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Abstract 

Nowadays, silicon photonics is a widely studied research topic. Its high-index-contrast and 

compatibility with the complementary metal-oxide-semiconductor technology make it a promising 

platform for low cost high density integration. Several general problems have been brought up, 

including the lack of silicon active devices, the difficulty of light coupling, the polarization 

dependence, etc. This thesis aims to give new attempts to novel solutions for some of these 

problems. Both theoretical modeling and experimental work have been done. 

Several numerical methods are reviewed first. The semi-vectorial finite-difference mode 

solver in cylindrical coordinate system is developed and it is mainly used for calculating the 

eigenmodes of the waveguide structures employed in this thesis. The finite-difference time-domain 

method and beam propagation method are also used to analyze the light propagation in complex 

structures. 

The fabrication and characterization technologies are studied. The fabrication is mainly based 

on clean room facilities, including plasma assisted film deposition, electron beam lithography and 

dry etching. The vertical coupling system is mainly used for characterization in this thesis. 

Compared with conventional butt-coupling system, it can provide much higher coupling efficiency 

and larger alignment tolerance. 

Two novel couplers related to silicon photonic wires are studied. In order to improve the 

coupling efficiency of a grating coupler, a nonuniform grating is theoretically designed to maximize 

the overlap between the radiated light profile and the optical fiber mode. Over 60% coupling 

efficiency is obtained experimentally. Another coupler facilitating the light coupling between 

silicon photonic wires and slot waveguides is demonstrated, both theoretically and experimentally. 

Almost lossless coupling is achieved in experiments.  

Two approaches are studied to realize polarization insensitive devices based on silicon 

photonic wires. The first one is the use of a sandwich waveguide structure to eliminate the 

polarization dependent wavelength of a microring resonator. By optimizing the multilayer structure, 

we successfully eliminate the large birefringence in an ultrasmall ring resonator. Another approach 

is to use polarization diversity scheme. Two key components of the scheme are studied. An efficient 

polarization beam splitter based on a one-dimensional grating coupler is theoretically designed and 

experimentally demonstrated. This polarization beam splitter can also serve as an efficient light 

coupler between silicon-on-insulator waveguides and optical fibers. Over 50% coupling efficiency 

for both polarizations and -20dB extinction ratio between them are experimentally obtained. A 

compact polarization rotator based on silicon photonic wire is theoretically analyzed. 100% 

polarization conversion is achievable and the fabrication tolerance is relatively large by using a 

compensation method.  

A novel integration platform based on nano-epitaxial lateral overgrowth technology is 

investigated to realize monolithic integration of III-V materials on silicon. A silica mask is used to 

block the threading dislocations from the InP seed layer on silicon. Technologies such as hydride 

vapor phase epitaxy and chemical-mechanical polishing are developed. A thin dislocation free InP 

layer on silicon is obtained experimentally.  

Key words: Planar integrated circuit, silicon photonics, slot waveguide, finite-difference time-domain, 

waveguide grating coupler, ring resonator, polarization diversity scheme, polarization beam splitter, 

polarization rotator, hybrid silicon laser, epitaxial lateral overgrowth, chemical-mechanical polishing.  
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Chapter 1  

Introduction 

1.1 Background 

In the world of electronics, silicon is undoubtedly the best choice of materials. Driven by the huge 

demand from the industry, people have spent time over several decades and countless funding to 

push the device performance to the physical limit of the material. Nowadays, a fabrication 

infrastructure that provides incredible high yield and output volume has been built up and millions 

of FET (field effect transistor) gates with a typical length of tens of nanometers can be integrated in 

a single square millimeter area. The electronic industry is changing people’s daily life dramatically.  

However, back to 1950s, the electronic system is nothing but a loose combination of resistors, 

capacitors, and transistors. Unfortunately, this is the same stage, where the optical communication 

systems are now. Very large discrete components such as lasers, modulators, multiplexers, detectors 

are simply put together with the connection of fibers. The expensive compound materials and low 

yield fabrication, together with the assembly and packaging costs, keep optical communication a 

costly technology today. Therefore, it is only in the long haul wide area networks and metro area 

networks that we can find the use of optoelectronic systems. As the human society is moving further 

into digital area, there is always a desire to make the communication cheaper and push it down to the 

customer end. For example, a lot of efforts have been made to realize a so called fiber-to-the-home 

(FTTH) system [1], for which cost is the most important issue. Similar to the revolution that single 

chip integration brings to electronics, the only way to reduce the cost of optoelectronics is to make 

the devices as small as possible and find a material system, which can be used to realize the 

monolithic integration of all components.  

Surface plasmons (SPs) can be the solution to reduce the device size [2, 3]. SPs are surface 

electromagnetic waves that propagate in a direction parallel to the metal/dielectric (or 

metal/vacuum) interface. For waveguiding, it can beat the diffraction limit and confine the light in a 

subwavelength region [4]. However there is a serious obstacle preventing the application of SPs in 

optical communication systems. It is the huge optical loss which is introduced by the lossy nature of 

metals at optical frequencies [2]. A breakthrough is needed to eliminate or compensate the loss to 

make SPs applicable [5]. In addition to waveguiding, there are some other important applications of 

SPs, in which the loss is not that important, for example data storage [6], light generation [7] and 

bio-photonics [8]. 

Another way of reducing the device size is to use a dielectric material with a refractive index as 

high as possible. By using a low index cladding, the high index contrast between the core and 

cladding layers can improve the optical confinement and effectively reduce the waveguide 

dimensions. III-V materials can be competitive candidates, as they are the dominant materials for 

active optoelectronic devices and their refractive index is relatively large (>3). However, III-V 

materials are rare in the nature and their high price and low fabrication yield make it difficult to 

break the cost barrier for large scale deployment.  
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Silicon is a relatively new material for photonics and silicon photonics is a quite hot research 

topic today. The basic idea is to use the high refractive index of silicon to shrink the optical 

confinement down to subwavelength scale and on the other hand, utilizing the fabrication 

infrastructure of CMOS electronics to realize high yield, low cost manufacturing [9]. 

Silicon-on-insulator (SOI) [10, 11] can provide large index contrast between silicon core and silica 

cladding (~3), that allows to achieve a single mode waveguide with about 300nm by 300nm cross 

section and 2μm low-loss bending radius for telecommunication wavelengths. 0.2dB/cm 

propagation loss is available today [12]. High index contrast can also benefit to construct photonic 

crystals (PhCs). PhCs are the optical analogues of semiconductors in electronics [13]. A periodic 

modulation of the refractive index results in a photonic band structure, which determines the 

behavior of photons in this PhC. The use of high index contrast material system greatly extends the 

tenability of the property of PhCs. A lot of unique phenomenon has been observed and explored to 

realize novel devices [14-17].  

Despite the fact that silicon allows to make ultra compact devices with very low cost, it has 

some important drawbacks. The indirect band gap makes it a bad candidate for light emission. 

Silicon has a very weak electrooptic effect and it is also a poor absorber for the light with longer 

wavelength (>1.1 μm), because it has a band gap as large as 1.12 eV [18, 19]. With all these 

drawbacks, people declared a death penalty to silicon for active device applications many years ago. 

However, with great efforts, silicon photonics is now moving to “active”. High speed modulators 

[20] and silicon germanium photodetectors have been successfully demonstrated [21]. The only 

missing piece is an efficient, electrically driven, monolithic integrated laser. Several pioneer works 

have been done, however the performances are far behind the III-V based devices [22]. Then the 

compromised proposals came. By combining the mainstream III-V laser technology with the 

CMOS compatible SOI technology, hybrid integration becomes a very attractive method. A lot of 

work based on wafer bonding technology has been done and efficient lasers on silicon are available 

now [23, 24]. However, people are still dreaming to grow the dislocation free III-V layers on silicon, 

which is more convenient for design and fabrication. In this thesis, we experimentally obtained a 

very thin dislocation free InP layer on top of silicon which can be a promising platform to realize 

hybrid lasers [paper G]. 

Even for passive devices, there are still some obstacles blocking the way. The first problem is 

light coupling. Because of the lack of efficient silicon lasers, the input light is normally coming from 

a fiber. The large size mismatch between a fiber (tens of microns) and silicon photonic wire 

(hundreds of nanometers) makes it impossible to couple light using the standard butt coupling 

method. Specially designed tapers can be useful, but the fabrication is complex [25]. In this thesis, 

we improve the coupling efficiency to exceed 60% by using a nonuniform grating coupler [paper 

A]. A novel coupler is also developed to realize lossless coupling between silicon strip and slot 

waveguides [paper B]. 

Different from low index difference waveguides, silicon photonic wire introduces significant 

polarization dependence to the devices based on it. Compared with the methods using specific 

structures [paper C] or introducing post-processing compensation [26], polarization diversity 

scheme [27] is more efficient and practical. In this thesis, by using a one-dimensional grating 

coupler, we successfully obtained a high efficiency polarization beam splitter (PBS) [paper D, 

paper E]. A compact polarization rotator is also developed to work with the PBS in polarization 

diversity circuits [paper F]. 
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1.2 Scope and Main Achievements 

The scope of this thesis is to give attempts to address some general problems silicon photonics is 

facing. Several integrated optical devices based on silicon photonic wires are designed and 

experimentally demonstrated, trying to ease the light coupling difficulty and eliminate the 

polarization dependence. Another try is given to develop a new integration platform for monolithic 

integration of III-V active devices on silicon. Some particular goals are:  

 Development of amorphous silicon-based fabrication platform for integrated optical circuits.  

 Design, fabrication and characterization of grating couplers for the applications of high 

efficiency light coupling and polarization beam splitting.  

 Design, fabrication and characterization of a novel coupler to realize lossless coupling between 

silicon strip and slot waveguides.  

 Experimental investigation of the nano-epitaxy lateral overgrowth (nano-ELOG) technology 

for hybrid laser integration on silicon. 

1.3 Thesis Outline 

The rest of the thesis is organized as follows: 

Chapter 2 introduces several numerical methods which are used in this thesis. A mode solver 

based on finite difference method (FDM) is developed to analyze the mode distribution of different 

waveguide structures. Commercial software based on beam propagation method (BPM) and finite 

difference time domain (FDTD) method is utilized in the analysis of light propagation in complex 

structures. 

Chapter 3 gives a detailed discussion of the fabrication and characterization techniques used in 

this thesis. The silicon-on-insulator (SOI) platform is fabricated by plasma enhanced chemical 

vapor deposition (PECVD) technology. The electron beam lithography (EBL) is used to define the 

patterns and the pattern transfer is done by inductively coupled plasma reactive ion etching 

(ICP-RIE). Vertical coupling characterization method is mainly used in this thesis.  

Chapter 4 mainly deals with the light coupling issue. Two couplers are designed and fabricated 

to facilitate the light coupling between different silicon waveguides. A nonuniform grating coupler 

is firstly demonstrated to enhance the light coupling between optical fibers and silicon photonic 

wires. The second coupler is designed and fabricated to improve the coupling efficiency between 

silicon strip and slot waveguides.  

Chapter 5 is devoted to give some solutions to the polarization dependence problem of silicon 

photonic wires. The first try is to use a sandwich waveguide. By optimizing the multilayer structure, 

the polarization dependent wavelength of a microring resonator is successfully minimized. Then we 

move to the polarization diversity scheme and two key components are proposed. A polarization 

beam splitter based on grating coupler is designed, fabricated and characterized. Moreover, an 

ultracompact polarization rotator based on silicon photonic wire is theoretically demonstrated.  

Chapter 6 gives an attempt to investigate the possibility of using nano-epitaxial lateral 

overgrowth (nano-ELOG) technology to realize hybrid laser on silicon. A dislocation free InP layer 

is successfully grown on silicon wafer by using hydride vapor phase epitaxy (HVPE) technique. The 

proposed platformcan be a promising solution for monolithic integration of InP on silicon. 

Finally, the conclusion of this thesis and some guidelines for future work are given in Chapter 7, 

followed by the list of the appended papers together with their summaries in Chapter 8. 
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Chapter 2  

Design and Simulation Methods 

The fundamental theory behind all photonic devices can be described by a set of partial differential 

equations – the Maxwell’s equations, which are widely used for analyzing the behavior of 

electromagnetic fields. However, only for some simple structures, analytical solutions of the 

Maxwell’s equations can be derived. In order to analyze the sophisticated photonic components 

developed today, one has to rely on numerical methods to predict the lightwave behavior. The 

selection of an appropriate numerical method with sufficient accuracy and affordable computing 

resources is very important for reducing the cost of development.  

In this thesis, several numerical methods together with an advanced boundary condition 

(Perfectly Matched Layer, PML) are utilized for the design of planar lightwave circuit (PLC) 

devices. A mode solver based on finite difference method (FDM) is developed to analyze the mode 

characteristic of optical waveguides. Beam propagation method (BPM) and finite-difference 

time-domain (FDTD) are used to simulate the light propagation in optical components.  

2.1 Perfectly Matched Layer Boundary Condition 

Different from the actual situation, the computation domain of any numerical calculations is limited 

to a finite size, which may introduce artificially reflection at the boundary. In order to minimize the 

reflection, one should take special treatment to truncate the computational domain to make the field 

propagate as in an infinite space. There are several different boundary conditions now widely 

employed, such as absorption boundary condition (ABC) [1], transparency boundary condition 

(TBC) [2] and perfectly matched layer (PML) [3]. PML is an artificial absorbing layer, in which 

both electric and magnetic conductivities are introduced in such a way that the wave impedance 

remains constant and the energy is absorbed without inducing reflections. PML is widely used in 

FDTD method [4] as well as FDM and BPM [5, 6].  

There are several different types of PMLs used in the previous work. 1995 Mittra et al [7] 

found that all PMLs are equivalent to a coordinate transformation in which one or more coordinates 

are mapped to complex numbers. The basic formulas will be given in the following section. Here 

the complex coordinate variables in the PML are defined as 

0
( ') 't d



     ,                             (2.1) 

where ( )t   is the complex stretching variable,   is the variable in the coordinate system (like 

the  ,   and y in the cylindrical coordinate system). The complex stretching variable ( )t   can 

be defined as: 

http://en.wikipedia.org/wiki/Coordinate_transformation
http://en.wikipedia.org/wiki/Complex_number
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                              (2.4) 

0 is the vacuum permittivity, 0 is the coordinate of the PLM boundary, d is the thickness of the 

PML layer. ( )   is the term used for absorption, and in order to minimize the reflection, 
max  

is optimized as: 

1
,

150
opt
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                                (2.5) 

 is the grid size of the PML domain. By some mathematical manipulation, we can derive the 

following expression, which can be implemented with other numerical methods easily: 
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                            (2.7) 

2.2 Finite Difference Mode Solver 

Optical waveguides are the fundamental components of integrated optical devices, and the mode 

analysis of the waveguides becomes the basis for all further analysis. There are some analytical 

solutions for large, low index difference waveguides, with certain degree of approximation. 

However, the index difference of a silicon photonic wire is very high (>2) and the dimensions of the 

waveguide shrink to the scale of wavelength. Therefore, the analytical solution can no longer 

provide sufficient accuracy. Many numerical methods have been proposed, including the finite 

difference method (FDM) [8], the boundary element method (BEM) [9], method of moments (MoM) 

[10], the finite element method (FEM) [11], the beam propagation method BPM [12] and etc. Most 

PML domain 

nonPML domain 
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of the mode solvers available now are not applicable for the simulation of bent waveguides. In this 

thesis, a mode solver based on FDM is developed in the cylindrical coordinate system, which can 

provide efficient and accurate analysis for both straight and bent waveguides. 

