THFRFF Y 2 SIS HEFRLABE S WUE
. T e
Z k3
Study of The Integration Process between The Nano-Aperture and

Solid Immersion Lens for Near-Field Recording Pick-Up Head

(N S ] 3

BEEE R



Study of The Integration Process between The Nano-Aperture and Solid
Immersion Lens for Near-Field Recording Pick-Up Head

p= 4 IEFMEE Student : Hung-Lung Hsu

e
|

ERR R Advisor : Wensyang Hsu

A 'Thesis
Submitted to Institute of Mechanical Engineer
College of Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of Master

in
Mechanical Engineering
June 2005

Hsinchu, Taiwan, Republic of China

PEARAY e £



WHELFF PR 2

SE
>\
A
-4
I
:ﬁ
=
B
i
(Sh
=
i
o
=
i
N.
k!
o+

Fyd ot IR R AL

BATH R BBk P o Mt R EERER (SIL) 5 ¥4 kIR EF e
&

B P ] R BEenA ST e B ¢ ATt h Y o g ) B R eIt % ek )
AL A I - S é AR B RFIESR fRATR KA d 203 A I L R
A3 F R 14 s quu bz B - B & é'ﬁ c A oo T SIL > B8 2R 7K F ek Bl

E
GESEES -SRI i E =k R R RN S VRN S I ¥ LRI
f” Lrse&wmwf'#iuaﬁﬂwﬂ ) ’?ﬁ&% 21 SIL % & > Bl d 30 x 5430 i3t chsk 5
R 4o 0 Ft Sk e dp i A kA o 2R A e KA AR S 3 53 27 SIL/SSIL pF
Re A2 ?]L'g’pf-ﬁ v e dom #-2 F st SIL/SSIL #rr &R 3 £ %‘5’7‘&"}5 Q}EJ(;‘};{‘E .
j‘%* 2y E R E A ) B A B R Bl Wit SIL/SSIL £ % o siicit 2 B L.
1‘# cH P I RE A R EFE R oom SIL/SSIL R E A * #ow ik @l AziE
FRLIE e 57 RREIEEL > A8 AR SRR B0 241 gl
A2¥ £G4 T FAL N APREBG c ARILRI D5 o P e BT RAGK
2 Hed R B ARG R P o B AR 2 C A
BB F3 @ >SIL 12 % SSIL ¢ #iFas » @ Hi A = G384 % A 3% p o &t
Fat2 @ o ¢ g@iFd B /2 103nm ~ 148nm ~ 329nm ] 2 % 2 < 303nmx205nm -
223nmx105nm e C 2j3%  #F7 5 ¥ 3 d 6 R+ BMCAL(SEM )R R 1k 01 £ SIL/SSIL
B3 oK I p A BT T
é—iﬁb‘?—ﬂ BlE% Y 0 ¥ F T 329nm HF]FU 0 o SIL £ B 45 329nm 3t 2 AE 4
kg T e 168 i AT SILAER F A% 2 ;.’”LmJoﬁg,]“"* <o ¥
AP REL SIL & i p AR HEOT Tl & CA)I RS 6 0 G
kghx o] 2 35T 5 303nm*x205nm 7 C 2534 A ,L;@,]»h*;;% bl /T 148nm AV # B
14325 % o 2 % j& 148nm ]34+ > E 42 15pm 0 SIL £ 303nmx205nmC 2)3 2. #F &
i ”Dﬁs«] F G H 3T RN 24438 B B AL SIL Y CA54 k7 L IgREB
Sk X Bl et

«Sﬁi



Study of The Integration Process between The Nano-Aperture and Solid
Immersion Lens for Near-Field Recording Pick-Up Head

Student: Hung-Lung Hsu Advisor: Wensyang Hsu

Department of Mechanical Engineering
National Chiao Tung University

Abstract

For near-field recording systems, Aperture and Solid Immersion Lens SIL  are two
popular techniques to overcome light diffraction limit and reduce spot size. In aperture
systems, seeing that light spot size is directly determined by aperture size, aperture systems
can provide an ultra-high resolution by reducing the aperture size to nano-scale. However,
nano-aperture suffers from low power throughput which results in the recording speed unable
to be promoted. SIL systems, while can providing a smaller spot size than obtained in
conventional optical recording systems with still maintaining high optical throughput, do not
have the resolution observed from aperture probe systems. According to previous researches,
nano-aperture combined with SIL/SSIL can improve the throughput owing to greater power
densities at the aperture. However, the misalignment between the SIL/SSIL and
nano-aperture always occurred in assembling or bonding step. How to align the
nano-aperture and SIL/SSIL together precisely has not proposed yet. In this research, the
purpose is concentrated on combination of SIL/SSIL and nano-aperture by Nano/Micro
Electro-Mechanical Systems N/MEMS technology, where nano-aperture is fabricated with
Focused Ion Beam FIB system and SIL /SSIL are formed by thermal reflowing process. In
order to overcome the misalignment between SIL/SSIL and nano-aperture, a self-alignment
technique based on self-modulation by surface tension during thermal reflowing process is
proposed. About aperture designs, the influence of varied shapes of apertures at optical
throughput is also studied. Here, circular apertures and C-shaped apertures are introduced.

In fabrication results, SIL and SSIL are fabricated and the maximum error is less than
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3% in comparison with the designed values. About nano-aperture, the diameter 103nm,
148nm, and 329nm of circular aperture and the dimensions 303nmx205nm and
223nmx105nm of C-shaped apertures are fabricated. The feasibility of self-alignment
technique between SIL/SSIL and nano-aperture proposed in this research is also verified by
Scanning Electron microscope SEM

From the measurement results of far-field system, the 15um-diameter
SIL/329nm-diameter circular aperture component has 1.68 times enhancement of throughput
compared with 329nm-diameter aperture alone. This result shows that SIL can really
enhance the light throughput of nano-aperture and the feasibility of self-alignment technique
between SIL and nano-aperture is further verified. About measurement results of C-shaped
apertures, the throughput of 303nm>205nm C-shaped aperture alone is 14.325 times larger
than that of 148nm-diameter circular aperture-alone, while maintaining a comparable
near-field spot size. Even ' the = throughput of 303nmx205nm  C-shaped
aperture/15um-diameter SIL component can.be-enhanced by 24.438 times as compared with
148nm-diameter circular aperture alone. This‘tesult indicates that combination of SIL and

C-shaped aperture can really greatly enhance the performance of near-field pick-up head.
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Chapter 1 Introduction

1.1 Motivation

The technology of optical data storage has grown up greatly. Fig. 1.1 +£3 ¥, 1999
shows the roadmap of the storage density. From CD to single-layer DVD, the data capacity
has grown about 7.2 times. Furthermore, in blu-ray, since the wavelength of light is down to
405nm, the data capacity can be promoted to 25GB per layer on a 120-mm diameter disk. In
conventional optical storage systems, including red-ray system or blu-ray system, data
storages are read or written in far field. Owing to light diffraction limit in far-field, light
cannot be focused to an arbitrarily small'spot even by a perfect lens free from aberrations.
According to near-field recording theorem; the spot size is not restricted by diffraction limit if
the data storage system is operated in near-field. * There are many devices were proposed to
reduce the spot size for near-field“recording. However, how to fabricate a pick-up head for

near-field optical data storage with high light throughput has become an important issue.

| Thits/in® STM/AFM 508 ——i
100Gbits/in® | &
near field
— |'|;';ll'-!i'"’;-1-
1 0Gbits/in? . R e
GMR head HD
Chire/ind _
Al MR head HD
. I |
(.1 Gbits/in* | ) I | ‘ | I I (R I

2000 2005 2010

Fig. 1.1 The roadmap of data storage density +k % %, 1999



1.2 Conventional recording

In conventional recording, the spot diameter only focused by an objective lens in far
field can be expressed as:
Dipot  A/INCA L ettt 1-1
N.A. =n*sinf

A is the wavelength of incident light and N.A. is the numerical aperture of objective
lens. n is the refractive index which is equal to 1 within the air environment. From Eq. 1-1,
it can be found that smaller A or using an objective lens with high N.A. can shrink spot size
and then increase data capacity. Fig. 1.2 shows that the light source focused on the media
surface by the objective lens reads or writes data, where the disk is so-called

substrate-incident disc.

objective lens W  laser beam Y

substrate-incident disc

Fig. 1.2 Schematic diagram of conventional recording.



1.3 Principle of Near-Field optics

In conventional optical recording, the spot size is restricted to light diffraction limit.
For near-field optical data storage, two major components, Solid immersion lens SIL  and
sub-micro aperture have been proposal in order to overcome the light diffraction limit. In

the following sections, the related principles of near-field optics are described.

