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Abstract

To meet demands of an‘efficient near-field light source with precisely active
gap control in either magnetic or optical storage systems, we demonstrate a
novel dual-probe fiber head with gap-servo control. The fiber head consists of a
straw-shaped writing probe for ‘delivering optical power to the disk surface and
a gap sensing probe for detecting the spacing between the probe and the disk

surface.

The straw-shaped writing probe utilizes a C-shaped aperture in a metallic
film on the end face to yield a near-field subwavelength spot. To break through
the theoretic limit on the transmission through subwavelength apertures, we
introduce a novel hybrid effect by illuminating the C-shaped aperture
surrounded with a corrugated structure or with obliquely incident light. The
light obstructed behind the film simultaneously excites surface plasmons waves
and couples into propagation modes inside the aperture. The transmission of the
straw-shaped writing probe employing the hybrid effect is 10° times higher than

that of a conventional fiber probe. Compared to a single C-shaped aperture, the



far-field transmission measurement indicates that the hybrid effect results in
further enhancement on the power throughput by a factor of 1.3 to 1.9.
Near-field intensity distribution also shows that the signal amplitude is

increased 1.6 to 2.8 times higher than that of a single C-shaped aperture.

Near-field optical systems increase spatial resolution by employing
evanescent waves, so the spacing between the optical device and the medium
surface must be maintained within a wavelength, typically less than 100 nm. By
employing a self-mixing interferometric effect, a laser diode functions as a
position sensor with nano-meter precision. We model and characterize the
self-mixing interferometric signal and design a proportional integral controller
accordingly. The residual position error is as small as +/- 1.5 nm and +/- 9 nm
under an actuated surface with displacement of 4.8 um and a spinning disk with

displacement of 16 um, respectively.

In addition to high transmission through the straw-shaped writing probe
and high precision of the gap “sensing probe,’ the dual-probe system has
advantages of compactness, lightness, simplicity, and integration capability. The
results that this thesis achieves open a new avenue to near-field transmission and

servo control and provide a practical solution for data storage applications.
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Chapter 1 Introduction

1.1 Introduction to Data Storage System

Based on the recording mechanism, data storage can be classified into three
groups: electric,c magnetic, and optical storage systems. In electric storage
systems, information is stored in the form of electric charges, either in
transistors or capacitors. Magnetic storage systems store information in the
magnetic state of atoms of recording medium, which is written by an external
magnetic field and read out by a magnetic transducer. Instead, optical storage
systems store information by the modulation in the reflectivity of disk surfaces,

for example, by either physical struictufes or crystalline states [1].

In contrast to electric storage, ‘magnetic.and optical storage systems have
features in common. Both of them require a pickup head to fly over disk
surfaces for recording or picking up data onthe disk so that a flying head and a
servo control system are essential components in these two types of systems.
Furthermore, the capacity of these two systems is comparatively higher than
that of electric storage systems. However, data access rate of magnetic and
optical storage systems is relatively low compared to that of electric ones.
Therefore, both magnetic and optical storage systems are categorized in the
secondary memory for storing and backing up data while electric storage
systems are used as the primary memory for processing information. Because of
divergences in the nature between the primary and the secondary memory, our

study will focus only on the secondary memory.

Due to the explosively increasing demand for storing information as
multimedia is spread out over the world and widely used in daily life, data

storage systems with higher recording capacity are undoubtedly desired.

-1-



Moreover, mobility, miniaturization and power consumption are also
considerable issues in data storage systems. Therefore, those requirements drive
the development of storage systems toward higher recording density and
efficiency. A road map of optical storage systems shown in Fig. 1-1 illustrates an
example of the development of the storage capacity. From the first CD launched
in the 80s to the latest near-field disc, the capacity increases hundreds times or
even higher. However, the increase of the recording density is not unlimited.
The principles of recording mechanisms and the physical characteristics of

recording materials determine the theoretic ceiling of the recording density.

Near Field
~150 GB
DVD BD/HDVD 405 nm
4.7 GB 25 GB 1.5-2.0 NA
1000 £ 650 nm 405 nm
0.6 NA 0.85 NA
@ l é
0.7 GB L
780 nm
—~ 100 £ 0.45NA
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> L]
= 10
Q =
©
o
©
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1
01 N

1975 1985 1995 2005 2015 2025
Year of Introduction

Fig. 1-1 Road map of optical storage systems

In magnetic storage systems, the recording density depends on mark sizes,
i.e. a minimum magnetic domain. With the decrease of mark sizes, grain sizes in
the recording medium must be smaller than the mark sizes to obtain a sufficient
signal-to-noise ratio. However, if grain sizes are too small, random thermal
fluctuations cause magnetic domain switching and consequent destruction of
data in a conventional recording medium. The size at which the magnetic state
of a grain is no longer thermally stable is the so-called super-paramagnetic limit.

The criterion for thermal stability is shown in Eq. (1-1) as below [2],
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EUV >70, (1-1)

B

where Ku is the uniaxial anisotropy coefficient, V is the grain volume, ks is
Boltzmann’s constant, and T is temperature. Although some recording materials
have a sufficiently large Ku for thermal stability, the coercivity of these materials
at room temperature is too large to be switched by an external magnetic field
generated by conventional heads. One solution to overcome this issue is to
introduce a heat-assistance method by employing a laser beam to heat a local
area of the recording material. When the temperature of the medium is close to
its Curie point, the coercivity drops dramatically so that only a small magnetic
field is needed to record data in the medium. Therefore, an optical system that
can confine sufficient optical power into a spot with a diameter of less than 50

nm is necessary for heat-assisted magnetic recording (HAMR) [3].

In optical storage systems, a laser stylus, a spot focused by an objective lens,
is used to illuminate disk surfaces. The reflected light from the disk surface is
collected by the objective lens and delivered to an optical detector. The storage
density is dependent on the “spatiali resolution of the laser stylus, which
corresponds to the spot size of the optical system. According to the diffraction
theory, the theoretic minimum spot size of a far-field focusing system, also
called the diffraction limit, is proportional to the ratio of the incident

wavelength to the numerical aperture (NA) of the optical system,

d ocﬁ, (1-2)

where d is the diameter of the focused spot, A is the incident wavelength, and
NA is the numerical aperture. Thus, the only way to increase the storage density
is to reduce the wavelength or increase the numerical aperture. However,
aberrations, which are inversely proportion to the square or cubic of the spot
size, become significantly worse with the decrease of the wavelength or the

increase of NA.



Therefore, in order to break through the theoretic limit, both magnetic and
optical storage systems need an optical system that can bring a subwavelength
spot to the recording medium. According to near-field theories, in a distance of
less than a wavelength from optical devices, evanescent waves are taken into
account and thus the field behavior is distinctively different from that after
propagating far away from the devices. Because the evanescent waves have
higher spatial frequency information than that of the propagating waves, a
subwavelength spatial resolution beyond the diffraction limit can be obtained in
the near field. Since the evanescent waves decay exponentially with the distance
from the optical device, the spacing between the device and the medium surface
has to be kept within a wavelength, typically less than 100 nm. Therefore,
remaining the spacing with nanoscale precision is a challenging issue for

near-field optical systems.

1.2 Near-field Optical System

A near-field optical system usesinear-field optical techniques to achieve
subwavelength resolution. However, challenging issues accompany the
shrinkage of spot sizes and gaps between optical devices and media. Based on
mechanisms employed, near-field optical systems are categorized in two groups,
subwavelength apertures and solid immersion lenses, and explained in the

following.

1.2.1 Subwavelengh Aperture

1. Principle

A subwavelength aperture in a metal films blocks part of incident fields to
confine optical energy into a tiny area, as shown in Fig. 1-2. Subwavelength

resolution of A/20 was first demonstrated by employing a nano-aperture in
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near-field microscopy [3]. This novel breakthrough gave the birth to near-field
scanning optical microscopes (NSOM) and opened a new avenue of near-field
optics [4-8]. In conventional NSOMs, a tapered fiber probe was used to generate
a tiny stylus for resolving the image. By depositing a metal film on the side wall
of the stylus, a nano-aperture with a symmetric shape was consequently formed

at the tip.

Incident Light

Metal Film Nano-aperture

Subwavelength spot

Fig. 1-2 Schematic illustration of a subwavelengh aperture

Subwavelength apertures have-advantages of simple configuration and
easy fabrication. However, because the field inside the fiber suffered a serious
energy loss in the tapered area and through the aperture, the transmission of a
tapered fiber probe typically ranged from 10 to 10 [9-11]. Thus the picked-up
signal was relatively noisy and complex signal processing was necessarily
required in the system. Therefore, a lot of effort was made to increase the

transmission of subwavelength apertures.
(1) Special-shaped Apertures

Special-shaped apertures were designed to enhance the transmission by
exciting either radiation from the aperture which functions as an antenna or
propagation modes inside the aperture. A bow-tie antenna or dipole antenna

was proposed to generate radiation from resonance of electric fields on the
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antenna induced by incident waves, as shown in Figs. 1-3 (a) and (b) [12-14].
The resonance coupled from incident light, highly dependent on the geometry
and dimensions of the antenna, radiated electromagnetic waves and thus
generated a spot of a diameter much less than a wavelength. An alternative
approach was to employ an aperture as a waveguide. Either a C- or I-shaped
aperture functioning as a ridge waveguide supported propagation modes and
thus reduced the energy dissipation through the aperture [15-19]. According to
waveguide theories, the propagation modes of a waveguide are particular
patterns of field which fulfill the boundary condition and can propagate
through the waveguide without significant energy loss. The refractive indices
and the geometry of the waveguide determine the propagation modes that can
be supported inside the waveguide. Therefore, the dimensions of the aperture

dominate the transmission and the spot sizert'hrough the aperture.

(a) (b) Seiitng

Fig. 1-3 (a) A bow-tie antenna and (b) dipole antennas

(2) Surface Plasmon Polaritons

Another solution is to induce the surface plasmon excitation in
dielectric-metal interfaces of a metal film [20-23]. The resonance of surface

plasmon polaritons induced by the incident light will result in oscillation of



electrical fields and re-radiation in the vicinity of the film surface. The metal
structure itself then functions like an active light source. It means that the
resonance of surface plasmons modes on both sides of a metallic film makes the
energy transfer between incident light and surface plasmons as well as between
surface plasmons and emitted light possible. Consequently, under a proper
design, the energy carried by photons obstructed behind the film contributes to
the transmission through the film and thus breaks through the theoretic limit.
Unfortunately, because the dispersion curve of surface plasmons lies right of the
light line of the same energy, surface plasmons have a longer wave vector than
that of light. An additional wave vector has to be added to excite surface
plasmons by introducing periodic structures, such as hole arrays and

corrugations, or attenuated total reflection.
2. Gap Control

For a conventional NSOM fiber probe, the shear force method is used to
detect the spacing between the probetip and sample surfaces, as shown in Fig.
1-4 [24]. The fiber probe is attached onia tuning fork which is driven by a piezo
actuator. In the absence of the sample surface, the fiber probe with the tuning
fork is driven to resonate at its nature resonant frequency. As the fiber probe is
approaching to the surface, the shear force between the fiber tip and the sample
surface alters the resonant amplitude and then can be detected by the piezo

actuator which can alternatively function as a sensor.

Because the change in the resonant amplitude is a function of the gap and
then can be used as a feedback servo signal, the shear force method has an
advantage of extremely high sensitivity. Typically, a residual position error of
less than 0.1 nm can be achieved. However, since the amplitude of the feedback
signal is too low to be detected, the signal-to-noise ratio (SNR) is so low that a

complicated signal processing system is required to filter out the signal.



sample
substrate

Fig. 1-4 Configuration of a conventional NSOM fiber probe and a

sample surface

1.2.2 Solid Immersion Lens

1. Principle

Disk

Fig. 1-5 Schematic illustration of a solid immersion lens

Since the diffraction limit is determined by the ratio of the incident
wavelength to the numerical aperture, the spot size of far-field optical systems
can be further reduced by increasing the effective NA if the incident light
experiences a refractive index of greater than air. As a result, a semi-spherical
solid immersion lens (SIL) was proposed to insert into the optical path of a
focusing beam, as shown in Fig. 1-5 [25-27]. The incident light which arrived at
the bottom of the solid immersion lens at an angle of greater than the critical
angle suffered a total internal reflection at the dielectric-air interface where

evanescent waves were generated and penetrated through. Spatial resolution
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can be improved by a factor of refractive index of the material of SIL because
evanescent waves carried information with higher spatial frequencies. However,
the amplitude of evanescent waves dropped exponentially with an increase of
the distance from SIL. An extremely precise gap control system was necessary
for remaining the spacing between the SIL and the medium less than a
wavelength, typically less than 100 nm in the case of blue lasers [28-29].
Moreover, a semi-spherical SIL was difficult to fabricate and also too bulky to

be integrated into flying heads.
2. Gap Control

In a solid immersion lens system, when a surface is in close proximity to
the bottom of the solid immersion lens, the coupling between the evanescent
wave and the surface will generate an orthogonal polarization component to the
reflected field. And the polarization component decays as the increase of the
spacing between the surface and the'bottom of the SIL. Therefore, a polarized
beam splitter is used to filter~out-the orthogonal component and then the
filtered reflected power is a function'of the spacing, as shown in Fig. 1-6 [30].
The linear region of this signal can be used as a feedback signal to remain the

spacing with nanoscale precision.
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Fig. 1-6 The reflected power as a function of the air gap



Similar to the shear force method, the reflected power method also has an
advantage of high sensitivity. A residual position error of less than 5 nm was
successfully demonstrated. However, a complex optical system is necessary for
delivering and filtering optical signals. Due to numerous lenses, the alignment

among those lenses becomes a challenging issue.

1.3 Dual-probe fiber head

Upon the demand of recording density, either magnetic or optical storage
systems require a near-field light source with active gap control that can confine
optical power into a subwavelength spot with sufficient transmission. A
conventional fiber probe has advantages of compactness, ease of fabrication,
and integration capability; however, Jow! transmission results in high power
consumption and heat dispersal issues.,The gap control employing shear force
between the fiber tip and the sample surface as the:feedback signal encounters
an issue of low speed and low SNR. Inl contrast, solid immersion lens efficiently
brings optical power to the meditm but a complex and costly process is
necessary for fabricating the SIL. In addition, the SIL is too bulky to be installed
on a flying head and significantly degrades the dynamic characteristics of the
optical head. The reflected power method used for focusing servo control
requires a complicated external optical system to filter out and process the

signal.