  

Figure 2.1. Schematic of the cylindrical coordinate system (CCS) 

The full-vector wave equation in the complex cylindrical coordinate system can be written as 

[13]: 

                
2 2 2 2

0( ln ) 0,E E n n k E                            (2.8) 

where 

1
,z

y
 

  

  
   

  
                            (2.9a) 

                 

2 2
2

2 2 2

1
( ) ,

y
 

   

   
   

   
                        (2.9b) 

 ,  and y can be found in the CCS (Fig. 2.1). By introducing the following transformation 

, / ,R x z R    and y y , we can finally obtain the full-vector wave equation for 

electric fields as below [13]:  

                  

2

2 2

1
,

xx xy x x

yx yy y yx

P P E E

P P E Et z

    
     

    
                      (2.10) 
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t x n x y
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and 

                         1 ,x

x
t

R
                              (2.12) 

R is the bending radius of the waveguide. Assuming that light is propagating along the z axis, we can 

write the electromagnetic field as: 

         exp( )x xE E j z          exp( ),y yE E j z                 (2.13) 

where  is the propagation constant. By submitting Eq. 2.13 into Eq. 2.11, we can derive the 

following equation: 

        
2
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              (2.14) 

For simplicity, 
xE and

yE  are replaced by xE and
yE , then we get 
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               (2.15) 

For FDM, the waveguide is considered as z-invariant, which means that  

2

0
x x

y y

E E

E Ez z

    
    

    
 then we can simplify Eq. 2.15 to a linear eigenvalue problem: 
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This eigenvalue equation describes the optical mode of a bending waveguide. The equation for 

straight waveguide can be easily derived by setting R = ∞ ( 1xt  ). Sometimes it is not necessary to 

use full-vectorial equation, and then one can simply ignore the coupled components 
xyP  and 

yxP  

to get the semi-vectorial equation.  

Propagation constant is the eigenvalue, and the two transverse components of the optical 

mode xE and
yE are the corresponding eigen functions. After doing the finite difference, from the 

eigen equations obtained, one can calculate the propagation constant   and the two transverse 

components xE and
yE simultaneously. The remaining field components of the electromagnetic 

field ( , , ,z x y zE H H H ) can be easily derived from the Maxwell’s equations. 

2.3 Beam Propagation Method 

For waveguides with variant index distribution in the propagation direction, e.g. couplers and 

multimode interference (MMI), FDM is no longer applicable. BPM is normally used to analyze this 

kind of problem. Many different kinds of BPMs have been proposed, like fast Fourier transforms 

(FFT) BPM [14], finite difference (FD) BPM [15] and finite element method (FEM) BPM [16]. It is 

important to notice that conventional BPM can only be applied to paraxial analysis without any 

index discontinuity in the propagation direction, and scalar BPM can only be effective for weak 

confinement waveguides. In order to apply BPM to more complex and high confinement structures, 

several new BPMs have been developed. Wide angle BPM [17], bidirectional BPM [18] and 

semi/full-vector BPM [19] make it possible to simulate very complex optical components.  

FD-BPM is widely used because of its simplicity and relatively high accuracy. In the following 

section, the basic theory of three-dimensional FD-BPM will be introduced briefly.   Here, the 

envelope of the wave function is assumed to vary slowly [20], so the 

2
x

y

E

Ez

 
 

  
 term in Eq. 2.15 

can be neglected. Then one can derive the full-vector form of the wave equation as: 

2 2( 2 ) ,
xx xy x x

x

yx yy y y

P P E E
t j

P P E Ez
 

    
     

    
                    (2.17) 

For most of the applications, semi-vector BPM, which neglects the coupling terms
xyP and 

yxP is proved to be efficient and accurate. The basic formulas are: 

Quasi-TE: 

2 2
2 2 2 2
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( )1
[ ] ( ) 2 ,x x x
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t n k E j

x n x y z
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Quasi-TM:  
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y n y x x z
 

   
    

    
      (2.19) 

By using an alternating directional implicit (ADI) method [21], the above equations can be 

split into two successive steps. One can specify an input field at z=0, then use the finite difference 

method to integrate the field in z to obtain the whole field distribution over the calculation window. 
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2.4 Finite-Difference Time-Domain Method 

 

Figure 2.2. Yee’s Grid in the Cartesian coordinate system 

FDTD method [22, 23] is a popular numerical electrodynamics simulation technique. Without 

any approximation, FDTD provides rigorous solution to the Maxwell’s Equations. Since 1966 when 

it was first proposed by Yee [24], FDTD method became the primary means to deal with the 

problems in which electromagnetic fields interact with material system. Despite the large 

computing resources it needs, FDTD is intuitive to understand and easy to implement. Because it is 

a time-domain method, solutions can cover a wide frequency range with a single simulation run. 

Here, we consider a simple case of an isotropic and nondispersive material system which provides: 

,D E                                  (2.20a) 

,B H                                  (2.20b) 

,eJ E                                  (2.20c) 

* ,mJ H                                 (2.20d) 

where is the permittivity (F/m),  is the permeability (H/m), is the electric conductivity (S/m) 

and
* is the magnetic conductivity 

m

 
 
 

. For lossless material 
*0   . By using Eq. 

2.20, we can rewrite the Maxwell’s equations as below: 

* ,
H

E H
t

 


   


                          (2.21a) 
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,
E

H E
t

 


  


                           (2.21b) 

These equations can be extended to six scalar equations which will be solved with the FDTD 

method. Eq. 2.21 is first discretized according to Yee’s mesh [24], as shown in Fig. 2.2. All E and H 

field components placed in the grids are shifted to each other with a half of the step size 

( / 2, / 2x y  and / 2z ). At any point, the updated value of the E-field in time is dependent on the 

stored value of the E-field and the change of H-field. 

They are also shifted with half of the step in the time domain / 2t . The magnetic field vector 

components are solved at a given instant in time. Then the electric field vector components in the 

same spatial volume are solved half of the time step later.  We can write the discretization forms of 

Eq. 2.21 as: 

*

1 1

2 2
* *

1
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1 1
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m m
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                 (2.22b) 

where m is the time index. The time stepping formulas Eq. 2.22 can be easily implemented with the 

central difference form. It is important to notice that in order to obtain a stable and convergent 

solution, the time step t can not be chosen randomly. The following requirements should be 

fulfilled: 

2 2 2

1
,

1 1 1
c t

x y z

 

 
  

                             (2.23) 

where c is the light speed in the material.  

A light source can be placed somewhere inside the computation region and PML is placed 

along one or more coordinates. The calculation results of every step are stored for the next time step 

and the E and H fields are resolved iteratively. As mentioned before, FDTD method consumes a lot 

of computing resources, thus it can only be applied to a structure with a limited size. A more 

efficient way is to combine FDTD with other numerical methods (like BPM) to accelerate the whole 

modeling. 
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Chapter 3  

Fabrication and Characterization Techniques  

This chapter will introduce the fabrication and characterization techniques used in this thesis. The 

primary effort is devoted to the fabrication technology for SOI based photonic devices. 

3.1 Introduction 

Similar to the electronic circuits, the fabrication technology for PLC devices is a combination of 

patterning and etching. Compared with conventional bulk optical devices (lens, thin film filters, 

gratings, etc.), PLC technology has the advantages of small size, high stability, alignment free and 

low cost, all make it very suitable for mass production. 

Different material systems have been used as the platform for PLC devices. Silica-on-silicon is 

widely used for the telecommunication applications. Its similar index with fiber can provide almost 

lossless coupling between PLC devices and fibers, however the low index difference does not allow 

sharp bends, thus the overall size of components is very large (about several cm
2
). III-V technology 

provides high index difference, which can reduce the size of components. It is also the mainstream 

technology for active devices, e.g., lasers, amplifiers, modulators, detectors, etc. However, the high 

cost and low fabrication yield prevent the large-scale deployment.  

Recently, silicon-on-insulator (SOI) [1, 2] attracts more and more attention. SOI refers to the 

use of a layered silicon-insulator-silicon substrate in place of conventional silicon substrates for 

microelectronics. Since silicon is transparent at the wavelength range for telecommunication and 

the large index difference of it can be utilized to realize ultratight optical confinement, SOI material 

system becomes a very attractive platform for large scale optical integrated circuits. It’s 

compatibility with CMOS technology is another advantage, which makes it suitable for low cost 

mass production. In this thesis, we mainly focus on the fabrication technology of photonic devices 

based on SOI [3]. Fig. 3.1 shows the schematic configuration of the fabrication procedure. Brief 

description of these steps is given below. 

 

(a) Film deposition. There are many technologies that can be utilized to deposit smooth, uniform 

and defect free thin films, e.g., metal organic vapor phase epitaxy (MOVPE) and plasma enhanced 

chemical vapor deposition (PECVD) for III-V materials and silicon deposition, respectively. In this 

thesis, SOI structure is the platform for passive devices fabrication. Since the commercial SOI wafer 

can’t provide many alternatives, we use PECVD to deposit layered silica and amorphous silicon to 

form the SOI structure. Although amorphous silicon introduces relatively high material loss (1.5 

dB/cm in the optimal case), the changeable layer thickness provides much convenience for design.  

 

http://en.wikipedia.org/wiki/Substrate_(materials_science)
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Figure 3.1. Schematic configuration of the fabrication procedure for SOI based PLC devices: (a) 

film deposition, (b, c) pattern generation, (d) pattern transfer, (e) resist removal. 

(b, c) Pattern generation. Normally, optical lithography is utilized to transfer the patterns from the 

mask to the optical resist. Since we have very fine feature size in this thesis, the conventional I-Line 

(365nm) stepper is not applicable. Here we chose electron beam lithography (EBL) to generate the 

patterns in the resist film. It is a mask free technology which gives more flexibility in design and 

optimization. Besides EBL, deep ultra-violet (DUV) lithography is another alternative which is very 

suitable for mass production.  

 

(d) Pattern transfer. After the pattern generation, an etching process is used to transfer the patterns 

from resist film to the SOI wafer. Generally, there are two types of etching, e.g., wet etching and dry 

etching. We use inductive coupled plasma –reactive ion etching (ICP-RIE), which is typically a dry 

etching technology, to achieve anisotropic etching. 

 

(e) After etching, the residual resist is removed by oxygen plasma.  

 

For some complex structures, different patterns are overlaid with each other. Therefore it is 

necessary to repeat the steps described above for several times. The alignment between each step is 

always an important issue.  

After the fabrication procedure, characterization will be carried out. Generally, there are two 

types of characterization methods, e.g., butt coupling and vertical coupling methods. Compared 

with butt-coupling method, the vertical coupling method we use in this thesis can provide much 

higher coupling efficiency (~50%) with larger alignment tolerance.  
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3.2 Film deposition: Plasma Enhanced Chemical Vapor 

Deposition (PECVD) 

As mentioned before, in order to relax the restriction of the material platform to the design, we use 

the amorphous silicon technology developed in Royal Institute of Technology in Sweden (KTH) 

[4-6] instead of the commercial SOI wafer. PECVD technology is used to deposit amorphous silicon 

core layer and silicon oxide buffer layer on top of the silicon substrate to form the SOI structure. By 

optimization, we are able to precisely control the thickness of each layer and the refractive index of 

the materials as well.  

PECVD is an excellent alternative for thin film deposition at low temperatures. It uses electrical 

energy to generate the plasma, which transfers the energy into the reaction gas mixture. Since the 

reactive and energetic species are formed by collisions in the gas phase, the temperature of the 

substrate can be maintained low. For similar film quality, PECVD can deposit silicon dioxide films 

at 300 to 350 
o
C while CVD requires temperatures in the range of 650°C to 850°C. The low 

deposition temperature is very attractive for low thermal-mismatch stress film deposition as well as 

temperature sensitive devices.  

 

Figure 3.2. Sketch of a parallel plate PECVD reactor 

As shown in Fig. 3.2, the deposition process of PECVD can be briefly summarized as bellow 

[7]: After the camber has been evacuated, the gas mixture containing the required precursors will 

enter the camber. A top showerhead is used for gas injection to get more uniform gas diffusion. The 

pressure is typically kept from a few millitorr to a few torr during the process. The top and bottom 

electrodes are normally heated up to 250 to 300 
o
C. The RF power (low frequency 380 kHz, high 

frequency 13.56 MHz) is capacitively coupled in through the automatically adjusted matching units. 

Since the energy exchange between the electrons and neutral gas is very inefficient, the electrons 

can be maintained at very high equivalent temperatures, while the neutral atoms remain at the 

ambient temperature. Under high temperature, these energetic electrons will dissociate the 

http://en.wikipedia.org/wiki/Torr
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precursor molecules and create large quantities of free radicals. Through diffusion, these radicals 

arrive at the surface and react with each other to form chemical bonds, and finally the thin film on 

the surface forms. Special attention should be paid to several key parameters of the process. The 

first one is the ratio between different gas precursors, which affects the chemical reaction greatly 

and determines the composition of the film. Pressure is a key factor for the uniformity of the film 

and the power of the RF source affects the energy and density of the electrons. One needs to adjust 

all these parameters carefully to obtain high quality films [8,9]. The optimal recipes for silica and 

amorphous silicon deposition are given below (see table 3.1).  

Besides the thin amorphous silicon layer, a thick SiO2 layer (~3μm) is deposited directly on the 

silicon substrate as a buffer layer. For different applications, we have different thickness tolerances 

of the deposited layers. For example, in order to realize a high efficiency grating coupler, the 

thickness inaccuracy of SiO2 and silicon layers are controlled below 10 nm and 3 nm, respectively.  

Table 3.1. Optimal parameters for SiO2 and amorphous silicon deposition 

Parameters SiO2 Amorphous Silicon 

SiH4 flow rate 20 sccm 60 sccm 

N2O flow rate 2000 sccm 0 sccm 

Ar2 flow rate 0 sccm 270 sccm 

Pressure 300 mT 5 mT 

RF power on showerhead 800W@380kHz 10W@13.56MHz 

Showerhead temperature 300
o
C 250

 o
C 

Platen temperature 250
 o
C 250

 o
C 

Deposition rate 330 nm/minute 5 nm/minute 

3.3 Pattern Generation: Electron Beam Lithography (EBL) 

Pattern generation is the process that defines the patterns on the substrate. Nowadays, as the demand 

for large scale highly integrated optical circuits continues to increase, the lateral feature size of 

optical components has been pushed down to below half micrometer. For a typical single mode 

silicon waveguide, the lateral width is about several hundred nanometers, while the requirement of 

photonic crystal structures is approximately 100 nm-200 nm. The standard I-Line (365nm) stepper 

is not sufficient to provide such small feature size. Several different technologies have been 

developed to address this bottleneck. For instance, focused ion beam (FIB) [10], deep ultraviolet 

(DUV) lithography [3], electron beam lithography (EBL) [11-13] and nano imprint [14] all can 

realize lateral feature size below 200 nm. Among all the candidates , EBL becomes the most 

dominant technology for research and development because of its high resolution, reasonable 

exposure speed and flexibility. 

EBL is the process of scanning a beam of electrons across a surface covered with resist along a 

patterned path. After exposure, the exposed or non-exposed regions (depends on the type of the 

resist) will be selectively removed by the developer, leaving small structures on top of the surface. 

The primary advantage of EBL is that it beats the diffraction limit of light and allows for ultrasmall 

feature size. The limitation of EBL mainly comes from its low throughput, because it is based on a 

serial exposure method. In this thesis, we use EBL as the lithography method to generate the 

patterns.  

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Diffraction_limit
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Figure 3.3. Schematic configuration of a typical EBL system 

The EBL system we use is Raith 150. Fig. 3.3 shows the schematic configuration of this system, 

the main components of the system are electron gun, column, laser interferometric stage, isolation 

stage, vacuum system, pattern generator, stage controller, blanker and aperture. The electron beam 

is generated from the gun and accelerated by a voltage which is typical from 1keV to 100keV. The 

acceleration voltage controls the energy of the electrons, which determines the electron penetration 

depth in the sample. In our experiments, the typical voltage is 25keV.  

The beam blanker is a controller, which switches the beam on or off according to the order 

from pattern generator. The deflector located in the objective is another component controlling the 

beam to exposure specific locations according the orders from pattern generation. It applies a 

voltage laterally around the electron beam, which deflects the beam to certain angle. Thus the 

exposure location on the sample can be precisely controlled. The pattern data stored in computer is 

sent to pattern generator, generating a series of orders to control the beam blanker and the scan coil 

amplifier. The cooperation between these components defines the exposure path.  