1.3.1 Near-Field recording with solid immersion lens

In 1994, the research group in Stanford University proposed a new design for optical
data storage to reduce the spot size efficiently [Kino et al. 1994]. The different point from
conventional optical recording is added a so-called solid immersion lens SIL ~ between the
objective lens and disk. As showniin Fig. 1.3,seeing that the refractive index of SIL (n,) is

larger than 1, the speed of the inident laser beam within the SIL is slowed down.  In other

words, the light wavelength within the SH--becomes % so the final spot size focused on
1

the bottom surface of SIL by objectivelens can be shrunk by a factor of n, in comparison
with the structure without SIL. When the incident angle 6, of light is larger than the
critical angle @, the focused laser light on SIL/air interface suffers total internal reflection
and creates transmission light wave, so called evanescent wave. Without the evanescent
wave, the well-defined spot focused by objective lens only exists in SIL. According to
electro-magnetic wave theorem, the distribution of transmission electrical field E; can be

expressed as:

Er = Bl 2000 1-3

n2
a =k, |[—sin? 6, =1 =Kyy/nfsin® @ —1 ... 1-4
n2



ﬂ=k{%ﬂmﬂj=bmﬁm@) ........................................................................ -5
2

Where n, is refractive index of air which is equal to 1, &, is the angle of incident light
which is larger than 6, Kk, is the wave vector in the air environment and « is defined as
the skin depth which approximates A. From Eq. 1-3, it is found that the transmission light
wave or called evanescent wave only exists within a distance which is smaller than the
wavelength of incident light because it decays exponentially. Therefore, the gap size
between the SIL and the disc must be precisely controlled and the conventional
substrate-incident disk must be replaced with the surface-incident disk.

Fig. 1.4 shows another configuration of SIL lens, so called superhemispherical SIL
(SSIL). The distance between the bottom surface of SSIL and the center of curved surface is

% ., where r is radius of SSIL. The SSIL bends'the light at the curved surface and focuses
1

the incident light on the SSIL/ait/interface. -Since not'only the wavelength within the SSIL is
shortened by a factor of n,, but:thesin@ 'is-also . increased by a factor of n, the spot

diameter can be reduced by a factor of ‘nfi"according to Eq.1-1.

Y surface-incident disc

Fig. 1.3 Optical data storage structure with solid immersion lens.



(1) Hemispherical SIL (2) Superhemispherical SIL
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Fig. 1.4 Principles of SIL and SSIL 32T 1998

1.3.2 Near-Field recording with'sub-micro aperture

If there is an diameter a of aperture, at z =0 the light intensity can be expressed as

2

L(FaZ = 0) = EXP(=n) oo e, 1-6
a

By using fourier transform of Eq.2-6, a gaussian distribution of transverse wave vector

(k,) can be found and the relation of k, k,,and k, can be expressed as follows:

Where k is wave vector at vacuum which is equal to 2774, Kk, is the component of k
in x direction and K, is the component of k in z direction. A4 is the wavelength of the

incident light.

If k. <k, k, isareal number and the wave is a propagating wave. On the contrary, if

the k,>k, k, isanimaginary number and the wave is an evanescent wave.



If a better resolution wants to be obtained, the k, must be larger than 1/a. Here, it is
assumed that @ must be smaller than A4 and then the analysis can be further expressed as

follows:

a<<A and k* =k +k;
K, >> K= =K R K, e 1-8
k, =ik, =i/a

From Eq.2-8, it is found that when a<<A, Kk, is an imaginary number. The light
wave is an evanescent wave and the length of attenuation is about a distance of a. For this
reason, if we want to overcome the light diffraction limit with using sub-micro aperture, two
requirements should be met:

1. The aperture diameter must be smaller thair light wavelength.

2. The distance between the dige and aperture must-be smaller than light wavelength.

1.4 Related Research

Many research groups have proposed various novel methods to overcome the
diffraction limit. SIL and sub-micro aperture are the key components to realize near-field
recording. The fabrication methods of SIL/SSIL, sub-micro aperture, combination with SIL

and aperture, and integrated pick-up head will be discussed in the following sections.

1.4.1 Fabrication of SIL/SSIL

In 2000, Yee et al. reported a micro-molding method to fabricate SSIL. As shown in
Fig. 1.5, hemispherical dome-shaped pits are isotropically etched in a single crystalline silicon
substrate.  After putting into an optical grade PMMA powder in the silicon master, the mold
is heated above the glass transition temperature of PMMA. By a proper pressurizing,

cooling, and releasing processes, the uniform micro solid immersion lens can be produced.



.
Fig. 1.5 Fabrication of the SIL b;/ ;ress molding (Yee et al., 2000).

In 2001, Lin et al. reported a new method te fabricate micro-ball lens in a planar
substrate. As Fig. 1.6 indicates, the process.concept-is that at first, polyimide is spin coated
on the substrate and a thick phototesist(AZ4620) is then patterned on the polyimide film.
During development, the exposed PR and the polyimide can be etched at the same time. The
final process is heat treatment at 190  for 12hr. Because the glass transition temperature of
AZ4620 is smaller than 190 , it begins to become the liquid-like photoresist and tends to
reduce the surface energy. By controlling the pattern dimensions of AZ4620, the different

sizes of micro-ball lens can be formed.

substrate .-
photoresist

M

polyimide
Fig. 2: Fabrication process.

Fig. 1.6 Fabrication process of microlens array (Lin et al., 2001).
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Fig. 1.7 Fabrication process for silicon nitride SILs (Crozier et al., 2002)

In 2002, Crozier et al. proposed micromachined method to fabricate silicon nitride solid
immersion lens. The fabrication*processmissshown’in Fig. 1.7. By deposition and etching
process, the dome-shape fillistet is isotropically etchihg in the silicon dioxide layer. After
depositing silicon nitride, the PRUis patterned-on silicon nitride film and reflowed thermally.
Plasma etching is then used to transfer'the PRiimto the underlying silicon nitride layer to form
a tip. It is noticeable that the plasma etch recipes must be controlled to give approximately
equal etch rates for the silicon nitride and PR.  Finally, by plasma etching backside Si wafer

and wet etching silicon nitride film, the SILs integrated with cantilever beams can be formed.

1.4.2 Fabrication of sub-micro aperture

In 1998, Pilevar et al. introduced a focused ion-beam (FIB) fabrication method to
produce a tiny aperture. As Fig. 1.8 indicates, the ion beam is raster scanned within the
rectangle region to precisely remove the tip of glass fiber coated with a 100-150 nm

aluminum. Typically, the diameter of the opening aperture is smaller than 100 nm.



100 nm aperture

150 nm Al film

Fig. 1.8 Using FIB milling procedure to produce a near-field aperture (Pilevar et al, 1998)

In 1999, Phan et al. represented a novel fabrication process to batch produce the tiny
apertures. The fabrication process is shown in Fig. 1.9. First, the gap for capacitance
detection, side of cantilever and etch pit for the tip are formed by oxidation, lithography,
silicon dioxide patterning and Si etching step.”+Then, a thick thermal oxide film is grown at
1050 . Due to the effect of locally compressive intrinsic stress with the oxide, the thermal
oxide film at the bottom of a pyramidal etch pitis thinner. After the partly etching with BHF

solution, the aperture at tip of pyramidal is formed.
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Fig. 1.9 Fabrication of a fiber tip by chemical etching (Phan et al. 1999).



In 2000, Suzuki et al. introduced a so-called solid-solid diffusion method to fabricate
the near-field aperture. Fig. 1.10 indicates that the probe is coated with chalcogenide film
such as Te by sputtering and then a metal such as Ag is contact with Te. Since Ag can
diffuse into Te coated on the probe, the alloy is produced at the contact area after several
hours. The alloy is only left on Ag film after removing the cantilever from the Ag film
because the mechanical strength of Te is weaker than that of Ag. The aperture size can be

adjusted by controlling the contact area, temperature, and time.

Ag

ﬂpertur_g
Te ~ AgTe

Cantilever

= HAESA &
Fig. 1.10 Schematic diagram of solid—s_lolid"difﬂlsfc)n method Suzuki et al., 2000
L N - - o - | ...Il

In 2001, Lane et al. proposéa’..é-. low cost method to fabricate sub-micro aperture. As
shown in Fig. 1.11, an array of initial aperture size is defined by lithography process and then
overelectroplating method is adopted to shrink the initial-aperture. The electroplating

parameters controlling the diameter of final aperture include electroplating time and current

density etc.

Afier eleciroplating

Fig. 1.11 Schematic diagram of making a sub-micro aperture by over-electroplating (Lane,

2001).
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1.4.3 Combination with SIL and aperture

Solid immersion lens systems and aperture probes are two popular methods to reduce
spot size. However, for conventional square apertures, the power throughput from the
aperture decays as the fourth power of aperture size when the aperture size is much smaller
than the light wavelength. The resolution observed from solid immersion lens system is not
as good as that observed from aperture probes. In 2001, Milster et al. represented a new
method based on the combination of a SIL and an aperture probe to overcome the
shortcoming of the techniques used separately. Fig. 1.12 illustrates the fabrication process.
At first, a 2 gm thick SiN membrane is fabricated. A 100nm thick Al is deposited on the
membrane next. An array of 200nmx>350nm apertures is then cut with FIB. Finally, SIL is
attached to the backside of SiN membrane. Because the light source is focused and the spot
size illuminating the aperture is-shrunk by SIL: compared with the spot size with fiber-based
or far field illumination, the light throughput can be greatly improved. The resolution is
mainly determined by the aperture size:.. However, the SIL and aperture is not easy to align
precisely in assembly process.