Due to the issues that conventional systems encounter, by taking advantage
of fiber for compactness, lightness, simplicity, and integration capability, we
propose a novel dual-probe near-field fiber head system. The system consists of
a straw-shaped writing probe that delivers optical power to the medium and a
gap sensing probe that detects the spacing and sends a feedback signal to the

controller. The writing probe with a straw shape yields a high transmission
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resulting from the hybrid effect we discover and the gap sensing probe exhibits

nano-scale precision as a result of the self-mixing effect.

The system configuration is schematically illustrated in Fig. 1-7. In the
writing probe, a 1X2 10/90 fiber coupler is inserted into the optical path to split
the light into two. 90% of the light goes to the straw-shaped probe, where the
end face is coated with a metallic film and perforated by a C-shaped aperture at
the center, while the remaining 10% light goes to the bare flat reference probe
where the emitted power is measured to monitor the output from the
straw-shaped probe. In the gap sensing probe, the spacing between the probe
end and the target surface functions as an external cavity for the laser diode.
The interference between the reflected light and the field inside the laser cavity
modulates the output power as a function of the spacing. The output power is
detected by the photodiode and sent to_the controller as a feedback signal. The
dual-probe fiber head is installed on a-conventional biaxial actuator driven by

the controller to maintain the spacing with nanometer position precision.

Lens Reference Probe
(10% output)

Optical

Controller <: Power

Detector

Meter
@ U Straw-shaped
Laser :> 1x2 10/90 Writi
. ¥ |: riting Probe
PC Driver i TS (90% output
IE.)a_ser AN | aser jSMF A with aperture)
river \—/|
@ <4 5 \ _W Biaxial
Actuator A Actuator
Controller Driver — 1‘
[ P \ ]
h
Disk Gap Sensing Probe

Fig. 1-7 Schematic illustration of the configuration of a dual-probe

fiber head system
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1.4 Objective

The objective of this thesis is to present an efficient, miniaturized, compact,
highly integrated dual-probe fiber-based optical head with simple and precise
gap servo control. The dual-port fiber head consists of a straw-shaped writing
probe with a subwavelength C-shaped aperture and a gap sensing probe
employing a self-mixing laser sensor. To resolve the issue of low transmission
through a subwavelength aperture in conventional fiber probes, we propose a
novel configuration, a C-shaped aperture surrounded by corrugations or
illuminated with obliquely incident light, to excite a hybrid effect. Propagation
modes and surface plasmon waves exist simultaneously and contribute to the
further enhancement of transmission through the waveguide. A
high-transmission writing probe is.then designed and realized by employing
the hybrid effect. On the other hand, to.overcome the issue of a complicated
optical system that conventional detecting' methods need, we design a gap
sensing probe employing self-mixing interferometric effect. We characterize the
modulation of output power as a function ofi the spacing between the probe and
the disk surface and use it as a feedback signal. According to the feedback
signal, we also design a controller and circuits for driving a conventional biaxial

actuator to remain the spacing with nanometer position precision.

1.5 Organization

In Chapter 2, we review theories of near-field transmission, including
Bethe’s theory, waveguides, and surface plasmons. Based on those theories, in
Chapter 3, we propose a novel optical design, a C-shaped aperture in a metal
film as a waveguide surrounded with a circular corrugation or illuminated with
obliquely incident light. This design induces a hybrid effect consisting of

propagation modes inside the waveguide and surface plasmon modes in the
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dielectric-metal interfaces to enhance the transmission through the aperture.
Modeling and optimization of this design are presented. The simulation results,
including mechanisms of the hybrid effect and the transmission enhancement,
are also explained and discussed. In Chapter 4, the fabrication of hybrid-effect
apertures and measurement instruments are presented and followed by the

experimental results that demonstrated the proposed hybrid effect.

Chapter 5 focuses on the development of a near-field servo control system
employing a self-mixing interferometric laser sensor. We characterize the
interferometric signal in a laser diode and realize a laser sensor by modifying a
commercial laser diode. The frequency response of a biaxial actuator with a
laser sensor installed is measured and a controller is designed for the laser
sensor system accordingly. Under an actuated surface test system and a
spinning disk system, we demonstrate. thé. operation of a near-field control

system using a laser sensor:on-a biaxial actuator.

The summary of the findings-and‘throughputs of this thesis is presented in
Chapter 6. We also suggest prospective works for near-field light delivery

systems.
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Chapter 2 Theories of Near-field
Transmission

In this chapter, we briefly review the relevant literature on near-field
transmission through subwavelength apertures. Based on the assumption of a
perfect conducting film, Bethe revealed that the transmission through a
subwavelength aperture is proportional to the fourth power of the aperture size.
Although some premises of Bathe’s theory do not work out well in the real
world, it still discloses a theoretic fundament of the transmission through a
subwavelength aperture. A lot of effort thus has been made to break through
the theoretic limit. Special-shaped apertures that can function as waveguides
are one of promising solutions. If an incident field couples into propagation
modes supported by a waveguide,  the. field can propagate through the
waveguide with less energy dissipation. On the other hand, the oscillation of
surface plasmon waves on. both sides of a metallic film results in the
enhancement of the transmission if the satisfaction of the momentum matching
condition induces coupling between incident photons and surface plasmon
polaritons. Propagation modes of a waveguide and surface plasmon polaritons
stimulate the development of a hybrid effect, which is the fundamental theory

of a novel light source system we propose.

2.1 Bethe’s Theory

Consider a normal incident light impinging on a perfect conducting film at
plane z=0, which divides the space into two parts: the left space of z<0 and the
right one of z>0, as shown in Fig. 2-1 [31]. Assume Eo and Ho to be the field on
the left-hand side of the film if there is no aperture. The field fulfills the

boundary conditions for z=0,
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AixE, =0 (2-1a)
A-H,=0 (2-1Db)
Normal T X
incident
light

-

Perfect
conducting
film

Y
N

e

VAR

Fig. 2-1 Model of Bethe’s theory

The field on the right-hand! side vanishes identically and the zero
approximation field satisfies the boundary condition everywhere on the film

but not in the aperture where H and the normal component of E are

discontinuous. The field is writtervas
H=H,+H, for z<0 (2-2a)
H=H, for z>0 (2-2b)

Then the boundary conditions are:

Eion = Eoin in the aperture (2-3a)
Hy o = Hiwn = Hown in the aperture (2-3b)
E,n = E,uy =0 for z=0 outside the aperture (2-3¢)

If we assume the aperture is symmetric with respect to z=0, x- and y-
components of E as well as z-component of H automatically fulfill the condition

of symmetric distribution. Then Egs. (2-3a) and (2-3b) are rewritten in the
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following form:

E,, ==E,, (2-4a)

N |-

H 2tan tan (2-4b)

1~
=5 H,
Since the aperture size is extremely small compared to the wavelength A,

Hox, Hoy, and Eo: are approximated as constants over the aperture. Moreover, the

aperture shape is assumed to be circular with radius a.

By introducing Stratton’s formula, E is represented by a full-vector theory

[33].

Ea)zi%jmﬂmﬁxﬁ(n¢—mxEu»xv¢—ﬁianv¢] (2-5)

In the absence of electric charges or e€lectric currents, the first item in the
integral equation can be omitted. Consequently, magnetic current density K and
surface charge density 1 are introduced as the sources of the electric field in the
aperture. The continuity equation corresponding to magnetic current density
and surface charge density is fulfilled. The time dependence of all quantities is

assumed to be harmonic oscillation.
et and w=ck (2-6)

The electric field E and magnetic field H can be expressed in terms of K and

n with the aid of scalar potential ¥ and vector potential F:

E=VxF (2-7a)
A=1F _vy (2-7b)
c ot

where F and W are in exact analogy to the electric case, which is represented by

the integral of K and n over the plane of z=0,

F(r)=—[K(r)g(r—ridr (2-8a)
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w(r) = [n(r)g(r—ridr (2-8b)

In Egs. (2-8a) and (2-8b), ¢ is the retarded radiation between the source vector r’

to the field vector r, as shown in Fig. 2-2.

Source
point  Field
point

Aperture

Fig. 2-2 Diagram of source point and field point

By inserting these results into Egs. (2-7a) and (2-7b), E and H can be obtained by

the integral of magnetic surface curtent K and charge 1 over the aperture area.
E(r) = [K(r)»vado (2-9a)
H(r) = [[ixK (r')® - (r)Veldo (2-9b)

Based on the assumption that the aperture size is much smaller than the
wavelength, H is considered as a static field corresponding to the surface charge
density 7. Thus, the first term in Eq. (2-9b) is neglected. Then we assume a
constant magnetic field component Hiun equal to /2Ho over the aperture. In
addition, the retardation term in Eq. (2-8b) is also omitted because the field
point is in proximity to the aperture. Under these assumptions, the scalar

potential is written as

dr' 1-
——_~H .7 -1
o= g (2-10)

w(r)=[n(r)

This constant field is produced by a uniform distribution of dipoles in an
ellipsoid, of which the direction is identical to that of the field. If the axis of the

ellipsoid is assumed to be small, the cross section of the ellipsoid in XY plane
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should be equivalent to the aperture area. Thus, the surface density of dipoles u

is proportional to the ordinate of the ellipsoid:

1

p=@"-r?)? (2-11)
The surface charge density 1 is then in the form of

— (2-12)
(a” -r?):
where C is a proportional constant. Then the magnetic surface charge density 1

and current density K are

n=—— (2-13a)
ﬂZ(aZ . r|2 )E

1
> ik@®-r?)2H
K = . 0 (2-13b)

T

From Eq. (2-9a), it is clear that-the distribution of the surface magnetic
current density K obtained in Eq.(2:18b) does not contribute appreciably to E.
In Eq. (2-13b), the K is of the order of kaHo and grad @ is of order 1/a%. The
integral in Eq. (2-9a) over an area of order a> makes the contribution of current
density K to E of order kaHo. Therefore, the normal component of Eo shall be of
the same order as Ho. An additional magnetic current distribution Kt then is
necessary for matching the boundary condition for E.. This new current
distribution, however, does not give rise to any extra magnetic charge density 7.

Thus, Ke must be:
V-Kg =0 (2-14)
According to Eq. (2-7a) we can obtain

F==E,xF (2-15)

NG
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and from Egs. (2-10) and (2-13a), the current for the required E is

K.-— E (2-16)

1
27%(a® —r?)?

Then the total magnetic current density in the aperture is

. - 1 . : F'xE
K=K, +Kg =?[Ik(a2—r'2)2H0+—°1] (2-17)

2(a%—r?)2
while the magnetic charge density is the same as Eq. (2-13b).

According to Egs. (2-9a), (2-9b), and (2-17), E and H can be obtained by

imposing them into Maxwell equations:
E= ixza%fx (2H, + E, xF) (2-18a)
3r
H =—3iz<2a3¢ofx(2ﬁoxf—éo) (2-18b)
74

where @o= ¢/ r for 1'=0 and [ %is unitvectorrin/the direction of T . Then, the

Poynting vector S of the diffracted field is:

1 «*af

4 36—2 r (2 XH —rerE) (2—19)
7T T

and the total transmitted radiation in all directions is:

zl2

- jsme d@jdar \s\ K2a6(4‘H \ +\E \ ) (2-20)

total
7[

The solution indicates that the total transmitted radiation through an
aperture is proportional to the sixth power of the aperture size a. If we define
the power throughput (PT) as the ratio of the total transmitted power to the
incident power over the aperture. According to Bethe’s theory, PT of a
subwavelength aperture is proportional to the fourth power of the aperture size.
Although this analytical solution provides a fundamental theory for calculating

the transmission through an aperture, there are some theoretic restrictions and
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premises. First, the metallic screen is assumed as a perfect conductor. Second,
the assumption of symmetry of the aperture simplifies the field distribution.
Furthermore, this solution is valid only when the aperture size is much smaller
than the wavelength. Even through some literatures tried to modify Bethe’s
formula for greater accuracy, it is still impossible to derive analytical solution
without any approximations and assumptions, especially for complex-shaped
apertures. Therefore, in this thesis, we employ Finite-Difference Time Domain
method (FDTD) to calculate power throughput and field profiles through our

designed apertures.

2.2 \Waveguide Theory

A waveguide is a special-designed structure that can guide waves through
a long distance with acceptable enérgy. loss. A typical waveguide structure
consists of a high-index dielectric layer'with a height i sandwiched with two
lower-index materials, as shown'ifwFigr2-3 [32]. The index of refraction of the
guiding slab nr must be larger than that of the cover material n. or the substrate
material #s in order for total internal reflection to occur at the interfaces. If the
slab is ideally infinite in extent in the yz plane, but finite in x direction, we can
develop a basic form of guided modes using boundary conditions, which is

applicable to real problems.

Ne «
h Nt / \
{ z
Ng y

Fig. 2-3 A typical planar waveguide consisting of three layers
arranged that guiding index of refraction (nr) is larger than the

substrate (ns) and cover (nc) indices
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For a sinusoidal transverse electric (TE) wave with a wave vector k and

frequency wo, the wave equation in each region can be put in the scalar form:
V’E, +k¢n’E, =0 (2-21)

where ni = ny, ns, or ne. Because the slab is infinite in y direction, Ey is a function
of both x and z but independent of y. Due to the translational invariance of the
structure along z direction, we assume that the amplitude does not vary along z

axis but the phase does. If we choose a trial solution to Eq. (2-21) in the form:
E,(x,y) =E, (x)e " (2-22)

where f5 is a propagation coefficient along z direction. Then by putting Eq. (2-22)

into Eq. (2-21), we can obtain

2

E
Y 1 (k2n? - f%)E, =0 (2-23)

Ox?

In the case > ko ni, we have a general solution with a real exponential form:
E, (X) = E,e"/ " (2-24a)

where Eo is the field amplitude at x = 0. This solution is the evanescent field of a

total internal reflected wave at an interface.

In the case § < ko n;, the solution has an oscillatory form:

E, (X) = E,e Ve ™ (2-24b)
Ix k/' T
7 K
-

Fig. 2-4 Geometric relationship between longitudinal and

transverse components f3, k¥ of the wavevector k
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If a transverse wavevector x is defined as x=./kin’-p*, B and x are
geometrically related to the total wavevector k = ko ni, as shown in Fig. 2-4,

inside the guiding layer.

The longitudinal wavevector § is used to identify individual modes and
also defined as the eigenvalue of the mode. A guided wave must satisfy the

condition,
ko ns < B < ko ny (2-25)

where it is assumed that nc < ns. To find the values of § that lead to solutions to
the wave equation, the boundary condition is applied to Egs. (2-24a) and (2-24b).

