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Chapter 1 
 

Introduction 
 
 
In recent years, a rapid increase in communication traffic has caused an upsurge in device 
power consumption, which has created a bottleneck effect in telecommunication networks. 
Electrical packet routers require high power consumption due to optical-to-electrical (O/E) 
and electrical-to-optical (E/O) conversions. To avoid this redundant procedure, optical packet 
routing technologies have been widely studied [1-3]. However, conventional packet routing 
components are not adapted to coherent optical communications, and the integration of the 
components has not been sufficiently investigated. Therefore, construction of a high-density 
photonic integrated circuit with coherent detection to increase communication capacity and 
reduce power consumption in optical packet routing is needed. 

In packet switching systems for coherent optical communications, multi-level 
phase-shift-keying (MPSK) and binary-phase-shift-keying (BPSK) can be employed for the 
payload and the label, respectively. Because the BPSK signal is the binary logic, it is suited to 
the label processing by means of optical logic gates. When considering optical packet 
switching systems for coherent optical communications, most of conventional optical logic 
gates cannot process the BPSK signal because the conventional optical logic gates [4-15] are 
operated by employing optical intensity on logical value. Note that, although some optical 
logic gates for differential-phase-shift-keying have been reported, they are not aimed at 
coherent detection [16-18]. In this thesis, optical XOR, XNOR, NAND, and OR logic gates 
with coherent detection for the BPSK signal are presented. The presented optical logic gates 
are created by connecting 3-dB multi-mode interference waveguides. Additionally, 
architecture of reconfigurable logic operation is proposed to design flexible circuits.  

To achieve a high-density integration of these logic gates, structures of 
transmission-efficient crossing and bent waveguides should be constructed using 
silicon-based optical waveguides. Moreover, athermal operation of the devices is required 
because power saving can be achieved without using Peltier elements or heaters. Among 
silicon-based optical waveguides, slot waveguides can strongly confine light to the low-index 
sub-wavelength scale region [19, 20], which can enhance light-matter interactions. Due to the 
selectiveness of covered low-index materials, slot waveguides are used as athermal 
waveguides [21, 22]. To date, a design method for transmission-efficient crossing slot 
waveguides has been reported [23]. However, the numerical results of the conventional study 

 



 

were obtained from two-dimensional (2-D) simulations based on the finite-difference 
time-domain (FDTD) method, which assumes infinite core height. In this thesis, a 
three-dimensional (3-D) vector finite-element method (VFEM) for the waveguide 
discontinuity problem is developed to analyze a crossing slot waveguide with a finite core 
height. Through the use of the 3-D VFEM, the transmission characteristics of the crossing slot 
waveguide with the finite core height is investigated; and the radiation loss caused by the 
conventional crossing structure due to the mode field mismatch is revealed. To avoid the 
radiation loss, a transmission-efficient 3-D crossing slot waveguide with a vertical coupler is 
presented. Additionally, a bent slot waveguide with an asymmetric slot is proposed to realize 
sharp bends.  

When considering further integration, the optical diffraction limit in silicon slot 
waveguides restricts the scale down of the waveguides. Recently, nanoscale optical 
waveguides based on surface plasmon polariton (SPP) to overcome this limitation have been 
attracted much attention because the SPP mode is strongly localized in the nanoscale region 
[24-36]. Because hybrid plasmonic waveguides (HPWs) achieve sub-wavelength confinement 
and are able to mitigate the problem of propagation loss [31-36], they are expected to serve as 
the basic waveguides of next-generation photonic integrated circuits. Although most studies 
on plasmonic waveguides have concentrated on using the plasmonic mode, it has been 
reported that the use of the metal-assisted photonic mode has an advantage in the realization 
of the sharp bend [37, 38]. This thesis reveals that the minor electric field component of the 
metal-assisted photonic mode contributes to the excitation of SPP. It also investigates the 
bending characteristics of the metal-assisted photonic mode in Si-based HPW.  

The structure of this thesis is as follows: The background and objective of the thesis is 
given in this chapter. The formulations of the 2-D VFEM for the guided mode analysis and 
the 2-D finite-element method for the waveguide discontinuity problem are presented in 
Chapter 2. In Chapter 3, design methods of optical XOR, XNOR, NAND, and OR logic gates 
with coherent detection for the BPSK signal are presented. In Chapter 4, a 3-D VFEM for the 
waveguide discontinuity problem is formulated. Through the use of the 3-D VFEM, 
transmission characteristics of two types of crossing slot-waveguides with finite core height 
are investigated. In Chapter 5, transmission-efficient structures of bent silicon slot waveguide 
and crossing silicon slot waveguide for compact silicon slot waveguide-based circuits are 
presented. In Chapter 6, it is revealed that SPP occurs by the minor electric field component in 
the metal-assisted photonic mode. Modal properties, and bending and coupling characteristics 
of the metal-assisted photonic mode in a Si-based HPW are investigated. Finally, the findings 
of this study are summarized in Chapter 7. 
 
 

  

2 



 

 
 
 
 
 

Chapter 2 
 

Finite Element Methods 
 
 
 
 
 
2.1  Introduction 
The finite-element method (FEM) is one of the useful numerical techniques because the size 
of the mesh can be adaptively configured, and the mesh can be adapted for various forms. In 
this chapter, the two-dimensional (2-D) vector FEM (VFEM) for the mode analysis [39] and 
the 2-D FEM for the waveguide discontinuity problem are formulated [40]. 
 
 
 
2.2  Basic Equations for Light Waves 
 
2.2.1  Maxwell’s Equations 
Light is an electromagnetic wave phenomenon. Its magnetic field is represented by four 
electromagnetic field vectors that are functions of position r [m] and time t [s]. The four 
vectors, which are the electric filed E [V/m], magnetic field H [A/m], electric flux density D 
[C/m2], and magnetic flux density B [Wb/m2], conform to Maxwell’s equations: 

,
t

¶
Ñ´ = -

¶
BE  (2.1) 

,
t

¶
Ñ´ = +

¶
DH J  (2.2) 

where J [A/m2] is the electric current density. The following current continuity equation 
(conservation of charge equation) holds for J and the charge density r [C/m3]: 
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.
t
r¶

Ñ × = -
¶

J  (2.3) 

From (2.1)-(2.3) and the vector formulas: 
( ) 0,Ñ × Ñ´ =E  (2.4) 

( ) 0,Ñ × Ñ´ =H  (2.5) 

we obtain 
0,Ñ × =B  (2.6) 

.rÑ × =D  (2.7) 

(2.1), (2.2), (2.6), and (2.7) are generally called Maxwell’s equations. The flow density of the 
energy carried by electromagnetic filed is expressed by the Poynting vector S [W/m2], which 
is defined as 

.= ´S E H  (2.8) 

 
 
 
2.2.2  Constitutive Relations 
If the medium is anisotropic, linear, and non-dispersive, constitutive relations are given by 

[ ] [ ]0 r ,= =D E Ee e e  (2.9) 

[ ] [ ]0 r ,= =B H Hm m m  (2.10) 

where [e] and [m] are the permittivity and permeability tensors, and [er] and [mr] are the 
relative permittivity and the relative permeability tensors, respectively. In addition, e0 [F/m] 
and m0 [H/m] are the permittivity and the permeability in free space, respectively, and their 
values are 

12
0 8.8541878 10 ,e -= ´  (2.11) 

7
0 4 10 .m p -= ´  (2.12) 

 
 
 
2.2.3  Wave Equations 
When assuming an electromagnetic wave with unit angular frequency w [rad/s] and 
introducing the electric field E , magnetic field H , electric flux density D , and magnetic 
flux density B , which are indicated as phasors (complex amplitude), four electromagnetic 
vectors express as 

( )  ( ) ( ), Re exp ,t j twé ù= ê úë ûE r E r  (2.13) 

( )  ( ) ( ), Re exp ,t j twé ù= ê úë ûH r H r  (2.14) 
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( )  ( ) ( ), Re exp ,t j twé ù= ë ûD r D r  (2.15) 

( )  ( ) ( ), Re exp .t j té ù= ë ûB r B r w  (2.16) 

By re-expressing them as E, H, D, and B, Maxwell’s equations become 
[ ] [ ]0 r ,j j jw w m wm mÑ´ = - = - = -E B H H  (2.17) 

[ ] [ ]0 r ,j j jÑ´ = + = + = +H D J E J E Jw w e we e  (2.18) 

[ ]( ) [ ]( )0 r ,e e e rÑ × = Ñ × = Ñ × =D E E  (2.19) 

[ ]( ) [ ]( )0 r 0.m m mÑ × = Ñ × = Ñ × =B H H  (2.20) 

Deleting H or E from (2.17) and (2.18), the following inhomogeneous wave equations are 
given: 

[ ]( ) [ ]1 2
r 0 r 0 ,k j-Ñ´ Ñ´ - =Ε E Jm e wm  (2.21) 

[ ]( ) [ ] [ ]( )1 12
r r 0 r r ,k- -Ñ´ Ñ´ - = -Ñ´H H Je m m e  (2.22) 

where k0 [rad/m] is  

0 0 0k w e m=  (2.23) 

and is called the free-space wave number. When J = 0, (2.21) and (2.22) become the 
homogeneous wave equations: 

[ ]( ) [ ]1 2
r 0 r 0,k-Ñ´ Ñ´ - =Ε Em e  (2.24) 

[ ]( ) [ ]1 2
r 0 r 0.k-Ñ´ Ñ´ - =H He m  (2.25) 

Here, time-average value, <S>, of the energy flow density is expressed as 

1 Re ,
2

S *é ù= ´ë ûE H  (2.26) 

where *´E H  is called the complex Poynting vector. 
 
 
2.3  2-D Vector Finite Element Method for Mode Analysis 
We consider an x-y plane of a 3-D optical waveguide surrounded by the perfectly matched 
layer (PML) regions 1-8 with thickness di (i = 1, 2, 3, 4), as shown in Fig. 2.1. By using the 
PML for anisotropic media [41], the relative permittivity and relative permeability tensors in 
the analysis region are expressed as 

[ ] [ ] [ ] [ ]2
r r,ne m= L = L  (2.27) 

with 
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0 0

0 0 ,

0 0

y

x

x

y

x y

s
s

s
s

s s

é ù
ê ú
ê ú
ê ú
ê ú
ê úL =
ê ú
ê ú
ê ú
ê ú
ê úë û

 (2.28) 

where n is the refractive index, and sx and sy listed in Table 2.1 are the PML parameters in the 
PML region. In non-PML region, sx and sy, are set to 1. Here, we assume parabolic profiles of 
complex value of si in Table 2.1 as 

2
1 tan ,i i

i
s j

d
æ ö÷ç= - ÷ç ÷çè ø

r
d  (2.29) 

where r is the distance from the beginning of the PML and di is the loss angle at the end of the 
PML (r = di). From Maxwell’s equations, the following vectorial wave equation is derived: 

[ ]( ) [ ]2
0 0p k qF FÑ´ Ñ´ - =  (2.30) 

with 
[ ] [ ] [ ] [ ]1

r r, , forp qm e F-= = = E  (2.31) 

[ ] [ ] [ ] [ ]1
r r, , forp qe m F-= = = H  (2.32) 

where k0, E, and H are the free-space wavenumber, the electric and the magnetic fields, 
respectively. In the finite element analysis, solution is obtained by minimizing energy 
corresponding to the functional F instead of solving (2.30) directly. The minimum of the 
functional is found by setting the derivative of the functional to zero. The functional is given 
as an integral form for whole analysis region, and its degree of the derived function is first 
order lower than that of (2.30). After multiplying left-hand side of (2.30) to F*, we integrate 
the obtained equation over the region W and perform formula manipulation. Then, F for (2.30) 
can be expressed as 

( ) [ ]( ) [ ]( )

[ ]( )[ ]

2
0

0,n

F p k q dxdy

p d
W

F F F

F F

*

*

G

é ù= Ñ´ × Ñ´ Ñ´ -ë û

+ × ´ Ñ´ G =

òò
ò i

 (2.33) 

where * and in denote the complex conjugate and the outward unit normal vector, respectively. 
We divide the analysis region into a number of higher-order edge elements [42] as shown in 
Fig. 2.2 and expand the transverse field components (Fx and Fy), and the longitudinal field 
component (Fz) in each element: 

{ } { }

{ } { }

{ } { }

T
t ex

T
y t e

Tz z e

U

V

j N

é ùé ùF ê úê ú ê úê ú= F = ê úê ú ê úê ú ê úFë û ê úë û

F

f

f

b f

, (2.34) 

where b is the propagation constant, T denotes the transpose of matrix, {ft}e is a vector 
composed of all the edge variables in the hybrid edge/nodal element, and {fz}e is a vector 
composed of all the nodal variables in the hybrid edge/nodal element. {U}, {V} are the shape 
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function vectors for curvilinear edge element, and {N} is the shape function vector for the 
curvilinear nodal element. They are given in Tables 2.2 and 2.3, where L1, L2, and L3 are the 
area coordinate variables. 

