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Abstract

Size reduction is a key issue in the development of contemporary integrated photonics.
This thesis is mainly devoted to study some integrated photonic components in sub-
wavelength or nanometric scales, both theoretically and experimentally. The possible
approaches to reduce the sizes or to increase the functionalities of photonic components are
discussed, including waveguides and devices based on silicon nanowires, photonic crystals,
surface plasmons, and some near-field plasmonic components.

First, some numerical methods, including the finite-difference time-domain method
and the full-vectorial finite-difference mode solver, are introduced. The finite-difference
time-domain method can be used to investigate the interaction of light fields with virtually
arbitrary structures. The full-vectorial finite-difference mode solver is mainly used for
calculating the eigenmodes of a waveguide structure.

The fabrication and characterization technologies for nano-photonic components are
reviewed. The fabrications are mainly based on semiconductor cleanroom facilities, which
include thin film deposition, electron beam lithography, and etching. The characterization
setups with the end-fire coupling and the vertical grating coupling are also described.

Silicon nanowire waveguides and related devices are studied. Arrayed waveguide grat-
ings with 11nm and 1.6nm channel spacing are fabricated and characterized. The dimen-
sion of these arrayed waveguide gratings is around 100µm, which is 1–2 order of magnitude
smaller than conventional silica based arrayed waveguide gratings. A compact polariza-
tion beam splitter employing positive/negative refraction based on a photonic crystal of
silicon pillars is designed and demonstrated. Extinction ratio of ∼15dB is achieved exper-
imentally in a wide wavelength range.

Surface plasmon waveguides and devices are analyzed theoretically. With surface
plasmons the light field can be confined in a sub-wavelength dimension. Some related
photonic devices, e.g., directional couplers and ring resonators, are studied. We also
show that some ideas and principles of microwave devices, e.g., a branch-line coupler,
can be borrowed for building corresponding surface plasmon based devices. Near-field
plasmonic components, including near-field scanning optical microscope probes and left
handed material slab lenses, are also analyzed. Some novel designs are introduced to
enhance the corresponding systems.

Keywords: nano-photonics, finite-difference time-domain method, finite-difference mode
solver, amorphous silicon, silicon nanowire, arrayed waveguide grating, photonic crystal,
surface plasmon, near-field scanning optical microscope, left handed material.
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Chapter 1

Introduction

1.1 Background

In the middle of last century, with the development of the first semiconductor
transistor, the age of micro-electronics has started. Since then, electronic circuits
keep developing rapidly, according to Moore’s famed law. Nowadays, in a VLSI
(Very Large Scale Integration) chip, and the FET (Field Effect Transistor) gate
length is typically several tens of nanometers. Millions of such transistors can be
integrated in a single square millimeter area. With the maturing of the fabrication
technology, the idea of SoC (System on Chip) has been brought up. People have
successfully integrated the whole system consisting of different functional modules,
e.g., analytical circuits, RF (Radio Frequency) modules, MCUs (Micro Control
Units), DSP (Digital Signal Processing) modules, memories, MEMS (Micro Electro-
Mechanical System), etc., in a single chip.

Photonics is the technology associated with signal generation, processing, trans-
mission, and detection where the signal is carried by photons (i.e., light) [1]. Pho-
tonics is a rapidly expanding technology with applications in a large number of
areas. One hitherto dominating sector has been telecommunication, but photon-
ics is much broader than that. Nowadays, besides telecommunication, applications
of photonics include consumption equipment, medicine, industrial manufacturing,
construction, aviation, military, entertainment, metrology, photonic computing, etc.
[2]. However, as compared to electronics, photonics is about several tens of years
behind in maturity. In order to compete with electronics in our modern life, photon-
ics has to follow the same development dynamics as electronics. Recently, Moore’s
law in photonics has been concluded by several researchers [3, 4]. They showed
us very promising perspectives that the development of photonics is actually faster
than that of electronics, and the VLSI of photonics will be realized in the next
twenty years.

As we have discussed above, the major issue in the development of photonics is
to reduce the dimension of devices, i.e., to increase the integration density. However,

1



2 Chapter 1. Introduction

due to the diffraction nature of light, a light field can usually be confined in the best
case to the size comparable to its wavelength [5], which is typically from several
hundred nanometers to about one micron for the visible and telecommunication
wavelengths. For a functional photonic device, the dimension is even larger, from
tens to thousands of wavelengths in length. We can see that photonic devices are
quite large as compared to electronic devices. A lot of effort has been put on
discovering new principles, new structures, and new materials to further decrease
the size of photonic devices, to overcome the diffraction limit of light.

The first try is to bring the optic or photonic components to the so-called near-
field [6]. In the near-field, the diffraction limit is not applicable any more, and there,
the light field can be much smaller than the wavelength. However, in free spaces
this near-field only extends to a range of several wavelengths, since the high spatial
frequency information of the light field is carried on evanescent waves, which decay
exponentially along the propagation direction of the light. Such a small range is
not enough to accommodate many structures and devices. The near-field approach
is mainly used in near-field scanning optical microscope (NSOM) characterization
tools [7], biophotonic applications [8], and optical storages [9, 10].

High-index-contrast material structure is a very efficient and practical way for
decreasing the size of integrated photonic components, e.g., waveguides. The differ-
ence in the refractive indices of the core and cladding materials is a key parameter
for a waveguide. Usually, the larger this difference is, the smaller mode field and
smaller bending radius can be achieved with this waveguide. By employing, e.g.,
silicon (Si; refractive index: ∼3.5) as a core and silica (SiO2; refractive index:
∼1.46) or air (refractive index: 1.0) as a cladding, we can achieve a waveguide with
300×300nm2 dimension and 2µm low-loss bending radius for telecommunication
wavelengths [11, 12]. The propagation loss of such a Si nanowire waveguide has
reached ∼0.2dB/mm [12]. High-index-contrast material structures can also benefit
to construct photonic crystals (PhCs). PhCs are the optical analogies to semicon-
ductors in electronics [13]. The refractive index of a material gives the “potential”
to the photons propagating in it. Analogous to the electronic case, a periodic mod-
ulation of this “potential” in a PhC will result in a photonic band structure which
determines the propagation of photons in this PhC. One of the most important
parameters of a PhC is the difference of the refractive indices of materials used to
achieve the modulation. With high-index-contrast material structures, the proper-
ties of a PhC can be tuned to a great extend by changing, e.g., the filling factor
of one material, the lattice type, etc. The unique and designable band structure of
PhCs gives us the possibility to build a lot of functional and compact photonic com-
ponents [14–24]. The high-index-contrast material structures for photonic devices
have been intensively studied during these years, since their ability to achieve planar
integration, and their compatible fabrication technology with micro-electronics.

However, the solution of high-index-contrast material structures is still under
the constraint of the diffraction limit, and this concept is limited by the availability
of very high-index materials in nature. In the recent years, people started to think
about employing plasmonic materials for guiding light. A plasmonic material here
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means a material with negative permittivity or negative permeability or both in
some frequency range. A noble metal, e.g., gold (Au), silver (Ag), aluminium (Al),
etc., which has a negative permittivity, is a typical plasmonic material at optical
frequency. Surface plasmons (SPs) can be constituted on the interface between a
metal and a dielectric through the coupling between the light field and the collective
electron oscillation [25]. SPs excited on small particles, planar or textured surfaces
have been studied for a long time, and have been widely employed for various
applications [6, 8, 26–29]. For waveguiding, it is possible to confine the light field
below the diffraction limit in an SP waveguide [30, 31]. One serious obstacle for
introducing the SP waveguides to real photonic chips, and one that is of course
well known, is the optical losses, affected by the lossy nature of metals at optical
frequency. Although some preliminary experimental results have been presented
concerning the tightly confinement of light in SP waveguides and some related
devices [32–34], a lot of work is still needed both theoretically and experimentally.

1.2 Scope and Structure of the Thesis

The scope of this thesis is theoretical and experimental studies on photonic compo-
nents in sub-wavelength or nanometric scales. The topics include Si based waveg-
uides and devices, photonic crystals, surface plasmon waveguides and devices, and
near-field plasmonic components. This thesis is based on the research papers that
have been published to different international research journals and reviewed con-
ferences. The introduction of the subject covered in this thesis is given in Chapter
1.

Chapter 2 explains the numerical methods used in this thesis work. The finite-
difference time-domain (FDTD) method is developed and used to simulate the light
propagation in a complex structure. The full-vectorial finite-difference (FVFD)
mode solver is developed and used to find the eigenmodes of a waveguide structure.

In Chapter 3, the fabrication and characterization technologies are presented.
The fabrication is mainly based on semiconductor cleanroom facilities, which in-
clude thin film deposition, electron beam lithography, and etching. For Si based
devices, instead of the commercially available crystalline silicon-on-insulator (SOI)
wafers, we use the amorphous-silicon-on-silica material structure deposited with
our optimized plasma-enhance-chemical-vapor-deposition (PECVD) technology, as
this technology allows to freely adjust the thicknesses and, to some extend, the re-
fractive indices of layers. The setups with the end-fire coupling and vertical grating
coupling, used for testing the fabricated photonic components, are also described.

Chapter 4 gives some results on Si based photonic components. Si nanowire
waveguides are studied. A typical component, arrayed waveguide grating (AWG)
(de)multiplexer, is presented with this kind of waveguides. AWGs with different
channel spacings are designed and fabricated. A layout with overlapped free prop-
agation regions (FPRs) is employed here. This novel layout can benefit to build
more compact AWGs. Photonic crystals (PhCs) based on Si are also investigated.
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A novel PhC of Si pillars, which demonstrates negative and positive refraction be-
haviors for TE- and TM-polarizations, respectively, is introduced. A new compact
design of a polarization beam splitter (PBS) based on this PhC is demonstrated.

In Chapter 5, we move to plasmon based photonic components. As compared to
Si nanowire waveguides, surface plasmon (SP) waveguides can give a much higher
confinement for light field. Some novel SP waveguides, including metal slot waveg-
uides and strip-line waveguides, are introduced and analyzed. Some SP based pho-
tonic devices, e.g., directional couplers and ring resonators, are also studied and
compared with the conventional dielectric counterparts. A novel branch-line cou-
pler, which is based on the guidelines from a microwave design, is presented. Some
near-field components employing plasmonic materials are also analyzed. Novel de-
signs are introduced to enhance the corresponding systems.

The research work done in this thesis is concluded in Chapter 6. Chapter 7
includes a brief summary to each publication and the author’s contributions.



Chapter 2

Design and Simulation Methods

2.1 Introduction

Maxwell’s equations, formulated around 1870, are a set of partial differential equa-
tions to describe the behavior of the electromagnetic field, i.e., the light field. They
describe the fundamental theory behind most of phenomena in photonic compo-
nents. Unfortunately, only in some simple cases, we could draw an analytical so-
lution from those equations. When the structures under consideration are getting
more and more complex, analytical solutions do not exist any more. We have to
employ some semi-analytical or fully numerical methods to model the propagation
of light in such structures. Depending on the complexity of the included struc-
tures and the characteristics of interest, different numerical methods with different
degrees of approximation have been introduced.

In this chapter, two numerical methods, the finite-difference time-domain (FDTD)
method and the full-vectorial finite-difference (FVFD) mode solver, are introduced.
The former one can be used for simulating the propagation of light in photonic
components, and the latter one is mainly used for calculating the eigenmodes of a
waveguide.

2.2 Finite-Difference Time-Domain Method

The FDTD method is a powerful numerical algorithm for directly solving Maxwell’s
equations in time domain, and can be used to investigate the interaction of light
fields with virtually arbitrary structures [35]. It is a very accurate numerical
method, since there is no approximation adopted, except the discretization for the
space and time domains. For the same reason, it is quite memory and time con-
suming, especially in three-dimensional (3D) cases. Nowaday personal computers
are capable of most FDTD calculations for photonic components, but in the cases
of large computational domains or very fine structures, parallel computer cluster
might be needed. There also exist some free software packages for FDTD calcu-

5



6 Chapter 2. Design and Simulation Methods

lations [36]. In this thesis work, our own, original program of FDTD method was
used to simulate the light propagation in or scattering from different structures (see
Paper A–Paper D, and Paper G).

2.2.1 Basic Formulas
We start with the well-known Maxwell equations in both differential and integral
forms.

Faraday’s Law:

∂ ~B

∂t
= −∇× ~E − ~Jm, (2.1a)

∂

∂t

∫∫

S

~B · d~S = −
∮

c

~E · d~l −
∫∫

S

~Jm · d~S. (2.1b)

Ampere’s Law:

∂ ~D

∂t
= ∇× ~H − ~Je, (2.2a)

∂

∂t

∫∫

S

~D · d~S =
∮

c

~H · d~l −
∫∫

S

~Je · d~S. (2.2b)

Gauss’s Law for the electric field:

∇ · ~D = ρe, (2.3a)∫∫
©
s

~D · dŝ =
∫∫∫

V

ρedV . (2.3b)

Gauss’s Law for the magnetic field:

∇ · ~B = ρm, (2.4a)∫∫
©
s

~B · dŝ =
∫∫∫

V

ρmdV . (2.4b)

Here, ~E is the electric field (V/m), ~D is the electric flux density (C/m2), ~H is the
magnetic field (A/m), ~B is the magnetic flux density (Wb/m2), ~Je is the electric
current density (A/m2), ~Jm is the magnetic current density (V/m2), ρe is the
electric charge density (C/m3), and ρm is the magnetic charge density (Wb/m3).
The two divergence equations (2.3) and (2.4) can be derived from the two curl
equations (2.2) and (2.1), respectively, with the continuity relation:

∇ · ~Je(m) = −∂ρe(m)

∂t
. (2.5)
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Thus, the two curl equations are, so-called the “fundamental” Maxwell equations.
Now we consider a simple case of an isotropic and nondispersive material with

only ohm losses. The following constitutive relations can be written:

~D = ε ~E, (2.6)
~B = µ ~H. (2.7)

~Je = σ ~E, (2.8)
~Jm = σ∗ ~H. (2.9)

Here, ε=ε̂ε0 and µ=µ̂µ0 are the permittivity (F/m) and permeability (H/m), re-
spectively (ε0 and µ0 are the permittivity and permeability in vacuum, respectively,
ε̂ and µ̂ are the relative permittivity and permeability, respectively), σ and σ∗ are
the electric conductivity (S/m) and magnetic conductivity (Ω/m), respectively. If
the material is lossless, σ and σ∗ should be zero.