Then the transverse electric field amplitudes in the three regions are

E,(X) = Ae™ 0r< x (2-26a)
E, (x) = Bcos(x; x) + Csin(x (X) -h<xx0 (2-26Db)
E, (X) = De 77 x<th (2-26¢)

where A, B, C, and D are amplitude coefficients to be determined, y. and ys are
attenuation coefficients in the cover and substrate, respectively, and «r is the
transverse component of k in the guiding layer. According to the boundary
condition that tangential component of field is continuous at the interfaces, the
characteristic equation to get the eigenvalue of propagation coefficient for a TE
wave is

tan(hi, )= —2e s (2-27)
K, (1_ Ve¥s

2
f

The characteristic equation clearly shows that the propagation mode supported
by the waveguide is highly dependent on the refractive indices of materials and

the dimension of the guiding layer, height h.
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For a complex waveguide, a two-dimensional structure can be decomposed
into two spatially orthogonal waveguides: a horizontal and a vertical slab
waveguide. The propagation coefficient § of the waveguide can be found by
using the solutions to these two orthogonally oriented waveguides based on the
techniques developed. This method is known as the effective index method.
Consider a buried rectangular waveguide shown in Fig. 2-5. The waveguide is
decomposed into a thin waveguide and a thick one. The thin part is analyzed in
terms of the actual indices of the structure; while the thick part is analyzed

using the effective index from the first analysis.

X

A

/R -
N y N —|— Ns Nt Na

(b) (©)

Fig. 2-5 (a) A buried waveguide and its.equivalent structure: (b) a

thin and (c) a thick waveguide

Once the propagation coefficient  of the thin slab waveguide is obtained
for a specific wavelength and mode of interest, the effective index of the slab is

determined through the following expression
Ny =2 (2-28)

where ko is the vacuum wavevector of the light being guided. The effective
index then is used to replace the original refraction index for the guiding layer
in the thick waveguide to calculate the propagation coefficient of this
waveguide. Then the value of propagation coefficient found from the last step is

the value for the mode we want.
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Fig. 2-6 |E|? distribution at 48 nm from (a) C-shaped, (b) square,
and (c) modified C-shaped apertures and |E|? cross section along

(d) X and (e) Y axis

Due to the nature of low energy 16ss, the waveguide theory was applied to
enhance the transmission through subwavelength apertures. X. Shi et al. first
proposed a C-shaped aperture that enhances the peak transmitted electric field
intensity by 3 orders of magnitude compared to that of a square aperture, as
shown in Fig. 2-6 [33]. The enhancement was explained by considering the
C-shaped aperture as a waveguide. Owing to the boundary condition, the
cut-off wavelength and the propagation modes of the aperture are determined
by the dimensions of the gap area, especially the gap width. Because of the
particular orientation of the polarization of the propagation modes, an incident
field with the polarization perpendicular to the ridge edge induces strong
coupling into the propagation modes and results in higher transmission. A peak
in the spectral response corresponding to a wavelength close to that of the
incident light also confirmed that a resonant transmission at the incident
wavelength is related to the propagation mode of the aperture. Moreover,
because the mode field is confined to a relatively small area around the concave
part of the aperture, the spot size is almost the same as the ridge width. It

means a subwavelength spatial resolution can be achieved by reducing the
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ridge size of a C-shaped aperture.

2.3 Surface Plasmon Polaritons

In physics, plasma is an ionized state of matter. The presence of free
electrons which is not bound to an atom or molecule makes the plasma
electrically conductive. Therefore plasma, the electron density, responds
strongly to electromagnetic fields and resonates at a specific frequency defined
as the plasma frequency. In free-electron-like metals, the dielectric constant can

be expressed by Drude model [34]

w 2
£0(@) =1-(=2) (2-292)

47ne’
0, = i (2-29b)

where wy is the plasma frequency, n is the ‘electron density, e is the electric

charge of a electron, and m is the massi'Thenraccording to the wave equation,
the dispersion relation can be obtained

w* w* o;
k? =C—25(a)) =C_2(1_a)_g) (2-30)
Eq. (2-30) indicates that if the frequency of incident light is below the plasma
frequency, the light can not penetrate through the metal and the skin depth is
1/]k].

As photons are quantization of light, plasmon is the quasiparticle resulting
from the quantization of plasma oscillations. Thus, plasmons are collective
oscillations of the free electron gas density, often at optical frequencies. If those
plasmons occur at the interface between a vacuum or material with a positive
dielectric constant and that of a negative dielectric constant and are confined to

surfaces, they are defined as surface plasmons. Consequently, surface plasmons

-26 -



are charge density waves propagating along a dielectric-metal interface.
Furthermore, the quasiparticles resulting from the strong coupling of
electromagnetic waves with an electric or magnetic dipole-carrying excitation
are called polaritons. Therefore, a surface plasmon polariton (SPP) is a
combined excitation consisting of a surface plasmon and a photon. Since the
wave is on the boundary of the metal and the external medium, these

oscillations are very sensitive to boundary conditions.
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Fig. 2-7 Schematic illustration of surface plasmons propagating
along the dielectrie-metal interface induced by a p-polarized

incident light

To characterize surface *plasmon’ polaritons, consider a p-polarized
electromagnetic wave propagating along a dielectric-metal interface, as shown
in Fig. 2-7. According to Maxwell’s equations and boundary conditions, the

dispersion relation of surface plasmon polaritons can be obtained,

Kepg = Kep = (8 Em 112 (2-31a)
’ ’ C & +é&,
Kopi =[é; (%)2 L i=d,m (2-31b)

where e and en is the dielectric constant of dielectric material and metal,
respectively. For most dielectric materials, their dielectric constants are positive;
while dielectric constants of metal are negative and usually their absolute
values are greater than that of dielectric materials when the frequency of

incident light is below the plasma frequency. Therefore, from Eq. (2-31a),
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wavevector along x direction is real, i.e. surface plasmons propagate along the

metallic surface.

The wavevector of surface plasmons along z direction, i.e. perpendicular to
the surface, is always imaginary according to Eq. (2-31b). It implies that
magnitude of electromagnetic fields along z direction decays exponentially.
Therefore, we can conclude that surface plasmons are an evanescent field which
will not propagate out of the surface. Since the dielectric constants of real metal
are also complex, the imaginary part represents exponential decay on

magnitude when surface plasmons propagate along the surface.

In addition, we can find

kK =% (fd ém 2

sp,x

> 12 (2-32)
C &y te, c

It means that the magnitude of the wavevector of surface plasmons is greater
than that of incident light. Fig. 2-8 shows the comparison of dispersion curves
of surface plasmons and incident light: Becatise the dispersion curve of surface
plasmons lies right of that of incident'light; the incident light with frequency of

@ will not be able to excite surface plasmons.
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Fig. 2-8 Dispersion curve of surface plasmons and incident light

Therefore, to excite SPPs by photons, an additional wavevector is necessary
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for fulfilling the momentum matching condition. There are two common
methods: either introducing a periodic structure, such as gratings, corrugations,
or a hole array, to provide an additional wavevector or inducing attenuated
total reflection (ATR) in the interface to increase the wavevector of incident light,

as shown in Figs. 2-9 (a) and (b).
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Fig. 2-9 Excite surface plasmon. polaritons by (a) a grating

structure and (b) attenuated total reflection

Due to the sensitive dependence of.excitation of surface plasmons on the
boundary conditions of a metal-dielectric interface, the excitation of surface
plasmons is used in surface plasmon resonance (SPR). In SPR, the excitation of
surface plasmons as a function of incident angle or wavelength is obtained by
detecting the reflected power from a prism coupler. Any perturbation in the
refraction index, the absorption, or topography will reflect a substantial change
in SPR reflectivity. Therefore, this technique can be widely used to observe
insignificant variation in thickness, density fluctuations, or molecular

adsorption.

Another remarkable application of surface plasmons is to enhance the
transmission through subwavelength apertures. T. W. Ebbesen et al.
demonstrated extraordinary transmission through subwavelength hole arrays

or a aperture surrounded with corrugations that breaks through the theoretic

-29-



limit predicted by Bethe’s theory, as shown in Fig. 2-10 [35-36]. According to the
surface plasmon theory, with the aid of a periodic structure, such as hole arrays
or corrugations, surface plasmon waves that propagate along the interface can
be induced. When the period of the structure is half of the effective wavelength
of the SPP mode, SPP standing waves which are a combination of
electromagnetic waves and surface charges are generated. The electromagnetic
field perpendicular to the surface is evanescent, i.e. an exponential decay with
the distance away from the surface. It indicates a non-radiative wave to prevent
power propagating from the surface. The enhancement of the transmission can
be explained by considering the interaction between the incident light and the

surface plasmon modes.
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Fig. 2-10 Transmission spectrum of (a) a circular aperture

surrounded with a corrugation structure and (b) a hole array

Consider a hole array in a metal film of dielectric constant e» sandwiched
with two lossless dielectric media of dielectric constants 1 and ¢, respectively,
as shown in Fig. 2-11. In the absence of resonant SPP modes, the energy transfer
between the photons on the opposite side is considerably inefficient and thus

the transmission is extremely low. In contrast, resonant SPP modes excited by

-30-



photons at one of the interfaces enhance the transmission by the diffraction of
the evanescent field resulting from SPP modes, indicating the scatter of the field

leading to the formation of transmitted light.

In the case of a thin film, interaction between the opposite interfaces makes
surface plasmons modes split into two types: symmetric modes of lower
frequency and anti-symmetric modes of higher frequency. Only anti-symmetric
SPP modes induce field enhancement near the metal surface because of longer
propagation length, which is inversely proportional to the square of the film
thickness. Therefore, the tunneling effect through a thin metal film has to be

taken into consideration and dominates the transmitted field.

If the metal film is thick enough, the interaction between SPPs in the
opposite interfaces is ignored..Then the corresponding SPP modes induced by
incident light propagate independently along the surface with wave vector ks
and decays from the surface exponentially with the attenuation constant k:. The
interaction between the incident light and the SPP modes will occurs in three

different ways.

incident light

entrance plane

hole array
- metal film

| exit plane

Fig. 2-11 Configuration of a hole array in a metal film sandwiched with

two dielectric materials

1. In the entrance interface, incident light couples to SPP modes. The

-31-



evanescent field is enhanced by SPP modes and the transmission through the
holes is increased. In the meantime, the field is also scattered by the periodic

array so that some waves are produced accordingly.

2. Incident light cannot couple to SPP modes in the entrance interface. But
the incident light that is weakly transmitted through the holes fulfills the
boundary conditions of the exit plane so that SPP modes are induced in the exit
interface. The electric field enhanced by the SPP modes increases the
transmission. Some transmitted light out of the exit plane is also generated as a

result of the scattering of the field.

3. If the boundary conditions allow the excitation of SPP modes to take
place in both sides of the metal film, the field is influenced by the SPP modes in
two interfaces. As a result, the incident field niear the interfaces is enhanced by

the induced field resulting from the SPP modes:

Furthermore, the interaction between_double resonances on both sides
delivers energy through the film without exponential decrease and thus results
in strong field enhancement. Therefore, SPP modes function like an
electromagnetic energy carrier. The incident energy is converted to
non-radiative SPP resonance by coupling light into SPP modes and then
transferred to a propagating wave in the form of re-radiation from the field
induced by SPP modes. According to this model, the transmitted field is

predicted to be enhanced up to 10 times than that without the SPP modes.

2.4 Summary

When an incident field fulfills the boundary conditions of a waveguide, the
field can couple into specific propagation modes and propagate through the

waveguide with less energy dissipation. If the incident field can excite the
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oscillation of surface plasmon waves on both sides of a metallic film with the
aid of a periodic structure or attenuated total reflection, the transmission
through the film can be enhanced accordingly. Either propagation modes or
surface plasmon polaritons modes can increase the transmission through a
subwavelength aperture significantly and break through the theoretic limit that
Bethe predicted. These literature reviews stimulate a novel idea of inducing

these two effects simultaneously, which we name it as the hybrid effect.
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Chapter 3 Modeling of Hybrid Effect in
Transmission Enhancement

According to the theories explained in Chapter 2, for a subwavelength
aperture in a metal film, either propagation modes supported by the aperture or
SPP modes on either side of the metal film can enhance the transmission
through the aperture. However, the transmission enhancement is not sufficient
enough for near-field storage applications. Therefore, we propose a novel
design that makes both propagation modes and surface plasmon modes exist
simultaneously and thus further increase the transmission through the

subwavelength aperture.

In this chapter, the transmissioniof.a.C-shaped aperture surrounded with a
corrugation or illuminated "by obliquely incident light is modeling and
investigated by employing-a numericalrcalculation method. The coexistence of
SPP modes and propagation’ medes.that can increase the transmission is
demonstrated and named as the hybrid effect. The geometric effect of a
C-shaped aperture is optimized and followed by the study of the effect of either
a corrugation structure on each side of the metal film or oblique illumination on
the transmission through the optimized aperture. We also discuss and analyze

the correspondence between those parameters and the transmission.

3.1 Methodologies and Parameters

The transmission and the transmitted field are calculated and investigated
numerically in a simulation model by employing Finite-Difference Time
Domain (FDTD) method. The FDTD method is a grid-based differential

time-domain numerical modeling method. The calculation domain where the
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simulation performs is divided into cells, unit spaces formed by grids. A source
is assigned to launch into the domain. Inside every cell, the time-dependent
Maxwell's equations in partial differential form are discretized using
central-difference approximations to the space and time partial derivatives.
Because the change in the time derivative of the electric field is dependent on
the change in the curl of the magnetic field, the electric field vector components
in a cell are solved at a given moment and then the magnetic field vector
components are solved in the same cell at the next moment. The process repeats

to evolve the electromagnetic fields forward in time.

Since FDTD is a grid-based numerical method, the entire calculation
domain has to be gridded and the grid size must be sufficiently small to resolve
the wavelength and the smallest geometrical dimension. This implies that a fine
grid will unavoidably result .Jn enormous ‘“resource consumption and
computation time. Therefore, > according to the simulated model, some
assumptions or approximations are —necessarily made to localize the
computation area. In addition, perfectly matchedlayers (PML) are implemented
as absorbing boundaries of the calculation domain to simulate an infinite

domain.

In the following sections, an optical model for simulation in the
transmission through subwavelength apertures is established based on the
premises we made. The parameters used as an evaluating factor and simulation

variables are also explained.