2y Sik

membrans

Zi base __r_r|:|
substrate

fabricate SiN membrane

- —
100 nm Al coating EI depasit Al

L]
[]
200 x 350
nanplerture nmh________*
L] []
L]

cut aperture with FIB

center and attach SIL

1T mmd ameter__ﬂE‘H

LaSFNS SIL

Fig. 1.12 Fabrication process for aperture array combined with SIL (Tom D. Milster et al.,

2001).

11



- = = =
{a) Deposit 5,0, nx racrificial layer (b} Mack#1 {c) Thermal reflew
m; 2 l
I I—I| & | | I = 1 | E—
() Eleciroplating Ni fo reduce () Sputter Cu as seed layer () Si0, stching
aperture tize

g

== == _—e-—

I— —

{g) Lithopraph maslo¥? {k) Theermal reflow {t) Beleaze

Fig. 1.13 Fabrication process of the sub-micro aperture combined with microlens (Chou et al.,

2002).

In 2002, Chou et al. proposed another method to combine sub-micro aperture and SIL.
The fabrication process is shown in Fig._.1.13. The“ photoresist (AZ4620) is patterned by
lithography and then thermal reflowed-to form-a slope sidewall which can allow more light
illuminating the aperture. After electroplating, the initial aperture can be shrunk to a
sub-micron size. Finally, SIL is formed on the aperture by patterning a photoresist and then

reflowing thermally. However, the misalignment between aperture and SIL is still existent.
Opening ring

A

glass substrate

Backside
exposure

Fig. 1.14 The self-alignment mechanism between SIL and aperture (Chang et al., 2004).
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In 2004, Chang et al. proposed a self-alignment process between SIL and aperture for
near-field recording pick-up head. As shown in Fig. 1.14, the initial aperture and pedestal is
first made by lift-off process and then the opening ring is formed by wet etching. The
aperture and opening ring is concentric owing to the same lithography process. By backside
exposure, the pattern of photoresist (AZ4620) can be precisely aligned with the aperture.
Finally, the SIL is formed by reflowing thermally. The initial aperture is shrunk by
sputtering and evaporating metal but this shrinkage step is failed owing to the bad step
coverage of physical vapor deposition (PVD). The laser spot size through the aperture of
NFR pick-up head with and without SIL is 2.1 zm and 3.0 zm. It is clear that the SIL has 30

shrinkage efficiency.

1.4.4 Integrated Pick-Up Head

For the application of optical storage technology, individual component, like optical
fiber, SIL/SSIL, and aperture, are-integrated together'to form a pick-up head.

In 2000, Kato et al. proposed-a strueture for near-field recording. This device
combined SIL and aperture component is shown in Fig. 1.15. The incident light guided by
fiberlens and focused by planar microlens is transmitted into the aperture. In this case,
individual parts were fabricated separately, so that every part must be aligned and bonded

precisely.

Aduminum ptical fiber

Adhesive Planar microlens

Silicon

Aluminum

Sith tip Aperiure

Fig. 1.15 Cross section of the near-field optical pick-up head Kato et al. , 2000
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The MO recording is one of the most popular recording systems. When the medium is
heated by a laser spot to the Curie point (~200 ), the orientation of the magnetic domain
which is very resistant to change at room temperature can be determined by extra magnetic
field. The magnetization direction of the domain is fixed after cooling down. The recorded
marks can be detected by the polarization rotation due to the Kerr effect. In the following
paragraphs, the related researches of the MO structure combined with SIL and sub-micro

aperture are depicted.

In 1998, TeraStor Corporation proposed the MO pick-up head combined with SIL and
microcoil. ~ As shown in Fig. 1.16, the laser, beam is focused on the bottom surface of SIL

lens by the objective lens and thef; Create\s% evanescent coupling. The gap size between the

SIL and the disc can be precisely kept about &/3 to A/4 with the air bearing slider. The main
advantage with this device is that'the data can be dircctly overwritten by heating the local spot

with evanescent coupling and adding“e‘xtra magnefic field with microcoil, simultaneously.

Folding

Mirror
Laser Beam

Objective Lens

Fixed Optics Module - T
SIL Lens Stand Off
Air gap Magnetic Coils
fly ht. -
[{gl-l” &?Vg\L Slider Evanescent
<« Coupling

‘ Plastic Substrate Media ‘

Fig. 1.16 The MO pick-up head combined with the SIL and microcoil (Terastor, 1998).

14



In 2003, Shieh et al. proposed a new structure on MO pick-up head by MEMS
technology. As Fig. 1.17 indicates, the device is composed of the air bearing slider, a
V-groove with a 45° mirror, hemispherical-shaped fiberlens, the SSIL, and an aperture. The
laser beam is guided by the fiber and then reflected by the 45° mirror into the SSIL. The
light transmission through the aperture can be greatly enhanced, because the light spot
illuminating the aperture is shrunk by SSIL. This work was supported by the Ministry of
Education of the Republic of China for promoting academic excellence of universities in
“Photonic Science and Technology for Tera Era”. Finishing the integration structure is one

of my current purposes.

Curved or flat Wogroowe Fiber lenz

- s

Suspension

Bonding k_ [,
T = ""'-\-k[ iber

Bondmng

I: Shder chip

Aarbeanng surlface
/ 511 and aperture Micro coil

MRGME head

Fig. 1.17 Near-field optical pick-up head structure (Shieh et al., 2003).
1.5 Current approach

For near-field optical data storage, Solid Immersion Lens systems and Aperture probes
are two popular methods to reduce spot size. The fabrication methods of sub-micro aperture,
including FIB patterning, electroplating, wet etching and solid-solid diffusion method were
presented. Then, the SIL/SSIL formation methods include thermal reflowing,
micro-molding and micromachined method. In aperture systems, seeing that light spot size
is directly determined by aperture size, aperture systems can provide an ultra-high resolution

by reducing the aperture size to nano-scale. However, nano-aperture suffers from low power
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throughput which results in the recording speed unable to be promoted. SIL systems, while
can providing a smaller spot size than obtained in conventional optical recording systems with
still maintaining high optical throughput, do not have the resolution observed from aperture
probe systems. According to previous researches, nano-aperture combined with SIL/SSIL
can improve the throughput owing to greater power densities at the aperture. Hence, how to
overcome the misalignment between SIL/SSIL and aperture becomes a primary mission to
develop this integrated system. If the misalignment which is inevitable in assembling or
bonding step is occurred, the light passing through the SIL/SSIL will not focus on the
nano-aperture. In 2004, Chang et al. proposed a self-alignment technique based on backside
exposure to overcome this problem. However, the diameter of aperture is about 2 zm.

Here, this research is concentrated on fabricating the combination of SIL/SSIL and
nano-aperture by MEMS technique without bonding or assembly and measure the light
throughput enhancement effect of SIL/aperture.component in comparison with aperture alone.
The nano-aperture as definition of spot size.is patterned with Focused Ion Beam system (FIB).
The SIL/SSIL as the component to foeus and reduce the spot size illuminating the aperture is
fabricated by reflowing thermally. In order to overcome the misalignment problem, a
self-alignment process based on self-modulation by surface tension during thermal reflowing
process is proposed to align SIL/SSIL and nano-aperture together for the near-field pick-up
head. About aperture designs, varied shapes of apertures are also studied to whether affect
the optical throughput or not, where the different dimensions of nano-aperture containing

circular and C-shaped apertures are fabricated and then compared.
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Chapter 2 Design

2.1Concept design

As shown in Fig. 2.1, it is known that combining SIL/SSIL and aperture together can

provide smaller spot size with good throughput.

SIL wilhout
aperturs

Mocrelized empliude

-
na

LN

Fig. 2.1 Intensity distribution of the laser beamwith and without the sub-micro aperture

(Fletcher et al., 2000).

A schematic diagram of the proposed near-field pickup head is shown in Fig. 2.2.
Light source is guided into the optical fiber and then collimated and shaped by the front-end
fiber-lens. The light beam is then reflected by a 45 degree mirror and transmitted into the
SIL/SSIL. Because the refractive index n of SIL/SSIL is larger than 1, the spot size
focused by the SIL/SSIL and illuminating the nano-aperture is reduced by a factor of n for
SIL or n’® for SSIL, which can increase the light throughput in comparison with using an
aperture alone. The final spot size is determined by nano-aperture. In this research, the
purpose is concentrated on combination of SIL/SSIL and aperture, as shown in the broken line

of Fig. 2.2, and measure the light throughput enhancement effect of SIL/aperture component
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in comparison with aperture alone. In addition, varied aperture shape will also be designed
to study the light throughput enhancement effect.

