavelength of 1.55 micrometers (0.8 eV) is less than the half bandgap 

energy (0.93 eV for 3 nm diameter silicon nanocrystals) of the silicon nanocrystals 

material.  

 

A drawback of the slow light effect is that the material’s nonlinear loss parameter is 

enhanced by ܵଶ [13]. Here, ܵ is the slowdown factor for the waveguide used. Based on 

the practical assumption in [30], the electric field due to the optical signal is much 

smaller than the externally applied electric field. Hence, all-optical effects, such as two 

photon absorption can be neglected, and the externally applied electric field can be made 

the dominating control parameter. It was also our objective to design a silicon electro-

optic switch with external electric field as the device controlling parameter. Designing 

dispersion engineered structure, such as a coupled resonator oscillator waveguide 

suggested in [13] for achieving favourable loss dependence, is a possible topic of future 

work. 
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This chapter analyzed the electro-optic Kerr effect theoretically as well as its application 

for different materials such as silica glass, bulk silicon and silicon nanocrystals. The 

application of the Kerr effect for slot waveguides has also been presented and the loss 

factors that could decrease the efficiency of the electro-optic switch have been discussed. 

The next chapter provides the design considerations and simulation results for the silicon 

electro-optic switch. 
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CHAPTER 4 THE PROPOSED ELECTRO-OPTIC KERR SWITCH
 

 

A resonator cavity, such a Fabry Perot resonator or a ring resonator, has the ability to 

capture weak nonlinear interactions in the form of change in the transmitted output from 

the resonator due to its sensitivity to refractive index change [8]. This change in the 

transmitted output can be used to design modulators and switches [8,34]. A ring resonator 

is chosen for the design of our silicon-electro optic switch because it offers low operating 

voltage of the order of 1 V, and it has been experimentally analysed for a silicon electro-

optic modulator [34]. A schematic of a single ring resonator is shown in Figure 4.1. 

 

 

 

 

 

 

 

 

The principle of operation of a ring resonator is that when the input wavelength through 

the straight waveguide corresponds to a resonant wavelength of a ring resonator, then the 

input optical signal gets coupled to the ring waveguide because it is very close to the 

straight waveguide. This would lead to a reduction in the transmitted output power 

through the straight waveguide. The resonant wavelength of the ring resonator can be 

changed by changing the refractive index of the material inside the ring resonator. This 

can be done through an externally applied electric field because of the electro-optic Kerr 

Ring waveguide 

Straight waveguide 

Output 
optical 
signal 

Input 
optical 
signal 

Figure 4.1 Schematic of a 
single ring resonator 
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effect. Thus, this configuration can be used for optical switching through electric field 

control. 

The normalized transmission spectra equation for single ring resonator is given in [35, 

36].  ܶ = (ܽோଶ + ଶݐ − 2ܽோݐ(cos 1)/((ߠ + (ܽோݐ)ଶ − 2ܽோݐ(cos  (4.1)                    ((ߠ

Here, ܶ  is the transmission through the straight waveguide, ܽோ = ݁ିఈ௅  with ߙ  as the 

amplitude attenuation coefficient to account for losses due to bending and scattering in 

the ring waveguide, ݐ  is the straight through coefficient, and ߠ  is the phase shift 

experienced by the optical signal after it completes one round trip of the ring waveguide. 

The expression to calculate ߠ is given by: 

ߠ = ௘௙௙݊ߨ2 ቀ ௅ఒೌ೔ೝቁ                                                              (4.2) 

Here, ݊௘௙௙ is the effective modal index of the ring waveguide,  ܮ is the circumference of 

the ring waveguide and ߣ௔௜௥ is the wavelength of the optical signal in air. At resonance ߠ =  .where ݉ is an integer ݉ߨ2

 4.1 Optical structure  
 

The same ring resonator structure employed in [34] is considered for the design of our 

silicon electro-optic switch. For the actual ring waveguide, the slot waveguide [8] and the 

slow light waveguide (1 D PhoCSloW) discussed in chapter 2 are analysed here. The 

horizontal configuration of the slot waveguide is proposed here. In this configuration the 

slot width can be reduced to well below 100nm, with slot widths of 50nm being 

fabricated [7]. The schematic of a horizontal slot waveguide is shown in Figure 4.2. 
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In Figure 4.2 the waveguide width is w. The lower and upper strips of the slot waveguide 

are made of crystalline (c) and amorphous (a) silicon with thicknesses ݐଵ  and ݐଶ 

respectively. The structure for a single ring resonator using a slot waveguide is shown in 

Figure 4.3. 