Substituting (2.34) into (2.33) and applying the finite element technique, the following 
matrix equation is obtained: 

[ ] [ ]
[ ] [ ]

[ ] [ ]
[ ] [ ]

{ }20
0

0 0
tt tt tz

zt zz

K M M
M M

b
é ù é ù
ê ú ê ú- =
ê ú ê úë û ë û

 (2.35) 

with 

[ ] { }{ } { }{ }

{ }{ } { }{ } { }{ } { }{ }

2 2
0 0

T t
tt e e

t tt t
y y x x y x x y

K k q U U k q V V

p U U p V V p U V p V U dxdy

é= +êë
ù- - + + úû

å òò
 (2.36) 

[ ] { }{ } { }{ }TT
tz x ye e

M p U N p V N dxdyé ù= +ê úë ûå òò  (2.37) 

[ ] [ ]tzt tzM M=  (2.38) 

[ ] { }{ } { }{ } { }{ }2
0

TT T
zz x x y ye e

M p N N p N N k q N N dxdyé ù= + -ê úë ûå òò  (2.39) 

[ ] { }{ } { }{ }T T
tt e e

M p U U p V V dxdyé ù= +ê úë ûå òò  (2.40) 

where {0} is a null vector, [0] is a null matrix, Se extends over all different elements, and 
{Nx}, {Ny}, {Uy}, and {Vx} are given in Tables 2.4 and 2.5. As a consequence, the problem 
results in eigenvalue equation.  
 
 

 
 

Fig. 2.1: Schematic of a cross section of a 3-D optical waveguide 
surrounded by the PML. 
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Fig. 2.2: Curvilinear hybrid edge/nodal element. 
 
 
 

Table 2.1: Values of PML parameters in the 2-D VFEM analysis. 
 

PML 

Parameter 

PML region 

1 2 3 4 5 6 7 8 

sx s1 s2 1 1 s1 s2 s1 s2 

sy 1 1 s3 s4 s3 s3 s4 s4 

 
 

 
Table 2.2: Shape function vector for nodal elements. 

 Fundamental element Higher-order element 

{ }N  
1

2

3

L
L
L

é ù
ê ú
ê ú
ê ú
ê úë û

 

( )
( )
( )

1 1

2 2

3 3

1 2

2 3

3 1

2 1
2 1
2 1

    4
    4
    4

L L
L L
L L

L L
L L
L L

é ù-
ê ú
ê ú-ê ú
ê ú-ê ú
ê ú
ê ú
ê ú
ê ú
ê ú
ê úë û
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Table 2.3: Shape function vector for edge elements. 

 Fundamental element Higher-order element 

{ }U  

2 1
1 1 2

3 2
2 2 3

1 3
3 3 1

L Ll L L
x x
L Ll L L
x x

L Ll L L
x x

é æ ö ù¶ ¶ ÷ç -ê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ ö¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ ö¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ê úë û

 

2
1 1

3
2 2

1
3 3

1
1 2

2
2 3

3
3 1

3
1 2

1

1
2 3

2

   

   

   

   

   

   

8

8

e

e

Ll L
x
Ll L
x

Ll L
x
Ll L
x
Ll L
x

Ll L
x

A LL L
l x
A LL L
l x

é ù¶
ê ú

¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶
ê ú

¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶
ê ú

¶ê ú
ê ú
ê ú¶
ê ú

¶ê úë û

 

{ }V  

2 1
1 1 2

3 2
2 2 3

1 3
3 3 1

L Ll L L
y y
L Ll L L
y y

L Ll L L
y y

é æ ö ù¶ ¶ ÷ç -ê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ ö¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ ö¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ê úë û

 

2
1 1

3
2 2

1
3 3

1
1 2

2
2 3

3
3 1

3
1 2

1

1
2 3

2

   

   

   

   

   

   

8

8

e

e

Ll L
y
Ll L
y

Ll L
y
Ll L
y
Ll L
y

Ll L
y

A LL L
l y
A LL L
l y

é ù¶
ê ú

¶ê ú
ê ú

¶ê ú
ê ú¶ê ú
ê ú

¶ê ú
ê ú¶ê ú
ê ú

¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ë û
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Table 2.4: Differentiation of Shape function vector for nodal elements.  

 Fundamental element Higher-order element 

{ }xN  

1

2

3

L
x
L
x
L
x

é ù¶
ê ú

¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ê ú
ê ú¶ë û

 

( )

( )

( )

1
1

2
2

3
3

1 2
2 1

2 3
3 2

3 1
1 3

    4 1

    4 1

    4 1

4

4

4

L L
x
L L
x
L L
x

L LL L
x x
L LL L
x x

L LL L
x x

é ù¶
-ê ú

¶ê ú
ê ú¶ê ú-ê ú¶ê ú
ê ú¶ê ú-ê ú¶ê ú
ê úæ ö¶ ¶ ÷çê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ öê ¶ ¶ ú÷çê ú÷ç ÷çè ø¶ ¶ê ú
ê ú

æ ö¶ ¶ê ú÷çê ú÷ç ÷çè ø¶ ¶ê úë û

 

{ }yN  

1

2

3

L
y
L
y
L
y

é ù¶
ê ú

¶ê ú
ê ú
¶ê ú

ê ú¶ê ú
ê ú
¶ê ú

ê ú¶ê úë û

 

( )

( )

( )

1
1

2
2

3
3

1 2
2 1

2 3
3 2

3 1
1 3

    4 1

    4 1

    4 1

4

4

4

L L
y
L L
y
L L
y

L LL L
y y
L LL L
y y

L LL L
y y

é ù¶
-ê ú

¶ê ú
ê ú

¶ê ú
-ê ú¶ê ú

ê ú
¶ê ú-ê ú¶ê ú

ê ú
æ ö¶ ¶ê ú÷çê ú÷ç ÷çè ø¶ ¶ê ú

ê úæ ö¶ ¶ê ú÷ç ÷ê úç ÷çè ø¶ ¶ê ú
ê úæ ö¶ ¶ê ú÷ç ÷ê úç ÷çè ø¶ ¶ë û
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Table 2.5: Differentiation of Shape function vector for edge elements. 

 Fundamental element Higher-order element 

{ }yU  

2 1 1 2
1

3 2 2 3
2

1 3 3 1
3

L L L Ll
x y x y
L L L Ll
x y x y

L L L Ll
x y x y

é æ ö ù¶ ¶ ¶ ¶ ÷ç -ê ú÷ç ÷çè ø¶ ¶ ¶ ¶ê ú
ê ú

æ ö¶ ¶ ¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ ¶ ¶ê ú
ê ú

æ ö¶ ¶ ¶ ¶ê ú÷ç -ê ú÷ç ÷çè ø¶ ¶ ¶ ¶ê úë û

 

2 1
1

3 2
2

1 3
3

1 2
1

2 3
2

3 1
3

3 1 2
2 1

1

1 2 3
3 2

2

           

           

           

           

           

           

8

8

e
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2.4  2-D Finite Element Method for Waveguide Discontinuity Problem 
We consider a 2-D optical waveguide discontinuity problem, as shown in Fig. 2.3. 
Surrounding the analysis region W by the anisotropic PML [41], the relative permittivity and 
relative permeability tensors in the analysis region are expressed as 

[ ] [ ] [ ] [ ]2
r r,ne m= L = L  (2.41) 

with 

0 0

0 0 ,

0 0

y z

z

y

y

z

s s
s
s

s
s

é ù
ê ú
ê ú
ê ú
ê ú
ê úL = ê ú
ê ú
ê ú
ê ú
ê úë û

 (2.42) 

where n is the refractive index, and sy and sz listed in Table 2.6 are the PML parameters in the 
PML region. In non-PML region, sy and sz are set to 1. Here, we assume parabolic profiles of 
complex value of si in Table 2.6 as 

2
1 tan ,i i

i
s j

d
r

d
æ ö÷ç= - ÷ç ÷çè ø

 (2.43) 

where r is the distance from the beginning of the PML and di is the loss angle at the end of the 
PML (r = di). From Maxwell’s equations, the following basic equation is derived: 

2
0 0yz

y z
y z

ssp p k s s q
y s y z s z

æ ö æ ö¶ ¶F ¶ ¶F÷ ÷ç ç+ + F =÷ ÷ç ç÷ ÷÷ç÷ç¶ ¶ ¶ ¶è øè ø
 (2.44) 

2, 1, for TE modexE p q nF = = =  (2.45) 

2
1, , 1 for TM modexH p q
n

F = = =  (2.46) 

where k0, Ex, and Hx are the free-space wavenumber and the x components of the electric and 
magnetic fields, respectively. 

Dividing the analysis region into quadratic triangular elements, the fields F within each 
element can be approximated as 

[ ] { }T
eNF = f , (2.47) 

where {N} and {f}e are the shape function vector for the quadratic triangular element and the 
nodal f vector for each element. 

Here, we consider the incidence plane G as shown in Fig. 2.3 and divide the region W into 
two subregions, W1 and W2. Applying the Galerkin procedure to (2.44), the element equation is 
obtained. Next, we assemble the complete matrix for W by adding the contributions of all the 
different elements. Then, the boundary integral terms vanish except for the incidence plane G, 
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owing to the continuity conditions of the electric and magnetic fields, and we obtain the 
following matrix equation:  

[ ]{ } { }
' 1 2y
e e z

s
p p N d

s z zG
æ ö¶ ¶ ÷ç= - G÷ç ÷çè ø¶ ¶å ò

f f
f  (2.48) 

with 

[ ]
{ } { } { } { }

{ }{ }
' 2

0

T T
y Tz

y ze e y z

ss N N N Np p p k qs s N N dydz
s y y s z z

é ù¶ ¶ ¶ ¶ê ú= + -ê ú¶ ¶ ¶ ¶ë û
å ò , 

(2.49) 
where the components of vector {f} are the values of f at all nodal points in W,  Se extends 
over all elements, and S’ 

e  extends over the elements related to G. The field f in the region 
Wi (i =1, 2) is expressed as fi. We define the incident field as fin and the scattering field as 
fscat. Then, the field in Wi is expressed as 

in, scat,i i i= +f f f  (2.50) 

and the continuity condition of the electric and magnetic fields on the incident plane G is 
given by 

scat,1 scat,2

z z
¶ ¶

=
¶ ¶

f f
. (2.51) 

Then, (2.48) is rewritten as 

[ ]{ } { }
' in,1 in,2y
e e z

s
P p N d

s z zG
æ ö¶ ¶ ÷ç= - G÷ç ÷ç ¶ ¶è øå ò

f f
f . (2.52) 

If we can express the arbitrary incident fields fin,1 and fin,2 using the eigen modes as 

( ) ( )in,1 expm m m
m

A f y j z= -åf b , (2.53) 

( ) ( )in,2 expm m m
m

A f y j z= åf b . (2.54) 

Then (2.52) becomes 
[ ]{ } [ ]{ }P Qf G= Y  

with 

(2.55) 

[ ] { } { }
' y T
e e z

s
Q p N N dy

s G G= å ò  (2.56) 

{ } { }2 m m m
m

j A fbG GY = - å , (2.57) 

where Am, fm(y), bm are the amplitude, modal field function, and propagation constant of m-th 
mode, respectively. {N}G and {fm}G are the shape function vector and the field vector of fm(y) 
on the incidence plane G, respectively. When defining the vector composed of the values of f 
at nodal points on the incidence plane G as {f}G and the vector related to the remaining nodes 
as {f}0, (2.55) can be written as 
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[ ] [ ]
[ ] [ ]

{ }
{ }

{ }
[ ]{ }

00 0 0 0p p
p p Q

f
f

G

G0 GG G G

é ù é ù é ù
ê ú ê ú ê ú=
ê ú ê ú ê úYë û ë û ë û

, (2.58) 

where [P]00, [P]0G, [P]G0, and [P]GG are the partial matrices of [P]. 
 
 
 
 

 
 

 
 

Fig. 2.3: Schematic of a 2-D optical waveguide surrounded by the PML. 
 
 
 
 

Table 2.6: Values of PML parameters in the 2-D FEM for the discontinuity problem. 
 