3.1.1 Optical Model and Premises

According to the mechanism of excitation of SPP modes, the complex
dielectric constants of interface materials determine the boundary condition and

the SPP propagation length and consequently dominate the field enhancement
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induced by the SPP modes. Higher SPP resonances will be induced as the metal
material is closer to the ideal metal (-¢">>¢”), and thus result in higher
transmission [37]. Therefore, at a wavelength of 633 nm for the cut-off of
single-mode optical fibers, silver is chosen as the film material due to its

complex dielectric constant e=¢’+ie”’ of -15.9+1.1i.

The depth of apertures which is equal to the film thickness also plays an
important role on the transmission enhancement [38]. Because charges in a
conductive material oscillate with the same frequency of an electromagnetic
wave impinging on the surface, the interaction between the electromagnetic
wave and the material induces an electric current of which magnitude decays
with the depth of the material. The skin depth is defined as the distance which
the current falls to 1/e of its greatest value at the surface. Since the metal film is
used to confine the incident field into a tiny area, it must be thick enough to
prevent the incident light directly penetrating:through the film. Otherwise, the
penetrating field will broaden the etfective spot size in near field. In addition, in
the case of a thin film, the coupling between SPP modes on opposite sides of the
film results in a distinct coupled mode and provides a channel that allows more
energy to pass through the film. In contrast, if the film thickness exceeds a
certain value so that no coupling occurs between SPP modes in two interfaces,
the penetration of the field is suppressed and the transmission enhanced by the
SPP modes reduces with the increase of the thickness. The sufficient thickness
to suppress the coupling effect depends on the film material and the geometry
of apertures. Therefore, there is a tradeoff between the effective spot size and
the transmission. Since the sufficient thickness of a silver film ranges from 200

to 300 nm, we choose 200 nm in our simulation.

The incident field is assumed to be a plane wave within a calculation
domain as a general study of SPP effect on the transmission. The range of the

calculation domain depends on several considerable factors. The effective area
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where SPP modes contribute to the transmission enhancement is determined by
the illumination area and the propagation length of SPP waves along the
interface. It means that outsides the effective area the influence of SPP modes on
the transmission can be ignored. Compared to the propagation length in a
free-standing silver film typically greater than 10 um, the spot size of a 633-nm
laser beam focused by a objective lens with NA=0.25 is estimated around 3 pum.
This indicates that, in this case, the spot size dominates the effective area.
Moreover, with the increase of the calculation domain, the exponential increase
of resource consumption is also unavoidable because FDTD is a grid-based
numerical method. Therefore, if we consider that the dimensions of
subwavelength apertures are less than 0.3 um, which is less than one-tenth of
the spot size, the calculation domain is assigned 0.6 pum. This plane-wave
approximation can stand within the’calculation domain because the focused

spot illuminating the aperture is much larger than the calculation domain.

Based on the assumptions made;previously, the optical model for studying
the transmission through subwavelength apertures is established and all the
variables are defined in Fig. 3-1. The middle point of the ridge length in the
entrance plane is the origin. The XY plane denotes the entrance plane while the
X axis is perpendicular to the ridge length and the Y axis is parallel to the ridge
length. The Z axis denotes the propagation direction. A transverse- magnetic
(TM) plane wave with a free-space wavelength of 633 nm illuminates a 200-nm
silver film with an incident angle @ relative to the Z axis as the XZ plane is the
plane of incidence. In the case of corrugation structures, the C-shaped aperture
is encircled by a circular groove with a width w and a radius p. Compared to a
free-standing membrane in the corrugation case, the silver film is deposited on
a glass substrate with a refractive index of 1.475 at the wavelength of 633nm in
the case of oblique illumination. A virtual monitor is positioned 50 nm away

from the exit plane with the normal direction pointing to the Z axis to calculate
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the transmitted power.
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Fig. 3-1 Dimensional parameters of (a) a C-shaped aperture and (b)
a groove surrounding a C-shaped aperture and transmission
model through (c) a C-shaped aperture, (d) a C-shaped aperture
surrounded with a corrugation, and (e) a C-shaped aperture with

oblique illumination

3.1.2 Parameters

The power throughput (PT) is used as an evaluating factor to evaluate the

performance of subwavelength apertures and to optimize the dimensions of
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apertures, geometry of corrugations, and incident angles. The power
throughput is defined as the ratio of the transmitted power to the incident
power over the aperture, which is equal to the incident power density times the

aperture area. The definition of the PT is shown in Eq. 3-1,

PT

P
S S S 3-1)
Rs dp'SA
where P: is the transmitted power, Pis is the incident power over the aperture

area S, dy is the incident power density, and Sa is the aperture area.

The physical meaning of the PT represents the photon capturing capability.
If the PT is equal to unity, it means all the photons impinging on the aperture
area can be transported to the exit plane of the aperture. When the PT is greater
than unity, some photons obstructed with the metal film can be captured by the
aperture and propagates through the aperture until they reach the exit plane of
the aperture. Therefore, a higher PT cortesponds to higher photon capturing

capability and higher transmission of.the aperture.

To optimize the dimensions of a‘C-shaped aperture, the gap width, the
ridge length and the aperture aspect ratio of the aperture width to the aperture
length are simulation variables. According to waveguide theories, the gap
width is a critical parameter that determines the propagation modes and the
ridge length alters the boundary conditions. A large ridge length or a small gap
width leads to a slit-like behavior while a small ridge length or a large gap

width makes the aperture perform like a square aperture.

To investigate the hybrid effect, the optimized C-shaped aperture is
surrounded with a groove or illuminated at oblique incident angles. Therefore,
the dimensions of the groove, including the pitch, the interval, and the width,
and the incident angle are simulation variables. Except for the PT as a function

of those parameters, the field profiles and the spectral response are also
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calculated to examine more information about the mechanism of the hybrid

effect.

3.2 Nano-waveguide Design

According to waveguide theories presented in Chapter 2, propagation
modes supported by a waveguide depend on the wavelength of incident light
and the geometry and dimensions of the waveguide. Therefore, prior to the
study of the hybrid effect, the dependence of the transmission on the
dimensions of a C-shaped aperture is studied and the dimensions are optimized

to obtain the maximum transmission for the incident wavelength of 633 nm.

3.2.1 Rectangular Apertures

The power throughput and spot sizes at, 50nm away from a rectangular
aperture as a function of the side length are calculated as a comparison base for
following study. The simulation:result in Fig. 3-1 shows that the PT through a
square aperture in a finite-conducting metal film is approximated as a fourth
power function of the side length. The behavior generally obeys the trend
predicted by Bethe’s theory. However, the exact value can only be obtained by
numerical methods because of the difference between real metal materials and
perfect conductors. It also implies that no propagation mode exists in a square

aperture at a wavelength of 633 nm.

Spot sizes of the square apertures along X and Y axis are listed in Table 3-1.
The spot sizes in the X direction generally are larger and also have higher
variations in the change of aperture sizes than that in the Y direction. This is
because X-polarized light is used to illuminate the aperture. Two edges of the
aperture perpendicular to the polarization result in two local intensity

maximums and thus broaden the spot size. The location of the two local
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maximums is determined by the aperture edges so the spot size in the X

direction is almost linearly proportional to the aperture size. In contrast, the

spot size in the Y direction slightly decreases with the reduction of the aperture

size. Since spot sizes are the dominate factor to determine the spatial resolution,

we chose the 60-nm aperture whose PT is 6.4x105 as a comparison base.
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Fig. 3-2 The PT as a furniction of the side length of a square

aperture

Table 3-1 Spot sizes at 50 nm away from square apertures

Side (nm*nm) Spat Size ()
X Y
6060 147 111
80*80 164 108
100*100 185 125
120*120 222 138
140*140 231 33

3.2.2 Optimization of Ridge Part

The first step to optimize the C-shaped aperture is to fix the aperture
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dimensional variables a and b as 210 nm and 84 nm and analyze the
dependence of transmission on the ridge length c and gap g. The simulation
result in Fig. 3-3 shows that gap ¢ is a dominate parameter to determine the
power throughput through the waveguide. The PT gradually increases with the
decrease of the gap and reaches a peak of 1.8 when the gap is 38 nm. As the gap
is less than 38 nm, the PT drops dramatically. The drop as the gap less than a
specific value indicates a cut-off for the incident wavelength regardless of ridge
length c. This characteristic behaves like a waveguide. The cut-off wavelength of
a specific propagation mode is determined by the geometry and dimensions of
the waveguide. When the incident wavelength is above the cut-off wavelength,

the corresponding propagation mode can not be supported within this

waveguide.
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Fig. 3-3 The PT as a function of gap g with various ridge lengths c

In contrast to the gap, the ridge length ¢ has a minor influence on the
transmission. Instead, the ridge length alters the boundary conditions that
determine the spot size along Y axis. Therefore, the spot size along Y axis

increase with the increase of the ridge length.
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3.2.3 Optimization of Aperture Part
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Fig. 3-4 The PT as a functioniof aspect ratio AR with various

aperture lengths a as ridge.width d i 46 hm

Based on the results in the previous section, the second step is to analyze
the influence of aperture length a and.aspect ratio AR, defined as the ratio of
aperture width b to aperture length a, on the PT as ridge length c and ridge
width d are kept 46 nm and 86 nm, respectively. The PT reaches a peak at aspect
ratio of ~0.4 regardless of various aperture lengths, as shown in Fig. 3-4. This
cut-off characteristic exhibits that a C-shape aperture behaves like a single ridge
waveguide. If the ridge area is relatively small compared to the aperture size,
the ridge waveguide effect vanishes. The PT of the aperture will have similar
tendency with that of a rectangular aperture. This explains a reduction in the
maximum PT with an increase of the aperture size and a fixed ridge part. In
contrast, if the aperture shrinks, the ratio of the ridge area to the aperture
increases and consequently the gap is reduced. The PT of the aperture will
behave like a nano slit so the PT has a sharp peak as the aperture area

decreases.
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Since the gap g, which is equivalent to (a x AR — d), is a dominant factor to
determine propagation modes of a waveguide, we calculate the PT as a function
of the aspect ratio with a different aperture width d. Our calculation, as
illustrated in Fig. 3-5, shows a similar result as that in Fig. 3-3 but yields a
higher peak value of PT. For a curve with a fixed aperture length, the change in
the aspect ratio indicates the change in the ratio of the slit part and also the gap.
Therefore, for a specific ridge width, there is a corresponding gap that

determines corresponding propagation modes and consequently a peak PT.
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Fig. 3-5 The PT as a function of aspect ratio AR with various

aperture lengths a as ridge width d is 34 nm

In summary, according to our simulation results, the maximum PT exhibits
an optimized design. The dimensions of the optimal C-shaped aperture has an
aperture length a of 210 nm, an aperture width b of 84 nm, a ridge length c of 86
nm, and a ridge width 4 of 34 nm. Since a C-shaped aperture function like a
waveguide, we will study the coupling effect between SPP modes and

propagation modes of the aperture by employing this optimal design.
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3.3 Nano-waveguide with Corrugations

The simulation results in the previous section demonstrates that a
C-shaped aperture functions as a ridge waveguide and a peak of PT represents
a propagation mode supported by the waveguide for a specific incident
condition. Consequently, in this section, we investigate the effect of a
corrugation on the transmission through the optimized waveguide. The further
transmission enhancement resulting from the hybrid effect that propagation

modes and surface plasmons modes coexist is demonstrated accordingly.

3.3.1 Corrugations in Entrance Interface

To yield a coupling effect betweeniSPP. modes and propagation modes in a
subwavelength aperture, the optimal Cishaped aperture in a free-standing
silver film is surrounded with a corrugation in the enhtrance interface of the film.
The configuration of the optical model is'shown in Fig. 3-1 (d). Our simulation,
as shown in Fig. 3.6, reveals the power throughput of a C-aperture surrounded
with a corrugation in the entrance interface is higher than that of a single
C-aperture. The power throughput enhancement can reach as high as 3.61.
According to the discussion in section 2.3, if incident light can be coupled into
SPP modes in the entrance interface, the field near the interface and inside the
aperture will be enhanced by the scattering of evanescent waves in the interface.
As expected, if the aperture is replaced with a ridge waveguide, propagation
modes inside the waveguide are also enhanced by this effect. Therefore, the
transmission through the C-shaped aperture is further enhanced with the aid of

SPP modes in the entrance interface.

Corrugations in the interface can be treated as an energy well and the

width of the energy well determines how many and which modes exist.
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Therefore, curves with different tendency in Fig. 3-6 represent different sets of
SPP modes produced by different groove widths. In contrast, interval i changes
the field distribution resulting from the superposition of SPP modes which
carries different momentum and energy. Thus each curve in Fig. 3-6 indicates
different combination of SPP modes and produce different power throughput.
The higher power throughput implies a more efficient coupling between
incident light and SPP modes due to momentum and energy conservation

matching conditions.
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Fig. 3-6 The PT as a function of the interval i with various widths

w

The groove pitch p dominates the lattice momentum of the groove
structure as well as the momentum matching condition of the interaction
between the photons and the surface plasmons. It means the probability of the
coupling between photons and surface plasmons is determined by the groove
pitch. This mechanism explains a concave curve of each power throughput with

a peak at pitch of 620 nm in Fig. 3-7.
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Fig. 3-7 The PT as a function of pitch p with various interval i

Compared to a single C-shaped aperture, the power throughput can be
further enhanced by surrounding the aperture: with a corrugation. The
enhancement stimulated by the’corrugation structure is defined as the ratio of
the power throughput of the C-shaped aperture with a groove to that without a
groove. The maximum enhancement of 3.61 can be obtained in our simulation.
It means that the output power through this design is 3.61 times higher than
that through a conventional C-shaped aperture with the same input power. This
phenomenon, the power throughput enhancement due to the coupling between
propagation modes and SPP modes, is named as the hybrid effect. Moreover,
the simulation results also show an ignorable variation on the spot size in near
field. Therefore, we can conclude that the hybrid effect significantly increase the

power throughput without degrading the spatial resolution.

3.3.2 Corrugations in Exit Interface

Since SPP modes on both sides of a metal film contribute to the
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transmission enhancement, after investigating the effect of grooves in the
entrance interface, we add a corrugation in the exit interface and study the
influence of groove in the exit interface on the power throughput through the
C-shaped aperture. In our optical model, the silver film thickness is 200 nm
which is thick enough to suppress the tunneling effect between SPP modes on
the opposite side of the metal film. Therefore, the effect of SPP modes in either
interface on the transmission can be considered independently. The power
throughput with various pitches, intervals, and width of the groove in the exit
interface is calculated as the dimensions of the incident-side groove with the

maximum PT obtained in section 3.3.1 are the optimal condition.

