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Abstract

With the progress of information technology, the demand and importance of high
capacity and high speed data storage systems rise significantly. In data storage
systems, optical data storage technology plays a key role. Moreover, the design of
optical pick-up heads has great influence in the performance of the optical data
storage system.

The requirement of miniaturization and lightness pushes the development of
more miniaturized and lighter optical data storage system. Recently, the Micro Electro
Mechanical Systems (MEMS) technology has been developed greatly with the rapid
progress in the IC semiconductor industry. Micro optical pick-up heads fabricated by
Micro-Opto-Electro-Mechanical System (MOEMS) technology can be used to realize
portable high-capacity optical storage systems. In this research, the micro optical
pick-up head is composed of a micro optical bench and a focusing lens mounted on a
two-axis actuator. The study of focusing denses-is the major topic in this thesis.

Two kinds of focusing lenses are.propoesed in this thesis. One is the Fresnel
microlens in silicon nitride fabricated by focused ion beam (FIB) milling. The other
one is the Fresnel microlens in positive photoresist AZ4620 produced through the
contact-mode photolithography with the FIB-milled gray scale mask in silicon nitride.

The profile and thickness of the microlenses and gray-scale masks have been
designed. The fabrication process has also been proposed. 2D and 3D profiles of the
lenses and masks were measured by the atomic force microscopy (AFM). For the
microlens in nitride with a diameter of 20 pm, the numerical aperture (N.A.) of the
lens was measured as 0.64, close to the specification of a DVD optical pick-up head.
The ultimate target of this research is to realize a focusing microlens with a diameter
of 600 um and N.A. of 0.65, integrated with the micro optical bench in a micro
pick-up head.
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Chapter 1 Introduction

1-1 Motivation

With the progress of the information technology, the demand and importance of
data storage systems rise significantly. Due to the rapid growth of data and the trend
of removable media, the high-capacity optical data storage systems are the focus of
development. Therefore, the systems evolve from CD to DVD to become a
high-capacity and removable storage system. The design of optical pick-up heads
plays a key role and has great influence in the performance of the optical data storage
system.

Figure 1-1 is the schematic of a conventional optical pick-up head. The optical
pick-up head is composed of a laset diode, grating plates, a polarizing beam splitter, a
collimator, a quarter wave plate;a 45° mirror,-an objective lens, and photodiodes. The
working principle of the optical:pick-up-head-is that the laser emitted from the laser
diode passes through the grating plates.to produce two secondary beams in order to
maintain the precise tracking of the light-spot. The beam passes through the
polarizing beam splitter and is converted into a parallel beam by the collimator. Then,
the beam becomes circularly polarized when passing through the quarter wave plate,
and is focused on the surface of the disk (i.e., CD or DVD) by the objective lens after
being reflected by the 45° mirror. The reflected beam from the disk becomes
orthogonally linearly polarized with regard to the source beam after passing through
the quarter wave plate and is reflected by the polarizing beam splitter into the

detection photodiodes.
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Figure 1-1: Conventional optical pick-up head

In conventional optical pick-up heads, a _number of optical components are
needed to detect the optical -information” signal. As a result of using discrete
components, it becomes inevitaﬁly thi.ck and .'l.ér.ge. Compared with the conventional
pick-up head, miniaturized devices. have the ‘characteristics of shorter response time,
less power consumption, and smaller size. In the trend of miniaturization, the
Micro-Electro-Mechanical System (MEMS) is an appropriate choice since MEMS is a
technology employing the semiconductor fabrication process to minimize
electro-mechanical devices. Furthermore, MEMS devices can be integrated with
signal processing circuits on the same chip, such as CMOS-MEMS technology, to
reduce the noise interference and signal distortion.

Figure 1-2 is a monolithic free-space optical pick-up head developed by M. C.
Wau et al. [1]. The pick-up head contains a semiconductor edge-emitting laser, a beam
splitter, three miro-Fresnel lens (including one collimating lens and two focusing

lenses), and two 45° reflective mirrors. All optical components are built



monolithically on the silicon substrates.

For a full functional micro optical pick-up head, the objective lens and/or the
micro-actuator must be included, as shown in Figure 1-3. In this thesis, the micro
objective lens in the optical pick-up head is the major topic. For a DVD application,
the numerical aperture (N.A.) of the lens is 0.65.
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Figure 1-3: Diagram of the MEMS-based optical pick-up head.



1-2  Microlens

There are three types of focusing microlens in the micro-optics, namely the
refractive type, the reflective type, and diffractive type, as illustrated in Figure 1-4 [2].
Among them, the refractive and diffractive microlens will be discussed in this section.
In addition, different fabrication processes of the microlens developed in the past are

also discussed in this section.

1-2-1 Refractive Microlens

A great variety of fabrication techniques have been applied to the fabrication of
refractive optical elements (ROEs). Fabrication of refractive microlenses is often
based on some analog physical process. Due to the analog nature of most fabrication
techniques used for ROEs, their fabrication is often more difficult compared to the
fabrication of diffractive optics.“Howevet, even the difficulties in the fabrication of
refractive microlenses, the reflow methods have been used to fabricate the refractive
microlens successfully.

In the reflow process shown in Figure 1-5, the photoresist is first spin-coated on
the silicon substrate to the thickness necessary to produce lenses of given focal length
when melted. Then, photolithography is used to define the pattern size of the
microlens. Finally, heat is applied to melt the photoresist so that surface tension
causes the resist to adopt a hemispherical form, and the microlens is completed.

refraction reflection diffraction

- & -

focusing

’////

— — —

Figure 1-4: Different types of optical functions. [2]
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Although the reflow process is simple, the focal length of the microlens is difficult to
control. Figure 1-6 shows an out-of-plane refractive microlens fabricated with the
reflow technique and mounted on a surface-micromachined vertical plate [3].
Refractive microlens can also be made from the pre-shaped photoresist by a laser
direct write technique [4], the droplets method [5], as shown in Figure 1-7, or the
ink-jet process [6]. Furthermore, the refractive microlens pattern can be transferred to
the substrate by accurately controlling the substrate-to-photoresist etch selectivity in
reactive ion etching (RIE). Figure 1-8 shows a F-number 4.2, 200 pum diameter
microlens array and a F-number 0.86, 80 um diameter linear microlens array in fused

silica [7].
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Figure 1-5: Reflow process of the microlens.