The quality of the electron beam, which determines the quality of exposed pattern, highly 

depends on the optical components in the column. Due to the imperfection of these components, 

different aberrations can appear. Thus an aperture is placed in the column to control the convergent 

angle of the electron beam. It is helpful to decrease the aperture size to improve the quality of the 

electron beam at the expense of longer exposure time, because the beam current is reduced 

accordingly. The system provides also some other adjustments to improve the beam quality, for 

instance the centering of the aperture, astigmatism correction and focusing. A lot of adjustment 

should be done before the exposure in order to get high quality focused beam. 

The sample is placed on the laser interferometric stage. Due to the limitation of the deflection 

angle of the electron beam, the maximal scanning size is limited, we call it writing field (WF). For 

structures larger than one WF, the system will divide the whole structure into several WFs, each WF 

is exposed with the stage fixed. Once the exposure of one WF is finished, the stage will move the 

sample to the next WF and the exposure will continue. Although the laser controlled stage can 

provides high resolution movement, there are still some errors that cause imperfect connection 
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between neighbor WFs, we call them stitching errors. WF alignment is needed to overcome this 

problem. The principle of the adjustment is explained below. The scanning electron microscopy 

(SEM) image of a spot, which is located at the optical axis of the column, is scanned and stored. 

Then the stage moves the sample to the next position. The system will align the WF according to the 

new position of the spot. This procedure will be repeated several times to calibrate the orthogonality 

and the scaling of the deflection axes.  

Sometimes, multiple EBL is required. For instance, the shallow-etched grating coupler, which 

is etched on waveguides, cannot be fabricated with the waveguide in the same etch process because 

of the different etch depth. Thus a second EBL is needed after the definition of the waveguides. For 

this kind of application, precise alignment between two EBL processes is very critical. In this thesis, 

we use a special way to do this alignment. In the first EBL process, several marks are fabricated 

together with the patterns. The positions of the marks are recorded. In the second EBL step, user can 

find the marks using SEM and give the coordinates of these marks to the computer. The system can 

automatically match the current coordinate system to the given coordinate system. By this way, the 

two coordinate systems of the two EBL processes are aligned. Then the new patterns can be defined 

at the required position precisely. 

Finally the exposure dwell time for the resist is calculated. Dwell time is the time for the 

electron beam to stay at one location to provide sufficient dose for the resist. It is determined by the 

following expression: 

Dose× exposure area = beam current × exposure time/step size
2
          (3.1) 

Step size is the distance between two adjacent scanned spots. For different resists, the dose can be 

very different.  

The choice of e-beam resist is very important as it is the record and transfer media of the 

pattern. Generally, we can categorize e-beam resists into two types: positive resist and negative 

resist. As shown in Fig. 3.4, if the exposed area is washed away during the development after 

exposure, the resist is positive. If the unexposed area is washed away, it is negative resist. 

 

Figure 3.4. Positive and negative resists 

The whole EBL process is related to the resist manipulation. It consists of the following steps: 
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(1) The resist is spun on top of the substrate with a speed rate normally from 1000rpm to 

6000rpm. 

(2) The resist is baked (soft bake) to drive out the solvent and consolidate the film. 

(3) Exposure. 

(4) The resist is partly removed in developer to form the pattern. 

(5) Hard-bake and O
2
 descum before etching or lift-off. (Optional) 

(6) Stripping of the resist. 

In order to get high exposure quality, it is very important to choose the suitable resist [15]. 

There are mainly three key parameters of resist: resolution, contrast and sensitivity. The resolution 

of EBL is mainly determined by the resolution of the used resist because the resolution of the resist 

is usually smaller than the resolution of the focused electron beam. The contrast of resist is another 

important parameter. It is determined by the smallest dose required to completely change the 

characteristics (soluble or insoluble for positive and negative resist, respectively) of the exposed 

region and the largest dose, which will not change the characteristics of the exposed region. The 

smaller the difference between them is the higher the contrast is. A high contrast resist can provide 

wider process latitude because one can effectively reduce the spacing between different structures 

without having unwanted connections or overlaps between them. The parameter sensitivity 

determines the exposing speed. Normally, higher sensitivity always means lower resolution.  

In this thesis, two resists are mainly used: the positive resist ZEP520A and the negative resist 

hydrogen silsesquioxane (HSQ) Fox14 (Dow Corning). The typical process parameters are given in 

table 3.2.  

Table 3.2. Typical process parameters for ZEP520A and HSQ Fox 14. 

Resist ZEP520A Fox14 

Spin 5000rpm (~300nm) 3000rpm (~200nm) 

Prebake 180
o
C, 10 minutes 95

 o
C, 6 minutes 

Exposure voltage 25keV 25keV 

Dose 60μC/cm
2
 400 - 1000μC/cm

2
 

Developer p-Xylene, 1 minute 40 seconds 25% TMAH, 45 seconds 

It is important to note that the characteristics of the resist do not only depend on the resist itself. 

Some other process conditions will also affect them, e.g., exposure voltage, developer, prebake 

temperature, development temperature, etc [16, 17]. In this thesis, negative resist HSQ Fox14 is 

used to achieve ultrasmall feature size (below 30 nm). HSQ is firstly known as a promising 

candidate for interlayer dielectric materials in high density integrated circuit. The standard bake 

recipe is 150 
o
C for 10 minutes plus 220 

o
C for another 10 minutes. This recipe is optimized to get a 

uniform and substantial interlayer film. However, by using the standard bake recipe, the contrast of 

the resist is very low, resulting slanted sidewall (as seen in Fig. 3.5 (a)). Normally, by reducing the 

bake temperature or bake time, it is possible to improve the contrast at the expense of reducing 

sensitivity. We developed a new prebake recipe as shown in table 3.2. By using this new recipe, the 

contrast is improved greatly, very vertical sidewalls are realized (as seen in Fig. 3.5 (b)). However, 

the dose of the resist increases from 400μC/cm
2
 to 1000μC/cm

2
, which means that the exposure time 

is doubled.  
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Figure 3.5. HSQ resist pattern after development, (a) prebake 150 
o
C, 10 min+ 220 

o
C, 10 min (b) 

prebake 95 
o
C, 6 min. 

There is some other issues worth to notice. For example, the scattering of electrons may cause 

broading of exposed structure. The electrons penetrating into the resist and substrate may be 

scattered back in a large angle, so that the electrons may return back to the resist at a distance far 

away from the exposed region. This additional exposure of resist is called proximity effect, which is 

very harmful for sensitive resist, because it will expose the regions near the designed patterns, 

resulting in a larger structure than expected. Normally, this effect can be compensated by optimizing 

the exposure dose. For the HSQ resist, we did a test to get the correct dose for different waveguide 

widths. Fig. 3.6 shows the formed waveguide widths after the development, as a function of the 

exposure dose. One can find that narrow waveguides require larger dose than wide waveguides. 

Dose as large as 1000μC/cm
2
 is necessary to fabricate a 200 nm wide waveguide.  

 

Figure 3.6. Different widths of waveguides exposed with different dose (solid line: 400 nm wide 

waveguide, dashed line: 200 nm wide waveguide) 

(a) (b) 
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3.4 Pattern transfer: Inductive Coupled Plasma -Reactive Ion 

Etching (ICP-RIE) 

In order to transfer the patterns from the resist to the silicon layer, etching technology is employed. 

Generally, there are two types of etching: wet etching and dry etching [18]. Compared with wet 

chemistry, dry etching can provide anisotropic etch rate and a perfect pattern transfer with very high 

resolution. Since for the PLC device fabrication, vertical sidewalls and precise dimension 

controlling are required, it is preferable to use the dry etching process.  

RIE [7] is a widely used technology for the etching of semiconductors, metals and dielectrics. 

The anisotropic etching, high selectivity and high aspect ratio make it very suitable for large scale 

integrated circuit application. A typical parallel plate RIE system consists of a cylindrical vacuum 

chamber, inside which a wafer platen is situated in the bottom. The wafer platen is electrically 

isolated from the rest of the chamber, which is usually grounded. Plasma is generated by applying a 

strong RF electromagnetic field to the wafer platen. In each cycle of the field oscillation, the 

electrons absorbed by the walls are fed out to ground, while the electrons absorbed into the wafer 

platen cause the platen to build up a charge due to its DC isolation. The large voltage difference 

makes positive ions drift towards the wafer platen and collide with the samples. Both, chemical and 

physical removing mechanisms are involved in the process. The ions can react chemically with the 

materials, while some materials can also be knocked off (sputter) by the transferring of the kinetic 

energy of ions. In order to achieve anisotropic etching, some gas chemistries are introduced into the 

reaction. Some polymer inhibitors are deposited, which can protect the vertical sidewalls from 

reactive ions. The bottom surface will also be covered by polymer inhibitors. However, the ion 

bombardment can remove the inhibitors so that the etching process continues. Therefore etching can 

only occur on the bottom surface, resulting in an anisotropic etching.  

 

Figure 3.7. Schematic configurationof the ICP-RIE system 

In a conventional RIE, the plasma density and the ion bombardment energy are related. In 

order to realize deep etching, inductive coupled plasma (ICP) is introduced to control these two 

http://en.wikipedia.org/wiki/Wafer_(electronics)
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Sputter
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Kinetic_energy
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variables separately. As shown in Fig. 3.7, the power inductively coupled into the coil is responsible 

for generated plasma with required density, while the power on platen determines the energy of ions. 

In this thesis, we study and optimize the etching process of ICP-RIE (STS), to achieve high aspect 

ratio and vertical sidewalls of the formed structure. For silicon etching, there are mainly two gases 

introduced into the chamber: C4F8 and SF6. C4F8 is used to realize carbon-fluorine polymer 

deposition to protect the sidewalls while SF6 works as the main etchant to provide reactive F 

radicals.  

Etching rate is the main characteristic of the ICP-RIE etching process. Normally, it is a result of 

the combined actions mentioned above (protection and etching). Apparently, increasing the portion 

of SF6 in the mixture can increase the etching rate of silicon. The coil power is responsible for both 

the density of radical F and the deposition rate of carbon-fluorine polymer, thus it is hard to predict 

the influence of coil power on etching rate. The platen power controls the energy of the ion 

bombardment, increasing the power can accelerate the etching rate.  

There are several other characteristics of the etching process, which should be optimized. The 

sidewall angle is a critical parameter for some applications. It is primarily determined by the 

competition of the protective process and etching process. If the polymer deposition on the sidewall 

is not sufficient, an undercut profile will be formed. On the other hand over protection will result in 

a wider opening on top than the bottom. Therefore, special attention should be paid to balance these 

two processes. Another issue affecting the sidewall angle is the platen power, which controls the 

energy of bombarded ions. Generally, increasing the platen power improves the directionality of the 

ions, resulting in more vertical sidewalls. Selectivity is another parameter important for deep 

etching. It is the ratio between the etching rate of silicon and the etching rate of the mask. Metal 

mask is more resistive to etching than e-beam resist. In this thesis we use the patterned e-beam resist 

directly as the mask. So the selectivity should be optimized. Normally, increase of the platen 

temperature or the platen power can accelerate the degradation of the resist, and hence decrease the 

selectivity.  

There is a phenomenon in RIE etching called Lag effect [19], which describes the dependence 

of the etch rate on the feature size in dry etching process. It can be explained as follows: the ions in 

a small hole suffer more deflections than those in a bigger hole. Then the removal of polymer on the 

bottom of the small holes is more difficult than large holes. Therefore, the etch rate in a small hole is 

usually smaller than the rate in a large hole. The Lag effect will cause etching non-uniformity and 

makes the end point control difficult (see Fig. 3.8). This effect can be compensated by increasing the 

platen power (increasing verticality of the bombarding ions). The increased self-bias voltage 

between the plasma and the sample will improve the directionality and energy of the bombardment 

ions, resulting in a more efficient removal of the protection polymer. Another method is the use of 

low pressure, which results in long mean free path length and low density of the ions. It permits the 

ions to reach much deeper inside the holes.  

Normally, it is required to minimize the Lag effect, however in this thesis we utilized this effect 

to relax the requirement of the smallest etch width. More information can be found in chapter 4 and 

ref [paper A].  
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Figure 3.8. SEM micrograph of a test sample’s cross section. 

Table 3.3. RIE-ICP recipes for waveguides etch (recipe 1) and gratings etch (recipe 2) 

Parameters Recipe 1 Recipe 2 

C4F8 flow 24 sccm 9 

SF6 flow 28 sccm 6 

Pressure 15 mT 15mT 

Platen temperature 20 °C 10°C 

Coil power 800 W 500W 

Platen power 20 W 20W 

The recipe we used in this thesis is listed in table 3.3. Two different recipes have been 

developed to etch waveguides (deep etch, recipe 1) and gratings (shallow etch, recipe 2), 

respectively. All parameters have been optimized carefully to achieve high selectivity and vertical 

sidewalls. Fig. 3.9 shows the SEM micrographs of the cross sections of the devices fabricated. 

Smooth and vertical sidewalls are realized. 

   

Figure 3.9. SEM micrographs of a grating coupler, inset: cross section view of the etched groove. 
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3.5 Characterization Method: Vertical-coupling 

For PLC devices, an optimal characterization setup should provide efficient light coupling between 

optical fibers and waveguides, precision adjustments and flexibility of usage. There are two 

different methods widely used nowadays: butt-coupling and vertical-coupling [20, 21]. The vertical 

coupling method is mainly adopted in this thesis due to its high coupling efficiency and larger 

alignment tolerance. The main disadvantage of this method is that additional grating couplers are 

required to fabricate on the access waveguides of the device, which increases the complexity of 

fabrication.  

Fig. 3.10 (a) shows the sketch of the vertical coupling method, the input fiber is placed above 

the shallow etched grating. Light illuminated from the fiber is coupled into the fundamental mode of 

the waveguide. The light is coupled out by another grating coupler and collected by the output fiber. 

Index matching gel is also utilized to reduce the reflection at the fiber facet. 

Fig. 3.10 (b) and (c) show the characterization set up in our lab. A microscope (not shown in 

the figure) is placed above the set up for the alignment of fibers. Although the alignment tolerance 

of grating couplers is large, special attention is still needed to achieve a higher coupling efficiency. 

For example, the two fibers and the waveguide should be adjusted to be strictly coaxial. The 

position of fiber over the grating is also critical to achieve high efficiency. Another important issue 

is the index matching gel, which may become a problem for fiber position adjustment because of its 

viscosity. Normally, it is preferable to have a thin gel film. 

 

            

Figure 3.10. (a) Schematic configuration of the vertical coupling set up, (b) photography of the 

vertical coupling set up in the KTH lab, (c) photography of the close view of the measurement. 

(b) (c) 

(a) 
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Grating couplers are the key components of the vertical coupling method. They introduce a 

wave vector, which helps to realize phase matching between the input light and the guided mode of 

the waveguide. For an infinite long grating with a  pitch, the Bragg equation can be written as: 

2 22
sin( )

top effn n
m

 


 
 


       ,               (3.2) 

where ntop and neff are the refractive index of the cladding layer and the effective index of the mode 

in waveguide, respectively.  is the titled angle of the fiber and  is the light wavelength. As 

shown in Fig. 3.11, if we choose the pitch of waveguide and titled angle appropriately, the horizontal 

component of the input light plus the wave vector of the grating equals to the propagation constant 

of the TE mode, and the phase match condition is realized.  

In our design, we use Camfr (based on eigenmode expansion method [22]) to calculate the 

coupling efficiency of the coupler. A uniform grating coupler is designed for TE mode, the grating 

period is 566nm, titled angle is 10
o
, filling factor is 50%, and the etch depth is 70nm. The fiber to 

chip coupling efficiency is measured to be around 40%. A nonuniform grating coupler can be used 

to improve the efficiency further (see Paper A). Experimental results as high as 64% have been 

achieved. More information can be found in chapter 4. 