  

 

 

 

 

 

 

 

 

 

 

The feasibility of an electro-optic Kerr effect switch can be estimated using the same ring 

resonator described in [34]. In the optimized horizontal structure for the slot waveguide 

considered in [8], the slot width is 100 nm and the effective refractive index for silicon 

nanocrystals in the fundamental mode is 2.06. The ring resonator described in [34] has a 

diameter of 12 micrometers, free spectral range (FSR) of 15 nm and 3 dB bandwidth or 

the full width at half maximum (FWHM) at resonance as 0.04 nm. In order to get an 

estimate on the feasibility of the Electro-Optic Kerr switch, the bending and scattering 

loss in the ring waveguide is approximated to be 6 dB/cm which is close to 6.8 dB/cm for 

c-Si  
Si-nc/Sio2  

ଶ
ଵ 

( ) ( ) 

  a-Si  

w 

Slot 
waveguide 

Slot Region 

Figure 4.2 Schematic of the cross section of a horizontal slot waveguide [7] 

Figure 4.3 Schematic of a single ring resonator with a slot waveguide 
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the ring waveguide of radius 10 micrometers [37]. The amplitude attenuation coefficient 

due to bending and scattering (ߙ) is 69.14/m. The parameter (ܽோ) in eq. (4.1) for a ring 

waveguide length of 12 ߨ  micrometers is 0.99739. The normalized transmission at 

resonance ( ௥ܲ௘௦) from eq. (4.1) is, 

 

௥ܲ௘௦ = ( ௔ೃି௧ଵି௔ೃ௧)ଶ                                                        (4.3) 

As  ௥ܲ௘௦ =  for the ring resonator considered in [34], the corresponding straight ܤ݀ 15−

through coefficient (t) for the calculated ܽோ  is, 0.99817. Using the parameters calculated, 

the transmission spectra for the ring resonator considered can be plotted using eq. (4.1) 

and this is shown in Figure 4.4. 

 

Figure 4.4 Transmission spectra of the electro-optic Kerr switch for ∆݊௘௙௙ = 0 (Off 
state) and ∆݊௘௙௙ = 1.9 × 10ିହ (On state). 
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Figure 4.4 shows the transmission characteristics for zero change in refractive index (Off 

state of the switch) and for a required 10 dB extinction ratio at the operating wavelength 

(On state of the switch). The obtained 10 dB extinction ratio requires an effective index 

change of   ∆݊௘௙௙ = 1.9 × 10ିହ  [8]. The approximate change in the material refractive 

index inside the slot region (∆݊௦௟௢௧) required to achieve the desired ∆݊௘௙௙  is, 3.8 × 10ିହ 

[8].  For  ∆݊௦௟௢௧ = 3.8 × 10ିହ , the voltage required across the slot region V (slot) is 

0.464 V for a 100 nm wide slot.  As calculated in Table 2, change in the refractive index 

for the material silicon nanocrystals in silica is 4.41 × 10ିହ for an externally applied 

electric field of 1V/100 nm, which is greater than the required ∆݊௦௟௢௧  . Therefore the 

required 10 dB extinction ratio for switching is feasible through an available refractive 

index change in silicon nanocrystals. Also it was noted that considering higher bending 

losses in the ring waveguide such as 7 dB/cm or 7.5 dB/cm leads to a small reduction in 

the extinction ratio for the switch for the same operating conditions. The extinction ratio 

for the switch is reduced to around 9.5 dB which is reasonable. 

THE PROPOSED STRUCTURE 
 

Using a slow light waveguide such as the 1D PhoCSloW suggested in Chapter 2, one can 

reduce the externally applied electric field in order to achieve the same extinction ratio. 

This is because for a slow light waveguide operating in the slow mode, the change in the 

effective index is scaled by the slowdown factor (S) on applying an external electric field.  

For the structure of the ring resonator with the slow light waveguide, the slot waveguide 

in the ring resonator in Figure 4.3 can be replaced by a circular version of the coupled 

resonator oscillator waveguide shown in Figure 2.13.  

The change in the resonant wavelength for the fundamental mode is, Δߣ௥௘௦ =  ௘௙௙                                                           (4.3)݊∆ܴߨ2
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Here, Δߣ௥௘௦ is the change in the resonant wavelength of the ring resonator, ܴ is the radius 

of the ring resonator and ∆݊௘௙௙ is the change in the effective modal refractive index of 

the waveguide. 

Let us consider the case when the ring resonator waveguide is replaced by a slow light 

waveguide. From eq. (2.12) we know that for a slow light waveguide  ∆݊௘௙௙ = ܵ∆݊௠௔௧, 

where ܵ is the slowdown factor and ∆݊௠௔௧  is the material change in refractive index. 

Substituting eq. (2.12) in eq. (4.3) we have, Δߣ௥௘௦ =  ௠௔௧                                                     (4.4)݊∆ܴܵߨ2

Using eq. (3.9) for ∆݊௠௔௧  due to the electro-optic Kerr effect, the externally applied 

electric field is:  ܧଶ =  (4.5)                                                     (ܴ(ଷ)߯ܵߨ3)/௥௘௦݊௅ߣ∆4

Here, ܧ  is the applied d.c electric field in the active material of the ring waveguide 

and ݊௅ is the linear refractive index of the material. Equation (4.5) is a new expression 

specific for the electro-optic Kerr effect with the application of the concept of slow light. 

In comparison to a conventional ring resonator, we would have: ܧ௡௘௪ =  ௢௟ௗ/√ܵ                                                             (4.6)ܧ

Here, ܧ௢௟ௗ is the applied d.c electric field for a conventional ring resonator and ܧ௡௘௪ is 

the applied d.c electric field for a ring resonator with a slow light waveguide. The 

reduction in the d.c electric field can be estimated by the example considered below.  