Figure 1-7: SEM micrographs of a microlens array cured by UV light. [5]

Figure 1-8: SEM micrographs of mirolens arrays fabricated in fused silica. [7]



1-2-2 Diffractive Microlens

In conventional macrooptics, the use of refractive elements dominates, while
diffractive elements are only used in spectroscopy mostly. However, diffraction plays
a much stronger role in microoptics. Diffractive optics can be viewed as an approach
to the fabrication optimized for the lithographic techniques. In ROEs, the light is
manipulated by analog phase elements of considerable thickness in relation to the
optical wavelength. For micro components, such as aspheric lenses, in particular, the
fabrication is impossible with mechanical profiling techniques (due to the small
lateral extension) and very challenging with microlithography (due to the large phase
depth of the component). The solution to the fabrication problem lies in the periodic
nature of the light wave U(x). If a light wave is delayed by one wavelength
(corresponding to a phased lag ofip=2x), no difference to the original wave can be

found, due to
U(x,) = Ay(x)e® =dA5(x)e *7 = U (x,p +21) (1-1)

For example, retardation occurs “when the wave passes through a dielectric
material (e.g., glass or photoresist). The insensitivity of the light wave to phase jumps
of 2Nz (N is an integer) allows one to reduce the thickness of an optical element
without changing its effect on a monochromatic wave. In transmission the maximum

thickness of the corresponding optical component can be reduced to

t = (1-2)

where n denotes the refractive index of the component material and A is the
wavelength of the incident light, as shown in Figure 1-9. The blazing of continuous
phase functions results in laterally periodic elements, and such profiling depths are

readily fabricated with lithographic techniques.



Figure 1-9: Blazing of a lens resulting in a reduced thickness.

Diffractive microlenses are very attractive for integration with free-space
micro-optical bench (FS-MOB) because:
(a) their focal length can be precisely defined by photolithography;
(b) microlenses with a wide range of N.A. values can be defined;
(c) microlenses with diameters as small as a few tens of micrometers can be made;
(d) their thickness is on the order of an optical wavelength [8].
The thin construction is particularly suitable for the surface micromachining process
because the thicknesses of the strgetﬁri:e'la;érs are _(')I__l.ly on the order of 1 pm.
There are two types of diﬂl‘l_rae;gtivé :};Jc?olé:r:llse.é;'jone is the continuous kinoform

lens, i.e., the Fresnel lens, and:'-___.the 0{21:[61‘—-18-—?1‘16 mlffi:tiple-level binary microlens, as
shown in Figure 1-10. Fabricatior; :of'j-b._i_nar.y I_m_iéfdénses on the silicon substrate has
already been demonstrated. In the multiple-level microlenses, log,n masks are
needed for the n-level lens. The fabrication steps of a four-level microlens are shown
in Figure 1-11 as an example. In order to achieve better approximation of the lens, the
number of levels should be as many as possible. The precision of the alignment is the
key point in the method when the number of levels increases. Therefore, the
complexity and the misalignment are the drawbacks of the process. Figure 1-12 shows

the SEM micrograph of a binary micro-Fresnel lens with a diameter of 280 um, a

focal length of 500 pum, and an optical axis which is 254 um above the silicon surface.



(b)
Figure 1-10: Schematic diagrams of (a) a continuous Fresnel zone plate and (b) a

multiple-level binary microlens. [8]

(a) Deposit the lens mate d pattern the photoresist.

(b) Use RIE to etch the lens material for the first step.

(c) Spin-coat and pattern the resist for the second step.

B Photoresist
[ Lens material
(d) Etch the lens material by RIE.

Figure 1-11: Fabrication process of a four level microlens by the binary method.



Figure 1-12: SEM micrograph of the out-of-plane micro-Fresnel lens. [8]

1-2-3 Gray Scale Mask

ses; the sub-micrometer resolution and locally

The gray-scale mask technology
modulates the intensity of the ultra-vi : ight.through the mask to fabricate the
microlens. The technology takes | lithegraphy for a three-dimensional
structure, so this process is simpler thod. There are several methods

to fabricate the gray-scale mask which are described as follows.

(1) Half-tone Mask

Half-tone mask, as schematically shown in Figure 1-13, uses different square
patterns in the mask to cause different gray levels [9]. The basic concept is that the
resolution of the photolithography system must be larger than the minimum size of
the pattern on the mask so that an averaged gray scale pattern can be formed on the
surface of the photoresist. If the resolution of the photolithography system is smaller
than the mask pattern, the pattern on the mask will be completely transferred to the
photoresist and no gray scale effect can be achieved. Figure 1-13 is the schematic
diagram of a three-level gray-scale mask pattern and the resulting photoresist

structure, and the actual resist structure is shown in Figure 1-14.

-10 -



Photoresist
Figure 1-13: Schematic diagram of a three-level gray-scale mask pattern and the

resulting photoresist structure. [9]

BBS33539 1.9 kV x2.35366K 12.606rm

Figure 1-14: SEM micrograph of the three gray levels patterned in AZ4620

photoresist resulting from a similar mask pattern in Figure 1-13. [9]

(2) High-Energy Beam-Sensitive Glass (HEBS)
The HEBS glass used for the gray-scale mask consists of a low-expansion zinc
borosilicate glass, i.e., a white-crown glass [10]. The base-glass composition consists

of silica, metal oxides, nitrates, halides, and photoinhibitors. Typically, TiO,, Nb,Os,

-1 -



or Y»0j are used as photoinhibitors to dope the silver-alkali-halide, i.e., (AgX)m(MX)n,
complex crystals. These complex crystals are the HEBS materials, and will be
changed by high energy beams, such as electron beams. The HEBS glass has different
gray-scale levels with different illuminated energy, and the resolution is much higher
due to the electron beam size. Figure 1-15 shows a gray-scale HEBS mask pattern,
and Figure 1-16 is the SEM micrograph of the actual structure fabricated in a quartz

substrate.

Figure 1-15: Optical micrograph of the gray-scale mask. [10]

Figure 1-16: SEM of a diffractive optical element in a quartz substrate. [10]
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(3) Laser Direct Writing

The laser direct-writing gray-scale masks also have been applied to fabricate
diffractive microlenses. Figure 1-17(a) shows the laser-written sixteen-level microlens
pattern before the etching process, and Figure 1-17(b) is a microphotograph of the

etched microlens [11].

50 pm

50 pm

(b)

Figure 1-17: (a) A laser direct-writing gray-scale microlens mask and (b) the etched

16-level microlens structure. [11]
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(4) Focused lon Beam (FIB)

Finally, FIB can be used to mill the substrate to fabricate the microlenses.
Compared with other conventional techniques, such as laser direct writing and
electron-beam direct lithography, it has the advantage of one-step fabrication without
any pattern transfer steps. The substrate material selectivity is not required. This
method is investigated in this research and the details of the FIB system will be stated

as follows.

