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Abstract

With the fast development of information technology and the demands for high

speed and high quality communication network, information processing, and data

storage and interconnect, the path of modern communication and signal processing

systems are towards the high speed, large capacity, low power consumption and low

cost. Photonics integrated chips (PICs) are treated as one of the newest technology in

this field. In this thesis, several kinds of photonics integrated devices based on

plasmonic waveguides and dielectric waveguides are presented and investigated for

advanced features. Both plasmonic waveguides and dielectric waveguides play

fundamental roles in modern PICs. Dielectric silicon waveguides, obeying the total

internal reflection, occupies the important position in Silicon photonics. Plasmonic

waveguides, in which surface plasmon polaritons (SPPs) on the metal/dielectric

interface form the guided modes, can achieve nanometer-scale field confinement.

In chapter 1, the demands and development of photonics integrated devices are

introduced. The trends of high speed, high integration and low power consumption on

both chip-size interconnect and interconnect between data centers are the main drying

force for transmission using photons instead of electrons. Then, the motivation and

outline of this thesis are introduced.

In chapter 2, the waveguide theory of slab dielectric waveguide and plasmonic

waveguide are introduced. The numerical calculation methods for mode and

transmission characteristics are introduced at the same time.

In chapter 3, a kind of waveguide coupler between hybrid plasmonic waveguides

and dielectric slot waveguides is proposed. The waveguide coupler serves as the

interconnection between the two kinds of waveguides. The mode mismatch are

investigated via numerical calculation and are explained in two ways: the mismatch of

effective mode area and reflectivity. Calculation results show that both mismatch can

be minimum via proper design of two kinds of waveguides. Besides, a kind of highly

efficient mode converter are introduced along with the funnel effect, which are
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explained by plotting the Poynting vector.

In chapter 4, a kind of side-coupled type plasmonic Fabry-Perot waveguide filter

is proposed. The physical propagation model is analyzed by the scattering matrix and

the coupling mode theory (CMT). The total devices are divided into several parts and

applied scattering matrix in each part. The spatial and spectral responses obtained by

the proposed model showed a good agreement with numerical simulations. These

results could be useful in analyses of other similar plasmonic filter designs with

side-coupled structures, and demonstrate the potentials for applications in optical

integrated wavelength selectors or filters with a ultra-wide FSR.

In chapter 5, the slab space optics is investigated under the usage of planar slab

waveguides. Compared with the traditional dielectric strip and ridge waveguides, the

slab waveguides own the advantage of low propagation loss and large area. With these

merits, several kinds of passive integrated devices are designed. First, a kind of planar

chiral metamaterials (PCMs) is investigated for the characteristics of wavelength

filtering. The multi-patterened PCMs are proved for the application on near-infrared

imaging system. Then, a kind of dual-layer grating coupler is designed for vertical

coupling between fibers and waveguides. Such grating coupler is the first report of

fiber-chip coupling with characteristics of dual optical bands and dual polarization

states. The design also owns the merit of function style of vertical coupling, which

reduce the assemble difficulty. The two layer FP resonance is also investigated for

high coupling efficiency. Finally, a kind of waveguide crossing coupler is analyzed

based on curved silica-mirror. The fundamental propagation characteristics of

Gaussian beams are analyzed with ABCD’ law. The device also shows high

bandwidth than other waveguide crossing design, like a MMI coupler.

In chapter 6, the summary of the whole thesis and the future work are drawn.

Keywords: Photonic integrated chips; Silicon photonics; Plasmonic photonics;

Waveguide coupler; Waveguide crossing; Waveguide filter; Grating coupler;

2D-FDTD



iii

Table of contents

Abstract........................................................................................................................... i

List of figures................................................................................................................ vi

Chapter 1 Introduction....................................................................................................1

1.1 Demands of photonics integrated chips.............................................................1

1.2 Photonics integrated chips.................................................................................3

1.3 Motivation and outline...................................................................................... 8

Chapter 2 Waveguide theory and calculation methods................................................ 10

2.1 Waveguide theory............................................................................................11

2.1.1 Waves equations and Helmholtz equation........................................... 11

2.1.2 The dielectric slab waveguides.............................................................13

2.1.3 Surface plasmon polaritons and plasmonic waveguides...................... 18

2.2 Numerical analysis methods for mode characteristics.................................... 21

2.2.1 Finite Element method......................................................................... 21

2.3 Numerical analysis methods for transmission characteristics.........................23

2.3.1 Beam propagation method....................................................................23

2.3.2 Finite-difference time-domain method.................................................25

2.3 Summary......................................................................................................... 27

Chapter 3 Plasmonic waveguide coupler..................................................................... 28

3.1 Research background and device structure..................................................... 28

3.2 Transmission characteristics of the direct coupler.......................................... 31

3.3 Matching conditions........................................................................................36

3.3.1 Effective mode area matching..............................................................36

3.3.2 Reflectivity matching........................................................................... 37

3.4 Improved structure design...............................................................................38

3.4.1 Transmittance analysis......................................................................... 38

3.4.2 Discussion of the funnel effect.............................................................43

3.5 Summary......................................................................................................... 46



iv

Chapter 4 Side-coupled Fabry-Perot filter................................................................... 47

4.1 Research background and device structure..................................................... 47

4.2 Structure analysis............................................................................................ 51

4.3 Filtering characteristics................................................................................... 57

4.3.1 Characteristics of the direct coupler.....................................................57

4.3.2 Characteristics of the Fabry-Perot filter............................................... 62

4.4 Application of a dual-output filter...................................................................65

4.4.1 Dual-output design............................................................................... 65

4.4.2 Characteristics of ultra-wide free spectral range..................................67

4.5 Summary......................................................................................................... 67

Chapter 5 Slab space optics..........................................................................................68

5.1 2D planar meta-material..................................................................................69

5.1.1 Optical activity..................................................................................... 69

5.1.2 Analysis methods................................................................................. 71

5.1.3 Results of multi-patterened PCM as BPF.............................................74

5.2 Grating coupler for vertical fiber-chip coupling............................................. 76

5.2.1 Grating theory.......................................................................................76

5.2.2 Grating couplers for fiber-waveguide coupling................................... 78

5.2.3 Transmission of dual-polarization state and dual-band........................82

5.2.4 Discussion of dual-layer FP resonance................................................ 87

5.2.5 Discussion of the evanescent coupling.................................................88

5.3 Waveguide crossing based on curved silica-mirror........................................ 90

5.3.1 Structure design....................................................................................93

5.3.2 Radiation modes of terminated slab waveguides................................. 95

5.3.3 Gaussian beam transmission function.................................................. 98

5.3.4 Discussion of Goos-Hänchen shift..................................................... 100

5.3.5 Spectrum analysis...............................................................................103

5.3.6 Discussion of ABCD’s law................................................................ 104

5.4 Summary....................................................................................................... 105

Chapter 6 Conclusions................................................................................................107



v

6.1 Summary of contributions.............................................................................107

6.2 Future research.............................................................................................. 108

Bibliography...............................................................................................................110

Publication list............................................................................................................123

Acknowledge..............................................................................................................125



vi

List of figures

Fig. 1.1 IBM opto-electric integrated system based on silicon photonics

Fig. 1.2 The unique dispersion relation of surface plasmon polaritons (SPPs)

Fig. 1.3 Comparison of each carrier in the application of information transmission

Fig. 1.4 Schematic of the hybrid PICs in the thesis

Fig. 2.1 Schematic of a 2D slab waveguide

Fig. 2.2 Schematic of a boundary of dielectric and metal materials for the propagation

of SPP waves

Fig. 2.3 Schematic of the mesh of Yee’s FDTD algorithm

Fig. 3.1 Schematic of (a) 3D and (b) 2D structure of the dielectric slot waveguide; and

(c) the Ex components for h = ∞ for TM polarization.

Fig. 3.2 Schematic of (a) 3D and (b) 2D structure of the hybrid plasmonic waveguide;

and (c) the Ex components for h = ∞ for Tm polarization.

Fig. 3.3 Schematic of the direct coupler of the DS-WG and the HP-WG, where the

dashed black block refers the calculation region of the Poynting vector in the

sub-chapter 3.4.2.

Fig. 3.4 Calculation results of the (a) transmittance and (b) reflectivity shown in Fig.

3.3.

Fig. 3.5 Calculation results of Weff of the DS-WG and transmittance of the direct

coupler as a function of dH for different values of dL.

Fig. 3.6 Calculation results of the reflection coefficient Г as a function of dH for

different values of dL.

Fig. 3.7 Schematic of the improved coupler with air slots, where the dashed black

block refers the calculation region of the Poynting vector in the sub-chapter 3.4.2.

Fig. 3.8 Calculation results of the improved coupler of the (a) transmittance and (b)

reflectivity shown in Fig. 3.7.

Fig. 3.9 Calculation results of the (a) transmittance and (b) reflectivity as a function of

Hgap for different values of Wgap



vii

Fig. 3.10 Calculation results of the Poynting vector of the dashed black region in (a)

Fig. 3.3 and (b) Fig. 3.7.

Fig. 3.11 Spectrum analysis of the improved and direct coupler.

Fig. 4.1 Schematic and equivalent model of a side-coupled plasmonic coupler FP

waveguide filter. (a) Schematic of the waveguide filter. The guided mode is assumed

to propagate along the z-axis. The wide-band transverse-magnetic (TM) polarized

SPPs emerge from the left side of the segment 1. (b) Equivalent model of the

proposed filter. (c) Definition of the ports in the two parallel MDM waveguides. The

SFW and COW represent the straight forward waves and the cross-over waves in the

original and neighboring waveguides, respectively.

Fig. 4.2 (a) Model of parallel placement of two plasmonic waveguides. (b)

Calculation results of the S31 and S41 in ports 3 and 3,respectively.

Fig. 4.3 Field distribution of Hy component of the directional coupler of two

plasmonic waveguides.

Fig. 4.4 (a) Model and (b) calculation results of a straight plasmonic waveguide for

the parameters of propagation constant β and loss α.

Fig. 4.5 Basic input-output characteristics of the DC. (a) Transmittance of the DC at a

fixed wavelength of 600 nm, for different overlapping length L. (b) 1st-order output

wave component of the result shown in (a). The inset shows the form of the 1st-order

output wave. The 2nd-order output wave component of the result in (a). The inset

shows the form of the 2nd-order output wave.

Fig. 4.6 Transmittance and reflectivity of the DC as a function of the wavelength, for

overlapping length of 300 and 400 nm.

Fig. 4.7 Phase variations of the (a) transmitted waves and (b) reflected waves.

Fig. 4.8 Basic input-output characteristics of the FP resonance cavity. (a) Spectral

response of an ideal FP interferometer without loss (α = 0). (b) Spectral responses

with loss (α  0), obtained using the proposed model and FDTD calculations.

Fig. 4.9 Schematic and spectral response of the novel 1x2 wavelength demultiplexer.

(a) Schematic of the demultiplexer. Calculation results of the spectral responses for (b)

L = 400 nm and (c) L = 420 nm.



viii

Fig. 5.1 Schematic of a multispectral imaging system using the polarization

interference type band-pass filter array.

Fig. 5.2 Schematic view of the planar-chiral meta-materials from the view of (a) top

and (b) cross section.

Fig. 5.3 Calculation results of the (a) rotation angle and (b) transmittance of LCP and

RCP of the planar-chiral meta-materials as a function of wavelength.

Fig. 5.4 Calculation filtering results of the multi-patterened PCMs as a function of

wavelength for different pitch size using (a) Si3N4 and (b) Al2O3 as the substrates.

Fig. 5.5 Diffraction model of the one-dimensional grating.

Fig. 5.6 Diffracted order of waves.

Fig. 5.7 Diffraction of grating with substrate.

Fig. 5.8 Schematic of a dual-layer grating coupler for vertical coupling with a

single-mode fiber and silicon slab waveguide.

Fig. 5.9 Calculated normalized efficiencies of the 1st-order diffracted waves of the top

grating as functions of Λ and dt; (a) for TE at 1.3 um, (b) for TM at 1.3 um, and (c) for

TE at 1.55 um, (d) for TM at 1.55 um. The maximum efficiency is limited by 50%.

Fig. 5.10 Calculated angles (degree) of the 1st-order diffracted waves of the top

grating as functions of Λ and dt; (a) for TE at 1.3 um, (b) for TM at 1.3 um, and (c) for

TE at 1.55 um, (d) for TM at 1.55 um.

Fig. 5.11 Possible phase-matching conditions of the diffracted waves by the bottom

grating and propagation modes of silicon slab waveguide; (a) for one side input and (b)

for one port output. (TE1 mode is not taken into consideration in the phase matching

condition.)

Fig. 5.12 Calculated phase-matching conditions as a function of wavelength described

by Fig. 5.11; (a) theoretical results by Eq. (5-13) and dispersion relations of silicon

waveguides with [Λt Λc dSi] = [4.1, 0.63, 0.26 um] and (b) FDTD results.

Fig. 5.13 Example of coupling efficiency (two ports) of a dual-layer Fabry-Perot

resonance as functions of dgap and dbox for TE polarization at 1.55 um.

Fig. 5.14 Analytical model for evanescent waves of (a) transmission side of the first

grating and (b) reflection side of the second grating.



ix

Fig. 5.15 Calculated result of decaying of evanescent waves shown in Fig. 5.14(b). z =

0 represents the top surface of the second grating.

Fig. 5.16 Theoretical model of crosstalk by diffraction in waveguide crossing.

Fig. 5.17 Design of waveguide crossing based on (a) multi-mode interference and (b)

high refractive index meta-materials.

Fig. 5.18 Schematic of the 2D structures of waveguide crossing based on curved silica

mirror and the concept of slab space optics.

Fig. 5.19 Model of the reflection of Gaussian beams by curved silica mirrors.

Fig. 5.20 Display of the field distributions of (a) Magnified view of the propagation of

evanescent waves on the Si and SiO2 boundary and (b) overall view of the reflection,

where the design satisfies d = f.

Fig. 5.21 Structure of an abruptly terminated asymmetrical slab waveguide.

Fig. 5.22 Model of the difference of the Gaussian field used for simplification and

radiated slab field in real case.

Fig. 5.23 Calculation results of the overlap power of the radiated slab field and

Gaussian field as a function of slab width.

Fig. 5.24 Model of the effect of Goos-Hanchen shift by the physical boundary and

effective boundary.

Fig. 5.25 Calculation results of the reflected power as a function of dx, where the

insert figures (a) and (b) show the radiation pattern of point (a) and (b) calculated by

the field on the simulation boundary.

Fig. 5.26 Calculation results of the transmittance of reflection by one and two mirrors

as a function of wavelength.

Fig. 5.27 Display of the overall distribution of Ey field after reflected twice, where the

diffracted waves come from the low calculation resolution.



CHAPTER 1 INTRODUCTION

1

Chapter 1 Introduction

Photonics integrated devices are the promising building blocks in the field of

information industry in the future world, which ranges from the optical

communication [1-3], optical computing [4-6], biomedical applications [7-9], optical

sensing [10-12], and even in quantum information theory [13-15]. In this chapter, the

fundamental background of demands and developments of photonics integrated

devices are introduced, in which the plasmonic waveguides and dielectric waveguides

play important roles. Finally, the motivation and outline of the thesis is introduced.

1.1 Demands of photonics integrated chips

With the increasing history of the 21th century, the information theory reforms its

shape and requires a growing demands of new technology. On the one hand,

compared with the oldest communication industry, the new concept of big data, cloud

computing, internet of thing (IoT), mobile communication, super computers, artificial

intelligence (AI) are accustomed to every person in this world. While, on the other

hand, the physical devices which support the above applications are growing slowly

and facing the strait. Currently, the microelectronic integration technology based on

the development of semiconductor industry are gradually facing the physical

limitation and difficult to overthrowing the Moore’s Law, which predicts that the

number of transistors in a dense integrated circuit doubles about every two years in

1965. The line-width of complementary metal oxide semiconductor (CMOS)

technology for integration chips fabrication is coming at the 7 nm, meanwhile the

scientists and engineers promote the innovation of current technology for sanctifying

the Moore’s Law, which are difficult ways and facing new problems, like the

increasing of cross-talk for neighboring channels, increasing of power consumption

and increasing of the heat.

The problem does not only appear in front of the engineers and scientists. The
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data explosion appears today is also a large drying force to innovate the current

technology for higher communication speed, lower power consumption and so on. A

report from IBM and Intel, which relates with the consumer application layer, points

out that the amount of data grown almost 90% in the last 2 years [16, 17]. This simple

case shows the grown speed of the recent data explosion impressively. The grown

speed of data explosion is predicted even faster with the development of the

penetration of data analyzing from the ‘big data’ and the Internet of Things (IoT), due

to the huge demands of data analyzing for their applications, like real-time video,

web-searching ,and AI, etc. The current data centers are confronted with such serious

challenges to catch up with this data explosion. For the above analysis, requirements

of wider band-width and high-density degree of integration, for which means wider

band-width in another way, are urgent [18]. Meanwhile, the interchip band-width in

personal computers, such as a CPU, has an overall bandwidth of about several Tbps,

including the CPU-CPU interconnect, CPU-memory interconnect and the in

connection with peripherals. The longer reach interconnects are also required with the

appearance of mega data centers.