Because the thick film prevents the SPP modes in the entrance interface
from interacting with the SPP modes at the exit face, the transmitted field
through the aperture is primarily responsible for the excitation of the exit SPP
modes. The propagation modes inside-the -aperture enhance the emitted field
and thus the SPP modes ir the iexit interface are induced. The re-radiation and
interference from the SPP “medes in _the exit interface contribute to the
enhancement of the transmitted field out of the aperture. Therefore, the power
throughput of the double-side-corrugated C-shaped aperture is as high as 8§,
which is further enhanced by a factor of 1.17 higher that of the
incident-side-corrugated C-aperture. Moreover, the peaks shown in Fig. 3.8 can
be considered as a constructive interference of the re-radiation from the SPP
modes in the exit interface while the sharp decline represents a destructive
superposition of individual fields. This result indicates that the interval i is a

critical factor to the field distribution.

The emitted field profile through the double-side-corrugated C-shaped
aperture differs from that of the incident-side-corrugated one due to the
interference of the SPP modes. This interference alters the field distribution and

consequently results in the variation of the spot size. In the case of the
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x-polarized incident light, the spot size in x-direction is greatly reduced over
15% while the spot size in y direction remains the same. Obviously, the groove
in the exit interface functions as a focusing grating at interval i of 240 nm and
then causes a more convergent emitted spot. In contrast, a narrower groove
width results in a narrower potential well which makes oscillation more

strongly thus causes a greater variation in field distribution of the emitted light.
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—&— w= 180 nm
w= 240 nm
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120 180 240 300
Interval /(nm)

Fig. 3-8 The PT as a function of the interval i on the exit plane with

various widths w

The simulation results in this section demonstrate the hybrid effect induced
by the coupling between the SPP modes and propagation modes inside the
aperture. With a proper design of the groove surrounding the aperture on the
incident plane, the incident light excites SPP modes that resonate in the
interface. The interaction between the SPP modes and propagation modes
results in the further power throughput enhancement. The highest power
throughput occurs at interval i of 420 nm and width w of 240 nm is 6.86 at the
spot size of 118x136 nm? The groove in the exit interface functions as a grating

that induces interference of SPP modes and causes a more focusing spot.
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Compared to the incident-side-corrugated C-aperture, the power throughput of
8 is enhanced by a factor of 1.17; while the spot size of 102 x136 nm? is reduced
by 30%.

3.4 Nano-waveguide with Oblique lHlumination

In the previous section, the hybrid effect is demonstrated by employing the
coupling between SPP modes in the dielectric-metal interfaces and propagation
modes of a C-shaped aperture. The novel design implements a C-shaped
aperture in a silver film surrounded with a corrugation either in the entrance
interface or on both sides of the film. Since SPP modes can also be excited in the
dielectric-metal interfaces when the attenuated total reflection occurs. In this
section, the hybrid effect is furtheristudied by illuminating the C-shaped
aperture with obliquely incident light: The field profiles are also simulated to

investigate the mechanism of the hybrid effect.

3.4.1 Effect of SPP Mode by Oblique Illumination

According to the optical model shown in Fig. 3-1 (d), the transmission
through a C-shaped aperture with oblique illumination is calculated. As the
incident angle ® impinging on the C-shaped aperture in the metal film changed
from 0 to 45 degree, the power throughput increases significantly and reaches a
peak of 3.5 at 44 degree. The maximum PT is 2.3 times higher than that with
normally incident light, as shown in Fig. 3-9. In the case of refractive index of
the dielectric substrate of 1.475, the critical angle of the total internal reflection
at the air-dielectric interface is 42.7 degree. If the dielectric substrate is covered
with a metal film, the reflection coefficient of a TM wave drops suddenly to a
minimum as the incident light arrive at the metal film slightly above the critical

angle, which is 44.5 degree in this case. The dip in the reflectivity exhibits the
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excitation of surface plasmons in the entrance interface. The coincidence
between the incident angles of the minimum reflection coefficient and

maximum power throughput indicates the enhancement from the hybrid effect.
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Fig. 3-9 The power throughput (PT).at-a distance of 50 nm from
the aperture and reflection_coefficient rp. as a function of the

incident angle

The calculated E, E:, Hy field profile’and magnitude of Poynting vector |S|
distribution with 44-degree incident illumination also reveals the existence of
the hybrid effect between propagation modes inside the aperture and SPP
modes in dielectric-metal interfaces, as shown in Figs. 3-10(a) to (d). From Fig.
3-10(a), the E: field profile shows the light propagating through the gap of the
C-shaped aperture along the z direction. Compared to a conventional aperture,
the C-shaped aperture remains the magnitude of the propagating wave through

the aperture and thus yields a stronger emitted field at the exit of the aperture.

The E: field perpendicular to the metal surface induces SPP modes on both
sides of the metal film as shown in Fig. 3-10(b). The aperture functions as a
channel to carry optical energy through the aperture. The transmitted field

inside the aperture can be enhanced by SPP modes in the entrance plane and
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propagates through the aperture in terms of propagation modes. Therefore, the
enhanced field excites SPP modes in the exit plane and the re-radiation from the
SPP modes further increase the transmitted field out of the aperture. This also
explains SPP resonances on both sides of the metal film under oblique
illumination. The corresponding surface plasmon wave vector kx which lies
parallel to the surface can be described as

k= ko (S2C0y 2 (3-1)

X
€m+€d

where en is dielectric constant of the metal film, €4 is that of the dielectric
material, and ko is the wave vector of incident light. Then the surface plasmon

wavelength Asr along the x direction can be obtained by
Asp =—— (3-2)

According to Eq. (3-2), thescorresponding surface plasmon wavelength at the
dielectric-metal interface, Asyan, is 0:39 pm and that at the air-metal interface,
Aspam, is 0.61 pum. From the-field profile-in Fig. 3-10 (b), the estimated surface
plasmon wavelengths at those'two! interfaces are 0.4 pum and 0.6 um,
respectively. The good agreement between the theoretic calculation and the
FDTD simulation results, as listed in Table 3-2, reveals that SPP modes do exist

on both sides of the metal film even through the film thickness is up to 200 nm.

The magnitude of Poynting vector |S| represents the energy flow in both
+x direction and +z direction. The calculation shows that the incident energy is
coupled into SPP modes in the entrance plane and propagation modes through
the waveguide. The SPP modes contribute to the enhancement of the
propagation field and the propagation modes carry the optical energy through
the aperture. As a result, the transmission through the aperture is significantly

enhanced by the hybrid effect that SPP modes and propagation modes coexist.
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Table 3-2 Comparison of SPP wavelength by using SPP theory and

FDTD method
SPP wavelength |SPP wavelength
{unit: pm) at dielectric- at air-metal
metal interface interface
SPP theory 0.39 0.61
FDTD method 0.40 0.60

To further investigate the hybrid effect, the spectral response of the power

throughput through the C-shaped aperture with 44-degree illumination in the
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visible light region is also calculated, as presented in Fig. 3-11. The peak at the
incident wavelength of 633 nm in the spectrum indicates that the power
throughput enhancement results from the excitation of the SPP modes which
constructively couples with the propagation wave supported inside the

waveguide.
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Fig. 3-11 The spectral response of the power throughput through
the C-shaped aperture with a incident angle of 44 degree

3.4.2 Effect of Propagation Mode of Aperture

The calculated electric intensity distribution inside the C-shaped aperture
confirms the existence of propagation modes along the aperture. Figs. 3-12(a),
(b), and (c) represent the electric intensity distribution at a position of 1/4, 1/2,
and 3/4 of the aperture depth from the entrance plane, respectively. The mode
field distribution remains the same when the light propagates through the
aperture. The electric field is mostly confined in the concave gap area and there
is only slight penetration into the metallic ridge part. Therefore, the gap
dominates the supported propagation mode and the transmission through the

waveguide. Instead, the spot size of the propagating field is determined by the
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ridge dimensions. This result also confirms the analysis of the transmission
characteristic in section 3.1. Moreover, the propagation mode also contributes to
the transmitted power propagation out of the aperture. The power throughput
as a function of the distance from the aperture plotted in Fig. 3-4(d) exhibits a

gradual decay with the increase of the distance and can be kept over 1 within a

spacing of 300 nm.
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Fig. 3-12 Electric intensity distribution inside the waveguide at a
position of (a) 1/4, (b) 1/2, (c) 3/4 of the length from the entrance
plane when propagating along the waveguide, and (d) the power
throughput decay as a function of the distance from the

waveguide

The enhancement and the power throughput through the C-shaped
aperture under oblique illumination are only half of that in the corrugation case

with normally incident light. The mechanism is investigated and analyzed by
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observing the power throughput through the C-shaped aperture illuminated
with a fixed 44-degree incident angle but with various aperture dimensions. If
we define a scale factor as the ratio of the modified dimension of the C-aperture
to the original one, the power throughput as a function of the scale factor can be

obtained, as plotted in Fig. 3-13.

Power Throughput
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Fig. 3-13 Power throughput as-the waveguide scales up or down

by the scale factor in the model of 44<degree illumination

The simulation results clearly show the power throughput reaches a peak
of 4.8 as the dimensions shrank by a factor of 0.83 but drops to 1.8 as the
dimensions scale up by 1.25. Compared to the original design which is
optimized under the condition of normal incidence, the dimensionally
scale-down design further increases the power throughput by a factor of 1.42.
According to waveguide theory, the dimensions of a waveguide determine the
propagation modes that can be supported and the energy that can be carried
through the waveguide. On the other hand, the incident angle of the beam into
the waveguide dominates the coupling efficiency between the incident light and
the propagation mode in the waveguide. Consequently, in the original design,

the benefit from the hybrid effect is offset by a reduction in the coupling
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efficiency into the propagation mode under oblique illumination. In contrast,
dimensionally down-scaling alters the supported mode within the waveguide
and thus enhances the power throughput at the corresponding cut-off

wavelength.

3.5 Summary

The hybrid effect induced by coupling between SPP modes in the
dielectric-metal interfaces and propagation modes of a C-shaped aperture is
numerically demonstrated and thus enhances the transmission through the
aperture. By employing a C-shaped aperture surrounded with a circular
corrugation or illuminated with obliquely incident light, SPP modes in the
dielectric-metal interfaces are excitedyiand senhance the propagation modes
inside the aperture and the emitted. field[out.of the aperture. Compared to a
single C-shaped aperture without the hybrid effect induced, the power
throughput can be further enhanced by afactor of 2.4 to 4.0 by the hybrid effect,

as summarized in Table 3-3.

Table 3-3 The calculated power throughput and enhancement of a
single C-shaped aperture, a C-shaped aperture with corrugations,

and a C-shaped aperture with oblique illumination

C-aperture with C-aperture with
Single Corrugations 44° Incidence
C-aperture | Entrance Double Original Scaled
Plane Sides Dimension down
Power Throughput 2.0 7.0 8.0 3.5 4.8
Enhancement
(o i) 3.50 4.00 1.75 2.40
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Chapter 4 Experiment in Enhanced
Transmission of Hybrid Effect

To verify the optical model and the simulation results presented in Chapter
3, experiments in the transmission through the hybrid-effect apertures are
conducted. Prior to the experiments, major technologies implemented for
device fabrication and the challenging issues encountered are explained and
discussed. The experimental instruments used for measurement are also
introduced in details. The experimental results, including far-field power
throughput and near-field intensity distribution, demonstrate the power
throughput enhancement induced by the hybrid effect employing either a

corrugation or oblique illumination:.

4.1 Fabrication of Subwavelength Aperture

Subwavelength apertures are fabricated in a metal film with or without the
support of a substrate behind the film. Therefore, the fabrication process of
metal film preparation is given in the first section and followed by the method

of perforating the metal film, the focused ion beam milling.

4.1.1 Preparation of Metal Film

To make a free-standing metal film, the first step is to deposit a silicon
nitride membrane on both sides of a silicon wafer as etching-stop layers using
low pressure chemical vapor deposition (LPCVD). The bottom side of the
silicon wafer is patterned to define openings for etching. The silicon nitride
layer inside the openings then is removed by using reactive ion etching. Due to

the anisotropic properties of silicon, a bulk micromachining process, selectively
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wet etching, uses potassium hydroxide (KOH) to dissolve silicon substrate from

the bottom side until the etching-stop layer and produces a huge blind hole

with a flat bottom and angled side walls. A metal film is deposited on the top

surface of the silicon nitride membrane by sputtering. Finally, a free-standing

metal film is generated by removing the silicon nitride layer using inductively

coupled plasma reactive ion etching (ICP-RIE). The fabrication process is

illustrated in Fig. 4-1.
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Fig. 4-1 Fabrication process of a free-standing metal film (a)
deposit silicon nitride on silicon wafer, (b) pattern on photo resist,

(c) remove silicon nitride by RIE, (d) wet etch using KOH, (e)

Compared to the free-standing membrane fabrication process, the

preparation of a metal film with the support of a substrate is much simpler. A

dielectric substrate, like a glass substrate or an optical fiber, is cleaned
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thoroughly with the aid of solvents and DI water. Then a metal film is deposited
on the top surface of the substrate by sputtering. However, in the case of an
optical fiber, since the metal film has to cover the end face of the fiber, a special
fixture must be used to ensure unchanged orientation of the end face during the

whole process.

4.1.2 Focused lon Beam Milling

Considering the line width of subwavelength apertures is around 100 nm
with an aspect ratio greater than 2, we choose the focused ion beam milling
method (FIB) to perforate the metallic film. Ions are charged particles so they
can be accelerated and redirected by an external magnetic field. It means the ion
beam can be focused to a tiny spotlikesa light beam. A focused ion beam system
usually utilizes a gallium+«ion sdtrce (Ga+) to generate ion “bullets” for
bombarding target surfaces. With sufficient energy, the collision between the
ion bullets and the atoms-in thertargetisurface causes the spreading out of
numerous particles, including ‘ions, atoms and electrons. Moreover, due to the
secondary electrons generated during the etching process, a SEM-like image of
the scanning area can also be obtained simultaneously. If the removing process
repeats continuously, the material is taken away layer by layer sequentially and
then a hole can be formed. The removing speed, usually called the etching rate,
is dependent on the target material and the energy of the ion beam which is

determined by the current density.

