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The study of some problems in near-field optics and photonic crystals
student : Yuan-Fong Chau Advisors - Prof. Tzong-Jer Yang

Department of Electrophysics
National Chiao Tung University
ABSTRACT

In this dissertation, we have undertaken a theoretical approach to the complex
problem of modeling the flow of electromagnetic waves in near field optics and
photonic crystals. Our focus is to address the feasibility of using the exciting
phenomena of near field optics and photonic band gaps (PBG) in actual applications,
such as the near field optic probe design and solid immersion lens (SIL) probe system
used in high density storage process in near field zone, and the transmission efficiency
between silica waveguide (SWQ) and planar photonic crystal waveguide (PPCWG) in
two dimensional (2D) and three dimensional (3 D) calculation versions. We start by
providing analytical derivations of the computational electromagnetic methods used
in our work. We also present a detailed explanation of the physics underlying each
approach, as well as a comparative study of each problem addressed in this
dissertation. Basically, this dissertation can be separated into two parts. The first part,
we present the analysis and applications of the;interaction phenomena between light
waves and scatters (e.g. optical fiber, sample.and SIL probe system) in the near field
zone using 3D finite differencetime domain (FDTD) method. In the second part, the
high efficiency coupling techniques between SWG and PPCWGs are proposed using
both plane wave expansion (PWE) and EDTD-method. In the first part, there are two
issues to be investigated. The first issuie we have studied is a series using the FDTD
method to get more insight in the near field distribution of subwavelength aperture
with sample interactions and fiber probes are numerically investigated. Besides, the
FDTD design of field enhancing NSOM probe is illustrated and gives a suggestion for
fabricating an optimal probe. The second issue of the first part is a SIL combined with
near field probes which are conic dielectric probe and local metallic coating one are
designed for optical recording by means of a 3D FDTD method to gain more insight
in the near field distribution. We investigate the optical properties of near field
distributions between the SIL-probe and recording-layers. A promising idea for
fabricating a new type of the SIL-probe system was proposed. As regards the part 2,
we report high efficiency coupling techniques between SWG and PPCWGs using
optimal configurations which can remarkably enhance the coupling efficiency at the
entrance and exit terminals of PPCWGs. From simulations, we find that the
transmission efficiency reaches up to 90%. Moreover, the suggested structures
possess other advantages, such as the shortness taper, the ease of fabrication and its
low cost. It is anticipated that the proposed structures might feasibly apply to the
integrated optical circuits compatibility. Also, a comparison between the 2D devise and
3D slab version is given. Besides, we present an efficient mode coupling technique between
silica SWGs and a planar photonic crystal heterostructure waveguide (PPCHWG).

il



F B 6 5 R Tos R bk ORI R L angoEe £
S R TR R D TR SR
Pool kBRI T REF AITH LS b oid B2 e P EF R F] 2 30 en
LES Bt 0 G TR B o

““Q&%?ﬁﬁfmc5’iﬁﬁiliﬁm94ﬂ’&@
VR P ARG ek 3 4R e AR L B )

F
LR EI S S A RN E AT B -
BUER MR AL A BREA VG SE Y RE S WA oA

TER e o

Acknowledgments

I would like to take the opportunity to thank those people without whose help
this thesis would not have been possible. My heartfelt gratitude goes out to my
academic advisor, Professor Tzong-Jer Yang, whose guidance, encouragement and
insight have always been invaluable. My appreciation and gratitude must also go out
to Professor Din Pin Tsia for all ofhis encouragement, exciting discussions and
enthusiastic approach to the topie of nearsfield optics. I would like to also thank my
committee member, Wen-Laun Liu for hi§ valuable comments and discussions.

My upmost gratitude, thanks, and appreciation-must go to my parents for their
never ending support, kindness, believing in me and for simply being the kind hearted
people they are, to whom I will always be in debated to.

I would like also to acknowledge the love and support of my wife, Man-Lin Yau,
her continuous encouragement and never ending sacrifices. To her I extend my
gratitude and appreciation for putting up with my unusual work schedule and being
patient throughout the difficult periods of my research.