1-3 Focused lon Beam System

A focused ion beam system is a mask-less processing equipment used to make a
wide variety of small structures in various materials by utilizing sputtering etching or
ion beam induced deposition. Since the 1980s, it.has been used in photo-mask repair,
modification of the wiring of integrated circuits, processing and observation of cross
sections of integrated circuits.

The typical FIB instrument ‘eonsists of a vacuum chamber, a liquid metal ion
source (LIMS), an ion column, a sample stage, detectors, gas inlets, and a computer to
control the complete system as shown in Figure 1-18 [12]. The capabilities of the FIB
for small probe sputtering are made possible by the LMIS, which can provide a source
of ions of ~5 nm in diameter. Several metallic elements or alloy sources can be used
in a LMIS, and gallium (Ga) is currently the most commonly used material. Once the
Ga ions are extracted from the LMIS, they are accelerated through a potential down
the ion column. Figure 1-19 is a schematic diagram of the FIB column. The sample
stage typically provide 5-axis movement (X, Y, Z, rotation, and tilt), and all five axis
stage motions may be motorized for automatic positioning. Typically, the imaging
detector of the FIB system is used to collect secondary electrons for image

information. Gas delivery systems can be used in conjunction with the ion beam to

-14-



produce site specific deposition of metals, such as Platinum (Pt) or Tungsten (W), or
insulators or to provide enhanced etching capabilities. All the devices and systems are
controlled by a computer.

FIB instruments may be stand-alone single beam instruments. Alternatively, FIB
columns have been incorporated into other analytical instruments such as a scanning
electron microscope (SEM), Auger electron spectroscopy, transmission electron
microscope (TEM), or secondary ion mass spectrometry. The most common one is a
FIB/SEM dual-beam instrument, as is used in this research. The electron beam can be
used for imaging without concern of sputtering the sample surface, so very creative
ion beam milling and characterization can be obtained. In addition, electron beam
deposition of materials can be used to produce very low energy deposition that will
not affect the underlying surface.of interest as dramatically as ion beam assisted
deposition. The column arrangement of the'dual-beam FIB systems is shown in

Figure 1-20.

gas injection

needles ion column

7 detector

sample

p—

[ sample stage |
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Figure 1-18: Schematic diagram of a basic FIB system. [12]
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Figure 1-19: Schematic diagram of the basic FIB column. [12]
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Figure 1-20: Schematic diagram of a dual-beam FIB column arrangement. [12]

-16 -




FIB systems have been used for the modification or fabrication of prototype
optoelectronic and magnetic devices, integrated circuits, the preparation of specimens
for material analysis, and the micromachining of MEMS. In addition, FIB milling can
be used to fabricate diffractive microlenses. Figures 1-21(a) and 1-21(b) show
diffractive lenses with a designed depth of 1.06 um fabricated on silicon [13]. Also,
some interesting thoughts have been demonstrated by using FIB systems, such as a
nano wine glass made by carbon deposition or ion beam milling, namely a “nano
milling machine” or a “nano lathe” [14]. The SEM micrograph of the nano wine glass

produced with the “nano milling machine” is shown in Figure 1-22.

(a)

Figure 1-21: Diffractive lens on silicon by use of FIB milling. It was characterized by

the AFM with a tapping mode. (a) 2D profile in the horizontal direction. (b) SEM

micrograph of the fabricated device. [13]
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Figure 1-21: (Continued) Diffractive lens on silicon by use of FIB milling. It was
characterized by the AFM with a tapping mode. (a) 2D profile in the horizontal
direction. (b) SEM micrograph of the fabricated device. [13]

2.7um

Figure 1-22: SEM micrograph of the nano wine glass made by FIB milling. [14]

In this thesis, the FIB system is used to mill the silicon nitride films on the
silicon substrate to produce microlenses. Since silicon nitride has high absorption in

the ultraviolet (UV) wavelength used in photolithography, such milled pattern can
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also be used as a gray-scale mask. Moreover, the detailed design concepts and

fabrication process of the microlenses and gray-scale masks will be discussed in

Chapters 2 and 3.

The specifications and functions of the FIB system in the Semiconductor

Research Center (SRC) at National Chiao Tung University (NCTU) are listed below

[15]:

xT Nova NanoLab 200 system of FEI company

Ion source: Ga” LMIS

Acceleration voltage range: 0.5 to 30 kV for electron beam and 5 to 30
kV for ion beam

Image resolution: 1.5nm for SEM and 7 nm for FIB
Working distance range: 50 mm

Data storage

Process yield engineering

Etching

Lithography

Metal (i.e., Pt and W) and other materials deposition

Fabrication of micro- and nanostructures

1-4  Objectives and Thesis Overview

There are two major objectives in this thesis:

(a) using the FIB system to directly write the microlens patterns on the silicon
nitride film to form the lens.

(b) producing microlenses by using the gray-scale mask on the silicon nitride
film fabricated by the FIB system.

The fundamental principles and design concepts of the gray-scale mask and
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microlenses are described in Chapter 2. The fabrication processes of the lens and
mask are discussed in Chapter 3. Then, the profiles of the FIB pattern measured by
AFM and the results of the optical experiments of the lens are described and discussed
in Chapter 4. Finally, conclusion and future work of the research are discussed in

Chapter 5.
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Chapter 2 Principle and Design

In this research, microlenses and gray-scale masks are fabricated. The principle
and design are considered in this chapter. Silicon nitride and photoresist AZ4620 are
used as the materials of the microlenses and gray-scale masks. Focused ion beam is
used to fabricate the lenses and the masks. The Fresnel microlens in silicon nitride is
produced by FIB milling, and the microlens in AZ4620 is fabricated through the
contact-mode photolithography with the FIB-milled gray-scale mask in silicon nitride.
The design of the microlenses and gray-scale masks is based on the material
properties and optical characteristics of the photoresists and silicon nitride, and the

characteristics of the FIB system.

2-1 Material Properties
2-1-1 Photoresist AZ4620

AZ4620, a positive photoresist,is a-maeremolecular compound that comprises
three basic constituents: a base resin, a photoactive inhibitor, and a solvent. The base
resin is a binder to increase the stiffness of the resist through the photo-chemical
reaction. The photoactive inhibitor is a material whose photo-chemical properties will
be changed by the exposure to the light source. The concentration of inhibitor strongly
influences the dissolution rate of the photoresist in a developer solution. The solvent
is used to render a mixture of base resin and photoactive inhibitor into a liquid state.
This allows for spin coating of the resulting photoresist onto a silicon wafer or another
material substrate.