 For  ܵ = 10/݊௘௙௙, which is reported for 1 D PhoCSloW structure at a wavelength of 

1.55 micrometers, if ܧ௢௟ௗ = ௡௘௪ܧ then ݉ߤ/10ܸ ≅ 4.4 ௏ఓ௠ assuming that  ݊௘௙௙ for silicon 

nanocrystals in the structure considered is approximately 2. Hence, the required external 

electric field, and therefore the applied external voltage can be reduced. Thus the same 

extinction ratio in Figure 4.2 can be achieved using a smaller external electric field by 

employing a slow light waveguide.  
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The ring resonator size can be reduced using a slow light waveguide. From eq. (4.5) we 

can observe that the desired extinction ratio can be achieved by operating with the same 

external electric field and reducing the radius of the ring resonator. This would result in a 

smaller device size, which is useful for large scale integration. However, the losses due to 

bending and scattering would be increased due to the smaller ring radius so one would 

have to do a trade-off analysis between the ring radius and losses. 

 4.2 Challenges  
 

Some of the challenges as noted in [8] for the design of the electro-optic Kerr effect 

switch are as follows, 

1. The true electric Kerr constant of silicon nanocrystals at an operating wavelength 

of 1.55 micrometers needs to be found out experimentally so that it can be 

correctly used to calculate the material change in refractive index. 

2. A figure of merit that takes into account the structural details applicable to the 

electro-optic Kerr effect needs to be established. 

3. Analysis of loss due to nonlinear absorption in silicon nanocrystals and other 

losses due to free carrier effect in silicon needs to be carried out for a practical 

implementation of the electro-optic Kerr switch. 

4. Analysis of electrical parasitics that could potentially degrade the performance of 

the high speed electro-optic switch needs to be carried out. 

5. A comparative characterization of the ring and Fabry-Perot micro-resonators in 

terms of achievable parameters for an electro-optic Kerr effect device needs to be 

done. 

In conclusion, the basics of a single ring resonator have been reviewed. Transmission 

spectra for the Kerr switch in [8] has been simulated and its feasibility using the material 

silicon nanocrystals in silica is presented. The internal comb structure of the 

1DPhoCSloW is proposed as the slow light waveguide for the ring resonator in the 

silicon electro-optic switch. A preliminary analysis for effect of inclusion of a slow light 

waveguide in the ring resonator structure for the electro-optic Kerr effect switch has been 
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presented. The challenges faced in the design of the electro-optic Kerr switch are also 

discussed. 
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CHAPTER 5  CONCLUSION 
 
 

This chapter summarizes the main contributions in this thesis and lists future steps to 

build upon the work carried out in this thesis. 

 

5.1 Summary 
 
The main contribution of this thesis is the inclusion of photonic crystals, which are 

nanophotonic structures, in the design of an ultrafast silicon electro-optic switch. It was 

theoretically shown that slow waveguides provide enhanced phase sensitivity compared 

to a conventional waveguide and therefore reduced the external electric field required to 

operate the switch. The enhanced phase sensitivity has been previously used for all-

optical effects, but in this thesis it is utilized for the electro-optic Kerr effect. Different 

slow light waveguides, which are made up of photonic crystals, were analysed and the 

internal comb geometry of the 1D PhoCSloW is proposed for use in the ring resonator of 

the silicon electro-optic switch. The use of the slow light waveguide is expected to bring 

the following improvements for the silicon-electro optic switch: 

1) Reduce the switching energy required to operate the switch because the required 

external electric field is reduced. 

2) Reduce the radius of the ring resonator and thereby reduce the size of the switch 

 

One has to consider the enhancement in the nonlinear absorption loss in slow light 

waveguides and also increase in scattering and bending losses due to reduction in the ring 

radius in the design of the silicon electro-optic switch. 

 

In conclusion, the application and possible use of photonic crystals for the ultrafast 

silicon electro-optic switch proposed in [8] has been analysed. It was shown that the use 

of slow light waveguides has the potential to reduce the required externally applied 

electric field and the radius of the ring resonator. This is expected to reduce the switching 

energy and size of the electro-optic switch.  The simulation used in this thesis was carried 

out using licensed Matlab software. 
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5.2 Future Work 
 

For further development of the work carried out in this thesis, the following are some of 

the important future steps: 

1) Formulation of a device figure of merit applicable to quadratic electro-optic Kerr 

effect devices. This would involve analysis of the device structure in terms of 

dimensions and also a nonlinear loss analysis for the electro-optic Kerr effect 

device.  

2) Methods to eliminate polarization dependent losses in the silicon electro-optic 

switch. This would be especially useful for integrated optic applications where 

polarization maintaining fibers are used. 

3) Calculation of the effective refractive index of silicon nanocrystals used in the 

proposed slow light waveguide in order to characterize the transmission spectra 

for the switch. 

4) Calculation of the electrical parameters required to practically implement the 

designed ultrafast silicon electro-optic switch. This would give a practical 

measure for the achievable speed in the electro-optic Kerr effect switch. 
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