I am also grateful to my son Jason and my daughter Angle, for cheering me up
whenever I needed, and for claiming to take me as a mentor and an example they are
proud of. To them I extend my deepest wished of success and happiness and a life full
of accomplishments that will surpass and overwhelm my own.

To all of these people and to the endless others who have made my life here at
National Chiao Tung University over the past three years enjoyable, I extend a word
of thanks and gratitude. Thank you! I would like to acknowledge the National Science
Council of Republic of China to offer us financial support through the grant number
NSC92-21112-M-009-023.

il



Abstract in Chinese
Abstract in English

Acknowledgments

Contents
List of figures
Abbreviation
1.Introduction
1.1.
1.2.
2.
2.1
2.2.
3.
3.1.
3.2.

Part 1

4.1
42
43
4.4

5.1
52
53
54

Contents

.............................................................................. i
.............................................................................. i
.............................................................................. iii
.............................................................................. v
.............................................................................. viii
.............................................................................. Xiv
.............................................................................. 1
DisSertation Organization:«++++++++«++-++ssssssurrrrrrressnsiiinineee. 1
Introduction to near field optics and photonic crystals:««+««----- 4
The plane wave expansion Method:««««««--«+-rseeeeeeeeeeeeeaeeannns 15
Plane Wave EXpansion CONncept:«+««++«=s+sssreessrrssrruserennreenn. 15
Problems with the Plane Wave Expansion Methods:««+«+=++eseve-- 20
The Finite Difference Time Domain (FDTD) Method-«---«----- 21
Discretizing Maxwell’s equation in space and time---«---+------- 21
Advantages versus drawbacks ofithe FDTD method----+----«--c--+-- 38
The study of.some'problems.in-near field optics-«---------veveeeene 38
The imaging properties ‘of 3D aperture NSOM and optimized
near-field fiber probes designs:««««««--+rreereeeeeeeeeeeeeeanns 38
TEOAUCHION ++ v v v v erenemrmenentnememmneeemnneeeeunnenenenenenns 38
NUMETiCAl TEthOd -+« veererrrrrerrmmrmrunniriititiiaeneinenenes 39
The MOdels ANd TESULLS-« +++« v cvererrneeemrameemmmmereumneneenenennn 43
CONCIUSION:++++++v+errererrersesesrmestsmrrstsmraersnsseneisnenenenens 57
Near-field optics simulation of a solid immersion lens combining
with a conical probe and a highly efficient solid immersion
[ENS-PrODE SYSLEM -+« +++ v s rerrrmmmmnsmmnmnrnnsiieiitiieeieeeeeeeee 60
TEOAUCHION + + <+ v+ v ererrrnneensnruesenrneneneneneneneneneneneenens 60
SIMUlAtion TOAE] -+« v creeerrreeerertoerireriomneriresererasasasans 61
NUMETICA] FESUILS -+ ++++vvvrerrrreerererrsurererurueriuiuenenenenenes 63
CONCIUSION # ¢+ ++tveeeverereorresesmemresumusmsmsasneneaeneencns 73

v



Part 2

6.1
6.2
6.3
6.4

7.1
7.2
7.3

7.4.
7.5

8.1
8.2
8.3
8.4

9.1
9.2

The study of some problems in photonic crystal--««--««-=--seeeeeeee 75

Coupling technique for efficient interfacing between silica

waveguides and planar photonic crystal circuits:-««-«-«+-+eoeeeeees 75
TtEOQUCTION -+ # + v+ v errerreeneenmemneeneneineeneeeneeeennenaeenaes 75
Structure and coupling techniques:«++++++«++++seesserrrnnnaeeenns 76
Results and diSCUSSION -+« «+«++rerrrerrerreereeimmireiiuiineieenss 81
SUIMIMALY+ ++++++vvveeeeeessssssmmuinttieeen it 90

Significantly enhanced coupling efficiency in 2D photonic crystal 92

waveguides by using cabin-side-like tapered structures at two

ETTIIINALS  ++ ¢+ + v v vvevevrnroenrnnsmsmnnrtsasssesnssensnssenenenenenenens

TEOAUCHION + + <+ #+ v+ v erernneresnnuessnrneneneneneneneneeneneenens 92
Structure and coupling techniques:«+++++++++++sssssrrrmmmmmmmmmmnnnenn. 93
Results and diSCUSSION:«««««+«++rrerrereerenrmrmenmnrnereenenenenenes 95
A brief comparison between 2D and 3D calculation version 98
SUMMAry -+ -+ - s fbareeeeerrmasie st 99