Three trends and requirements of computing systems in data centers are

introduced according to the reference [19]. First, the clock frequency of transistors are

gradually hit the limitation, although their size are still based on the Moor’s law. The

requirement of multi-core processors are naturally for keeping the demands of faster

growing amount of information. The second is three-dimensional (3-D) packaging,

which is mainly applied to increase the capacity of flash memory for the usage of

solid-state drive for data storage. As a result, the demands of increasing handling of

data quantity in a memory scale is necessary. The third is system in a package (SiP)

[20]. The system in a package is the integration of multiple chips or systems in a

single package and provides a variety functions with higher flexibility than system on

a chip (SoC). The wider bandwidth is all necessary for the above three trends for

inter-chip interconnects. Thus, a innovate technology instead of the current large scale

integrated chips (LSIs) is urgently desired.

Optical inter-connectors and computers, instead of current microelectronic chips
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and micro waves are a solution for the above problems. One the one hand, for large

scale data transfer, instead of microwaves, optical waves are used as the carrier for

information transmission. Optical wave is a kind of ultra-high frequency

electromagnetic waves, especially suitable for high speed information transfer.

Scientists and engineers have developed a optical fiber communication network all

around the world since the last century. On the other hand, microelectronic chips

using electrons as the information carrier in chip scale is gradually replaced by optical

waves (photons). The photons owns superiority than electrons in many situations,

such as no RC-delay, low power consumption ,etc.

1.2 Photonics integrated chips

As the chapter 1.1 mentioned, the development of electric circuits driven by the

Moore’s law has faced its limitation for situations of modern society for demands of

communication with high bandwidth (speed). The microelectronic with the

characteristics of faster and smaller contains billions of transistors in one micro-chip

by using the technology of very large scale integration (VLSI) and the dimensions

locate at a few of nano-meters. The integration of photonics are another choice instead.

The information carrier vectors in photonics can be photonics, solitons, light balls, or

plasmons. [21] The usage of photons as the carrier results in many benefits. For

example, there are possibilities to transmit information with higher frequency (100

THz) and the ability to confine light in a very small dimensions. In fact, S. T. Miller

from the Bell’s labs already proposed the possibility of integration of photonics.

However, the integration of photonics are still weak and general photonic integrated

circuits only contains hundreds of optical components with a high production cost and

low effectiveness. The integration of photonics does not follow the Moore’s law. The

reason can be roughly explained as follows. The integration of micro-electronics is

based on a standard, which means a single material and a single production process is

applied on a single building circuit. While for photonics, the integration contains a

diversity of materials, circuits and production processes. So the development of
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integration of photonics is not grown fast as micro-electronics.

Since the beginning of this century, due to the application of the platform of

silicon-on-insulator, the silicon photonics have been studied widely. The reason is the

unified material-Si and production process- the CMOS process. Based on these ideas,

the photonics components are developed using a single material and a single

production process. In this way, the level of integration of photonics become easier

and cheaper than before, which reverse promotes the development of optical devices

and increases the performance of photonics integrated circuits. At the same time, the

development of device physics and fabrication technology allow the integration not

limited by silicon, but from the semiconductors materials of group III to group V and

mainly focus on group IV. The diversity choice of materials make the device more

functional from a wide range of passive and active components. The controlling of

light become easier and easier and form the basis for future optical network and

processor. A series of complexity optical integrated components have been developed

and taken into account manipulating light in a wide range of wavelength.

During recent years, additional materials, mainly germanium and III-V

semiconductors, have been introduced in silicon photonics to reach efficient building

blocks. The complexity of each device has gotten higher and higher to take into

account light polarization and performance independence in a broad wavelength range.

Manufacturing technology has shifted from a pure CMOS process and still kept in

mind CMOS process compatibility, which allows the usage of other materials. The

drying forces for the above results come from many aspects. For example, one reason

is that the demands of high bandwidth communication from consumer and other is

that the need for power consumption and low power dissipation. Other needs come

from the application field of telecommunications, sensing areas, medicine, consumer

electronics and energy field. The development of silicon photonics will be pushed

further by the variety of applications and other new innovative concepts will be

developed, such as the quantum information theory and quantum computing. There is

no doubt that the silicon photonics will bring revolution and shock the current

semiconductor industry.
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Fig.1 IBM opto-electric integrated system based on silicon photonics

The systems of CMOS-compatible electro-optic integrated circuits (i.e. Silicon

photonics) can be roughly shown in the Fig. 1.1 from the reports of IBM, which

introduce the opto-electric integrated system. It contains series of active and passive

components in one single chips. The active components can be (arrayed) laser sources

[22-24], optical modulators [25-27], and photo-detectors [28-30]. The passive

components contains optical switches [31-33], waveguide crossings [34-36], grating

coupler [37-39], and series of polarization splitters and rotation devices [40-42].

However, it’s well known that the operating theory of guiding and confining light

in silicon photonics is based on the total internal reflection (TIR), which limits the

geometry sizes of silicon photonics components. The diffraction limit makes the

integration of silicon photonics in a acceptable range but can not approach more, in

which is typically micro-meter range. So what’s the next generation technology

making scientists towards the nano-meters range? It’s clear that the integration of

photonics components with nano-meters ‘transmission line’ will be superior than

current technologies.

Typically, nano-meters sized electronic circuits or silicon photonics can not
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satisfy the demands. The previous one is inherently slow due to the

resistance-capacitance (RC) delay because of the transmission of high frequency

signals and the latter one is limited by the diffraction limit and is essentially

micro-meters size. It is interesting to show that electromagnetic waves propagate

along the interface of metal and dielectric materials was found to overcome the

diffraction limit and still hold the optical frequency, which is known as surface

plasmons (SPs) or surface plasmons modes. [43-46] Fig. 1.2 shows the unique

dispersion relation of the surface plasmon modes (SPPs). These modes come from the

interaction of the surface charges and the electromagnetic waves and can be

characterized by the wavelength of surface plasmon waves shorter than wavelength in

dielectric material, exhibiting thereby sub-wavelength confinement. Among them, the

metallic slot waveguide for guiding and confining light in subwavelength range is

more attracted. However, due to the strong light-matter interaction, the propagation

loss of plasmonic waveguides are still large than that of silicon photonics. This makes

the plasmonic can not build the future photonics devices independently.

Fig. 2 The unique dispersion relation of surface plasmon polaritons (SPPs)

Thus, future photonic integrated devices will become diversified and combine

both silicon photonics and plasmonic photonics together. It’s also should note that the
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current plasmonic photonics are also developed on the substrate of silicon, which

make the combination convenient. The silicon photonics wish be behaved as the

transmission line and partial core components and the plasmonic served as the core

components. By doing so, the integration density of photonics chip will be increased.

For this purpose, the way for the practical usage of plasmonic based photonics

components is to build the faster and high density network on a chip for the

application in data centers. The combination of plasmonic photonics, silicon photonic

as well as the electronic circuits will make the realization of network on a chip with

low power consumption, high integration density, enhanced bandwidth and

capabilities. In this purpose, low propagation loss silicon photonics can be used for

optical transmission line and input-output interface, while plasmonic can be used for

small footprint and low power consumption active modulating component and

electronic circuits can be used for intelligent controlling mechanisms. The benefits of

each technology on-chip is concluded in the Fig. 1.3, in which the comparison of each

carrier in the application of information transmission is shown.

Fig. 1.3 Comparison of each carrier in the application of information

transmission
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1.3 Motivation and outline

Since the technology of plasmonic is a novel technology with only developed in

these recent ten years, the functionality of plasmonic components are still limited in a

few fields. Meanwhile, the combination of plasmonic and silicon photonics is also

necessary, for which the circuits and chips containing the above two are named hybrid

photonic chips and circuits or nano-photonic circuits. Thus, the following several

questions are examined in this thesis for new features.

1) The functional plasmonic circuits are developed first. As the same as silicon

photonics, plasmonic photonics can finish the same function. The passive and active

plasmonic photonics are investigated as well. For passive case, the wavelength

multiplexers and filters [47-49] are hot research. Sensing technology based on

plasmonic waveguides is another research work [50-52]. For active case, the

modulator [53-55] based on plasmonic waveguides are also developed yet.

2) The interconnection between silicon and plasmonic waveguides is

investigated. Since both the two waveguides can be fabricated on a

silicon-on-insulator platform, the low loss interconnection is used for the connection

because of the large geometry size difference of waveguides. As mentioned above, the

silicon waveguides work as the transmission line and this method can also effectively

avoid the employment of the high loss plasmonic waveguides.

3) The interconnection between fibers and silicon wires is investigated. The

simple way to provide light source for a photonic chip or circuit is to use fibers, while

arrayed-integrated semiconductor laser is another choice. Due to the large geometry

size difference between fibers and silicon waveguides, a method should be employed

for effective light coupling between them.

4) The waveguide crossings in silicon photonics for large scale integration is

investigated. Since silicon waveguides are still designed and fabricated only in one

layer. The low loss and low crosstalk waveguide crossing should be investigated.
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Fig. 1.4 Schematic of the hybrid PICs in the thesis

Fig. 1.4 shows the flow chart of the thesis consisting the research contents in a

view of 3D dimension. The organization of this dissertation is the shown as follows.

In chapter 2, the basic theories of the photonics utilizing the guided waves are

introduced. It starts from the basic derivation of wave propagation equations and

application in both dielectric waveguides and plasmonic waveguides. Then the

numerical calculation for analyzing the mode characteristics and transmission

characteristics of those waveguides are introduced. In chapter 3, a kind of functional

plasmonic waveguide coupler is investigated for the effective connection between

dielectric waveguides and plasmonic waveguides. The analysis starts from the basic

coupler between the dielectric slab waveguides and metal-insulator-metal waveguides.

In chapter 4, a kind of plasmonic filter based on side-coupled Fabry-Perot cavities is

introduced, which could be used for multiplexer or demultiplexer in a

wavelength-multiplexing system (WDM). The scattering matrix is established for

analyzing the transmission characteristics. In chapter 5, a kind of grating coupler is

introduced for the coupling between fibers and silicon wires. A kind of 2D planar

meta-material is also investigated for filtering systems. The planar slab space optics

utilizing curved silica mirrors for broadband waveguide crossing is also introduced.
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Chapter 2 Waveguide theory and

calculation methods

The waveguide theory and calculation methods are introduced in this chapter

before presenting the academic results. It’s necessary to introduce those knowledge

since the whole thesis is based on these fundamental equations. In other words, these

equations leads the design of the whole thesis.

First, the basic knowledge of wave equations and Helmholtz equations are

introduced, which are based on the classical Maxwell’s equations. Since the 1960s,

Maxwell concluded the electro-magnetic phenomenon based on predecessor’s work,

especially the work from Faraday and Gaussian into a series of equations. The essence

of optical waves is solved perfectly expect for the absorption and emission of photons,

which are not included in the thesis. The waves equations and Helmholtz equations

represent the optical waves in the infinite boundary medias, including the uniform and

nonuniform medias. The slab waveguides are the special case for wave equations in

finite area with boundary conditions. The wave equations satisfy the special boundary

conditions, known as modes, are introduced. The mathematical calculation of the

spatial and transmission characteristics of mode are then introduced. The above

mentioned slab waveguides are fabricated with low loss dielectric materials, while the

metal could also be used to form the waveguides. The plasmonic waveguides own

superiority than traditional dielectric waveguides, especially for the ability of

confining optical fields in the nano-meter range. The optical characteristics of metal

and surface plasmon polaritons are then introduced.

Second, the numerical calculation methods for calculation of modes and

transmission of waves are introduced, which are the basic tools of this thesis. The

modes’ characteristics of devices are usually analyzed by the finite-difference

frequency domain (FDFD) method and the finite element method (FEM). While, in

this thesis, only FEM method is applied. The transmission characteristics of devices
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are analyzed by the beam propagation method (BPM) and finite-difference

time-domain method (FDTD).Finally, a conclusion is obtained based on the chapter.

2.1 Waveguide theory

2.1.1 Waves equations and Helmholtz equation

The electronic magnetic theories of Maxwell’s equations are first introduced in

this sub-chapter. The macroscopic of electromagnetic phenomenon are described by

the electric field E, the magnetic fields B, the strength of magnetic fields H and the

electric displacement fields D in the following four equations:

t



DJH (2.1-1)

t



BE (2.1-2)

0 B (2.1-3)

 D (2.1-4)

where J is the current density vector and ρ is the charge density. The constitutive

relationship of D, B and E, H are given by the following equations：

EJ  (2.2-1)

PΕD  0 (2.2-1)

MHB  0 (2.2-2)

where P is the media polarization density vector, M is the magnetization vector, σ is

the media conductivity, ε0 and μ0 are dielectric permittivity and magnetic permeability,

respectively.

The electric polarization density P could be represent in a tensor as a function of

the dielectric permittivity, which represents the nonlinear characteristics of the optical

media or the propagation of optical waves in nonlinear media. Since the whole thesis

only discusses the linear situation, thus, usually the dielectric permittivity of media ε0

is treated as a constant number and the polarization density P is not taken into

considerable. The dielectric material owns the permittivity with only real number;
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while, the metal material owns the permittivity with both real parts and imaginary

parts, which will be discussed in the later chapter.

The above Maxwell’s equations represent the electromagnetic field in infinite

media with ε0 and μ0 are continuous numbers. While, in the case of ε0 and μ0 are not

continuous numbers, the Maxwell’s equations are not suitable and the following

boundary equations should be applied for solving the fields on the boundary of two

medias, which are shown in the Eqs. (2.3):

0)(  21 ΒBn (2.3-1)

0)(  21 DDn (2.3-2)

0)(  21 HHn (2.3-3)

0)(  21 EEn (2.3-4)

where n is the unite vector of normal direction on the boundary.

In a good conductivity, where J = 0 and p = 0, if the media gives the same optical

characteristics in all directions and be uniform in everywhere, thus the tensor ε0 will

become a constant number. Under these conditions, the following two equations are

got and named as ‘passive’ wave equations:

02

2

2
22 





tc
n EE (2.4-1)

02

2

2
22 





tc
n HH (2.4-2)

In the frequency domain, all the field components are oscillated at a specific

angular frequency ω. Then, the wave equations, also known as the Helmholtz

equations can be written in the following two equations:

022  EE k (2.5-1)

022  HH k (2.5-2)

where k is the wave vector in medium and k = ω2εμ. In the following analysis of the

guided optics, the Eqs. (2.4) and (2.5) form the basic equations of the rules of the
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propagation of optical waves.

2.1.2 The dielectric slab waveguides

The example of a two dimensional dielectric slab waveguide is shown in the Fig.

2.1, which consists of three uniform layers. The refractive index of each layers are n1,

n2 and n3, which satisfy n1 > n2 and n3 for satisfying the total internal reflection (TIR)

of light. The theory of geometric ray optics are not introduced here, instead, the

propagation characteristics of waves from Maxwell’s equation are used.

Fig. 2.1 Schematic of a 2D slab waveguide

For sinusoidal electromagnetic field with angular frequency of ω, the first and

second equations of Maxwell’s equations are

EH j (2.6-1)

HE j (2.6-2)

where E and H can be represented by the following two equations:

)(),( zitieyxE  E (2.7-1)

)(),( zitieyxH  H (2.7-2)

In a Cartesian coordinate system, the above two vector equations can be written

in scalar forms, which are:

x
y Ej

z
H

y








 zH

(2.8-1)
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y
z Ej

x
H

z







 xH

(2.8-2)

z
xy Ej

y
H

x








H
(2.8-3)

x
yz Hj

z
E

y








E

(2.8-4)

y
zx Hj

z
E

z







E

(2.8-5)

z
x Hj

y
E

x








 yE
(2.8-6)

Since the waveguide structure is infinite along the y direction and contacting with

Eqs. (2.7), then the following two equations are got:

0
y





(2.9-1)



 j
z

(2.9-2)

where the symbol of Ψ represents either E or H components.

Substituting the Eqs. (2.9) into (2.8), the following two groups of equations can

be got:

xy HE   (2.10-1a)

zHj




x
E y (2.10-1b)

y
z

x Ej
x

H
Hj  




 (2.10-1c)

xy E H (2.10-2a)

zEj




x
H y (2.10-2b)

y
z

x Hj
x

E
j  




E (2.10-2c)

In Eqs. (2.10-1), the three equations only contain the field components of Ey, Hx and

Hz; meanwhile, the electric field is perpendicular to the propagation direction of

waves, which is so called the transverse-electric (TE) mode (or waves) along the z

direction. In Eqs. (2.10-2), the three equations only contain the field components of
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Hy, Ex and Ez; meanwhile, the direction of magnetic field is perpendicular to the

propagation direction of waves, which is called the transverse-magnetic (TM) mode

(or waves) along the z direction. The characteristics of modes are then discussed

below.

The characteristics of modes of TE polarization are introduced firstly. By

derivativing from the Eq. (2.10-1b) and substituting the other two equations in it, the

following wave equation is got:

0)( 222
02

2




y
y Enk

dx

E
 (2.11)

where k0 = ω2ε2μ2 and n2 = ε. The refractive index n of the three layers, which

composite the waveguide structure, are n1, n2 and n3 and satisfying n1 > n2 and n3 for

allowing the power of waves mainly concentrated in the central core layer. The

solution of Eq. (2.11) in three layers can then be written in the following three

equations:

axexkEE zj
xy   ,)cos(11

 (2.12-1)

axeeEE zjaxa
y   ,)(

22
2  (2.12-2)

axeeEE zjaxa
y   ,)(

33
3  (2.12-3)

where kx, a2, a3 and β are the characteristics constants and E1, E2 and E3 are the

integral constants. kx represents the phase constant of field in the core region along the

x direction, while a2 and a3 represent the decay constant of field in the cladding and

substrate layer along the x direction. The Eqs. (2.12) represent the power of field in

the core region forming the distribution of standing waves along x direction, while ϕ

represents the location of anti-nodes and wave festival of the standing waves, and kx

represents the distance between two wave festivals. The power at the cladding and

substrate regions decay fast and are determined by the values of a2 and a3. The

following texts represent the guided modes.