Ex

E

m m+1

H E

Ex

Hx

Hy

Hz

Ex

Ey

Ey

Ez Ez

Ez

x

y t

z

Ey

∆y

∆z

∆x

(i,j,k)

space
domain

time
domain

∆t

Fig. 2.1. Yee’s grid in the Cartesian coordinate system.

We can rewrite the two curl equations (2.1a) and (2.2a) as:

µ
∂ ~H

∂t
= −∇× ~E − σ∗ ~H, (2.10)

ε
∂ ~E

∂t
= ∇× ~H − σ ~E. (2.11)

These equations, which imply six scalar equations, are going to be solved with the
FDTD method for the electromagnetic field ~E and ~H. First, the space and time
domains are discretized according to Yee’s grid [37], as shown in Fig. 2.1. In Yee’s
grid, the electric field and magnetic field are not put in the same grid points. They
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are shifted to each other with a half of the step size in both, space and time domains.
Therefore, the discretization forms of Eqs. (2.10) and (2.11) can be written as:

~Hm+ 1
2 =

(
1− σ∗∆t

2µ

1 + σ∗∆t
2µ

)
· ~Hm− 1

2 −
(

∆t
µ

1 + σ∗∆t
2µ

)
· ∇ × ~Em, (2.12)

~Em+1 =

(
1− σ∆t

2ε

1 + σ∆t
2ε

)
· ~Em+1 +

(
∆t
ε

1 + σ∆t
2ε

)
· ∇ × ~Hm+ 1

2 . (2.13)

where ∆t is the time step size and the superscript m is the time index. These
equations are the time-stepping formulas of the FDTD method. The curl opera-
tors here can be easily implemented numerically with the central difference form
(cf. Fig. 2.1) [35].

The choice of ∆t is not arbitrary. To insure the numerical stability of the time-
stepping formulas (Eqs. (2.12) and (2.13)), ∆t should fulfill the stability condition
[35]:

∆t ≤ δs

c
, (2.14)

where
δs =

(
∆x−2 + ∆y−2 + ∆z−2

)− 1
2 , (2.15)

∆x, ∆y, and ∆z are the step sizes in the space domain, and c=c0/
√

ε̂ is the light
speed in this material (c0 is light speed in vacuum).

2.2.2 Introducing Dispersion
We have already discussed the implementation of the FDTD method in a simple ma-
terial, an isotropic and nondispersive material with only ohm losses (cf. Eqs. (2.12)
and (2.13)). This can be applied to usual dielectrics (with small losses), e.g., air,
silica, silicon, etc., at optical frequency. However, for most of nobel metals, the
permittivities are highly frequency dispersive. Moreover, the real parts of the per-
mittivities are usually negative at optical frequency. We cannot assume these metals
as nondispersive, and substitute these negative values directly to Eqs. (2.12) and
(2.13), since this is nonphysical, and will cause a numerical instability for these for-
mulas. A dispersive model has to be introduced. Usually, the time-domain linear
Drude model (or cold plasma model) [38–40] is adopted to characterize the field
propagation in nobel metals. In this model, Maxwell’s equations are written as:

µ0
∂ ~H

∂t
= −∇× ~E, (2.16)

ε̂∞ε0
∂ ~E

∂t
= ∇× ~H − ~Jp, (2.17)

d ~Jp

dt
= ε0ω

2
p
~E − γ ~Jp. (2.18)
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Here, in Eq. (2.16) ~Jm is omitted, in Eq. (2.17) ~Je is replaced with the electric
polarization current density ~Jp, ωp is the plasma frequency, γ is the damping co-
efficient related to losses, ε̂∞ includes the contribution of the bound electrons to
the polarizability, which should be 1 if only the conduction band electrons are
considered. Taking the time-harmonic dependance exp(−jωt), we can obtain the
following relative permittivity of the metal from Eqs. (2.17) and (2.18):

ε (ω)
ε0

= ε̂r + jε̂i = (nr + jni)
2 = ε̂∞ − ω2

p

ω2 + jγω
. (2.19)

Usually, we should fit the complex refractive indices of a metal in the frequency
range of interest with Eq. (2.19), and determine the most suitable values of ωp, γ,
and ε̂∞. However, when we are only interested in one frequency or wavelength, we
can simply set ε̂∞=1 and solve Eq. (2.19) for ωp and γ.

As we can see here, one more equation (2.18) is employed, which is used to
describe ~Jp. Several numerical schemes have been introduced to discretize this
equation concerning accuracy and stability [39]. Here, the most efficient one is
adopted, where ~Jp is put at the same grid as the ~E field in the space domain, while
at the same grid as the ~H field in the time domain. Therefore, we can write the
discretization forms of Eqs. (2.16)–(2.18) as:

~Hm+ 1
2 = ~Hm− 1

2 − ∆t

µ0
· ∇ × ~Em, (2.20)

~Em+1 = ~Em +
∆t

ε∞ε0
·
(
∇× ~Hm+ 1

2 − ~J
m+ 1

2
p

)
, (2.21)

~J
m+ 1

2
p =

1− 0.5γ∆t

1 + 0.5γ∆t
· ~J

m− 1
2

p +
ε0ω

2
p∆t

1 + 0.5γ∆t
· ~Em. (2.22)

In this case, the stability condition is given as [40]:

∆t ≤
(

4δ2
s ε̂∞

4c2
0 + δ2

sω2
p

) 1
2

, (2.23)

where δs is the same as that in Eq. (2.15).
This Drude model can also be applied to describe the permeability dispersion

for, e.g., a general plasmonic material. A similar treatment can be employed for
introducing the magnetic polarization current density to Maxweel’s equations. By
describing both permittivity and permeability with the Drude model, we can model
a negative index material (NIM, or left handed material, LHM) in the FDTD
method [41]. For detailed discussions and applications of LHM, please refer to
Ref. [42] and Paper A.
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2.2.3 Boundary Condition
We cannot model an infinite region numerically. Some kind of boundary condi-
tion has to be introduced to truncate the computational domain. The perfectly
matched layer (PML) boundary treatment is a typical choice while modeling the
light interaction with structures in an open region. PML is a virtual material with
high losses, whose impedance is matched with that of the material inside the com-
putational domain. Theoretically it can absorb the light wave, which touches the
boundary at any incident angle and propagates out of the computational domain,
without any reflection.

Berenger first introduced the idea of PML and applied it to the FDTD method
in 1994 [43]. Unfortunately, this form is only applicable to the nondispersive and
lossless material. Since then, a lot of work has been done in order to improve
the PML for either an easier implementation or a wider application range. In
this thesis work, Godney’s convolution PML (CPML) method is adopted in our
FDTD implementation, since his form is very easy to implement, and applicable to
almost any material, e.g., inhomogeneous, lossy, dispersive, anisotropic, or nonlinear
material [44].

The CPMLmethod is based on the stretched coordinate formulation of Maxwell’s
equations [45], where the space coordinates (i.e., the x, y, z directions) are mapped
to a complex variable domain in PMLs as:

w → w̃ =
∫ (

κw +
σw

αw + jωε0

)
dw, w = x, y, or z. (2.24)

After substituting the complex coordinates into Maxwell’s equations, and some
mathematics, the FDTD time-stepping formulas for PMLs can be built as [44] (the
x-component of Ampere’s law, e.g., Eq. (2.17), is taken as an example):

Em+1
x

i+ 1
2 ,j,k

=Em
x

i+ 1
2 ,j,k

+
∆t

ε∞ε0
·
H

m+ 1
2

z
i+ 1

2 ,j+ 1
2 ,k
−H

m+ 1
2

z
i+ 1

2 ,j− 1
2 ,k

κy∆y

− ∆t

ε∞ε0
·
H

m+ 1
2

y
i+ 1

2 ,j,k+ 1
2
−H

m+ 1
2

y
i+ 1

2 ,j,k− 1
2

κz∆z
− ∆t

ε∞ε0
· Jp,x

+
∆t

ε∞ε0
·
(

ψ
m+ 1

2
Exy

i+ 1
2 ,j,k

− ψ
m+ 1

2
Exz

i+ 1
2 ,j,k

)
.

(2.25)

Here, two auxiliary fields ψ are introduced, and are evaluated as:

ψ
m+ 1

2
Exy

i+ 1
2 ,j,k

= by · ψm− 1
2

Exy
i+ 1

2 ,j,k

+ ay ·

H

m+ 1
2

z
i+ 1

2 ,j+ 1
2 ,k
−H

m+ 1
2

z
i+ 1

2 ,j− 1
2 ,k

∆y


 , (2.26)

ψ
m+ 1

2
Exz

i+ 1
2 ,j,k

= bz · ψm− 1
2

Exz
i+ 1

2 ,j,k

+ az ·

H

m+ 1
2

y
i+ 1

2 ,j,k+ 1
2
−H

m+ 1
2

y
i+ 1

2 ,j,k− 1
2

∆z


 , (2.27)
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where

bw =e−
∆t
ε0

( σw
κw

+αw),

aw =
σw

σwκw + κ2
wαw

(
e−

∆t
ε0

( σw
κw

+αw) − 1
)

, w = x, y, or z.

Similar expressions can be derived for the remaining field components. Figure 2.2
shows an example with PMLs included. The field at the outmost boundary of PMLs
can be simply set to zero (i.e., electric or magnetic walls). PML’s parameters σ,
α, κ, and the number of layers are determined by the desired calculation accuracy
[43, 44].

2.2.4 Source Setup and Result Analysis
Different types of sources can be introduced to the FDTD computational domain.
For modeling photonic components, a focused light beam or an eigenmode of a
waveguide is usually employed. At the same time, we often need to analyze the
reflected light from some structures. To meet this requirement, the total-field–
reflected-field formulation is employed in our FDTD implementation [35].

reflected-field
region

waveguide

z
s

E
x E

y

H
y H

x
z
s
+0.5∆z

T junction

total-field
region

total-field
region

reflected-field
region

source
plane

PML

z

y x

Fig. 2.2. Total-field–reflected-field formulation of the FDTD method.
An example of analyzing the reflection from a waveguide T junction is
plotted.

As shown in Fig. 2.2, the total computational domain is divided into two regions,
named the total-field region and the reflected-field region, by a source plane. A
source field (e.g., the fundamental mode of the waveguide as shown in Fig. 2.2)
is introduced at the source plane, and will only propagate towards the total-field
region. The reflected field can pass freely through the source plane into the reflected-
field region. This approach is based on the linearity of Maxwell’s equations. We
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can decompose the field into three items, the total field E(H)tot, the incident field
E(H)inc, and the reflected field E(H)ref , and they fulfill:

E(H)tot = E(H)inc + E(H)ref . (2.28)
Maxwell’s equations and the FDTD time-stepping formulas can be applied to either
of these three items.

In the middle of the total-field or reflected-field region, the field components
are evaluated along time normally as, e.g., Eqs. (2.12) and (2.13). For the field
at the boundary between these two regions (i.e, the source plane), special care is
needed. We also depict the positions of the transverse electric and magnetic field
around the source plane in Fig. 2.2. When we evaluate the reflected electric field
Eref at the plane Zs, the reflected magnetic field Href at the plane Zs + 1

2∆z is
needed, (cf. Eq. (2.13)). However, as this plane lies in the total-field region, only
Htot(Zs + 1

2∆z) is calculated and stored. We have to extract the reflected magnetic
field by:

Href (Zs +
1
2
∆z) = Htot(Zs +

1
2
∆z)−Hinc(Zs +

1
2
∆z). (2.29)

Similar treatment can be applied when evaluating the total magnetic field Htot at
the plane Zs+ 1

2∆z. As we can see from the above discussions, in order to implement
the total-field–reflected-field formulation, we need to know in advance the incident
electric field and magnetic field at the plane Zs and Zs + 1

2∆z, respectively.
FDTD method is a time-domain method. Commonly, we would like to know

the field in the frequency domain. This can be accomplished with the digital fourier
transform (DFT) as:

A (ω) =

∫ t2
t1

A (t) exp (jωt) dt
∫ t2

t1
s (t) exp (jωt) dt

=

t2∑
t=t1

A (t) exp (jωt)∆t

t2∑
t=t1

s (t) exp (jωt)∆t

, (2.30)

where A can be any of the electric or magnetic field components, s(t) is the time
dependance of the source, t1 and t2 are the lower and upper limit of the integration,
respectively.

Usually, the time dependance of the source can be either continuous or pulsed.
The pulsed source can be used to analyze the frequency or wavelength response
of a structure. Although the continuous source is only used to simulate a single
frequency light, it can give us a clear, time-evaluated movie of the light flowing
through the structure at that frequency. For a pulsed source, the total calculation
time ttot should ensure that the pulse has passed through all the structures and
disappeared in the computational domain. The integration in Eq. (2.30) should
be carried out in the entire calculation time (i.e, t1 = 0 and t2 = ttot). For a
continuous source, the total calculation time ttot should ensure that all the field
in the computational domain has reached the steady state. The integration in
Eq. (2.30) should be carried out in the final periodicity of the calculation time (i.e.,
t1 = ttot − T and t2 = ttot, where T is the periodicity of the source).
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2.2.5 Simplified Treatment for Circular Symmetric Structures
3D FDTD method is very time and memory consuming. For a system with a
rotationally symmetric structure (i.e., the material properties are functions of only
ρ and z), e.g., a NSOM probe or a fiber, the computation effort can be greatly
reduced by taking the ϕ dependance of the field analytically. Thus, 3D Maxwell’s
equations are discretized only along the ρ and z directions, and reduced to two-
dimensional (2D) space. Such a simplified FDTD algorithm is called the body-of-
revolution (BOR) FDTD method [46].

In a rotationally symmetric structure, any field component can be expanded in
terms of the following azimuthal harmonics:

A =
{

As · sin (νϕ)
Ac · cos (νϕ) , (2.31)

where ν(= 0, 1, 2, . . .) is the azimuthal harmonic index. For each azimuthal har-
monic index, the solution to Maxwell’s equations, e.g., Eqs. (2.16)–(2.18) can be
separated into two uncoupled groups:

{
[Eρ,c, Eϕ,s, Ez,c,Hρ,s, Hϕ,c, Hz,s, Jρ,c, Jϕ,s, Jz,c]
[Eρ,s, Eϕ,c, Ez,s,Hρ,c, Hϕ,s, Hz,c, Jρ,s, Jϕ,c, Jz,s]

, (2.32)

where the subscripts s and c denote the sinusoidal and cosinoidal azimuthal-dependent
harmonics of the field, respectively. The field components in the cylindrical coordi-
nate system are employed here. Thus, the curl operator in the FDTD time-stepping
formulas (e.g., Eqs. (2.20)–(2.22)) should be expressed and discretized in the cylin-
drical coordinate system.

