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Abstract

Recently, the Micro Electro Mechanical Systems (MEMS) technology has many
important developments with the rapid progress in the semiconductor industry. The
requirement of miniaturization and lightness pushes the development of more
miniature and lighter optical data storage system. Micro optical pick-up head
fabricated by Micro-Opto-Electro-Mechanical System (MOEMS) technology is one
of the methods to realize portable high-capacity optical storage systems. In this thesis,
the micro optical pick-up is composed of a micro optical bench and a controllable
focusing lens bonded together. The fabrication process is the focus in this thesis.

In this thesis, the optical bench of the micro optical pick-up head is composed of
several 3D micro devices. The silicon;on insulator (SOI) wafers with almost zero
stress are used in order to prevent the stress-induced curvature of micro devices made
by poly silicon. Integrating SU-8 to fabricate stress beams to lift up the devices and
anchors for the rotation of devices. SU-8 also attempt to be fabricated as optical
component, such as grating and Fresnel lens.

Devices is rotated to desired degree by probe and fixed by latch mechanism. To
avoid manual operation, the self-assembly is introduced in the fabrication. The power
of assembly is the surface tension of melting solder. Furthermore, solder is also a
conductive material.

In this thesis, integration of SOI and SU-8 in a surface-micromaching-like
process can simplify the process. And the self-assembly approach of solder can

simplify the process more.
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Chapter 1
Introduction

1-1  Motivation

People are having a new world in the multimedia era in the rapid progress of the
information technology. High fidelity is important when translating the information
from analog to digital forms or vise versa. The amount of data becomes very large.
Therefore increasing the data storage density plays a very important role. On the other
hand, it is also very crucial to obtain rapid access speed of information. Miniature and
lighter optical data storage system can_achieve these requests. The miniature optical
pick-up head can replace the conventional buck head to reduce the access time of
information.

The conventional optical pick-up head consists of a laser diode, a grating plate, a
beam splitter, a collimator, a mirror, an' objective and photodiodes, as showing in
Figure 1-1. The laser beam from the laser diode passes through the diffraction grating
and diffracted beams are produced. The zeroth-order beam is used to read the data on

the disk; the first-order beams can be used to maintain the correct tracking of the spot.

CD-rewritable disk

Polarizing

Collimator Objective

beamsplitter \
Laser
. Mirror
/V w N

Grating plates Quarterwave

Foward-sensing @ pleie
diode Photodiodes

Figl-1: Conventional optical pick-up head
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Then, the light passes through the beam splitter and is converted into a parallel beam
by the collimator. After the quarter wave plate, the beam becomes circularly polarized.
The beam is then focused onto the surface of disc by the objective lens whose position
is maintained by a servo mechanism. The reflected beam becomes orthogonally
linearly polarized with respect to the source beam after passing through the quarter
wave plate and then is reflected by the polarizing beam splitter into the detectors.
Finally, the photocurrent can be measured as the data information by current detected
circuits.

As the portable digital devices such as cellular phones, digital cameras and MP3
players are spreading these days, the demand for mobile storage devices increases
rapidly. The traditional optical pick-up head is constructed with discrete components
and needs complex and time-consuming assembly processes. Therefore, various
techniques have been proposed-to.reduced the weight and volume and simplify the
assembly processes.

Compared with the conventional bulk optical pick-up head, miniaturized devices
have advantages such as reduced size, weight, cost and enhancement of application
flexibility. Recentlyy, MEMS technology has been employed to make wvarious
electromechanical components. These devices can be fabricated using the
microfabrication batch processes and the assembly can be simplified. The free-space
micro-optical bench is an example of this technology. Figure 1-2 is the single-chip
optical-disk pickup head developed by M. C. Wu et al. [1]. This optical system has
several advantages. First, this is made by an IC-like batch fabrication process. The
entire optical system is a batch production and can be monolithically integrated with
several different elements on a single chip. Second, the size and weight of the optical
systems can be greatly reduced. Third, the optics can be prealigned during the design

of layout.



Figure 1-2: SEM micrograph of the monolithic optical-disk pickup head [1].

The objective of our research is to simplify the fabrication process and ensure the
functionality of the optical pickup head. The MEMS-based optical pickup head in this
research is composed of a laser dipdc,'a coupling and beam shaping lens, a grating
plate, a beam splitter, a focusiﬁg lens, 5fqi)Cusing actuators and photo detectors, as

shown in Figure 1-3. This optical systemis similar to the conventional one in Figure

1-1. Because of the limits on the "'three" dimensional structure in MEMS, The pick-up
head in Figure 1-3 must be separated into two parts. One is the optical bench at the
bottom, which has a light path for coupling, shaping, reflection and signal detection.

Another is an actuator to tracking and focusing the spot at the correct position on the

disk.

Coupling & Beam

; s 7 High MA
Shaping  Crating Splitting =

LD

Sigubstrate

Figure 1-3: Schematic of the MEMS based optical pickup head
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This thesis focuses on the fabrication and integration of the optical bench, using
SOI technologies. Traditional surface micromachining uses thin poly-silicon layers as
the structural and optical material. However, it has several disadvantages for optical
applications, such as surface curvature induced by residual stress, absorption of
visible light, and poor performance as an optical detector. So, a novel fabrication
process using SOI and SU-8 negative photoresist is demonstrated to replace the
polysilicon micromachining. Photo diode and other circuits can also be integrated in
this process.