Compared with Eqs. (2.11) and (2.12), it’s easy to get the following relations of kx,

a2, a3, β and n1, n2, n3, which are:
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2
1

2
0

22
x nkk   (2.13-1)

2
2

2
0

22
2 nka   (2.13-2)

2
3

2
0

22
3 nka   (2.13-3)

Substituting Eqs. (2.13) into (2.10), the three magnetic field of the three layers are

got:

yx E
u

H 1
0

1 


 (2.14-1)

yx E
u

H 2
0

2 


 (2.14-2)

yx E
u

H 3
0

3 


 (2.14-3)

and

y
x

z E
uj
xkH 1
0

1 
 (2.14-4)

yz E
uj

aH 2
0

2
2 

 (2.14-5)

yz E
uj

aH 3
0

3
3 

 (2.14-6)

where E1y, E2y and E3y are determined by the boundary conditions and source

excitation.

The boundary conditions determine tangential component of electric field (and

magnetic field) on the boundary are the same, which are the following two conditions:

In x = -a plane:

zz HH 212y1y ;EE  (2.15-1)

In x = a plane:

zz HH 313y1y ;EE  (2.15-2)
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According to the boundary conditions and Eqs. (2.14) and (2.15), the following

two equations can be got by eliminating E1, E2 and E3:

2)tan( aakk xx  (2.16-1)

3)tan( aakk xx  (2.16-2)

The Eqs. (2.16) can then be expressed by another type:

 pak
xk

a
x   21tan (2.17-1)

 qak
xk

a
x   31tan (2.17-2)

where p and q are arbitrary integral numbers.

The equations of kx and ϕ are then got according to Eqs. (2.17) and shown as the

follows:

m
k
a

k
adk

xx
x 

31tan21tan (2.18-1)

2
31tan

2
121-tan

2
1  n

k
a

k
a

xx
 (2.18-2)

where d = 2a is the thickness of the slab waveguide, m = p+q = 0,1,2... and n = p-q =

-2,-1,0,1... It’s clear that n = 0 and 1 contain the whole situation. Then when m = p+q

is an even number, the field of Ey displays a cosine function in the core region along

the x direction; while, when m = p+q is an odd number, the field of Ey displays a

sinusoidal function in the core region along the x direction. According to the basic

analysis, the field in the core region can then be written in the following two

equations:

zj
xy exkEE   )cos(11 (2.19-1)

zj
xy exkEE   )sin(11 (2.19-2)

where
xx k

a
k

3121- tan
2
1a

tan
2
1  and Eq. (2.19-1) and (2.19-2) equal m is even

number and odd number, respectively.

The Eqs. (2.18) are then called a series of electromagnetic waves along the z
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direction, i.e. the transverse electric mode, and marked by TEm.

The transverse magnetic mode can also be derived by the following methods. The

characteristics equations of TM mode are expressed in the following two equations:

m
nk
na

nk
na

dk
x

xx  
2

3

2
131-

2
2

2
121 tantan (2.20-1)

2
2

2
131

2
2

2
121- tan

2
1a

tan
2
1

nk
na

nk
n

xx

 (2.20-2)

where m is the same definition used above and a series of electromagnetic fields

satisfying the Eqs. (2.20) are the called the transverse magnetic mode and marked by

TMm.

2.1.3 Surface plasmon polaritons and plasmonic waveguides

The introduction of surface plasmon polaritons and plasmonic waveguides are

shown in this chapter. As it’s widely known that metal is a good conductor and has a

high electrical conductivity. So it’s necessary to consider the influence of electrical

conductivity and the optical properties of metal. According to the same procedure

discussed in the sub-chapter 2.1.1, the wave equation of electric field can be got in the

following equation when considering the electrical conductivity σ:

2

2

000
2

t
u

t
σu










EEE  (2.21)

For a electromagnetic waves with a frequency of ω, E = E0e(-iωt), the equation of

(2.21) can be transformed by

0ˆ22  EE k (2.22-1)

)(ˆ
0

2

2
2


 i

c
k  (2.22-2)

A new parameter of complex dielectric constant ̂ is then defined according to Eq.

(2.22-1), which is shown as follows:
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0
ˆ


 i (2.23)

The Eq. (2.22) is then the same form as used in the Helmholtz equation as

introduced before, while the dielectric constant is a complex number. The propagation

of waves in a conductive medium is then the same as in the dielectric medium, where

the dielectric constant is a complex number and a real number in a conductive

medium and in a dielectric medium, respectively.

The above analysis lead to the specially optical characteristics of the metal, which

makes the surface plasmon waves propagating on the boundary of metal and dielectric

medium. This kind of surface wave has different optical properties. The existing

conditions of surface waves are discussed here. Fig 2.2 shows a simple boundary of

two kinds of semi-infinite, isotropic medium. Assume that the surface waves

propagates along the z direction and x > 0 is the medium 1 with a dielectric constant

of ε1(ω); x <0 is the medium 2 with a dielectric constant of ε2(ω). Both two mediums

have the same magnetic permeability μ = μ0 = μ1.

Fig. 2.2 Schematic of a boundary of dielectric and metal materials for the

propagation of SPP waves

According to the Maxwell’s equation and eliminating the magnetic field vector,

the following three equations can be got:

t



BE (2.24-1)
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t



DH (2.24-2)

2

2

0 t
)(






DE  (2.24-3)

According to the results of the surface waves, which are confined on the

boundary and decay along the x direction, the solution could be:

0,),( 10
11   xeet tizixa ErE (2.25-1)

0,),( 20
12   xeet tizixa ErE (2.25-2)

Subsisting the Eqs. (2.25) into 2.24-3, the following two equation can be got:

0,,, 10
1

0
1

0
1

1
1   xeEEE

a
i

（x）E xa
zyx ）（


(2.26-1)

0,,, 20
2

0
2

0
2

2
2  xeEEE

a
i

（x）E xa
zyx ）（


(2.26-2)

where a1 and a2 satisfy:

1
2
0

22
1  ka  (2.27-1)

2
2
0

22
2  ka  (2.27-2)

The magnetic field can also be got by the same way, which is not shown here.

Then according to the boundary condition, it’s clear to get the following conditions:

0
2

0
1 yy EE  (2.28-1)

0
2

0
1 zz EE  (2.28-2)

0
2

2

20
1

1

1
yy E

a
E

a


 (2.28-3)

0
22

0
11 yy EaEa  (2.28-4)

Since a1 and a2 are both real numbers, according to Eq. (2.28-3, -4),

0E 0
2

0
1  yy E (2.29)

Eq. (2.29) means the surface plasmon waves are transverse-magnetic (TM) waves.

Then according to equations (2.28-1, -2), it’s clear known that
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2

1

2

1




a
a

(2.30)

Eq. (2.30) means the surface plasmon waves only exist at the condition of the

inverse dielectric constants of the boundary. Then according to Eqs. (2.27) and (2.30),

the effective refractive index neff of a surface plasmon waves can be written as :

21

21

0 




k

neff (2.31)

It’s clear seen that the neff is a complex number, which refers the propagation loss on

the boundary of the metal and dielectric materials.

2.2 Numerical analysis methods for mode characteristics

In this chapter, the method for solving waveguide mode by finite element method

(FEM) is introduced.

2.2.1 Finite Element method

The Finite Element Method (FEM) method is generally superior in the calculation

of complex geometries materials with complex index distribution. The basic

theoretical background of FEM is presented here. It also should note that FEM is a

full-vector implementation for the calculation of both propagating and leaky

waveguide modes, also including cavity modes. The derivation of the vector wave

equation with a form of free source and harmonic time representation in an arbitrary,

anisotropic and lossy media is shown as the following equation [56, 57]:

0))(1( 2
0  EE rk

s
 (2.32)

Subject to the boundary conditions at the calculation domain edges

0En (2.33)

In the above equations, the complex diagonal tensors, s and ε, represent the

coordinate extending and the space distribution of materials, respectively. s is the

identity tensor in the domain with absorption boundary, then s is represented as:
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zz
s
ss

yy
s
ssxx

s
ss

s
z

yx

y

zx

x

zy ˆˆ)(ˆˆ)(ˆˆ)(  (2.34)

max,, )(1 
L

Lajs zyx


 (2.35)

where δmax is the loss parameter, α is the distance from the boundary, and L is the

thickness of this absorption layer, labeled as the perfectly matched layer (PML). The

tensor elements in both the PML and the end of the calculation domain are matched to

generate quite small reflections at the PML interface for arbitrary frequencies and

angles of incidence, which is in Eq. (2.36). Then PML is terminated at the domain

edge with a perfect electrical conductor (PEC) boundary condition [58].

s12   (2.36)

The Finite Element Method (FEM) does not give the answers of the problem in

boundary directly, but uses a variational expression, or functional, constructed from

the operator of the differential Eq. (2.32). The functional along the two dimensions

and over a domain A, is given by [59]

dAk
s

F
A
   ])(1)[()( 2

0 EEEEE  (2.37)

For propagation and leaky modes [60], a separable field is used, E(x,y,z) =

E(x,y)exp(-jβz), where β is the propagation constant along z. The Finite Element

Method does not solve the expansion of E or H fields over the whole domain A, but

instead divides the domain into several elements, which are collected with each other

and defined as a basis. The final solutions are the combination of the solutions of all

the elements. Finally, the basis is vanished after calculation. For transverse

components on the hybrid Node/Edge, they are expanded in a vector basis,

Ti

n

i

n

i
Tii

zj
T EyVxUENeyx 



 
11

}ˆˆ{),( E (2.38)

where the ETi are the values of the transverse electric field at each edge or node. The

geometry of the element and the order of the interpolation decide the basis dimension

of the element n.
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2.3 Numerical analysis methods for transmission

characteristics

In this chapter, the numerical methods for solving transmission of waveguides by

beam propagation method (BPM) and finite-difference time-domain method (FDTD)

are introduced.

2.3.1 Beam propagation method

Beam Propagation Method (BPM) is the most widely used propagation technique

for modeling integrated photonic devices and fiber optics. BPM is indeed a

electro-magnetic algorithm for approximating the exact monochromatic waves under

the Helmholtz’ equations. [61-63] The fields of waves in a monochromatic type could

be written in the following equation, where ϕ are either E or H fields:

0),,( 2
2

2

2

2

2

2














  zyxk
zyx

(2.39)

The scalar electric field is used here and has been written as E(x,y,z,t) =

ϕ(x,y,z)e(-jωt) and the notation k(x,y,z) = k0n(x,y,z) means the wavenumber in x, y and z

directions, where k0 = 2π/λ is the free space wavenumber. The solution of Eq. (2.39)

entirely depends on the refractive index distribution n(x,y,z).

In guided-waves, the most rapid variation of the field is the phase variation due to

the propagation along the waveguides, in which is predominantly along the z direction.

Thus, the field ϕ could be represent in Eq. (2.40) without considering the factor of

time variation.

zkiezyxuzyx ),,(),,(  (2.40)

The k-bar used here represents the average phase variation, which is referred to

the reference wavenumber. By substituting Eq. (2.40) into Eq. (2.39), the slowly

varied field of ϕ could be represent in the Eq. (2.41):
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0)(2 22
2

2

2

2

2

2


















 ukk
yxz

uki
z
u 

(2.41)

It’s should note that the Eq. (2.41) gives the same meaning as the exact

Helmholtz equation in the previous sub-chapter of 2.1, except that this equation uses u

to represent the field. By assuming the sufficient slow variation of the field u and

propagation length z, the first term of ϑ2u/ϑz2 could be neglected with respect the other

terms of Eq. (2.41). Under this condition and assumption, the Eq. (2.41) could be

rearranged as：
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The Eq. (2.42) represents the basic propagation equation of the beam propagation

method in 3D; Simply, the 2D expression of Eq. (2.42) could be got by negelecting

the dependence on the y direction, which is simplification to two dimensions (2D) is

obtained by omitting any dependence on y, which is ϑu/ϑy=0. For the incidence of

u(x,y,z = 0), the 2D expression could be represented in Eq. (2.43) for the field in the

space of z>0.
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It’s should note that the following approximation gives both merits and demerits.

First, the slowly varying field on the longitudinal grid (along the propagation

direction of z) is represent by the factoring of the rapid variation of phase. This allows

the this is much coarser than the wavelength, which is contributed to the fast

efficiency of this method. Second, Eq. (2.42) and (2.43) are both equations with only

the first derivative term by eliminating the second derivative term along the z

direction, which contributes a single integration for solving those equations. The third,

which is the most important contribution on efficiency, is the time factor is reduced to

as least of the order of Nz (number of grids along the z direction) compared with the

full vector solution of the Helmholtz equation.

However, the above benefits come accompanying with some price. The
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approximation of the slowly varying field limits the consideration of fields that only

propagate along the z axis. Meanwhile, for some devices which are sensitive to the

complicated phase variation, such as multi-mode interference, the beam propagation

method is not precise enough to depict the phase variation. In addition, the

elimination of the second derivative gives no solution of backward propagated waves.

Such devices with reflection could not be modeled accurately.

2.3.2 Finite-difference time-domain method

The finite-difference time-domain (FDTD) method is a rigorous solution of the

Maxwell's equations without any approximations and theoretical restrictions.

Comparing with other methods calculating the Maxwell’s equations in frequency

domain, such as methods of moments (MoM), the FDTD method can save much

computational resources and time, since the frequency can be derived from the

time-domain results after Fourier transform (FT), where the fast Fourier transform

(FFT) is mostly used in the field of computational electromagnetic (CEM).

FDTD method is widely used as a propagation solution technique in integrated

optics or propagation of waves in arbitrary geometries, especially in situations where

the complex geometries are applied and solutions obtained through other methods

such as BPM cannot associate with the complex structure geometry or are not

adequate solutions. Since FDTD is a direct solution of Maxwell’s curl equations, it

therefore includes many more effects than other approximate methods and can

provide solutions cover a wide frequency range with simple running of calculation.

Since the FDTD belongs to a general class of grid-based differential numerical

calculation methods, the time-dependent Maxwell’s equations are solved using

central-difference approximations of the space domain and time partial derivatives.

The components of electric field vector in space are solved at a given node of the

space in time. Then, the magnetic fields are calculated through the Maxwell’s

equations.
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Fig. 2.3 Schematic of the mesh of Yee’s FDTD algorithm

Imagine a free space without any flowing currents and isolated charges, in which

Maxwell's equations can be written in six scalar equations as shown in sub-chapter of

2.1. Two examples are:
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The other four are symmetric equivalents of the presenting two by cyclically

exchanging the subscripts of x, y and z and the derivatives, which are not shown here.

Yee presents the square mesh to solve these equations, which is the most popular

method used in the world. [64-65] In his work, the computation of the E and H fields

are given at points on a grid with grid space defined as ∆x, ∆y and ∆z apart, which is

shown in Fig. 2.3. The E and the H field components are calculated from each other
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with the broken up of discrete time steps of ∆t. The E field components are then

computed at times t = n∆t and the H fields at times t = (n+1/2)∆t, where n is an

integer representing the compute step. For example, the E field at a time t = nt0 is

equal to the E field at t = (n-1)∆t plus an additional term computed from the spatial

variation, or curl, of the H field at time t. It should note that the space grid size should

be chosen smaller enough to make sure the slowly variation of electromagnetic field

or not changing significantly for calculation accuracy. This means that the chosen of

space grid size must be a fraction of the wavelength.

This method results in six equations that can be used to compute the field at a

given mesh point, denoted by integers i, j, k. For example, two of the six are:
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These equations are literately solved in a leapfrog manner, alternating between

computing the E and H fields at subsequent ∆t/2 intervals. For stable computation, the

time step ∆t should obey the following relation of the space step:

ttczyx 
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1)()()( 222 (2.48)

2.3 Summary

In summary, the basic theories of guided waves, including dielectric and

plasmonic waveguides and numerical methods of mode and transmission analysis are

introduced. First, the waveguide theory is introduced, including the wave equations

and Helmholtz equation. The dielectric slab waveguides and plasmonic waveguides

are then introduced based on the above basic knowledge. Then, the numerical analysis

methods for mode characteristics, FEM, is introduced. The numerical analysis

methods for waveguide transmission characteristics, BPM and FDTD are introduced.

These basic equations provide foundation of the following calculation results.
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Chapter 3 Plasmonic waveguide coupler

In this chapter, a type of compact, highly efficient optical coupler for dielectric

slot waveguides and hybrid plasmonic waveguides based on transition layers (air slot

grooves) is investigated. This part serves as the interconnection of silicon waveguides

and plasmonic waveguides for I/O ports. The high efficient interconnection is desired

with characteristics of broad band.

Section 3.1 introduces the basic background of the proposed waveguide coupler

along with the device structure and research background. Section 3.2 discusses the

transmission characteristics of the basic direct coupler. Section 3.3 discusses the

matching conditions of effect mode area of two waveguides and reflectivity, which

supports the highly efficient coupler design. Section 3.4 discusses the improved

coupler design, for which the transmittance and reflectivity are improved. Besides, the

effect of the funnel effect is also discussed. Section 3.5 gives the summary of the

research work.

3.1 Research background and device structure

In recent years, research on high-density photonic (optical) integrated circuits

(PICs) has attracted much interest. Optical waveguides, which serves as channels for

the transmission of optical signals, in such circuits could be simply classified into two

types according to their functions. One set of them is a simple wiring waveguide and

is generally composed of a wire of Si or other materials with high refractive index

contrast. The other set is a functional waveguide, such as the slot or plasmonic

waveguide. Both of them play fundamental roles in the composition of various

functional sections of PICs with their ability to concentrate and confine intense fields

at sub-wavelength scales.