Hϕ HϕHρ

HρHϕ Hϕ

Hz Hz 

Ez, Jz 

Ez, Jz 

Eρ, Jρ Eρ, JρEϕ, Jϕ

∆ρ

∆z
z 

ρ
ϕ

Fig. 2.3. Yee’s grid of the BOR FDTD method in the cylindrical coordi-
nate system.

The derivatives along the ϕ direction are evaluated analytically according to
Eq. (2.31). The discretization is needed only in the ρ and z directions, as shown
in Fig. 2.3. The entire FDTD computational domain is truncated with PMLs at
the boundaries of ρ = ρmax, z = zmin, and z = zmax [47], as shown in Fig. 2.4.
The boundary treatment at the plane ρ = 0 differs from that at other boundary
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reflected-field region

total-field region

source plane

PML

ρ=ρmaxρ=0

z=zmax

z=zmin

z

ρ
ϕ

rotationally
symmetric
structure

Fig. 2.4. Sketch of the computational domain of the BOR FDTDmethod.

planes. There are only three field components (Hz, Hϕ, and Eρ are chosen in our
scheme) at this boundary in Yee’s grid (see Fig. 2.3). Hϕ and Eρ at ρ = 0 can be
set to zero, since they are never used in evaluating other field components. Using
the integration form of Faraday’s Law Eq. (2.1b) in a small circular region around
ρ = 0, one can obtain the following formula for evaluating Hz:

H
m+ 1

2
z

∣∣∣
ρ=0

=

{
H

m− 1
2

z

∣∣∣
ρ=0

− 4∆t
µ0∆ρ · Em

ϕ

∣∣
ρ=∆ρ

2
ν = 0

0 otherwise
, (2.33)

The stability condition is still given by Eqs. (2.14) or (2.23), but δs in this BOR
FDTD method should be expressed as [46]:

δs =

[
(ν + 1)2 + 2.8

4∆ρ2
+

1
∆z2

]− 1
2

. (2.34)

To characterize an arbitrary incident field in this BOR FDTD method, the inci-
dent field should be expanded as the superposition of a set of azimuthal harmonics
(cf. Eq. (2.31)). Then we should run the BOR FDTD calculation for each of the az-
imuthal harmonics (note that there is no coupling between any two different orders
of the azimuthal harmonics). Nevertheless, for some typical kinds of incident fields,
e.g., a focused Gaussian beam, or an eigenmode of a cylindrical waveguide, only
one azimuthal harmonic will be involved in the whole simulation. For example, the
excitation of the x-polarized HE11 mode of a fiber corresponds to the harmonic of
cos ϕ for Ez.

2.3 Full-Vectorial Finite-Difference Mode Solver

The finite-difference mode solver is one of the most popular numerical methods used
to analyze the eigenmodes in a waveguide structure [48]. Its full-vectorial form (i.e.,
FVFD mode solver) can give the vectorial transverse electrical (E) or magnetic (H)
components of a waveguide mode. In this thesis work, our own, original program of
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the FVFD mode solver was used to find the eigenmodes of Si nanowire waveguides
and SP waveguides (see Paper E–Paper G).

2.3.1 Basic Formulas
In the FVFD mode solver, the Helmholtz equations are solved numerically for two
transverse field components, e.g., Hx and Hy:

∂2Hx

∂x2
+

∂2Hx

∂y2
+

(
k2
0n

2 − β2
)
Hx = 0, (2.35a)

∂2Hy

∂x2
+

∂2Hy

∂y2
+

(
k2
0n

2 − β2
)
Hy = 0, (2.35b)

where n is the refractive index of the material, k0 = 2π/λ0 is the wave number in
vacuum, and β is the propagation constant of an eigenmode, which means the z
dependence of all the field components fulfills exp(jβz). The central difference form
in an orthogonal, non-uniform grid (where the Hx and Hy are located in the same
grid points) is used to express the second order derivatives in Eq. (2.35) numerically
in a homogeneous material. At the material interfaces, the interface continuous
conditions should be considered. After some mathematical substitutions, we can
get a linear eigenvalue problem of the form [48]:

A ·H =
[
Axx Axy

Ayx Ayy

]
·
[
Hx

Hy

]
= β2

[
Hx

Hy

]
= β2H, (2.36)

where H is the column vector that contains the transverse H field in all the grid
points, and A is the matrix contains all the finite-difference coefficients. The off-
diagonal submatrices Axy and Ayx result from the coupling between the two trans-
verse field components. Electric or magnetic walls, or even zero conditions can
be used as the boundary condition. The PML boundary treatment is also possi-
ble in this FVFD mode solver by introducing the complex stretched coordinates
(cf. Eq. (2.24)) [45].

The eigenvalue problem Eq. (2.36) can be solved with an iteration algorithm
(e.g., the build-in function “eigs” of MATLAB1). One of the advantages of this
FVFD mode solver is that we can get the field distributions and the correspond-
ing propagation constants of all the modes with only one calculation, instead of
computing them one by one.

2.3.2 E-Form VS. H -Form
Above we have discussed the FVFD mode solver employing transverse magnetic
field components (H-form). Similar treatment can be applied to the transverse

1MATLAB is a high-level language and interactive environment for scientific computations,
http://www.mathworks.com/products/matlab/

http://www.mathworks.com/products/matlab/
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electric field components (E-form) [49–51]. This E-form FVFD mode solver can
give us the Ex and Ey components of the mode field, which might be more in-
teresting than the transverse magnetic field components Hx and Hy. However,
the H-form mode solver has some advantages over the E-form one concerning the
accuracy and convergency.

10
-1

10
0

10
1

1.4

1.6

1.8

2

2.2

2.4

discretization lattice size (nm)

E-form FVFD

H-form FVFD

3D FDTDre
al

 p
ar

t 
β
r
 o

f 
th

e

p
ro

p
ag

at
io

n
 c

o
n
st

an
t 

(2
π
/λ

0
)

Fig. 2.5. Real part βr of the propagation constant calculated by differ-
ent methods with different discretization lattice sizes near the material
interfaces. Here, non-uniform lattices are used in the E-form and H-form
FVFD mode solvers. See Fig. 5.3 for the detailed waveguide structure.
The parameters considered here are w=50nm and h=100nm. Other pa-
rameters are the same as those in Fig. 5.4.

Figure 2.5 shows the propagation constants calculated by several methods while
employing different discretization lattice sizes (see Sec. 5.1.1 for detailed discussions
of this waveguide structure). Here, we can directly compare the convergence of the
results in different methods. Obviously, the E-form FVFD mode solver converges
very slowly as the discretization lattices are getting finer. The H-form FVFD
mode solver converges much faster than the E-form one. This is because of the
fundamental formulas employed in these two forms. According to the continuous
condition, the perpendicular E field component is not continuous at the interface.
When we formulate the eigenvalue problem for the E-form FVFD mode solver, some
approximations or less accurate treatments, e.g., taking the direct discretization for
the cross derivatives [49–51], are employed. Thus, very fine lattices are needed in
order to reduce the discretization errors. However, the H field is always continuous
at the interface (because no magnetic material is considered here). A formula,
where potentially all the continuous conditions are fulfilled at the plane interfaces,
can be given [48]. Thus, coarser lattices may be adoptable in the H-form FVFD
mode solver. Note that there still exist some approximations at the corners, since
the transverse field components or their derivatives are divergent there [52].

One can also use other finite-difference methods, e.g., a 3D FDTD method
(cf. Sec. 2.2), a compact 2D FDTD method [53], or a Yee-grid-based imaginary-
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distance beam propagation method (BPM) [54], to analyze the mode properties of
a waveguide. In these methods, Yee’s grid is employed, where the E and H field
components are wisely positioned, so that the interface continuous conditions are
implied in the formulas. Furthermore, the evaluation of the divergent transverse
field components at corners can also be avoided. This is a reason why the 3D FDTD
method converges fastest in Fig. 2.5.





Chapter 3

Fabrication and Characterization

3.1 Introduction

Conventional bulk optics has been widely used in today’s optical communication
systems, where light is coupled out from waveguides (e.g., fibers), and processed
with a series of bulk optics components, e.g., lenses, mirrors, gratings, thin film
filters, etc. In these systems or modules, a large number of high-quality optical
components are usually needed, and the optical alignment of all these components
is very critical. Thus, this kind of system suffers for the disadvantages of large
volume, high cost, and low stability.

Integrated planar lightwave circuits (PLCs) overcome these disadvantages, and
gradually replace the convectional bulk optical components in today’s optical com-
munication systems, especially in dense wavelength-division multiplexing (DWDM)
systems. A lot of functional photonic devices can be monolithicly integrated into
one chip. The fabrication technology for PLCs is similar to that for the very ma-
tured integrated micro-electronic circuits. Thus, it is possible to perform mass
production and to build high-quality devices.

Different technologies based on different materials have been introduced to sup-
port PLCs. Silica-on-silicon technology has been widely adopted for fabrications of
DWDM devices in commercial systems, due to the material refractive index which
matches that of optical fibers. A common drawback of the silica-based photonic
integrated devices is the overall size of components, mostly limited by the large
bending radius. This limitation is dictated by a low refractive index difference be-
tween the core and the cladding. The size of a typical device, e.g., a multi-channel
arrayed waveguide grating (AWG) (de)multiplexer, is several cm2 and the integra-
tion of more complex structures is often difficult on a single wafer. To increase
the integration density for future DWDM systems a considerable size reduction is
necessary. III-V semiconductor technology is another promising technology due to
its ability to integrate some optoelectronic or active devices [1], e.g., high-quality
lasers, high-speed modulators, etc. It can also help to decrease the size of, e.g., an

19
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AWG to a few mm2 based on the common ridge waveguide, but this is at the ex-
pense of higher loss, higher material cost, and more complex fabrication technology.
To stay with silicon, as it is the most popular material for modern micro-electronics,
Si based nanowire waveguides were introduced [11, 12], formed as silicon strips on a
silica layer. A very high contrast of refractive index in all directions and high light
confinement allow for a very high integration grade. However to maintain single
mode propagation along such a silicon nanowire waveguide the cross section of the
waveguide becomes very small. The performance of such sub-micrometer sized de-
vices strongly depends on the fabrication accuracy: high resolution patterning and
low roughness etching. Optimized processes are necessary to obtain satisfactory
results.

In this chapter, some technologies used for fabricating Si based components
are discussed, which mainly include, plasma deposition and etching, electron beam
lithography (EBL), etc. These technologies were also extended to fabricate surface
plasmon waveguides and devices. At the end of this chapter, the characterization
setups with the end-fire coupling and the vertical grating coupling are discussed.

3.2 Film Deposition

To create thin films of the desired materials on a substrate is the beginning step
of the whole device fabrication. A uniform, smooth, and defect-free film is always
expected. In this thesis work, the plasma enhanced chemical vapor deposition
(PECVD) technology was employed for hydrogenated amorphous silicon (α-Si:H)
and silica depositions, and the electron-gun evaporation technology was employed
for metal depositions [55].

3.2.1 Plasma Enhanced Chemical Vapor Deposition

Figure 3.1 shows the sketch of a PECVD reactor. A full description of this deposi-
tion process is extremely complex, please refer to Ref. [56] for detailed discussions.
Generally speaking, the chamber is first evacuated, then gases with the required
species are filled in the chamber through the showerhead. RF energy at a desired
frequency (380kHz or 13.56MHz) is capacitively coupled in through a matching unit.
Plasma is started between the showerhead and the bottom electrode, which are both
usually heated around 250 ◦C. The highly energized electrons in this plasma cause
the dissociation of the gas precursors into free radicals. These radicals arrive at
the substrate by diffusion, and react with each other to establish chemical bonds,
then to form the film. The most critical parameters for this deposition process
include, the gas composition, the process pressure, the RF power and frequency,
the temperature of the substrate and showerhead. All of there parameters have
been optimized for different materials to ensure the best quality of the deposited
films [57, 58]. The material loss of the as-deposited α-Si:H material is ∼1.5dB/cm
at 1.55µm [58].
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Fig. 3.1. Sketch of a PECVD reactor.

Table 3.1 shows the process parameters for depositing different films. Typically,
a thick silica buffer layer and an α-Si:H core layer are successively deposited on a
silicon substrate. This is the most commonly used silcon-on-insulator (SOI) struc-
ture for building Si based components [11, 12, 14, 59]. Instead of the commercially
available crystalline SOI wafers, we use the amorphous-silicon-on-silica material
structure here, as this technology allows to freely adjust the thicknesses and, to
some extend, the refractive indices of layers.

Tab. 3.1. Process parameters for depositing some films with PECVD.

SiO2 α-Si:H α-Si:H
(low rate) (high rate)

SiH4 flow rate 20sccm 60sccm 40sccm
N2O flow rate 2000sccm 0sccm 0sccm
Ar2 flow rate 0sccm 0sccm 2000sccm
pressure 300mTorr 270mTorr 800mTorr
RF power 800W 5W 50W
on showerhead @380kHz @13.56MHz @13.56MHz
showerhead temperature 300 ◦C
platen temperature 250 ◦C
deposition rate ∼160nm/min ∼8nm/min ∼48nm/min
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3.2.2 Electron-Gun Evaporation

In E-gun evaporation or more commonly, thermal evaporation [55], the material to
be deposited is simply heated to a temperature at which it vaporizes. The vapor
then condenses as a solid film on the wafers, which are maintained at temperature
below the melting point of the material. Figure 3.2 shows a sketch of the E-gun
evaporation system employed in this thesis work. The material to be evaporated is
held in a crucible and heated directly by electron current. This heating mechanism
is more efficient and versatile than the conventional resistance heating. The wafers
are mounted up-side-down on a table. A quartz crystal, which is used to monitor the
thickness of the deposited film, is also mounted at the center of the table. During
the deposition process this table is rotating around its central axis to ensure a
uniform coating on each wafer. The vaporized molecules travel virtually in straight
lines between the source and wafers. To minimize the oxidation and collision of
the molecules with residual air, the system is pumped down to a very low pressure
(10−7bar) before starting the process.

to pumping
system

shutter

E-gun

material

wafers
quartz
cystal

Fig. 3.2. Sketch of an E-gun evaporator.