PML 
parameter 

PML region 
1 2 3 4 5 6 7 8 

sy 
sz 

s1 
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s2 
1 

1 
s3 

1 
s4 

s1 
s3 

s2 
s3 

s1 
s4 

s2 
s4 
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Chapter 3 
 

Optical Logic Gates for BPSK Signals 
 
 
 

 
 

3.1  Introduction 
Optical logic gates [4-15, 43, 44] have attracted increasing attention due to their practical 
utility in networks and systems, such as optical label swapping and recognition for optical 
packet switching schemes [1, 2]. Optical logic gates are applied to label swapping 
architectures [3] and optical packet time-to-live processors [45]. Optical packet switching 
systems have some advantages, such as high throughputs, low power consumption, and high 
band efficiency, compared to conventional electrical routers. 

However, different modulation formats will be selectively used according to different 
network scales and applications in future networks [46, 47]. For example, on-off-keyed 
(OOK) modulation formats and binary-phase-shift-keyed (BPSK) modulation formats are 
expected to be simultaneously used in networks. This is because the OOK formats are 
cost-effective for access area networks and metropolitan area networks, whereas the BPSK 
formats improve receiver sensitivity and enhance tolerance to fiber nonlinearity in long-haul 
transmission systems [48-50]. Differential-phase-shift-keyed (DPSK) receivers have been 
studied for many years [51], and the use of the delay-interferometer with direct detection has 
been extensively studied [52, 53]. Compared to the OOK formats, the DPSK formats have the 
advantage of a 3-dB reduction in the required optical signal-to-noise ratio (OSNR) [52, 53]. 
To process the DPSK signal, optical logic gates for the DPSK signal using semiconductor 
optical amplifiers [16, 17] or periodically poled lithium niobate [18] have been reported. 
Recently, for further efficiency upgrades of transmission, coherent detection has again 
become a topic of interest [54-56] due to the advantage of OSNR [54] and the availability of 
ultra-dense wavelength division multiplexing [57] compared to direct detection. However, to 
our knowledge, optical logic gates with coherent detection have not been reported.  
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Here, we consider the optical packet switching system for OOK modulation formats as 
shown in Fig. 3.1(a). Because most of the reported optical logic gates are operated by 
employing optical intensity on logical value [4-15], these logic gates can be directly utilized 
for components of the label recognition as arithmetic processing devices for OOK signals. 
Next, we consider the optical packet switching system for BPSK modulation formats as 
shown in Fig. 3.1(b). In this system, some sort of phase-to-amplitude converter is required to 
use conventional optical logic gates that employ optical intensity as bit information [4-15]. 
However, this situation makes the label recognition architectures complicated.  

To avoid cumbersome architectures, in this chapter, we propose optical XOR, XNOR, 
NAND, and OR logic gates with coherent detection based on multi-mode interference (MMI) 
waveguides for BPSK signals. The optical logic gates include functions as phase-to-amplitude 
converters and operate as logic gates, as shown in Fig. 3.1(c). In the optical logic gates, the 
logical value of the input is determined by the phase information, whereas the logical value of 
the output is determined by the amplitude. Moreover, we adopt silicon-based MMI 
waveguides for the base structure of the logic gates because MMI-based devices have several 
advantages, including their simple configuration, large bandwidth, and compact size [58-60]. 
We employ the finite element method (FEM) [40] for numerical simulations and calculate the 
spectrum of the ON to OFF logic-level contrast ratio.  
  
 
3.2  MMI Theory 
MMI devices are based on the self-imaging property, in which the guided modes of a MMI 
region are excited and interfere constructively when a smaller input field of input waveguide 
is launched. Then, the excited fields in the MMI region transmute periodically along the 
propagation direction. Here, the beat length Lp in the MMI region is given by 

( )0 1 eff0 eff12
L

n np
p l

b b
= =

- -
, (3.1) 

where b0 and b1 indicate the propagation constant of the fundamental mode and first-order 
mode, respectively, neff0 and neff1 represent the effective refractive indices of the fundamental 
mode and first-order mode, respectively, and l is the wavelength. From the MMI theory [61], 
(3.1) is rewritten as follows: 

2
c eff4
3

n WLp l
@ , (3.2) 

where nc and Weff are the refractive index and effective width of the MMI region, respectively. 
In the two-input waveguide case, there are two self-imaging mechanisms. One is the general 
interference (GI). In this case, the distance of first N-fold images L is defined as 

3LL
N

p= , (3.3) 
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where N ≧ 1 is integer. The other mechanism is the restricted interference (RI). In this case, 
L is defined as 

LL
N

p= . (3.4) 

From (3.3) and (3.4), it can be seen that the coupling length of the RI mechanism is three 
times shorter than that of the GI mechanism. 
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(a) 

 

(b) 

 

(c) 

 
Fig. 3.1: General constitution of an optical packet switching system. 
(a) Label processing scheme for OOK signals. (b) Label processing 
scheme for BPSK signals with phase-to-amplitude converter. (c) Label 
processing scheme for BPSK signals with an optical logic gate that 
employs the phase of input-light as bit information.  
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3.3  Optical Logic Gates with Phase-Locked Loop 

 
3.3.1  Structure Description 
Fig. 3.2(a) shows a schematic of optical XOR, XNOR, NAND and OR logic gates. The logic 
gates are composed of three MMI waveguides-based 3-dB couplers. Ports B and C are input 
ports corresponding to logical input, and port F is output port to obtain logical output. In 
addition, ports A and D are input ports to input the local oscillator (LO) light. Ports E and H 
are ports for coherent detection, and port G is an idle port. In coherent detection, the LO laser 
and photodetector (PD) are required to construct an optical phase-locked loop (PLL) with a 
single blanch whose role is tracking the phase of the BPSK signal [55, 62, 63]. Fig. 3.2(b) 
shows the structure of the MMI-based 3-dB coupler. To shorten the length of device, we 
employ the restricted self-imaging effect. Under the RI condition, the input/output waveguide 
of the MMI-based 3-dB coupler should be placed at a lateral offset ±WMMI/6 with respect to 
the center of the MMI region [61]. We assume that the materials of the core and cladding are 
Si with a refractive index of 3.5 and SiO2 with a refractive index of 1.45, respectively. The 
width and length of the MMI region are defined as WMMI and LMMI, respectively, and the 
width of input/output waveguide w is 0.3 mm. Moreover, a taper is introduced between the 
input/output waveguide and MMI region to improve the transmission characteristics [60]. We 
set the width and length of the taper as Wtaper = 0.9 mm and Ltaper = 1.5 mm, respectively. 

Fig. 3.3 shows the normalized power variation when changing the LMMI from 12.5 mm to 
14.0 mm. Here, we describe how to design WMMI and LMMI of the MMI-based 3-dB coupler 
using the results shown in Fig. 3.3. From (3.2), it is obvious that as the width of the MMI 
region is wider, the length of the MMI region becomes longer. Accordingly, we select WMMI = 
3.0 mm so that the total size of the device is as small as possible. When setting WMMI = 3.0 mm, 
and assuming Weff = WMMI, from (3.2) and (3.4), we can see that L becomes 13.5 mm at l = 
1.55 mm (first 2-fold images). Next, we calculate the distance of first 2-fold images from (3.1). 
By using the mode-analysis-FEM solver, neff0 = 3.49 and neff1 = 3.46 for the TM mode are 
obtained. As a result, L becomes 13.7 mm at l = 1.55 mm from (3.4). This result is in excellent 
agreement with that from (3.2). 
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(a) 

 
(b) 

 
Fig. 3.2: (a) Schematic of optical XOR, XNOR, NAND and OR logic 
gates. (b) Structure of the MMI-based 3-dB coupler. 

 
 

 
 

Fig. 3.3: Normalized power variation when changing the LMMI from 
12.5 mm to 14.0 mm. 
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3.3.2  Operation Principle of MMI-Based 3-dB Couplers 
To explain the operation principle of the MMI-based 3-dB coupler, at first, we consider that a 
beam is inputted into port 1. Because the 3-dB coupler is treated, the power is equally divided 
between port 3 and port 4. Then, the phase difference between port 3 and port 4 is consistently 
“p/2”. Under this condition, we assume that the phase on port 3 and port 4 are, respectively, 
p/2 and 0, as shown in Fig. 3.4(a) (State 1). If a beam having the same phase for State 1 is 
inputted into port 2, the phase in port 3 and port 4 become 0 and p/2, respectively, as shown in 
Fig. 3.4(b) (State 2).  

Next, we consider the case in which beams are inputted with the same phase into both port 
1 and port 2. Because our proposed structure is a linear device, the structure satisfies the 
principle of superposition. Thus, it is able to add the complex amplitude of State 1 and State 2, 
and the lights on port 3 and port 4 have the same phase and amplitude, as shown in Fig. 3.4(c). 
We consider the condition that there exists a certain phase difference between port 1 and port 
2. If the phase difference is +p/2 (the phase at port 2 is faster than that of port 1), the phase 
lead of outputted lights is p/2 compared to the output phase relation of State 1. In this case, 
the light on port 4 are negated due to the opposite phase, and consequently, the light is 
outputted from only port 3, as shown in Fig. 3.4(d). On the other hand, if the phase difference 
is -p/2 (the phase at port 2 is slower than that of port 1), the phase lag of outputted lights is 
p/2 compared to the output phase relation of State 1. Then, the light on port 3 is negated due 
to the opposite phase, and consequently, the light is outputted from only port 4, as shown in 
Fig. 3.4(e). We apply these physical phenomena to the basic operating principle of the logic 
gates. Thus, the MMI-based 3-dB coupler fulfills the role of converter that converts the phase 
information of the input signal to amplitude at the output. 

In practice, there is a phase error between the BPSK signal and the LO light. Therefore, 
the conversion efficiency when there is the phase error becomes an important indicator for 
practical implementation. Fig. 3.5 shows the conversion efficiency spectra of the MMI-based 
3-dB coupler as a function of the phase difference (DF) between port 1 and port 2. The 
conversion efficiency h is defined as 

port3

max
100

P
P

h = ´  (3.5) 

where, Pmax and Pport3 are, respectively, the maximum output power and the power of port 3. 
Moreover, we show the insertion loss of the MMI-based 3-dB coupler. Fig. 3.6 shows the 
wavelength dependence of the insertion loss in the whole C-band. The insertion loss IL is 
defined as 

port3 port4
10

port1
10log

P P
IL

P
+

=  (3.6) 

where Pport1 and Pport3 + Pport4 are, respectively, the normalized input power and the total 
output power. The largest insertion loss is -0.14 dB in the whole C-band. The cause of the 
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loss is radiation and reflection around the connections between the MMI region and the 
input/output waveguides. 

 
 
 

 
(a) 

 
(b) 

 
(c) 

 

(d) 

 
(e) 

 
Fig. 3.4: Operation principle of the MMI-based 3-dB coupler. DF is 
the phase difference between port 1 and port 2. The color of the arrow 
corresponds to the dot on the complex plane. 
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Fig. 3.5: The conversion efficiency as a function of the phase 
difference at l = 1.55 mm operating wavelength. DF is the phase 
difference between port 1 and port 2. 

 
 
 
 

 
 

Fig. 3.6: The spectrum of the insertion loss. 
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3.3.3  XOR Logic Gate 
To realize a XOR logic gate, we assume the ideal conditions that the phases of the LO light on 
ports A and D are p/2 and 0, respectively. Moreover, we assume the same wavelength and 
polarization between the input-signal light and the LO light. In the BPSK format, 0-phase 
corresponds to logic 0, while p-phase corresponds to logic 1. Here, we assume that a -p/2 
phase sifter is inserted in front of port C to realize a XOR logic gate. In this way, on port C, 
p/2-phase corresponds to logic 1, whereas -p/2-phase corresponds to logic 0. If these 
requirements have been satisfied, the XOR logic gate operates as follows: 

i) When an input-beam on port B has a phase j = 0 (corresponding to logic 0) and an 
input-beam on port C has j = -p/2 (corresponding to logic 0), logic 0 is obtained from port 
F.  

ii) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has j = p/2 (corresponding to logic 1), logic 1 is obtained from port F.  

iii) When an input-beam on port B has phase j = p (corresponding to logic 1) and an 
input-beam on port C has j = -p/2 (corresponding to logic 0), logic 1 is obtained from port 
F. 

iv) When an input-beam on port B has j = p (corresponding to logic 1) and an input-beam 
on port C has j = p/2 (corresponding to logic 1), logic 0 is obtained from port F. These 
operations are summarized in Table 3.1. 