Plasmonic waveguides, in which modes are formed by the effect of surface

plasmon polaritons (SPPs) on the metal/dielectric interface, can achieve
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nanometre-scale field confinement than traditional silicon wire [43, 66]. Various type

of devices utilizing the superior characteristic have been proposed [67–72]. For the

core/clad geometry, plasmonic waveguides are divided into different types, including

metal-insulator-metal (MIM) and metal-dielectric-metal (MDM) [67–69] structures,

as well as hybrid plasmonic structures, which give better performance than MIM and

MDM plasmonic waveguides [70–72]. The simple review of SPPs mode in plasmonic

waveguide is given here, as the basic theory of the plasmonic waveguide was

introduced in chapter 2. In the first two structures, MIM and MDM type, the

waveguide is established by sandwiching a dielectric or air material as a core by a pair

of metal materials. SPPs are induced on both sides of the dielectric core layer and

confined in the central dielectric medium. Conversely, in the hybrid plasmonic

waveguides (HP-WGs), another high index contrast dielectric material is inserted in

the central of the first core region, which has slightly low refractive index. Thus, part

of the mode field is more confined in the central dielectric than the simple MIM or

MDM plasmonic waveguides, which helps to reduce the propagation loss slightly.

Based on these characteristics, HP-WGs have been found many potential applications

[73–77]. However, due to the basic guiding mechanism, the plasmonic waveguides

cannot avoid from the large propagation losses, which is compared to the

conventional dielectric waveguides. Thus, plasmonic waveguides are usually studied

as a core functional part of integrated circuits.

Dielectric slot waveguides (DS-WGs) are another functional waveguide that can

achieve sub-wavelength field confinement and relatively low propagation loss. The

large index difference between the core and cladding leads to a large discontinuity of

electric field. A large amount of basic theoretical research [78–81] and application

proposals [82, 83] have been reported and established. Because of the low

propagation loss, DS-WGs can be used both as a simple connection part and

functional part. In addition, the coupling to the Si wire is easier than plasmonic

waveguides. Based on the above background, in future complex integrated circuits, a

situation where plasmonic and slot waveguides are used together to fully make use of

the individual characteristics could be imagined. In such circuits, it is important to
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achieve an efficient coupling between the slot and plasmonic waveguides.

To date, the highly efficiency couplers between Si waveguide and MIM

waveguide have been widely reported and experimental certificated [84-87]. The

adiabatic nano-focusing taper between two waveguides functions as a mode converter

to achieve smoothly mode conversion from Si waveguide to MIM waveguide, as the

two modes are much similar. However, firstly, the taper length is still a neglected

factor which greatly influence the coupling efficiency (e.g. 600 nm taper length in

[85]); secondly, to our knowledge, the coupling between two waveguides with large

mode difference (e.g. DS-WG and HP-WG) has not been clarified, yet. Thus, to

design a taper between these waveguides is difficult, and other coupling mechanism

need to be investigated.

In this chapter, the coupling characteristics between DS-WGs and HP-WGs

through 2D electromagnetic simulations are investigated. For the simply evaluation of

slot to slot coupling, without considering the mode conversion, the 2D simulation has

been proved more time efficiency and mature research methods in [88,89]. First, the

performance of the direct connection without the coupler structure was studied. Then,

the 50 nm transition coupler structures were studied. The basic concept of the

structure is the insertion of air grooves into the waveguide interface as a transition

region. In the design of actual structure, it’s referred to previous research [88] on the

direct coupling characteristics between slot and MDM waveguides.

The materials of Si and Ag are selected, as the dielectric and metallic materials,

with dielectric constants of 12.38 + i0 and –103.71 + i8.23 at wavelength of 1550nm,

respectively [68]. From the material constant point of view, Ag is one of the most

advantageous and common material. Therefore, many of former theoretical research

used Ag [68, 69], instead of practical useful materials, such as Au and Cu [85, 86].

For both types of waveguides, a fundamental TM mode was assumed, which had been

confirmed as a better choice in 2D simulation [82, 87]. Furthermore, the

computational domain of a uniform orthogonal 2D mesh was used. The ends of the

domain were terminated by perfectly matched layers (PMLs). The grid size was set to

1nm for both directions. The transmittance is defined as the ratio of transmitted power
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and launched power, similar to reflectivity. The metal absorption loss and waveguide

propagation loss are also reduced in both calculated transmittance and reflectivity for

higher accuracy.

3.2 Transmission characteristics of the direct coupler

A schematic of the 3D and 2D DS-WG studied here is shown in Fig. 3.1(a) and

(b), respectively. The central air gap (nL = 1) of width dL serves as a core and is

sandwiched by a pair of symmetric Si cladding (nH = 3.52) of width dH. The space

outside the Si is filled with air. The structure extends infinitely toward the y and z

directions. Guided modes are assumed to propagate along the z direction. The field

profile of the fundamental TM mode, composed of Ex, Ez and Hy components, for dH =

200 nm and dL = 50 nm is presented in Fig. 3.1 (c) (Ex distribution). The profile has a

flat-top single rectangular peak near the centre. In addition, in the Si and air claddings,

there is non-negligible amplitude, which is approximately 1/5–1/6th of the peak.

It’s clear known that from the above analysis, the field is enhanced and mainly

confined in the central air slot region. However, it also should note that the power in

the central air slot are not so high. That comes from the nano-meter range. The total

power come from the integral of intensity in the central region. The small region

limits the amount of power.
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Fig. 3.1 Schematic of (a) 3D and (b) 2D structure of the dielectric slot waveguide;

and (c) the Ex components for h = ∞ for TM polarization.

A schematic of an example of 3D and 2D HP-WG studied here is shown in Fig.

2(a) and (b), respectively. The Si centre core (width: dS) is embedded in the air gap

between a pair of Ag claddings. The Ag claddings were assumed to semi-infinitely

extend toward the outside of the waveguide. The spacing between the Ag and Si is

denoted by dR. It’s used dS = 200 nm and dR = 50 nm. The calculated field distribution

of Ex is shown in Fig. 3.2 (c). This mode exhibits double peaks at the air regions. In

addition, the field amplitude almost decreases to zero in the Ag claddings and the

amplitude of the central Si core is approximately 1/7 of the peak amplitude.

In the parameters of the dS and dR, those two parameters represent different

meanings in the trade-off of propagation length and field confinement ability. It’s

clear known that the propagation of hybrid of modes contain the silicon mode as well

as the surface plasmon mode at the two metal/dielectric interfaces. For a large dS, the

silicon mode will occupy the main position, which implies the longer propagation

length and low field confinement in two air slots. For a smaller dS, the surface

plasmon mode occupy the main position (silicon mode vanishes for dS = 0) and a

shorter propagation length is predicted as well as high field confinement ability. The

trade-off of the propagation length and field confinement has been analyzed in other

hybrid plasmonic waveguides, which would not be discussed in the thesis.
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Fig. 3.2 Schematic of (a) a 2D hybrid plasmonic waveguide and (c) the Ex

components

The above results regarding the basic mode profiles imply that it will be crucial to

the structure design to determine how to couple the main peak and the side lobes of

the DS-WG to the double peaks of the HP-WG.

First, the direct connecting performance of a DS-WG and HP-WG is studied. Fig.

3.3 shows a schematic of the analyzed junction. The structural parameters of the

HP-WG were set to dR = 50 nm and dS = 200 nm, which are the typical values used in

some of the literature [72, 77]. The transmission and reflection characteristics are

calculated by changing the parameters of the slot waveguide (dH and dL). The

fundamental mode of the DS-WG was launched from the bottom of the figure, and the

Poynting vector (discussed later) was measured in the dotted square.



CHAPTER 3 PLASMONIC WAVEGUIDE COUPLER

34

Fig. 3.4 (a) shows the transmitted mode power of the HP-WG as a function of dH

and dL (width of Si and air gap of DS-WG, respectively). Fig. 3.4 (b) shows the power

of the reflected mode at the DS-WG. The remaining input power was lost through

radiation. The variation of transmission efficiency and reflectivity is relatively small

when dH less than 200 nm; however, they both vary rapidly above dH larger than 200

nm. The maximum transmission (~75%) is achieved at their boundary: dH ~ 200 nm.

In addition, a larger dL results in a smaller transmittance and larger reflection. To

understand the transmission peak and reflection minima at dH ~ 200 nm, the following

explanation was considered.

For the tunable parameters of dS and dR, the results are not shown in graph but

simple discussed here. For the same fixed value of dR, a larger dS represents the

coupling from silicon slot mode to silicon mode become dominant. Since the two

modes used in the thesis are both the lowest propagation mode, the coupling

efficiency would graduate increased with the increasing of dS. However, as it was

mentioned in the previous chapter, a larger dS represented a lower field confinement

ability. Thus, another silicon taper should be applied to decrease the width of the

central silicon waveguide, which would bring extra cost.

Fig. 3.3 Schematic the direct coupler of the DS-WG and the HP-WG, where the dashed black

block refers the calculation region of the Poynting vector in the sub-chapter 3.4.2. The right

inserted figures shows the mode coupling from the single slot to double slots.



CHAPTER 3 PLASMONIC WAVEGUIDE COUPLER

35

Fig. 3.4 Calculation results of the (a) transmittance and (b) reflectivity in Fig. 3.3.
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3.3 Matching conditions

3.3.1 Effective mode area matching

The mechanism of the transmittance peak at dH = 200 nm is explained in view of

the effective mode area (Weff) of each waveguide. Note that this dH also yielded the

minimal radiation loss. It’s assumed that if the Weff of the two waveguides were of the

same order, the coupling performance would be improved. It’s varied the structural

parameters of the DS-WG and plotted the transmittance as a function of its Weff, while

keeping the parameters of HP-WG fixed. The following definition was used for Weff in

the 2D situation [90].
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dxE(x)
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where d = dH + dL/2. The transmittance is plotted along with Weff in Fig. 3.5 as a

function of DS-WG Si width (dH). The smallest Weff clearly occurs around dH =

180–200 nm for various dL, which coincides with the maximum transmittance region.

This result proves that the matching of effective mode area could be critical for

achieving a good connection performance, even though their mode field profiles are

quite different.
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Fig. 3.5 Calculation results of Weff of the DS-WG and transmittance of the direct

coupler as a function of dH for different values of dL.

3.3.2 Reflectivity matching

Next, to further understand the coupling mechanism, it’s tried to check the

reflection characteristics. For this purpose, the ‘local’ reflectivity Г(x) and its average

value Г are defined over the whole waveguide cross section by the following

equations:
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HPDS

HPDS



 (3.2)

dxГ(x)
w

Г w
w

2

2
1





 (3.3)

where w represents half of the calculated region, and ZDS(x) and ZHP(x) represent the

‘local’ wave impedance of DS-WG and HP-WG as Z(x) = Ex(x)/Hy(x), respectively.

The effective mode width discussed in the previous section does not necessarily

consider the point-to-point field matching, but does consider the global extent of the

fields. In contrast, Г here considers the field mismatch at all points on the waveguide
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cross section. Thus, it is capable of checking a more detailed field difference.

The calculated average reflectivity (Г) is displayed in Fig. 3.6. Reflection minima

again appears at dH = 160 nm–180 nm for various dL. This is consistent with the

results in the previous section. As a result, the matching of both effective mode area

and average reflectivity (they will give us an almost identical optimal design) is

critical to realizing a highly efficient coupling.

Fig. 3.6 Calculation results of the reflection coefficient Г as a function of dH for

different values of dL.

3.4 Improved structure design

3.4.1 Transmittance analysis

Research work on the direct coupler provides us with hints on how improve the

performance. In plasmonic couplers, it has been well-known that the ‘funnel effect’
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phenomenon plays an important role in efficient light transmission. With the help of

this effect, sub-wavelength MDM waveguides can collect light from an area

significantly larger than that of its cross-section [87]. The central idea is to insert

narrow air grooves into the end of the metal cladding part of the MDM waveguide

and to make it function as a transition layer. The incoming electromagnetic field from

the other waveguide excites the SPP waves, which creep along the surface of the

grooves and finally become a part of the guided mode of the MDM. Because our

HP-WG has a similar structure to that of a traditional MDM waveguide, the same

performance could be expected. Based on this concept, an improved coupler is

designed using air grooves as transition layers.

Fig. 3.7 Schematic of the improved coupler with air slots, where the dashed black block refers

the calculation region of the Poynting vector in the sub-chapter 3.4.2.

Fig. 3.7 shows a schematic of the proposed coupler structure. Air grooves are

inserted into the overlapped section of Ag and Si. The dotted lines denote the

monitoring sections for the Poynting vector (described later).The width and height of
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the air grooves are given by Wgap and Hgap, respectively. In the FDTD simulations, it’s

varied of dH for a given Wgap and Hgap, and measured the transmission efficiency and

reflectivity. Fig. 3.8 (a) and (b) display the transmission efficiency and reflectivity for

dL = 50 nm. For Wgap = 120 nm, the peak transmittance improves by approximately

25% at dH ~ 300 nm, whereas the reflectivity reduces by approximately 25%

compared to the direct coupling structure. The maximum transmission efficiency

reaches more than 90% and then slowly decreases compared with the direct coupler.

As it’s introduced the enhanced funnel effect caused by the weight of air grooves

of the transition layers, it’s believed that the optimal design of the height of those

layers with optimal power fluxes from the DS-WG to HP-WG can also achieve an

optimal transmittance and reflectivity. Figures 7(a) and 7(b) present the results

corresponding to the variation of Wgap and Hgap. In this special design, dH and dL were

kept constant at 200nm and 50nm, respectively. The highest transmittance is

approximately about 90% when Hgap = 60 nm and Wgap = 100 nm, while the

reflectivity decreases to less than 6%. The relative dimensions of each part of the

improved coupler correspond to the proposed design in [85], which supports the

validity of our design concept.
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Fig. 3.8 Calculation results of the improved coupler of the (a) transmittance and (b)

reflectivity shown in Fig. 3.7.
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Fig. 3.9 Calculation results of the (a) transmittance and (b) reflectivity as a function of

Hgap for different values of Wgap
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3.4.2 Discussion of the funnel effect

To further check the appearance of the funnel effect caused by the transition

layers, the time-averaged Poynting vectors without and with transition layers were

visualized. The Poynting vector can record the spatial output of both the amplitude

and individual components in visualization at specific times. Results are presented in

Fig. 3.10 (a) and (b). The parameters are dH = 200 nm, dL = 50 nm, Hgap = 50 nm, Wgap

= 100 nm. In the direct coupler, almost all power in the air region outside the Si

waveguide and a part of the power inside the Si are reflected back (as shown in Fig.

3(c)) or radiated out of the coupler. Meanwhile, in the improved coupler, even some

parts of the power in the air region (evanescent waves) can be coupled to air grooves.

The enlarge of the transition region provides more fields groove into the HP-WG.

With the same field distribution of slot waveguides in two couplers, a higher

transmittance could be predicted because of the enhanced optical flows in the

improved model.

The calculation of the Poynting vector is based on the following procedures. First,

the spatial electro-magnetic field in the dashed black region of the direct coupler and

the improved coupler are calculated individually via FDTD programs. The Poynting

vector can be expressed by the following equation, where E and H are electric and

magnetic fields at the specific time of ts, and r is the spatial coordinate.

),(),(),( sss ttt rHrErS  (3.4)

Then, the amplitude can be computed as:

222 ]Re[]Re[]Re[),( zyxs SSStS r (3.5)
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Fig. 3.10 Calculation results of the Poynting vector of the dashed black region in

(a) Fig. 3.3 and (b) Fig. 3.7.
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The broad band spectrum response could also be achieved by our coupler design.

To show that, it’s carefully selected the central wavelength of light source to proper

value and changed the excitation type from continuous wave (CW) to pulse. Then in

our FDTD program, the Fast Fourier Transform (FFT) is applied on the received

time-domain wave signals. By doing so, the spectrum results were got. Figure 9

shows the spectrum response of the structures in Fig. 3(a) and 6(a). It’s clearly seen

that the improved coupler design shows superiority than direct coupler design in a

wide wavelength range. The two design both appear low transmittance at longer

wavelength region. The transmittance is measured close to the interface leading to

weak wavelength dependent caused by metal.

Fig. 3.11 Spectrum analysis of the improved and direct coupler
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3.5 Summary

In this chapter, analyzed the factors of mode mismatch and reflectivity of a direct

DS-WG/HP-WG coupler are analyzed and clarified that the matching of the effective

mode area (Weff) of both waveguides was important to realize highly efficient couplers.

It’s demonstrated that, at the optimal coupler dimension, the average local reflectance

Г(x) over the waveguide cross section became a minimum. Then, an improved high

efficiency coupler is proposed using air gaps as a transition region at the

DS-WG/HP-WG junction. Compared with the direct coupler, it was confirmed that

the transmittance improved from 75% to 90% by the insertion of 50 nanometre

transition layers instead of a several hundreds nanometre adiabatic taper. The

proposed structure can enhance the transmission efficiency of optical signals between

DS-WGs and HP-WGs. With this simple design and achievement, the coupler with

transition layers has potential applications in modern highly integrated nano-photonic

devices. Detailed physical theories behind the funnel effect and optimal design of

transition layers will be studied in future work.
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Chapter 4 Side-coupled Fabry-Perot filter

In this chapter, a compact side-coupled plasmonic Fabry–Perot (FP) waveguide

filter is modeled using a combination of several fundamental waveguide parts, and

compared its characteristics with those obtained using finite-difference time-domain

(FDTD) simulations. The equivalent model of the proposed filter was regarded as

three cascaded resonators, two symmetric overlapping regions as two directional

couplers (DCs), and one side-coupled cavity as an FP resonator. A scattering matrix

(S-matrix) analysis was employed to reveal the origin of the spectral responses. The

obtained characteristics, such as different peak transmittance (mainly influenced by

the DCs’ overlapping length) and wide free spectral range (FSR) between two

resonance modes, showed a good agreement with those obtained using FDTD

simulations. By suppressing the neighboring resonance mode, through an adjustment

of the DCs’ overlapping length, a potential design of a 1×2 ultra-wide-FSR

wavelength demultiplexing filter is demonstrated.