The structure and principle of this E-gun evaporation system is relatively simple.
Most of metal and some dielectric films with thicknesses from several nm to several
µm are possible to be prepared with this setup. In this thesis work, the E-gun
evaporation system was mainly employed to deposit Al film, which was used for SP
waveguides (see Sec. 5.1.1), and as a hard mask for silicon etching (see Sec. 4.3.2).
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3.3 Pattern Generation

Lithography technology with high resolution and accuracy is required for pattern-
ing the photonic components on the desired material. When pushing the lateral
dimension of a silicon nanowire waveguide down below half micron, the resolution
of conventional I-Line (365nm) steppers is not sufficient. Deep ultra-violet (DUV)
(248nm) lithography has been adopted for fabrication of silicon nanowire waveg-
uides and PhCs with dimensions of ∼300nm [11]. In this thesis work, the electron
beam lithography (EBL) was employed, since its low running cost and ability to
push the resolution further down to ∼50nm.

3.3.1 Electron-Beam Lithography

pattern 

generator

vibration isolation table

chamber

air

lock
laser 

interferometric stage

computer

electron gun

column

objectivedeflection unit

beam blanker

aperture

Fig. 3.3. Block diagram of an EBL system.

Figure 3.3 shows a block diagram of major parts of a typical EBL system.
Some characteristics and parameters of this system, which are closely related to
the quality of lithography, are discussed below [60]:

• The electrons are drawn out from the electron gun, and accelerate to a desired
energy, typically from 1keV to 100keV depending on applications and instru-
ments. These electrons pass through a series of electron lenses in the column,
and are focused on a sample. The beam blanker and deflection unit control
the position of this focused beam on the sample. The writing or lithography
progress in a serial mode, which means that the shapes are scanned point
by point and one by one in a predetermined order. Thus, to print a func-
tional device, tens of minutes to several hours are usually needed. This is a
drawback of EBL as compared to the optical or DUV lithography.
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• The quality of the focused electron beam is highly related the electron-optical
components in the column. Unfortunately, these components are far from
perfect. There exist a large amount of abberations. Thus, an aperture is
placed in the column to strict the convergent angle of the electron beam,
since the paraxial part of the electron beam goes through small abberations.
Therefore, decreasing the aperture size helps to decrease the diameter of the
focused beam. However, at the same time, the total current is also decreased.
A longer exposure is needed in this case. Some additional adjustments to
these components (typically including centering of the aperture, astigmatism,
and focus) are required just before the exposure, in order to ensure the best
quality of the focused electron beam.

• An E-beam resist is spun onto the sample prior to the exposure. Depending
on the type, the exposed area of the resist can be washed out (positive resist)
or kept (negative resist) during the subsequent developing. A positive or
negative image of the desired pattern is left on the sample (see Sec. 3.3.2).
The distribution of the absorbed electron energy by the resist can be modeled
with a double Gaussian profile, where the two Gaussian distributions are used
to describe the forward and backward scattering of the electrons, respectively.
Increasing the acceleration voltage for electrons decreases the diameter of the
forward scattering, while increases the diameter of the backward scattering.
The energy of the backward scattered electrons is much weaker than that of
the forward scattered electrons. Concerning the resolution for well-separated
shapes, a high voltage should be employed. Whereas the large diameter of
the backward scattered electrons in this case affects the dose (see Sec. 3.3.2)
of some closely positioned shapes (this is called proximity effect). The most
common technique for proximity correction is dose modulation, where each
individual shape in the pattern is assigned a dose such that the shape is
printed at its correct size. For example, a small hole close to a big rectangle
is assigned a relative lower dose compared to a stand-alone hole.

• For a large pattern (e.g., the long access waveguides; cf. Sec. 4.2.2), the system
divides it into several write-fields. A write-field is the largest range that the
deflection unit can achieve. The laser interferometric stage is responsible for
jumping from one write-field to another. This gives rise to, so-called stitching
errors. Besides doing a very careful write-field alignment procedure, we can
play other tricks to minimize the effect of the stitching errors. One obvious
approach is to choose a very large write-field that accommodates the whole
pattern. This approach is not versatile, since enlarging the write-field will also
decrease the resolution (increase the scanning step size). Another way is to
put less important structures (e.g., the wide access waveguides) at the stitch-
ing point, and to choose a relatively small write-field (e.g., 100×100µm2). In
this case, one might have a lot of stitching points, but the absolute stitch-
ing error at each point is small (e.g., ∼50nm) and less critical for the whole
device.
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In this thesis work, A Raith 150 EBL tool1 was used. 25kV acceleration voltage
(highest) and 7.5µm aperture (smallest) were employed to ensure the best lithog-
raphy quality.

substrate

resist

positive
resist

negative
resist

exposed area

electron beam

developing
  

Fig. 3.4. Positive and negative resists.

3.3.2 Resist Selection
E-beam resists are the recording and transfer media for EBL [60]. We can categorize
them into two types, positive resists and negative resists, as shown in Fig. 3.4. The
typical process for a resist is:

1. Spinning at 1000rpm–6000rpm to obtain a thin film,
2. Soft-bake to drive out the solvent, and consolidate the film,
3. Exposure,
4. Developing to form the pattern,
5. Hard-bake and O2 descum just before etching or lift-off, (optional)
6. Stripping.

Additional steps might be needed for some special kinds of resists.
The resolution of EBL nowadays is mainly constrained by the resist instead of

the size of the focused electron beam. Besides resolution, sensitivity and contrast
are other important characteristics of a resist. For a positive resist, the sensitivity
means the lowest dose D1 (µC/cm2) at which all the resist film will be removed
after developing. The contrast is related to the difference between the dose D1 and
D2, here, D2 is the highest allowed dose at which no resist will be removed after
developing. The smaller this difference, the higher the contrast. A high contrast
resist will usually have wider process latitude as well as more vertical sidewall
profiles. The sensitivity and contrast can be defined in a similar way for a negative
resist. Generally, a resist with high resolution, high sensitivity, and high contrast

1http://www.raith.com/index.php?xml=solutions%7CLithography+%26+nanoengineering%
7CRAITH150

http://www.raith.com/index.php?xml=solutions%7CLithography+%26+nanoengineering%7CRAITH150
http://www.raith.com/index.php?xml=solutions%7CLithography+%26+nanoengineering%7CRAITH150
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is always preferred. Note that these characteristics do not only depend on the
resist itself, they will be affected by some precess conditions, e.g., exposure voltage,
developer, etc. [60]. Two E-beam resists, ZEP520A2 (positive) and ma-N 24053
(negative), were mainly involved in this thesis work. Both of them have a very
good contrast and resolution, and also a reasonable sensitivity. Typical process
parameters for these two resists are shown in Tab. 3.2. Figure 3.5 shows some
pictures of PhC structures created with these resists.

Tab. 3.2. Process parameters for two E-beam resists.

ZEP520A ma-N 2405
spinning 3000rpm→450nm 3000rpm→500nm

6000rpm→320nm 6000rpm→300nm
soft-bake on hotplate 180 ◦C 10min 90 ◦C 3min
exposure dose at 25kVa 60µC/cm2 120µC/cm2

developing p-Xylene for 1min40sec ma-D 532 for 3min30sec
stripping O2 plasma O2 plasma or acetone
aDose shown here is for large areas. For small areas, more doses may be needed depending on

the shape and dimension.

400nm 400nm

ZEP520A

α-Si:H

(a) (b)

α-Si:H

ma-N 2405

Fig. 3.5. Fabricated PhC structures with different resists (cf. Tab. 3.2
for detail process parameters).

For lift-off, a bi-layer resist structure should be employed, where the desired
amount of undercut can be introduced, as shown in Fig. 3.6. The bottom resist is
more sensitive to electrons, and with a low contrast. It is usually thick enough to
accommodate the deposited films in the followed lift-off process (see Sec. 3.4.2). The

2http://www.zeon.co.jp/business_e/enterprise/imagelec/imagelec.html
3http://www.microresist.de/ma-N2400_2005_en.htm

http://www.zeon.co.jp/business_e/enterprise/imagelec/imagelec.html
http://www.microresist.de/ma-N2400_2005_en.htm
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top resist layer is thin, and defines the pattern. In this thesis work, we employed the
bi-layer resist structure consisting of a PMGI-SF74 bottom layer and a ZEP520A
top layer. See Tab. 3.3 for detailed process parameters.

(a)

substrate

undercut

400nm

bottom layer
resist

top layer
resist

(b)

Fig. 3.6. (a) Sketch (side view) of a bi-layer resist structure. (b) SEM
picture (top view) of a fabricated PhC structure (cf. Tab. 3.3 for detailed
process parameters).

Tab. 3.3. Process parameters for a bi-layer resist structure.

bottom layer spinning: 3000rpm→400nm 6000rpm→280nm
PMGI SF7 soft-bake on hotplate: 180 ◦C 10min
top layer spinning: 6000rpm→60nm
ZEP520A:Anisole 1:2 soft-bake on hotplate: 180 ◦C 10min
exposure dose at 25kVa 60µC/cm2

developing p-Xylene for 1min15sec (top layer)
MF322:H2O 3:2 for 1min30sec–3minb (bottom layer)

stripping for lift-off remover 1165 at 50 ◦C in an ultrasonic bath
aDose shown here is for large areas. For small areas, more doses may be needed depending on

the shape and dimension.
bDepending on the desired amount of undercut.

3.4 Pattern Transfer

We always need to transfer the pattern from the resist onto the target film(s)
(e.g., silicon). This can be achieved usually by etching or lift-off techniques. De-
pending on the material and some other aspects, several transfer steps might be

4http://www.microchem.com/products/pmgi.htm

http://www.microchem.com/products/pmgi.htm
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needed (e.g., first transfer to a metal layer with lift-off, then perform silicon etching;
cf. Sec. 4.3.2).

3.4.1 Reactive Ion Etching

Reactive ion etching (RIE) technology [56] has been widely adopted for etching
semiconductors, dielectrics, and metals, due to its ability to achieve anisotropic,
high-selectivity, and high-aspect-ratio etching. Setups for RIE are very similar to
those for the plasma deposition (e.g., Fig. 3.1). Typically, some reactive neutral
radicals (e.g., F, CF3) are generated in the plasma. The substrate material (e.g.,
Si) reacts with these reactive radicals, and is removed by forming volatile prod-
ucts (e.g., SiF4). This etching process is enhanced with ion bombardment, which
is caused by the negative self-bias between the substrate and plasma. Usually to
achieve anisotropic etching, gas chemistries, which will cause depositions of some
polymer inhibitors, are introduced into the chamber. The vertical sidewalls are
protected with these polymer inhibitors from reactive radicals, while, on horizontal
surfaces, the polymers are removed with the ion bombardment. Therefore, etch-
ing only occurs on the horizontal surfaces (i.e., surfaces perpendicular to the ion
bombardment), which results in an anisotropic etching.

Fig. 3.7. Sketch of a ICP-RIE system.

One of the drawbacks of the capacitively coupled systems (like Fig. 3.1) is that
the plasma density and energy of ions bombarding the substrate are correlated.
By employing an inductively coupled plasma (ICP)-RIE system (see Fig. 3.7), they
can be adjusted separately. In this system, the RF power on the coil is mainly
responsible for the plasma density, while that on the platen controls the ion en-
ergy. In this thesis work, the silicon etching with an ICP-RIE system was studied
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1µm400nm

ZEP520A
α-Si:H

SiO2 SiO2

(a) (b)

α-Si:H

Al

Fig. 3.8. SEM pictures of etched PhC structures. Structures in (a) were
etched with “etching recipe 1” in Tab. 3.4, and in (b) were etched with
“etching recipe 2” in Tab. 3.4.

Tab. 3.4. Process parameters for Si etching.

etching recipe 1 etching recipe 2
C4F8 flow rate 15sccm 40sccm
SF6 flow rate 10sccm 28sccm
coil power 500W 800W
platen power 20W 20W
platen temperature 20 ◦C 20 ◦C
pressure 15mTorr 10mTorr
Si etching ratea ∼220nm/min ∼415nm/min
aEtching rate shown here is for bulk films.

and optimized. The gas mixture of C4F8 and SF6 was employed, where C4F8 is
responsible for the carbon-fluorine polymer deposition to protect the sidewalls, and
SF6 is the main etching gas providing reactive F radicals. Figure 3.8 shows some
etched structures for different applications. The corresponding process parameters
are listed in Tab. 3.4. Some aspects of how the parameters affect the final etching
results are discussed below:

Si etching rate This results from the competition between deposition and etch-
ing. Increasing the proportion of SF6 in the total gas mixture will increase
the Si etching rate. Increasing the coil power will increase both the density of
reactive F radicals and the deposition rate of carbon-fluorine polymers. Thus,
it is hard to say how the coil power affects the Si etching rate. Increasing
the platen power or the platen temperature will cause the polymers hard to
deposit on the horizontal surface, and hence increase the etching rate.
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Selectivity Selectivity is the ratio of the etching rate for Si over that for the
mask. If some metal (e.g., Al) is employed as a mask, chemical etching will
not occur for this mask material. The only etching mechanism for it is the
physical sputtering caused by the ion bombardment. The metal mask more
likely shrinks in the lateral direction than in the vertical direction due to the
angle dependence of the sputtering etching [55]. For low platen power, the
selectivity can be more than 100:1. Therefore, for a metal mask, we usually
do not need to worry about selectivity. On the other hand, for directly using
an E-beam resist as a mask, the selectivity becomes a rather important issue
that we should optimize the process for. Commonly, increasing the platen
power or the platen temperature will cause a quite fast degeneration of the
resist, and hence decrease the selectivity.

Sidewall angle This is also a result from the competition between deposition and
etching. If the polymer deposition is not enough to protect the sidewalls
from the lateral etching, an undercut profile will be produced. On the other
hand, excessive polymer deposition will result in a positive slope. Thus, the
deposition and etching effect need to be balanced to achieve vertical sidewalls.
Generally, increasing the platen power will increase the directivity of the ion
bombardment, and result in more vertical sidewalls.

Small hole etching Usually, the etching rate for a small trench or hole is smaller
than that for a big opening (usually called RIE lag). This may be explained
as the ions in a small hole suffer more deflections than those in a big opening
[61]. Thus, the ion bombardment on the bottom surface becomes less for a
small hole. To compensate this deflection effect, a large self-bias between the
substrate and plasma is desired to increase the incoming ion energy. This can
be achieved by increasing the platen power or decreasing the coil power [62].
Figure 3.8(a) shows a picture of the etched holes of a PhC. Due to RIE lag,
The selectivity over the ZEP520A resist is ∼1:1 for these holes, while ∼3:1
for bulk Si film.

High-aspect-ratio etching To achieve a high-aspect-ratio etching, a metal mask
is usually needed to ensure enough selectivity. It is important to keep a high
directivity of the ion bombardment, in order to obtain straight and vertical
sidewalls (avoid bowing, bottling, and other adverse effects [61]). This can be
achieved by increasing the self-bias or decreasing the process pressure. Figure
3.8(b) shows a picture of the etched pillars of a PhC. The non-uniformity of
the diameter for each pillar is ∼ ±20nm deviation from the desired value.