To gain further insight into the physics of the XOR logic gate, the field distributions at l = 
1.55 mm are illustrated in Fig. 3.7, from which it is recognized that the structure functions as 
an XOR gate. To show the effectiveness of XOR operation, we calculate the spectrum of the 
ON to OFF logic-level contrast ratio on port F. We need to evaluate the contrast ratio by 
taking the worst combination of the logic 1 and logic 0 states because there are two identical 
logical output states of logic 0 or logic 1. Therefore, we select XOR operation of (i) as logic 0 
state and (iii) as logic 1 state in the calculation of the contrast ratio. The contrast ratio CR is 
defined as 

1
10

0
10log PCR

P
=  (3.7) 

where P0 and P1 are the output powers for obtaining logic 0 and logic 1, respectively. Fig. 3.8 
shows the spectrum of the CR of the XOR logic gate. It is found that the smallest ON to OFF 
logic-level contrast ratio for the XOR logic gate is 21.5 dB in the whole C-band. 
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(a) (b) 

  

(c) (d) 

 
Fig. 3.7: Field distributions of the XOR logic gate at an operating 
wavelength of l = 1.55 mm. (a)-(d) correspond to explanations of the 
XOR operation (i)-(iv), respectively. 

 
 

 
 

Fig. 3.8: The spectrum of the ON to OFF logic-level contrast ratio for 
the XOR logic gate. 
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Table 3.1: Functions of the XOR logic gate. 
 

Logical inputs Logical output 
B C F 

logic j logic j Logic 
0 0 0 -p/2 0 
0 0 1 p/2 1 
1 p 0 -p/2 1 
1 p 1 p/2 0 

 

 
 

3.3.4  XNOR Logic Gate 
To realize an XNOR logic gate, we assume the ideal conditions that the phases of the LO light 
on ports A and D are p/2 and 0, respectively. Moreover, we suppose the same wavelength and 
polarization between the input-signal light and the LO light. In the BPSK format, the 0-phase 
corresponds to logic 0, whereas the p-phase corresponds to logic 1. Here, we assume that a 
p/2 phase sifter is inserted in front of port C to realize an XNOR logic gate. In this way, on 
port C, p/2-phase corresponds to logic 0, whereas -p/2-phase corresponds to logic 1. If these 
requirements have been satisfied, the XNOR logic gate operates as follows:  

i) When an input-beam on port B has a phase j = 0 (corresponding to logic 0) and an 
input-beam on port C has j = p/2 (corresponding to logic 0), logic 1 is obtained from port F.  

ii) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has j = -p/2 (corresponding to logic 1), logic 0 is obtained from port F. 

iii) When an input-beam on port B has a phase j = p (corresponding to logic 1) and an 
input-beam on port C has j 
= p/2 (corresponding to logic 0), logic 0 is obtained from port F. 

iv) When an input-beam on port B has j = p (corresponding to logic 1) and an input-beam 
on port C has j = -p/2 (corresponding to logic 1), logic 1 is obtained from port F. These 
operations are summarized in Table 3.2. To gain more insight into the physics of the XNOR 
logic gate, the field distributions at l = 1.55 mm are illustrated in Fig. 3.9, from which it is 
recognized that the structure functions as an XNOR gate. For the XNOR logic gate, the 
smallest ON to OFF logic-level contrast ratio is 21.5 dB. We should note that this result is the 
same as the case of the XOR logic gate because the differences in operation between the XOR 
case and the XNOR case are the phase relation on port C. 
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(a) (b) 

  

(c) (d) 

 
Fig. 3.9: Field distributions of the XNOR logic gate at an operating 
wavelength of l = 1.55 mm. (a)-(d) correspond to explanations of the 
XNOR operation (i)-(iv), respectively. 

 
 
 

 

Table 3.2: Functions of the XNOR logic gate. 
 

Logical inputs Logical output 
B C F 

logic j logic j Logic 
0 0 0 p/2 1 
0 0 1 -p/2 0 
1 p 0 p/2 0 
1 p 1 -p/2 1 
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3.3.5  NAND Logic Gate 
To realize a NAND logic gate, we assume the ideal conditions that the phase of the LO light 
on ports A and D is p/2 when the phase of the BPSK signal is 0 or p. Moreover, we assume 
the same wavelength and polarization between the input-signal light and the LO light. If these 
requirements have been satisfied, the NAND logic gate operates as follows:  

i) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has j = 0 (corresponding to logic 0), logic 1 is obtained from port F.  

ii) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has  j = p (corresponding to logic 1), logic 1 is obtained from port F.  

iii) When an input-beam on port B has a phase j = p (corresponding to logic 1) and an 
input-beam on port C has j = 0 (corresponding to logic 0), logic 1 is obtained from port F.  

iv) When an input-beam on port B has j = p (corresponding to logic 1) and an input-beam 
on port C has  j = p (corresponding to logic 1), logic 0 is obtained from port F. These 
operations are summarized in Table 3.3. To gain more insight into the physics of the NAND 
logic gate, the field distributions at l = 1.55 mm are illustrated in Fig. 3.10, from which it is 
recognized that the structure functions as a NAND gate. Fig. 3.11 shows the spectrum of the 
ON to OFF logic-level contrast ratio for the NAND logic gate. Here, we should add that there 
are three logic 1 states in the NAND operation, but we need to evaluate the worst state in 
which the least light intensity on port F is obtained. Therefore, we choose the NAND 
operation of (iii) as the logic 1 state in the calculation of contrast ratio. Then, the smallest ON 
to OFF logic-level contrast ratio is 22.3 dB in the whole C-band. 
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(a) (b) 

  

(c) (d) 
 

Fig. 3.10: Field distributions of the NAND logic gate at an operating 
wavelength of l = 1.55 mm. (a)-(d) correspond to explanations of the 
NAND operation (i)-(iv), respectively. 

 
 

 
 

Fig. 3.11: The spectrum of the ON to OFF logic-level contrast ratio for 
the NAND logic gate. 
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Table 3.3: Functions of the NAND logic gate. 
 

Logical inputs Logical output 
B C F 

logic j logic j Logic 
0 0 0 0 1 
0 0 1 p 1 
1 p 0 0 1 
1 p 1 p 0 

 
 
 

3.3.6  OR Logic Gate 
To realize an OR logic gate, the phase of the LO light on ports A and D is -p/2 when the 
phase of the BPSK signal is 0 or p. Moreover, we suppose the same wavelength and 
polarization between the input-signal light and the LO light. If these requirements have been 
satisfied, the OR logic gate operates as follows:  

i) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has j = 0 (corresponding to logic 0), logic 0 is obtained from port F.  

ii) When an input-beam on port B has j = 0 (corresponding to logic 0) and an input-beam 
on port C has  j = p (corresponding to logic 1), logic 1 is obtained from port F.  

iii) When an input-beam on port B has a phase j = p (corresponding to logic 1) and an 
input-beam on port C has j = 0 (corresponding to logic 0), logic 1 is obtained from port F.  

iv) When an input-beam on port B has j = p (corresponding to logic 1) and an input-beam 
on port C has  j = p (corresponding to logic 1), logic 1 is obtained from port F. These 
operations are summarized in Table 3.4. 
To gain more insight into the physics of the OR logic gate, the field distributions at l = 1.55 
mm are illustrated in Fig. 3.12, from which it is recognized that the structure functions as an 
OR gate. For the OR logic gate, the smallest ON to OFF logic-level contrast ratio is 22.3 dB. 
We should note that this result is the same as the case of the NAND logic gate because the 
differences in operation between the NAND case and the OR case are merely the phase of LO 
light on the port. 
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(a) (b) 

  
(c) (d) 

 
Fig. 3.12: Field distributions of the OR logic gate at an operating 
wavelength of l = 1.55 mm. (a)-(d) correspond to explanations of the 
OR operation (i)-(iv), respectively. 

 

 

 

 

Table 3.4: Functions of the OR logic gate. 
 

Logical inputs Logical output 
B C F 

logic j logic j Logic 
0 0 0 0 0 
0 0 1 p 1 
1 p 0 0 1 
1 p 1 p 1 
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3.4  Architecture of Reconfigurable Optical Logic Gates 
Fig. 3.13 shows a schematic of a reconfigurable optical logic gate. The logic gate is composed 
of three 3-dB couplers based on the MMI waveguide. Ports B’ and C’ are input ports 
corresponding to the logical input, and port F is an output port to obtain logical output. In 
addition, ports A’ and D’ are input ports for the incident LO light. Also, ports E and H are 
ports for optical detection, and port G is an idle port. The LO laser and PD are required to 
construct the PLL whose role is tracking the phase of the BPSK signal [55, 62, 63]. 

To show operations of the reconfigurable optical logic gate for the BPSK signal, we 
assume ideal conditions that the phase of the LO light on ports A’ and D’ should be “0” when 
the phase of the BPSK signal on ports B’ and C’ are just “0” or “p”. In the BPSK format, 
0-phase corresponds to “logical 0”, whereas p-phase corresponds to “logical 1”. Under these 
conditions, by changing phase of input-lights appropriately (DFx) by means of certain phase 
shifters, arbitrary logic functions can be realized. Table 3.5 shows operation principles of 
NAND, OR, XOR, and XNOR logic functions, respectively. As an example, we explain an 
operation of the NAND logic gate in detail. In the NAND case, the conditions of the phase 
control are DF1 = +p/2, DF2 = 0, DF3 = 0, and DF4 = +p/2, respectively. Then, we set the 
phase of the LO light on ports A and D are “p/2” and the phase of the BPSK signal is just “0” 
or “p”. 
 
 
 
 

 

 
Fig. 3.13: Schematic of a reconfigurable optical logic gate. DFx (x = 1, 
2, 3, 4) indicates the amount of phase change of the phase shifter, and 
the value of DFx is selected from +p/2, 0, or –p/2. 
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Table 3.5: Operation principle of the reconfigurable logic. 
 

 NAND OR XOR XNOR 
DF1 +p/2 -p/2 +p/2 +p/2 
DF2 0 0 0 0 
DF3 0 0 -p/2 +p/2 
DF4 +p/2 -p/2 0 0 
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Chapter 4 
 

3-D Analysis of Crossing Slot 
Waveguides 

 

 

 

 

 

4.1  Introduction 
Slot waveguides have attracted much attention due to their unique property of strongly 
confining light to the sub-wavelength scale region [19, 20]. These are useful for active 
devices because nonlinear optical effects can be greatly enhanced [64]. Many applications 
have been reported, e.g., all-optical switching [65], polarization splitter [66], and sensing 
[67-69]. In order to efficiently integrate these devices, interconnect technologies such as 
slot-waveguide bends and crossing slot waveguides need to be established. So far, slot 
waveguide bends have been studied [70-72] and recently, a design method for efficient 
transmission of a crossing slot waveguide has been proposed [23], which gives us a novel 
perspective and open up a new horizon for the interconnects of slot waveguide-based devices. 
In [23], by filling up the slots around the cross the transmission was drastically improved, 
compared with conventional direct-crossings. However, the numerical results were obtained 
by two-dimensional (2-D) simulations based on the finite-difference time-domain (FDTD) 
method. In practice, it is necessary to evaluate devices with finite core height as 
three-dimensional (3-D) structures. For analyzing the characteristics of a certain 3-D structure, 
the FDTD method [73, 74] is widely used, which is one of the most popular numerical 
methods. The efficiency in its implementation is the main reason of using the FDTD method, 
but the FDTD method usually requires a large amount of memory, which brings about 
increase of computing-time. On the other hand, the finite element method (FEM) [75] is also 
well known as a useful numerical scheme. The FEM has possibility to reduce consumption of 
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memory because the size of the mesh can be adaptively configured, and the mesh can be 
adapted for various forms.  

In this chapter, we newly formulate and implement a 3-D vector finite element method 
(VFEM) for the waveguide discontinuity problem. Through the use of the 3-D VFEM, we 
investigate transmission characteristics of two types of crossing slot waveguides with finite 
core height. For direct crossing, 3-D simulation results show almost the same tendency with 
the earlier 2-D simulation results [23]. On the other hand, for crossing filling up the slots 
locally, the value of the maximum transmission (78.2%) is relatively low compared with the 
2-D structure (97.2%). In the crossing slot waveguide with finite core height, the radiation 
loss cannot be sufficiently suppressed. 