 
Figure 3.11. Wave-vector diagram of the grating coupler. 
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Chapter 4  

Novel Couplers for Silicon Photonic Circuits 

4.1 Background and Motivation 

In order to push the integration density of the optical communication system further, a lot of efforts 

have been done to realize subwavelength light confinement. Photonic crystals [1] provide unique 

prosperities, however the relatively large size and high loss limit the large scale deployment of them. 

Plasmonic waveguides [2] can confine light in ultrasmall region but a breakthrough is badly needed 

to overcome the inherent propagation loss. Silicon photonic wires are conventional waveguides 

with ultrahigh refractive index contrast (> 2). In order to keep the single mode condition, the 

waveguide dimensions are reduced to subwavelength cross section (e.g. 250 nm by 500 nm). 

Nowadays, silicon photonic wires are attracting more and more attention because of their feasibility, 

cost effectiveness and relatively high integration density.  

Although lasers on silicon have been realized in research laboratories by using either Raman 

scattering or III-V bonding technology[3-5], an efficient electrically pumped silicon laser is still 

absent. Therefore we have to rely on the light coupled from optical fibers as the light source for 

silicon integrated circuits. As shown in Fig. 4.1, the large size mismatch between the single mode 

fiber and the SOI photonic wire prohibits the efficient light coupling between them. Some lateral 

coupling methods such as three dimensional tapers [6] or inverted tapers [7] have been proposed to 

realize adiabatic light coupling between optical fibers and photonic wires. However, lensed fibers or 

high numerical aperture fibers are still needed for efficient light coupling, and the mechanical 

alignment tolerances remain below 1 μm [8]. Besides, the long coupling length (from hundreds of 

micrometers to several millimeters) and the relatively complex fabrication process also make the 

lateral coupling method less attractive.  

 

Figure 4.1. Size mismatch between the single mode fiber and photonic wire.  

Recently planar gratings imprinted in access waveguides are more and more used as efficient 

couplers for silicon photonic circuits [9, 10]. They belong to the vertical coupling category. Strictly 

speaking, grating couplers can only realize efficient light coupling between an optical fiber and a 

silicon slab waveguide. Afterwards, another two-dimensional taper is needed to shrink the optical 
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mode laterally. Compared with other solutions, the very compact size (10 μm by 10 μm) and the 

relaxed alignment tolerance make grating couplers very suitable for highly integrated circuits. 

Another main benefit of using grating couplers is the possibility of wafer-scale testing and 

characterization. One can input and output light from anywhere on the entire chip surface, 

facilitating the circuit layout and the device testing. In addition, their versatility as  duplexers [11], 

power splitters [12] or polarization beam splitters [13] make the grating couplers important 

components for silicon photonic wire based optical circuits.   

The main disadvantages of the grating coupler are the high polarization dependence and the 

relatively low coupling efficiency [9]. The typical coupling efficiency of a grating coupler is 

20%~30%, which is not sufficient for practical applications. There are two factors, which primarily 

determine the coupling efficiency of a grating coupler. One is the directionality of the grating, which 

can be defined as the ratio between the light power diffracted upwards over the light power 

diffracted downwards. Another issue is the mode matching between the upwards diffracted field and 

the optical fiber mode. One can either improve the directionality or reduce the mode mismatch to 

increase the coupling efficiency. The most intuitive way of improving directionality is to put a 

reflector under the grating to reflect all the light back. Structures with Bragg reflectors [9] or metal 

reflector [14] have been used. Another way to improve the directionality is using a thicker silicon 

layer or silicon overlay [15]. All the methods can improve the efficiency to some extent, but at the 

expense of more complex fabrication process. Besides, one can also try to match the upwards 

diffracted field with the optical fiber mode to improve the efficiency further. In a uniform grating, 

since the diffraction strength of each groove is fixed to be the same, the diffracted optical field 

decreases exponentially along the grating axis. If one could design the diffraction strength of each 

groove appropriately, it would be possible to manipulate the upwards diffracted field [16] and make 

it matched with the optical fiber mode. Up to now, most of the work that has been done was based on 

bottom reflectors, which help to improve the directionality [9, 14]. Nonuniform grating couplers 

have been theoretically proposed [16], although no experimental results have been presented until 

now. 

Silicon slot waveguide is another candidate for high optical confinement [17, 18]. It consists of 

a thin low-index slot embedded between two high-index regions. To fulfill the continuity condition 

of the normal electric displacement, a high field exists in the low-index region. Besides the high 

optical confinement, slot waveguides also find many attractive applications, e.g. nonlinearity 

enhancement [19] and optical sensing [20]. These capabilities make slot waveguide a good 

complement to photonic wires-based optical circuits to realize many unique functions. However, the 

prominent mode mismatch between a conventional strip waveguide and a slot waveguide makes the 

direct coupling between them very lossy. Few theoretical analysis were devoted to address this issue 

[21].  

In this thesis, in order to facilitate the large-scale application of silicon photonic wires and slot 

waveguides, we propose two novel couplers which provide high coupling efficiency from optical 

fibers to photonic wires and from photonic wires to slot waveguides. In section 4.2, details of the 

design and fabrication of a nonuniform grating coupler are given [paper A]. In section 4.3, a 

lossless taper between strip and slot waveguides is experimentally demonstrated [paper B].  
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4.2 High Efficiency Nonuniform Grating Coupler 

4.21 Basic Principle of Grating Coupler 

The Bragg equation can be used to describe the diffraction properties of a periodic structure. For 

a uniform grating along the z axis, the relation between the input and diffracted wave vectors can be 

described as below: 

kz = kinz + mK                                (Eq. 3.1) 

K = 2π/Λ ,                                (Eq. 3.2) 

where Λ is the period of the grating and m is an integer indicating the diffraction order. Kinz and Kz 

are the wave vectors of the input and diffracted waves, respectively. Eq. 3.1 tells at which order the 

diffraction can happen.  

In a waveguide grating, the diffracted wave will be coupled into the guided modes of the 

waveguide. By replacing the diffracted wave vector with propagation constant of the guided mode, 

we are able to rewrite the Bragg condition for a waveguide grating as: 

kinsin(θ) + mK = β,                             (Eq. 3.3) 

where kin=2πntop/λ is the incident wave vector (λ is the wavelength, ntop is the refractive index of the 

cladding layer), β=2πneff/λ is the propagation constant of the guided mode in the waveguide grating 

(neff is the effective index of the guided mode) and θ is the tilted angle of the input light. In Fig. 4.2, 

we plot two examples of wave diagrams. In Fig. 4.2 (a), strict vertical coupling is plotted (θ=0), the 

wave vector of the grating K equals to the propagation constant β. In this case, the second order 

diffraction is reflected back into the waveguide, which should be avoided. In Fig. 4.2 (b), we tilted 

the input angle to suppress the second order diffraction. Only one diffraction order is allowed in this 

case.  

 

Figure 4.2. Wave vector diagrams of the (a) vertical coupling and the (b) tilted input coupling 

4.2.2 Lag effect of the dry etching 

As mentioned before, maximizing the overlap between upwards diffracted field and the optical 

fiber mode helps to improve the coupling efficiency. In order to get a Gaussian shape diffracted field 

distribution (as indicated by the blue line in Fig. 4.3), one needs to realize nonuniform diffraction 

strength distribution along the grating (see the green line in Fig. 4.3). Here we use leakage factor to 

describe the diffraction strength. It is the attenuation factor of the light propagation in a grating 

waveguide. In this thesis, we modify the leakage factor by using different etch width and etch depth. 

Intuitively, large etch width and deep etch depth increase diffraction strength. 
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Figure 4.3. The schematic configuration of the nonuniform grating coupler. Blue curves (solid): the 

diffracted field distributions; green curve (dashed): the leakage factor distribution  

An ultra-low leakage factor is difficult to obtain, because it requires a very small etch width 

which is a challenge for fabrication. Fortunately, a so called “Lag-effect” phenomenon introduced 

by the dry etching can help to relax the fabrication requirement. Lag-effect describes the 

dependence of the etch rate on the etch width of openings [22]. Smaller etch width leads to a lower 

etch rated and hence a shallower etch depth. By utilizing this effect, we can get a small leakage 

factor by using grooves with reasonable etch widths. In order to characterize the Lag effect, we used 

EBL system to define a series of lines with step-increased widths in the resist. The pattern was 

transferred into the silicon layer by using ICP-RIE technology. The sample was cleaved and 

investigated by the scanning election microscope (SEM). The results are shown in Fig. 4.4, one can 

find that the Lag effect is very prominent when the etch width is below 300 nm. A fit of the data is 

done and the obtained polynomial curve is used to estimate the relation between etch widths and 

etch depths in the following design. 

 

Figure 4.4. Lag effect of the dry etching. Inset: SEM picture of the cross section of the testing 

sample. 
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4.2.3 Design, fabrication and characterization 

In the theoretical design, we treat the nonuniform grating structure as a sequential combination 

of different grating cells (as indicated in Fig. 4.4). The cell with (period) is tuned to obtain the 

expected radiated angle (15
o
) and the right central wavelength simultaneously. Then one can extract 

the leakage factor numerically. After getting all the required leakage factors, grating cells are 

assembled sequentially according to the leakage factor distribution. Here, the center wavelength is 

designed to be 1520 nm, which is determined by the silica buffer layer thickness of our SOI wafer 

(separation-by-implanted-oxygen (SIMOX) technology) to achieve a high directionality [9]. 

After the theoretical design, we carried out the fabrication process. An EBL system together 

with an ICP-RIE was used to define and transfer the design patterns into the silicon layer. The SEM 

photo of the fabricated nonuniform grating coupler is shown in the insert of Fig. 4.5. Finally, 

characterization was done with the vertical coupling set up described in section 3.5. The 

index-matching glue was used to fill the gap between the coupler and the fiber. The theoretical and 

experimental results are presented in Fig. 4.5. The theoretical upwards and downwards radiated 

power is shown as well. One can find that for central wavelength, almost all the upwards diffracted 

power is coupled into the fiber by the designed nonuniform grating coupler. The smooth transition 

from small groove width to large groove width also helps to significantly reduce the back light 

reflection into the waveguide. The experimental results agrees well with the simulation, maximum 

coupling efficiency of 64% (-1.9dB) and 1dB bandwidth of 43nm were obtained experimentally. To 

the best of our knowledge, this is the highest coupling efficiency obtained by using pure silicon 

grating coupler.  

 

Figure 4.5. Theoretical and experimental results of the coupling spectra (TE polarization). Inset: 

SEM photo of the fabricated nonuniform grating coupler. 

4.3 Lossless Coupler for Silicon Slot Waveguides 

4.3.1 Design and Analysis  

As mentioned before, the light coupling from photonic wires to slot waveguides is very lossy, 

because of the large mode mismatch between them. A mode converter has been proposed 
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theoretically [21], but up to now, no experimental results can be found in the literature. In this thesis, 

we both theoretically and experimentally demonstrate a novel coupler (or mode converter) between 

strip and slot waveguides [paper B]. The sketch of the coupler is shown in Fig. 4.6(a). Similar to an 

inverted taper [7], the strip waveguide is tapered into a small tip and inserted into the gap of the slot 

waveguide. This gap is also tapered to a size large enough to envelop the strip waveguide. By this 

way, we combine two complementary tapers together to form the proposed coupler. As the light 

propagates along the strip waveguide, the optical mode will spread out and be coupled into the slot 

waveguide by the slot Y branch formed by the gaps between the strip and slot waveguides.  

   

 

Figure 4.6. (a) Sketch of the proposed coupler, (b) The electrical field evolution in the proposed 

coupler. 

We simulated the optical field evolution in the proposed coupler and plotted it in Fig. 4.6(b). 

The thicknesses and the refractive indices of the silicon layer and SiO2 layer are hsi=250 nm, nsi=3.6 

and hb=5 μm, nb=1.46, respectively. The width of the strip waveguide is w1=400 nm, and the widths 

of the slot and the high-index region are w2 =100 nm, w3=260 nm, respectively. We use liquid glass 

as the cladding layer because of its good capability of filling small slots. The BPM simulation 

results show that the optical mode of the strip waveguide is smoothly converted into the slot 

waveguide mode with negligible loss. Simulation of the inverted process was also performed and 

the result shows that this coupling process is really reciprocal.  

We also analyzed the effects of fabrication imperfection. In practice, all tips of the coupler 

cannot be zero, which introduce reflection loss. We calculated the coupling efficiencies with 

nonzero taper tips. The optimal parameters described above were used. We found that with a 30 nm 

tip, the coupling efficiency didn’t degrade much (from 99.9% to 98.8%). Hence, we can conclude 

that the proposed coupler has a large fabrication tolerance. 

4.3.2 Fabrication and Characterization 

In the fabrication, we used PECVD technique to fabricate the SOI structure. EBL and ICP-RIE 

(a) 

(b) 
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were used to define and transfer the patterns. To facilitate the light input and output, we fabricated 

uniform grating couplers on the access waveguides of the device. Afterwards, a hydrogen 

silsesquioxane (HSQ) solution FOx-14 (from Dow Corning) was spun and cured in 400 
o
C oven for 

4 hours to form the cladding layer. The SEM top view and the cross section view of the coupler are 

shown in the inset of Fig. 4.7. In the cross section view, one can see that the sidewalls of the 

waveguide are nearly vertical. In addition, there are some small air voids in the slot, which can be 

eliminated by optimizing the spinning recipe.  

 

 (a)  (b) 

Taper Length (μm) 

C
o
u
p

li
n
g

 E
ff

ic
ie

n
cy

 

 

Figure 4.7. Theoretical (solid curve) and experimental (squares) results for different taper lengths at 

λ=1475 nm. Inset: (a) SEM top view of the coupler and (b) cross section view of the slot waveguide 

The characterization was done with the vertical coupling set up described in section 3.5. 

Because the grating couplers perform best efficiency at λ=1475 nm, we simulated and measured the 

coupling loss of the proposed coupler at λ=1475 nm. Both the theoretical and experimental results 

are plotted in Fig. 4.7. One can see that for a very short coupler, the coupling efficiency is quite low 

(<70%). As the coupler length increases, the efficiency increases dramatically. With an 8 μm long 

coupler, over 99.9%coupling efficiency is obtained. The experimental results are consistent with the 

theoretical results. 97% efficiency was obtained with coupler length L=9 μm. The efficiency drops a 

little for longer coupler because we have a relatively large propagation loss in the amorphous silicon 

waveguide. We also investigated the wavelength dependence of the coupler. One can easily achieve 

99% coupling efficiency over a 600 nm wide wavelength range. The proposed coupler is the first 

experimentally realized coupler for lossless coupling between strip and slot waveguides. It 

facilitates the large-scale application of slot waveguides in the silicon photonic wires-based optical 

circuits.  

 

 

 

References 

[1]  J. D. Joannopoulos, R. D. Mead, and J. N. Winn. Photonic crystals: Molding the flow of light. 

Princeton University Press, Princeton, NJ (1995). 

[2]  S. I. Bozhevolnyi, V. S. Volkov, E. Devaux, J.-Y. Laluet, and T. W. Ebbesen, "Channel 



Chapter 4. Novel Couplers for Silicon Photonic Circuits 

40 
 

plasmon subwavelength waveguide components including interferometers and ring 

resonantors," Nature 440, 508-511 (2006) 

[3]  H. Rong, Richard Jones, Ansheng Liu, Oded Cohen, Dani Hak, Alexander Fang and Mario 

Paniccia, “A continuous-wave Raman silicon laser,” Nature 433, 725-728 (2005). 

[4]  A. W. Fang, E. Lively, Y‐H. Kuo, D. Liang, J. E. Bowers, "A distributed feedback silicon 

evanescent laser," Optics Express, vol. 16, pp. 4413‐4419 (2008). 

[5]  J. Campenhout, L. Liu, P. Romeo, D. Thourhout, C. Seassal, P. Regreny, L. Cioccio, J. Fedeli, 

and R. Baets, “A Compact SOI-Integrated Multiwavelength Laser Source Based on Cascaded 

InP Microdisks,” IEEE Photon. Technol. Lett., vol. 20, pp. 1345-1347 (2008). 