After describing the main object in this research, the mechanism of self-alignment
process and the concept design of individual parts for pickup head are depicted in the

following sections.

Bonding Fad 45" mirror Fiter lems F !
i A >

\\ SISpETsE on

Fiber

—— L — — — —

I = |
I I
I \ I
I I
I SILASSIL fana-aperture SUDDaT T10E I

Fig. 2.2 Integrated near-field pig:l_(flup head structure.

LR -

2.2 Self-alignment design«

Near-field pick-up head combined with SIL/SSIL and nano-aperture can provide a
smaller spot size with good throughput. Therefore, how to align precisely between SIL/SSIL
and nano-aperture becomes a key component. If there is a misalignment, the light passing
through the SIL/SSIL will not be focused on the nano-aperture which may cause the device to
fail. For this reason, beside the self-alignment process of “Backside Exposure Method”
proposed by Chang in 2004 between SIL and aperture, here a new self-alignment process
called “Surface Tension Modulation Method” between SIL/SSIL and aperture on glass

substrate is investigated.



2.2.1 Surface Tension Modulation Method

This process can be used to form SIL/SSIL combined with nano-aperture without any
misalignment. The mechanism is shown as Fig.2.3. At first, the nano-aperture and opening
ring are first patterned with Focused lon Beam FIB in the same step so they are concentric.
Next, by using chemical solution, the sacrificial layer in the opening ring region is undercut
until the glass is exposed. After the coated photoresist is UV exposed with mask#3  Fig.
23 a , backside exposure is then performed Fig.2.3 b . Because UV light could
pass through the opening ring in backside exposure step after Al etching, the columnar
photoresist can be defined after development by adjusting the dose quantity of backside

exposure which is just enough to expose the photoresist in opening ring region, as shown in
," L F ST 7
Fig. 2.3 ¢ . Finally, the pattemed: photoresmt 19,_ h,_eated over its glass transition temperature,

",
5 R \"'-. '|‘T\-

at which the liquid-like photoresTst ‘L\zﬂl"l‘ d t_o rcdiuce itself surface energy and become a

e th& SSIL may be formed, with the result as

-'
. *.

illustrated in Fig. 2.3 d . Even ﬂlough a htt]@ mlsahgnment between the pedestal and the

circular shape.

columnar photoresist is occurred in columnar photoresist defining step, as shown in Fig. 2.3
a , the surface tension at photoresist/pedestal interface may drag the liquid-like photoresist
to right position and correct the final shape of SSIL during heat treatment. Therefore, the

misalignment can be overcome.

WIHHLLLLLLL L
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substrate
rd il
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a

19



aperture

Pedest_ /Opening ring

substrate suhstrate

c d

Fig. 2.3 The self-alignment mechanism of surface tension modulation method.

2.2.2 Backside exposure method

Here, the self-alignment process of backside exposure method is also used to align
nano-aperture and SIL. This mechanism is similar to the process of surface tension
modulation method. The major difference is the dose quantity of backside exposure.
Besides, backside exposure method performs self-alignment in backside exposure step,

y AR
whereas surface tension modulatlo{rﬁﬁa%fﬁod per"%&gs that in thermal reflowing step.

". &
iacr&é]:‘é fa{gp&inm opening ring region, the coated

tEand backside exposed Fig.2.4 b
'5.

Following undercutting

photoresist is exposed with mask#

- w % 1896 _.‘r
F:;'I*?u‘hv':g
with using pedestal as mask in turn.” y _c& ar photoremst being self-alignment with the
e

nano-aperture and opening ring can be defined by adjusting the dose quantity of UV exposure
which is much larger than that of surface tension modulation method, as shown in Fig. 2.4 ¢ .

After reflowing thermally, the nano-aperture and SIL can be integrated without misalignment,

with the result as illustrated in Fig. 2.4 d

WL

substrate

sibsirose rrerrereneeeeet
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substrate substrate

c d

Fig. 2.4 The self-alignment mechanism of backside exposure method.

2.3 Design of individual parts

The dimensions and materials of the key components in near-field pick-up head will be

discussed in this section. The different sizes of the devices will be designed.

2.3.1 The nano-aperture

Focused Ion Beam system FIB is generally used as nano-patterning or machining.

The applications of FIB include

Cross-sectional imaging through semiconducter devices (or any layered structure)
Modification of the electrical routing en sémiconductor devices

Failure analysis

Preparation for physico-chemical analysis

Preparation of specimens for transmission electron microscopy (TEM)
Micro-machining

Mask repair

YV V V V YV V VYV

Non-semiconductor applications

The introduction of FIB and the design of nano-aperture are described as followed.

2.3.1.1 Introduction of Focused lon Beam system FIB

One type of near-field data storage system utilizes a planar metallic nano-aperture to

directly define the minimum spot size. Here, the Focused Ion Beam FIB is used to pattern

the nano or sub-micro aperture. FIB system usually uses a Gallium as the ion source which
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can be operated at low beam currents for imaging or high beam currents for site specific
sputtering or milling. If FIB is used as microscope, the low current ion beam rasters over the
surface of a sample in a similar way as the electron beam in scanning electron microscope

SEM . The generated secondary electrons (or ions) are collected to form an image of the
surface of the sample. If FIB is used as patterning, the high current ion beam is accelerating
concentrated to a specific site to cut away or mill any exposed material in the sample, such as
hole or surface. By introducing gases or an organic gas compound, FIB can selectively etch
one material much faster than surrounding materials, or deposit a metal or oxide. Fig. 2.5

shows the schematic structure of FIB system.

—_— e e e e g ;
suppressor — liquid-metal source : I
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Fig. 2.5 The schematic illustration of Focused Ion Beam system IBM Almaden Research

Center

2.3.1.2 Design of the nano-aperture

Fig. 2.6 shows a plot of the aperture design. At first, Ti film as adhesion layer and

gold film as pedestal layer are deposited by sputtering. Nano-aperture and opening ring are
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then patterned with focused ion beam (FIB) simultaneously so that they are a concentric circle
structure. It deserves to be mentioned that the ion beam with a smaller ion current can
pattern the smaller dimensions of aperture, whereas the fabrication time is increased with a
smaller ion current. After FIB patterning, the lateral wall of aperture forms a slope sidewall
which can improve light throughput owning to a larger aperture size on the top surface of Au
pedestal layer. The precise diameter of aperture D is defined on the bottom surface of Ti
layer. The total thickness T also depends on the dimensions of the aperture. The aperture
sizes can not be defined too small when the total thickness is too thick. For this reason, T is
designed as 220nm to ensure that D can be patterned to designate diameter.

Theoretically, by reducing the aperture size, the near-field spot size can be made as
small as required. Unfortunately, a rapid decrease in the throughput of the aperture is
observed with D<60 nm owing to D nearly equal to cutoff diameter of HE11 mode which is
about 30nm. Here, the diameter 100nm, 150nm and 350nm of apertures designed will be
fabricated with FIB, respectively:

Circular aperture has been shown to exhibit exponential decay in their transmission
with increasing film thickness. According to some researches, a C-shaped aperture can
overcome the large attenuation due to cross-sectional area and exhibit waveguiding properties,
overcoming the exponential decay with film thickness. Therefore, in addition to circular
aperture, C-shaped aperture is also interested to study. Fig. 2.7 shows the parameters of
C-shaped aperture. Here, the two difference dimensions of C-shaped apertures which are
simulated and designed by Fang in 2005, as shown in Fig. 2.8, will also be patterned with FIB
system.

In following measurement equipment setup, the light source is set to focus on the top of
nano-aperture, which can improve light throughput because the light spot size illuminating the
aperture is reduced by a factor of n with SIL or n* with SSIL. The parameters of aperture

designed are listed in Tab. 2.1.
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Fig. 2.6 The schematic illustration of the aperture design.
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Fig. 2.7 The parameters of C-shaped aperture.
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Fig. 2.8 The geometrical dimensions of the designed C-shaped apertures.
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Tab. 2.1 The design dimensions of aperture.

Aperture shape D The thickness of Au | The thickness of Cr T

Circle 150 350 nm

200 nm 20 nm 220 nm
C-shape Dimensions#1 2

2.3.2 SIL/SSIL Design

The geometry of standard SIL and SSIL structure is shown in Fig. 2.9 . In this section,

the basic theory of thermal reflowing and the concept design of SIL/SSIL are described.

(_ﬂ\-r-m“ & max
et LY ry
(a) (b)

Fig. 2.9 Geometry of (a) SSIL and (b) SIL structure.