 
 

4.2  3-D Vector Finite Element Method for Waveguide Discontinuity 
Problem 

 
4.2.1  Historic Background 
The Waveguide discontinuity problem is a basic and important subject for designing 
waveguide devices and circuits [76]. The FEM [40, 77-83] is one of the powerful analysis 
methods to solve this problem. In the earlier works, the FEM was applied to the finite region 
including discontinuities, and the mode expansion technique was used for representing 
infinite uniform waveguides connected to the input and output ports [77-79]. Since the 
techniques involving the mode expansion boundary condition require the calculation of many 
modes of the accessing waveguide, as a result, the complicated procedure of numerical 
framework brings about increase of computation time. During the last decade, the perfectly 
matched layer (PML) [41, 84] boundary condition was implemented in a number of numerical 
calculation algorithms for optical waveguides. The PML is an effective non-reflective 
boundary condition for all incident waves with arbitrary incident angle. By replacing the input 
and output ports by the PML absorbers, the FEM can be applied to the waveguide 
discontinuity problem without using the mode expansion technique [40, 80-83]. However, the 
conventional approaches are limited to 2-D analysis. In 2-D analysis, it is insufficient to 
evaluate a complicated microstructure with the reflection and the radiation because an 
analytical approach, e.g. the effective index method, is hard to be applied in regard to the 
remaining third dimension. 

In this work, we implement a 3-D VFEM using port truncation by the PML for the 
discontinuity problem of optical waveguides, which is our novelty. We use the tetrahedral 
edge element based on the linear-tangential and quadratic-normal (LT/QN) vector basis 
function [85]. Additionally incident condition is given by an eigenmode of a uniform 
waveguide when extracting a 2-D mesh on an incident plane from a 3-D mesh. The 
eigenmode on the incident plane is determined by using 2-D VFEM based on the hybrid 
edge/nodal element [39]. We use the commercial software GiD [86] as a mesh generator. 
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Typical mesh size for a 3-D structure is 572,877. On the other hand, mesh size for a 2-D 
excitation plane is 2,264. All simulations are conducted on a single core of a 2.5 GHz 
Quad-Core AMD Optron (tm) Processor 8380. CPU times for 3-D analysis and 2-D analysis 
are 5823 seconds and 0.9 seconds, respectively. 

 
 

4.2.2  Formulation 
We consider a 3-D optical waveguide discontinuity problem surrounded by the PML regions 
1-7 with thickness di (i = 1, 2, 3), as shown in Fig. 4.1(a). By using the PML for anisotropic 
media [41], the relative permittivity and relative permeability tensors in the analysis region 
are expressed as 

[ ] [ ] [ ] [ ]2
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where n is the refractive index, and sx, sy, and sz listed in Table 4.1 are the PML parameters in 
the PML region. In non-PML region, sx, sy, and sz are set to 1. Here, we assume parabolic 
profiles of complex value of si in Table 4.1 as 

2
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 (4.3) 

where r is the distance from the beginning of the PML and di is the loss angle at the end of the 
PML (r = di). From Maxwell’s equations, the following vectorial wave equation is derived: 

[ ]( ) [ ]2
0 0p k qF FÑ´ Ñ´ - =  (4.4) 

with 
[ ] [ ] [ ] [ ]1

r r, , forp qm e F-= = = E  (4.5) 

[ ] [ ] [ ] [ ]1
r r, , forp qe m F-= = = H  (4.6) 

where k0, E, and H are the free-space wavenumber, the electric and the magnetic fields, 
respectively. In the finite element analysis, solution is obtained by minimizing energy 
corresponding to the functional F instead of solving (4.4) directly. The minimum of the 
functional is found by setting the derivative of the functional to zero. The functional is given 
as an integral form for whole analysis region, and its degree of the derived function is first 
order lower than that of (4.4). After multiplying left-hand side of (4.4) to F*, we integrate the 
obtained equation over the region W and perform formula manipulation. Then, F for (4.4) can 
be expressed as 
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where * and in denote complex conjugate and the outward unit normal vector, respectively. 
Dividing the analysis region into the LT/QN tetrahedral edge elements [85], the field F within 
each element can be approximated as 
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with 
[ ] { } { } { }[ ],N U V W=  (4.9) 

where {f}e is the element edge variable vector, T denotes the transpose of matrix, and f 
represents the amplitude of the electromagnetic field at each edge. {U}, {V}, and {W} are the 
shape function vectors for Fx, Fy, and Fz, respectively. We calculate FÑ´ by using (4.8): 
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with 
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We consider that the incidence plane G is perpendicular to z axis as shown in Fig. 4.1(b) and 
divide the region W into two subregions, W1 and W2. The electric/magnetic field in each of 
subregions represents F1 and F2, respectively. After substituting (4.8) and (4.10) for (4.7), we 
calculate the sum of all the elements. Then, the boundary integral terms vanish except for G 
and the outer boundary of the PML owing to the continuity conditions of the electromagnetic 
field. Considering that the electromagnetic field on the outer boundary of the PML becomes 0, 
(4.7) can be written as: 

{ } [ ]{ }
T
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where Se extends over all elements. [N]G is a matrix composed of the shape function vectors 
for G. px, py, and pz are the diagonal elements of [p], and qx, qy, and qz are the diagonal 
elements of [q]. 

Applying the variational principle to (13), the following matrix equation is derived: 
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with 

{ } [ ] [ ]( ) [ ]( )[ ]
'

1 2 ,z ze N p p dF FG GY = ´ Ñ´ - ´ Ñ´ Gå òò i i  (4.16) 

where {f }0 is a vector composed of all the edge variables in the analysis region except for G, 
and {f }Γ is a vector composed of all the edge variables on G. [P]00, [P]0Γ, [P]Γ0, and [P]ΓΓ are 
the partial matrices of [P]. S’ 

e  extends over the elements related to G. Representing the 
electric/magnetic field Fi (i = 1, 2) as the sum of the incident field Fin, i and the scattering 
field Fscat, i, the following equation can be obtained [40]: 

in, scat,i i iF F F= +  (4.17) 

From the continuity conditions of the tangential electromagnetic components on G, we obtain 
[ ]( ) [ ]( )scat,1 scat,2 .z zp pF F´ Ñ´ = ´ Ñ´i i  (4.18) 

Then, (4.16) becomes 
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Now, we define the incident field as 
( ) ( )in,1 2D,1 , expA x y j zbF F= -  (4.20) 

( ) ( )in,2 2D,2 , expA x y j zbF F=  (4.21) 
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where A, F2D, i, and b are amplitude, the 2-D distribution function, and the propagation 
constant of the incident field, respectively. {ft}e is a vector composed of all the edge variables 
in the hybrid edge/nodal element, and {fz}e is a vector composed of all the nodal variables in 
the hybrid edge/nodal element. {U2D}, {V2D} are the shape function vectors for the curvilinear 
edge element, and {N2D} is the shape function vector for the curvilinear nodal element. 
Substituting (4.20) and (4.21) into (4.19), (4.19) can be written as 
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Note that the discretized 2-D distribution function and the propagation constant are calculated 
by the 2-D VFEM [39]. 
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(a) 

 

(b) 
 

Fig. 4.1: (a) Schematic of a 3-D optical waveguide surrounded by 
the PML. (b) The x-z plane for the center of the waveguide. 

 
 

Table 4.1: Values of PML parameters. 
 

PML 
parameters 

PML region 
1 2 3 4 5 6 7 

sx s1 1 1 s1 1 s1 s1 
sy 1 s2 1 s2 s2 1 s2 
sz 1 1 s3 1 s3 s3 s3 
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4.3  Finite Element Analysis of Crossing Silicon Slot Waveguides 
Fig. 4.2 shows 3-D structures of crossing slot-waveguides. We call a direct crossing of a slot 
waveguide as the non-filled-type crossing (Fig. 4.2(a)), and a crossing filling up the slots 
around the cross as the filled-type crossing (Fig. 4.2(b)). We assume that the high refractive 
index medium constructing slot waveguides, upper cladding, and substrate are, respectively, 
Si with the refractive index of 3.48, air, and SiO2 with the refractive index of 1.46. We set the 
slot width and height as ws = 0.05 mm and h = 0.3 mm, respectively. The Si-width is defined as 
wh and in the filled-type crossing, the crossing region is filled with Si whose length is l. 

First, we investigate transmission characteristics of the non-filled-type crossing (Fig. 
4.2(a)), where wh = 0.25 mm and an operation wavelength l is assumed to be 1.55 mm. Table 
4.2 shows the normalized maximum transmission power (T), and the corresponding 
normalized reflection power (R), crosstalk (C), and radiation loss (RL = 1-T-R-2C), and the 
electric-field intensity distribution is shown in Fig. 4.3(a). We can see that 3-D simulation 
results agree roughly with the earlier 2-D simulation results [23] and that the radiation loss is 
caused by the diffraction and scattering at the crossing region. To improve the property 
degradation of the non-filled-type crossing, the filled-type crossing of 2-D structure has been 
proposed in Ref. [23]. 

Next, we investigate transmission characteristics of the filled-type crossing (Fig. 4.2 (b)). 
According to Ref. [23], the radiation loss and the crosstalk can be suppressed by filling up the 
crossing region for reducing the diffraction angle. Also, the reflection can be suppressed by 
regarding the filled segments as the Fabry-Perot-like behavior. These are based on 
mechanisms of increasing the transmission. To confirm the Fabry-Perot-like behavior of the 
filled segments, we change l from 0.2 mm to 1.4 mm as shown in Fig. 4.4(a). Since the 
normalized power for the reflection has periodicity, it is recognized that the filled segments 
perform as the Fabry-Perot-like.  
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(a) (b) 

 
(c) 

 
Fig. 4.2: 3-D structures of the crossing slot-waveguides defined as 
(a) non-filled-type, and (b) filled-type crossings. (c) The x-z plane 
for the center of the waveguides. 

 
 

  
 

(a) (b)  

 
Fig. 4.3: Electric field intensity distributions of (a) non-filled-type 
and (b) filled-type crossings at l = 1.55 mm. 
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(a) 

 

 

(b) 

 
Fig. 4.4: (a) Changes of l from 0.2 mm to 1.4 mm when wh = 0.25 
mm and h = 0.3 mm. (b) Normalized transmission power as a 
function of length (l) filled with Si around the cross, taking 
Si-width (wh) constructing slot-waveguides as a parameter.  
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(a) (b) (c) 

   
(d) (e) (f)  

 
Fig. 4.5: The electric field intensity distributions on the x-y plane in 
several z-positions at l = 1.55 mm. Each of (a)-(f) corresponds to 
the z coordinates of A-F in Fig. 2(c), respectively. 

 
 
 
 
 

Table 4.2: Transmission characteristics of non-filled-type and filled-type crossings. 
 

Normalized powers 
Non-filled-type 

crossings 
Filled-type 
crossings 

2-D [23] 3-D 2-D [23] 3-D 
T 35% 28.5% 97.2% 78.2% 
R 12% 6.3% 0.1% 0.5% 
C 8% 13.6% 0.3% 0.0% 

RL = 1-T-R-2C 37% 38% 2.0% 21.4% 
 

 
 
 

44 



 

 
 

4.4  Radiation Loss in 3-D Crossing Structure 
To explore a structure having better transmittance of the filled-type crossing when h = 0.3 mm, 
we change l and wh in accordance with the design guide mentioned in Ref. [23]. Fig. 4.4(b) 
shows normalized transmission power as a function of length (l) filled with Si around the 
cross, taking Si-width (wh) constructing slot waveguides as a parameter. The maximum 
transmission is obtained at l = 0.46 mm and wh = 0.25 mm. The electric filed intensity 
distribution is shown in Fig. 4.3(b). By filling up the slots around the cross, the transmission 
increases from 28.5% to 78.2%, while the reflection R and the crosstalk C both decrease to 
negligible small due to the Fabry-Perot-like behavior and the diffraction-angle reduction, 
respectively [23]. However, the value of maximum transmission (78.2%) is relatively low 
compared with the 2-D structure (97.2%), and the radiation loss is not sufficiently suppressed 
in the 3-D structure. The cause of this radiation loss can be associated to the coupling loss 
between the air slot and the Si-filled regions due to the mode field mismatch [87]. For 
understanding the differences of mode fields intuitively, the electric field intensity 
distributions on the x-y plane in several z-positions are illustrated in Fig. 4.5. Here, to reveal 
components of radiation loss, we consider a coupler of a slot waveguide and a strip 
waveguide as shown in Fig. 4.6. Fig 4.7 shows the normalized transmission power when 
changing lc, from which the maximal transmittance is 85.9%. Therefore, the radiation loss 
(21.4%) shown in Table 4.2 can be roughly divided into the coupling loss (14.1%) and the 
scattering loss (7.3%) due to having cross ports. 
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Fig. 4.6: Structure of a coupler between a slot waveguide and a 
strip waveguide, where lc is the length of the strip waveguide 
corresponding to the filled segment. The Si-width clipping slot, slot 
width, and height are, respectively, 0.25 mm, 0.05 mm and 0.3 mm. 