In section 4.1, the research background and structure of design are introduced.

The structure of side-coupled filter is regarded as three cascaded resonators, where

there are two symmetric overlapping regions and one side-coupled cavity. In section

4.2, the transmission model is established according to the coupled mode theory

(CMT) and theories of scattering matrix. In section 4.3, the characteristics of the

direct coupler and Fabry-Perot cavity are analyzed according to the above analysis. In

section 4.4, a new schematic of dual-output and the characteristics of ultra-wide free

spectral range are proposed. In section 4.5, a total summary is given.

4.1 Research background and device structure

The field of surface plasmon polaritons (SPPs) has been rapidly developing in

recent years owing to their outstanding performance of guiding and manipulating light

at the deep-subwavelength scale [91, 43]. Among the various plasmonic structures,

metal-dielectric-metal (MDM) (or metal-insulator-metal (MIM)) [67, 68] structures
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are particularly promising owing to their superior functionalities while maintaining

propagation efficiency, simple fabrication, and low bending loss [92]. Various optical

devices based on a plasmonic MDM waveguide platform, such as waveguide

combiners [88, 89, 93], filters [49, 94], and sensors [95–98] have been designed and

investigated. Recent years, the graphene-supported MDM waveguides have been

successfully reported, which shows a new approach to control and modulate SPPs

waves [99]. Owing to the remarkable properties of MDM plasmonic waveguides, they

are very promising for applications in next-generation optical integrated circuits.

Wavelength selection (filtering) is one of the key technologies in optical

communications. Various wavelength-selective structures based on MDM waveguides

have been developed. Side-coupled ring [100], stub [101-103], and cavity-type [104,

105] two-dimensional (2D) MDM-based resonant filters have been investigated.

Temporal coupled-mode theory (CMT) has been employed for the analysis of MDM

filters with a side-coupled ring cavity [106], slot cavity [107], and cascaded double

cavities [108].

In this chapter, a scattering-parameter model [109] of the side-coupled

cavity-type plasmonic waveguide filters is presented. the whole structure is divided

into three cascaded resonators, two directional couplers (DCs) and a Fabry–Perot (FP)

cavity. The overlapping regions of the former resonators also act as a mirror for the FP

resonator. The S-parameters of each section is obtained using the finite-difference

time-domain (FDTD) simulation results. The consistency between the above

semi-analytical model and FDTD simulations results validates the feasibility of the

proposed method. In the FDTD simulations, the computational domain of a uniform

orthogonal 2D mesh was used. The grid size was 2nm for both directions. The ends of

the domain were terminated by Berenger’s perfectly matched layers (PMLs). The

thicknesses of the PMLs are 20 layers for each boundary.

The side-coupled plasmonic FP waveguide filter is illustrated in Fig. 4.1 (a). This

structure is composed of three MDM waveguides, denoted as segments 1, 2, and 3.

Segments 1 and 3 are used as the input and output waveguides, respectively, while

segment 2 is used as the FP cavity. Segments 1 and 2, and 2 and 3 are connected by



CHAPTER 4 SIDE-COUPLED FABRY-PEROT FILTER

49

directional coupling. The waveguides have equal widths. The coupling gap between

the segments 2 and 1 (or 3), length of the segment 2, and overlapping length between

the segments 2 and 1 (or 3), are denoted as Wgap, L1, and L, respectively. The insulator

medium is assumed to be air with a refractive index of 1, while the metal medium is

assumed to be Ag. The frequency-dependent relative permittivity of Ag can be

obtained using the Drude model [110–112]:

)(

2

ωjω
ω

εε(ω) p


  

(4.1)

where ω is the angular frequency of the incident light, ε∞ = 3.7 is the dielectric

constant at infinite angular frequency, ωp = 9.1 eV and γ = 0.018 eV are the bulk

plasma frequency and damping frequency of the oscillations, respectively, and j is the

imaginary unit.

In practical devices, the core height is finite. However, in this study, in order to

simplify the analysis of the main operation mechanisms, a 2D approximation is

employed, i.e., the structure in Fig. 4.1 (a) was assumed to extend infinitely into the

direction normal to the plane of the figure.

Then, the device is divided into three building blocks, as shown in Fig. 4.1 (b).

The building blocks consist of two DCs and one FP cavity (consisted of a simple

MDM waveguide). The two DCs couple the device to the external waveguide, and act

as a pair of mirrors for the FP cavity. The DC is modeled by Fig. 4.1 (c), where four

ports are defined and marked with numbers from 1 to 4. The straight forward waves

from the launched port are represented by SFW, while the power and of the crosstalk

in the neighboring waveguide are represented by COW.

Since the definition of the FP cavity and DC are finished, therefore, the

equivalent model can be treated as an FP- type cavity (side-coupled MDM waveguide)

and two reflectors (DCs). The S-parameters of each block were obtained from the

FDTD simulation results. The filter characteristics were expressed by combining the

S-parameters.
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Fig. 4.1 Schematic and equivalent model of a side-coupled plasmonic coupler FP

waveguide filter. (a) Schematic of the waveguide filter. The guided mode is assumed

to propagate along the z-axis. The wide-band transverse-magnetic (TM) polarized

SPPs emerge from the left side of the segment 1. (b) Equivalent model of the

proposed filter. (c) Definition of the ports in the two parallel MDM waveguides. The

SFW and COW represent the straight forward waves and the cross-over waves in the

original and neighboring waveguides, respectively.
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4.2 Structure analysis

The study of the directional plasmonic coupler is presented in this sub-chapter.

The schematic of a plasmonic directional coupler is listed on Fig. 4.2 (a), where two

parallel plasmonic waveguides are set and four ports are defined and marked as

numbers of 1-4. The x direction is labeled for the propagation. The waveguide width

and gap between two waveguides are set ass 50 nm and 20 nm, respectively.

The fundamental TM polarized SPP wave is launched from port 1 along the

x-direction. The transmitted waves in port 3 and cross coupled waves in port 4 are

represented by S31 and S41, respectively, where the square values represent the power

of them.

As it’s known, the propagation mode in plasmonic owns much propagation loss

(α), which are not considered in the dielectric directional coupler. Thus, the power

will decrease with the propagation.

The calculation of parameters of S-matrix as a function waveguide length x is

shown on Fig. 4.2 (b), where the SPP waves are launched from port 1 and port 3 and

port 4 are the transmission port and crosstalk port, respectively. It’s clear seen from

the figure that the power exchange from two waveguides periodically with the

propagation direction x. The coupling length is marked by Lc, which relates with the

wavelength (currently launched free space wavelength λ0 = 900 nm). The Lc is also

related with the geometry structure of the two waveguides, which are not discussed

here. Meanwhile, the envelop of the S31 and S41, i.e. total power in each channel,

decrease as wished. The calculation of the directional coupler between two plasmonic

waveguides gives the fundamental background.

The field distribution of the directional coupler composed by two parallel

plasmonic waveguides is also plotted in Fig. 4.3. It’s clear seen the field distribution

decays along with propagation direction, which confirmed the basic theory mentioned

in chapter 2.
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Fig. 4.2 (a) Model of parallel placement of two plasmonic waveguides. (b)

Calculation results of the S31 and S41 in ports 3 and 3,respectively.
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Fig. 4.3 Field distribution of Hy component of the directional coupler of two

plasmonic waveguides.

The propagation loss and propagation results of a straight plasmonic waveguide is

investigated detail via FDTD calculations. The calculation model is showed in Fig.

4.4 (a), where the launched SPP mode is propagated from left to right. The

propagation constant β and loss parameter α are then calculated along with the field

distribution. The calculation of the dispersion relation of the fundamental SPP mode

as a function of wavelength is shown on Fig. 4.4(b). The data of the propagation

constant and loss are used in the following semi-analysis model.

It’s should note that the fundamental theory of the propagation of a SPP mode in a

plasmonic waveguide could also be established on the following equation

theoretically, where w is the width of the plasmonic waveguide, εm and εd are the

dielectric constants of the metal cladding and the bus waveguide, k0 = 2π/λ is the wave

vector of incident light in vacuum, and neff = βspp/k0 is the effective index (ERI) of SPP

mode.
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By solving Eq. (4-2), the propagation constant can be got. The simple FDTD

calculation is applied for the results. The field distribution of Hy component of the

directional coupler of two plasmonic waveguides is shown in Fig. 4.4, where the slow

decaying feature by waveguide loss can be confirmed.

Fig. 4.4 (a) Model and (b) calculation results of a straight plasmonic waveguide for

the parameters of propagation constant β and loss α.
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Then, the input–output characteristics of the DCs is studied using CMT and

S-matrix analysis. The DCs are approximated as two parallel infinitely long coupled

MDM waveguides with a pair of cross-ports terminated as shown in Fig. 4.1(c). We

defined one input port (port 1), one output port (port 4), and two reflection ports

(ports 2 and 3), where am and bm (m is in the range of 1–4) represented the amplitude

of waves directly incident on the port and directly away from the port, respectively.

Through the definition of each port, they can be classified as two external ports (port

1, 4) and two internal ports (port 2, 3), which indicates that only a1,4 and b1,4 are input

and output waves.

By considering the operation of a conventional DC, we approximated the S-matrix

representation of the two parallel finitely long MDM waveguides as:
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where c and s represent the crossover wave (COW) and straight-forward wave (SFW)

labeled in Fig. 4.1(b), respectively; , L, and θ represent the propagation loss

(metal absorption), coupling constant, coupling length (DC’s overlapping length), and

phase retardation after passing a length of L, respectively. The parameters  and 

were obtained using the decaying oscillatory field distributions of the waveguides,

obtained by the FDTD simulations. Assuming that the input signal is only entering to

the port 1 and not to the port 4 (port 4 emits the outgoing wave only), the vector of

input waves is the then represented as [a1, a2, a3, 0]T. Here, the incoming waves to the

two internal reflection ports (a2 and a3) are generated by the a1 by the termination of

the coupler; e.g., a2 = f(a1), and a3 = g(a1), where f and g are different functions. Based

on these analysis, the transmission and reflection coefficients of the whole coupler

can be expressed as the forward transmitted and backward reflected waves normalized

by the input waves, i.e., S41 (t) = b4/a1, and S11 (r) = b1/a1.



CHAPTER 4 SIDE-COUPLED FABRY-PEROT FILTER

56

The operation of an MDM DC with a finite length (two reflection ports) can be

revealed by terminating the pair of cross-ports with metallic mirrors. For example, the

output from one port is again input to the same port with a finite fraction. This can be

represented as:








33

22

bra
bra

mirror

mirror (4.5)

where r is the complex reflection coefficient at the waveguide’s end.

The total transmission and reflection characteristics of a DC with a finite length

can be obtained by considering the multiple reflections at the terminated ends.

Assuming an ideal-mirror type of reflection (rmirror ≈ –1), they can be expressed as:
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where Δ (= 2θ) is the phase shift per a round-trip propagation in the coupler. The

transmittance and reflectivity of the two DCs are defined as T = │t│2 and R = │r│2,

respectively. According to Eq. (4-3), a rough derivation process is shown as follows:

b1 = c*a3 = c*g(a1) , and b4 = s*a1 + c*a2 = s*a1 + c*f(a1).

Therefore, the total transmitted and reflected waves of the equivalent model with

three cascaded segments can be expressed with the coefficients:
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where t and r are the transmission and reflection coefficients of the DC (Eqs. (4-6)

and (4-7)), respectively; β = 2πneff/λ and L1 denote the propagation constant and FP

cavity’s length, respectively. In the same way, the transmittance and reflectivity of the

equivalent model are defined as Tall = │tall│2 and Rall = │rall│2, respectively.
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4.3 Filtering characteristics

4.3.1 Characteristics of the direct coupler

Fig. 4.5 (a) shows the transmittance of the DC as a function of the overlapping

length L at a fixed wavelength of 600 nm. The width and Wgap were set to 50 nm and

20 nm, respectively. The solid and dashed curves represent the DC’s transmittance

obtained using the proposed equivalent model and FDTD simulation, respectively.

The dotted curve represents the power of the COW (1st output wave), employed in the

analysis. Fig. 4.5 (a) shows that the solid and dashed lines highly coincide, which

implies that the theoretical results are in good agreement with the FDTD simulations.

In addition, their envelopes match with the dotted curve. For a further analysis of the

multiple wave interference (dips and peaks), we plotted the 1st- and 2nd-order

transmitted waves in Figs. 4.5 (b) and (c), respectively. The 1st-order transmitted wave

represents the directly cross coupling of incident waves from port 1 to port 4 (COW in

Fig. 4.1 (c)). The situation of the 2nd-order transmitted wave is a little complex.

Considering the incident waves split into two beams, one is 1st-COW (1st-order

transmitted wave), and the other is 1st-SFW. To extract the 2nd-order transmitted wave

needs three stages:

1) When the 1st-SFW reaches the reflection port 3, it will be reflected back.

2) The reflected 1st-SFW will once again split into two beams. One is the

2nd-SFW and the other is the 2nd-COW. On the one hand, the 2nd-SFW will

directly output at port 1 as the 1st-order reflected wave. On the other hand, once

the 2nd-COW reaches port 2, it will be reflected back in the same way.

3) The reflected 2nd-COW also splits into two beams, a 3rd-SFW and a 3rd-COW.

The 3rd-SFW composes the 2nd-order transmitted wave. The 3rd-COW will

generate the 3rd-order transmitted wave through the same two reflections.
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Fig. 4.5 Basic input-output characteristics of the DC. (a) Transmittance of the DC

at a fixed wavelength of 600 nm, for different overlapping length L. (b) 1st-order

output wave component of the result shown in (a). The inset shows the form of the

1st-order output wave. The 2nd-order output wave component of the result in (a). The
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inset shows the form of the 2nd-order output wave.

From these steps, we can clear view that the phase delay (phase shift per

round-trip in the coupler) between each neighboring order transmitted wave is the

same, which maintains the interference stable. The insets in Figs. 4.5 (b) and (c)

show the physical propagation directions of the 1st- and 2nd-order waves, respectively.

Figs. 4.5 (b) and (c) reveal that in one period of the 1st-order wave, the 2nd-order

wave exhibits a fixed number of periods, which verifies the stability of the

interference effect over a large overlapping length. The sharp dips and peaks in Fig.

4.5 (a) can be attributed to the superposition of the 1st- and 2nd-order output waves.

Other higher-order output waves also participate in the interference; however, the 1st-

and 2nd-order waves are dominant. For example, the calculations showed that the

amplitude of the envelope of the 3rd-order output wave is smaller than 0.1. The

discrepancies between our model (solid curve) and FDTD simulation (dashed curve)

results in Fig. 4.5 (a) could be attributed to the directional coupling at the

waveguide’s end, from segment 1 to segment 2, which is not considered in our

model.

In order to reveal further insights in the frequency range, we plotted the

transmittance and reflectivity using the proposed analytical model as a function of the

wavelength, for two overlapping lengths of 300 nm and 400 nm, as shown in Fig. 4.6.

Both transmittance and reflectivity exhibit large variations in the wavelength range of

800–1,500 nm, for the two overlapping lengths.
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Fig. 4.6 Transmittance and reflectivity of the DC as a function of the wavelength,

for overlapping length of 300 and 400 nm.
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Fig. 4.7 Phase variations of the (a) transmitted waves and (b) reflected waves.

The total sum of the transmittance and reflectivity is slightly smaller than 100%,

owing to the metal absorption loss. These results are related with our previous

discussion on the multiple-wave interference in the overlapping region. Owing to the

interference, the transmittance and reflectivity could change the “mirror reflectors”

behavior, and could exhibit new characteristics in the FP cavity, as discussed in the

next section.

Figs. 4.7 (a) and (b) show the spectral phases of the transmitted and reflected

waves, respectively, for both overlapping lengths. The reflected phases for both

lengths are almost constant in the analyzed wavelength range.
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4.3.2 Characteristics of the Fabry-Perot filter

We investigated the basic characteristics of the DCs, and analyzed the core FP

resonator, where the FP interference mainly occurs. The guided wave exhibits a phase

retardation (  φ) and loss as it passes through this part. Therefore, the S-matrix

becomes diagonal. As the total phase delay per a round-trip propagation in the cavity

satisfies the resonant condition, the resonant wavelength λm is [101]:




/
2 1

r

eff
m m

Ln


 (4.10)

where neff, L1, m, and φr denote the real part of the effective index of the waveguide,

length of the cavity, number of antinodes of the standing SPP waves, and phase shift

upon reflection at the interface between segments 1 and 2, respectively. It’s clear seen

that the resonant wavelength is a nearly linear relation with cavity length.