As a result of various factors in the exposure and the development processes, the
dissolution rate of exposed photoresist tends to exhibit a nonlinear relation with
respect to inhibitor concentration. It is quite difficult to characterize the exposure and

the development processes on the molecular level. But various properties of the resist

-21 -



can be combined into a macroscopic analysis to find a functional relation between the
dissolution rate and the mask transmission [16]. In order to develop the model of
photoresist, it is assumed that the initial photoresist consists of material C and that, on
exposure to UV irradiation, is transformed into a second material, named material S,
without any intermediate materials during the transformation. In the developer solvent,
the development rate of material C is denoted D¢, and the development rate of
material S, Ds. Thus, Ds>>D¢ for the positive photoresist. In the gray-scale process,
the resultant photoresist film is composed of both material C and material S. In the
following derivation, the percentage of material C is denoted as C, and the percentage
of material S as S.

Now consider a positive photoresist which is entirely unexposed initially at ¢ = 0:

{St_o =5(0)=0 o)

C_,=C0)=1"

The film is transformed during an exposure-interval At. It is assumed that the change
AS is proportional to the amount of unchanged material C and to the intensity / of UV
light, according to

AS(t) = uC(t)IAt. (2-2)
The constant u is the optical response parameter, which describes the material’s
sensitivity to UV irradiation. The total amount of photoresist is conserved during the
process. As the result,

CH)+S(@)=1. (2-3)

Thus, solving Egs. (2-2) and (2-3) and enforcing the initial condition in Eq. (2-1), one
can obtain

S(t)=1—-exp(—ult). (2-4)
In the gray-scale technique, the optical intensity is controlled by the mask, which has

a transmittance 7. The intensity of light that reaches the photoresist is /=1,7, where /I,
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is the intensity without the mask. After exposure time #, in seconds, the percentage of

material S is
S(t)=1-exp(—ul,Tt,). (2-5)
Define a new variable x = ! t,, and Eq. (2-5) becomes
S()=1-exp(—«T). (2-6)
The depth of the developed photoresist is proportional to the solubility of the final
material, which is also proportional to S:
Solubility = D¢S + D.(1-S)= D, +(D; —D,)S . (2-7)
From Eq. (2-5), the percentage of chemical change in the resist is not directly linear to
the transmittance. The nonlinear relation can be observed clearly in Figure 2-1.
In our research, the positive photoresist AZ4620 is used for the gray-scale

photolithography. To find the parameters of AZ4620 for the above model, the resist

1 T L L] T
---------- 24-s exposure and x=2.7159

0.9 === 16-s exposure and x=1.8106

08 b T 8-s exposure and x=0.9053 i

0.7 }
0.6
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04 r

Relative Solubility

03 F

0.2

0.1 +

4 i

O L L ] i i ]
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Transmittance Value

Figure 2-1: Solubility versus the transmittance for the photoresist samples. [16]
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was spin coated with the recipe of spread cycle speed = 1000 rpm for 10 seconds and
spin cycle speed = 2750 rpm for 35 seconds. After 4-minute soft-bake process, the
obtained photoresist thickness was measured as 8 pm. The resist was exposed through
a grayscale film mask consisting of regions with transmittance from 0.017 to 0.232.
The energy of the UV light of the photolithography system was measured as 10.8 mW
without filter and the exposure time was fixed to 90 seconds. Next, the development
time was adjusted as 4 minutes to obtain as many gray levels in the photoresist as
possible. Then different depths of the developed photoresist were measured for
solubility of the resist. Finally, the relative solubility versus transmittance was
obtained and shown as Figure 2-2.

In Figure 2-2, the parameters for the linearized model of the photoresist AZ4620
are: the solubility of the material Sy D, = 0.69 pm/min, the solubility of the material
C, D, =0.0003um/min , and the optical response parameter, 4=0.015. The relation

D¢ >> D, is reasonable for the positive photoresist AZ4620. The model established in
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Figure 2-2: Solubility versus the transmittance for AZ4620.
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the Figure 2-2 will be used to design the gray-scale masks and Fresnel microlenses in

AZA4620 fabricated by the FIB method.

2-1-2  Silicon Nitride

Silicon nitride (SixNy) is a material widely used in microcircuit and microsensor
fabrication due to its superior chemical, electrical, optical, and mechanical properties
[17]. SixNy is usually used as a hard mask layer or etch stop layer because of the
highly selective etch rates over the silicon oxide and silicon nitride in many etching
process. Other applications of silicon nitride are optical waveguides (nitride/oxide),
insulators, mechanical protection layer, oxidation barrier, and ion implant mask.
Silicon nitride is also hard, with a Young’s modulus higher than that of Si, and it can
be used, for example, as a bearing material in micromotors. In micromachining,
silicon nitride serves as an’ important | mechanical membrane material and
isolation/buffer layer.

Silicon nitride can be deposited by a wide variety of CVD techniques, such as
LPCVD and PECVD. Silicon nitride is often deposited from SiH4 or other Si
containing gases and NHj; in a reaction such as:

3SiCl,H; + 4NH3 — Si3Ng + 6HCl + 6H,

The optical properties of the silicon nitride can be controlled by the specifics of
the LPCVD process. In the IC industry, silicon nitride is deposited by LPCVD at 700
to 900°C and at 200 to 500mTorr. In our research, silicon nitride was deposited by
LPCVD at 850°C and 180mTorr in the Semiconductor Research Center (SRC) at
National Chiao Tung University (NCTU). The measured refractive index n and
extinction coefficient k by ellipsometry of the LPCVD nitride is shown in Figure 2-3.
The absorption of silicon nitride increases sharply in the UV region, so that it can be

used as a mask. Moreover, AZ4620 is sensitive to the wavelength 320nm used in the
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contact-mode aligner in SRC. Therefore, silicon nitride and AZ4620 are suitable to be

the material of the microlens and gray-scale mask.
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Figure 2-3: (a) Refractive index and (b) extinction coefficient of LPCVD nitride.
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2-2  Fresnel Microlens Design

Fresnel microlens, characterized by its thinness, lightness, high optical efficiency,
good focusing and reproducibility, is very attractive in mircooptics, opto-eletro-
mechanical, optical communications and optical computing systems. The optical
effect of the lens is similar to that of the Fresnel zone plate, but it achieves much
higher diffractive efficiency. For the requirement of the DVD micro optical pick-up
head, the numerical aperture (N.A.) shown in Figure 2-4 is 0.65.

Based on the definition of the numerical aperture, the focal length of the lens can

be decided as:
N.A.=n, sind=0.65, (2-8)
0 =sin"' 0.65 ~ 40.542°, (2-9)
R
= > 2-10
I 3w (2-10)

where ng; 1s the refractive index of the air, R is the radius of the lens, and f, is the
focal length of the lens. The calculated diameter and focal length of the lens are listed

in Table 2-1.