 
 

 

 
Fig. 4.7: Transmission when characteristics changing lc. 
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Chapter 5 
 

Bent and Crossing Silicon Slot 
Waveguides 

 
 
 
 
 

5.1  Introduction 
Slot waveguides can strongly confine light to the low-index sub-wavelength scale region [19, 
20], which can enhance light-matter interactions. Due to the selectiveness of covered 
low-index materials, slot waveguides are used in several applications, such as optical 
modulators [88, 89], optical nonlinear devices [64, 65, 90], biosensing circuits [67, 68, 91], 
and athermal waveguides [21, 22]. To efficiently integrate these devices, 
transmission-efficient bent slot waveguides and crossing slot waveguides need to be 
developed. Anderson et al. improved bending efficiency using asymmetric slot-based 
structures, but did not consider losses due to transitions from a straight waveguide to a bent 
slot waveguide [70]. Ma et al. presented right-angle bends based on a corner mirror and 
different resonant cavities, but their numerical results were limited to two-dimensional (2-D) 
analysis [71]. Su et al. proposed a design method for transmission-efficient 2-D crossing slot 
waveguides [23]. In [23], by filling up slots around the crossing, the transmission efficiency 
was improved compared with that of direct crossings. The numerical results of Su et al. were 
obtained by 2-D simulations based on the finite-difference time-domain (FDTD) method, 
which assumes infinite core height. In Chapter 4, we have revealed that when considering a 
core height of the crossing slot waveguide in [23], the finite height caused a large coupling 
loss between an air slot and a Si-filled region due to the mode field mismatch [87]. 

In this chapter, we present a transmission-efficient bent silicon slot waveguide and 
crossing silicon slot waveguide. To evaluate the transmission efficiency, we use the 
three-dimensional (3-D) vector finite-element method (VFEM) for the waveguide 
discontinuity problem [92]. First, we investigate the transmission characteristics of a bent 
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silicon slot waveguide that has straight input and output waveguides. To construct the bent 
waveguide, an asymmetric geometry is employed [70]. We introduce a taper to efficiently 
connect the bent region to the straight waveguides. Numerical results show that the 
transmission efficiency is increased by optimizing parameters of the taper geometry. When 
the bending radius is 1 mm, the transmission efficiency is greatly improved from 33.8% to 
84.2%. Next, we investigate the transmission characteristics of a 3-D crossing slot waveguide 
that has a vertical coupler. A comparison between the proposed structure and the conventional 
crossing structure [23] shows that the maximum transmission efficiency increases from 78.2% 
to 95.9%. 

 

 
(a) 

 
(b) 

 
Fig. 5.1: Schematics of (a) a conventional silicon slot waveguide 
bend and (b) a silicon slot waveguide bend with an asymmetric slot. 
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(a) 

 

  

(b) (c) 
 

Fig. 5.2: (a) The effective refractive index, (b) the bending loss, and 
(c) the confinement factor of the silicon slot waveguide as a 
function of the Si-width wh. 
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5.2  Bent Silicon Slot Waveguides 
Figs. 5.1(a) and (b) show schematics of a conventional silicon slot waveguide bend and a 
silicon slot waveguide bend that has an asymmetric slot, respectively. Typically, the slot 
region is filled with certain materials, for example, electro-optic material [88], nonlinear 
material [64], aqueous solution [67], and materials for athermal waveguides [21, 22]. In our 
work, the silicon slot waveguide is embedded with Benzocyclobutene (BCB), which can be 
used for athermal on-chip interconnects [22]. We assume that the refractive indexes of Si, 
SiO2, and BCB are 3.47, 1.45, and 1.54, respectively. In the structure, the length of the 
straight input/output waveguide is 2 mm. We define the slot width, the waveguide height, and 
the Si-width as ws, h, and wh, respectively. The bending radius is defined as R. In addition, we 
define the taper length and the offset distance as t and Dx, respectively.  

To investigate the influence of the parameter selection, we evaluated the effective 
refractive index neff, bending loss, and the confinement factor when changing the slot width 
and the waveguide height. Figs. 5.2(a) and (b) show the effective refractive index and the 
bending loss of the silicon slot waveguide as a function of wh, respectively. The effective 
refractive index increases as wh becomes lager. From Figs. 5.2(a) and (b), we can see that the 
bending loss is related to the effective refractive index. Specifically, it has been noted that a 
high effective refractive index leads to reduction of the bending loss. Fig. 5.2(c) shows the 
confinement factor in the cover medium (slot region) when changing wh. The confinement 
factor G is evaluated using the following equation [93]: 
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where E and H are the electric field and the magnetic field, respectively, and * denotes the 
complex conjugate. If we choose parameters that result in a high effective refractive index, we 
can obtain a low bending loss. However, the effect of the slot waveguide, namely, the 
contribution of the strong light confinement in the slot region, becomes weaker if the 
confinement factor is small. In other words, there exists a trade-off between the bending loss 
and the effect of the light confinement in the slot region. Here, we set the slot width of 0.07 
mm and the waveguide height of 0.3 mm, which have been used for the conventional slot 
waveguides [23, 92]. Then, considering the trade-off relation, we set wh to 0.2 mm (neff = 
1.939) for the bent silicon slot waveguide. Indeed, several studies set the effective refractive 
index of less than 2.0 [22, 94]. 

To investigate the influence of the coupling loss between a bent region and straight 
waveguides, we evaluated the transmission characteristics of the bent silicon slot waveguide 
having straight input/output ports (Fig. 5.1(a)) and a uniform 90-degree bend without straight 
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input/output ports as shown in Fig. 5.3(a). In the 3-D simulation, the normalized transmission 
power P is obtained by the mode overlap integral: 

( )
( )

out 0

in

,
z

in x

dzdy
P

dxdy

*

*

´ ×
=

´ ×

òò
òò

E H i

E H i
 (5.2) 

where Ein and Hin are the electric field and the magnetic field at the input port, respectively. 
Eout and H0 are the propagated electric field and the intrinsic magnetic field at the output port, 
respectively. On the other hand, the transmission efficiency of the uniform 90-degree bend 
(Fig. 5.3(a)) is evaluated using the cylindrical coordinate-based 2-D VFEM [95], from which 
the bending loss [dB/mm] is obtained. The transmission efficiency Puniform of the uniform 
90-degree bend is calculated using the following equation: 

( )uniform10log [dB/ μm]
2
RP Bending loss=

p . (5.3) 

In Fig. 5.3(b), the difference of transmission efficiency at the same bending radius 
corresponds to the coupling loss between the bent region and the straight input and output 
waveguides. When R = 5 mm and R = 2 mm, the coupling losses are 0.11 dB and 0.69 dB, 
respectively.  

We consider the silicon slot waveguide bend with an asymmetric slot (Fig. 5.1(b)). We 
introduce a taper to connect the asymmetric slot bend to the straight input/output waveguides. 
At the junction points, the slot geometry is not changed, while the outer geometry near the 
cladding is transformed because the light intensity in the cladding is weaker than that in the 
slot. Fig. 5.4(a) shows the transmission efficiency with respect to Dx when t = 0.5 mm. 
Results of the normalized transmission power at Dx = 0 mm correspond to the case of the 
conventional silicon slot waveguide bend. We can see that the transmission efficiency at each 
bending radius is improved by optimizing Dx. Compared with the conventional silicon slot 
waveguide bend (Dx = 0), the transmission efficiency increases from 88.0% to 94.9% when R 
= 3 mm and from 97.1% to 98.7% when R = 5 mm. When R = 1 mm, the transmission 
efficiency is drastically improved from 33.8% to 84.2%. We can see that the improvement of 
the transmission efficiency becomes larger as the bending radius decreases. The offset 
distance that results in the maximum transmission efficiency also becomes larger as the 
bending radius decreases. These comparisons are summarized in Table 5.1. To optimize the 
taper geometry, we evaluated the normalized transmission power as functions of the taper 
length t and the offset distance Dx as shown in Figs. 5.4(b)-(d). In the case of R = 1 mm and R 
= 2 mm, the transmission is improved as the taper length becomes shorter. On the other hand, 
when R = 3 mm, the transmission is slightly improved as the taper length becomes shorter. In 
other words, the influence of the taper length is low when the bending radius is large. 
Compared with the right-angle slot waveguide bend whose maximum transmission was 
94.3% [71] (state-of-the-art), our bent structure can achieve a high transmission when R > 3 
mm.  
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We estimate the propagation loss of our proposed bent structure. According to [96], the 
measured propagation loss of the silicon slot waveguide that has ws = 0.1 mm, h = 0.22 mm, 
and wh = 0.27 mm was 16.7 dB/cm. After conducting five cycles of the RCA clean, the 
propagation loss of the silicon slot waveguide was reduced from 16.7 dB/cm to 7.0 dB/cm for 
the quasi-TE mode [96]. The propagation loss for the mode is approximately given by the 
product of the confinement factor and the scattering attenuation coefficient in the sidewalls 
[96]. The confinement factor of the reported silicon slot waveguide is 0.4 as shown Fig. 5.2(c). 
Therefore, the propagation loss of our structure is estimated to be about 25% larger than the 
reported silicon slot waveguide because the confinement factor of our structure is 0.5. 

 
 

 

(a) 

 
(b) 

 
Fig. 5.3: (a) Schematic of a uniform 90-degree bend of the silicon 
slot waveguide without straight input/output ports, and (b) the 
transmission characteristics of the bent silicon slot waveguide with 
straight input/output ports (Fig. 5.1(a)) and the uniform 90-degree 
bend. 
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(a) (b) 

  

(c) (d) 

 
Fig. 5.4: (a) The transmission efficiency with respect to Dx when t 
= 0.5 mm, and the transmission efficiency as functions of Dx and t 
when (b) R = 1 mm, (c) R = 2 mm, and (d) R = 3 mm. 

 
 
 

Table 5.1: Comparison between the conventional bent structure and 
our bent structure when t = 0.5 mm. 

 

R [mm] Transmission efficiency 
for Fig. 5.1(a) [%] 

Maximum transmission efficiency 
for Fig. 5.1(b) [%] 

1 33.8 84.2 
2 69.6 90.2 
3 88.0 94.9 
4 93.9 97.6 
5 97.1 98.7 
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5.3  Crossing Silicon Slot Waveguides 
A method for designing efficiently transmitting crossing silicon slot waveguides was proposed 
[23]. By filling up the slots around the cross, the transmission was improved compared with 
conventional direct crossings. However, their numerical results were obtained by 2-D 
simulations based on the FDTD method. In Chapter 4, we have investigated the transmission 
characteristics of a crossing silicon slot waveguide with finite core height and have revealed 
that the conventional crossing structure has a large coupling loss between the slot waveguide 
and the Si-filled segment [92]. To avoid the coupling loss due to the mode field mismatch, we 
propose in this section a 3-D crossing silicon slot waveguide with a vertical coupler as shown 
in Figs. 5.5(a) and (b). The Slot waveguide is embedded with BCB, and a Si wire waveguide, 
which is the vertical coupler, is bonded on the BCB surface. We assume that the refractive 
indexes of Si, SiO2, and BCB are 3.47, 1.45, and 1.54, respectively. In the proposed structure, 
the slot width and height are ws = 0.07 mm and hs = 0.3 mm, respectively [92]. To make the 
coupling length as short as possible, we set wh to 0.18 mm. The coupling length is determined 
by the overlap of the evanescent fields in two parallel waveguides. To obtain a large overlap 
of the evanescent fields, a structure that has a low effective refractive index should be selected. 
We define the width and height of the Si wire as w and h, respectively. The distance between 
the Si wire waveguide and the slot waveguide is defined as hg, and the length of the parallel 
region is L. Our proposed crossing silicon slot waveguide can be fabricated as follows. A Si 
under layer is first etched to form slot waveguides, and BCB can be spin-coated on the slot 
waveguides [21]. Next, a Si wire waveguide can be bonded on the BCB surface [97]. Another 
possible fabrication way is to deposit amorphous silicon. After embedding BCB, amorphous 
silicon can be deposited on the BCB surface [98]. And then, the amorphous silicon layer can 
be etched to form a Si wire waveguide. Fig. 5.6 shows the effective refractive index of the Si 
wire waveguide as a function of the width of the Si wire when h = 0.2 mm. To achieve the 
phase matching between modes of the slot waveguide and the Si wire, we set the width of the 
Si wire to 0.36 mm because the effective refractive index of the slot waveguide is 1.847 (Fig. 
5.2(a)). To determine a value of L, we conducted an eigen mode analysis for an x-y plane in 
the coupling region (Fig. 5.5(b)). Using the obtained effective refractive indexes of 
supermodes, we can calculate the coupling length Lc as follows: 

( )c
eff 0 eff1

,
2

L
n n

=
-

l
 (5.4) 

where neff0 and neff1 are the effective refractive indexes of the fundamental supermode and the 
first order supermode, respectively, and l is the operating wavelength. From (5.4), Lc 
becomes 6.25 µm when hg = 0.35 mm. 