The cavity length L1 was set to 1200 nm, while all other parameters had the same

values as above. Fig. 4.8 (a) shows the transmittance for an ideal lossless () FP

interference, obtained using the reflectivity calculated above. Two wave peaks with a

transmittance of 100% appear at around 850 nm and 1120 nm for both overlapping

lengths. These two intrinsic wavelength peaks are consistent with Eq. (4-10) with an

approximation of Re(neff) = 1.4, φr ≈ 0, and m = 3 and 4. We should note that,

compared with FDTD simulations, the slightly mismatch of resonant wavelength

calculated by Eq. (4-10) comes from the dispersion of the SPP mode and φr  0.

The full-width-at-half-maximum (FWHM) values of each peak can be correlated

with the variations in the reflectivity; a larger R leads to a wider FWHM and vice

versa. We plotted the results of the theoretical calculations of the transmittance using

Eqs. (4-8) and (4-9), respectively, along with the FDTD simulation results in a lossy

( ) case, as shown in Fig. 4.8 (b). The comparison with the FDTD simulation

further confirms the validity of our equivalent model. In Fig. 4.8 (b), two peaks

appear at almost the same wavelengths as in Fig. 4.8 (a), but with different

transmittance values.
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The peak transmittance values for the overlapping length of 300 nm are 75% at

850 nm and 20% at 1120 nm; an opposite behavior is observed for the overlapping

length of 400 nm. Using the above analysis, we can conclude that the total

transmission loss is mainly attributed to metal absorption losses, and that the large

transmittance differences of each resonant mode can be easily controlled by

modifying the overlapping length.

These results show that an optimization could almost vanish the useless intrinsic

resonant peak in the FP-type plasmonic filter in order to achieve an ultra-high free

spectral range (FSR).
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Fig. 4.8 Basic input-output characteristics of the FP resonance cavity. (a) Spectral

response of an ideal FP interferometer without loss (α = 0). (b) Spectral responses

with loss (α  0), obtained using the proposed model and FDTD calculations.



CHAPTER 4 SIDE-COUPLED FABRY-PEROT FILTER

65

4.4 Application of a dual-output filter

4.4.1 Dual-output design

Fig. 4.9 (a) shows a schematic of 1×2 wavelength demultiplexing structures

based on MDM side-coupled cavities. The wavelength demultiplexing structure

consists of two air cavities with different lengths, which act as resonant spaces to

select at most two different wavelengths. The lengths of the two side-coupled air

cavities, denoted as L2 and L3 are set to 1,150 nm and 1,200 nm, respectively; L

represents the overlapping length between MDM waveguides and air cavities. All of

the overlapping lengths are identical; the other parameters are the same as above. Port

1 is the input port, while ports 2 and 3 are the output ports. The FDTD method

(section 3) is employed to obtain the transmission spectra.

Fig. 4.9 (b) shows the transmission spectra at the two output ports for L = 400 nm.

The dashed and solid curves represent |S21|2 and |S31|2 of the ports 2 and 3, respectively.

The two major peaks at 1,153 nm and 1,205 nm, and two minor peaks around 900 nm

showed the possibility of wavelength tunability. The difference in the propagation loss

of the main resonant peaks at the wavelengths of approximately 1,200 nm can be

attributed to the different lengths of the air cavities.
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Fig. 4.9 Schematic and spectral response of the novel 1x2 wavelength

demultiplexer. (a) Schematic of the demultiplexer. Calculation results of the spectral

responses for (b) L = 400 nm and (c) L = 420 nm.
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4.4.2 Characteristics of ultra-wide free spectral range

In order to achieve a wide-band filter design, the neighboring minor resonance

mode need to be suppressed. Fig. 4.9 (c) shows the optimized results by adjusting the

DC’s overlapping length L to 420 nm. The neighboring resonance mode around 900

nm vanished. This optimization method is consistent with the conclusions in the

previous chapter, and can be also employed in other target wavelength regions by

adjusting the overlapping length.

4.5 Summary

We proposed an analytical model for an ultra-compact plasmonic filter using a

side-coupled cavity as a resonator. The spatial and spectral responses obtained by the

proposed model showed a good agreement with the FDTD simulations. Both

theoretical analysis and numerical calculations demonstrated the ability to reduce or

vanish the intrinsic transmittance peak of the FP cavity by varying the overlapping

length. The control of the length of the air cavities enables to develop a

tunable-wavelength filter design, while that of the DCs enables to suppress the

neighboring resonance mode and achieve an ultra-high FSR at the target wavelength

region. These results could be useful in analyses of other similar plasmonic filter

designs with side-coupled structures, and demonstrate the potentials for applications

in future optical integrated wavelength selectors or filters with an ultra-wide FSR.
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Chapter 5 Slab space optics

In this chapter, the results of slab space optics are introduced. The following three

contents are introduced, which are a kind of 2D planar chiral meta-materials, grating

couplers for vertical fiber-chip coupling, and curved silica in slab space optics. The

first research is an independent results from this thesis, while shows interesting results.

The optical activity based 2D chiral meta-materials can be works as optical filters and

be potential components of near infrared optical imaging systems. The second part,

grating couplers, sever as the flow of the thesis. The grating coupler can be used for

non-touched and flexible interconnection components of fibers and silicon or

plasmonic chip, i.e. I/O. The third sub-chapter studies the basic characteristics of slab

space optics in an example of curved silica mirrors. A kind of waveguide crossing

parts is studied. An potential usage of inter-connectors between integrated lasers

diodes and silicon waveguides is also studied.

The outline of this chapter is introduced as follows. In chapter 5.1, the 2D planar

chiral meta-materials is introduced. The basic results of optical activity and filtering

characteristics based on OA is introduced. The analysis methods of 3D-FDTD and

eigen-vectors of Jones matrix is then introduced. The results show that the tuneable of

filtering characteristics come from the guided-mode resonances and Fabry-Perot

resonances. The results of different subscript materials are also investigated. In

chapter 5.2, a kind of dual-layer grating coupler is analyzed for vertical coupling

between fibers and silicon waveguides. Due to the structures of dual-layer design and

phase matching conditions of diffracted waves by gratings and guided waves in

silicon waveguides, coupling of dual-polarization states and dual-optical bands are

achieved at the first time. The two-layers Fabry-Perot resonances are also investigated

for high coupling efficiency. In chapter 5.3, silicon slab space optics is investigated

using curved silica mirrors. A king of waveguide crossing coupler is the studied with

high transmission loss (i.e. low insertion loss), low crosstalk, and broad bandwidth.

The results of radiation modes of terminated slab waveguides and Goos-Hanchen shift
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are discussed. In chapter 5.4, a kind of laser-waveguide inter-connector is discussed.

Applying the ABCD’s law, the reflected Gaussian beams are reformed and re-located.

The coupling of reflected beams with adiabatic taper is also introduced. In chapter 5.5,

the summary is given based on the above analysis.

5.1 2D planar meta-material

The potential application of planar chiral metamaterials (PCMs) are investigated

for near infrared wavelength (wavelength from 1000nm) imaging systems. The

application could be used for multispectral measurement based on arrayed PCMs (i.e.

planar chiral nano gratings, PCNG). The optical activity of PCMs is investigated first.

The optical activity generated by guided mode resonance (GMR) and Fabry-Perot

resonance are clear by the analysis methods of 3D-FDTD and calculation of

eigenvectors of Jones matrix. The wavelength filtering characteristics are analyzed

with different bandwidths and verified for different underclad materials, like Si3N4,

Al2O3, and Si.

5.1.1 Optical activity

The introduction of optical activity is shown first in this sub-chapter. Optical

activity (OA), is also known as optical rotation, which refers the rotation of optical

beams or alter the polarization state of beams. The research of optical activity comes

from the rotation of beams passing through sucrose solutions and other stones, which

have molecular chirality. Chirality means the structure of a molecule is not identical to

its mirror image. Such materials have the characteristics of circular dichroism (CD),

which is also known as circular birefringence. Corresponding concept, such as linear

birefringence, is quite familiar for researchers. Circular birefringence means that the

response of the molecular are different for two eigenvectors of left-handed circular

polarization state and right-handed circular polarization state. The basic theory of

optical activity is introduced as follows.

The refractive index n of a material refers the phase velocity of light in the
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medium for the understanding of linear polarized waves. It’s quite known that the

linear polarized waves can be superposited by a set of left- and right-handed circular

polarized waves in equal proportion. The phase difference of two circular polarized

waves are independent and determines the direction of the composed linear polarized

waves. The equation is shown as follows:
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where Elinear and ERHC and ELHC are the representation of linear polarized waves and

left- and right-handed polarized waves, respectively. The ERHC and ELHC can be

written in the terms of the x and y components as follows:
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where x and y are unit vectors and i is the imaginary unit.

Substituting these equations into ERHC and ELHC for Elinear, the following equation

can be obtained.
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Using the same equations, the following equation can be found:
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This equation represents the for an incoming linear polarized wave with an angle

of θ0, it will be rotated by an angle of  after passing through the medium.

Generally, the optical activity is weak and dependent on wavelength. In most case,

optical activity is limited in a small wavelength range where the rotation angle of

optical beams can become 90 degree. Thus, the usage of such limited OA peak for the

application of polarization interferometer, a kind of band pass filter (BPF) can be

realized. The research of artificial planar chiral mete-materials is first reported with

giant circular birefringence, i.e. optical activity (OA) and is soon be optimized for

larger birefringence. However, the application of PCM is not mentioned yet. In this

research, the aim is to propose the multi-spectral imaging system based on modified

planar chiral mete-materials.
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5.1.2 Analysis methods

The schematic geometry of the PCM based imaging system is shown in Fig. 5.1,

where the multi-patterened PCMs are sandwiched by two orthogonal linear polarizer.

Fig. 5.1 Schematic of a multispectral imaging system using the polarization

interference type band-pass filter array.

In the following sections, the basic structure and the method of numerical

calculation are first explained. Then, the optical characteristics of various layer

material and grating periods will be presented. In Ref. [113], it is shown that the

optical activity is helped to be widen the band width with underclad layer having

intermediate refractive index. Following their lines, the effect of such underclad are

investigated to search practically useful BPF constructions.

A schematic view from top of the PCM is shown in Fig. 5.2 (a) along with the

view from the cross-section in Fig 5.2 (b). A Silicon (Si) chiral layer (parameters of

which are defined with thickness dchiral and refractive index n = 3.5) and an underclad

layer (parameters are the thickness dclad and refractive index nclad) are formed on a

silica substrate with a refractive index of 1.444. An array of the proposed gammadion

pattern is assumed to be formed on both bi-directions on the Si layer. The pattern is
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arranged with a geometry of square lattice in the x and y directions with a pitch period

of Λ. The width and the spacing range of the gammadion arms, represented by wa and

ws, were both set as Λ/6, respectively. Only the convex pattern is dealt (emboss

gammadion shape), as the concave one is calculated to behave only narrow OA peaks

according to the previous study [114]. The materials are assumed to be lossless and

non-dispersive for the reduction of complexity of calculation. Light of plane wave is

assumed to be launched normally (parallel to the z axis) on the substrate from air.

Fig. 5.2 Schematic view of the planar-chiral meta-materials from the view of (a)

top and (b) cross section.

The results of Jones matrix of are calculated from the transmission spectrum of

both the x, y-polarization incidence, details are listed in [114], which is not shown

here. In a conclusion, the waveform of the 0th-order spatial component of the

transmitted waves, which are calculated by the 3D-FDTD simulation, are monitored.

The simulation domain only contains one grating period with the continuous periodic

boundary conditions on the xz and yz plane for simplification the calculation time. The

ends of the z direction are set to the perfect matched layer (PML) for non-reflection

[117]. The monitored time-domain waveform is then calculated by Fourier

transformation to get the complex vector [a(λ), b(λ)]T (T denotes transpose). The

y-polarized vector could be obtained as [−b(λ), a(λ)]T, since the PCM gives a
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four-fold rotational (C4) symmetry. Then, the Jones matrix (G) is obtained as follows.
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 (5.5)

Fig. 5.3 Calculation results of the (a) rotation angle and (b) transmittance of LCP

and RCP of the planar-chiral meta-materials as a function of wavelength.

For the region of the long wavelength (λ > Λ/nclad), where the 1st-order diffracted

waves are cutoff, the eigen-states of polarization of PCM are left- (LCP) and

right-handed circular polarizations (RCP) [117]. Thus, the amplitude and the phase of

the eigenvalues are related to the transmission coefficient and the phase retardation,

respectively. Then the rotation angle for a linearly polarized incident light could be

calculated by half of the difference of the phase of two polarized transmitted waves.

The spectrum response of the transmittance and rotation angle of PCM are shown

in Fig. 5.3 (a) and (b), respectively. Two kinds of resonance phenomena are listed in

the figures, which are guided-mode resonance (GMR) (comes from the lateral waves

[118]) and Fabry-Perot resonance. The optical activity appears with the appearance of

the two resonances. The principle of resonance of PCM is still unclear, which would
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not be discussed here. The bandwidth of transmittance of FP resonance is quite wider

than that of GMR, which is prefer in the usage of imaging system.

5.1.3 Results of multi-patterened PCM as BPF

The transmission spectrum of the multi-patterened PCM for different underclad

are examined. Figs. 5.4(a) and (b) show the results of Si3N4 and Al2O3 as the

underclad, where the depth of each underclad layer are 550 nm and 900 nm,

respectively. The silicon chiral layer with gammadion shapes are both set to 500 nm.

The wavelength range is focused from 1100 nm to 1800 nm. It’s clear seen that the

peak wavelength shifts with the linear relation as the increasing of the pitch period.

There are two kinds of wavelength peaks appeared on the figures, marked by GMR

and FP, which are explained in the previous chapter. As it’s mentioned before, the

resonance peak with principle of FP resonance gives a wider bandwidth, thus the

results of GMR are not discussed here. The wavelength shifting coverage of the

underclad of Si3N4 could be larger than 550 nm. The bandwidth of FP resonance are

in a range of 21 and 32 nm. The peak transmittance could be from 76% to 93%, which

are enough high values. It’s clear that the characteristic of double peaks are not

advantaged in the realistic application, for which the wavelength peak of GMR may

give unwanted noise, however it’s still proved to be useful [119].

On the other hand, the results of Al2O3 as the underclad are also concluded here,

which is shown in Fig. 5.4 (b). Here, a slightly lower-index underclad of Al2O3 (n =

1.61) is used instead of Si3N4 (n = 1.9). There is also a double peak spectra, however,

the peak of GMR could be negligible at the longer wavelength range. The bandwidths

of the FP peak for different values of pitch period are located from 14 nm to 19 nm,

which are narrower than the previous results. The peak transmittance are varied from

48% to 84% according to different pitch period. Both the two different underclad

could be used to meet the demands of realistic usage.
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Fig. 5.4 Calculation filtering results of the multi-patterened PCMs as a function

of wavelength for different pitch size using (a) Si3N4 and (b) Al2O3 as the substrates.
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5.2 Grating coupler for vertical fiber-chip coupling

Grating couplers (GCs) serves as the interconnection of fibers and silicon

waveguides for their huge geometry difference. Besides, grating couplers, inverse

tapers are another choice for the connection between fibers and waveguides. However,

grating couplers own merits in many parts, for example, easy assembly with fibers,

none touch etc. The grating theories are first introduced, including grating equations

and diffracted waves by gratings. Then a dual-layer grating coupler is designed and

optimized. The phase matching conditions of diffracted waves by gratings and guided

waves in waveguides are studied for effectively coupling. The transmission

characteristics are studied. Results show that the design work as a dual-polarization

state and dual-optical bands at the first. A dual-layer Fabry-Perot resonance is also

investigated for high transmission efficiency.

5.2.1 Grating theory

Gratings, which are known as the periodic structures of series of identical units

with the same rules of arrangements and orientation. One dimensional (1D) multi-slit

grating is the simplest case as shown in Fig. 5.5, where different orders of waves are

diffracted to different locations on the right monitor with different diffraction

intensity.

Fig. 5.5 Diffraction model of the one-dimensional grating.
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The dielectric function of a sinusoidal grating is shown as the Eq. (5-6):

)cos()( , rKr avgrr   (5.6)

A wave propagation through the grating makes on the same symmetry.
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The first part is known as the zeroth order of diffracted waves. The same order is

applied on the following parts, which are known as the first and second order of

diffracted waves. In Fig. 5.6, it shows that the applied waves split into three waves.

Each of those splits into three waves as well. And each of these splits follows the

same rules.

Fig. 5.6 Diffracted order of waves.

The total set of allowed diffraction orders is described in the Eq. (5.8).

Kkmk inc )( (5.8)

The boundary conditions require the tangential component of the wave vector be

continuous. The wave is entering a grating, so the phase matching condition is:

xincxx mKkmk  ,)( (5.9)

The longitudinal vector component is calculated from the dispersion relation.
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0

2 mknkmk xavgz  (5.10)

For large m, kz(m) can actually become imaginary. This indicates that the highest

diffraction-orders are evanescent, which will be discussed in later. Thus, the grating

equation is obtained by the following equation.

Λ
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where Λ is the pitch of grating periods. The image of diffraction by gratings with

substrate is shown in the following figure.

Fig. 5.7 Diffraction of grating with substrate.

5.2.2 Grating couplers for fiber-waveguide coupling

The research background of grating couplers for fiber-waveguide coupling is first

introduced. As it’s introduced in the previous chapter, photonic integrated chips (PICs)

with a submicrometer size based on a silicon-on-insulator (SOI) platform attracted

much attention at the beginning of this century to meet the growing demands of data

rate. [120-121] Various active and passive devices have been developed on the

platform, such as optical switches, [122-123] modulators, [25, 124] lasers, [125-126]

and polarization splitters. [127] Integrated photonic waveguides have also proved to

be potential techniques for photonic quantum information experiments, such as

entangled photon sources and buffers. [128-129] Although high integration benefits

from the small size, connecting PICs with single-mode fibers (approximate core size

of 10 µm) is still a problem.