3.4.2 Lift-off
Figure 3.9 shows the typical flow of a lift-off process. A material is deposited
onto the substrate usually with evaporation because of the high directivity of the
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Fig. 3.9. (a) Flow of the the lift-off process. (b) Fabricated structure of
an Al hard mask on Si.

incoming molecules (cf. Sec. 3.2.2). With the benefit of the undercut profile of the
bi-layer resist structure, the material which is deposited on the substrate and on the
resist is well separated. Then, the resist is washed away in a solvent, e.g., acetone or
Remover 1165, usually with the aid of ultrasonic agitation. The material deposited
on the resist is “lifted-off” from the substrate, while that deposited directly on the
substrate remains. Note that the polarity of a pattern is also reversed (e.g., from a
positive image to a negative image) in this case. Figure 3.9(b) shows a fabricated
structure with the lift-off process, where the pattern in Fig. 3.6(b) has been transfer
to an Al layer, which will be used as a hard mask for the subsequent Si etching
(cf. Fig. 3.8(b)).

3.5 Characterization Method

In this thesis work, the end-fire coupling setup was mainly employed to test photonic
components as shown in Fig. 3.10. An amplified spontaneous emission (ASE) source
gives a broadband unpolarized light with spectral range 1530nm–1610nm. This un-
polarized light is butt-coupled to the input waveguide of a component through a
focusing gradient index (GRIN) lens. The output light is collected with a micro-
scope objective and split into two beams, one to an infrared (IR) camera, and the
other to an optical spectrum analyzer (OSA) through a multi-mode fiber. Polar-
izers are inserted in front of the IR camera and the multi-mode fiber in order to
separate the two polarizations.

The sample was cleaved to a small strip with ∼2mm width. It is very difficult
to achieve this reproductively for a standard, 500µm thick silicon wafer. Thus, a
thinned wafer (250µm thick) was employed for easier preparation of samples.
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Fig. 3.10. Sketch of the end-fire characterization setup.
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Fig. 3.11. Sketch of the vertical coupling setup.

The vertical coupling setup with a waveguide grating coupler, as shown in
Fig. 3.11, is an alternative way to put the light into a waveguide. A home-made
lensed fiber probe is mounted above the sample and launches a light beam almost
vertically. We can expect a maximum of the in-coupling light to the waveguide, if
the incident angle θ and the grating period Λ satisfy the following condition (Bragg
condition):

β = k0 sin θ + m
2π

Λ
, m = 0, 1, 2, (3.1)

where k0 is the wave number in vacuum and β is the propagation constant of
the guided mode in the grating. To avoid coupling to both the forward and the
backward (which is useless) directions, θ is usually slight different from 0◦ [63]. The
output light is collected by an objective lens similarly to that in the Fig. 3.10.

With this vertical grating coupling setup, only one cleaving facet is needed.
Thus, we do not need to cleave the sample into a narrow strip. The total length
of waveguides or components under test can be several tens of microns (depending
on the cleaving accuracy). This property is especially useful for characterization of
components with high losses, e.g., SP waveguides (cf. Sec. 5.1.1).



Chapter 4

Results 1: Silicon Passive
Components

4.1 Introduction

Due to the compatibility of the fabrication technology with micro-electronics, sil-
icon photonics [1] has attracted a lot of interests. Various compact components
based on Si, e.g., filters, multiplexers, PhCs, as well as a number of active devices
like lasers, modulators, and switches, [11, 12, 14, 59], were studied in the recent
years. For a passive component, when the feature size shrinks down to sub-micron
or nano scales, the most challenging issues are the scattering loss due to sidewall
roughness, the coupling efficiency from fiber, and the polarization sensitivity of
a device. By optimizing the technology or employing a roughness reduction pro-
cedure [64], the propagation loss of a typical Si nanowire waveguide has reached
∼0.2dB/mm [12]. The coupling efficiency can also be improved significantly with a
spot size converter (∼0.5dB loss per connection) [12]. In some recent publications,
polarization independent devices based on Si nanowires have also been proposed
[65].

In this chapter, some photonic components fabricated on the amorphous-silicon-
on-insulator structure are introduced. AWG (de)multiplexers based on silicon
nanowire waveguides are studied. We also present a Si based PhC which demon-
strates the negative refraction phenomenon. By employing this unique effect, a
compact polarization beam splitter (PBS) is built.

4.2 Arrayed Waveguide Gratings Based on Silicon
Nanowires

An AWG (de)multiplexer is one of the most important components in DWDMmod-
ules and systems [66]. Figure 4.1 shows a sketch of an typical AWG design. The
demultiplexing process is described as follows. The incoming light passes through

33
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a free propagation region (FPR) and enters an array of optical waveguides. These
waveguides have different lengths and thus apply different phase shifts for the light
propagating in them. These phase shifts are wavelength dependent. At the exit of
these waveguides, the light passes through another FPR, and due to the interfer-
ences different wavelengths are focused in different positions at the entry surface of
the output waveguides. If this device works in the opposite direction, it acts as a
multiplexer. In this thesis work, Si nanowire based AWGs were designed, fabricated
and characterized (see Paper E and Paper F).

input
waveguide FPRs

arrayed
waveguides

output
waveguides

Fig. 4.1. Conventional design of an AWG.

4.2.1 Design
First, the properties of the Si nanowire waveguide were studied. The typical struc-
ture of a Si nanowire waveguide based on an SOI structure is shown in Fig. 4.2.
The silica buffer layer should be thick enough (∼5µm) to ensure a low leaky loss.
Figure 4.3 shows the propagation constants of some waveguide modes with different
structural parameters. The thickness h=250nm is fixed here. Since the structure is
asymmetric along the y direction, there exists a cutoff width for each of the modes.
The single mode condition can be easily drawn from this figure. It is worthwhile to
note that at w=275nm the propagation constants of TE00 mode and TM00 mode
are equal. At this point, the birefringence in this Si nanowire waveguide disap-
pears. This might be used for building polarization independent devices. Another
interesting phenomenon here is the mode mixing between TM00 mode and TE10

mode around w=700nm, which results in a gap between the corresponding curves.
This is because of the fact that these two modes have the same symmetry along
the x direction1. In the following discussions about AWGs, the width w=500nm is
chosen, which lies in the single mode region. The transverse field patterns of the
corresponding TE00 mode are shown in Fig. 4.4.

The size of an AWG chip is mainly determined by the total number of the
arrayed waveguides and the separation between adjacent ones. In fact the decoupled

1This mode mixing does not happen at the cross point of TE00 mode and TM00 mode,
w=275nm, since they have an opposite symmetry along the x direction.



4.2. Arrayed Waveguide Gratings Based on Silicon Nanowires 35

α-Si:H h

w

SiO2

y

x

substrate

Fig. 4.2. Sketch of a Si nanowire waveguide.
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Fig. 4.3. Propagation constants of different modes in Si nanowire waveg-
uides. Here, λ0=1.55µm, h=250nm, nSi=3.63, and nSiO2=1.455. The
solid lines are for TE modes, and the dashed lines are for TM modes. The
dash-doted line denotes nSiO2 . Below this line, modes become leaky.

separation (i.e., the separation required for a negligible coupling) is very small
(∼2µm) for Si nanowire waveguides [67]. However, when a conventional layout
is used (cf. Fig. 4.1) [68–70], the actual separation between arrayed waveguides
is usually much larger than the decoupled separation, in order to obtain a large
length difference (i.e., a large diffraction order) between two adjacent waveguides
for the case of DWDM. Here two AWGs, AWG11 (11nm channel spacing) and
AWG1.6 (1.6nm channel spacing), with a layout of overlapped FPRs are presented
(see Fig. 4.5). This novel layout introduces more flexibility for the design, and
the separation between two adjacent arrayed waveguides can be further decreased.
Consequently more compact AWGs can be achieved, as compared to some AWGs
based on the conventional layout [69, 70]. Please refer to Tab. 4.1 for the detailed
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Fig. 4.4. (a) Ex and (b) Ey field patterns of the TE00 mode of a Si
nanowire waveguide, when w=500nm and h=250nm. Other parameters
are the same as those in Fig. 4.3.

structural parameters for these two AWGs.

Tab. 4.1. Structural and measured parameters of two AWGs.

AWG11 AWG1.6
designed structural parameters
waveguide dimension 500×250nm2

number of arrayed waveguides 12 34
number of channels 4× 4 5× 5
constant length difference ∆L 7.2µm 24.9µm
diffraction order 12 42
FPR (focal) length 20µm 50µm
output waveguide width at FPR 1.5µm 1.5µm
output waveguide spacing at FPR 500nm 350nm
arrayed waveguide width at FPR 750nm 950nm
arrayed waveguide spacing at FPR 50nm 50nm
total size ∼ 40× 50µm2 ∼ 320× 270µm2

measured spectral characteristics (TE polarization)
channel spacing 10.7nm 1.5nm
free spectral range 75nm 21.7nm
insertion loss ∼ −6dB ∼ −8.5dB
crosstalk ∼ −14dB ∼ −7dB
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4.2.2 Fabrication Process

5µm silica buffer layer and 250nm α-Si:H core layer were successively deposited
on a silicon wafer (see Tab. 3.1 for the deposition parameters; “α-Si:H (low rate)”
recipe was employed for the α-Si:H deposition). The wafer was then cleaved into
small samples and a negative resist (ma-N 2405) was spined onto them. The Raith
150 EBL system was used for creating the patterns of Si nanowires and AWGs
(see Tab. 3.2 for the process parameters). To increase the coupling efficiency, the
width of each input and output waveguide was tapered from 500nm to 2µm through
a 25µm long linear taper. The write-field size of 100×100µm2 was employed for
these 2µm wide access waveguides. For the AWG area, 350×350µm2 write-field
was employed, in order to accommodate the whole structure and the tapers. The
samples were then etched using ICP-RIE technology with the SF6 and C4F8 gas
mixture (see Tab. 3.4 for the etching process paramters; “etching recipe 1” was
employed). The samples were baked at 110 ◦C for 30min in an oven just before
etching. This helped to reduce the sidewall roughness. Figure 4.5 shows some
pictures of the fabricated structures. The roughness of the sidewall is ∼10nm,
which is directly measured from the SEM pictures.

4.2.3 Measurement Results

First the straight waveguide was measured with the end-fire characterization setup.
The propagation loss of the 500×250nm2 α-Si:H waveguide is ∼4dB/mm, which was
evaluated with the cut-back method. The loss value is about one order of magnitude
larger than the best results based on commercial SOI wafers [11, 12], but it is slightly
better than the results in Ref. [69], where a similar AWG is presented. For photonic
devices based on Si nanowires, such a loss level is still acceptable, since the size of
a typical device (like AWG) is about fifty to several hundred microns. As we have
already discussed, the propagation loss in this case is mainly due to the sidewall
roughness.

Figure 4.6 shows the spectral responses of the fabricated AWGs for the TE
polarization. The channel spacings are matched with the design. Other charac-
teristics are listed in Tab. 4.1. We can find that the crosstalks are relatively high
here (−14dB for AWG11, and −7dB for AWG1.6) for practical DWDM applica-
tions. We attribute this to the phase error induced in the arrayed waveguides due
to the width variation in short range (sidewall roughness) and long range (stability
of the E-beam during exposure) [71]. Due to the high confinement of light in Si
nanowires, even a small change in width w will cause a large variation in the prop-
agation constant β. We can roughly estimate this phase error. Assume a 10nm
variation in width, which is corresponding to the roughness level of the sidewalls.
From Fig. 4.3, we find that this variation will result in ∆β ≈ 0.015 · 2π/λ0. For
AWG11, the phase error ∆φ = 360◦ ×∆β∆L/(2π) ≈ 25◦, while for AWG1.6 this
phase error increases to ∆φ ≈ 87◦ because of the larger length difference ∆L. Im-
proving the fabrication process or introducing a tuning mechanism to each of the
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60µm

10µm1µm
200nm

Fig. 4.5. Pictures of the fabricated Si nanowires and AWGs. (a) and (b)
for AWG11, (c) and (d) for AWG1.6. (e) Cross section of a Si nanowire.

arrayed waveguides [72] can decrease or compensate this phase error, and help to
achieve a lower crosstalk. For AWG11, the achieved crosstalk level is slightly better
than the results in Ref. [69].

The setup with the vertical grating coupling, as discussed in Sec. 3.5, was also
tested with the Si waveguide. A deep etched grating coupler (see Fig. 4.7(a)) [63]
was fabricated. The period Λ is 680nm, and the filling factor of Si in one period
is 85%. The thickness of the Si film is again 250nm, and the with of the grating
and the successive waveguide is 3µm. Figure 4.7(b) shows the wavelength response
of this grating coupler. When the incident angle θ moves from 20◦ to 17◦, the
peak position is shifted to shorter wavelengths. This is consistent with the Bragg
condition Eq. (3.1). The responses here are normalized to that measured with the
end-fire coupling on the same straight waveguide. We can find that the loss of such
a grating coupler is almost comparable to a single cleaved facet (the peak value is
nearly 0dB). With better designs, we can expect a much higher coupling efficiency
[63].
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Fig. 4.6. TE spectral responses for (a) AWG11 and (b) AWG1.6.
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Fig. 4.7. (a) Fabricated grating coupler on a Si waveguide. The roughness
on the top surface and the sidewalls comes from a thin Au coating to get
better SEM images. (b) Wavelength responses of the grating coupler.

4.3 Photonic Crystal Based Polarization Beam Splitter

PhCs have shown unique properties to control the propagation of light. Researches
in early stages were focused on the applications of the photonic band gap effect
in PhCs, such as waveguides [15, 16], sharp bends [17], resonant cavities [18], etc.
In the recent years, more and more interests have been attracted to the unique
dispersion relations generated with PhCs and to manipulate the flow of light in
them. By tuning the geometrical and material parameters of the PhC it is possible
to generate a band structure that can exhibit virtually any type of dispersion curves.
This has been applied to build, e.g., super prisms [19], self-collimator [20], and slab
lenses [21, 22], etc.