2.3.2.1 Basic Theory of Thermal Reflowing

As shown in Fig. 2.10. If the columnar photoresist is heated over its glass transition
temperature, it becomes liquid-like. The contact angle changes with the variation of surface
energy until stable state. In accordance with the static equilibrium, the function of a liquid
drop can be written as the following equation
Vis =Va €0s0 and yg, =y, sind after thermal reflow .................. .. 2-1

Where 6 is the equilibrium contact angle, y, 1is the surface tension of the liquid,
7sa 1 the surface energy of the solid and y g is the solid/liquid interface energy.

Because the liquid-like photoresist tends to equilibrate the surface tension ( Eq. 2-1)

and reduces its surface energy during the thermal reflowing process, it becomes a circle-like
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structure and change its shape until the minimum surface energy. By controlling D and T,

the ideal sizes of SIL/SSIL can be formed.

Fig. 2.10 Schematic diagranrofthe thermal reflow process.

2.3.2.2 The SSIL design

Here, photoresist AZ-4620 is chosen as the material of SIL/SSIL. The design
parameters of SSIL are shown in Fig. 2.11. Before reflowing, the volume of columnar

photoresist can be expressed as

cy
chlinder = ”(_j xt ... 2-2

After reflowing, the volume of SSIL can be calculated by volume integration and then it

can be expressed as

L7rd Sy
12

jbj”jomrdrd 6

0

\% ssiIL —

0
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—Lﬂd3 (ﬂxb—ﬂJ ............ 2-3
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For ideal SSIL, the distance between the bottom surface of SSIL and the center of the

curved surface can be written as

Where n is refractive index of SSIL. Then, according to Pythagoras' Theorem and

Eq.2-4, the diameter of SSIL can be further derived as

C’n?
d= (nz—lj ............... 2-5

It is assumed that the volume of phetoresist doesn’t change during the thermal

reflowing process. Thus, according t0°Eq..2-2.~ 2-5, the thickness of columnar photoresist

can be derived, and that is

_C’ [2n*+3n° -1
= 6C "2 zm ................ 2-6

Actually, the volume of photoresist shrinks during thermal reflowing. Therefore, a

parameter of shrinkage ratio S must be added to Eq.2-6. The modified thickness of

columnar photoresist can be expressed as

3 3 2
C 2n° +3n° -1 (I—S)

t. =
SSIL 6C'2 2/\3/(@)

S is about 0.2~0.4.

It is noticeable that refractive index is different from varied incident light wavelength.

The refractive index for AZ-4620 film measured by spectroscopic ellipsometry at light
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wavelength 633nm is plotted as Fig. 2.12 as a function of the reflowing time with reflowing at
190 . It is clear that the refractive index is increased with adding the reflowing time while
it almost does not change with the reflowing time over 6 hr. Here, the reflowing temperature
and reflowing time is selected to be 190  and 12hr, respectively. The refractive index is

about 1.74 under this condition.

L Reflowat 1900 for 120r

v — ¢ 1

Fig. 2.11 The schematic diagram of the design parameters of SSIL.

C The diameter of pedestal

C" The diameter of columnar photoresist

t The thickness of columnar photoreist

d The diameter of SSIL

a The radius of SSIL

b The distance between the bottom surface of SSIL and the center of the curved surface
h

The height of the lens after thermal reflowing

1.742
1.74 -
1.738
1.736
1.734 r

Refractive index n

1.732

1.73

3 6 9 12

Reflowing time (hr.)

Fig. 2.12 The refractive index for AZ-4620 film at light wavelength 633nm versus the

reflowing time with reflowing at 190
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2.3.2.3 The SIL design

For SIL, the volume can be defined as:

From Eq.2-2 and 2-8, , the thickness of columnar photoresist can be derived, and that
is
1d°
t=——
3C
Seeing that the photoresist will shrink after reflowing thermally, a parameter of
shrinkage ratio S is also added to Eq.2-9. The modified thickness of columnar photoresist

can be expressed as

1d°
ty, =3C.2/(1—S) .......... 210

For the near-field pick-up head combined with SIL/SSIL and aperture in this research,
there are several issues that should be taken into considerations:

1. The nano-aperture and opening ring is patterned with FIB system. The ion beam with a
smaller ion current can pattern an aperture with smaller dimensions as well as an opening
ring, simultaneously but the total fabrication time will increase, even that the FIB system
might not permit to pattern due to too small ion current. In order to define a
nano-aperture and a well-suited dimension of opening ring at the same time, the diameter
of pedestal is designed to 15 zm.

2. Considering misalignment between the pedestal and the columnar photoresist, the

diameter of columnar photoresist is larger than that of pedestal by 10 zm.
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3. The minimum thickness of photoresist AZ-4620 chosen as the material of SIL/SSIL is
about 5 #m. The integrated structure combined with nano-aperture and 15 gzm-diameter
SIL can not be fabricated by using surface tension modulation method as the
self-alignment technique under issuel and 2 because ideal thickness of columnar
photoresist is about 3 #m, in other words, 5 zm-thickness is too thick. In order to
integrating a nano-aperture and a 15 gm-diameter SIL, the self-alignment process of

backside exposure method will supersede surface tension modulation method.

Fig. 2.13 shows the light source absorption versus thickness of AZ-4620. |, means

the output intensity of light and |, means the input intensity of light. In accordance with

the above designs and issues, the design parameters of SIL and SSIL are listed in Tab. 2.2.
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Fig. 2.13 Light source absorption versus thickness of AZ-4620 (King et al., 1996).

Tab. 2.2 The design parameters of SIL/SSIL.

=
C C’ £ d b h | T.E(%)
Il
For SIL 15 15 7.8 15 7.5 69.7
For SSIL 15 25 9.4 18.3 53 | 14.45 64

T.E.= Transmission Efficiency)
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Chapter 3 Fabrication

3.1 Fabrication process combined with SIL/SSIL and

nano-aperture.

The general fabrication flowchart of near-field pick-up with the self-alignment

techniques is shown in Fig. 3.1.

a
71 T f]. A
-
subsirate

The Al, Ti, and Au film is,deposited on'the silicon substrate, respectively.

b

Nano-aperture Opening ring

substrate

The nano-aperture and opening ring is patterned with FIB.

substrate
el

The sacrificial layer Al is etched by Al etchant.

d c
= pedestal _ m ;J'm::-.:; ring
substrate A substrate -

The AZ-4620 is patterned by mask and backside exposure.
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F E ! ! substrate 3 , ! ! I substrate
S

The PR is reflowed thermally.

substrate

After depositing Cr atterned by mask#2.

substrate

Opening the Cr layer on the SIL by CR-7T.

Etching sacrificial layer Al for releasing.

Fig. 3.1 The general fabrication flowchart of near-field pick-up head.
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3.2 Process of the nano-aperture

As shown in Fig. 3.1 a , 4-in glass wafers is applied to RCA clean. Next, Al film
1.5um as sacrificial layer is deposited by thermal evaporating on glass wafer. Ti films 20nm
as adhesion layer and Au 200nm as pedestal layer are then deposited by sputtering. After
metal deposition, the 4-in wafer is sawed to 15mmXx15mm square dices by dicing saw system.
In next step, nano-aperture and opening ring are patterned on the 15mmx15mm square dice
with FEI NOVA 200 FIB tool which is a dual beam system Scanning electron microscope &
Focused ion beam , with the result as illustrated in Fig. 3.1 b . The illustration of FIB
system is shown in Fig. 3.2. It is noticeable that the ideal etching depth of aperture and
opening ring is controlled to just stop on the Al film, nevertheless, over-etching is needed to
ensue completely removing the Au/Tlﬁlmsi : :ilBiééa_lllse aperture and opening ring is patterned
in the same step, they are a concénnt.ﬁc cir'(':._lél.: s'tructurel Following FIB patterning, Al etchant

80%H;PO4+5%HNO;+ S%CIéjCOOHﬂé;;Q%'LIQO_ "“; is used to undercut the Al layer until
the glass in the opening ring is eXsted Fig: 31 c . The next step is to fabricate

SIL/SSIL.

FIB

Fig. 3.2 The photograph of FEI NOVA 200 FIB tool.
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3.3 SIL formation and self-alignment process

In order to fabricate SIL/SSIL easily, positive photoresist AZ-4620 is chosen as the
material of SIL/SSIL. After undercutting Al film, SIL is formed to integrate with the
nano-aperture, which can improve the light throughput with good resolution. At first,
photoresist (AZ-4620) 7 um 1is spin-coated and patterned with mask#1 and backside exposure
with using Au pedestal layer as the mask is performed next. The parameters of
photolithography are listed in Tab.3.2. Seeing that UV light can pass through the glass
wafer and opening ring, the photoresist around the opening ring will be exposed. After
development, only photoresist on the pedestal layer will be remained, as shown in Fig. 3.1 d .
Because the columnar photoresist and pedestal.are concentric, the SIL and aperture can be
combined without misalignment after reflowing thermally at 190  for 12hr Fig. 3.1 f
Following SIL formation, Cr cover layer is deposited by physical sputtering. The Cr film
has two functions, one is protect solvent from permeating into the SIL during SU-8 coating
and softbake, and the other is protect the SU-8 development from etching SIL during
development. Then negative photoresist SU-8 as a support and connection between SIL and
other part of pick-up head is patterned with mask#2 Fig. 3.1 h . In order to make light
source can pass through the SIL, the Cr film is etched with SU-8 as mask, with the result as

illustrated in Fig. 3.1 1 . Finally, the Al sacrificial layer is released by KOH Fig. 3.1 j
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Tab. 3.1 Basic parameters of coating AZ-4620 7 xm.