Generally, there are two ways to achieve data transmission between PICs and
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fibers: inverse tapers and grating couplers (GCs). The former group, which relies on

adiabatically expanding silicon waveguide modes through a taper to match with a

fiber, provides total communication; however, a perfect connection between the cross

sections of the taper end and fiber is necessary. In addition, an taper length (several

hundreds of micrometers) is needed to adiabatically convert fiber modes to waveguide

modes. [130-131] GC, with out-of-plane coupling, is another popular device for

efficient coupling between fibers and waveguides. Considering one-dimensional (1D)

gratings with high wavelength and polarization sensitivities, several kinds of GCs are

demonstrated at the specific wavelength and polarization state. [132-136] To achieve

polarization diversity, two-dimensional (2D) gratings are a promising solution,

studied in both theory and experiments. [137-140] However, 2D gratings couple

orthogonal polarization states of a single mode fiber to the same waveguide mode;

moreover, the optimization and fabrication of 2D gratings are also a complex work.

Tilted incidence, instead of normal incidence, is a popular choice to avoid the

polarization and wavelength sensitivities. With a proper design of grating parameters

and fiber tilted angles, phase-matching conditions can be satisfied between the

propagation modes of waveguides and fibers. Tang et al. developed a polarization

separation GC for transverse-electric (TE) and transverse-magnetic (TM) polarization

at 1.55 µm. [141] Streshinsky et al. designed a 2D biwavelength polarization-splitting

GC. [142] Nambiar et al. have recently reported a dual-band unidirectional GC for TE

polarization based on a SiN platform. [143] However, in these cases, coupling

efficiency is quite sensitive to the tilted angle, which leads to extra cost of the

mounting of fibers and GCs. Instead of tilted fibers, Wang et al. reported a tilted

grating. [144] However, the fabrication complexity makes it difficult to apply in the

commercial packaging. To ensure vertical coupling, gratings with asymmetric

trapezoidal holes and dual-etched types have also been investigated. [145-148]

Although perfect vertical coupling, high efficiency, and broadband have been

achieved, the coupling was limited at a specific wavelength and polarization. To

balance the vertical coupling, polarization and wavelength diversity are still the main

problems in recent research.
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In this work, a dual-layer GC consisting of two 1D gratings was proposed for

perfect vertical fiber–chip coupling with both wavelength and polarization diversity.

The first grating was designed with a long period and deep-etch depth to function as a

beam splitter, which could efficiently convert vertical incident fiber waves into tilted

diffracted waves. The second grating was designed with a short period and

shadow-etch depth to diffract the tilted waves a second time. By properly designing

the parameters of two gratings and silicon waveguides, phase-matching conditions for

normal incident waves and waveguide modes can be satisfied. A dual-layer grating

equation accompanied by finite-difference time-domain (FDTD) simulations was

applied to verify the correctness of the design. Results show that for TM-polarized

waves at 1.32 µm, both TE- and TM-polarized waves at approximately 1.55 µm were

effectively coupled from a single-mode fiber to waveguides through vertical incidence.

To the best of the authors’ knowledge, this research is the first report of a vertical

incidence GC with characteristics of polarization and wavelength diversity.

Fig. 5.8 Schematic of a dual-layer grating coupler for vertical coupling with a

single-mode fiber and silicon slab waveguide.

Fig. 5.8 shows the schematic of the proposed dual-layer GC for vertical coupling

with a single-mode fiber. The first top-grating, which functions as a beam splitter, was

designed with a long period and deep-etch depth. Low-index difference materials of
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Si3N4 (nSi3N4 = 2) and SiO2 (nSiO2 = 1.45) are applied in this grating for minimizing the

effect of polarization and back-reflection. The pitch period and etch depth of the

grating are represented by t and dt, respectively. The second bottom-grating was

designed with a short period and shadow-etch depth for splitting the beam again. This

is done to satisfy the phase-matching conditions of silicon waveguides (with a height

of dsi). The pitch period and etch depth of the grating are represented by c and dc,

respectively. The two gratings are separated by a SiO2 gap layer with a height of dgap.

For simplification, both gratings were designed with duty cycles of 0.5. Si3N4 and

SiO2 were used as the top and bottom cladding layers. The whole device was

established on a silicon substrate.

The working principle of the dual-layer GC is as follows. Incident beams with TE

(electric field lies strictly along the y direction) and TM (magnetic field lies strictly

along the y direction) polarization states from a single-mode fiber are diffracted in

directions after they pass through the first grating. Then, when those tilted waves pass

through the second grating, they are diffracted again to satisfy the propagation modes

of silicon waveguides. Eqs. (5.12-1) and (5.12-2) represent the diffraction equations

for the first and second grating, respectively.

t
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where k0 = 2π/λ is the free space wave number, Neff_t and Neff_c are the effective

refractive indices of the diffracted waves by the first and second layer grating,

respectively, nSi3N4 is the refractive index of silicon nitrite, θ is the incident angle of

the single-mode fiber (θ = 0 for vertical incidence), i is the integer of diffraction order

(usually i = 1), and t and c are grating periods of the first- and second-layer grating,

respectively. By substituting θ = 0, i = 1, eliminating k0 and medium variable Neff_t,

Eq. (5.13) is obtained for representing the dual-layer grating equation.
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To perform effective coupling with diffracted waves and waveguides, Neff_c from

Eq. (5.13) should be satisfied with the propagation modes of waveguides. In a typical
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silicon slab waveguide, shown in Fig. 5.8, guiding conditions are only determined by

waveguide height dsi. Thus, a proper design of a group of [tc dsi] is key. In addition,

to achieve high coupling efficiencies, high diffraction efficiencies of two gratings are

necessary. However, compared with the second shadow-etched grating, the first

deep-etched grating shows more space for manipulation. Thus, before the results of

the phase-matching conditions are presented, the characteristics of the first grating

(beam splitter) are explained.

5.2.3 Transmission of dual-polarization state and dual-band

Because diffraction occurs equally on two directions with central mirror

symmetry, it is enough to consider only a single side of the first grating. Figs. 5.9(a-d)

represent the 2D-FDTD results of the normalized efficiency of the first-order

diffracted waves of a single side (maximum efficiency is limited by 50%) as functions

of t and dt for TE and TM polarization at 1.3 and 1.55 µm, which are the most used

optical bands. From those figures, it is clear that diffraction efficiency varies greatly

with dt and slightly with t. The diffraction behaves the same for TE and TM

polarization at the same wavelength. Peak efficiency larger than 35% appeared at dt =

1.23 and dt = 1.48 µm for wavelengths at 1.3 and 1.55 µm, respectively. Although

several higher-order diffracted waves appear with the increase of t, the principle of

high efficiency can still be roughly explained as the minimum of the 0th transmitted

waves, leading to the enhancement of first-order diffracted waves. When the phase

delay difference of the 0th-order waves passing through the SiO2 and Si3N4 equals a

half wavelength, the deconstructed interference condition is satisfied, leading to the

minimum of 0th-order waves. Eq. (5.14) is used for the calculation of the condition of

deconstructed interference.
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where n is an integer, and nSi3N4 and nSiO2 are the refractive indices of Si3N4 and SiO2,

respectively. The results from Eq. (5.14) represent dt = 1.185 and 1.41 µm for

wavelengths of 1.3 and 1.55 µm, respectively, which are approximately the values
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shown in Figs. 5.10 (a-d). However, dt must be considered a fixed value in the

realistic design, indicating a trade-off for high efficiency at 1.3 and 1.55 µm. Next, the

diffracted angle of the first-order diffracted waves is shown in Fig. 10. Again, for

simplification, only a single side is considered. It is clear from the figures that

diffracted angles only vary with t. The diffracted angles also behave the same for

different polarization states at the same wavelength. Eq. (5.12) could be used to

calculate the angles for verification. Little diversities may come from the calculation

roughness. A high-efficiency transmission grating has now been successfully designed

with controllable angles.

Fig. 5.9 Calculated normalized efficiencies of the 1st-order diffracted waves of the

top grating as functions of Λ and dt; (a) for TE at 1.3 um, (b) for TM at 1.3 um, and (c)

for TE at 1.55 um, (d) for TM at 1.55 um. The maximum efficiency is limited by 50%.

To determine the phase-matching conditions, defined by a group of [t c dSi], is

the key work in this study. Fig. 5.11(a) shows one possible configuration of a
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polarization separation design for one-side input (only the -1st-order diffracted waves

generated by the first grating are considered). The waves diffracted by the second

grating originally expect to design with the matching of waveguide modes of TM0 and

TE1 at 1.3 and TE0 and TM0 at 1.55 µm. However, in further calculations, both

conditions could not be satisfied simultaneously. Thus, the phase-matching condition

of TE1 at 1.3 µm is not taken into consideration in later work, because fundamental

modes show more meanings. In addition, symmetric diffracted waves (+1st by the first

grating) appeared on the other side. Fig. 5.11(b) shows the output characteristics for

two sides’ input and one port output. It is clear that TM0 at 1.3 and TE0 and TM0 at

1.55 µm should output at one port. Meanwhile, the opposite port shows the same

behaviors.

Fig. 5.10 Calculated angles (degree) of the 1st-order diffracted waves of the top

grating as functions of Λ and dt; (a) for TE at 1.3 um, (b) for TM at 1.3 um, and (c) for

TE at 1.55 um, (d) for TM at 1.55 um.
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According to the above analysis, the optimized values of t, c, and dSi are set to

4.1, 0.63, and 0.26 µm. dt is optimized to 1.3 µm to balance the efficiency of the first

grating at both wavelengths. dc is set to 0.06 µm for a proper value.16) dgap and dbox

are both optimized with a value of 1.75 µm, as shown later. Fig. 5(a) shows the results

of the phase-matching conditions described by Fig. 4(a). The results are calculated by

Eq. (5-13) and dispersion relations of silicon slab waveguides with parameters

mentioned above. In Fig. 5.12(a), real lines represent the effective refractive indices

of TE0,1 and TM0,1 modes for a silicon slab waveguide. Dashed lines represent the

effective refractive indices of the twice-diffracted waves shown in Fig. 5.11(a), where

−1 and +1 represent the orders of −1st and +1st diffracted waves. The cross points

represent the phase-matching conditions, marked by symbols A, B, C, and D. Because

Point A does not match the design demand, only B, C, and D are considered. Symbol

B can be described as the matching of the −1st-order waves diffracted the second time

with the TM0 guided mode at approximately 1.3 µm. The same explanation can be

applied to Symbols C and D. Then, to verify the effectiveness of the design, a

2D-FDTD simulation is shown in Fig. 5.12(b). Four peaks can be observed, and they

are marked in order of A to D. Each peak represents a corresponding cross-point in

Fig. 5.12(a). Again, Peak A is not taken into consideration. Comparison of Figs.

5.12(a) and (b) shows that the design works as desired. Peak B represents the output

of the TM0 mode at 1.3223 µm with a normalized efficiency of 13.53% (27.06% for

two ports) and a 3-dB bandwidth of 47 nm. Peaks C and D represent the output of the

TE0 and TM0 modes at 1.5826 and 1.5625 µm with normalized efficiencies of

20.51% (41%) and 16.44% (32.88%) and 3-dB bandwidths of 49 and 34 nm,

respectively. The distortion of the calculated wavelength and desired wavelength

comes from the slight shift of phase-matching conditions (currently three) in the

optimization, which would become unacceptable for four. The above results show a

successful design of a dual-layer GC for the first time, giving both polarization- and

wavelength-insensitive characteristics. The electric field for TE polarization and

magnitude field for TM polarization give a Gaussian-field profile, indicating the

fundamental modes, which are not shown here.
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Fig. 5.11 Possible phase-matching conditions of the diffracted waves by the

bottom grating and propagation modes of silicon slab waveguide; (a) for one side

input and (b) for one port output. (TE1 mode is not taken into consideration in the

phase matching condition.)
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Fig. 5.12 Calculated phase-matching conditions as a function of wavelength

described by Fig. 5.11; (a) theoretical results by Eq. (5-13) and dispersion relations of

silicon waveguides with [Λt Λc dSi] = [4.1, 0.63, 0.26 um] and (b) FDTD results.

5.2.4 Discussion of dual-layer FP resonance

We should also note that the total efficiencies of peaks B, C, and D depend on the

depth of the gap layer (dgap) and box layer (dbox). A kind of two-layer Fabry–Perot (FP)
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interference is predicted at the two layers. High efficiency demands on the effective

design of the depth of the two layers exist. Fig. 5.13 shows the calculated results of

coupling efficiency for two ports (single port x2) for TE polarization at 1.55 µm as an

example, where coupling efficiencies periodically vary with an increasing of dgap and

dbox, which confirms the hypothesis. Because the FP interference of light depends on

wavelength, there is another trade-off to get high efficiency at 1.3 and 1.55 µm.

Fig. 5.13 Example of coupling efficiency (two ports) of a dual-layer Fabry-Perot

resonance as functions of dgap and dbox for TE polarization at 1.55 um.

5.2.5 Discussion of the evanescent coupling

The evanescent coupling of two gratings is roughly discussed in the sub-chapter.

For effective evanescent coupling between two gratings, the following two conditions

should be satisfied: (1). the period of the grating Λ is below the wavelength

(subwavelength grating); (2). the distance between two grating dgap is in a very close

range. The two kinds of situations are shown on Fig. 5.14 for analysis, where (a) and
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(b) emphasizing the transmission side of the first grating and the reflection side of the

second grating, respectively. It’s clear seen that evanescent waves only appear on the

reflection side of the second grating. A rough derivation of Fig. 5.14 (b) is shown on

Eq. (5.15), where θ is the diffraction angle, m is an integer, λ is the wavelength in

medium, and Λ represents the period of two gratings.

Λm /)sin(   (5.15)

For λ (= 1.55 um/1.45 = 1.069 um) > Λc ( = 0.63 um), sin(θ) > 1 and there is no

real solution for θ, which indicates the evanescent waves. The complex electric field

of evanescent waves is shown on Eq. (5.15) [150], where A0 is the amplitude, b is the

duty cycle of the grating (= 0.5), and k is the wave vector of the reflected waves in

SiO2.
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The first pattern and second pattern in Eq. (5.16) represent the opposite

propagation directions along x. The calculated result of a single direction is shown on

Fig. 5.15. It’s clearly seen that the current dgap (= 1.75 um) is enough for avoiding the

evanescent coupling of the reflected waves. That’s to say, the two gratings can be

treated as separately and there is also no x-direction dependence of each grating,

which enrich the freedom of fabrication.
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Fig. 5.14 Analytical model for evanescent waves of (a) transmission side of the

first grating and (b) reflection side of the second grating.

Fig. 5.15 Calculated result of decaying of evanescent waves shown in Fig.

5.14(b). z = 0 represents the top surface of the second grating.

5.3 Waveguide crossing based on curved silica-mirror

The slab space optics based waveguide crossing is introduced in the sub-chapter.

The fundamental integrated optical components are studied based on waveguides for a

long time. On the one hand, the chip’s size is minimized; on the other hand, the
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propagation loss of waveguides due to the roughness of side-walls are still occupy the

position of main problems, which limits the large range application of optical devices.

The concept of using silicon slab space come to overcome the demerit. The optical

waves propagation in silicon space with only one direction confined and the other two

directions propagated freely. In this case, the propagation loss can be reduced, while

the controlling of optical waves becomes difficult. Thus, the controlling and

manipulation of optical waves in silicon space is the main research work.

In this chapter, a kind of waveguide crossing is designed with the usage of curved

of silica mirror. The waveguide crossing is inevitable in the designing of large scale

optical integrated chips. The waveguide crossings based on MMIs and index-matched

metamaterials [151-152] are studied a lot till now, which are shown in Fig. 5.16.

However, the first one are strongly wavelength dependence and the second one is hard

to fabricated. To reduce the insertion loss and crosstalk in a broadband wavelength

range is still a problem. In this chapter, another kind of waveguide crossing based on

the concept of slab space optics is introduced. In sub-chapter of 5.3.1, the structure is

designed and introduced. From the sub-chapter of 5.3.2 to 5.3.4, the technical

problems of the propagation of Gaussian beams, radiation of terminated slab

waveguides and the effect of Goos-Hanchen shift are discussed. In sub-chapter of

5.3.5, the results are shown and discussed. Finally, in the sub-chapter of 5.3.6, the

theory of the ABCD’s lay is concluded.

Fig. 5.16 Design of waveguide crossing based on (a) multi-mode interference and

(b) high refractive index meta-materials.
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Fig. 5.17 Theoretical model of crosstalk by diffraction in waveguide crossing.

Fig. 5.18 Schematic of the 2D structures of waveguide crossing based on curved

silica mirror and the concept of slab space optics.
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5.3.1 Structure design

First, before presenting the results, the basic theory of the waveguide crossing is

discussed and shown in Fig. 5.17. In the region of the waveguide crossing, the guiding

condition of waves is destroyed, which make waves diffracted into the neighboring

waveguide causing the crosstalk. The diffraction angle shows positive relation with

the wavelength and negative relation with the waveguide width, which is shown in the

figure. A larger diffraction angle means larger crosstalk, since the propagation is

mainly towards the neighboring waveguides. Thus, to reduce the crosstalk, to reduce

the wavelength in the medium or to increase the waveguide width are two possible

ways.