Negative refraction predicted and recently demonstrated in artificial left-handed
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materials (over a limited frequency band) demands simultaneously negative permit-
tivity and permeability to allow the wave propagation in a direction opposite to
that of the flow of energy [41, 42]. It has been shown that dielectric PhCs can also
exhibit negative refraction in regimes of negative group velocity [73, 74]. Design-
ing the band structure of a PhC in a proper way it is possible to achieve negative
refraction (for a specific frequency range) in a structure with essentially positive
index media. In this thesis work, we designed a novel PhC structure showing the
negative refraction phenomenon, and built a polarization beam splitter based on
this PhC (see Paper H and Paper I).

4.3.1 Design

The design of the PhC is based on 2D band structure calculations. Figure 4.8
shows the band structures and equal frequency contours (EFCs) of a triangular
lattice of infinitely long silicon pillars in air. The band structures and EFCs are
both calculated with the plane wave method [75]. We can find from Fig. 4.8(e)
and (f) that the EFC moves inward for the TE polarization, while outward for
the TM polarization, when the frequency increases. This means that the group
velocity (which is determined by the gradient of the EFCs) is negative for the
TE polarization (i.e., negative refraction). According to the band structures in
Fig. 4.8, the TE and TM polarizations exhibit a negative and positive group velocity,
respectively, within the same frequency range of 0.672<a/λ0<0.732.

The most common application of negative refraction in a PhC is the slab lenses
[21, 22]. Here, we show a new original application of this phenomenon, a polariza-
tion beam splitter (PBS), which is based on the positive and negative refractions
for different polarizations in the present PhC. Assume a light beam, which is in-
troduced from an input waveguide, is obliquely incident from air on a slab of the
designed PhC (see Fig. 4.9). Here, the slab consists of 15 layers of silicon pil-
lars, and the surface normal to the PhC slab is along the ΓM direction. From the
band vector analysis, we find that the TM polarization (Fig. 4.9(b)) is positively
refracted, while the TE polarization (Fig. 4.9(a)) is negatively refracted. Figure
4.9 also shows the simulation results for the designed PBS with the FDTD method
(cf. Sec. 2.2). The color limit has been adjusted to make the image saturated for
some large field intensities, so that we can see more clearly the propagation of the
light beam inside the PhC. We can find that the splitting angle of the two polariza-
tions is ∼ 60◦. These two beams are separated with a distance of ∼ 14a at the exit
of the PhC slab. Note that for the TE polarization the light beam almost keeps its
beam width in the PhC slab. This is due to the self-collimation effect which results
from the rather flat edge of the EFC for this polarization [20]. On the other hand,
the EFC for the TM polarization is almost a circle. Thus, the light beam diverges
as in usual dielectrics for the TM polarization.
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Fig. 4.8. (a-d) Band structures of a triangular lattice of silicon pillars
in air with diameter d=0.4a (a is the lattice constant). Dash-dotted lines
indicate the frequency a/λ0=0.7. (c, d) is the zoom-in view of (a, b)
around a/λ0=0.7. (e, f) EFC contours of the present structure. The
arrows indicate the increasing direction of the frequency (i.e., the direction
of the group velocity). (a, c, e) for TE polarization, (b, d, f) for TM
polarization. Here nSi=3.63.

4.3.2 Fabrication Process
The designed PBS was fabricated on an amorphous-silicon-on-insulator substrate as
shown in Fig. 4.10. Silica buffer layer and α-Si:H layer were prepared successively
with the PECVD technology on a silicon wafer (see Tab. 3.1 for the deposition
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quency a/λ0 = 0.7. (a) for TE polarization, (b) for TM polarization.

parameters; “α-Si:H (high rate)” recipe was employed for the α-Si:H deposition).
The lattice constant a of the PhC is 1.1µm. The diameter of the silicon pillars is
440nm (0.4a). The working wavelength of the PBS is then from 1503nm to 1637nm.
In order to approximate the 2D model used in the simulation (where infinitely
long pillars are assumed) with a real 3D structure, long enough pillars should be
employed. Here, the height of the silicon pillars (i.e. the thickness of the α-Si:H
core layer) is 2.2µm (2a). This means that the technological aspect ratio for etching
these pillars has been achieved to be ∼5:1. To lead and collect the light to and
from the PhC slab, an input waveguide (IW) and two output waveguides (OW1 and
OW2) with the width of 6µm are situated in appropriate positions (see Fig. 4.10(c)).
The patterns of the PhC and input/output waveguides were generated with EBL on
a bi-layer resist structure (see Tab. 3.3 for the process parameters). 100×100µm2
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write-field were employed here. The whole pattern was then transferred to a hard
mask (100nm Al layer) with E-gun evaporation (cf. Sec. 3.2.2) and lift-off technology
(cf. Sec. 3.4.2). The silicon structure was fabricated using ICP-RIE technology with
the SF6 and C4F8 gas mixture (see Tab. 3.4 for the etching process paramters;
“etching recipe 2” was employed). Finally, the Al mask was removed with a hot
sulphuric-acid–peroxide solution2. The effective area of the present PBS is ∼ 20×
20µm2.

(a) (b)

TE&TM

TM

TE

(c) (d) (e)

IW

OW1

OW2PhC

Fig. 4.10. Pictures of the fabricated PBS. (a) Top view of pilars, (b)
etched matrix of pillars, (c) whole PBS structure with input and output
waveguides. The IR camera images of (d) the TM component and (e) the
TE component of the output light are shown.

4.3.3 Measurement Results
The end-fire characterization setup was employed to test the designed PBS. Since
the working wavelength range of the PBS covers all the available spectrum of

2(96% H2SO4) : (31% H2O2) = 5:1, 120 ◦C.
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Fig. 4.11. Spectral responses from different output waveguides, (a) for
OW1, (b) for OW2.

the ASE source, we can see clearly the splitting of the two polarized beams (see
Fig. 4.10(d) and (e)). The TM component of the output light mainly goes to
the output waveguide OW1, while the TE component mainly goes to the output
waveguide OW2. Figure 4.11 shows the wavelength responses of the designed PBS
from the two output waveguides (OW1 and OW2). The extinction ratio is ∼15dB
in almost the whole spectrum range of the ASE source. It is worthwhile to note
that the measured responses are not flat. There is ∼10dB fluctuation from 1530 to
1610nm as shown in Fig. 4.11. However, the 2D simulation results show a rather
flat response over the whole working wavelength range of the PBS (i.e., 1503nm–
1637nm). We associate this mismatch between the simulation and measurement
results with the real 3D structure which is employed here to approximate the 2D
model. All the designs and simulations were done in 2D, where the silicon pillars
are assumed to be infinitely long, while in the real case the silicon pillars are 2.2µm.
Another possible reason for the mismatch is due to the nonuniformity of the silicon
pillars along the height direction (cf. Fig. 3.8(b) and Fig. 4.10(b)), which results
from the high-aspect-ratio etching (cf. Sec. 3.4.1). We also would like to comment
on the relatively high insertion loss of the designed PBS. As shown in Fig. 4.8, high
energy bands of the PhC are employed here. Hence the equivalent refractive index
of the PhC is well below 1.0. This results in a large amount of out-of-plane loss for
the light propagating in the PhC [16]. Another source of the insertion loss comes
from the interface reflection at the end of the input and output waveguides, since
the difference of the refractive index of the α-Si:H (3.63) and air (1.0) is quite large.
Further improvements, on both design and technology, are needed to obtain better
wavelength response, better extinction ratio, and lower losses.



Chapter 5

Results 2: Plasmonic Components

Surface plasmons (SPs) are electromagnetic modes constituted on the interface
between a metal and a dielectric. Due to the large field enhancement near the
interface, and the high confinement of light around sharp corners or edges [25], SPs
have been widely used in, e.g., bio-sensors [8], near-field imaging [26] and storage
[27], etc. [6, 28, 29]. In the recent years, SPs have also been considered as a
candidate for sub-wavelength waveguiding [30, 31].

In this chapter, the properties of SPs on planar or curved surfaces are studied.
Some waveguide structures and related photonic components in sub-wavelength
scales are introduced and analyzed. Some plasmonic components for near-field
applications are also discussed.

5.1 Surface Plasmon Waveguides and Components

To achieve sub-wavelength guiding with SPs, different mechanisms and structures
have been introduced, e.g., a chain of metal spheres [30, 32], a dielectric waveguide
between two metal surfaces [76], a V-groove in metal [33, 77, 78], a metal slot
[79–81], or a metal wedge [82]. Some functional devices, e.g., splitters and ring
resonators, in nanometric scales have also been realized experimentally based on
the V-groove waveguide recently [34].

In this thesis work, we introduced an SP waveguide structure formed by a slot in
a metal film. This structure is suitable for high integration, and is easy to fabricate
with the available technology (see Paper G). Some photonic components based
on different SP waveguides, e.g., 90◦ bends, directional couplers, ring resonators,
and branch line couplers, were also studied theoretically. Some unique properties
of these components were discussed (see Paper D and Paper G).

45
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5.1.1 Surface Plasmon Waveguides
Figure 5.1 shows the structure and mode field pattern of the SP wave on a single
interface between a metal and dielectric. In this case, the SP wave is a TM mode.
The effective index of this SP wave is given by the well-known formula [25]:

β = k0

√
ε̂mε̂d

ε̂m + ε̂d
= k0

√
n2

mn2
d

n2
m + n2

d

. (5.1)

Here ε̂m(d) = n2
m(d) is the relative permittivity of the metal(dielectric). To support

an SP wave, Re(ε̂m) should be negative, and < −ε̂d. Most of nobel metals fulfill
these conditions.
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Fig. 5.1. (a) Sketch of a single interface between a metal and dielectric.
(b) Mode field pattern of the SP wave on this interface. Here, λ0=1.55µm,
nm=0.47+j9.32 (Ag) [83], and nd=1.0.

We can see from Fig. 5.1(b) that the light field decays fast in the metal layer,
while extends to a very large distance in the dielectric. Thus, we conclude that
this single interface structure does not have the ability of sub-wavelength guiding.
An intuitive approach to squeeze the light in the dielectric is to bring together
two such interfaces, as shown in Fig. 5.2(a) [31]. In this SP waveguide, the TM0

mode is the fundamental mode, whose propagation constant (real part βr) and
loss with different width w are shown in Fig. 5.2(b). Opposite to the case of
a conventional dielectric waveguide (see Fig. 5.2(d) and (e)), βr of the TM0 SP
mode increases when w decreases. As a result, when the width further decreases
to sub-wavelength scales, this SP waveguide can still give the corresponding sub-
wavelength confinement for light (see Fig. 5.2(c)), whereas the mode field in the
conventional dielectric waveguide becomes very broad due to the slow decaying of
the evanescent field in the cladding (see Fig. 5.2(f)).

The above analysis is based on 2D structures. For a practical application, a 3D
structure has to be introduced [33, 76–82]. In this thesis work [Paper G], the metal
slot waveguide, as shown in Fig. 5.3, were introduced. The mode properties of this
structure were studied (only the bound modes were analyzed). Some fabricated
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Fig. 5.2. (a) Sketch of an SP waveguide formed by a gap between two
metal layers. (b) Propagation constant and (c) Hy field pattern of the
fundamental mode (TM0) in structure (a) with different width w. (d)
Sketch of a conventional dielectric waveguide. (e) Propagation constant
and (f) Ey field pattern of the fundamental mode (TE0) in structure (d)
with different width w. Here, λ0=1.55µm, nm=0.47+j9.32 (Ag), n1=3.63
(Si), and nd=n2=1.0.

structures are also shown in Fig. 5.3. Figure 5.4(a) shows the real part βr of the
propagation constants of several modes with different metal film thickness h. The
modes supported by the present structure seem quite related to the four corner
modes [80, 82] (which are coupled to each other) instead of the gap plasmons [79].
Figure 5.4(b) and (c) shows the typical profiles of the corner mode supported by
a metal corner. Generally, we can sort all the modes into four types according to
the symmetry of the Ex field. That is sm

x sn
y , sm

x an
y , am

x sn
y , am

x an
y , where s or a

indicates that the Ex field is symmetric or anti-symmetric with respect to the x or
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Fig. 5.3. (a) Sketch of the metal slot waveguide. (b) and (c) SEM
pictures of some fabricated structures.

y axis (the subscript), respectively. The superscript m or n denotes the order of
the mode. Note that these modes are actually symmetry-like or anti-symmetry-like
in the y direction since the waveguide structure is not strictly symmetric along the
y direction. Further study showed that m can only be 0, and n can only be 0 if
the mode is anti-symmetric in the x direction. Therefore, only s0

xsn
y , s0

xa0
y, a0

xsn
y , or

a0
xa0

y can be a bound mode in the present structure.
The general relationship of βr and loss of a mode to the structural parameters

(w or h) is listed in Tab. 5.1. We find that the s0
xs0

y mode is always a bound mode
within the practical range of the structural parameters (i.e., w and h are within
10nm–500nm), and has the largest βr as compared to the other modes. Thus, it
can be considered as the fundamental mode of the present structure. Furthermore,
the major E-component (Ex) of the s0

xs0
y mode has a symmetric field distribution

in both x and y directions, and thus it can be efficiently generated with the end-fire
excitation. Note that the Ey field of the a0

xa0
y mode is also symmetric in both x

and y directions. This mode could also be efficiently excited with the y-polarized
light. However, unlike the fundamental s0

xs0
y mode, the bound a0

xa0
y mode only

exists when w and h is large (cf., Tab. 5.1). This limits the application of the a0
xa0

y

mode in the present structure. With the guidance of Tab. 5.1, we can design a
structure in which only s0

xs0
y is the bound mode. Figure 5.5 shows an example.

When w=50nm and h=100nm, the loss of the present waveguide is 4.0dB/µm.
Decreasing the refractive index of the cladding (e.g., from PMMA to air) will

result in a decrease of βr of the s0
xs0

y mode. However, it will never be smaller than
the real part of the propagation constant of the SP wave supported by the metal
film without the trench (i.e., become a leaky mode). Thus, a PMMA cladding is
not necessary for the waveguide structure to support a bound mode with a low
aspect ratio (h/w) [81]. However, a large difference between the refractive indices
of the cladding and substrate will make the light field of the s0

xs0
y mode better

confined around the two bottom corners. Using a cladding to match the refractive
index can make the light field more symmetric, and might increase the efficiency of
in-coupling.
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Fig. 5.4. (a) Real part βr of the propagation constants of several
modes. Here, λ0=632.8nm, w=300nm, nSiO2=1.47, nPMMA=1.49, and
nm=0.119+j3.964 (Ag). The field distributions ((b): Ex, (c): Ey) of the
corner mode supported by a metal corner. (d)–(g) Ex field distributions
of the s0

xs0
y, s0

xa0
y, a0

xs0
y, a0

xa0
y mode, respectively, when h=300nm. The

dot-dashed line in (a) indicates the real part of the propagation constant
of the SP wave supported by the metal film without the trench. The axial
unit in (b)–(g) is nm.