2R
Numerical Aperture
lens :
N n | A N.A.=n, sin@
air ,
. !
\ 1
1
C /o
\\ : //
Ny,
. v
focal point —>°

Figure 2-4: Schematic diagram of N.A.

-27 -



Table 2-1: Focal length calculation.

Diameter (2R, um) N.A. Value Focal Length (f,, pm)
600 0.65 350.74
100 0.65 58.46
50 0.65 29.23
35 0.65 20.46
30 0.65 17.54
20 0.65 11.69

After the focal length and diameter are determined, the microlens can be
designed according to Figure 2-5. A parallel light wave changes its direction and
focuses on the focal point due to refraction after passing through the lens. In the path
of light, different thickness of the lens causes the different phase delay. As Figure 2-5
shows, parallel wavefronts change jinte approximately spherical wavefronts when
passing through the lens. The phasc delay from the focal point to flat lens surface can

be calculated as

¢(V):T:T' r-+z, (2-11)

air air

where 1, is the wavelength of the light in the air, d is the distance from focal point to
any point on the flat lens surface, and r is the radius in the lens. Based on the
assumption that the light passes through the lens straightly, the phase delay from point

A on a parallel wavefront to point B on the flat lens surface can be calculated as

)

APp(r)=2rx- (% + —L’e’” J , (2-12)
air lens

where A, is the wavelength of the light in the lens material. For silicon nitride as the

lens material ilem:ia,-,n/ens'l and ngn=2.23 at wavelength 650 nm; for photoresist

AZ4620, nyz4620=1.6963 at 650 nm.

According to the characteristics of equal phase on the wavefronts, the thickness
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h(r) as a function of the lens radius » can be determined by considering the boundary

conditions at the center C and edge D of the lens, as shown in Figure 2-5,

p(r)+Ad(r)=c, (2-13)
= Lair + nlensLlens =N 7,-2 + 22 + Cl s (2_14)

{(C) Mo sh(0) ==, + ¢,
= (2-15)

(D) h(R)=h(0)=—R*+ £* +¢,
_ NN R+ 1, (2-16)

=S¢ =—"
nlens _1
- JR+ 1)
= h(0) = Jora__ o, o : (2-17)
nlens nlens nlens _1

where ¢ and c¢; are constants, and /4(0),is, the maximum thickness of the lens. The

profile of the microlens can be caleulated as

h(r) = [—\/rz s 2R+ e 4 ) /(n,em, ~1) (2-18)

The diameter and the corresponding maximum thickness of the microlenses made of
silicon nitride and AZ4620 are listed in Tables 2-2 and 2-3, respectively. Due to the
time restriction of the FIB system in SRC, the diameter of the nitride microlens and

AZ4620 microlens must be 20 pum and 35 pum, respectively.

gl 2R | - . .
R e neident wave
L. e
I, & A0 —MESM R | Ih(O)
lens /, : ¢ ®
B c D
P(r) d i wavefront
| Z

focal point —

y
X

Figure 2-5: Schematic diagram of microlens design.
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Table 2-2: Calculated results of the silicon nitride microlens.

Diameter (2R, um)| Focal length (f,, um) | Constant (c¢;) [Max. thickness (/#(0), um)
100 58.46 91.94 15.01
50 29.23 45.97 7.51
30 17.54 27.58 4.50
20 11.69 18.39 3.00

Table 2-3: Calculated results of the AZ4620 microlens.

Diameter (2R, um) | Focal length (f,, pm) | Constant (¢;) |[Max. thickness (4(0), pm)
100 58.46 103.44 26.52
50 29.23 51.72 13.26
35 20.46 36.21 9.28
20 11.69 20.69 5.30

However, the maximum thickness of the lenses in Tables 2-2 and 2-3 is too large
to be deposited by IC processes-suchrassEPCVD. Eq. (2-19) is therefore adopted to

slice the microlens, as described in Chapter-1:

t:Lxm, (2-19)

( nlens - 1 )

where ¢ is the sliced thickness, 4 is the wavelength of the incident light, 7y, is the
refractive index of the lens material, and m is an integer. Consider the limited
thickness of the LPCVD silicon nitride and m=1, the sliced thickness of silicon nitride
and AZ4620, i.e., tg, and ?,,,,,, are 528 nm and 933 nm separately. The calculated
results are listed in Tables 2-4 and 2-5, where the minimum thickness is the thickness
of the outmost ring, the maximum thickness is the sliced thickness, the minimum
line-width is the width of the outmost ring, and the maximum line-width is the radius

of the middle circle. The calculated profiles are shown in Figures 2-6 and 2-7
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Table 2-4: Calculated results of sliced silicon nitride microlens.

) ) Focal Max. Max. Min. Min.
Material[Diameter . ) i ) ) )
length | thickness | line-width | thickness | line-width
Sili S50 um [29.23 um | 52846 nm | 1240 ym | 108.37 nm | 0.21 um
ilicon
trid 30 um | 17.54 um | 52846 nm | 9.64 um 27641 nm | 0.53 pm
nitride
20pum | 11.69 pm | 52846 nm | 790 um |360.42nm | 0.70 pm
Table 2-5: Calculated results of sliced AZ4620 microlens.
) ] Focal Max. Max. Min. Min.
MateriallDiameter . . i ) ) )
length thickness | line-width | thickness | line-width
S0um (2923 um | 933.51nm | 1240 um | 191.44nm | 0.21 um
AZ4620[ 35 um [20.46 um | 93351 nm | 1040 pm [ 880.81 nm | 0.96 pm
30um | 17.54 um | 93351 nm [ 9.64um |[488.27nm | 0.53 uym
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150 (-
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Figure 2-6: Profile of the silicon nitride microlens.
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Figure 2-7: Profile of the AZ4620 microlens.

2-3  FIB Pattern Design

The development and functions of‘the FIB system was discussed in Chapter 1.
The milling process is used to fabricate the microlens and gray-scale mask. The
dual-beam FIB system (FEI series) in SRC can directly write the lens pattern on the
silicon nitride membrane by using a stream file or a bitmap file, the latter of which is
used in this research. Besides, the microlens can also be produced by the
contact-mode photolithography through the gray-scale mask fabricated in silicon

nitride by the FIB system.