Efficient mode coupling technique between photonic crystal

heterostructure waveguide and silica waveguides:--«-«+-+cxeee 101
Introductiofife. - s MRttt . . . .o veeeneeeiiiiieeaaes 101
Structure and cOUplNETEChNIquEs:-++++«+=ssrrrrsreerernnnnen. 102
Results and diSCUSSION:«««««+«+csrrrrrerenrmmmmrueneruiieneenenss 103
SUITIMALY -+ -+ + v e v e e e snmmsmn s e e e e e e ettt 107
Summary , future work and some results---«--«--cceee-e- 109
Summary 109

Future work and some results-- Near field optics imaging in
photonic crystals and a promising device for the near-field

scanning optical microscopy 110



1.1

1.2

2.1
3.1

3.2

3.3

3.4

3.5

4.1

4.2

43
4.4

4.5

4.6

4.7
4.8

4.9
5.1

52

List of Figures

The two dimensional square lattice of columns of high dielectric €, in a 10
background of low dielectric constant g,
The 2-D triangular lattice of columns of high dielectric constant &, in a 11
background of low dielectric constant g,
One, two and three dimensions photonic crystal structures. 15

In a Yee cell dimension Ax, Ay, Az, note how the H field is computed at

points shifted one-half grid spacing from the E field grid points [1]. 24
Numerical representation of the 2D computational domain 25
Location of the TE fields in the computational domain 26
Location of the TM fields in the computational domain 27
Total/Reflected field formulation 30

Geometry of three-dimensional subwavelength circular aperture with
sample interaction. 45
Distribution of the 3-D. electries-field -intensity modulus around the
aperture-sample coupling zone. 46
The sectional plane diagram of 3<D'NSOM model. 48
Distribution of the 3-D_ electric field: intensity modulus around the
tip-sample coupling zone (dielectric tip). 49
Distributions of total electric-field and field components without sample

interactions for p-polarization illumination in the plane away from probe

apex. 50
Distribution of the 3-D electric field intensity modulus around the

tip-sample coupling zone (metal coated tip). 52
Sectional plane diagram of 3-D improved tips. 55

Distribution of the 3-D electric field intensity modulus around the
tip-sample coupling zone (improved tip) for p-polarization. 56
Comparison of field intensity along y axis direction. 57
Simulation model for SIL and probe combination inserted between a
focusing objective and the recording-layers. 62
(a) and (b) show the gray-scaled map of the total electric field modulus on

an x — z sectional plane (at y=71A) and y — z sectional plane (at x=71A) for

vi



53

54

5.5

5.6

5.7

5.8

59

5.10

6.1

6.2

6.3

6.4

6.5

6.6

6.7

y-polarization illumination, respectively. 64
Distribution of total electric-field and field components in the plane away
from probe apex of z=0, 50, 90 nm (from left to right). From top to bottom:
|Et| 4x|Ex|,|EBy|,|Ez| 66
The scattered electric fields in time domain snap shot of (a) x —z (at
y=61A) and (b)y — z sectional plane (at x=61A), respectively 67
The steady state electric field intensity plots of (a) the x — z sectional plane
and (b) y — z sectional plane, respectively. 67
Electric field distribution of the dielectric SIL probe along the x and y axis
in the plane of z=5, 15, 25 nm, respectively. 68
The optimized geometry of the sectional diagram of the improved
SIL-Probe system. 71
The gray-scaled map of the total electric field modulus on the x — z
sectional plane (at y=71A) and y — z sectional plane (at x=71A) for
y-polarization illumination, respectively. 71
The scattered electric fields in‘time domain snap shot . 72
Electric field distribution:of theglocal metallic coating SIL-probe along the
x and y axis in the plane-of z=5, 15, 25 nm, respectively. 72
Fig. 5.1 Schematic+ view..of. . the - structures considered. A
2.4 1 m-wide/4a-long two“step size lattice constant planar photonic crystal
(PPC) taper. 79
Dispersion relations for the TM band structures for three (W1, W3 and W5)
different PPC waveguides in a two-dimensional (2-D) square array of
dielectric rods of lattice constant a surrounded by a homogeneous dielectric
medium. 80
The normalized transmission spectra of a 15 rows PPC waveguide coupled 82
to an input and output SWG against w/a for four cases.
The transmission spectra against the defect radius r normalized to the lattice
constant a. 83
The normalized transmitted power obtained as a function of z/a at point A
and B . 85
The steady state of the electric field for the input/output coupling employ
the 2.4um wide 4a-long PPC taper. 87