Tab. 5.1. Relationship of βr and loss of a mode to the structural param-
eters (w and h).

βr and loss of
s0

xs0
y s0

xa0
y a0

xs0
y a0

xa0
y s0

xsn
y & s0

xan
y

w increase decrease decrease increase increase decrease
h increase decrease increase decrease increase increase



50 Chapter 5. Results 2: Plasmonic Components

0 100 200 300 400
1.5

2

2.5

3

3.5

4

metal film thickness h (nm)

single mode
region

re
al

 p
ar

t 
β
r 

o
f 

th
e

p
ro

p
ag

at
io

n
 c

o
n
st

an
t 

(2
π
/λ

0
)

sx
0sy

0

ax
0sy

0
sx

0ay
0

sx
0sy

1

Fig. 5.5. Real part βr of the propagation constants of several modes
when w=50nm. Other parameters are the same as those in Fig. 5.4. The
dot-dashed line indicates the real part of the propagation constant of the
SP wave supported by the metal film without the trench. Inset shows the
Ex field distribution of the s0

xs0
y mode when h=100nm.

5.1.2 Nano-Photonic Components Based on Surface Plasmon
Waveguides

Based on SP waveguides, some photonic components in nanometric scales were
studied in this thesis work.

90◦ Bending

A 90◦ bending of the metal slot waveguide (cf. Fig. 5.3(a)) was studied with the
3D FDTD method [Paper G]. The fundamental mode (s0

xs0
y) was considered here.

The power transmissivity through the 90◦ bending, the reflectivity, and the out-
of-plane loss are shown in Fig. 5.6(d) as the bending radius increases. When the
bending radius r is small, the loss is mainly caused by the reflection (see Fig. 5.6(b)).
Increasing the bending radius will reduce the reflection loss. The out-of-plane loss,
which is mainly caused by the mismatch of the mode profiles of the straight section
and the bending section, also decreases as the bending radius increases. When
the bending radius r is large, the loss of this structure is mainly caused by the
material loss (see Fig. 5.6(c)). Thus, unlike a conventional dielectric waveguide,
the power transmissivity through a 90◦ bending structure decreases as the bending
radius increases further (since the length of the bending section increases). The
transmissivity reaches a maximum of 77.2% when r=20nm. If we want to minimize
the reflection, the bending radius r should be at least 100nm (the transmissivity is
74.8% when r=100nm). We can conclude that a sharp bending can be achieved with
this SP waveguide, and the bending loss is still acceptable for practical applications.
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Directional Coupler

This device is based on the 2D structure (cf. Fig. 5.2(a)). Figure 5.7(a) shows the
structure of a directional coupler. We find that this SP based directional coupler
works similarly with a traditional dielectric one. As the length l of the coupling
region increases, the power output is periodically transferred between port 3 and
port 4 (see Fig. 5.7(c)). The total output is gradually attenuated as l increases due
to the loss of metal. When l=940nm, the outputs at port 3 and port 4 are equal (see
Fig. 5.7(b)). In this case, the directional coupler acts as an equal power splitter.
The phase difference between port 3 and port 4, which is shown in Fig. 5.7(d), is
rather different from the case of a traditional coupler. Note that for a traditional
all-dielectric directional coupler with the same configuration, when the two ports
have an equal output, port 4 will have a 90◦ phase difference over port 3. However,
in the present structure, the phase difference is 79.6◦, when l=940nm. We also
attribute this to the loss of the metal included in the present directional coupler.
This effect will cause some unique behaviors, when we further use this directional
coupler to build some advanced devices, e.g., Mach-Zehnder interferometers (MZIs)
[Paper D].
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Fig. 5.7. (a) Sketch of a directional coupler based on the SP waveguide
in Fig. 5.2(a). (b) Distribution of the E field intensity when l=940nm.
(c) E field intensity at port 3 and port 4 and (d) phase difference between
port 3 and port 4 with different l. Here, λ0=1.55µm and nm=0.56+j9.81
(Au).

Ring Resonator

This device is also based on the 2D structure (cf. Fig. 5.2(a)). Due to the high
confinement of light, the bending radius of such an SP waveguide can be very
small, and a very compact ring resonator can be achieved. Figure 5.8(a) shows
the sketch of a ring resonator. When we ignore the loss of the metal (Ag here),
the intrinsic (unloaded) quality factor of this ring resonator is very high (>1010).
At resonance, the drop efficiency reaches nearly 100% (see Fig. 5.8(b)). However,
when we take the loss into consideration, the performance of this device degenerates
significantly, as shown in Fig. 5.8(c). The intrinsic quality factor of the same ring
resonator decreases to ∼60. The maximal drop efficiency is only ∼30%.

Branch-Line Coupler

This device is based on a strip-line SP waveguide, as shown in Fig. 5.9(a). The
mode field and some fabricated structures are also shown there. The structure of
this SP waveguide is very similar to the microstrip waveguide used for guiding mi-
crowave signals (except that the size and the wavelength of light guided on it are
about ten thousand times smaller). The microstrip waveguide and corresponding
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in Fig. 5.2(a). The spectral response of the “through” port and “drop”
port (b) without loss (c) with loss. Here, λ0=1.55µm, the Drude model
(cf. Sec. 2.2.2) is employed for Ag with ε̂∞=4.017, ωp=1.33×1016s−1, and
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microwave devices have been well studied and understood for more than fifty years
[84]. Although the properties of metal at microwave frequency are quite different
from those at optical frequency, we can still expect a lot of guidelines from mi-
crowave theory when we try to build SP waveguide based devices. As an example,
a branch-line coupler based on the present strip-line SP waveguide is studied (see
Fig. 5.10(a)). According to the microwave theory, if we set the lengths L1 and L2

to be quarter of the guiding wavelength, and Y2 =
√

2Y1
1, a 3dB coupler can be

achieved. We will get 50% power to port 3 and port 4, while no power to port 2 and
no reflection back to port 1. Using the parameters from the microwave theory as
starting values, and searching around them (see Fig. 5.10(a)), we built a very com-
pact coupler based on the present strip-line SP waveguide. Figure 5.10(b) and (c)
shows some simulation results. We can find that there is almost no power to port 2
when port 3 and port 4 have an equal output. This is consistent with the purpose
of this device. However, the power to port 3 and port 4 does not reach 50%. This
is due to the propagation losses of the waveguides and a little amount of reflection
back to port 1. Here we show only some preliminary results. Further improvements
of this branch-line coupler are needed to get better results, e.g., reduction of the
back reflection.

In conclusion, SP waveguides can give a sub-wavelength confinement for light, and
can be employed to build very compact photonic devices. However, the properties of

1Y denotes the characteristic admittance of the corresponding waveguide, which is related to
the width w.
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these devices differ a lot from the conventional all-dielectric ones, due to the intrinsic
loss of metals used in the SP waveguides. This high loss also causes a significant
degeneration of device performances. There exist a lot of similarities between SP
waveguides and microwave waveguides, e.g., both of them include metals, both of
them are in a sub-wavelength scale. The design principles for microwave waveguides
and devices may be used as guidelines for building the corresponding devices based
on SP waveguides.
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5.2 Near-Field Plasmonic Components

As we can see from Fig. 5.1(b), the SP wave has its maximal field intensity at the
metal surface and decays exponentially along the directions perpendicular to it.
We can expect a large field enhancement near the metal surface [25]. Moreover,
if we introduce a sharp metal edge or tip, the field can be confined around it in
a sub-wavelength scale (cf. Fig. 5.4(b) and (c)). These unique properties of SP
waves support various near-field applications [6, 8, 26, 27, 29]. In this thesis work,
NSOM probes with a metal cladding were studied numerically. The influence of
the metal-cladding thickness and the excitation mode on the performance of these
NSOM probes was analyzed (see Paper B).

Recently, the metal slab lens has attracted a lot of attention [42, 85]. Due to
the coupling to the SP waves on the metal surfaces, the evanescent waves can be
amplified in this metal slab [86]. Thus, a sub-wavelength image can be achieved
with this slab lens in the near field [85]. In this thesis work, we explored the sub-
wavelength imaging properties of a slab lens, and applied this unique property to
a practical near-field optical storage system. The performance of this novel system
was analyzed theoretically (see Paper A).

5.2.1 Metal-Cladded Near-Field Fiber Probes
Aperture probe is the first version of NSOM probe [7]. This kind of probe is made
by coating a metal layer on a silica probe, which is fabricated from a fiber with the
heat-pulling or the chemical etching method, and then opening a small aperture at
the end of the probe. The aperture is typically much smaller than the wavelength.
The metal layer needs to be thick enough to confine the optical fields in this sub-
wavelength aperture. NSOM probes of this type have been studied during the past
decade both theoretically and experimentally [6, 7, 87].

In order to obtain a better resolution using an aperture probe, the size of the
aperture needs to be decreased. However, this will also result in a significant de-
crease of the power throughput. Thus, for practical applications, the resolution
between 50nm to 100nm can be achieved with an aperture NSOM probe. More
recently, a set of apertureless probes have been introduced to further increase the
resolution of NSOMs. In this case, a metal tip or a fully metal-coated fiber probe is
usually employed [26, 88]. The metal coating is used to not only confine the light,
but also to excite a localized SP wave (so it is also called plasmon probe). Due to
the SP excitation, a large enhancement and tight confinement of the light field can
be achieved around the tip end. Plasmon probes have been analyzed both theoret-
ically and experimentally by introducing the incident field through total internal
reflection in a prism [26, 88, 89] or from a focusing lens [90, 91]. In this thesis work
[Paper B], the properties of a plasmon probe with internal excitation along the
probe (i.e., the illumination mode) [87, 92] were studied numerically.

Figure 5.11(a) shows the simulation model for a plasmon NSOM probe. This
probe has a rotationally symmetric structure. Thus, the BOR FDTD method was
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employed here (cf. Sec. 2.2.5). We first check the case when the probe is excited
with the x-polarized HE11 mode of the air-cladded silica cylindrical waveguide at
the source plane. Figure 5.11(b)–(d) shows the distributions of the normalized
field intensity I (defined as I = | ~E|2/| ~Einc(ρ = 0)|2, where | ~Einc(ρ = 0)|2 is the
incident-field intensity at ρ=0) on the x-z, y-z, x-y planes, respectively. One can
clearly see that the probe radiates the optical field mainly to the two sides in the
x direction. No field enhancement is observed in front of the probe end (actually
a shadow region is formed around the center [87]). The reason for this is that the
SP wave is related to the E-field component perpendicular to the metal surface
(cf. Sec. 5.1.1). However, with HE11 mode excitation, the perpendicular E-field
component at the front end of the probe (Ez(ρ = 0)) is zero since ν=1 (this can
be seen from a formula derived for Ez in a way similar to that leads to Eq. (2.33)).
Only when ν=0, the Ez component can have a none-zero value at ρ=0. This can
be achieved with the excitation of TM0n mode (n=1,2,. . . ).

Figure 5.12(a) and (b) shows the distributions of the normalized field intensity I
when employing the TM01 mode excitation. The field distribution has a rotational
symmetry, and thus only the intensity profiles in the x-z and x-y planes are plotted.
Compared with the HE11 mode excitation, a strong field enhancement is observed
in front of the probe end. The intensity of the near-field distribution reaches a
maximum at ρ=0, and decays quickly as ρ increases. A single small beam spot
is achieved in front of the probe end. Figure 5.12(c) and (d) shows the maximal
intensity Im and the beam-spot size (defined as the FWHM (Full-Width Half-
Maximum)) of the near-field intensity distribution as the metal-cladding thickness
t increases. When the metal cladding is too thick, the incident light can be coupled
hardly to the outer surface of the metal cladding at the probe end, and nearly all
the light is reflected. On the other hand, when the metal cladding is too thin, it
cannot confine the light well in the taper. Furthermore, a very thin metal film
cannot supply an SP with a strongly enhanced field near its outer surface [25]. One
can also see that the beam-spot size increases monotonically as t increases. This is
due to the increase of the curvature of the probe end. Therefore, When t=30nm we
can get the largest field enhancement in front of the probe end. The corresponding
beam-spot size is ∼60nm, which is almost the size of the curvature at the probe
end. For further discussions and comparisons of different NSOM probes, please
refer to Paper B.

5.2.2 Solid Immersion Lens with a Left Handed Material Slab
As we have already mentioned in Chapter 1, the best focal spot we can get with
conventional optics is around the size of a wavelength due to the diffraction limit. In
this case, the evanescent waves which carry the sub-wavelength information of the
light field decay significantly before they reach the focal plane. Recently, the idea of
“perfect” lenses made of a slab of a plasmonic material with negative permittivity
or permeability or both has been introduced and intensively studied [42, 85, 86]. In
these “perfect” lenses, the evanescent waves can be amplified, so that their losses
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in conventional materials are compensated, and hence a sub-wavelength focal spot
or imaging can be achieved. Recently, this sub-wavelength imaging ability of a
silver (negative permittivity) slab lens at optical frequency has been confirmed
experimentally [85]. Studies showed that the amplification for evanescent waves
is related to the coupling of the SP waves on the metal surfaces [86]. This kind
of “perfect” lens with a single negative material can only work in the near field
and for one polarization (only for TM waves for the silver slab lens) [42, 85]. This
limitation can be released by using a double negative material, i.e., LHM, which has
been recently realized at microwave frequency by putting the magnetic resonance
and electric resonance in the same frequency range [93]. Negative refraction and
LHM at near IR frequency has been demonstrated with PhCs (cf. Sec. 4.3) [21, 22].
Realization of a homogeneous LHM (or of atomic level) at optical frequency has
also been investigated in theory [94, 95]. Ideally, an LHM slab can image an object
with a perfect resolution [42]. However, some intrinsic aspects (such as the losses
[96, 97] and the finite lateral size [98]) will degrade the image quality significantly,
and make this lens far from perfect. Nevertheless, sub-wavelength imaging/focusing
is still achievable with a thin LHM slab. In this thesis work [Paper A], we applied
this unique property of LHM to a practical solid-immersion-lens (SIL) based near-
field optical storage system. The performance of the present system was analyzed
numerically. The advantages over a conventional system were discussed.
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GeSbTe, respectively.