2-3-1 Fresnel Microlens Pattern
According to the microlens design and characteristics of the FIB system, the
microlens pattern for FIB can be determined. First, the pixel number of the bitmap file

must be as large as possible for a good approximation. However, the FIB system has a
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constraint on the maximum number of pixels, i.e. the range in x is 0~4095 and in y is
approximately 280~3816. Consider the suitable number for approximation and
enough space for adding blank pixels, the number of pixels was chosen as 512x512.
Then the gray-scale pattern was sampled by the 512x512-pixel matrix and transferred
to the 3-D profile by the FIB system. Each pixel in the matrix has three bytes with
same values for the gray-scale pattern. Therefore, there are 256 gray levels in the
design. The gray-scale pattern of the 20 pum-diameter silicon nitride microlens is

shown in Figure 2-8.

2-3-2 Gray Scale Mask Pattern

Based on the photoresist model as discussed above and the transmittance of the
silicon nitride membrane, the depth. of the gray-scale mask pattern in the silicon
nitride films can be determined. Figure 2-9 is a diagram which describes how the

gray-scale pattern is transferred to the positive photoresist AZ4620. When the light
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Figure 2-8: Gray-scale pattern of the silicon nitride microlens in 512x512 pixels.
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passes through the silicon nitride membrane, the intensity of the light is attenuated in

an exponential form, as shown in

Ark

Yot (2-20)

[=1e" «|E[ =|E,

where / is the intensity of the light passing through the membrane, /, is the incident
intensity, £ is the electric field of the light passing through the membrane, E, is the
electric field of the incident light, & is the extinction coefficient (0.283) of the nitride
film at the wavelength of 320 nm, A.., is the wavelength (320nm) of the mask aligner
in SRC, and x is the thickness of the membrane.

Transmittance can be controlled by the thickness of the nitride membrane, so

different thickness causes the difference of the transmitted light intensity, as shown in

4k
I—ZOC|E|2 N =0.15, (2-21)
I, 0.2

where /; and [, are the intensity after passing through different nitride thickness as
shown in Figure 2-9. According to the photoresist AZ4620 model in Figure 2-2, there
is a transition region of solubility, which is used in the gray-scale photolithography,
for the transmittance value between 0.2 and 0.03. From Eq. (2-21), the maximum

thickness of the 3-D profile of the gray-scale mask can be determined in

In(0.15)x 2,
X=——-—""7"

~170.7nm . (2-22)
—Ark

According to the AZ4620 microlens design and characteristics of the FIB system,
the gray-scale mask pattern can be determined. The gray-scale mask pattern for the 35
um-diameter AZ4620 microlens is shown in Figure 2-10, and the number of pixels is

512x512.
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Figure 2-10: Gray-scale mask pattern for the AZ4620 microlens in 512x512 pixels.

2-4  Summary

In this research, silicon nitride and a positive photoresist AZ4620 are used as the

lens material, and silicon nitride is also the material of the gray-scale mask. The



Fresnel micolenses with N.A. of 0.65 in silicon nitride and AZ4620 are designed.
However, due to the time restriction of the FIB system in SRC, the diameter of the
microlens in silicon nitride and AZ4620 must be designed as 20 um and 35 pm,
respectively. The thickness of the microlens in silicon nitride and AZ4620 is designed
as 528 nm and 933 nm, respectively. In addition, the gray-scale mask in silicon nitride
is also determined. According to the photoresist model of AZ4620 and the optical
characteristics of the silicon nitride, the thickness of the mask is designed as about
170 nm. Herein, thickness means the maximum FIB-milled depth. The detailed

fabrication processes will be discussed in Chapter 3.
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Chapter 3 Fabrication Process

The microlens and gray-scale mask on the silicon substrate can be fabricated by
IC processing steps. The patterns of the lens and mask have been determined in

Chapter 2. The fabrication processes are discussed in this chapter.

3-1 FIB Milling of Silicon Nitride

In this research, FIB-milled Fresnel microlenses and gray-scale masks were
fabricated in the silicon nitride film on the silicon substrate. The schematic diagram of
the fabrication process is shown in Figure 3-1, and the details of the process are
described as follows. A (100)-orientated bare silicon wafer was used for the substrate.
After RCA clean, 1 um-thick silicon nitride (Si3N4) was deposited on the silicon
substrate by LPCVD (Figure 3-1(a)). A positive photoresist layer of FH6400
spin-coated on the backside of the wafer was used as the etching mask for the
subsequent silicon nitride RIE (Reactive-don-Etching) process (Figure 3-1(b)). After
the RIE process, the etching window.for bulk-micromachining was opened. The
silicon substrate was removed by the KOH etching process so that the light can pass
through the nitride film (Figure 3-1(c)). A 80°C 45% KOH solution was used to etch
oft 500 um-thick silicon for 10 hours. After KOH etching, the angle between the final
etch-stop plane and the (100) plane was almost 55°, as shown in Figure 3-2. Finally,
the microlens and gray-scale mask were patterned in the silicon nitride film by
FIB-milling (Figure 3-1(d)).

In order to avoid the charge accumulation on the silicon nitride membrane, gold
(Au) or platinum (Pt) is sputtered on both sides of the specimen before the FIB
process. The FIB parameters, i.e., dwell time, passes, and Z-size, were tuned to get
smooth profiles and enough depth of the desired pattern. After the FIB patterning, the

silicon nitride microlens and gray-scale mask were complete. The SEM micrographs
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of the microlens or the gray-scale mask was shown in Figure 3-3(a) and Figure 3-3(b),

respectively.

(a) LPCVD silicon nitride (~1 pum). (c) KOH etching.

. _J7r N\
] I N I

(b) Back-side etching of SiN by RIE. (d) Gold plating and FIB patterning.

Figure 3-1: Schematic diagram of the fabrication process.
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Figure 3-2: SEM micrograph of the KOH etching process.
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(b)

Figure 3-3: SEM micrograph of the (a) microlens and (b) gray-scale mask.

3-2  Microlens in Photoresist

The microlens can be directly patterned in the silicon nitride film by the
FIB system. Alternatively, the microlens can be produced in photoresist by
photolithography. The FIB system was used to define the gray-scale pattern of the
gray-scale mask on the SizN4 film without silicon substrate under it. The AZ4620

microlens was produced through the contact-mode exposure process as shown in
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Figure 3-4. From the parameters of photolithography for the photoresist model
mentioned in Chapter 2, the photoresist AZ4620 was spin coated with the recipe of
spread cycle speed = 1000 rpm for 10 seconds and spin cycle speed = 2750 rpm for 35
seconds. After 4-minute soft-bake process, the resist was exposed through the
FIB-milled gray-scale mask and the exposure time was fixed to 10 minutes. The
development time was adjusted to 4 minutes to obtain the microlens in the photoresist.
Figure 3-5 shows the optical micrograph of a Fresnel microlens in AZ4620 of
diameter 35 pum. As the figure shows, the pattern of the microlens is roughly
transferred into the AZ4620 layer by photolithography using the gray-scale mask.
However, the outer rings in the lens ars not fully developed. So the parameters of

photolithography should be adjusted to get a better lens profile.