Process step parameters equipment
photoresist AZ-4620
_ _ 1** Spin: 500 rpm for 10 sec JAPAN KYOWARIKEN
Spin coating od o -
2" Spin: 1600rpm for 40sec K-359SD-1
Soft bake time Baking at 90  for 90 sec Hotplate
Exposure time 12 sec JAPAN K-310P-100S
Development time 120-130 sec ~ FHD-5

It should be noted that after coating thick photoresist, the edge of die will remain
thicker photoresist film, called “edge bead” effect. If the edge bead is not removed, it will
cause incomplete contact between, the photomask and the photoresist, and errors occurred in
transferring the patterns from mask to photetesist due to light diffraction. Therefore, in
order to get the best resolution using contactrlithography, it is a necessary step to remove the
“edge bead”. A common method ‘eliminating “edge bead” effect is using Acetone to

removing the edge photoresist film on the 15mmx15mm square dice before UV exposure.

3.4 SSIL formation and self-alignment process

The self-alignment process of “Backside Exposure Method” is not suited to fabricate
SSIL combined with aperture. It is only suited to form the integrated structure of SIL and
aperture owing to the light diffraction effect during backside exposure step. After
development, there is some pattern loss of the columnar photoresist which make the diameter
of photoresist has a gap with the boundary of pedestal. Therefore, even though the patterned
photoresist is thick enough, the standard SSIL might not be easy to form. This reason might
be that the surface tension around the boundary of columnar photoresist does not form SSIL

easily under a pattern loss.
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Here, a self-alignment process called “Surface Tension Modulation Method” is
proposed to avoid the misalignment between SSIL and aperture. Similar to backside
exposure method, UV exposure with mask#3 and backside exposure is performed after
coating photoresist 10jam-thickness. The parameters of photolithography are listed in Tab.
3.2. In comparison between the two self-alignment methods, the major difference is dose
quantity of backside exposure. About surface tension modulation method, for want of dose
quantity enough in backside exposure step, which is much smaller than that of backside
exposure method, only the photoresist exposed with mask#3 and backside exposed in opening
ring region will be removed after development. The remained photoresist is as the result
illustrated in Fig. 3.1 e . Besides, backside exposure method performs self-alignment in
backside exposure step, whereas surface tension modulation method performs that in thermal
reflowing step. Even though a little misalignment between the pedestal and the columnar
photoresist is occurred in columnar photoresist.defining step, the surface tension may drag the
liquid-like photoresist to right ‘position-and._correct the final shape of SSIL during heat
treatment. Therefore, the integrated structure eombined with SSIL and nano-aperture will be

fabricated without misalignment Fig. 3.1 g

Tab. 3.2 Basic parameters of coating AZ-4620 10jam.

Process step parameters equipment
photoresist AZ-4620
1** Spin: 500 rpm for 10 sec JAPAN KYOWARIKEN
spin coating
2" Spin: 1200rpm for 40sec K-359SD-1
Soft bake time Baking at 90  for 90 sec Hotplate
Exposure time 12 sec JAPAN K-310P-100S
Development time 120-130 sec ~ FHD-5
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Chapter 4 Results and measurements

4.1 Aperture

The designed parameters with different dimensions of aperture are discussed in chapter
2. The FIB patterning results is shown in Fig. 4.1 a and b , where Au and Ti film in
the defined area of aperture and opening ring is patterned and the Al layer exposes after ion
bombardment. The diameter of pedestal is 15um. It should be noted that a smaller
dimensions of aperture is needed using a smaller ion current to pattern whereas the fabrication
time will increase relatively. Figi4.2 -a- ~ e ' show the fabrication results of apertures.
The diameter of circular aperture is 103,148, 329nm, respectively. The dimensions of
C-shaped apertures are 303nm>205nm and-223nmx105nm which is also similar to the design

parameters.

The opening ring has two functions, one is for fabricating the columnar photoresist
without misalignment with the pedestal in backside exposure step and the other is for deciding
diameter of SIL. Seeing that the aperture and opening ring are patterned by FIB in the same
step, they are concentric. Following FIB patterning, the undercutting process is adopted to

etch the sacrificial layer Al until the glass in the opening ring is exposed, as shown in Fig. 4.3.
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a ¢l03nm

d 223nmx105nm e 303nmx205nm

Fig. 4.2 SEM images of the fabricated circular and C-shaped aperture with different

dimensions.
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4.2 SIL

SIL with 15 gm-diameter ?:ej“i!flellijrlm ( by the px'é}bosed method. Following performing

TN

UV exposure with mask#1 and backmde

elxpiosuregwthe columnar photoresist on the pedestal
layer is defined. Fig. 4.4 a andl | Bﬁllshow the SEM images of columnar photoresist.
Here, the Au pedestal is taken as mask in the backside exposure step.

From Fig. 44 b , we can find that the columnar photoresist has some pattern loss of
the diameter. This is seeing that UV light passing through the opening ring will result in
light diffraction in backside exposure step, the photoresist on the edge of pedestal will be
exposed and removed after development.

After photoresist patterning, the next process is heat treatment to form SIL in a 190

oven for 12hr.  The SEM images of SIL combined with aperture are shown in Fig. 4.5 a ~
c . Fig. 45 a and b indicates that the SIL and aperture are integrated without

misalignment, but there is a gap between the edge of pedestal and the edge of SIL which has

existed after backside exposure. Even though the photoresist has experienced a heat
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treatment at 190 , the gap can not also be removed completely. This is the reason why the
self-alignment process of backside exposure method has a difficulty fabricating SSIL but it
can fabricate SIL combined with aperture easily. Fig. 4.5 ¢ shows the dimensions of SIL.

The height and diameter of SIL is 7.77 gm and 14.92 um, respectively.

14 .16um

Diffraction effect
in backside exposure

Fig. 4.4 SEM images of a the columnar photoresist after exposure with mask#1 and

backside exposure and b showing the diffraction phenomenon in backside exposure step.
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28 -Feb-05 NCTUME WD20 .1mm 15.0kV x4.0k  10um

C

Fig.45 a and b SEM images showing the structure combined with SIL and aperture
without misalignment. ¢ Close-up SEM of SIL. SIL height =7.77 gm and diameter

=14.92 zm.
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4.3 SSIL

Here, the self-alignment process of surface tension modulation method is used to align
SSIL and aperture precisely. Following performing UV exposure with mask#3 and backside
exposure, the columnar photoresist on the pedestal layer is defined. Fig. 4.6 a ~ ¢ show
the SEM images of columnar photoresist. Owing to lower exposure dose quantity which is
not enough to expose the photoresist on the edge of pedestal in backside exposure step, there
is no gap between the edge of columnar photoresist and the edge of pedestal after
development. However, the misalignment between columnar photoresist and pedestal can
not be avoided, as shown in Fig. 4:6 ¢, where the misalignment is 4.73 zm and the diameter
of photoresist is about 25.08 zm.

After UV exposure and development; the columnar photoresist is also heated to form
SSIL in oven at 190  for 12hr, at which the liquid-like photoresist will tend to reduce itself
surface energy and become a circular shape. Even though there is a little misalignment, the
surface tension can drag the photoresist to right position and correct the final shape of SSIL.
Therefore, the integrated structure combined with SSIL and nano-aperture is fabricated
without misalignment, as shown in Fig. 4.7 a ~ c¢ . The diameter and radius of SSIL is
about 17.82 um and 9.00 um, respectively. The height between the bottom and center of
SSIL is 5.24 um. Tab. 4.1 shows the comparisons between the designed parameters of

SIL/SSIL and the fabrication results. The deviations are all less than 3%.
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C

Fig. 4.6 a SEM image after exposure with mask#3 and backside exposure. b Close-up
SEM showing the over-exposure in backside exposure step. ¢ SEM showing the

misalignment = 4.73 um between the pedestal and the columnar photoresist.

43



03-Apr-05

C

Fig.47 a and b SEM images showing the structure combined with SSIL and aperture
without misalignment. ¢ Close-up SEM of SSIL. SSIL diameter =17.82 zm, radius =9.00 zm

and height between the bottom and center of SSIL is 5.24 um
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Tab. 4.1 Comparison between designed parameters and fabrication results of SIL/SSIL.