First, we set L to 6.25 mm and hg to 0.35 mm. Fig. 5.7(a) shows the wavelength 
dependence of the normalized transmission and reflection powers when light is inputted from 
port A. We find that the transmission efficiency is over 79.5% in the whole C-band, whereas 
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the normalized reflection is less than 0.5% in the whole C-band. Typically, the crosstalk in a 
3-D crossing waveguide is smaller than the back reflection [99]. Our structure can also 
achieve this condition. The maximum transmission efficiency increases from 78.2% for the 
conventional crossing structure [92] to 95.9% for our proposed structure. Fig. 5.7(b) shows 
the wavelength dependence of the normalized transmission and reflection powers when light 
is inputted from port B. We find that the transmission efficiency is over 95.3% in the whole 
C-band. However, the transmission efficiency when light is inputted from port B is somewhat 
low, even though light is not coupled into the Si wire waveguide. To understand this result, we 
evaluated the transmission efficiency with respect to hg. Fig. 5.8(a) shows the normalized 
transmission power as a function of hg when light is inputted from port B. From this figure, 
we can see that the transmission efficiency exceeds 99% if hg is over 0.5 mm. A possible 
explanation is that the scattering loss occurs due to a collision with the Si wire waveguide 
when hg is small. Fig. 5.8(b) shows the wavelength dependence of the normalized 
transmission power with respect to hg when light is inputted from port A. Here, the values of 
L, which is given by (5.4), are summarized in Table 5.2. When choosing a large hg, the 
transmission bandwidth tends to become narrower. On the other hand, the transmission 
bandwidth tends to become wider when choosing a small hg, while the maximal transmission 
decreases. We can conclude that there exists a trade-off between the transmission bandwidth 
and the highest transmission power when light is inputted from port A. Recently, a crossing 
slot waveguide using the slot-to-strip mode converter and the strip-multimode-waveguide 
crossing has been proposed [100] (state-of-the-art). The reported structure has a large 
bandwidth and a high transmission of 98%, but results were obtained by the 2-D simulations. 
In the 3-D structure of the multimode-interference-based crossing waveguide, transmission 
was 95.3% at the wavelength of 1.55 mm [101]. Therefore, although the bandwidth is reduced, 
our crossing structure achieves a high transmission compared with the state-of-the-art [100]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

55 



 

 
 
 

 

(a) 

 

(b) 

 
Fig. 5.5: Schematic of (a) a three-dimensional crossing silicon slot 
waveguide with a vertical coupler and (b) the x-y plane in the 
coupling region. 
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Fig. 5.6: The effective refractive index of the Si wire waveguide as a 
function of the width of the Si wire when h = 0.2 mm. 

 
 

 
(a) 

 
(b) 

 
Fig. 5.7: The wavelength dependence of the normalized transmission and 
reflection powers when light is inputted from (a) port A and (b) port B. 
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(a) 

 
(b) 

 
Fig. 5.8: (a) The normalized transmission power as a function of hg 
when light is inputted from port B, and (b) the wavelength 
dependence of the normalized transmission power with respect to hg 
when light is inputted from port A. 

 
 

Table 5.2: The values of hg and L. 
 

hg [mm] L [mm] 
0.3 4.8 
0.35 6.25 
04 8.11 

0.45 10.45 
0.5 13.4 
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Chapter 6 
 

Metal-Assisted Photonic Modes in 
Hybrid Plasmonic Waveguides 
 

 

 

 

 

6.1  Introduction 
Photonic integration chips play a key role in optical communications, information processing, 
and biological sensing in terms of cost and energy consumption. A well-established approach 
to the photonic integration is to use a high-index-contrast waveguide such as a Si wire 
waveguide [74, 102]. Recently, nanoscale optical waveguides based on surface plasmon 
polariton (SPP) have attracted researchers because the SPP mode is strongly localized in the 
nanoscale region. To date, various types of SPP-based waveguides have been reported, for 
example, metallic wire [103], metallic nanoparticle [104], metal-insulator-metal (MIM) [24, 
25], V-groove [26, 27], and dielectric-loaded SPP (DLSPP) [28-30] waveguides. A hybrid 
plasmonic waveguide (HPW) was proposed [31] that achieves sub-wavelength confinement 
and is able to mitigate the problem of propagation loss. The HPW is constructed by 
sandwiching a low-index material between metal and a high-index material. By adjusting the 
thickness of the low-index material, hybridization of the photonic mode and the SPP 
(plasmonic) mode can be controlled. Since this initial study, various HPW structures have 
been proposed [32-36, 105-108] to realize low-loss propagation and sub-wavelength 
confinement simultaneously. HPW structures are compatible with CMOS technology [32-36], 
which is important for photonic integrations. Moreover, Si-based HPWs with metal under 
cladding structures are suitable to realize a higher index contrast compared with Si wire 
waveguides with SiO2 under claddings [35, 36]. Although most studies on plasmonic 
waveguides have concentrated on using the plasmonic mode, Yang et al., showed that the 
metal-assisted photonic mode has a five times longer propagation length and higher 
transmission efficiency for the 90-degree bend compared with the plasmonic mode in a 
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DLSPP waveguide [37]. Considering the above-mentioned advantages for the plasmonic 
mode in Si-based HPWs with metal under claddings, these effectiveness and characteristics 
for the metal-assisted photonic mode should be discussed. 

In this chapter, we theoretically investigate fundamental characteristics of the 
metal-assisted photonic mode in a Si-based HPW with a metal under cladding using the 
two-dimensional (2-D) vector finite element method (VFEM) [39]. The Si-based HPW is 
CMOS compatible and can achieve a higher index contrast compared with Si wire 
waveguides. Numerical results show that the metal-assisted photonic mode can achieve 
long-range propagations and large confinement factors in the over cladding. In addition, a 
superior balance of the bending and the coupling can be obtained compared with the Si wire 
waveguide, as it enables dense photonic integrations. 

 
 

6.2  Metal-Assisted Photonic Modes 
In this section, we explain about the metal-assisted photonic mode in view of the optical 
waveguide theory, and then show that SPP occurs by the minor electric field component in the 
metal-assisted photonic mode. Figs. 6.1(a) and (b) show the visualized definitions of the 
quasi-TE mode and the quasi-TM mode for the electric field, respectively. While the quasi-TE 
mode has Ex and Ez components, it does not have an Ey component. In contrast, the quasi-TM 
mode does not have an Ex component. The guided modes of the high-index-contrast 3-D 
waveguides represented by the Si wire waveguide are frequently treated as the quasi-TE and 
the quasi-TM modes. Although these modal descriptions include approximations, they are 
convenient in most cases. Specifically, the minor electric field components of the quasi-TE 
mode (Ey) and quasi-TM mode (Ex) are approximated to zero. However, all electric field 
components originally existed in 3-D optical waveguides [109]. In this case, the guided 
modes are defined as Ex 

pq and Ey 
pq modes [109] as shown in Figs. 6.1(c) and (d), where the 

subscripts p and q represent the mode order in the x and y directions, respectively. Since the 
Ey component in the Ex 

pq mode is perpendicular to the metal surface, the minor component will 
excite SPP. 

To verify this consideration, we analyzed modes of a Si wire waveguide and a Si-based 
plasmonic waveguide [30] using the 2-D VFEM [39]. In this simulation, the cores and the 
over claddings of these waveguides are Si and air, respectively, and the waveguide width and 
height are 0.4 mm and 0.22 mm, respectively. Figs. 6.2(a) and (b) show the electric field 
distributions of the Si wire waveguide for the Ex 

11 mode and the Ey 
11 mode, respectively. The 

subscript “11” denotes the fundamental mode. In Figs. 6.2(a) and (b), all electric field 
components are observed for each mode. The optical intensities of the Ey component in the Ex 

11 
mode and the Ex component in the Ey 

11 mode are feeble. Figs. 6.2(c) and (d) show the electric 
field distributions of the Si-based plasmonic waveguide for the Ex 

11 mode and the Ey 
11 mode, 

respectively. From Fig. 6.2(c), we can see that SPP is excited by the Ey component. Note that 
the Ey component is strongly attracted to the metal surface. On the other hand, the plasmonic 
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mode as shown in Fig. 6.2(d) is excited by the major component (Ey) of the Ey 
11 mode; this 

modal property was investigated in Ref. [30]. To distinguish from the photonic modes (Figs. 
6.2(a) and (b)), in this thesis, we call the metal-assisted photonic mode shown in Fig. 6.2(c) 
the “i-TE mode”. This mode is associated with the minor component-coupled TE mode. 
Additionally, we call the plasmonic mode shown in Fig. 6.2(d), which is associated with the 
major component-coupled TM mode, the “a-TM mode”. 

 
 
 

 
 

 

 
Fig. 6.1: Visualized definitions of (a) the quasi-TE mode, (b) the 
quasi-TM mode, (c) the Ex 

pq mode, and (d) the Ey 
pq mode for the electric 

field. Note that the magnetic field is not displayed. 
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Fig. 6.2: The electric field distributions of the Si wire waveguide for 
(a) the Ex 

11 mode and (b) the Ey 
11 mode. Also shown are the electric field 

distributions of the Si-based plasmonic waveguide for (c) the Ex 
11 mode 

(i-TE mode) and (d) the Ey 
11 mode (a-TM mode). These waveguides 

have Si cores, and the waveguide width and height are 0.4 mm and 0.22 
mm, respectively. 
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6.3  Silicon-Based Hybrid Plasmonic Waveguides 
 
6.3.1  The i-TE Modes in Si-Based HPWs 
Figure 6.3(a) shows a schematic of a hybrid plasmonic waveguide with a meal under cladding. 
The thin SiO2 layer is sandwiched between Ag and Si on the SOI wafer, and the over cladding 
is air. We assume that the refractive indexes of Si, SiO2, and Ag are 3.455, 1.445, and 0.1453 
- j11.3587 [33], respectively. The waveguide width and height are defined as w and h, 
respectively, and the thickness of the SiO2 layer is defined as t. Figures 6.3(b)-(d) show the 
|Ex|, |Ey|, and |Ez| components of the metal-assisted photonic mode (i-TE mode) at the 
wavelength of 1.55 mm. We can see that SPP is excited by the Ey component (minor 
component). Then, the Ey component is in the hybrid state of the plasmonic and photonic 
modes. We evaluated fundamental characteristics of the i-TE mode in the Si-based HPW 
using the full-vector finite element method, with the wavelength set to 1.55 mm in all 
following simulations. We set h to 0.22 mm, which is a frequently used height. Figure 6.4(a) 
shows the effective refractive index neff of the i-TE mode as a function of the waveguide 
width. In the case of w = 0.28 mm and t = 0.15 or 0.2 mm, the i-TE modes are the radiated 
modes rather than the guided modes. What is the interesting here is that some effective 
indexes of the guided modes are not greater than 1.445 if the waveguide width is narrow. This 
does not apply to the case of the typical Si wire waveguide with SiO2 cladding because the 
confined light is radiated to the under cladding region in that case. Fig. 6.4(b) shows the 
propagation length as a function of the waveguide width. The propagation length Lprop is given 
by 

( )prop
1 ,

2 Im
L

b
=  (6.1) 

where b is the propagation constant. From Fig. 6.4(b), we can see that the i-TE mode can 
achieve long-range propagations (ranging from 70 mm to over 1000 mm), which are larger 
than those of the plasmonic mode [35]. Additionally, we find that the propagation length 
increases as t and w become larger. Figures 6.4(c) and (d) show the effective mode area Aeff 
and the confinement factor G in air as a function of the waveguide width, respectively. 
Because the high-index-contrast waveguide has a relatively large Ez component [110], we 
need to introduce the effective mode area and the confinement factor based on the pointing 
vector. Hence, the effective mode area is defined by the following equation [111]: 
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and the confinement factor is given by the following equation [93]: 
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where E and H are the electric field vector and the magnetic field vector, respectively, and * 
denotes the complex conjugate. From Figs. 6.4(c) and (d), it is clear that the effective mode 
area and the confinement factor both increase as the waveguide width becomes narrower. This 
means that the confinement in the silicon core is weak when the waveguide width is narrower.  
 