A special feature of holes fabricated by FIB is unavoidably tapered with
round corners because of the nature of the focused beam and imperfect energy
distribution in the peripheral area of the beam. It means the side wall is neither
straight nor parallel to the direction of the beam axis. Practically, the line width

is defined as the distance of two side walls at half of height of the hole. The

-61-



minimum achievable line width highly depends on the current density, the
material, the aspect ratio, and the spot size which is determined by the aperture
size of a mask used before the beam is focused. The ion beam with high current
density, i.e. high energy, will sputter out larger particles. Similarly, the material
itself also determines sizes of particles. A larger particle size implies higher
removing speed but also worse resolution that can be controlled. Since the ion
beam is naturally tapered, the higher the aspect ratio is, the larger the
dimensional difference between the top and the bottom of the hole is. In
addition, since the dimensions are all in a nanometer scale, any vibration will
cause significant misalighment of the focused beam on target areas and
degradation of dimensional errors. This explains why the theoretic minimum
spot size of conventional FIB systems can be as small as 5 nm but the achievable
line width is much larger than 5 nm. The minithum line width that we achieved
is 50 nm in a 200-nm silver film under the condition of a 25-um mask aperture

with a current of 5 pA.

starting edge scanning direction

metallic film

pixel spacing aperture

‘wmwv

ion spot
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Fig. 4-2 Parameters determining the quality of a special-shaped

aperture

Compared to a simple and symmetrical cross-section, such as a circle, an
aperture with a special shape, especially those with straight edges and sharp
corners like a C shape, is much more complicated and difficult to fabricate. Take

a C shape as an example, the most challenging issue is how to maintain the
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straightness of the edges and the sharpness of the corners. In the case of the
aperture dimensions larger than the beam size, the ion beam will scan over the
sample surface pixel by pixel discretely along a specific path to produce the
designed shape. It means any shape is formed by a matrix of ion pixels, as
illustrated in Fig. 4-2. Therefore, three dominant factors determine the quality of
the special-shaped aperture: the scanning itinerary, the scanning direction, and

the pixel spacing.

The scanning itinerary means the sequence of ion pixels on the scanning
area. Typically, it is classified in two ways, a raster or a single pass. A raster
means a scan starts from the first pixel, stays there for a short time, moves to an
adjacent pixel and keeps moving until the entire area is scanned completely.
After one scan completes, the whole process repeats until reaching the target
dose. In contrast, for a single.pass, the.ion beam stays in the same pixel until the
required dose is done and then repeats this step in an adjacent pixel. Limited by
the position precision of the spot at every scan, a single pass is usually better for

nano-aperture fabrication.

The scanning direction of the ion beam relative to the orientation of the
aperture influences the roughness of surfaces and edges of the side wall. If the
scanning direction is aligned to a starting edge, the edge will have the best
surface quality, ie. the smoothest surface, compared to that of edges
perpendicular to the scanning direction. Because the gap width of a C-shaped
aperture and the two sides that form the gap are the most important parameters
to determine the transmission property, the ion beam must be aligned to the

aperture length to obtain a well-defined aperture.

The pixel spacing means a center-to-center distance between two adjacent
pixels. In a conventional FIB system, the pixel spacing along X and Y axis can be

set independently. Due to a similar scale between apertures sizes and ion spot
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sizes, the pixel spacing will determine the surface roughness and the actual
width of the aperture. However, since ion bombardments on target material
also result in spreading out of particles, some particles will be re-deposited
outside the exposure area. Too dense pixel density, i.e. narrower pixel spacing,

might cause redistribution of material and consequently structure distortion.

The FIBs utilized for our experiments are FEI Nova 200 at Instrument
Technology Research Center (ITRC) in Taiwan and Micrion 2500 at Carnegie
Mellon University (CMU) in the US, respectively. Both are dual-beam systems
that can do ion etching and SEM imaging. The minimum achievable ion spot is

5 nm theoretically.

4.2 Measurement Instrument

To measure the transmission properties'of nano-apertures, two instruments
are implemented. A transmission-mode-fear-field scanning optical microscope
(NSOM) is used to obtain the near-field intensity distribution from apertures. A
far-field optical system is also set up to measure the transmission through
apertures. Comparison of the intensity distribution and the transmission among
different apertures can not only demonstrate the characteristics of the proposed
design and theory but also provide more information to analyze mechanisms

behind the phenomena.

4.2.1 Near-field Scanning Optical Microscope

To resolve an image of an object, optical components are necessary to
collect the field of each image point which carries spatial frequency information.
However, because the propagating light diffracts into the far field and the
aperture of the component is not infinitely large enough to collect all the

diffraction light, the resolving capability of an optical component is limited.
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Evanescent or non-propagating waves that exist only near the object carry more
high-frequency information of the object but have intensities that decay
exponentially with distance from the object. Therefore, the spatial resolution
beyond the diffraction limit can be obtained if a detector is placed close to the
object to detect and make use of evanescent waves with high-frequency
information. This theory gives birth to near-field scanning optical microscopes

(NSOM).

fiber tip fiber tip

| <|/ sample | <|/ sample

(a) ﬂ (b) ﬁ

fiber tip , fiber tip

| +’ sample <|/ sample

(©) (d)

/] fiber tip
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Fig. 4-3 Operation modes of an apertured NSOM (a) illumination,
(b) collection, (c) illumination collection, (d) reflection, and (e)

reflection collection

NSOM can be classified into two types, apertured or apertureless type. An
apertured NSOM utilizes a tapered and metal-coated fiber probe with an

aperture having a diameter less than a wavelength on the tip. The fiber tip
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functions as a near-field light source to illuminate the sample or a near-field
detector to collect and transfer evanescent fields into detectable signals in far
field. Since the aperture has a finite size, the signal actually is the convolution of
the field of the object and the aperture. An apertureless NSOM uses a metallic
tip to scatter high-frequency evanescent fields to be converted into
low-frequency propagating fields that can be detected by a far-field detector.
The far-field signals are modulated by perturbations in near field. For an
apertured NSOM, there are five primary operation modes, illumination,
collection, illumination collection, reflection, and reflection collection, as shown
in Fig. . The first two are transmission modes while the remaining three are
reflection modes. Therefore, the choice of operation modes depends on sample
characteristics, e.g. opaque or transparent, and total amount of light on the

sample.

The essential factor to ensure the success of NSOM is the scanning system
that drives a fiber tip to fly over sample‘strfaces at a height of a few nanometers
above the surface. Two basic functions are required: capability of precise
positioning on the sample surface and accurate servo control for maintaining a
constant gap between the tip and the sample surface. A common way to
maintain the gap is the shear force feedback method. A fiber probe is attached
to one arm of a quartz crystal tuning fork and the other arm of the tuning fork is
attached to a piezo-ceramics oscillator which can oscillate the tuning fork at its
resonant frequency. Because of the piezoelectric effect of the tuning fork, i.e. an
electrical field generated under pressure and conversely dimensions changed
when an electrical field is applied, the oscillation induces an AC signal which
can be monitored. When the fiber tip is approaching to the sample surface, the
shear force between the tip and the surface damps the oscillation and causes a
change in the induced signal amplitude. The dependence of the amplitude

change on the distance then is used as a feedback servo signal to maintain the
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gap. Full-range moving and positioning of the scanning head consisting of the
fiber probe, the tuning fork, and the piezo oscillator are accomplished by

employing a 3-axis piezoelectric tube.

The extremely low transmission through the aperture of the fiber probe
results in a low signal-to-noise ratio. Thus, the illuminating light on the sample
is modulated by a chopper at a fixed frequency and the optical signal detected
by a photomultiplier tube (PMT) is amplified by a lock-in amplifier at the same
frequency to filter out background noise. Moreover, compared to the image
obtained at once from conventional far-field microscopes, the data from NSOM
is built point by point. It means that only local image information is taken in a
small step and the measured signal is an integral of the collected signal for a
finite time period. Therefore, we can only obtain a relative near-field intensity
distribution rather than an image of.an absolute illumination distribution from
NSOM. Furthermore, the topography also-induces a significant influence on
optical images because the probe cannot completely follow the contour of
sample surfaces and a nonlinear.effect of the boundary conditions occurs as the
topography changes. It implies that the near-field intensity distribution from
NSOM is not exactly the same as the real distribution of the sample.
Consequently, optical and topographic images must be correlated to prevent

misconstruing the data.

The NSOM used in our measurement belongs to Nano-Photonics
Laboratory at Research Center for Applied Science, Academia Sinica. The
measurement is conducted in collection mode. The membrane perforated with
apertures is installed on a 3-axis stage and illuminated by a focused beam with
a wavelength of 633 nm. The fiber tip scans over the surface of the sample to
obtain the near-field intensity distribution through the subwavelength aperture

in the metal film.
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4.2.2 Far-field Transmission Measurement System

A measurement system is designed and carried out to measure the far-field
power throughput. The system configuration is illustrated in Fig. 4-4. A linearly
polarized laser beam with a wavelength of 633 nm is focused on apertures by an
objective lens. The substrate that supports the apertures is attached to a holder
on a 3-axis stage so that the apertures can be finely positioned to the focused
beam. A collimating lens behind the aperture is utilized to collect and collimate
the transmitted light. In the optical path lies a CCD camera to capture optical
images through apertures, or an optical power sensor to measure the
transmitted power. In the case of oblique illumination measurement, the laser
diode and the objective lens are installed on a rotation stage that can rotate with

respect to the aperture.
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Fig. 4-4 Configuration of far-field measurement system

To align the aperture to the focal point of the incident beam, a microscope
is necessary to zoom in the illuminated area of the substrate. With the aid of

alignment keys around the aperture on the substrate, the position of the focused
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spot can be ensured to be on the aperture area. However, the aperture is too
small to be seen under a microscope so that we are not sure whether the
aperture is exactly in the optical axis and the focal plane of the incident beam.
The real-time images captured by the CCD camera provide sufficient
information to finely tune the position. With respect to the center of the
aperture, the misalignment of the incident beam causes a symmetric change in
the image pattern. It means that there are two mirror images in opposite
positions relative to the center of the aperture. Consequently, by moving the
aperture back and forth until two mirror images occur, the middle position of

two mirror images will be the target central position.

A laser beam at the focal plane is supposed to have a Gaussian distribution.
However, within the effective area around the aperture, the incident field is
assumed to be a plane wave because.the focused spot size is much larger than
the dimensions of the aperture. In -addition, the ratio of the measured
transmitted power to the “total incident power represents the overall power
transmission. To coincide with the power throughput used in the simulation,
the central peak of the Gaussian beam is assumed as the incident amplitude at
the aperture. The transmitted power is measured and then the power

throughput is calculated and compared to the simulation results accordingly.

4.3 Experimental Results

Both far-field transmission and near-field intensity distribution through a
corrugated C-shaped aperture and a C-shaped aperture with oblique
illumination are measured by means of the instruments mentioned in the
previous section. The experimental results demonstrating the transmission

enhancement by the hybrid effect are presented and discussed in this section.
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4.3.1 Preparation of Aperture

To evaluate the power throughput enhancement induced by the hybrid
effect, two groups of apertures with specific geometry and dimensions are
fabricated in a silver film by focused ion beam milling method (FIB). As shown
in Fig. 4-5 (a), (b), and (c), the first group consists of a circular aperture, a
C-shaped aperture, and a C-shaped aperture surrounded by a groove in a
200-nm free-standing silver film. It is for the study of the hybrid effect induced
by a corrugation structure. The second group is a single C-shaped aperture to
demonstrate the enhancement resulted from the hybrid effect induced by

oblique illumination on a nano-waveguide. In this group, a 200-nm silver film is

coated with a glass substrate with a refractive index of 1.475 and perforated

100 nm
J

Fig. 4-5 SEM photos of (a) a circular aperture, (b) a C-shaped

aperture, and (c) a C-shaped aperture surrounded by a groove

Fig. 4-6 SEM photo of a single C-shaped aperture for oblique

illumination
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Because the line width resolution of FIB is around 100 nm and there are
repeatability issues, the dimensions of the apertures fabricated for the
experiments are not the same as that of the optimal design in the simulation.
The minimum diameter of the circular aperture is 110 nm. The outer
dimensions of the C-shaped apertures for corrugation study are 300 nm x 200
nm with a line width of 100 nm while that for oblique illumination experiment
are 220 nm x 105 nm. In contrast, the designed groove width of 240 nm is able to

be achieved since it is larger than the minimum line width of 100 nm.

4.3.2 Far-field Power Throughput

The measurement results in the following tables demonstrate the hybrid
effect predicated by our proposed model and reveal the enhancement resulting
from this novel effect. Table-4-1 exhibits the existence of the propagation mode
in the far-field enhancement of 17.8."Moreover, the incident-side-corrugated
C-aperture yields enhancement 0ff33Tiftransmittance. Compared to a single
C-aperture, the hybrid effect can further'enhance the PT by a factor of 1.9. The
result also indicates that the SPP field can couple to the propagation mode of
the C-aperture and propagate to the far-field region. The hybrid effect
consisting of propagation modes along the waveguide and surface plasmon
wave at the exit plane of the waveguide reduces the energy decay from the exit

of the waveguide and thus makes the far-field power throughput detectable.

The measurement of the far-field power throughput through a C-aperture
with different illumination angles also obeys our simulation model, as shown in
Table 4-2. The far-field power throughput with normal incidence is 0.25 while
that with 44-degree incidence is 0.33. The hybrid effect induced by a C-aperture

with oblique illumination yielded an enhancement factor of 1.3.

Compared to the results in the previous chapter, the measured PT and
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corresponding enhancement are not as high as that in our simulation. The most
critical factor obviously is the dimensional difference between the optimal
design and the fabricated ones. In addition, since the transmitted intensity
through the circular aperture is considerably low, the detected power is easily
disturbed by the light leakage from the ambience. Furthermore, the simulated
enhancements are calculated in the near-field region, 50 nm from the aperture;
while this measurement is taken in the far-field region, usually several
centimeters from the aperture. Consequently, the dissipation of transmitted
energy through the C-aperture reduces the measured enhancement. Although
the measured enhancement is not as large as the designed one due to
fabrication limitation, the experimental result successfully demonstrates the

hybrid effect we discovered in simulation.

Table 4-1 Far-field transmission of “a «circular aperture, a
C-aperture, and a C-aperture with |al/corrugation and calculated

power throughput enhancement induiced by the hybrid effect

C-aperture with

Sample Circular C-aperture .
corrugation
Transmission (%) 0.01 0.83 1.54
Power Throughput 9.33E-03 0.17 0.31

Measured Enhancement

(Far-field, to the circular)

Measured Enhancement
(Far-field, to the C-aperture)

17.8 33.0

1.9

Table 4-2 Far-field transmission of a circular aperture, a
C-aperture with two different illuminating angles and calculated

power throughput enhancement induced by the hybrid effect

. C-aperture C-aperture
Sample Circular (0 degree) (44 degree)
Transmission (%) 0.01 1.34 1.79
Power Throughput 9.33E-03 0.25 0.33
Measured Enhancement
(Far-field, to circular) A3 S0
Measured Enhancement 13
(Far-field, to 0 degree) )
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4.3.3 Near-field Intensity Distribution

The near-field intensity distribution was picked up by means of a near-field
scanning optical microscope. The convolution of the near-field intensity with
the aperture of the fiber tip is converted to an optical signal detected by a
photo-multiplier tube (PMT) and amplified by a lock-in amplifier. Therefore,
the magnitude of measured signal represents the relative intensity in the near
field. In addition, because the transmitted energy through the circular aperture
is too weak to be recognized from the background noise, the optical image of

the circular aperture is null.