[6]  A. Sure, T. Dillon, J. Murakowski, C. Lin, D. Pustai and D. Prather, “Fabrication and 

characterization of three dimensional silicon tapers,” Opt. Express, vol. 11, pp. 

3555-3561(2003). 

[7]  T. Shoji, T. Tsuchizawa, T. Wanatabe, K. Yamada and H. orita, “Low loss mode size converter 

from 0.3 μm square Si wire waveguides to single mode fibers,’’ Electron. Lett., vol. 38, pp. 

1669-1670 (2002). 

[8]  L. Zimmerman, T. Tekin, H. Schroeder, P. Dumon, and W. Bogaerts, “How to bring 

nanophotonics to application – silicon photonics packaging,” IEEE LEOS Newsletter 22, 4 

(2008). 

[9]  D. Taillaert, P. Bienstman, and R. Baets, “Compact efficient broadband grating coupler for 

silicon-on-insulator waveguides,” Opt. Lett., vol. 29, pp. 2749-2851 (2004). 

[10]  G. Roelkens, D. Thourhout, and R.l Baets, "High efficiency Silicon-on-Insulator grating 

coupler based on a poly-Silicon overlay," Opt. Express, vol. 14, 11622-11630 (2006) . 

[11]  G. Roelkens, D. Van Thourhout, and R. Baets, “Silicon-on-insulator ultra-compact duplexer 

based on a diffractive grating structure,” Opt. Express, vol. 15, 10091–10096 (2007). 

[12]  D. Taillaert, Harold Chong, P.I. Borel, L.H. Frandsen, R.M. De La Rue, and R. Baets, “A 

compact two-dimensional grating coupler used as a polarization splitter,” IEEE Photon. 

Technol. Lett., vol. 15, 1249-1251 (2003). 

[13]  Y. Tang; D. Dai; S. He; , "Proposal for a Grating Waveguide Serving as Both a Polarization 

Splitter and an Efficient Coupler for Silicon-on-Insulator Nanophotonic Circuits," Photonics 

Technology Letters, IEEE , vol. 21, pp.242-244 (2009). 

[14]  F. Van Laere, G. Roelkens, M. Ayre, J. Schrauwen, D. Taillaert, D. Van Thourhout, T. F. 

Krauss, and R. Baets, “Compact and Highly Efficient Grating Couplers Between Optical 

Fiber and Nanophotonic Waveguides,” J. of Lightwave Technol., vol. 25, 151-156 (2007).  

[15]  G.  Roelkens,  D. Vermeulen, D. Van Thourhout, R. Baets, S. Brision, P. Lyan, P. Gautier, 

and J.-M. Fedeli,  “High  efficiency  diffractive  grating  couplers  for  interfacing  a  

single  mode  optical  fiber  with  a  nanophotonic silicon-on-insulator waveguide 

circuit,” Appl. Phys. Lett, vol. 92, 131101-3 (2008). 

[16]  R. Halir, P. Cheben, S. Janz, D. Xu, I. Molina-Fernandez, and J. Wanguemert-Perez, 

“Waveguide grating coupler with subwavelength microstructures,” Opt. Lett., vol. 34, 

1408-1410(2009).  

[17]  V. Almeida, Q. Xu, C. Barrios, and M. Lipson, “Guiding and confining light in void 

nanostructure”, Opt. Lett., vol. 29, 1209-1211 (2004). 

[18]  Q. Xu, V. R. Almeida, R. R. Panepucci, and M. Lipson, “Experimental demonstration of 

guiding and confining light in nanometer-size low-refractive-index material”, Opt. Lett., vol. 

http://www.nature.com/nature/journal/v433/n7027/abs/nature03346.html#a1


Chapter 4. Novel Couplers for Silicon Photonic Circuits 

41 
 

29, 1626-1628 (2004). 

[19]  T. Fujisawa and M. Koshiba, “All-optical logic gates based on nonlinear slot-waveguide 

couplers”, J. Opt. Soc. Am. B, vol. 23, 684-691 (2006). 

[20]  C. A. Barrios, M. J. Bañuls, V. González-Pedro, K. B. Gylfason, B. Sánchez, A. Griol, A. 

Maquieira, H. Sohlström, M. Holgado and R. Casquel, “Label-free optical biosensing with 

slot-waveguides”, Opt. Lett., vol. 33, 708-710 (2008). 

[21]  N.-N. Feng, R. Sun, L. C. Kimerling, and J. Michel, “Lossless strip-to-slot waveguide 

transformer”, Opt. Lett., vol. 32, 1250 (2007). 

[22]  D. Keil, and E. Anderson, “Characterization of reactive ion etch lag scaling,” J. Vac. Sci. 

Technol. B, vol. 19, 2082-2088 (2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4. Novel Couplers for Silicon Photonic Circuits 

42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

43 
 

Chapter 5  

Polarization Insensitive Optical Circuits 

based on Silicon Photonic Wires  

5.1 Background and Motivation 

Nowadays, silicon-on-insulator (SOI) material system becomes an ideal platform to realize large 

scale integrated photonic circuits. Its compatibility with complementary 

metal-oxide-semiconductor (CMOS) technology promises low cost mass production [1, 2]. Another 

advantage is the high-index-contrast, which allows sharp bending radius with negligible loss 

(bending radius<5μm) [3]. Therefore the device dimensions can be reduced dramatically. In 

addition, SOI is also a promising candidate for the monolithic integration of photonic and electronic 

circuits.  

However, the high-index-contrast results in high polarization dependence, such as polarization 

mode dispersion (PMD), polarization dependent loss (PDL), and polarization dependent 

wavelength (PDλ), all greatly limit the scope of applications. In Fig. 5.1, the mode distributions of 

the quasi-TE and quasi-TM modes are plotted. The very different mode profiles introduce large 

effective index difference (>0.1). In order to overcome this shortcoming, great efforts have been 

done to obtain polarization insensitive SOI waveguides. The most intuitive way is to use a square 

core. However the high-index-contrast waveguides are very sensitive to fabrication errors, a couple 

of nanometers can result in significant birefringence. Some other methods have been studied, such 

as choosing a specific ridge waveguide aspect ratio [4, 5] or adjusting the cladding stress [6, 7]. In 

this thesis, different from refs [4, 5], we use a sandwich waveguide structure to eliminate the 

polarization dependent wavelength of an ultracompact ring resonator [paper C]. 

   

Figure 5.1. Optical mode distributions of (a) quasi-TE and (b) quasi-TM modes in silicon photonic 

wires.  

(

(a) 

(

(b) 
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Figure 5.2. Schematic configuration of the polarization diversity scheme. (PBS: polarization beam 

splitter, PBC: polarization beam combiner) 

Another way of eliminating birefringence is to use polarization diversity scheme [8] (see Fig. 

5.2). A polarization beam splitter (PBS) separates the TM and TE components of the input light and 

feeds them into path 1 and path 2, respectively. Then the polarization rotator (PR) in the path 1 

rotates the TM component 90°. Two identical devices are placed in the two paths to realize the same 

functional manipulation of the optical signals. After that, the optical component in path 2 is rotated 

90° by another PR. Finally, the two polarization components are combined by an inverted PBS 

(polarization beam combiner) and coupled into the output fiber. In this scheme, since the two optical 

components work in identical devices with the same polarization, there will be no birefringence 

anymore. For practical applications, it is more attractive to have a single device that can be used in 

both directions by both paths, e.g. ring resonators. In addition, special care should be paid to balance 

the propagation loss in the two optical paths, so that the PDL and PMD can be reduced. The key 

components of polarization diversity scheme are polarization beam splitter (PBS) and polarization 

rotator (PR). In this thesis, a high efficiency PBS based on grating coupler is experimentally 

demonstrated [paper D, paper E] and an ultracompact PR based on asymmetric waveguide is 

theoretically analyzed [paper F]. 

5.2 Polarization Insensitive Ring Resonator based on a Sandwich 

Waveguide 

As a versatile element in integrated optics, micro ring resonator (MRRs) has been proposed to 

realize many devices, such as filters, multiplexers and modulators [9-11]. By utilizing the 

high-index-contrast SOI platform, one can reduce the bending radius of MRR dramatically (less 

than few microns) [12]. Polarization independence is a key consideration for ring resonators 

designed for optical communication systems. There are two main sources of polarization 

dependence in a ring resonator. Firstly, the intrinsic birefringence of the straight and bent 

waveguides leads to polarization dependent resonator wavelength and free-spectra range. Normally, 

the high-index-contrast silicon waveguide has large birefringence and one can eliminate it by using 

carefully designed ridge waveguide [6] or utilizing cladding stress compensation [7]. Another 

source of birefringence is the polarization dependent coupling coefficient. By using coupler lengths 

of multiple beats between two polarizations or a multimode interference (MMI) coupler, we can 

achieve identical coupling for both polarizations.  
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In this thesis we propose to use a so-called sandwich waveguide [13] to eliminate the 

polarization dependent wavelength of MRRs. In a sandwich waveguide, a thin low index layer is 

sandwiched by two Si layers. In order to fulfill the continuity condition of the normal electric 

displacement, there is a highly concentrated optical field confined in the low index layer. By 

optimizing the thickness and refractive index of each layer, it is possible to achieve polarization 

insensitive devices [14, 15]. The sketch of the sandwich waveguide is shown in Fig. 5.3 (a). Here, 

we use SiN as the low index layer, whose refractive index can be tuned in the range from 2 to 3.48 

[16]. 
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Figure 5.3. (a) Cross view of a sandwich waveguide. (b) Effective refractive indices of quasi-TE and 

quasi-TM modes for different values of hs and the birefringence between them. 

In order to precisely calculate the guided modes of a bent waveguide, we developed a 

full-vectorial finite-differential method (FDM) in a cylindrical coordinate (section 2.2). It can be 

applied to the simulation of sharp bends (R=5μm). Parameters are chosen as ns =2.343, nH=3.48, 

w=390nm and hH=220nm. One can find the simulation results in Fig. 5.3(b). Since TM mode has a 

larger portion of light confined in the low index layer, its effective index is more sensitive to the 

layer thickness variation. As hs increases from hs=0, more light will be confined into the low index 

region for TM mode while there is not much change for TE mode. Therefore, nTM decreases faster 

than nTE. Because we have a larger effective index of TM mode when hs=0 (i.e., a conventional Si 

photonic wire), there will be an optimal thickness hs0, which gives zero-birefringence (i.e., nTE=nTM). 

We also found that the waveguide width has a great influence on the optimal sandwich layer 

thickness, and it is preferable to have a larger width to relax the fabrication tolerance. 
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Figure 5.4. Transmission spectrums of the drop port. 

FDTD method was used to calculate the spectrum of the drop channel of the MRR. The 
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optimal parameters are w=390nm and hs0 = 80nm (for ns=2.343). In order to reduce the demand for 

computation resources, the simulation window includes only the coupling region between the input 

straight waveguides and the MRR. The coupling coefficients obtained from the FDTD simulation 

were used to calculate the spectrum [18]. As shown in Fig. 5.4, the PDλ of the MRR is about 0.01nm, 

which indicates a small birefringence (~1×10
-5

). Since the TE polarization has a smaller coupling 

coefficient than the TM polarization (i.e., κTE<κTM), we have a larger Q factor for TE polarization. It 

is possible to eliminate the Q factor difference by using a special design of the coupling region [7].  

5.3 Polarization Splitter based on a One-Dimensional Grating 

Coupler 

In a typical polarization diversity scheme, a polarization beam splitter (PBS) is used to separate two 

orthogonal polarizations. As a key component, a PBS should provide high coupling efficiency for 

both polarizations and high extinction ratio between them. Passive PBSs can be realized by using 

asymmetric cross sections [20] or directional couplers [21]. However the fabrication process is 

complex [20] and the fabrication tolerance is relatively small [21]. One promising solution is a 

two-dimensional (2-D) grating coupler acting simultaneously as a vertical light coupler and a 

polarization splitter [22]. However the design is complex to obtain high coupling efficiency for both 

polarizations [23] and the low efficiency is unacceptable for practical applications. In this thesis, we 

present a PBS based on a 1-D grating coupler [paper D, paper E]. The design procedure is 

simplified and the fiber-to-waveguide coupling efficiency is increased to exceed 50% which 

approaches the requirement of practical applications. 

5.3.1 Theoretical Design 

 

 

Figure 5.5. Sketch of the grating coupler based PBS.  

The sketch of the proposed PBS is shown in Fig. 5.5. The SOI wafer consists of a 260 nm 

silicon layer and a 3 µm silica buffer layer. When we tilt the input fiber appropriately, the Bragg 

equation (Eq. 3.3) can be fulfilled for both polarizations in different diffraction orders (for TE, m = 

+1 and for TM, m = -1), i.e.  

kinsin(θ) + K = βTE      TE polarization                   (Eq. 5.1) 

K - kinsin(θ) = βTM       TM polarization                  (Eq. 5.2) 

Consequently, the two orthogonal polarization components are coupled into two guided modes with 
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opposite propagation directions.  

The design procedure is relatively simple. The tilted angle and etch depth are fixed at the 

beginning. Then we can roughly calculate the propagation constants of the guided modes in the 

grating waveguide. According to the Bragg equations (Eq. 5.1, 5.2), the period of the grating is 

estimated. After that, we use numerical software “Cavity Modeling Framework” (CAMFR) [24] to 

calculate the coupling efficiency and optimize the design. The coupling efficiency from the 

waveguide to the fiber is obtained by calculating the overlap between the radiated optical field and 

the fiber mode. In the optimization process, the tilted angle and grating period are tuned slightly to 

make the two polarization components have the same maximal coupling efficiency at the same 

wavelength. Finally, FDTD method is used to verify the optimal design. Although in a real situation, 

the fiber has a cylindrical cross-section and the grating coupler has a finite width. However, we can 

approximate the three-dimensional case with a 2-D configuration due to the large width of the 

grating.   

 

Figure 5.6. Wavelength dependent coupling efficiency of the optimal design, as well as the crosstalk 

between the two polarization components (solid line: TM polarization, dashed line: TE polarization). 

As an example, we chose the etch depth of the groove and the tilted angle to be 50 nm and 15°, 

respectively. The number of groves is 19. For the grating coupler with a period of 595 nm, the 2D 

FDTD simulation results can be found in Fig. 5.6. As one can find, approximate 50% coupling 

efficiency is obtained for both polarizations at 1550 nm and the cross talk between them is relatively 

small. As one can see, the efficiency peaks of the two polarizations are not fully matched, which can 

be corrected by tuning the tilted angle slightly.  

5.3.2 Fabrication, Characterization and the Results of the First Prototype 

 

7
0

0
 μ

m
 

300 μm 

Input coupler 

Output coupler 

 

Figure 5.7. SEM top view of the fabricated PBS. Inset: The fabricated grating coupler 
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The SOI structure was fabricated by using PECVD technique. EBL and ICP-RIE were used to 

define and transfer the patterns into the silicon layer. Double EBLs and dry etching processes were 

used to define the waveguide structure and the gratings separately. Fig. 5.7 shows the SEM photo of 

the fabricated PBS. One grating was fabricated in the center as the input coupler and the other two 

were used as the output couplers. Tapers and 400 nm wide photonic wires were used to connect the 

input and output gratings. The bending radius of the bent waveguides is designed to be 50μm.  
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Figure 5.8. (a) Characterization setup, (b) Measured transmission efficiency 

Fig. 5.8 (a) shows the characterization setup. Fibers were precisely controlled in three 

dimensions by adjustment frames. The input fiber was tilted by 15°while the two output fibers were 

-15° tilted. Broadband amplified spontaneous emission (ASE) light source [Thorlabs ASE-FL7002] 

was used to provide equal TE and TM polarization components. More detailed information of the 

characterization can be found in paper E. The experimental results are shown in Fig. 5.8 (b). 43% 

efficiency of TM polarization was achieved and the efficiency of TE polarization is a bit lower 

(about 33%). The centre wavelength of both spectrums is 1540 nm, which is a little different from 

the design. The difference may come from the variation of the etch depth. We also measured the 

3-dB bandwidth which is about 56 nm.  