 
 
 

 
 

Fig. 6.3: (a) Schematic of a hybrid plasmonic waveguide with a 
metal under cladding, and (b) |Ex|, (c) |Ey|, and (d) |Ez| of the i-TE 
mode at the wavelength of 1.55 mm. 
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Fig. 6.4: (a) The effective refractive index, (b) the propagation 
length, (c) the effective mode area, and (d) the confinement factor 
as a function of the waveguide width w when h = 0.22 mm. 
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6.3.2  Bending and Coupling Characteristics 
To verify the usefulness of the i-TE mode in the Si-based HPW, we estimate the device length 
of a 3-dB coupler, as shown in Fig. 6.5. The 3-dB coupler is composed of bending regions 
(90° bend) and a coupling region. The bending radius, the length of the coupling region, and 
the waveguide distance are defined as R, L, and d, respectively. Typically, since there exists a 
trade-off between the bending loss and the coupling length, we need to estimate the degree of 
integrations considering not only the bending but also the coupling. If the effective refractive 
index is large, a strong bend can be achieved. On the other hand, if the effective refractive 
index is small, the coupling length becomes short because the coupling length is determined 
by the overlap of the evanescent fields in two parallel waveguides. As the a-TM mode tends 
to be confined in a dielectric region, it is easy to enlarge the effective refractive index 
compared with the i-TE mode. However, it does not overcome the limitation of the trade-off 
relation. For the i-TE mode, a high effective refractive index is also obtained by tuning 
waveguide dimensions. Since the limitation of the integration is determined by the refractive 
index contrast of materials, we perform a comparison between the i-TE mode in the Si-based 
HPW and the TE-like mode in the Si wire waveguide. 

First, we evaluated bending and coupling characteristics of the 3-dB coupler based on the 
Si-based HPW. As an example, we choose a waveguide distance d of 0.3 mm. Fig. 6.6(a) 
shows the coupling length Lc as a function of the waveguide width w when d = 0.3 mm and h 
= 0.22 mm. The coupling length Lc is given by 

( )c
eff 0 eff1

,
2

L
n n

=
-

l
 (6.4) 

where neff0 and neff1 are the effective refractive indexes of the fundamental supermode and the 
first order supermode, respectively, and l is the operating wavelength. Note that L is equal to 
Lc/2 in the 3-dB coupler case. From Fig. 6.6(a), we can see that the coupling length becomes 
shorter as w decreases. Also note that almost the same coupling length is obtained even if t 
changes. Figs. 6.6(b)-(d) show the bending loss of the 90° bend as a function of the bending 
radius R when t = 0.05 mm, t = 0.1 mm, and t = 0.15 mm, respectively. When conducting on the 
bending analysis based on the VFEM [95], a total loss is outputted. Specifically, the total loss 
includes both the absorption loss due to metal and the bending loss. To extract the bending 
loss of the 90° bend, we subtract the loss in the straight condition (Fig. 6.4(b)) from the total 
loss obtained by the bending analysis [37]. Thus, the bending loss of the 90° bend can be 
calculated by 

( ) ( ) ( )[ ]dB / 90 dB/μm dB/μm
2
RBending loss total loss metallic loss° = -

p . (6.5) 

From Figs. 6.6(b)-(d), we find that a smaller t tends to result in reduction of the bending loss. 
Additionally, when we focus on a certain t, a strong bending can be achieved by selecting a 
larger w that remains proportional to the effective refractive index. Here, we estimate the 
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length of the Si HPW-based 3-dB coupler (4R+L). Dimensions of the HPW and R are 
determined based on the presupposition that the bending loss is 0.01 dB/90°, and then the 
corresponding L is given. Considering all combinations of R and L, the shortest 3-dB coupler 
length (4R+L) of 14 mm is obtained when t = 0.1 mm and w = 0.33 mm (Lprop = 142 mm). Here, 
the calculated total loss of the 3-dB coupler based on the HPW is about 0.6 dB when 
assuming that the loss of the coupling region is the same as the single straight waveguide. 
This low loss propagation is due to the use of the metal-assisted photonic mode. Additionally, 
the loss can be compensated by introducing gain materials to the low-index material or Si 
core [107]. 

Next, we estimate the length of the 3-dB coupler based on the Si wire waveguide to 
compare with the device length of the Si HPW-based 3-dB coupler. Fig. 6.7(a) shows a 
schematic of a Si wire waveguide, where wsi and hsi are the waveguide width and the 
waveguide height, respectively. The refractive indexes of Si and SiO2 are the same as in the 
case of the HPW. We set hsi to 0.22 mm, which is a frequently used height. Figs. 6.7(b) and (c) 
show the effective refractive index and the coupling length when d = 0.3 mm as a function of 
wsi, respectively. From these figures, we can see that the coupling length is related to the 
effective refractive index similar to the coupling characteristics of the Si-based HPW. 
Theoretically, the coupling length is determined by the overlap of the evanescent fields in two 
parallel waveguides. To obtain a large overlap of the evanescent fields, we need to select a 
structure that has a low effective refractive index. Fig. 6.7(d) shows the bending loss of the Si 
wire waveguide with respect to the bending radius. We find that a larger wsi leads to reduction 
of the bending loss. The estimated lengths of the 3-dB coupler based on the Si wire 
waveguide are summarized in Table 6.1. The shortest device length for the Si wire waveguide 
is 21.8 mm, corresponding to wsi = 0.36 mm. According to the above results, the length of the 
3-dB coupler based on the HPW is two-thirds that of the coupler based on the Si wire 
waveguide. By using the i-TE mode in the Si-based HPW, the high-index contrast can be 
realized even in the under cladding direction. In other words, the radiation from the core to 
the under cladding is effectively suppressed. Therefore, because the bending loss can be 
reduced in a structure that has a small coupling length, it is shown that a shorter 3-dB coupler 
length is obtained with the Si-based HPW than the Si wire waveguide. 
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Fig. 6.5: Schematic of a 3-dB coupler, where R, L, and d are the 
bending radius, the length of the coupling region, and the 
waveguide distance, respectively. The total device length is given 
by 4R+L (mm). 
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Fig. 6.6: (a) The coupling length as a function of w in the case of d 
= 0.3 mm, and the bending loss of the 90° bend with respect to the 
bending radius when (b) t = 0.05 mm, (c) t = 0.1 mm, and (d) t = 
0.15 mm (h = 0.22 mm). 
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Fig. 6.7: (a) Schematic of a Si wire waveguide, (b) the effective 
refractive index as a function of wsi, (c) the coupling length as a 
function of wsi when d = 0.3 mm, and (d) the bending loss of the 90° 
bend with respect to the bending radius. 

 
 

Table 6.1: Estimated length of the 3-dB coupler based on the Si wire waveguide. 
 

wsi (mm) L (mm) 
R (mm) when the bending 

loss is 0.01 dB/90° 
Total 3-dB coupler length 

L+4R (mm) 
0.34 7.1 4.2 23.9 
0.35 8.9 3.3 22.1 
0.36 11 2.7 21.8 
0.37 13.4 2.3 22.6 
0.38 16.2 2.1 24.6 
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6.4  Metal-Assisted Silicon Slot Waveguides 
Fig. 6.8 shows a schematic of a metal-assisted silicon slot waveguide. The thin SiO2 layer is 
sandwiched between Ag and silicon slot waveguide, and the over cladding is filled by 
acetylene gas. We assume that the refractive indexes of Si, SiO2, acetylene gas, and Ag are 
3.455, 1.445, 1.000593 [112], and 0.1453 - j11.3587, respectively. The Si-width, slot width, 
and waveguide height are defined as wh, ws, and h, respectively. The thickness of SiO2 layer is 
defined as t. Fig. 6.9 shows the electric field distribution of the i-TE mode in the 
metal-assisted silicon slot waveguide (wh = 0.29 mm, ws = 0.1 mm, h = 0.22 mm, t = 0.05 mm) 
at the wavelength of 1.55 mm. We can see that SPP is excited by the Ey component (minor 
component). 

Since the optical waveguide sensitivity is proportional to the confinement factor [86], a 
large optical confinement in the over cladding leads to improvement of the sensor sensitivity. 
When the confinement factor is large, the effective refractive index is strongly affected by the 
concentration change of the cover medium such as aqueous solution or gas [85]. If the 
effective refractive index is changed, for example, resonant wavelength of ring resonators is 
also changed, which returns the concentration change of aqueous solution or gas. Fig. 6.10(a) 
shows the effective refractive index neff of the metal-assisted silicon slot waveguide and a 
conventional slot waveguide with a SiO2 under cladding as a function of the Si-width wh. We 
can see that the effective refractive index increases as the Si-width of the slot waveguides 
becomes larger. Note that guided modes of the conventional slot waveguide are radiated to the 
SiO2 under cladding when neff is not greater than 1.445. Fig. 6.10(b) shows the confinement 
factor in the gas region of both slot waveguides as a function of the Si-width. The 
confinement factor in the gas region Ggas is given by the following equation: 

( )

( )
gas

gas

total

Re

,
Re

z

z

dxdy

dxdy

*

*

´ ×

G =
´ ×

òò

òò

E H i

E H i
 (6.6) 

where E and H are the electric field vector and the magnetic field vector, respectively, and * 
denotes the complex conjugate. The confinement factor of the metal-assisted silicon slot 
waveguide is larger than that of the conventional slot waveguide. Fig. 6.11 shows the 
propagation length as a function of the Si-width. 
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Fig. 6.8: Schematic of a metal-assisted silicon slot waveguide. The 
over cladding is filled by acetylene gas. 

 
 
 

   

 
Fig. 6.9: The electric field distribution of the i-TE mode in the 
metal-assisted silicon slot waveguide (wh = 0.29 mm, ws = 0.1 mm, h = 
0.22 mm, t = 0.05 mm) at the wavelength of 1.55 mm. 
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Fig. 6.10: (a) The effective refractive index and (b) the confinement 
factor in the gas region as a function of the Si-width wh. These 
characteristics of a conventional silicon slot waveguide with a SiO2 
under cladding are also evaluated for comparison. 

 
 

 
 

Fig. 6.11: The propagation length as a function of the Si-width wh. 
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Chapter 7 
 

Summary 
 
 

First, we have presented a novel design method of optical XOR, XNOR, NAND, and OR 
logic gates with coherent detection for binary-phase-shift-keyed (BPSK) signal processing 
devices. The devices are composed of multi-mode interference waveguides and convert the 
phase information of the input signal to amplitude at the output. We have applied the finite 
element method for numerical simulations, and the evaluated least ON to OFF logic-level 
contrast ratios for the XOR, XNOR, NAND, and OR logic gates are 21.5 dB, 21.5 dB, 22.3 
dB, and 22.3 dB, respectively. The proposed logic gates are extremely promising signal 
processing devices for BPSK signals in packet switching systems. 

Second, a three-dimensional (3-D) vector finite element method (VFEM) for waveguide 
discontinuity problem has been newly formulated and implemented. Through the use of the 
3-D VFEM, transmission characteristics of two types of crossing slot-waveguides with finite 
core-height have been investigated. One is a direct crossing and the other is a crossing filling 
up the slots locally. Results have shown that 3-D analysis considering the finite core height is 
indispensable. 

Third, we have presented a transmission-efficient bent silicon slot waveguide and crossing 
silicon slot waveguide for compact silicon slot waveguide-based circuits. We have 
investigated, using the 3-D VFEM, the transmission characteristics of a bent silicon slot 
waveguide with an asymmetric slot that is connected to straight waveguides. Numerical 
results have shown that the transmission efficiency can be improved by optimizing a taper 
structure that is introduced between an asymmetric slot waveguide and its straight 
input/output waveguides. Next, we have proposed a 3-D crossing silicon slot waveguide that 
has a vertical coupler and have investigated its transmission characteristics. Numerical results 
have shown that the proposed crossing structure can achieve a high transmission efficiency 
compared with conventional structures. 

Finally, we have revealed that the minor electric field component of the metal-assisted 
photonic mode in hybrid plasmonic waveguides (HPWs) contributes to the excitation of 
surface plasmon polariton (SPP). In addition, we have investigated modal properties, and 
bending and coupling characteristics of the metal-assisted photonic mode in a Si-based HPW. 
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