The optical signal of the single C-aperture, shown in Fig. 4-7 (a), reaches
2.5V, indicating a signal-noise-ratio of 40 dB compared to background noise of
0.02V. Moreover, the peak.intensity. of the C-aperture surrounded with a
corrugation is up to 7V, which is 2.8 times. higher than that of the single
C-aperture. The experimental result under oblique illumination also confirms
the enhancement. Figs. 4-8(a) and (b) show the near-field distribution with
normal and 44-degree incidence. By comparing the signal voltage of 1.1V in the
normal-incidence model to that of 1.8V model under 40-degree incidence, the

near-field enhancement factor can be as high as 1.6.

Due to finite spatial resolution of NSOM, the measured spot size is
unavoidably larger than the actual size. In the case of the aperture size of the
fiber probe used in this experiment ranging from 50 to 100 nm and the theoretic
spot size of this fabricated C-aperture of 150 nm x 150 nm, the measured spot as
a result of convolution is estimated around 300~400 nm, which is in agreement

with the measured result.
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Fig. 4-7 Intensity distributions measured by NSOM (a)

background noise and (b) the C-shaped aperture
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Fig. 4-8 Near-field distribution observed by NSOM with (a)

normal and (b) 44-degree incidence

To further examine the consistence of the experimental results with
simulation, the power throughput and intensity distribution at 50 nm from the
C-aperture, of which the dimensions are the same as that of the fabricated one,
are calculated with normal and 44-degree incident illumination, respectively.
The simulation results are shown in Fig. 4-9. The output spot with 44-degree
incidence has a smaller size with higher peak intensity than that with normal
incidence. The calculated power throughput enhancement as a result of the
hybrid effect is 2.2. Moreover, the calculated Ex and Ez field profile under

44-degree illumination also shows the hybrid effect in Fig. 4-10, even though the
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dimensions of the fabricated waveguide were larger than the designed one. The
incident light propagates through the waveguide with the aid of the surface
plasmon wave propagating along the dielectric-metal surface. Therefore,
although the measured enhancement is not as high as the simulated one of 2.2,
the results demonstrates that the hybrid effect contributes to the enhancement
of the transmitted power propagated along the C-shaped aperture which

functions as a ridge waveguide.
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Fig. 4-9 Calculated electnc mten31ty distribution at 50nm from the
nano-waveguide w1th the’ expenmental dimensions at (a) normal

incidence and (b) 44-degree incidence
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Fig. 4-10 Calculated (a) Ex and (b) Ez field profile with the

experimental dimensions
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4.4 Summary

The experimental results successfully confirm the existence of the hybrid
effect. The far-field transmission of a waveguide with corrugation in incident
interface is 1.9 times higher than a single C-shaped aperture and 33 times
higher than a circular aperture with a similar spot size. In the case of the
aperture with oblique illumination, the far-field transmission measurement
demonstrates an enhancement factor of 1.3, while the near-field intensity
distribution measurement shows that the enhancement can be as high as 1.6.
The measurement results are summarized in Table 4-3. These results give the
birth of our proposed straw-shaped fiber probe employing the hybrid effect

induced by illuminating the waveguide with obliquely incident light.

Table 4-3 Comparison between the measuted power throughput
enhancement of a C-shaped |aperture 'with corrugations and a

C-shaped aperture with 44-degree illumination

Enhancement C-av;\)’tiat:ure C;;f: :::e

e Corrugation | lllumination
Far-field PT 1.9 1.3
Near-field intensity 2.8 1.6
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Chapter 5 Near-field Servo Control
System Employing Self-mixing Sensor

For a near-field storage system, the optical head has to be put in proximity
to the surface of the recording medium because the optical energy decays
exponentially with an increase of the distance from the head. Conventional
near-field servo control requires a complicated system to process signals.
Therefore, we proposed a novel servo control system by employing a
self-mixing laser sensor. The dependence of the laser output on the spacing
between the laser and the target makes the laser itself function as a sensor and
thus self-mixing interferometers can reduce the system complexity [40-42].
Furthermore, the use of a lasér diode has an advantage of compact package
because the modulation in-the emitted power can be detected directly by the
photodiode inside the laser diode package. Therefore, laser diodes can be used

as a compact optical sensor and easily integrated into other systems.

In this chapter, the proposed near-field servo control system employing a
self-mixing laser sensor is developed. To characterize the self-mixing signal, a
simplified coupling formula is derived and compared to the measured signal of
a laser sensor which is obtained by modifying a conventional laser diode. A
biaxial actuator is used to drive the laser sensor. The approach limit of this
system, the theoretic minimum spacing that a laser sensor can achieve, is also
estimated base on the alignment precision and measured angular variation of a
spinning disk. According to the measured dynamic response of the actuator, a
PI controller is designed and implemented into the servo system. Finally, the

system is tested under a spinning disk to evaluate its performance.
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5.1 System Configuration

In the system configuration shown in Fig. 5-1, the disk surface and the laser
diode output facet function as an external cavity Fabry-Perot interferometer.
The laser diode is used as a position sensor by employing and sensing
self-mixing interferometry. A part of the light emission from the laser is
reflected by the disk surface and then injected back into the laser cavity. The
reflected beam is mixed with the optical field inside the cavity. This self-mixing
effect causes strong modulation of the optical output power, and is dependant
on the distance between the reflecting surface and the laser and is detectable by
the photodiode in the laser package. Therefore, the laser diode itself can
function as a direct high-accuracy position sensor and thus no external optical
interferometer is required. Given the highly sensitive correspondence between
the gap width and the optical power output, this laser position sensor can be
used to determine the gap width with nanometer scale precision. The monitor
current from the photodiode is used asthe‘feedback signal to control the pickup

and hence gap distance.

Disk

External cavity

l|+||||||»

Laser |_ Laser driver
diode
70 tical feedback
v P > Controller
Photodiode l
DVD pickup < Pickup driver

Fig. 5-1 Schematic illustration of system configuration

5.2 Characterization of Self-mixing Signal

The gap between a laser sensor and a surface functions as an external
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cavity of the laser diode. As the gap width changes, emitting light from the laser
experiences optical path difference on its way back to the laser and phase shift
at the interface coupling into the cavity. Based on assumption on multiple
reflections, we derive a simplified formula to model self-mixing interferometric
signals. An experiment is also made to characterize the signal and compare to

the simulation.

5.2.1 Modeling of Self-mixing Signal

By means of the self-mixing interferometric effect, laser diodes functions as
a position sensor. However, to further improve integration capability and
dynamic response characteristics, a length of fiber is attached to the laser diode
sensor as a gap sensing probe. Toichatacterize the feedback signal from the gap
sensing probe, we consider a -laserdiode of length Lo connected to a
single-mode fiber (SMF) oflength Lr and a target surface being gap d in front of
the fiber end, as shown in‘Fig. 5-2(a):7If We /‘assume that the reflector is only a
few wavelengths away from the laser; i.€..d<<L, the effect of the external cavity
modes due to the presence of the external cavity can be ignored [43]. The
coupling condition from the reflected light into the laser cavity alters the
effective reflectivity of the laser emitting facet and then results in the
interference with the field inside the cavity. A complex coupling factor, which
consists of a phase and an amplitude factor, is employed to describe the
coupling condition [44-45]. The effective reflectivity in terms of reflection
coefficients and coupling coefficient is used to present an equivalent laser diode,
as shown in Fig. 5-2(b), and written as
I, =Ty, —wi[cm(—rDZ Ty %) +C o (=To, Tep - (L-Rey) > -€%)"

D2 n=1

+Cns(_roz I '(1_ RF1)2 '(1_ RF2)2 ' )n] (5'1)

where rp1, rp2, 111, rr2, and r+ denote the amplitude reflection coefficients of the
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laser facets, fiber facets, and the external reflector, and Rp2, Rr1;, and Rr2 denote

the power reflectivity of the laser diode facet and fiber facets, respectively.

Ri :|ri

|2

wherei=D1, D2, F1, F2, and e (5-2)

The phase shift @ resulted from the gap d

4r-d
¢=

g (5-3)
Laser Diode Fiber Target

7l o1 I'p2 [} Irq rg2 re ;rD1 le E
S = —~ <}
D <+ <: < g

“ PN

Lo Le Lr d Lo

(a) (b)

Fig. 5-2(a) Configuration-offan external-cavity-laser diode with a

length of fiber and (b) an equivalent laser diode

If we assume the reflectivity of the target surface is much higher than that of
fiber facets, i.e. I, >>r. =r,, and the reflectivity coefficient term decreases
exponentially and much more rapidly than the coupling coefficient as the
reflection increases, we assume that the reflectivity coefficient term dominates
the amplitude and the coupling coefficient is a function of the spacing d and
independent of the reflection. The coupling coefficient Cn represents the ratio of
reflected light coupling into the laser diode at the nth reflection. Then we can

derive the effective reflectivity as follows,

1_R - i n
e =Ty _@cha(_rm I '(1_ RF1)2 '(1_ RF2)2 ‘€ ¢d)
D2 n=1
_ .1 .e'%
r, - (1-Rp,)Cps 1 -€ (5-4)

141y, 1, -e"
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The coupling coefficient C. is in terms of an amplitude factor and a phase
factor. The amplitude factor represents the fraction of reflected light that can
couple back to the cavity and the phase factor is a phase shift at the coupling

interface. Therefore, the coupling coefficient can be written as

1
. 20— —3) :
C= A(d) . e|¢c — Cc . (1_ e 1+(2:d-A H(7-wy7)) ) e dc (5_5)

where Cc is a proportional constant.

If we assume a constant drive current applied to the laser diode, the output
power can be represented in terms of the applied current I and the threshold

current Im

P

[3

o (I =1,) <[P —In(

1
——
VRiR, (5-6)

where Pc is a constant.

In the case of 11 =0.99, 12 =10.9,13 = 0.8, A = 0.635 pm and w0 =1 um, we
calculated the power outputas a function of the spacing between the laser and
the target surface according to the equations derived above, as shown in Fig.

5-3.

Normalized Power Output
o o
iS o
|

Distance d (A)

Fig. 5-3 Simulated self-mixing interferometric fringe
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5.2.2 Experiment of Characterizing Self-mixing Signal

To generate a self-mixng signal, a silicon wafer coated with an aluminum
film is placed in close proximity to the output facet of the laser diode. The
laser diode is fixed in a mount attached to a piezo actuator that provides a
back-and-forth motion to generate the interference signal waveforms. The
experimental setup is shown in Fig. 5-4(a). According to the optical alignment
method that we develop, angular alignment precision between the two surfaces

is within 50 prad.

Pitch = A/2 = 317.5nm
Target < —
Photo  Laser Surface . .
diode  Diode 3 | Linearregion %
X - = Slope: ~6mV/nm
Piezo L D Qy
IS
Actuator ‘ . > <
‘ Surface
(i ‘ ‘ ‘
-0.04 -0.02 0.00 0.02 0.04
(a) (b) Time (sec)

Fig. 54 (a) Experimental setup for feedback signal

characterization and (b) measured signal from the photodiode

The monitor current of the photodiode was converted into a voltage signal
and then displayed and saved by the digital oscilloscope. The measured result
is shown in Fig. 5-4(b) when the operating current was 35 mA and the sampling
rate was 10 ks/s. The signal is a periodic function of the distance with the
maximum amplitude of 0.37 V and the pitch, a complete interferometric fringe,
corresponds to a displacement of A/2, which is 317.5 nm in this case. Although
within a fringe, the signal varies nonlinearly with respect to the displacement, it
can be approximated as a linear function in the middle half region, as indicated

in Fig. 5-4(b).
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Fig. 5-5 Comparison of a measured feedback signal and a

calculated self-mixing interferometric signal

Because the absolute value of output signals is highly dependent on gain of
the control system, we normalize both measured and calculated signals to unity
and convert them to a functioh of relative position in terms of wavelength. The
comparison in Fig. 5-5 shows that the. proposed model agrees well with the
measurement. The result -also  clearly exhibits an asymmetry in the output
power. This phenomenon results from a‘phase shift that the reflected field
experiences as it is coupled into the laser cavity. The phase shift is dependent on
the optical path difference as a result of change in the gap width. Therefore, the
coupling coefficient is a complex function of the gap width consisting of an
amplitude reduction term and a phase shift term. The degree of asymmetry
rises with an increase of the reflectivity of the target surface. In contrast, in the
absence of the target surface, the peak of the signal will locate at the relative
position of 0.25A, i.e. the output power is a symmetric curve. Consequently, the
asymmetry in the signal also identifies the moving direction of the target
surface. Moreover, the slope of the signal, the sensitivity of the signal to the
position variation and also the minimum displacement resolution that the
sensing probe can achieve, is obtained by finding the derivative of the signal

function. This characteristic implies that the deeper the slope of the signal is, the
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finer the displacement resolution is. Calculated position accuracy can
theoretically be as small as 2 nm, which is competitive with other control

methods.

5.3 Fabrication of Laser Diode Sensor

This system comprised, a commercial Sanyo laser diode, DL3148-025, with
A =635 nm and a maximum output power of 5 mW mounted on a conventional
DVD pickup provided by Philips, as shown in Fig. 5-6(a). The laser was
driven by a Melles Griot laser diode driver, 06 DLD 203A, and the signal from
the photodiode was sent to the analog-to-digital input port of a dSPACE D51103
system in which the controller was implemented. To actuate the pickup the
drive signal from the dSPACE system was'converted into a current signal by the

pickup drive circuit.