In order to measure the extinction ratio with the unpolarized light source (ASE), we fabricated 

another structure as shown in Fig. 5.9(a). After some mathematical manipulation [paper E], we can 

derive the sum of the two extinction ratios at two output ports as: 

(a) 

(b) 

http://www.thorlabs.com/ProductDetail.cfm?&DID=6&ObjectGroup_ID=115&Product_ID=12357


Chapter 5. Polarization Insensitive Optical Circuits based on Silicon Photonic Wires 

49 
 

TETMERTMTESUM PPPbaabERERER  //'/'               (Eq. 5.3) 

In Fig. 5.9(b) one can find the measured ERSUM. Over a 60 nm wavelength range, a high 

extinction ratio (-20 dB) was achieved. ERSUM can be treated as the upper limit of the extinction ratio 

of each output port. ERSUM degrades for longer wavelength, this is because it approaches the up limit 

of the ASE bandwidth, and the signal is too small to suppress the noise. 
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Figure 5.9. (a) Structure for extinction ratio measurement (b) Measured extinction ratio. 

  

5.3.3 The second PBS with Brag Reflectors 

   

Figure 5.10. Sketch of the PBS with Bragg reflectors 
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For practical applications, the coupling efficiency of the proposed PBS is not sufficient. In 

order to improve the efficiency further, one can either use a nonuniform grating to maximize the 

overlap between the radiated field and the fiber mode or use bottom reflectors to increase the 

directionality of the grating. In this thesis, we designed and fabricated a PBS with Bragg reflectors 

under the silica buffer layer [paper D]. The schematic configuration of the PBS is shown in Fig. 

5.10. The SOI structure used in section 5.3.2 is adopted here. The Bragg reflector consists of a high 

index silicon layer and a low index silica layer. We can roughly calculate the thicknesses of the two 

layers by using the equations available in text books. Then numerical optimization was perform and 

tSi=100 nm and tSiO2=260 nm were obtained as the optimal design of the Bragg reflectors for 1555 

nm wavelength. Two cycles of Bragg reflectors were employed to eliminate the downwards leakage 

as much as possible. PECVD technique was used to fabricate the multi layer structure. Fig. 5.11 

shows the SEM pictures of the fabricated structure. Due to the variation during the deposition 

process, the film thickness is measured to be slightly different from the optimal design. The 

thicknesses of Si and SiO2 layers of the Bragg reflector were measured to be 90 nm and 250 nm, 

respectively. The silica buffer layer is 2.92 μm thick and the silicon core layer thickness is 260 nm.  

  

Figure 5.11. SEM photos of the fabricated (a) Bragg reflectors and (b) SiO2 buffer layer. 

Table 5.1. Optimal Parameters of the proposed PBS 

Period Etch width Etch depth Angle Groove No. 

595 nm 300 nm 50 nm 15
o
 19 

The optimization procedure is similar to what we described in section 5.3.1. Optimal 

parameters are listed in table 5.1 and the calculated fiber position dependent coupling efficiency is 

shown in Fig. 5.12. The fiber position is defined as the lateral distance between the projection of the 

fiber center on grating surface and the left edge of the first groove. From this figure, we can find that 

very high efficiency (~73%) can be achieved for each polarization at different fiber positions, and 

the optimal efficiency is about 70% (see the red point in Fig. 5.12). The coupling efficiency of the 

PBS without Bragg reflectors is also shown. Since the silica layer thickness is not optimal for 1550 

nm light coupling, the directionality of the grating without Bragg reflectors is very poor, which 

results in a low coupling efficiency. By comparison, one can see the great improvement of 

efficiency by introducing Bragg reflectors.  

(a) (b) 
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Figure 5.12. Fiber position dependent efficiency of the PBS with or without Bragg reflectors. 

The fabrication of the grating is similar to section 5.3.2. Besides, we also measured the 

propagation loss by using cut-back method. The propagation loss of TE and TM modes were 

measured to be 6.2dB/mm and 3dB/mm, respectively. Compared with [25], the propagation loss of 

our waveguide is relatively large, which mainly comes from the roughness of the waveguide 

sidewalls. The experimental results of the characterization (after loss compensation) are shown in 

Fig. 5.13. From the figure, one can find that over 50% coupling efficiency is obtained for both 

polarizations, and the 3dB bandwidth is about 65 nm. The ripples in the TE spectrum come from the 

Fabry-Perot cavity formed inside the waveguide structure. By SEM investigation, we found lateral 

mismatches at the connection of different waveguide structures (e.g. photonic wires and tapers). 

They mainly come from the poor alignment adjustment of the EBL process. TM polarization mode 

is not sensitive to the lateral mismatch, therefore the ripples in the TM spectrum are invisible. In 

order to remove the influence of the propagation loss and the ripples on the measurement results, we 

fabricated a reference sample in which two grating couplers are directly connected by a 12 μm wide 

waveguide. The measured coupling efficiency for TE polarization is also shown in Fig. 5.13(a). 

(a) 
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Figure 5.13. (a) Measured coupling efficiency (b) measured extinction ratio. 

We also measured the upper limit of the extinction ratio of each output port. The same method 

as described in section 5.3.2 was used, and the results are shown in Fig. 5.13(b). The extinction ratio 

is kept around -20 dB from 1530 nm to 1580 nm. As moving to longer wavelength, the extinction 

ratio degrades rapidly. This is because when λ>1580 nm, it is approaching the upper limit of the 

ASE’s bandwidth and the signal is too weak to suppress the noise.  

5.4 Ultracompact Polarization Rotator 

5.4.1 Introduction 

As another key component of polarization diversity scheme, polarization rotator (PRs) is also 

included in the scope of the thesis. Different mechanisms such as electro-optical and thermal strain 

effects have been used to realize PRs [20]. Comparatively speaking, a passive PR is more attractive 

because of the easy fabrication and the cost effectiveness. Periodic sections of asymmetrical loads 

are used to realize PRs [21], but the overall device length is very large (e.g. 3 mm). It is possible to 

reduce the conversion length greatly by combing cascaded bent waveguides and slant sidewalls 

together [22]. However, the relatively large size and complex fabrication process make it less 

competitive. A promising solution can be a straight waveguide with a series of feature size 

dependent etched slots in it[23], very short conversion length is obtained (~50 µm).  

In this thesis, we present an ultrasmall PR based on silicon photonic wire. It can be fabricated 

by dry etching technology without any other complex processes. Due to the strong optical 

confinement and the asymmetry of the photonic wire, the two fundamental modes have very 

different propagation constants, which help to reduce the conversion length Lc greatly. Here the 

conversion length is defined by Lc=Lπ/2, where Lπ is the beat length. Lπ=2π / (β0-β1), in which β0 and 

β1 are the propagation constants of the fundamental and first order modes of the asymmetric 

waveguide, respectively.  

Fig. 5.14(a) shows the sketch of the polarization rotator. The cross section of the asymmetrical 

waveguide can be found in Fig. 5.14 (b). A corner of the waveguide is etched. H denotes the total 

height of the silicon layer, and W denotes the total width of the photonic wire. He and We denote the 

height and width of the etched corner, respectively. The following parameters are fixed: H＝500nm, 

(b) 



Chapter 5. Polarization Insensitive Optical Circuits based on Silicon Photonic Wires 

53 
 

W=500nm, λ0=1550nm. SiN (e.g., n3=2.36) is chosen as the cladding layer. 

 

5.4.2 Analysis and Design 
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Figure 5.14. (a) Sketch of the polarization rotator. (b) Cross section view of the asymmetrical 

waveguide.  

The polarization conversion efficiency (PEC) can be defined by PCE=PTM / (PTM+PTE) ×100%, 

where PTM, PTE are the powers of the two output polarized modes, respectively. Another expression 

of PEC which is more useful for analysis can be expressed as [24]:  

2 2sin (2 )sin ( ) 100%
2 c

L
PCE

L


  ,                   (Eq. 5.2) 

where θ is the optical axis rotation angle, which can be defined as[25] 

2 2

2 2

( , ) ( , )

tan( )
( , ) ( , )

x

y

n x y H x y dxdy

R
n x y H x y dxdy

 





 






 ,                  (Eq. 5.3) 

where n (x, y) is the refractive index distribution, Hx (x, y) and Hy (x, y) are the transverse and 

horizontal components of an eigenmode, respectively. As mentioned before, in order to realize 

100% polarization rotation, we need to optimize the structure to get R=1.  
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Figure 5.15. Conversion length Lc and losses for different etch width We. 

The FEM method with triangular elements is chosen to carry out the simulation. A series of 

combinations of We and He lead to 100% rotation efficiency. Fig. 5.15 shows the calculated 

(

a) (b) (a) 
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conversion length and different kinds of loss as a function of We. One can find that the conversion 

length is reduced to be 20 μm, which is less than 1/20 of a conventional single section PR [24]. As 

shown in the same figure, the mode mismatch loss increases as the etch width increases while the 

reflection loss is kept at a low level (<0.05dB/Facet). There is a tradeoff between the conversion 

length and the coupling loss. With larger etch width, it is possible to achieve a more compact device, 

but the loss is higher. For our optimal design, the loss is about 0.22dB.  

We also analyzed the wavelength dependence of the conversion efficiency. Numerical 

simulation shows that over a 100 nm wavelength range, PCE is larger than 97%. Therefore we can 

conclude that the proposed PR is suitable for dense wavelength-division multiplexing (DWDM) 

system. 

5.4.3 Fabrication Tolerance 

The proposed PR requires two dry etching steps to define the asymmetric waveguides. Since 

the mode distribution highly depends on the etch width and depth, small fabrication errors will 

deviate the mode distributions from the optimal design and decrease the conversion efficiency. In 

this thesis, we also analyze the fabrication tolerance of the proposed rotator.  

Six types of fabrication errors can be introduced in the etch process: the conversion length error 

ΔLc, the slanted angle error ΔΦ, the total width error ΔW, the total height error ΔH, the etching 

width error ΔWe and the etching height error ΔHe. Normally, ΔLc is small enough to be ignored. For 

ΔΦ, we did numerical analyses and found that the device performance remains at an acceptable 

level when ΔΦ=3
o
. Because the slanted angle error can be well controlled in the dry etching process 

(see section 3.4), it is reasonable to ignore this kind of fabrication error here.  

Fig. 5.16 shows PCE as a function of fabrication error ΔWe. Since the waveguide is ultrasmall 

and the index contrast is very high, it is not surprising to find that PCE decreases dramatically when 

the errors increases. If we determine the fabrication tolerance with the condition PCE>92%, the 

tolerance of etch width is found to be ±20nm. In order to relax the fabrication tolerance, we 

developed a compensation method, which is mainly based on the tunable refractive index of the 

cladding layer n3. The cladding refractive index can be optimized to restore the optical axis rotation 

angle and the conversion length to their optimal values. Fig. 5.17 shows the PCE changes as a 

function of n3. ΔWe=±45nm are considered here. From this figure, one can see that PCE reaches 

maximal value (about 92.3%) when n3=2.216. Therefore we can conclude that the fabrication errors 

ΔWe are successfully compensated. 

 
Figure 5.16. PCE as a function of fabrication error ΔWe 
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Figure 5.17. PCE as a function of the cladding refractive index n3 for ΔWe=-45nm (solid line) and 

ΔWe=+45nm (dashed line). 

It is important to note that the maximal PCE value is smaller than 100%, when one modifies the 

cladding refractive index to compensate the etch width error. It is because when we tune the 

refractive index to restore the optical axis rotation angle, the conversion length deviates away from 

the optimal value. Therefore, although we have a rotator with an optimal axis rotation angle after 

compensation, the device length is not optimal, and the maximal PCE restored is always smaller 

than the optimal value. If PCE>92% is used as the evaluation criterion, the etch width error that can 

be compensated is from -45nm to +45nm. 
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Chapter 6  

A Hybrid Integration Platform for Active 

Devices on Silicon 

6.1 Introduction 

After several decades of separate development of photonics and microelectronics, recently, there is 

an increased trend to unite them on a single material platform. Silicon, which has been extensively 

explored for microelectronics, is now considered for the new generation of optical circuits. The 

aimed CMOS compatibility of silicon photonics can have a substantial impact on the components 

industry owing to the cost-effectiveness of silicon and the mature fabrication technology inherited 

from the microelectronics industry. Another advantage of silicon photonics is its 

high-index-contrast, which is now widely exploited to realize ultracompact passive devices. 

However, it is a well known fact that silicon, because of its indirect bandgap, is a bad candidate for 

the application of active optical devices, great efforts have been made to break this barrier and 

realize active devices based on silicon [1-4], which is still a big challenge, especially in the case of 

efficient light emission [5]. Hybrid laser which combines III-V materials and silicon [6-8] is a 

promising solution. For different active devices, different III-V epitaxial layers are grown separately 

and then bonded on top of the silicon circuits. Wafer-scale patterning and further processing are 

carried out to define specific structures in the bonded layers. Since one can bond many III-V dices 

on top of the silicon optical circuits, it is possible to integrate an array of multi-wavelength lasers 

with other photonic devices. By using hybrid laser, the mechanical alignment requirement is also 

relaxed. Molecular direct bonding [6] and adhesive bonding [7, 8] have been utilized to realize a full 

set of active optical devices, both providing similar performances. Molecular direct bonding can 

realize very compact integration of III-V layers with the patterned silicon layer. Due to the 

close-zero-distance between the passive (Si) and active (III-V) regions, evanescent coupled lasers 

can be realized, in which the optical mode is mainly confined in the silicon waveguide and the 

evanescent wave of the mode is coupled with the active region, providing the gain for lasing. Strict 

surface treatment is required, and complex structures are introduced to ease the ineffective heat 

dissipation and to exhaust the by-product gases arising out of involved processing steps [9]. 

Adhesive bonding uses glues, epoxies, or various plastic agents as the intermediate to bond III-V 

epitaxial layers on silicon. Adhesive bonding relaxes the requirement of surface treatment, but it 

still has the problem with heat dissipation. 

In this thesis, a rather different approach is investigated to integrate III-V materials for light 

emission with silicon. Nano-epitaxial lateral overgrowth (nano-ELOG) of InP over SiO2 mask by 

hydride vapor phase epitaxy (HVPE) is experimentally studied [10, paper G].  
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Figure 6.1 Schematic flow of the nano-ELOG technology based monolithic integration platform. 

Fig. 6.1 shows the schematic process flow for nano-ELOG based InP integration on silicon. An 

InP seed layer is first grown on top of the silicon wafer (see Fig. 6.1 (I)); due to the 8% lattice 

constant mismatch between InP and silicon, a lot of misfit and threading dislocations exist. Then a 

SiO2 buffer layer is deposited on top of the seed layer (see Fig. 6.1 (II)). Chemical-mechanical 

polishing (CMP) is used to planarize the uneven SiO2 surface, which is inherited from the seed layer. 

PECVD deposition or standard SOI wafer fabrication process can be applied to fabricate a layer of 

silicon on top of the SiO2 buffer (see Fig. 6.1 (III)). After that, standard CMOS technology can be 

applied to define patterns in the silicon layer and the SiO2 cladding layer is deposited (see Fig. 6.1 

(IV) and (V)). CMP technology is utilized again to planarize the uneven SiO2 surface. Afterwards, 

subwavelength wide openings are etched through the SiO2 mask (see Fig. 6.1 (VI)), exposing the 

InP to the outside environment. By using HVPE (or other epitaxy technology), one can realize 

growth of InP from the openings (see Fig. 6.1 (VII)). As InP grows thicker, the threading 
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dislocations in the seed layer will also propagate upwards. In a simplistic treatment, the threading 

dislocations are considered to glide on the {111} planes propagating along the <101> directions, 45° 

off the normal to the surface [13]; one can prohibit most of them by making the openings narrow 

enough, so that the InP layer on the mask surface will be in principle dislocation free [see Fig. 6.2]. 