Designed parameters Fabrication results deviation
SIL (m) (m) (%)
d h d h’ d h
14.8 7.66 1.33 2.13
P15 15 7.5
14.9 7.70 0.67 2.67
Designed parameters Fabrication results deviation
SSIL (Hm) (m) (%)
d r b h d’ r’ b’ h’ d r b h
1782 9.0 | 524 | 1424 | 2.68 | 1.64 | 1.13 | 1.45
WIS | 183 (9.15| 5.3 | 14.45
1794189520 | 14.1 | 1.97 | 2.73 | 1.89 | 2.42

d The designed diameter of the:SIL/SSIL

r The designed radius of the SIL/SSIL

b The designed distance between the bottom surface of SSIL and the center of the curved
surface

h The designed height of the SIL/SSIL

d” The real diameter of the SIL/SSIL after reflowing thermally

1’ The real radius of the SIL/SSIL after reflowing thermally

b’ The real distance between the bottom surface of SSIL and the center of the curved surface

h’ The real height of the SIL/SSIL after thermal reflow
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4.4 Far-Field measurement

It is restricted to available measurement equipment. In this section, the power
throughput, spot size and reliability of SIL are measured with far-field experiment setup
instead of near-field equipment.

As shown in Fig. 4.8, there are four cases to be measured, including spot size
calibration of fiberlens, spot size and power throughput calibration of SIL, spot size and
power throughput calibration of aperture, and spot size and power throughput calibration of
SIL/aperture component. The kinds of apertures include circular apertures and C-shaped
apertures.

In this scheme, light is guided by the core of a single-mode fiber and focused on the
sample by the front-end fiber-lens. “After light passing through the sample, the diverging or
diffracting light will be collected and collimated by objective lens of which the focal plane
should be adjusted to the focal spot of the incident light so that the output light through
objective lens will be collimated. Finally, the output beam size is detected by CCD camera.
Owing to output beam collimated by objective lens, CCD camera at different position will
detect the same beam size which is defined as full-width at 1/e2 maximum intensity. This
method results in the output beam larger than diffraction limit and need not precisely control

the position of the objective lens and CCD camera.
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throughput
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Fig. 4.8 Schematic diagrams of four cases for measurement.

4.4.1Principle

By CCD capturing, what we geglly measuliéd is not the focused spot size but the
collimated output beam size; therefore, we use the Gaussian beam condition to calculate spot
size according to fundamentals of photonics.

If a lens is placed at the waist of a Gaussian beam, as shown in Fig. 4.9, the transmitted

beam is then focused to a waist radius Wo’ at a distance z’ given by :

Wy = g e 4-1
-(z,/ )]
f
:1+(f/20)2 ------------------ 4-2
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Fig. 4.9 Focusing a beam with a lens at the beam waist.

If the depth of focus of the incident beam 2z,is much longer than the focal length f of

the lens, as shown in Fig. 4.10, Eq. 4-1 and Eq. 4-2 can be simplified as

In wave optics, the focused waist.radius-Wo™ is directly proportional to the wavelength

and the focal length, and inversely proportional to the radius of the incident beam. The spot

size 2W, focused by objective lens can be derived as follows

ow, =2t 4-6

7 2W,

Where 2W, can be defined as the beam size collimated by objective lens in our
measurement setup.

It should be noted that as light passes through a nano-aperture, the spot size is
determined by dimensions of aperture. Nevertheless, the light through a nano-aperture will
result in light diffraction. It is clear that the larger light diffraction is occurred at the same
aperture size, the larger output beam size is detected by CCD. Therefore, Eq.4-6 can be

applied to obtain the spot size focused by fiberlens or by fiberlens and SIL while can not be
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applied to obtain the spot size of nano-aperture owing to light diffraction effect not

resembling principle of focus.

Il VA P
|

Fig. 4.10 Focusing a collimated beam.

4.4.2 Experiment setup

In this research, the far-field measurement system is shown in Fig. 4.11. The
equipments include 633nm laser diode for providing light source, fiberlens with 460um length
for focusing laser beam, objective-lens withul0xN:A.0.4 for collimating output beam, CCD
for detect the collimated output beam, sensor for detecting light power, power meter for
measuring power light and optical microscope'- OM." for observing the position of light spot
focused by fiberlens on the sample. “During ‘'spot size measurement, 633nm laser beam is
coupled and guided into the optical fiber and then focused by the front-end fiber-lens whose
focal length is about 200um. After light passing through the target SIL, aperture or
SIL/aperture component on sample, the output beam is collected and collimated by objective
lens whose focal length is about 1.6cm. Finally, the collimated beam size is detected by
CCD.  Fig. 4.12 shows the condition of fiberlens focusing laser on the sample. In order to
confirm the components fiberlens, target on sample, objective lens and CCD camera  in
alignment, the fiberlens, objective lens and sample are all set a 3-axial position stage to
control the relative positions. Tab. 4.2 lists the specification of CCD camera.

Following capturing the spot image by capture card without compression, the intensity

profile of output beam is gotten by using Matlab to write the program. Since the ambient
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light is an influence on these measurements, its power is measured to be compared with the
power of transmitted spot. As the spot size focused by fiberlens wants to be measured, the
sample held by 3-axial position stage must be removed.

About measuring power throughput, the power sensor will be set at the back of

objective lens to detect light power and then detected signal will be transfer to power meter.

: Wt; ety

ril ==

- « . Fiberlens. | Ohjectve '
...,...E-t:llsol't.

\l

Fig. 4.11 Illustration of the far-field measurement system.

Fig. 4.12 The condition of fiberlens focusing laser on the sample.
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Tab. 4.2 Specification of CCD camera.

Pick-up device 1/3 type CCD
Effective picture elements 659(H) X 497(V)
Sensing area 7.4um X 7.4pm
Horizontal frequency 15.734 kHz
Vertical frequency 59.94 Hz

4.4.3Measurement results

In spot size calibration, the first measurement result is for comparing whether SIL can
focus the incident light and reduce the spot size.focusing on the bottom of SIL or not. After
the spot size focused by fiberlens is collimated by-objective lens, the spot of collimated beam
is captured by CCD camera, as-shown inFig:4.13 a . Then, the intensity profile of
collimated beam is calculated by using” Matlab software and shown in Fig. 4.13 b
According to Fig. 4.13 b and Eq. 4-6, the spot size focused by fiberlens is about 5.44um.

Here, the spot size focused by fiberlens and 15um diameter SIL is also measured by
far-field measurement system. Fig. 4.14 shows the spot detected by CCD camera which is
formed by several CCD images because the CCD camera can not capture the complete spot.
Consequently, the profile of collimated beam can not be obtained by using Matlab software.
Compared with the beam size in Fig. 4.13 a , the beam size in Fig. 4.14 is larger. This

means that the SIL can really focus the incident light and shrink the spot size on the bottom of
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b

Fig. 4.13 a showing the collimated spot without SIL captured by CCD camera. b showing

the intensity profile obtained by Matlab software. The spot size is 5.44um.
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After verifying SIL can reduce'th‘e focused spot size on the bottom of SIL, the
nano-aperture integrated with 15um -(iliadrfl-etér'JS'Ii is also measured whether SIL can improve
light throughput with good resolution or not. ~ At first, the sample of only aperture and 15um
diameter SIL/aperture components is set to the far-field measurement system, respectively.
Following CCD camera capturing the spot image, the beam profile is also obtained by Matlab
software.

Fig. 4.15 shows the intensity profile focused by fiberlens with 313nm diameter circular
aperture. Fig. 4.16 shows the intensity profile focused by fiberlens and 15um diameter SIL
with 313nm diameter circular aperture. Eq.4-1 can not be applied to obtain the spot size of
nano-aperture because the spot size through nana-aperture is determined by dimension of
aperture and light diffraction effect does not resemble principle of focus, as described in

above section. It is noticeable that since the recording disk and near-field peak up head has a
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air gap or flying height which will result in light diffraction effect during data storage, the
spot size illuminating disk will be larger than that passing through aperture. It is apparent
that the beam size in Fig. 4.16 is smaller than in Fig. 4.15. This can at least indicate that the
aperture/SIL component can lower the light diffraction because laser beam in SIL can shrink
its wavelength so that the performance of near-field pick up head integrated with SIL and

aperture can be improved. Moreover, the aperture/SIL component can also smooth the beam

profile.
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Fig. 4.15 The intensity profile focused by fiberlens with diameter 313nm of aperture.
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Fig. 4.16 The intensity profile focused by fiberlens and diameter 15um of SIL with diameter

313nm of aperture.