‘Exposure

] ]
I 7 .

Gray-scale mask

AZ4620

Silicon

Development

& AZ4620

Silicon

Figure 3-4: Schematic diagram of the exposure process.
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Figure 3-5: Optical micrograph of the microlens in AZ4620 of diameter 35 pm.

3-3  Summary

The fabrication processes ! microl - silicon nitride and AZ4620 are

fragility of the samples. In addition, microlenses in AZ4620 through the contact-mode
exposure process have been investigated. The measurement results of the FIB-milled

patterns will be discussed in Chapter 4.
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Chapter 4 Measurement and Experiment

After FIB milling, atomic force microscopy (AFM) was used to examine the 3D
profile and depth of the FIB-milled pattern. Optical experiments were used to measure
the characteristics of the microlens. The results of the measurements and experiments

are presented in this chapter.

4-1 Test Pattern Measurement

Test patterns for the FIB milling were designed to characterize the milled spot
size, and the pixel number of the test pattern was 512x512. The FIB parameters, such
as step size of each pixel, dwell time, passes, and Z-size, etc., were varied to reveal
the characteristics of the milled spot. Herein, the step size means the distance between
non-blank pixels in the bitmap figure. Dwell time'is the time for which the ion beam
stays on a pixel. Passes is the number of times'the 24=bit bitmap file is scanned by the
ion beam on the sample surface. Z:size-is-the expected depth of the pattern. The
Z-size will be increased as dwell ‘time or passes increases. In addition, the
magnification and beam current of the FIB system determine the actual distance
between pixels and the actual depth of each pixel. Herein, magnification is the ratio of
the viewing area on the monitor screen to the scanned area on the sample. The SEM
micrograph of the test pattern in the conditions of magnification as 480x and beam
current as 0.3 nA is shown in Figure 4-1. Figure 4-2 shows the AFM measurement
results of the FIB-milled test pattern. The profile of the ion-milled spot is shown in
Figure 4-3.

Several relations between the measured results, such as “spot size”, “depth”, and
“distance”, etc., are discussed below. Herein, as Figure 4-3 shows, “spot size” means
the diameter of the ion-milled spot, “depth” means the maximum depth of the spot

profile, and “distance” means the actual distance between spots. The relation between
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the beam current and “spot size” is shown in Figure 4-4. The milled spot size
increases as the beam current or dwell time increases, as shown in the figure. The
relation between the step size and “distance” is shown in Figure 4-5. The slope of the
curves (a) and (b) in the figure is about 65 nm/step and 26 nm/step, respectively. As
the figure shows, the actual distance correlates closely with the magnification and is
independent of the beam current. When the magnification increases, the actual
distance decreases concurrently. The relation between the dwell time and “depth” is
shown in Figure 4-6. The ion-milled depth increases for either increased dwell time or
beam current. Also, the milled depth is related to the magnification. In the conditions
of the larger magnification and smaller step size, the actual distance will be smaller
than the ion-milled spot size. Therefore, a larger depth will be induced by the overlap
of the ion-milled spots. The relation between the step size and “depth” is shown in
Figure 4-7. According to the trend.of the curves, the:sudden increase of the depth at
small step size is caused by the ovetlaps-Fromythe discussion about the spot profile
and overlap conditions, the gray-scale profile.can be designed for the FIB process.

In summary, the characteristics of the FIB-milled spots were obtained through
the test patterns. In order to achieve the desired depth and retain the better shape of
the ion spot, the maximum dwell time and ion beam current of the FIB system are
chosen as 1 msec and 0.5 nA, respectively. To avoid the overlap, blank pixels can be

inserted into the bitmap, as will be considered as follows.
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Figure 4-2: AFM profile result of the test pattern.
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Figure 4-3: Diagram of the spot profile.
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magnification.
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4-2  Microlens and Mask-Pattern‘Measurement

According to the information from the test pattern measurement, the FIB
parameters for the milled patterns, i.e., the Fresnel microlens and gray-scale mask, are
determined. The maximum dwell time and beam current are fixed to 1 msec and 0.5
nA as discussed above. To begin with, the microlens pattern had a diameter of 100 pum
and the desired depth was about 528 nm. The step size was 1 in the bitmap. The
FIB-milled pattern was measured by AFM, as shown in Figure 4-8. As the figure
shows, the actual depth, about 24 nm, is too small and the milled profile loses the

desired shape due to the overlap of the ion-milled spot.
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the microlens pattern of diameter 100 pum.
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The shallow milled depth was caused by the limited milling time allowed for
each run. In this case, the depth problem can be solved by reducing the pattern
diameter. The loss of fine structures in the outer rings in the milled pattern was caused
by the overlapped ion spot. Therefore, blank pixels can be inserted in the bitmap
figures for compensation. Figure 4-9 shows the measurement of a sample with a
diameter of 50 um and two inserted blank pixels. The whole profile of the pattern is
shown in Figure 4-10. As the figures show, the profile is deeper than the
non-compensated one and profile is closer to the design. But the depth of the pattern,
about 88 nm, is still not enough, so the area of the milled region must be reduced

again.

Section Analysis
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lc DC
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[ [ ! ;! 4
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Spectrum

Surface distance 11.722 pm
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Angle 0.0086 °
Surface distance 6.272 pm
Horiz distance 6.270 pm
Uert distance 79.649 nm
Angle 0.728 °

(a)
Figure 4-9: AFM measurement of the (a) middle region and (b) right-side region of

the microlens pattern of diameter 50 pum.
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Figure 4-9: (Continued) AFM measurement of the (a)middle region and (b) right-side

region of the microlens pattern of diameter 50 pum.

79.65 nm

Figure 4-10: AFM profile of the microlens pattern of diameter 50 pm.

For different magnification and pattern diameter, the total volume removed by
the focused ion beam should be equal for the same dwell time and ion current. Based

on this principle, the depth of the milled pattern can be roughly calculated as
L x d L X d I/re'moved H (4_1)

where L; and L, represent the pattern diameters in two different magnification, and d,
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and d, represent the corresponding depth of the FIB-milled patterns. The desired
depth of the microlens and gray-scale mask is about 530 nm and 170 nm respectively;
the pattern diameter of the lens and mask can be calculated as 20 pm and 30 um. To
avoid the overlap caused by the reduced pattern diameter, seven blank pixels were
inserted into the 20-pm microlens pattern and four blank pixels were inserted into the
30-um gray-scale mask pattern. The AFM measurement results of the microlens are
shown in Figure 4-11. Figure 4-12 shows the AFM measurement results of the
gray-scale mask, and Figure 4-13 shows the whole profile of the mask. As the figures
show, the depth of the gray-scale mask, about 211 nm, is a little larger than the desired
depth, 170 nm; the depth of the microlens, about 525 nm, is close to the desired depth,
530 nm. So the pattern diameter of the mask should be tuned to match the design.
Besides, the height of the outer rings 1s decreased-due to the overlap, so more blank

pixels must be inserted into the bitmap figures:
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Figure 4-11: AFM measurement of the microlens pattern of diameter 20 pum.
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Figure 4-12: AFM measurement of the (a) middle region and (b) left-side region of

the mask pattern of diameter 30 um.
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211.5 nm

4

Figure 4-13: AFM profile of the mask pattern of diameter 30 um.