This high quality InP layer can be used as a base for further processes. For instance, one can grow 

quantum wells on top of it and define a laser structure (see Fig. 6.1 (VIII)). 

 

Figure 6.2 Schematic description of a monolithically integrated device after the epitaxial lateral 

overgrowth of InP on silicon. 

In order to facilitate the interaction between the optical modes confined in silicon waveguide 

and InP layers, the SiO2 cladding layer and the ELOG layer should be made as thin as possible. SiO2 

layers, PECVD deposited on patterned structure, may have a very uneven surface, since silicon 

layer underneath is defined with various heights. CMP technique is needed to planarize the surface. 

The precise control of the deposition and polishing rates is critical, and the surface quality after 

polishing is also very important for InP lateral growth, because large variation and roughness of the 

SiO2 surface can introduce stress into the grown layer and dislocations may appear. Spin-on-glass 

(SOG) is an alternative to deposited SiO2, which is widely used to provide an interlayer dielectric in 

multilevel metal interconnect circuits. The super gap-filling ability and the wide thickness control 

range make SOG ideal to achieve a thin and smooth interface between silicon and InP. However, one 

has to be very careful with the volume shrink and the outgassing during the curing process. 

A thin InP layer can be obtained by optimizing the HVPE growth condition. The lateral growth 

rate should be increased as much as possible, while the vertical growth rate needs to be suppressed. 

In the following sections, we will introduce the CMP and HVPE technologies developed in this 

thesis.  

6.2 Chemical-Mechanical Polishing 

Chemical-mechanical planarization (CMP) is widely used as an effective technique for 

planarization by the semiconductor industry [11, 12]. Generally, corrosive chemical slurry together 

with a polishing pad is used to remove materials in a CPM system. A polishing head presses the pad 

and wafer together and rotates with different rotation axes and speed. It is not only abrasive scraping 

that happens during the polishing but chemical reactions will also take place between the material 

and the chemicals in the slurry. The co-activation of the chemical and mechanical processes helps to 
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even out any irregular topography, making the wafer flat. Typically, there are two phases in a slurry: 

solid and liquid phases. Solid phase is normally comprised of abrasives, e.g., silica, zirconia, 

magnesia. Liquid phase is primarily deionized water, combing several additives. The optimization 

of slurry composition is critical for CMP [12], but it is beyond the scope of this thesis. In this thesis, 

we utilize CMP to smoothen the SiO2 mask surface, as well as to planarize the SiO2 cladding layer 

deposited on silicon waveguide.  

 

Figure 6.3 Photo of the polisher 

Fig. 6.3 shows the polishing machine we use (Buehler). A tunable force can be applied on the 

sample by the Vector Power Head to change the polish rate, and to some extent, improve the surface 

smoothness. The rotation speeds of the pad and the head are 180 rpm and 60 rpm, respectively. The 

applied force is 5 N. The used slurry is mainly composed of non crystallizing colloidal silica, and 

the mean size of the silica particles is about 100 nm. One should always keep excess slurry on the 

pad surface during the whole polishing process. After polishing, a series of cleaning process is 

carried out to clean and dry the sample. AFM characterizations are carried out to analyze the surface 

quality before and after polishing.  

 

Figure 6.4 AFM pictures of the SiO2 surface before polishing (a) and after polishing (b). 

Fig 6.4 (a) shows the AFM picture of the deposited SiO2 on silicon wafer, no polishing process 

is done on this sample. One can easily find that the surface is very uneven, and the roughness is 
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measured to 2.9 nm. Fig. 6.4 (b) shows the AFM picture of the polished SiO2 surface, the polishing 

time is fixed to be 1 minute and strict clean process is carried out after the polishing. The polishing 

rate is measured to be 210 nm/minute, and the obtained surface roughness is around 0.2 nm, which 

is more than ten times improved compared with the unpolished sample. We believe that this high 

quality mask surface is smooth enough for ELOG application.  

 

Figure 6.5 AFM pictures of the SiO2 layer on top of silicon waveguide before polishing (a) and after 

polishing (c), as well as the cross section analysis before (b) and (d) after polishing. 

As described in section 6.1, a thin SiO2 cladding layer will be deposited on top of silicon layer. 

Due to the defined pattern in the core layer, the surface of the SiO2 cladding layer is very uneven. 

CMP is planned to be applied to planarize the cladding layer. In the experiments, the fabricated 

silicon waveguide is 500 nm wide and 250 nm thick. A 450 nm thick SiO2 layer is deposited on top 

of the waveguide using PECVD. Fig. 6.5 (a) shows the AFM picture of the uneven SiO2 layer before 

polishing, and the cross section profile is also shown (see Fig. 6.5 (b)). One can find that the 

measured surface variation is 305 nm. By using the same described recipe, we polished the sample 

for two minutes and the AFM measurement results can be seen found in Fig. 6.5 (c) and (d). The 

surface variation after polishing is reduced to below 50 nm. However, it is still far away from a 

perfect flat surface. This is because the isotropic chemical polishing removes both convex and 

concave parts of the surface. Therefore, a process of mechanical polishing needs be used to reduce 

the surface variation. In order to achieve planarization, one solution can be applying a rough 

polishing process before the fine polishing to effectively reduce the surface variation, and another 

step of fine polishing to improve the surface roughness. Another solution is to use spin-on-glass 

(SOG), which can also planarize the surface. After curing, the formed SiO2 film can be polished to 

improve the surface smoothness.  

6.3 Epitaxy Lateral Overgrowth on Pure InP wafer 

As an initial verification, we performed ELOG of InP on pure InP wafer. The InP growth behavior 
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highly depends on the dimension, pitch and orientation of the nano openings. A series of 

experiments were carried out to investigate this dependency. All the experiments start with the 

deposition of a ~ 370 nm thick SiO2 layer on top of {001} InP:Fe substrate by using PECVD 

technique. Openings with different widths and separations are defined in this SiO2 mask by the 

combination of EBL and ICP-RIE. To guarantee that the mask is fully etched through, we performed 

the RIE etching with excess time, which however will introduce etch-damage in the InP layer. All 

the parameters are optimized to realize coalescence of growth fronts from adjacent openings, so that 

the entire patterned field can be covered.  

Fig. 6.6 shows the schematic of the opening patterns. Type A opening patterns have the same 

opening width w, but varying edge to edge separations d (see Fig. 6.6 (a)). Type B (see Fig. 6.6(b)) 

consists of varying opening width but constant edge to edge separation. Each type of openings was 

inclined at 30
o
 and 60

o
 off [110], leading to four combinations of opening type and angle designated 

A-30, A-60, B-30 and B-60. 

 
Figure 6.6 Sketch of openings varying in a) separation (type A) and b) width (type B). 

Table 6.1 Summary of growth condition. 

Temperature [°C] PH3 flow [sccm] InCl flow [sccm] V/III ratio Growth time [mm:ss] 

610 120 24 5 1:00 

610 120 12 10 1:30 

610 120 8 15 2:15 

In an Aixtron LP-HVPE system, we performed the growth of unintentionally doped InP. The 

pressure and temperature are fixed at 20 mbar and 610 °C, respectively. The V/III flow ratio is 

controlled by changing the InCl flow while keeping the PH3 flow constant at 120 sccm. Different 

growth time was chosen to obtain similar InP thickness for all samples. Table 6.1 summarizes all the 

details of growth conditions. One can find a typical SEM picture of the grown layer in the inset of 

Fig. 6.7. Generally, A-30 and B-30 have higher vertical growth rates than A-60 and B-60 for a given 

V/III flow ratio. This is because of a local kinetic effect favouring 30
o 

off [110] openings in 

comparison to 60 
o 
off [110]. For large V/III flow ratio, all the growth rates tend to merge. This is a 

result of low super-saturation which leads to a near equilibrium case. There is another general trend 

that the growth rate decreases as the V/III flow ratio increases. It is a known phenomenon that in an 

excess ambient of PH3, InCl is the one that limits the rate.  

(

a) 

(

b) 
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Figure 6.7 Aspect ratio (lateral growth over vertical growth) versus opening/mask area ratio for 

structures grown at different V/III ratios at different angles. 

For a hybrid laser, the intermediate layer between the silicon core and quantum wells should be 

as thin as possible. In Fig. 6.7, we plot the aspect ratio as a function of area ratio between openings 

and masks. Here, the aspect ratio is defined as the lateral growth extension over growth thickness. 

Larger aspect ratio makes thinner grown layer easier to achieve. Similarly, an opening angle of 30° 

off [110] results consistently in a higher aspect ratio than an angle of 60° off [110] as mentioned 

before. One could also find that for structures grown from openings at the same angle of 30° off [110] 

and the same opening/mask ratio, it appears that aspect ratio increases with decreasing V/III ratio. 

The largest aspect ratio achieved in the experiments is around 5.5. According to the previous study 

[13], we believe that the aspect ratio can be improved further by optimizing the growth condition, 

e.g. the growth temperature.  

In order to characterize the crystalline quality of the grown layer, cathodoluminescence 

measurement was performed. Panchromatic cathodoluminescence measurements produce a 

mapping of the intensity of light emitted through radiative recombination, and the defects that act as 

centers for non-radiative recombination can also be mapped which is indicated as dark spots or 

regions [14]. There are several sources of defects, e.g., the defects caused by threading dislocations 

that propagate from the InP seed layer; the relaxation of strain arising from the different thermal 

expansion coefficients of different materials; the coalescence of different grown fronts [15]. CL 

measurements were performed at room temperature with an accelerating voltage of 9 kV. CL spectra 

were also measured on the overgrown structures and InP wafer reference in a region 5x5µm
2
 large. 

Panchromatic image of overgrown openings is shown in Fig. 6.8 (a), one can find no apparent 

signs of dislocations or other kinds of defects. For other opening parameters and growth condition, 

similar results were obtained. In addition, we also compare the CL spectra from the overgrowth with 

a reference sample grown on an identical planar substrate under the same conditions (see Fig. 6.8 

(b)). The similar spectrum suggests that no new defects have been introduced in the overgrowth step. 

It is also notable that the peak is barely shifted compared to the reference sample, indicating low 

levels of strain. All the results show that defect free grown layer is feasible and it could be used as a 

substrate for the growth of III-V materials. 
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Figure 6.8 (a) Panchromatic CL image of grown InP layer (b) spectra from planar reference sample and 

layer grown from openings. 

6.4 Epitaxy Lateral Overgrowth on InP Seed Layer 

 

Figure 6.9 (a) Sketch of the star shape pattern in the SiO2 mask on InP seed layer, insert: sketch of the 

double line pattern (b) SEM photo of the grown InP on the star shape pattern. 

Experiments of ELOG on InP seed layer with SiO2 mask are carried out to approximate the real 

case. Due to the lattice mismatch between InP and silicon, there is a high dislocation density in the 

seed layer and the morphology very uneven. The SiO2 mask is deposited by PECVD and the 

thickness is 460 nm. The patterns shown in Fig. 6.9 (a) are defined in the mask using EBL and RIE. 

In the star shape pattern, there are several single openings with different angles off [110], and all 

openings are designed to have the same width of 200 nm. In the same Aixtron LP-HVPE system, we 

performed the growth of S doped InP. The pressure and temperature are fixed at 20 mbar and 593 °C, 

respectively. The III/V ratio is 10 and the growth time is 1 minute. The SEM picture of the grown 

patterns is shown in Fig. 9 (b). One can find that the opening with 30° off [110] (see the dashed 

ellipse) shows the best lateral growth compared with other openings, which is consistent with the 

conclusion we got in the previous section. AFM measurements are carried out to check the 

morphology of the ELOG layer, and the results can be found in Fig. 6.10, the results of another 30° 

tilted opening with 500 nm width is also shown. Figures (a) and (c) are the top views of the ELOG 

layers and figures (b) and (d) are their cross sectional views, respectively. No distinct “rabbit ear” 

tendencies can be found, suggesting that surface migration of gas molecules is effective in the whole 

(b) 

(a) (b) 
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patterned region, leading to planarization, an inherent property of HVPE [16]. One can also find that 

the ELOG layer surface is smooth, and the surface roughness is measured to be less than 5 nm. The 

relatively large surface roughness may come from the uneven InP seed layer under the mask, since 

we did not polish it before the SiO2 deposition. The next step is to investigate more factors that 

affect the surface roughness and a new CMP recipe is under development for polishing the ELOG 

stripes. 

 

Figure 6.10 (a) AFM picture and (b) cross section analysis of a 300 nm wide single opening, and (c) AFM 

picture and (d) cross section analysis of a 500 nm wide single opening. 

As shown in the inset of Fig. 6.9 (a), we also defined double opening patterns in the SiO2 to 

investigate the coalescence of ELOG layers. Two patterns are defined, which have the same opening 

separation (1μm) and different opening widths (200 nm and 400 nm).The growth condition is the 

same as mentioned before, and the AFM measurement results are shown in Fig. 6.11. Compared 

with the single opening growth, similar surface roughness is obtained, but the ELOG layer surface is 

slightly inclined and in one case a slightly enhanced growth at the edges is observed. The inclination 

may be due to the thickness uniformity arising out of the non-uniformity of the underlying layers. 

The enhanced growth rate at the edges is due to the large mask area surrounding the patterns. Since 

growth takes place from the adsorbed growth bearing species, such an area acts as an “infinite” 

source of growth bearing species, and such a profile is expected to occur in these conditions [17].  

Regarding the different growth rates in the vertical and lateral directions, the obtained aspect 

ratios (as defined in section 6.2) are measured to be 5.6 and 5.2 for the 400 nm and 200 nm wide 

opening patterns, respectively. This opening width (or opening/mask ratio) dependence of the aspect 

ratio suggests that it is possible to increase the aspect ratio by using wider openings, for instance 

1μm, which can be fabricated by standard optical lithography. This also puts demands on the 
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thickness of the mask, which has to be larger than the opening width to enable defect filtering, and 

in this way, it is possible to achieve dislocation free layers even above the openings of the mask 

[18].  

 

 

Figure 6.11 (a) AFM picture and (b) cross section analysis of the double openings with narrow width 

(200 nm), and (c) AFM picture and (d) cross section analysis of the double openings with wide width 

(400 nm)  

6.5 Numerical Analysis of the Hybrid Integration Platform 

Generally, there are two types of lasers on silicon. One can either simply fabricate an ordinary laser 

from the III-V multilayer and couple the light into silicon waveguides [7] or use a so-called hybrid 

integration strategy, in which the waveguiding structure is mainly defined in the silicon layer while 

the gain media is designed to be in the III-V region [6]. The hybrid laser strategy facilitates the light 

output since the mode distributions of the active and passive regions are similar. It is also relatively 

simple to incorporate both high confinement factor design and low confinement factor design in one 

chip for different applications. In order to realize a hybrid laser, one should bring the silicon 

waveguide and the III-V active region (usually quantum wells) close enough.  
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Figure 6.12 Schematic configuration of the proposed hybrid laser. 

Although we can simply apply the ELOG based integration platform to the first type of laser 

mentioned above, it is interesting and challenging to investigate the feasibility of applying it for the 

hybrid laser application. In Fig. 6.12, we plot the sketch of the ELOG-based hybrid laser. Detailed 

description of the fabrication process can be found in Fig. 6.1. Compared with the integration 

platform based on wafer bonding, the proposed platform provides many advantages. For instance, 

the alignment between III-V stacks and silicon waveguides is done simultaneously in the step of 

opening definition, which can be done on a wafer scale. Therefore, large numbers of III-V 

components can be grown on the silicon wafer in one step, and all the active components are 

self-aligned to the silicon structure. It is worth to point out that since the silica layer which has low 

thermal conduction coefficient is etched through, the heat dissipation of the laser can be effective. 

Therefore low threshold, long lifetime hybrid lasers can be expected. Furthermore, no strict surface 

treatment is needed, which improves the yield and reliability of the fabricated devices.  