After spot size calibration, the light transmission is then measured by power meter. At
first the power sensor is set to between CCD camera and objective lens. When collimated
laser beam passes through the sensor, the power meter will detect the light power. In order
to minimize the errors of measurement, the all of sample are measured with 3 cycles and the 3
measured results of each sample are averaged. Tab. 4.3 shows the measurement results of
transmission and throughput and then Tab. 4.4 shows the comparisons between enhancement
factors. Here, we use throughput to test the transmission performance, where hroughput is
defined as the ratio of the total transmitted power through the aperture to the total incident
power over the aperture area. Seeing that ambient noise 5nW  is relatively very small

compared to incident laser power, the measured results are believable.
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About transmission measurement of 15um diameter SIL, the input power is about
0.914uW and then the measured output power is about 0.596uW.  Therefore, the
transmission of diameter 15um of SIL is about 65.2%. This observed data resembles the
predicted data. The far-field measurement results show that the smaller diameter of circular
aperture is measured, the smaller light throughput is obtained. It is clear that
329nm-diameter circular aperture/15um-diameter SIL component can really enhance the light
throughput by a factor of 1.620 in comparison with 329nm-diameter circular aperture alone.
This result shows that SIL can really enhance the light power through the aperture and the
feasibility of self-alignment technique between SIL and nano-aperture is further verified.
Nevertheless, the light throughput of 148nm-diameter circular aperture/15um-diameter SIL
component is just 1.142 times larger than 150nm-diameter circular aperture alone. This
phenomenon seems likely that as.aperture size is. about 148nm, the throughput is almost
determined by aperture and most light is prevented from passing through the aperture. For
this reason, SIL can not enhance the throughput.obviously.

In addition to circular aperture, €-shaped aperture is also measured. ~ Theoretically,
C-shaped aperture, which can be viewed as a ridge waveguide, can overcome the large
attenuation due to cross-sectional area and exhibits waveguiding properties so the light
throughput should be enhanced greatly. In the measurement results, compared with
148nm-diameter circular aperture, the throughput of 303nmx205nm C-shaped aperture is
about 14.325 times enhancement, while maintaining a comparable near-field spot size. It is
noticeable that the dimensions of aperture determine transmission mode. This is the reason
why the throughput of 223nmx105nm C-shaped aperture is 4.895 times larger than that of
303nmx*205nm C-shaped aperture. Although this measurement result matches the trend of
simulation result, the enhancement effect is not as good as the simulation result. This
phenomenon may be that since the equipment setup is a far-field system, the enhancement

effect of near-field can not be observed by measurement result. The rounding and tapering
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inherent in FIB milling is also the reason that the throughput enhancement of measurement
result is less than that of simulation result. In addition, since SIL can enhance the side
incident light illuminating C-shaped aperture, the throughput of 303nmx205nm C-shaped
aperture/15um-diameter SIL component can be greatly enhanced by 1.706 times as compared
with 303nmx205nm C-shaped aperture alone, even can enhanced by 24.438 times as
compared with 148nm-diameter circular aperture alone. This measurement result indicates
that combination of SIL and C-shaped aperture can really greatly enhance the performance of

near-field pick-up head.

Tab. 4.3 The measurement results of transmission and throughput.

Sample Spot area (uUm”2) Transmission Throughput
Only fiberlens 23.24 100%
Only SIL 9.03 65.2% 0.072
Circular aperture
0.0850 1.838% 0.216
(d=329nm)
Circular aperture
0.0172 0.028% 0.0163
(d=148nm)
Circular aperture
0.0079 0.009% 0.0093
(d=103nm)
SIL + Circular aperture
0.0850 2.955% 0.350
(d=329nm)
SIL + Circular aperture
0.0172 0.032% 0.0186
(d=148nm)
C-shaped aperture 0.05 1.167% 0.2335
(303nmx205nm) ' R '
C-shaped aperture 0.0201 2.240% 11143
(223nmx105nm) ' e '
SIL+C-shaped aperture 0.05 1.991% 03983
(303nmx205nm) ' o '

» Transmission Output power / Input power

» Throughput Transmission/Spot area
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Tab. 4.4 The comparisons between the throughput enhancements.

Target sample Compared sample Enhancement
SIL + Circular aperture Circular aperture
1.620x
(d=329nm) (d=329nm)
SIL + Circular aperture Circular aperture
1.142x
(d=148nm) (d=148nm)
Circular aperture
14.325x%
C-shaped aperture (d=329nm)
(303nmx205nm) Circular aperture
1.081x
(d=148nm)
Circular aperture
68.36x
(d=329nm)
C-shaped aperture Circular aperture
5.159x
(223nmx105nm) (d=148nm)
C-shaped aperture
4.895x%
(303nmx205nm)
C-shaped aperture
1.706x
SIL+C-shaped aperture (303nmx*205nm)
(303nmx*205nm) Circular aperture
24.438x
(d=148nm)

» Enhancement Target sample / Compared sample
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4.4.4 SIL/SSIL reliability

The duration test of SIL is also measured. The incident light power is about 0.328mW.
After laser destruction for 12hr, the SEM image of SIL is shown in Fig. 4.17. Compared

with SIL without laser destruction, the profile of SIL with laser destruction does not change.

28-Feb-05

Fig. 4.17 SEM image of SIL after 0.328mW of laser power destruction for 12hr.

4.5 Properties of AZ-4620 with different reflowing time

The refractive index n and absorption coefficient k measured by spectroscopic
ellipsometry are plotted as Fig. 4.18 a and b as a function of wavelength for the AZ-4620
films reflowed at 190  with different reflowing time. It is found that increasing reflowing
time can improve the refractive index but lower the absorption coefficient, which is
particularly apparent at ultraviolet UV wavelength. This is believed that increasing
reflowing time will vaporize the residual solvent further in AZ-4620 film and increase the

density of AZ-4620. The refractive index almost does not change with the reflowing time
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over 6 hr. The higher absorption coefficient means the lower transparency of AZ-4620 film
relatively, which results in the lower light transmission efficiency through the same thickness

of film.

195
3 —e— Reflowing time : 3hr.
1.9 —— Reflowing time : 6hr.
?:3 1.85 | a— Reflowing time : Shr.
"g —— Reflowing time :
o 1.8
£
£ 1.75
Q
&~
1.7
1‘65 1 1 1 1 1 1 1 1 J
350 400 450 500 550 600 650 700 750 800
Light wavelength (nm)
a
0.1 r
,% 0.08 4"'\‘ —o— Reflowing time : 3hr.
i \k\ —— Reflowing time : 6hr.
§ 0.06 L a— Reflowing time : 9hr.
= AN .
% 004 L \\:\\\ —-=—- Reflowing time : 12hr.
2
< 0.02
0
350 400 450 500 550 600 650 700 750 800
Light wavelength (nm)
b

Fig. 4.18 a The refractive index for AZ-4620 films reflowed at 190  with different
reflowing time. b The absorption coefficient for AZ-4620 films reflowed at 190  with

different reflowing time.
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Chapter 5 Summary

5.1 Conclusion

A near-field pick-up head combined with nano-aperture and SIL/SSIL is achieved by
MEMS technology. The self-alignment technique is adopted to overcome the misalignment
between the SIL/SSIL and aperture component. By combining SIL/SSIL and aperture
together, a small spot size with good light throughput can be obtained.

By SEM measurements, the maximum error of fabricated SIL/SSIL is less than 3% in
comparison with the designed values. About aperture design, the diameter 103nm, 148nm,
and 329nm of circular apertures andsthe diménsions 303nmx205nm and 223nmx105nm of
C-shaped apertures are fabricated-by FIB.

From the measurement results by the far-field equipment setup, the transmission of
15um-diameter SIL is about 65.2% as well as SIL 1S verified to can really focus the incident
light and reduce the spot size on the bottom of SIL. The 329nm-diameter aperture combined
with 15um-diameter SIL can show 1.62 times enhancement of the light throughput in
comparison with 329nm-diameter aperture alone. It is also found that since light in the
SIL/SSIL can reduce its wavelength by a factor of n for SIL or n® for SSIL, it passing through
the aperture can decrease the light diffraction. Therefore, the performance of near-field pick
up head integrated with SIL and aperture can be improved. Moreover, the aperture/SIL
component can also smooth beam profile.

About measurement results of C-shaped aperture, the throughput of 300nmx*200nm
C-shaped aperture is about 1.081 times enhancement as compared with 329nm-diameter
circular aperture , even can enhance the throughput by 14.325 times as compared with

148nm-diameter circular aperture. In comparison between C-shaped apertures, the
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throughput of 223nmx105nm C-shaped aperture is 4.895 times larger than that of
303nmx205nm C-shaped aperture. This result matches the trend of simulation result but the
enhancement effect is not as good as the simulation result. Then, the 303nmx205nm
C-shaped aperture/15um-diameter SIL component also shows a 1.706 times enhancement of
throughput as compared with 303nmx205nm C-shaped aperture alone, even shows a 24.438
times enhancement of throughput as compared with 148nm-diameter circular aperture alone.
About duration test, the profile of SIL is not damaged after 0.328mW of laser power

destruction for 12hr.

5.2 Discussion

It is restricted to available measurement equipment. The far-field measurement
system is used instead of near-field measurement system. Nevertheless, the spot size
calibration of nano-aperture and enhancement effect- of near-field can not be observed by
far-field system. For this reason, we:also.try.to.use Near-Field Scanning optical microscope

NSOM to verify our researches ‘in the future:
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