The normalized transmission spectra of a 15 rows PPC waveguide coupled

vii



7.1

7.2

7.3

7.4

8.1

8.2

8.3

8.4

8.5

9.1

9.2

9.3

to an input and output SWG against a/ . for five cases. 89

Schematic view of a cabin-side-like PPC taper for input and output
couplings. 94
Normalized transmitted power as a function of the z coordinate of the
isolated defect rods. It is measured at the output-end of the SWG for a
given normalized frequency of 0.3(a/ A ,). 96

Distributions of the steady electric field intensity when the coupling from

the SWG to the PPCWG is adopted with the PPCWG taper. 98
Transmission spectra as a function of normalized frequency for the
structures shown in Fig. 7.1 in two cases. 99
Schematic view of a heterostructure planar photonic waveguide formed by
two semi-infinite square lattices with different filling fractions of cylinders
combined with a stepwise planar photonic crystal taper for input and output
couplings 102
The corresponding projected band structure and defect mode for the system
composed of dielectric cyliiders in air,» which created by separating two
semi-infinite lattices with the interface displacement of 1.42a. 103
The optimum displacement created by slipping two semi-infinite lattices
relative to each other was obtained-by-varying the distance along the (1 0)
direction has been optimized at: the centered wavelength of

A=1.55 y m(dashed line),A=1.65 ym (solid line) and A=1.75 zm (dotted
line), respectively. 103
The transmission spectrum of a HPPCWG of five different widths (w=dx),
dx=0.5 ¢ m (solid), dx=0.7 x m (dashed), dx=1.0 x m (dotted), dx=1.3 xm
(long dashed) and dx=1.44 1 m (dash-dotted). 106

The field distribution in the entire structure with the width of HPPCWG is
w=dx=1.44 y m 107
Fragment of a PCs structure with cylindrical air pores forming a triangular
lattice in a silicon matrix without (the left side) and with (the right side) a
lattice defect. 112
Compare the X- z sectional plane map of light localization (field intensity
distribution) in a single spherical chains as a extra defect in a PCs structure. 115

3a and 3b which show the results of calculated intensity images obtained in

viii



9.4

9.5

9.6

x-z and x-y sectional plane for p-polarization illumination, respectively

when a transparent dielectric sphere with the constant refractive index 1.5

and radius 40 nm (Fig.3a,b) and 60 nm (Fig. 3¢,d) is located closed to the

output face of the spherical chains, with the center of this sphere being

placed at distances d = 20 nm(Fig.3a,b)and d=40 nm (Fig. 3c,d). 117
9.4a - ¢ show the x-z sectional plane map of the three electric field
components about the case in Fig.3¢(Ez,Ex,E), from top to bottom 118
Fragment of near field optical microscopy using an evanescent wave

formed in the defect mode of a PCs. A PBG structure is used to excite the
evanescent wave with recording in the far field. 120
The 3-D distribution of the mean intensity of the electric field in x-z and

x-y sectional plane calculated for 5-period PBG structures. 121

X



Abbreviation

NSOM . near field scanning optical microscopy
SIL . solid immersion lens

2D : two dimension

3D : three dimension

FDTD - finite difference time domain method
PWE . plane wave expansion

™ . transverse electric

TE : transverse magnetic

PC - photonic crystal

PPC - planar photonic crystal

WG : waveguide

PCS - photonic crystal slab

10C - integral opticgieircuit

PPCHWG Planar photonic-crystal heterosttucture waveguide