The schematic design of the waveguide crossing is shown in the Fig. 5.18 with a

2D model. The four curved silica mirrors are arranged with the C4 rotation symmetry

in a silicon space. Each silica mirror corresponds an input port, which is composed by

a terminated waveguides with tapers to control the mode profile. In the following

discussion, the function of taper is not discussed.

Fig. 5.19 Model of the reflection of Gaussian beams by curved silica mirrors.
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The design concept can be explained in the following contexts. The optical waves

propagate from the terminated waveguides into the silicon space with only one

direction confined, while maintain the freedom of the direction of propagation and

increase the freedom in another direction. The optical waves propagate in the silicon

space and are reflected by the silica mirrors directly ahead. In our design, the input

angle and reflected angle are both 45 degrees. Optical waves in the central space then

become orthogonality and shown no crosstalk with each other. Those waves are

reflected by another curved silica mirrors again and received by the waveguides. In

this design, theoretical none crosstalk can be desired. The insertion loss can be

extremely low with proper design of the positions of waveguides and mirrors. The

bandwidth can also be enlarged since the reflection’s law is not so sensitive

comparing with the multimode interference. It’s should note that the transmission and

propagation of optical beams should be carefully controlled for low insertion loss and

low crosstalk.

The model of the reflected waves by the curved silica mirrors is given in Fig. 5.19.

The incident Gaussian beams with beam waist are launched from the bottom with an

incident angle of 45 degree, which makes the reflected beams towards the +x domain.

The output position dout and beam waist wout can be represented by the din and win,

which are the launch position and the beam waist of the incident Gaussian beams,

respectively. The relation of them are followed by the ABCD’s law, which will be

discussed in the sub-chapter 5.3.6. The reflection is through the totally internal

reflection.

The Fig. 5.20 displays the Ey field distribution of the simulated mirror. It’s clear

seen that the reflection behaves perfect as it’s expected. However, due to the reflection

mechanism is based on totally internal reflection, the Goos-Hanchen shift should be

discussed as shown in the Fig. 5.20 (a). The propagation of the evanescent waves

would influence the final performance of the device. On the other hand, the ABCD’s

law modifies the propagation and transformation of Gaussian beams, while they’re

still slightly different from the radiated waves from the waveguide ends. Thus, the two

problems should be discussed before presenting the final results.
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Fig. 5.20 Display of the Ey field distributions of (a) Magnified view of the

propagation of evanescent waves on the Si and SiO2 boundary and (b) overall view of

the reflection, where the design satisfies d = f.

5.3.2 Radiation modes of terminated slab waveguides

The characteristics of transmission and reflection of optical beams is the main

part in this research. Strictly speaking, the optical waves from the terminated slab

waveguides are not the Gaussian beams, but more like the expanded sinusoidal

function in free-space. Before strict interpretation, the overlap of optical waves from

terminated waveguides and from Gaussian profile is calculated as an example. The

overlap equation is shown as follow.



CHAPTER 5 SLAB SPACE OPTICS

96




dxxgxf

dxxgxf
22

2

)()(

))()((
 (5.17)

where f(x) and g(x) represent the electrical fields of optical waves with Gaussian

profile and from terminated slab waveguides. In this calculation, the beam waist of

input Gaussian beam is set to 2.085 um, while the slab width is a variable. The results

that, after the same propagation distance, the maximum overlap value is larger than

99% at the width of slab waveguides of about 4.5 um. The results show that the

mismatch of two waves are not so much and the using of Gaussian waves in the later

calculation is possible and efficient. However, the strictly results of the terminated

slab waveguides should be clearly. The problem can be simplified in the Fig. 5.23.

Fig. 5.23 Structure of an abruptly terminated asymmetrical slab waveguide.

In this figure, a three layer asymmetrical slab waveguide is shown in the zone of z

< 0 and radiates in the homogeneous semi-infinite area of z > 0. The refractive index

of the slab waveguide are consumed as n1, n2, and n3, which obey the following rules

n2>n1>n3 for satisfying the total internal reflection in the waveguide. The semi-infinite

homogeneous media is considered with a refractive index of n0. It’s clear that if n1=n3,

the slab waveguide is reduced into a symmetry case, which is discussed in the chapter

2. The electrical field in z < 0 (waveguide) region can be written as:
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where
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The first term of the equation on the right-hand side represents the incident wave

with an initial amplitude U0(x) and propagation constant β0. The second and the third

terms represent the reflected guided mode and the reflected radiation modes. For the

semi-infinite region of z > 0, only the radiation pattern is considered. The electric field

of this region can be written as a Fourier integral:







2

1

)(
0II ),()(),(

l

zsj
ll dsesxsTzx  (5.20)

where 22
0

2
0

2 )( snks  and s is the wave-vector in the semi-infinite region. T1(s)

and T2(s) are two unknown coefficients, which represent the transmission coefficients

to be determined. )cos()1(),(1 sxsx


  and )sin()1(),(2 sxsx


  are the

free-space eigenwaves satisfying the orthogonality relations. The calculation of T1(s)

and T2(s) can be finished by FDTD simulation. According to the above analysis and

results, the Gaussian beam is applied in the whole calculation instead of the complex

waveguide mode. Using the Gaussian beam also make the establishment of theoretical

easily.

The model to calculate the difference of the waves from the terminated slab

waveguide and with a Gaussian shape is shown in Fig. 5.21. The fields from a

terminated slab waveguide and with a Gaussian shape are launched from the same

position and the overlapped power using Eq. (5-15) are calculated in Fig. 5.22, where

both the two waves are propagated with the same distance. The beam waist of the

Gaussian beams is fixed at 2.085 um (total width is 4.17 um), while the width of the

slab waveguide is a variable value, which changes from 3.5 um to 5.5 um. The results

shows that the difference of the Gaussian beams and radiated waves from the slab

waveguide could be ignored. Thus, the following calculations are based on the

Gaussian waves, which could be easily modified by the ABCD’s law.
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5.3.3 Gaussian beam transmission function

The transmission and reflection characteristics of Gaussian beams are verified by

the ABCD’s law. The 2D model of Gaussian beam incident on a curved silica mirror

is shown in Fig. 5.19. The incident angle is assumed to be 45 degree. The beam waist

of the incident and reflected Gaussian beam are represented by Win and Wout,

respectively. The distance of the incident Gaussian beam and the mirror is represented

by d. The radius of the mirror is represented by R.

Fig. 5.21 Model of the difference of the Gaussian field used for simplification and

radiated slab field in real case.
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`Fig. 5.22 Calculation results of the overlap power of the radiated slab field and

Gaussian field as a function of slab width.

According to the ABCS’s law, the focus length and the relation of the win and wout

can be represented by the following two equations:
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2
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 Siinnwz  , z0 is the Rayleigh range of the incident Gaussian beam. These

equations establish the transmission and reflection characteristics of the Gaussian

beam and the curved mirror. For the case of f = d and f = z0, it makes the wout = win.

This configuration makes the twice reflection of Gaussian beam remaining the same

as the input ones to establish inversion symmetries in both time domain and space

domain. By assisting the two mirrors together and setting the distance between two

mirrors as R, the transmission coefficient can be represented by
1

0

21









 


z
Rd .



CHAPTER 5 SLAB SPACE OPTICS

100

5.3.4 Discussion of Goos-Hänchen shift

It’s should note that the working principle of mirrors is based on the total internal

reflection (TIR). The corresponding problem with the TIR is the effect of

Goos-Hanchen shift. General theory believes that the positions of reflection point and

incident point are the same; however, the Goos-Hanchen shift refers the position shift

of reflection position and incident position are different. The distance of realistic

position and ideal position can be expressed by the following equation:

222
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



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where n1 and n2 are the refractive indexes of low index and high index media,

referring to the incident plane and the reflection plane. c is the light speed and λ is the

wavelength. Considering two incident plane waves with only small difference of

incident angles, thus the complex coefficient of incident waves can be expressed by:
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It’s should note that the phase delay φ is the function of θ or β. For a small ∆β, the

corresponding ∆φ is also small. Then it can be written into the following equation:
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Thus the complex coefficient of reflection waves can be written into:
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where



d
dzs is the vertical displacement of light inside the high index media.

Combining the reflection’s law with the following equation, the following two

equations can be gotten:
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The relationship of vertical displacement and longitude displacement can be
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expressed by a tangent function, which is not shown here.

Fig. 5.23 Model of the effect of Goos-Hanchen shift by the physical boundary

and effective boundary.

Fig. 5.24 Calculation results of the reflected power as a function of dx, where the

insert figures (a) and (b) show the radiation pattern of point (a) and (b) calculated by
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the field on the simulation boundary.

The calculation model and results of Ey field based on 2D FDTD is shown Fig.

5.23 and 5.24, respectively. In Fig. 5.23, the black real line represents the profile of

the curved silica mirror, which is also referred as the boundary of the silicon space

and the silica mirror. It’s clear seen that the waves exist inside the mirror, which is

also known as the surface (evanescent) wave. The phenomenon confirms the evidence

of Goos-Hanchen shift. The effective model of the Goos-Hanchen shift is represented

in the following figure. The incident angle of Gaussian beam is also set to 45 degree

for simplify. The black real line represents the physical boundary of the curved mirror,

while the black dash line represents the effective boundary of the curved mirror,

which is due to the effect of the Goos-Hanchen effect. Reff represents the extra radius

of the curved compared with the physical mirror. The increasing of curvature of the

mirror make the reflection displacement from the previous position making the

performance of the device decreasing, for example the reflection angle is not

perpendicular to the incident angle for 45 degree incidence, and the the focus length is

also varied with the variation of radius.

The calculated results of power of reflected Gaussian beam as a function of dx is

shown in the Fig. 5.24. The position of dx = 0 represents the incident angle of 45

degree. It’s clear seen that if the position of incident waves left shift 0.1um, the

maximum power appears. The insert figures show the polar plot of the radiated far

field of Ey components for points a and b. The insert figure (b) gives the direct

evidence of reflected waves, which are perpendicular to the incident waves. These

results show the effect of Goos-Hanchen shift. According to the calculation of the

above equations, the calculated Reff ≈ 0.1 um is almost the same order of the optimized

dx.
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5.3.5 Spectrum analysis

The optimized parameters for the calculation of the spectrum analysis is simply

expressed as follows. For f and d equal m/(λ0/nSi) and assuming m = 70, λ0 = 1.55 um,

nSi = 3.5, the f and d are set to 31 um and umCosfr o 262)45(2  .

The calculated results of the transmittance as a function of wavelength for the

once and twice reflection is shown in the following figure, i.e. reflection after one

mirror and two mirrors. From the figure, the curved mirror shows a ultra low loss

along a broad wavelength. Even after twice reflection, the wavelength range for

transmittance larger than -0.04dB can be longer than 1.5 um. This is the first report of

the waveguide crossing for a ultra low insertion loss and a broadband wavelength.

Fig. 5.25 Calculation results of the transmittance of reflection by one and two

mirrors as a function of wavelength.

The field distribution of Ey component for the whole device is also shown in the

Fig. 5.26. It’s clear seen that the wave remain itself after twice reflection. The

calculation results shows that the insertion loss and crosstalk can be less than -0.035

dB and -41 dB, respectively. It’s also seen some diffracted waves due to the low

calculation resolution, which is currently set to 30 nm. These diffracted waves occupy
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the main loss and crosstalk in the whole system, which also show meanings in

fabrication process. The roughness in industrial fabrication can be lower than 10 nm,

which implies the performance of this device could be better than calculation.

Fig. 5.26 Display of the overall distribution of Ey field after reflected twice,

where the diffracted waves come from the low calculation resolution.

5.3.6 Discussion of ABCD’s law

The ABCD’s law is reviewed and discussed in the sub-chapter as a complement

of theory. The Gaussian beam, which is incident in the tangent-plane of the curved

silica mirror, can be described by the following ABCD matrix given by [149]:
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where inRCosf 5.0 .

The output Gaussian beam transformed and reflected by the curved mirror can be

represented by the following two equations given by the characteristics of Wout and

dout, which represent the beam waist of the output Gaussian beams and the distance
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between location of the output Gaussian beam waist and the point of incidence,

respectively.
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where win is the beam waist of the incident Gaussian beam, din is the distance of

location of incident Gaussian beam and incident point, and z0 is the Rayleigh of the

incident Gaussian beam. Using the above equations and the ABCD matrix represented

above, the normalized characteristics of output Gaussian beam can be given by the

following two equations:
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where zr is the Rayleigh range of the output Gaussian beam. The above equations

describe the transformation of Gaussian beam after reflection from a curved silica

mirror.

5.4 Summary

In Summary, this chapter discusses and shows the results of the research of slab

space optics. First, a kind of planar chiral meta-materials is discussed and studied by

3D-FDTD methods. The circular dichroism is analyzed by the Jones matrix. The

optical activity is verified by the principles of guided mode resonance (GMR) and

Fabry-Perot (FP) resonance. The filtering characteristics is achieved by sandwiching

two wave plates with orthogonal polarization states. The shift of resonant is achieved

by varying the pitch size. Second, the results of slab space optics are discussed and

analyzed in the following two parts: design and investigate a dual-layer grating
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coupler for efficient fiber-chip coupling; design and investigate a functional curved

silica mirror for broad band waveguide crossing. The grating coupler is designed with

dual-gratings for overcoming the wavelength and polarization diversity. The phase

matching condition is discussed for efficient coupling from fibers to waveguides for

different polarization states and optical bands. The effect of dual-layer Fabry-Perot

resonance is also investigated for high efficient coupling. A kind of waveguide

crossing is designed with curved silica mirrors as reflectors. The principle of ABCD’s

law is presented for understanding the transformation of Gaussian beam after

reflection by the curved silica mirror. The radiation modes of terminated slab

waveguides and effect of Goos-Hanchen shift are discussed for a deep understanding

of the principle of the device. Calculation results show that the device supports a

broadband operation wavelength and low insertion loss and low crosstalk.
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Chapter 6 Conclusions

6.1 Summary of contributions

This thesis related with ‘study of nano-photonics integrated devices’ is presented

above and summarized in this chapter. The demands of photonics integrated devices

are first introduced in the chapter 1 to response the doubt that why photonics is

necessary and needed. To satisfy the huge amount of information in the right-now

world and future world, photons are used as the information carrier instead of

electrons is the trend for their huge bandwidth, low transmission loss, low power

consumption and high degree of integration. Waveguide, as the basic transmission line,

is the most important component in the photonics integrated devices. Silicon

photonics based waveguides and plasmonic waveguides are then introduced for the

purpose of high degree of integration. The basic theories for understand the

transmission and mode characteristics of optical waves in waveguides are then

introduced in chapter 2. The Finite-Difference Time-Domain (FDTD) method and

Beam Propagation method (BPM) are first introduced for understanding the

transmission characteristics of waveguides. The finite element method (FEM) is the

introduced for calculating the mode characteristics of waveguides. In chapter 3, a kind

of end-end waveguide coupler is introduced for solving the mismatching of silicon

waveguides and plasmonic waveguides. By applying the funnel effect, high

transmission efficiency and broad operation band can be achieved. The effective mode

area and local reflectivity are calculated for understanding the high transmission

efficiency and low return loss. In chapter 4, a kind of side-coupled plasmonic filter is

introduced for wavelength demultiplexer. The S-matrix is established for

understanding the transmission characteristics and spectrum response. The filter is

composed of a directional coupler and a side-coupled Fabry-Perot cavity. The

directional coupler also works as the reflectivity mirrors of the cavity. Results show

that for proper design, the multiple mode wavelength filtering can be vanished and
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remain single mode output. This result shows the possibility of design of the ultra

wide free spectrum range filter. In chapter 5, the research on slab space optics is

showed. A kind of planar chiral meta-material is designed for the filters in the

multiple spectrum imaging system. The filtering characteristics is verified by the

guided mode resonance and Fabry-Perot resonance. Then a kind of dual-layer grating

coupler is designed for efficient fiber-chip coupling. The phase matching conditions

are calculated for the diffraction waves and guided waves. For proper design, a kind

of dual-wavelength and dual polarization state coupler is achieved. The dual-layer

Fabry-Perot resonance is also investigated for efficient coupling. Finally, a kind of

novel waveguide crossing is designed using curved silica mirrors as reflectors. The

ABCD’s law is used as the basic principle for understanding the transformation of

input Gaussian beam and output Gaussian beam. The effect of Goos-Hanchen effect is

also discussed for improving the performance of the device. Results show that this

design owns characteristics of low insertion loss, low crosstalk, and broad bandwidth.

The concept of slab space optics enhances the new thoughts in the design of photonics

integrated chips and broaden the horizon of design.

6.2 Future research

In the thesis, series of passive devices are designed and analyzed in photonics

integrated chips in numerical simulations and calculations. These designs may show

new results and bring new physical concepts for other researchers. However, there are

still some problems and insignificance remained. First, the experimental results are

expected in the future work. Although the scientists have finished the basic theories,

such as the waveguide theories and calculation methods, the experimental results are

also important in design and investigation of photonics integrated devices. The

impurity of materials and fabrication tolerance may effect the final results and

sometimes inconsistent with the calculation results. Unfortunately, the experimental

apparatuses are not sufficient in the lab. Thus, making up the experimental data wish

to be finished in the future work. Second, the whole thesis is based on several
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sub-devices attempting to simulate the working flow of the whole system. It’s correct

in science, however insufficient in engineering. The industry prefer a complete system

than separated devices. Besides, verifying the correctness of a whole system is more

exciting than separated components, though a big team is needed. Anyway, this thesis

discusses and presents some novel concepts in the design of photonics integrated

chips and hopes to bring the way forward for both science and engineering.
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