 

Figure 6.13 Optical mode profile of the hybrid structure. 

Fig. 6.13 shows a typical mode profile of the hybrid structure. Generally, the optical mode is 

split into two parts, which are confined in the silicon passive waveguide and the quantum wells. The 

mode confinement factors can be critical for the device performance. A high modal confinement in 
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the silicon waveguide facilitates the light coupling into passive components, and it also strongly 

affects the minimum bending radius of the silicon waveguide, which is an important issue for high 

density integration. On the other hand, the modal confinement in the active layers determines the 

gain we get to overcome the loss. A high confinement factor leads to a low threshold laser. Since the 

ELOG layer embedded between silicon and active layers is relatively thick, and the refractive index 

of it is large, a special strategy is needed to balance the light coupling between silicon and active 

layers. In the following section, simulations are carried out to give the optimal design.  

As shown in Fig. 6.12, the width and height of the silicon waveguide is defined as w and h, 

respectively. hr is the ridge height, hs is the cladding thickness and hi is the thickness of the grown 

InP layer. As an example, we use the similar epitaxy layer structure as in [9] (see table 6.2) for 

simulation, except that the bonding layer and super lattice layer are removed. Since it is easy to 

obtain a thin SiO2 cladding layer by using CMP, we conservatively choose the cladding thickness 

hs=100 nm. Besides, we roughly choose the following parameters for simulation d = 2 μm, w = 1 μm 

and h = 0.8 μm. FDM mode solver is adopted here and nonuniform discretization is employed 

because of the large dimension difference between different layers. 

Table 6.2 Multilayer structure for the hybrid laser mode simulation 

Layer Material Thickness (nm) Index@1550 nm 

Cladding InP 1500 3.1681 

SCH Al0.131Ga0.34 In0.528As 250 3.4564 

MQWs Al0.089Ga0.461 In0.458As(9x) 

Al0.055Ga0292 In0.6538As(8x) 

10 

7 

3.5309 

3.5387 

N contact n-ELOG InP 440 3.1681 

SiO2 cladding SiO2 100 1.46 

Silicon core Silicon 700 3.46 

SiO2 buffer SiO2 1500 1.46 
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Figure 6.14 Silicon waveguide (a) and QWs (b) confinement factors for different ELOG layer thickness, 

with varied ridge height hr (360 nm, 340 nm, 330 nm and 320 nm) 

Fig. 6.14 shows the calculated confinement factors as a function of ELOG layer thickness, 

different ridge heights are chosen. One can find that for larger ridge height (hr>320 nm), the silicon 

waveguide confinement factor decreases as the ELOG layer thickness increases, and it is opposite 

for quantum wells confinement factor. This is because the thick InP layer tends to attract the optical 

mode to move upwards, forming a slab mode in the III-V region with a small confinement factor in 

the silicon waveguide. Here, we can balance the mode distribution by optimizing the ridge height. 

With smaller ridge height, the effective index of the silicon waveguide can be increased effectively 

and hence a higher confinement factor in the silicon waveguide can be achieved. As shown in Fig. 

6.14 (a), by reducing the ridge height, we are able to increase the silicon waveguide confinement. In 

order to realize a hybrid laser, one should carefully choose the combination of ridge height and 

ELOG layer thickness to obtain reasonable confinement factors both for silicon waveguide and 

quantum wells. In table 6.3, we list three examples of the optimal combinations of ridge height and 

ELOG layer thickness, as well as the calculated confinement factors of them. 

Table 6.3 Optimal hr and hi for a balanced mode distribution 

 Case 1 Case 2 Case 3 

hr  (nm) 360 340 330 

hi  (nm) 300 400 600 

Si WG confinement factor 0.62 0.6 0.58 

QWs confinement factor 0.3 0.32 0.38 

The thickness of ELOG layer is mainly determined by the aspect ratio (as defined in section 6.2) 

and the width of area that needs to be covered by ELOG layer. According to the previous study [13], 

the maximal aspect ratio is around 9. If we choose the optimal case 3 (see table 6.3) as an example, 

the width of the ELOG layer is calculated to be 0.6 μm × 9=5.4 μm. These values are suitable for 

practical applications. For the other optimal cases, CMP can be applied to polish down the ELOG 

layer to improve the aspect ratio, and a particular CMP method for this kind of application is being 

optimized.  
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It is interesting to find (see Fig. 6.14 (a)) that for certain value of ridge height (e.g. hr = 320 

nm), the confinement factor is almost constant for different ELOG layer thicknesses, which is the 

optimal case to eliminate the influence of fabrication errors. In Fig. 6.15, we also plot the calculated 

results of the confinement factors, when the silicon waveguide width is w = 1.2 μm. Because larger 

waveguide width increases the effective index of the silicon waveguide, it leads to a larger 

confinement factor in silicon waveguide. In order to balance the mode distribution, a deeper etch, i.e. 

larger ridge height, is required. From these figures, one can find more optimal combinations of ridge 

height and ELOG thickness for different applications.  

 

Figure 6.15 Silicon waveguide (a) and QWs (b) confinement factors for different ELOG layer thickness, 

with varied rig height hr (500 nm, 520 nm, 540 nm, 560 nm and 580 nm) 

Based on the numerical analysis presented above and the experimental results discussed in 

previous sections, we believe the proposed hybrid integration platform is very promising for 

realizing efficient lasers and other active devices on silicon. More work is being carried out. 
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Chapter 7  

Summary, Conclusion and Future Work 

7.1 Summary and Conclusion 

In this thesis, focused on the general problems of silicon photonics, we theoretically and 

experimentally demonstrated some silicon photonic wire waveguides-based optical devices and a 

hybrid integration platform for silicon active devices. 

Some numerical methods, including FD Mode solver, BPM and FDTD method, have been 

discussed and implemented in this thesis work. With these numerical tools, we are able to precisely 

predict the light behavior in complex devices. The features of our FD mode solve include: 

formulation in the cylindrical coordinate system, nonuniform discretization and PML boundary 

condition. 

A full set of micro/nano fabrication technology has been reviewed and optimized. The PECVD 

technology based amorphous silicon platform has been used to provide extra flexibility for the 

designer. Electron beam lithography has been applied to provide feature size smaller than 100 nm. 

Different ICP-RIE recipes have been developed to etch different structure, including waveguides 

and small grooves. The vertical coupling characterization set up has been fully explored to obtain 

the high coupling efficiency and large alignment tolerance simultaneously.  

In order to get high light coupling efficiency for silicon photonic wires, a nonuniform grating 

coupler is designed, fabricated and characterized. The diffraction strength of each groove is 

optimized to get a diffracted field distribution matched with the optical fiber mode. Over 60% 

coupling efficiency has been obtained experimentally. To the best our knowledge, it is the most 

efficient silicon grating coupler fabricated to date. A novel coupler facilitating the light coupling 

between silicon strip and slot waveguides has been theoretically and experimentally studied. 

Lossless coupling has been realized experimentally. As we know, there have not been any fabricated 

lossless couplers for slot waveguides. 

Sandwich waveguides have been introduced to eliminate the polarization dependent 

wavelength of microring resonator. Theoretically, by optimizing the dimension and the refractive 

index of the center layer, the PDλ can be minimized. In addition, two key components of the 

polarization diversity scheme have been demonstrated. We have studied a polarization beam 

splitter-based 1D bidirectional grating coupler, both theoretically and experimentally. By coupling 

different polarization components into two optical modes propagating in opposite directions, the 

polarization beam splitting function was realized. The proposed PBS can also be used as an efficient 

coupler for silicon photonic wires. By adding a Bragg reflector under the PBS, we have obtained 

50% coupling efficiency for both polarizations experimentally, and a -20 dB extinction ratio has 

also been obtained. An ultracompact polarization rotator has been theoretically demonstrated. By 

optimizing the dimensions of an asymmetric photonic wire, 100% polarization conversion has been 

realized. We also analyzed the fabrication tolerance of the proposed polarization rotator. A 

compensation method based on tuning the refractive index of the cladding layer has been applied to 
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enlarge the tolerance. 

The propagation loss of silicon photonic wires has been measured and a minimum 3.5 dB/mm 

propagation loss of TM polarization is obtained. The loss mainly comes from the sidewall 

roughness. 

As a first attempt to set up a monolithic integration platform for hybrid laser on silicon, we 

experimentally demonstrated the feasibility of the nano-ELOG technology which provides a 

dislocation free InP layer grown on silicon. A 200 nm thin InP layer with good morphology and 

crystalline quality has been successfully grown on SiO2 mask. Furthermore, we carried out a series 

of simulation analysis to show that the nano-ELOG based integration platform is very promising for 

hybrid laser integration on silicon. 

7.2 Future work includes: 

1. In the fabrication part, more work should be done to optimize the PECVD technology to get a 

better control over the deposition rate. The optimized process can help to improve the device 

performance by providing the SOI structure exactly matched with the requirements of the design. 

ICP-RIE etching recipe should also be optimized to reduce the sidewall roughness, which is critical 

to reduce the large propagation loss. 

2. The combination of a nonuniform grating and Bragg reflectors can help to improve the 

coupling efficiency further, experimental work is under planning. The drawback of the grating 

couplers we have now is that we need two EBL and etching processes to define the waveguides and 

gratings separately. In order to facilitate the fabrication, deep etching grating couplers can be a good 

candidate. A more efficient numerical model for 3D simulations needs to be developed. After that, 

we can try to apply the nonuniform grating concept in the deep etching grating coupler.  

3. The proposed slot waveguide coupler is very useful for the deployment of slot waveguides in 

silicon photonic wires-based optical circuits. We can use the slot waveguide to realize some unique 

functions in the circuit, for instance, optical sensing, optical amplification and etc.  

4. The proposed polarization rotator can be realized experimentally. After that, we will have both 

of the key components for the polarization diversity scheme. Although polarization diversity circuit 

has already been experimentally demonstrated, a 3D integrated polarization diversity circuit is still 

absent. We can try to realize it based on a vertical coupled ring resonators.  

5. The proposed Nano-ELOG based integration platform is very promising for hybrid laser 

integration. The next step is optimizing the lateral growth from InP seed layer and realizing ELOG 

layer on top of silicon waveguides. After that, we can continue to fabricate quantum wells on top of 

the ELOG layer and try to realize efficient hybrid lasers on silicon. Many different active devices 

are also in the waiting list.  
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Chapter 8  

Description of Original Work 

Paper A. Highly efficient nonuniform grating coupler for silicon-on-insulator 

nanophotonic circuits 

Y. Tang, Z. Wang, L. Wosinski, U. Westergren, and S. He, Opt. Lett., vol. 35, pp. 1290-1292 (2010). 

In this paper, a high efficiency silicon-on-insulator grating coupler is designed, fabricated and 

characterized. By using nonuniform grooves with different widths and depths, the overlap between 

the upwards radiated wave and the fiber mode is maximized. The lag effect of dry etching process is 

utilized to relax the requirement of the feature size in fabrication. The maximal waveguide-to-fiber 

coupling efficiency is measured to be 64% for transverse electrical polarization. Furthermore, the 

nonuniform grating coupler can also help to reduce the light reflection from the waveguide-grating 

boundary. 

Contribution of the author: Fabrication and characterization of the device, manuscript 

discussion. 

 

Paper B. Ultracompact low-loss coupler between strip and slot waveguides  

Z. Wang, N. Zhu, Y. Tang, L. Wosinski, D. Dai, and S. He, Opt. Lett., vol. 34, 1498-1500 (2009). 

In this paper, an ultracompact waveguide coupler for efficient light coupling from strip waveguides 

to slot waveguides is demonstrated both theoretically and experimentally. By theoretical analysis, 

the coupler formed by two complementary tapers can provide almost lossless light coupling while 

keeping a very compact overall size. The maximal coupling efficiency is measured to be 97%. In 

addition, theoretical analysis shows that the proposed coupler has relatively high tolerance to 

fabrication errors. 

Contribution of the author: Device design, simulation, fabrication and characterization, 

major part of writing. 

 

Paper C. Polarization-Insensitive Ultrasmall Microring Resonator Design Based on 

Optimized Si Sandwich Nanowires  

Z. Wang, D. Dai, and S. He, IEEE Photon. Technol. Lett., vol. 19, pp. 1580-1660 (2007) 

In this paper, silicon sandwich nanowires are used to eliminate the polarization dependent 

wavelength of an ultrasmall ring resonator. The silicon sandwich nanowires consist of a low 

refractive index layer and two silicon layers with high refractive indices. It is possible to eliminate 

the birefringence by optimizing the thickness and refractive index of the sandwiched layer. An 
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ultrasmall polarization-insensitive microring resonator is realized theoretically. Further analysis 

shows that the fabrication tolerance of the proposed nonbirefringent nanowires is relatively large.  

Contribution of the author: Code programming, simulation and analysis, major part of 

writing. 

 

Paper D. Experimental Demonstration of a High Efficiency Polarization Beam Splitter 

based on a One-Dimensional Grating 

Z. Wang, Y. Tang, L. Wosinski, and S. He, IEEE Photon. Technol. Lett., (2010). Submitted. 

In this paper, a one-dimensional grating serving as both a polarization beam splitter and a vertical 

coupler for silicon nanophotonic circuits is designed, fabricated and characterized. In order to 

improve the coupling efficiency, Bragg reflectors are fabricated under the grating. Over 50% 

coupling efficiency for both polarization components and -20 dB extinction ratio between them are 

obtained experimentally. Further analysis shows that the fabricated Bragg reflectors improve the 

coupling efficiency greatly.  

Contribution of the author: Device design, simulation, fabrication and characterization, 

major part of writing. 

 

Paper E. Experimental Demonstration of an Ultracompact Polarization Beam Splitter 

Based on a Bidirectional Grating Coupler 

Z. Wang, Y. Tang, N. Zhu, L. Wosinski, D. Dai, U. Westergren, and S. He, OSA Asia Communications 

and Photonics Conference and Exhibition (ACP), 2009, November 2-6, 2009, Shanghai, China. 

In this paper, as in the previous one, a bidirectional grating coupler is proposed to be used both as a 

polarization beam splitter and a vertical coupler for waveguide-to-fiber light coupling. According to 

the first design (without Bragg reflectors) 43% coupling efficiency was obtained experimentally. 

The proposed coupler was measured to have a relatively large 3-dB bandwidth (56nm) and a high 

extinction ratio between two polarizations.  

Contribution of the author: Fabrication and characterization of the device, major part of 

writing. 

 

Paper F. Ultrasmall Si-nanowire-based polarization rotator 

Z. Wang and D. Dai, J. Opt. Soc. Am. B, vol.25, pp. 747-753 (2008). 

In this paper, a broadband polarization rotator is realized theoretically based on asymmetrical 

silicon nanowires. Numerical analysis shows that high rotation efficiency (almost 100%) and a short 

conversion length (~10 μm) can be obtained simultaneously. Furthermore, the fabrication tolerance 

of the present polarization rotator is studied for practical applications. Different fabrication errors 

introduced by lithography and dry etching processes are analyzed, and it is possible to compensate 

them by modifying the refractive index of the up-cladding. 
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Contribution of the author: Simulation and analysis, major part of writing. 

 

Paper G. InP Overgrowth on SiO2 for Active Photonic Devices on Silicon  

C. Junesand, Z. Wang, L. Wosinski, and S. Lourdudoss, Silicon Photonics V. Edited by Kubby, Joel A.; 

Reed, Graham T. Proceedings of the SPIE, Volume 7606, pp. 760602-10 (2010). 

In this paper, experiments are carried out to investigate the lateral overgrowth of InP by hydride 

vapor phase epitaxy (HVPE) over SiO2 masks. Openings with different widths and separations are 

fabricated and InP lateral overgrowth is realized by optimizing the HVPE process. The growth 

condition dependent growth rate, layer morphology and crystalline quality are studied by using 

different characterization methods. A thin (~200 nm) InP layer is obtained with good morphology 

and crystalline quality.  

Contribution of the author: Fabrication and characterization, manuscript discussion. 
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