Figure 5.13(a) shows the sketch of an SIL based near-field optical storage system
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[10]. The readout process for this optical storage system is described as follows.
An aberration-free objective lens focuses a collimated beam onto the SIL. The focal
plane lies right on the lower surface of the SIL. After the interaction between the
focused laser beam and the disc, the reflected beam is collected by the same objec-
tive lens and directed to a detector. The detected signals are decoded to recover
the digital information recorded in the disc. A phase-change disc was considered
in the simulation (see Fig. 5.13(b)) [99]. The phase-change layer (GeSbTe) consists
of the regions of crystalline phase and amorphous phase, which correspond to the
digital information stored in the disc. Due to the different reflection coefficients of
the crystalline and amorphous phases, the detected signal will vary as the focused
spot scans along the disc. The detected signal is usually at a maximal/minimal
value when the focused spot is located at the center of the crystalline or amor-
phous region (which is denoted by Ix or Ia). The signal contrast V is defined as
V = |Ix − Ia|/|Ix + Ia|. To ensure a large signal-to-noise ratio (SNR), a large V is
always preferred. With the help of the SIL, the effective numerical aperture (NAeff)
of the whole system is usually larger than 1. Thus, a small focused spot (which
is beyond the diffraction limit in air) can be achieved at the lower surface of the
SIL. However, this laser spot diverges very fast in the air-gap (see the left inset of
Fig. 5.13(a)). Thus, in order to achieve a large signal contrast and a high storage
density, the disc should always be placed very close to the SIL (usually the air-gap
ha is smaller than 100nm). This will bring some mechanical difficulty/inconvenience
to this storage system. By attaching an LHM slab to the lower surface of the SIL
(see the right inset of Fig. 5.13(a); hereafter we refer to this novel system as an
L-SIL system), the focused spot at the lower surface of SIL can be imaged to the
surface of the disc with a sub-wavelength resolution, if the parameters of the LHM
slab are matched to those of the air-gap with hL=ha and (ε̂L, µ̂L)=(ε̂a, µ̂a), where
ε̂L(µ̂L) and ε̂a(µ̂a) are the relative permittivity (permeability) of the LHM and air,
respectively.

A combined vectorial numerical method was employed to analyze the perfor-
mances of this near-field optical storage systems in 2D cases. An x-polarized Gaus-
sian field is incident on the entrance pupil of the objective lens. The waist radius of
this Gaussian field is chosen to be the radius of the aperture. A vectorial diffraction
formulation [100] is used to simulate the light propagation between the entrance
pupil and the lower surface of the SIL. The 2D FDTD method (cf. Sec. 2.2) is
responsible for the near-field calculation. The working wavelength λ0=650nm. The
NA of the objective lens is 0.6 (i.e., sin θm=0.6). The SIL is made of LaSFN9 glass
with nSIL=1.843. This gives NAeff=nSIL sin θm=1.1058. The Drude model is used
for both ε̂L and µ̂L (cf. Sec. 2.2.2) with ε̂(µ̂)∞=1.0, ωp=

√
2ω0, and γ=3×10−4ω0,

(which will give ε̂L=µ̂L=−1+j6×10−4 at ω0=2πc0/λ0). Figure 5.14(a) and (b)
shows the near-field distributions in the absence of disc. In the conventional SIL
system, the field diverges very fast when it leaves the SIL-air interface. However, in
the present L-SIL system the field becomes convergent after the LHM-air interface,
and a focused spot is formed in the air-gap.

To evaluate the readout performance of these two systems, we assume that the
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Fig. 5.14. Amplitude distributions of Ex (in the absence of disc) in (a) the
conventional SIL system and (b) the present L-SIL system. Dependence
of the normalized signal contrast on the spatial frequency fs for different
ha in (c) the conventional SIL system and (d) the present L-SIL system
(with hL=ha).

crystalline and amorphous phases are located periodically (cf. Fig. 5.13(b)) in the
disc with periodicity of Ts (or spatial frequency fs=1/Ts). Figure 5.14 (c) and (d)
shows the dependence of the signal contrast V (normalized with its value at fs=0
for each curve) on the spatial frequency fs for different thickness ha of the air-gap
in the conventional SIL system and the present L-SIL system. Each curve gives the
response of a low-frequency-pass filter. The pass-band width of the curve usually
determines the storage density of a disc. One can clearly see that the pass-band
width of the conventional SIL system decreases significantly when ha increases to
700nm. To ensure a large storage density, the air-gap in the conventional SIL system
should be very small (e.g., less than 100nm). However, in the present L-SIL system,
the pass-band width for ha=700nm decreases only a little as compared with that for
ha=50nm (this is due to the small loss of the LHM slab). We conclude that the air-
gap of the present L-SIL system can be much larger than that of the conventional
SIL system without degrading the signal contrast V . The collision between the
SIL and the disc can then be avoided. For more analyses and comparisons of the
readout performances in these two systems, please refer to Paper A.



Chapter 6

Summary, Conclusion, and Future
Work

In Summary, we have studied some nano-photonic components based on silicon and
plasmonic material both theoretically and experimentally.

Some numerical methods, including the FDTD method and the FVFD mode
solver, have been developed and implemented in this thesis work. With these two
methods, we are able to model the light propagation in most of the structures con-
sidered in this thesis work. The features of our FDTD implementation include:
dispersive model, PML, total-field–reflected-field formulation, and simplified treat-
ment for circular symmetric structure. The features of our FVFD mode solver
include: E-form and H-form, nonuniform grid, and electric or magnetic wall or
PML boundary.

Cleanroom based fabrication technology for integrated photonics has been re-
viewed. Instead of the commercially available crystalline SOI wafers, we have used
the amorphous-silicon-on-silica material structure deposited with our optimized
PECVD technology, as this technology allows to freely adjust the thicknesses and,
to some extend, the refractive indices of layers. The new etching recipes for Si have
been developed for different structures, including small holes and high-aspect-ratio
pillars.

Si based nanowire waveguides and related devices have been studied. The
propagation loss of the 500×250nm2 α-Si:H waveguide has been measured to be
∼4dB/mm, which is about one order of magnitude larger than the best results
based on commercial SOI wafers [12]. This loss is mainly due to the sidewall rough-
ness. AWGs with 11nm (AWG11) and 1.6nm (AWG1.6) channel spacing have been
fabricated and characterized. A more compact design with the overlapped FPRs
has been employed for these AWGs. For AWG11, as compared to the state-of-the-
art results in Ref. [69] where a similar AWG is presented, our achieved crosstalk
level is slightly better, and the dimension is smaller. To our knowledge this is the
smallest AWG fabricated to date.

61



62 Chapter 6. Summary, Conclusion, and Future Work

A novel PhC of Si pillars, which demonstrates negative and positive refraction
behaviors for TE and TM polarizations, respectively, is designed. A new compact
PBS based on the present PhC is demonstrated experimentally. Extinction ratio
of ∼15dB has been achieved in a wide wavelength range.

SP waveguides and devices have been simulated and analyzed theoretically.
Some novel SP waveguides, including metal slot waveguides and strip-line waveg-
uides, have been introduced. The mode properties of the metal slot waveguides
have been analyzed in detail. With these SP waveguides we are able to confine
the light field in a sub-wavelength dimension. Some SP based photonic devices,
e.g., directional couplers and ring resonators, have been studied. Unfortunately,
the properties of those devices differ a lot from the conventional all-dielectric ones,
due to the intrinsic loss of metals used in the SP waveguides. This high loss also
causes a significant degeneration of device performances. We have shown that ideas
and principles of microwave devices, e.g., a branch-line coupler, can be borrowed
for building corresponding SP based devices.

Near-field plasmonic components, including NSOM probes and LHM slab lenses,
have been analyzed. Some novel designs have been introduced to enhance the
corresponding systems. Specifically, A new scheme of illumination-mode NSOM
has been introduced by employing the plasmon NSOM probe with the TM01 mode
excitation, and a new near-field optical storage system has been introduced by
attaching an LHM slab to the lower surface of a conventional SIL.

As a general conclusion and outlook to the research topic of this thesis, silicon
photonics is one of the most promising technology for future PICs, due to the high
confinement of light, the low propagation loss, the low-cost and matured processing
technology. Researchers have successful demonstrated a lot of passive devices based
on Si, some of which have also been covered in this thesis. In order to make Si a
complete platform for photonic chips, active components, e.g., lasers, amplifiers,
modulators, etc., should also be introduced. Unfortunately, due to the indirect
band gap and the week electro-optic effect, light emission and high speed modula-
tion are difficult to be achieved with Si. Although different approaches have been
demonstrated in the last few years to realize some active components on Si [59],
their qualities still need to be improved for practical applications. An alternative
approach to avoid this difficulty is the hybrid integration of, e.g., III-V semicon-
ductor transceivers and Si based passive components, which might be the most
efficient form of photonic chips in the near future. Concerning SP waveguides and
components, the sub-wavelength confinement of light achieved with this kind of
waveguides is a very attractive property. However, as we have already addressed,
the losses of metals constrain the applications of such waveguides. A complete
solution to this problem is to find or artificially synthesize some new plasmonic ma-
terials with low losses in a certain frequency range. This should have no theoretical
difficulties.

The future work includes:
• In theoretical part, we realize that the PML treatment in our FDTD im-

plementation is unstable sometime when modeling some dispersive materials
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(e.g., LHMs). We believe this is due to a fundamental constraint in PML’s
theory. Recently, some publications were devoted to solve this problem [101].
To improve the PML treatment is our future work. Another useful update
for our FDTD implementation is to enable parallel computation.

• For Si based devices, the fabrication quality is critical. To reduce the sidewall
roughness and to improve the fabrication accuracy are our future focus. It
is also necessary to introduce some kind of spot size converter to improve
the in/out coupling efficiency from fibers. This can also decrease the stray
light which is adverse especially for measuring narrow band responses, e.g.,
for resonant cavities.

• The present studies on plasmonic components are mainly theoretical. Some
SP waveguide structures in nanometric scales (e.g., 50nm width) have been
successively fabricated. From experimental point of view, the major obstacle
lying on the way to get convincing experimental results is how to couple light
into (out from) these nano-sized waveguides. Due to the high losses, it is not
possible to perform the end-fire characterization on the highly confined SP
components. Vertical grating coupling and NSOM technology are the ways
to solve this problem. These experimental aspects are our future focus on SP
based components.





Chapter 7

Description of Original Work

Paper A. In this paper, a new near-field optical storage system is introduced by
attaching an LHM slab to the lower surface of a conventional SIL. The perfor-
mance of the present storage system is evaluated numerically, and compared with
a conventional SIL system. In this novel system a large air-gap for the mechani-
cal convenience is allowed while keeping a large signal contrast and a high storage
density.

Contributions of the author: Part of the original ideas, the implementation of the
FDTD method, all numerical simulations, and the first draft of the manuscript.

Paper B. In this paper, a dispersive BOR FDTD method is developed to simulate
metal-claded NSOM probes. Two types of NSOM probes (aperture and plasmon
NSOM probes) are analyzed and designed with this fast method. The influences of
the metal-cladding thickness and the excitation mode on the performance of these
NSOM probes are studied. A new scheme of illumination-mode NSOM is introduced
by employing the plasmon NSOM probe with the TM01 mode excitation. Such an
NSOM probe is designed, and its advantages over the conventional aperture NSOM
probe are demonstrated by scanning across a metallic object.

Contributions of the author: Part of the the original ideas, the implementation of
the dispersive BOR FDTD method, all numerical simulations, and the first draft
of the manuscript.

Paper C. In this paper, SP waveguides formed with a metal slot are studied.
The E-form FVFD mode solver with a uniform grid was used to calculate the
eigenmodes of such a structure. Some aspects concerning the integration density
of the proposed SP waveguide are analyzed numerically. Due to the E-form FVFD
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mode solver employed here, some results in this paper are not accurate. Please
refer to Paper G for more discussions.

Contributions of the author: The original idea, the implementation of the FDTD
method, all numerical simulations, and the first draft of the manuscript.

Paper D. In this paper, directional couplers and Mach-Zehnder interferometers
based on 2D SP waveugides are proposed. Their characteristics are analyzed nu-
merically using the FDTD method. It is shown that these devices can have a
transverse size smaller than the incident wavelength, and can then be regarded as
true sub-wavelength photonic components. Due to the loss nature of the metal
included, these devices behave differently from their traditional all-dielectric coun-
terparts. Special cares are needed when we integrate these SP based devices.

Contributions of the author: The author joined the discussions of this work, helped
to analyze the simulation results, revised the content and the manuscript.

Paper E. In this paper, an ultra-compact AWG demultiplexer with a novel layout
is introduced. The present layout has two overlapped free propagation regions, and
is more compact than a conventional layout. A 4×4 AWG with a channel spacing
of 11nm was fabricated based on Si nanowire waveguides.

Contributions of the author: The author was responsible for all the fabrication and
characterization work for Si nanowire waveguides and AWGs, helped to adjust the
design, and wrote part of the text.

Paper F. This is an extension of Paper E. Fabrication and characterization pro-
cesses are discussed in detail. New and better results are presented.

Contributions of the author: Part of the fabrication work, All the characterization
work, part of the design, and main part of the text.

Paper G. This is an invited talk to APOC 2006. In this paper, two attractive
types of nanophotonic waveguides based on dielectrics or metals are discussed. For
the dielectric type, a Si nanowire waveguide is considered, and ultra-compact pho-
tonic integrated devices such as polarization-insensitive arrayed waveguide grating
(de)multiplexers are obtained. An accurate analysis for an SP waveguide formed
with a slot in a metal film is presented. A novel subwavelength index-guided
multimode plasmonic waveguide is introduced and an ultra-compact multi-mode-
interference power splitter is designed.
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Contributions of the author: The author was responsible for the fabrication and
characterization for Si nanowire waveguides and AWGs, implemented the H-form
FVFD method, which was used to analyze the mode properties of metal slot SP
waveguides. The author also prepared the corresponding text.

Paper H. In this paper, negative and positive refraction behaviors are presented
in a two-dimensional photonic crystal for TE and TM polarizations, respectively, in
the same frequency range. The photonic crystal is formed by a triangular lattice of
silicon pillars. A PBS based on such a photonic crystal slab is demonstrated. This
PBS was fabricated in amorphous-silicon-on-insulator structure. Characterization
at near IR wavelengths indicates that two beams of different polarizations were well
separated in this device. Extinction ratio of ∼10dB was achieved.

Contributions of the author: All the fabrication and characterization work, part of
the text.

Paper I. This is an extension of Paper H. Fabrication and characterization pro-
cesses are discussed in detail. The influence of the fabrication quality to the final
measurement results is discussed. New and better results are presented. Extinction
ratio of ∼15dB was measured in a wide wavelength range.

Contributions of the author: All the fabrication and characterization work, some
of the simulations, main part of the text.
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