The diameter of the third compensated patterns was 20 um for the microlens and
35 um for the gray-scale mask. In addition, ten blank pixels were inserted into the
microlens pattern and six blank pixels into the gray-scale mask pattern. The 2D and
3D profile of the patterns are shown in Figure 4-14 and 4-15, respectively. The
roughness analysis of the patterns is shown in Figure 4-16 to be about 3 to 4 nm,
which is suitable for optical components. As the figures show, the depth of the
microlens and mask was measuredias 530 nm and 180 nm respectively, which is close
to the desired value. But some-overlap issues still cause the reduced height of the
outer blazing rings. So, inserting motre blank-pixels must be considered to avoid the
occurrence of the overlap. Figures 4-17.and 4-18 show the measured profiles of the
nitride microlens and gray-scale mask compared with the designed 2D profiles,
respectively.

Finally, the relation between the depth and pattern size, i.e., ion-scanned area, is
shown in Figure 4-19. The measured data can be fitted by the curve

depth x pattern size =c, (4-2)

where c is a constant and can be calculated as 1.9x10* um’, as shown in the figure.

In summary, the Fresnel microlens in silicon nitride and the gray-scale mask for
the microlens in AZ4620 are fabricated. The profile of the patterns is close to the
design. In addition, the loss of fine structures can be overcome by inserting blank

pixels into the bitmap figures.
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Figure 4-14: 2D profile of the (a) microlens and (b) gray-scale mask.
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(b)

Figure 4-15: 3D profile of the (a) microlens and (b) gray-scale mask.
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Figure 4-16: Roughness of the (a) microlens and (b) gray-scale mask.
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4-3  Optical Experiment

The Fresnel microlens was directly patterned in the silicon nitride film by the
FIB system. Optical experiment was conducted to verify the performance of the
microlens, as shown schematically in Figure 4-20. First, a proper distance was
selected to ensure that the pattern of microlens is clearly displayed on the screen.
Then, the microlens or the objective lens was moved a certain distance to make the
pattern on the screen shrink to a bright point, i.e., a focused spot. Therefore, the
distance is the focal length of the microlens fabricated by the focused ion beam. After
a series of optical experiments, the focal length was measured as about 12 um, and the

N.A. value of the microlens can be calculated as

NA. =sin(tan (2™ ~ 0.64. (4-3)
12 pum
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In addition, the screen was replaced by a CCD camera to check the profile of the
focused spot. Figure 4-21 shows the image of the focused spot captured by the CCD
camera. The intensity profile of the focused spot is shown in Figure 4-22, and the
cross-section of the profile is shown in Figure 4-23, respectively. The FWHM
(full-width at half-maximum) of the focused spot in the x-direction and y-direction
can be calculated as about 0.64 um and 0.66 um, respectively. Therefore, the

fabricated microlens is symmetric. The diffraction limit of a 0.64 N.A. lens is

<054 _05x0.633 um
N.A. 0.64

~0.494 pym, (4-4)

where A is the wavelength of the laser used for the experiment, and N.A. is the
numeric aperture of the microlens. Therefore, the numerical aperture, 0.64, of the
fabricated microlens in silicon nitride isclose to the specification, 0.65, of a DVD

optical pick-up head. But the me_a'éﬁred spot size of the focused spot is larger than the
EISpT S

diffraction limit of the lens. The'reason is that the height of the outer blazing rings is a
r |

little different from that of the désigﬂ. The r'edUCed:h:eight causes the reduction of the

focusing ability.
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Laser Objective lens
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I
I Objective lens
IFocal plane of the objective lens Screen
[

Figure 4-20: Schematic diagram of the optical measurement.
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Figure 4-21: Image of the focused spot on the CCD camera.

Figure 4-22: Intensity profile of the focused spot.
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4-4  Summary

The relations between the FIB parameters, such as step size, dwell time, passes,
and Z-size, etc., have been obtained through the test patterns. The profiles of the
Fresnel microlens and gray-scale mask in silicon nitride fabricated by FIB milling has
also been measured by AFM. Through the optical experiment, the numerical aperture
of the fabricated microlens in silicon nitride is measured as 0.64, close to the
specification of a DVD optical pick-up head. However, due to the reduced height of
the outer rings, the measured spot size of the focused spot is larger than the diffraction

limit of the lens.
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Chapter 5 Conclusion and Future Work

5-1 Conclusion

In this research, the FIB-milled Fresnel microlens and gray-scale mask are
proposed and fabricated. Silicon nitride is used as the material of the mask and lens,
and positive photoresist AZ4620 is also used as the material of the microlens. The
numeric aperture of the microlens on the nitride film is measured as 0.64, close to the
specification, 0.65, of the DVD pick-up head. Due to the reduced height of the outer
rings in the microlens, the spot size of the focal point is about 0.64 pum, larger than the
diffraction limit of 0.494 um of the lens. More blank pixels can be added into the
bitmap pattern to avoid the ion beam spot overlap, which is the reason of the reduced
height. In addition, the microlens‘can also ‘be produced by the contact-mode
photolithography. Moreover, the photoresist model of AZ4620 has been built for the

CXposure process.

5-2  Future Work

In the lens design of Chapter 2, the assumption that the light passes through the
lens straightly leads to errors in the lens profile 4(r). The profile can be adjusted by
the optical simulation tools, such as ZEMAX. In addition, a new compensated
gray-scale pattern is being developed, in which more blank pixels are added to reduce
the influence of the overlap. In the future, the deposition of the FIB system can be
considered to fabricate the gray-scale mask on the transparent substrate, such as glass
or quartz wafer. The FIB-deposited materials include platinum (Pt), tungsten (W), or
some insulators. The extinction coefficient of metallic materials is much larger than
that of silicon nitride, so the thickness deposited by FIB can be reduced. In addition,
the transparent substrate is also the solution of fragile samples caused by the KOH

wet etching process.
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