Modified Philips DVD piku
(a) (b)

Fig. 5-6 (a) photo of the pickup with laser diode mounted and (b)

side view of modified laser package

To bring the laser close to the disk surface and into the near field, some
modifications were made to the commercial laser mount. Fig. 5-6 (b) shows a
side view of the modified laser diode mount. In addition to the cap that was
removed from the standard package, the corner of the stem was filed to obtain a

30-um clearance between the package and the top of the laser.
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5.4 Approach Limit
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Fig. 5-7 (a) Angular variation of the disk and the laser size
determines the approach  limit. and (b) the measured angular
variation of the glass disk _at different radial position along

tangential and radial direction

Due to the angular variation of a spinning disk shown schematically in Fig.
5-7 (a), there will be mechanical interference between the laser diode and the
disk when the laser approaches the surface. Therefore, we define the approach
limit as the closest distance that the laser can achieve without mechanical
interference. If the disk surface is assumed to be planar locally then from the
geometry, the approach limit at a radial position is determined by the maximum
angular variation in a revolution and the size of the laser. To measure the
angular variation, a laser beam along the tangential or radial direction of the
measured disk illuminated the disk surface and the reflected beam was
projected onto a screen. Using the optical lever method, the angular variation
was obtained by measuring the position of the reflected beam on the screen.
From the measured angular variation of the disk at different radial positions

shown in Fig. 5-7(b), the approach limit is around 75 nm when the laser size is
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300 um. To approach to the near field, the laser size should be reduced to less

than 100 pm to achieve an approach limit of less than 25 nm.

5.5 Controller Design

To control outputs of a dynamic system to follow a desired state, a
controller is implemented to manipulate inputs and compensate for
disturbances to the system. Thus, a transfer function has to be used to describe
the response of the system to inputs. Then the dynamic response of the actuator
has to be analyzed. Accordingly, a PI controller and a compensator is designed
and implemented into the feedback control system. An active gap control
system employing a self-mixing laser sensor is realized. The system is tested
under an actuated surface and a spinning disk to demonstrate the operation of

the active gap control system with'nanometer-scale precision.

5.5.1 Dynamic Response of Actuator
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Fig. 5-8 (a) Measured open-loop frequency response of the
actuator and (b) calculated step response of the actuator according

to the modeling transfer function

Prior to the controller design, the open-loop frequency response of the
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actuator, consisting of the pickup with the laser sensor installed and the pickup
drive circuit, was measured. As shown in Fig. 5-8(a), the first resonance
frequency is 42Hz and the transfer function of the actuator was modeled
accordingly. Then the step response of the pickup was calculated, as shown in
Fig. 5-8(b). From these results, it is clear that both the settling time and the
overshoot can not meet the system requirements. The dynamic performance
which determines the control precision was degraded because the laser diode

doubles the weight of the moving part of the pickup.

To improve the frequency characteristics, high-viscosity resin was added in
the damping area of the suspension wires of the pickup. As a result, the
damping coefficient was increased by 200% which was accompanied by a 15%
increase in the spring constant. Compared to the initial pickup, the response
shown in Fig. 5-8(b) was obtained. . ‘[he.modification reduced the overshoot by
40% and the settling time by'70% while -the first resonance frequency was

moved to a slightly higher frequency of 43Hz.

5.5.2 Controller Design

Controller Plant

|

[ .
+ Lead Pl l;| Pickup .
> compensator ~|controller[” DAC }T’ Driver | Pickup

| |
| |
| A _ | |
| :| ¥ |
| ! Photo- || Laser ||
| 1 diode Diode |!
| | |
| | y
| | . |
| | |
| |

Fig. 5-9 Block diagram of the gap sensing probe system

The block diagram of the gap sensing probe system shown in Fig. 5-9
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consists of two major parts, a plant and a controller. The laser driver provides
the laser sensor a constant current and monitors the output power of the sensor.
The light reflected from the target surface couples into the laser sensor and
results in modulation of the output power. The feedback signal detected by the
photodiode is amplified by a amplifier to improve the signal-to-noise ratio and
then sent to the controller which is implemented in a digital system. After being
processed by a proportional integral (PI) controller and a compensator, the

drive signal is converted into analog form and feed back to the laser driver.

100

)]
o

Magnitude (dB)
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©
o

Frequency (Hz)

Fig. 5-10 Open-loop frequency response of the active height

control system

Using a linear approximation of the feedback signal and given the
frequency response of the actuator, a proportional integral (PI) controller was
designed to actively control the distance of the laser from a spinning disk at a
rotation speed of 1200 rpm or greater and with runout of 20 um or less. The
controller was digitally implemented in a dSPACE DS1103 system at a sampling
rate of 100 kHz. In Fig. 5-10, the dashed curve shows the open-loop dynamic
characteristics of the active height controller system as designed. From the

calculated data, the bandwidth is 6 kHz and the phase and gain margins are 52°
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and -24dB, respectively. To evaluate the performance of the entire system, the
controller was implemented in the dSPACE system and then the open-loop
frequency response was measured. Compared to the designed characteristic,
it is clear that the controller meets the design requirements and the frequency

response agrees well with the design.

5.6 Operation Test

To evaluate the performance of the gap control system, we conduct two
experiments, an actuated surface test and a spinning disk test. The purpose of
the first experiment is to optimize the system so a simple back-and-forth
movement of a surface in front of the laser sensor is activated by a piezo driver.
Then the second one successfully idemonstrates the operation of the system

under a spinning disk.

5.6.1 Actuated Surface Test

To evaluate the control system and avoid having the laser diode crash into
the disk surface, an actuated surface test was employed prior to operation
under a spinning disk. The configuration of the actuated surface test system is
shown in Fig. 5-11(a). A silicon wafer coated with an aluminum film was
attached onto a piezo actuator in proximity to the laser sensor and the two
surfaces were aligned to be parallel. A Polytech OFV-3001 laser interferometer
was used to detect the real-time vertical movement of a spinning glass disk with
an aluminum film coating at a radial position of 50 mm. The detected signal
from the interferometer was sent to the piezo driver to synchronize its

movement to the silicon wafer.

At a rotation speed of 1500 rpm, the vertical runout at the radial position of

50mm is measured to be around 16 um, as shown by the results in Fig. 5-11(a).
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Due to the gains of the interferometer and the piezo actuator, the actual
displacement of the silicon wafer was around 4.8 um. From the experimental
result shown in Fig. 5-11(b), when the servo was turned on, the control system
was able to precisely follow the motion of the silicon wafer and reduce the

residual position error to 1.5 nm.
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- (Gain: 6um/V) (Gain: 0.05V/um) Error signal l
Piez0 ¢ |nterforometer| MY SOMRURMARMAY AR el ST
driver T
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o)) Pickup) drive,signal 2
. Q n‘..ﬂl .J\w‘ ¥ " p ww..fz ‘Huh ‘R‘u P HM
Silicon wafer Detector S W L L 5 M A
>
Drive Laser . )
circuit driver | Aluminum film @ Feedbacklsiahal
? * ‘H ', Mr i Tu'm -w“rn""‘w"w i
Controller ~ Spinning disk 3
Time
(a) (b)

Fig. 5-11 (a) Configuration of actuated surface-test system and (b)
experimental results when the“displacement of the actuated

surface is 4.8 um at 1500 rpm

5.6.2 Spinning Disk Test

Finally, the control system was tested under a spinning disk. The
configuration of the disk test system is shown in Fig. 5-12 (a). The pickup with
the laser sensor installed was mounted on a stage that provided 3-axis
positioning and 2-axis tilt adjustment which can compensate the angular
variation of the disk surface. A 120-mm diameter glass disk coated with an
aluminum film was clamped on an air-bearing spindle. In order to align the
laser to the disk surface, a laser beam was used to illuminate an open window
at the disk edge. Through the open window, the incident light was split into

two beams at the glass-air interface. One was reflected by the interface and the
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transmitted light was reflected by the laser diode. The orientation of the
pickup was adjusted until these two reflected beams were parallel ensuring

alignment of the laser to the disk surface.

The system was tested at rotation speeds ranging from 200 rpm to 1500
rpm. Fig. 5-12 (b) illustrates the error signal, pickup drive signal and feedback
signal when the servo was in closed-loop operation at rotation speeds up to
1500 rpm. From the data, the residual position error was about +9 nm when
the vertical runout was 16 um and the linear velocity at the servo radius was
about 7.8 m/s. The residual error is much larger than the actuated SIL has
achieved and we believe that this is due to noise in the electrical system which

may yet be reduced.

L
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@ Alignment beam
— K\{}/ Open window

4

Spinning disk

|
T
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Aluminum film —
Laser driver

Controller

Drive circuit

Stage

(a) (b) Time

Fig. 5-12 (a) Configuration of spinning disk test system and (b)

experimental results with a disk runout of 16 um at 1500 rpm

5.7 Summary

We design and characterize a laser sensor employing the self-mixing effect.
Based on open cavity theory and complex coupling coefficients, we derive a
simplified formula to model the self-mixing signal of the laser sensor. The
experimental result is in agreement with the simulation. According to the

measured signal, the theoretic position precision can be as small as +/- 1 nm.
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Then the laser sensor is fabricated accordingly by modifying a commercial laser
diode. The approach limit, defined as the closed distance that the laser sensor
can achieve, is 75 nm when the angular variation of a spinning disk is 500 prad

and the width of the laser sensor is 300 um.

To design a controller for the laser sensor, we measure the dynamic
response of the actuator used in our experiment. The measured open-loop
frequency response of the control system fulfills the requirement of our design.
The bandwidth is 6 kHz and the phase and gain margins are 52° and -24dB,
respectively. The control system is then tested under an actuated surface and a
spinning disk. When the spinning speed is up to 1500 rpm, the residual position
error is #*1.5 nm and *9 nm in the case of the actuated surface with the
displacement of 4.8 um and the spinning disk with the displacement of 16 um,
respectively. As listed in Table 5-1; compared to’conventional near-field servo
control methods, the self-mixing method has advantages of high precision as

well simple and compact configtiration.

Table 5-1 Comparison of near-field servo control methods

Gap signal method Shear force method Self-mixing method
{Solid immersion lens) {Fiber probe) (Writing probe)
Polarization change as a |Resonance change as a Output power as a
Theory . . .
function of gap function of gap function of gap
. . Polarized b .
Major Devices ° .a rized beam 1) Fiber probe 1) Laser sensor
splitters
2) Photodetectors 2) Tuning fork 2) Fiber probe
3) Biaxial actuator 3) Lock-in amplifier 3) Biaxial actuator
4) Piezo actuator
5) PMT
Scanning velocity 562 0.1%* 79
(m/s)
Residual error (nm) +t1.0* <] ** 1.5
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Chapter 6 Conclusions and Future
Works

6.1 Conclusions

To resolve issues of low efficiency, complex configuration, and low
integration capability that conventional near-field light source systems
encounter, in this thesis, we demonstrated a novel dual-probe near-field fiber
head consisting of a straw-shaped writing probe and a flat gap sensing probe as
a near-field light source for either optical or magnetic recording. We also
discovered the hybrid effect that enhances transmission through a waveguide
by inducing propagation modes and surface plasmons modes simultaneously
as well as introduced the self-mixing effect.that makes a laser diode function as
a precise position sensot. Based-‘on these two effects, this system takes
advantage of fiber probes to. achieve high transmission, compactness, and
integration capability and opens a new avenue for near-field applications. We

would like to highlight achievements and contributions this thesis made.

1. The theoretic limitation on transmission of a subwavelength aperture is a
bottleneck that constrains the development of storage density. By inducing
surface plasmons polaritons modes on a ridge waveguide, we discovered the
hybrid effect in a subwavelength aperture that enhances the transmission by
a factor of 10° higher than that of a conventional aperture. The surface
plasmons polaritons modes are excited by incident light introducing a
corrugation structure or attenuated total reflection and coupled into the
propagation modes within the ridge waveguide. We investigated the
mechanism and showed the evidence of the existence of this effect. This

effect breaks the theoretic limit and provides a new approach for near-field
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community.

2. According to the hybrid effect, a straw-shaped fiber probe was demonstrated
to achieve a compact near-field light source with high efficiency. The power
throughput of the straw-shaped fiber probe is 10° higher than that of a
conventional fiber probe. Compared to the power throughput of a single
C-shaped waveguide, the enhancement resulting from the hybrid effect is 3
and 1.6 in simulation and experiment, respectively. Since this
high-performance straw-shaped fiber probe is simple and compact for
integrating into other systems, such as actuators or magnetic heads, it is a
practical solution to the demand for high density recording systems and also
can be widely used for other applications, like image detecting and

lithography.

3. Although the self-mixing effect of a laser diode has been used in sensing
displacement, velocity, or acceleration, it'was the first time to be applied in
nano-scale servo control for: near-field-data storage systems, including
detecting subwavelength position ‘and achieving nano-scale precision. The
theoretic position precision of our laser sensor can be as low as *1 nm; while
with a proper design, we demonstrated experimental precision of *1.5 nm,
which is competitive to and even lower than conventional methods that have

bulky and complicated configuration.

4. By introducing a fiber to deliver laser beam to the medium and reflected light
back to the cavity, the gap sensing probe can be easily installed on any
miniaturized actuators, optical or magnetic heads for precise gap control.
The simple configuration makes the gap sensing probe possible to be
integrated into other systems without degrading dynamic response and feed
back a sensitive and precise servo signal. A gap control system with +1.5 nm

position precision can be easily realized by only installing the gap sensing
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probe on a conventional biaxial pickup. Compared to the complicated
configuration of near-field control systems, the system demonstrated

provides a simple, economic, and high-performance solution.

In summary, the dual-probe near-field fiber head demonstrated is an
efficient, miniaturized, and compact integrated optical head with simple and
precise gap servo control. By introducing the hybrid effect and self-mixing
effect, we achieve the design goal we set for a near-field light source for optical
and magnetic storage systems. The innovative and novel results that this thesis
presented open a new avenue to near-field transmission and servo control, and
indeed make a significant contribution to near-field optics and data storage

systems.

6.2 Future Works

Based on the achieverments made, we will suggest the following topics as

extensions of our research.

1. If correspondences and coupling mechanisms between existing propagation
modes and surface plasmons modes can be analyzed and figured out, the
energy probably can be transferred more efficiently and the overall
transmission might be further enhanced accordingly. To increase the
efficiency of the system, a practical solution is to focus the propagating field
inside the fiber into a smaller spot on the nano-waveguide. Therefore, a fiber

lens is also suggested to be inserted between the nano-waveguide and the

fiber.

2. In this thesis, both the simulation and experiment on the near-field light
source were conducted in the absence of the disk. However, the actual field

will be altered if a surface is moving to the proximity of the exit plane of the
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nano-waveguide. Therefore, the interaction between the external surface and
the emitted field from a nano-waveguide should be studied to characterize
the effect of the surface on the field and the transmission. In addition,
although we have demonstrated the operation of our fiber head system on a
spinning disk, we would like to suggest a writing test on the storage
medium according to the study on the interaction between the emitted field

and the disk surface.
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