Then two assembly processes are investigated in this thesis to lift up the
microstructures. One is stressed bimorph beams composed of SU-8 and single crystal

silicon (SCS). The other is by the surface tension of melted solder ball.

1-2  Literature survey

1-2-1 High aspect ratio surface micramachining

As mentioned above, poly-silicon has several disadvantages for mechanical and
optical applications. To reduce the effect of residual stress, structures employing
silicon-on-insulation (SOI) wafer or high-aspect-ratio polysilicon processes were
proposed. The single crystal silicon of SOI is recognized as a superior material due to
its low intrinsic stress and excellent surface smoothness. The biggest remaining
obstacle in SOI process is the inherent lack of out-of-plane motion. To solve this
problem, a complex fabrication process of high aspect ratio SOI MEMS system has
been proposed [2]. That was accomplished by applying multiple-mask high aspect
ratio etches from both the front- and back-side of the SOI device layer, forming beams
at different levels. Integration the SOI and polysilicon is another approach to solve the

problem [3]. The polysilicon is used to form the bimorph beams. Furthermore, the



residual stress of high aspect-ratio polysilicon created by refilling deep trenches can
be almost zero [4]. However, the high deposition temperature of polysilicon in these
processes may affect the performance of photo detector or circuits if they are to be
fabricated on the same substrate. In this thesis a novel fabrication process to integrate
the SOI and SU-8 negative photoresist is demonstrate as a low-temperature and

inexpensive process compared to the current technologies.

1-2-2 Three dimensional MEMS device and assembly mechanism

In MEMS, all fabrication processes are derived from surface and bulk
micromachining. The purpose of bulk micromachining is to selectively remove
significant amounts of silicon from the substrate [5]. Figure 1-4(a) is the schematic of

isotropic and anisotropic etchings in bulk mlcromachmmg The other technology,
surface micromachining, is characterlze_i By the fabrlcatlon of micromechanical
structures from deposited thin ﬁlms [61 Frg&fe—}-4(b) shows schematics of the surface
micromachining. In general, the 2D _-.‘p_}_lgtq_l{thography technique limits the MEMS
structures to two dimensions. Therefore, the microhinges were proposed to allow
the polysilicon thin film to be patterned by photolithography and then folded into 3D

structures [7]. The schematics show the cross-section and rotation process of the

microhinge in Figure 1-5.

Isotropic etching Anisotropic etching

structure laver sacrificial laver

ﬂ_

o

(b)

Before releasing After releasing

Figure 1-4: (a) bulk and (b) surface micromachining
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|

Figure 1-5: Cross-section of microhinge

Numerous rotational assembly processes have been proposed to rotate the

moveable structure for 3D devices, as discussed in the following paragraphs.

Scratch drive actuator

The scratch drive actuato.rl -(SD'A.)2 %lllllétll‘-a't'ed. in Figure.1-6 (a), consists of the
plate, bushing, support arms, insﬁlator an;1i substrate e:lectrode [8]. When a voltage is
applied, the plate is pulled dowﬁ___towafds'—ti&c_—s_pbstrgté. When the voltage is removed,
the plate and bushing return to theéf -h(_)r_izonta_l posiﬁon, but translate forwards a small
distance. By driving the device with a periodic voltage, the SDA can advance across
the substrate at a velocity and step size determined by the frequency and amplitude of
the driving signal, as shown in Figure.1-6 (b). SDA can provide an external force for

assembly. Figure 1-7 shows an out-of-plane device lifted by the SDA [8].

Plate F,LI‘_I F====$=|

/ Bushing

U
0
[ 1 =y

|_Substrate

i I -\

> 4 !
dx HL—H
(a) Cross section of SDA (b) Step motion of SDA

Figure 1-6: Schematic of the principle of step motion [§]
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Pinned end

Figure 1-7: Structure was lifted up by SDA [8]

Magnetic force

This method uses magnetic actuation of hinged to lift surface micromachined
structures [9]. Figure 1-8 shows the principle of this method. Electroplated magnetic
material (Permalloy) is integrated with hinged microstructures. When giving an

external magnetic field, the rotational angle of hinge structure is determined by the

volume of the magnetic material.

- : : Torque
Hinge Flap Permalloy A K @
Pin

4 i

EFEEE

Figure 1-8: Rotating hinge flaps using magnetic actuation [9]

Ultrasonic vibration energy

This method uses ultrasonic vibrations generated with an attached piezoelectric
actuator to vibrate polysilicon plates on silicon nitride or polysilicon surfaces. The
rubbing between the substrate and the structures creates contact electrification charge.
The charge repulsion effectively stabilizes the surface micromachined flaps to the
upright position as shown in Figure 1-9 [10]. Nearly perfect yield over the entire area

can be achieved.



SURFACE CHARGE
AISES THE FLAP
FLAP IS VIBRATING 7
A)  SURFACE FRICTION b)
GENERATES CHARGES ]

a1

SILICON SUBSTRATE

IN AIR WITH = e— IN VACUUM WITH
ULTRASOUND ULTRASOUND

Figure 1-9: Sequence of actuation. (a) ultrasonic vibrations heat and charge the

polysilicon parts. (b) electrostatic repulsion forces the plate up [10]

Thermal shrinkage of polyimide
Self-assembly was approached by the thermal shrinkage of polyimide in
V-grooves [11], as shown in Figure 1-10. The polyimide in the V-grooves shrinks

when it is cured. The absolute lateral contraction length of the polyimide is larger at
the top of the V-groove than at the -bﬁtfdmj'hé::aiﬁqrent shrinkage results in a rotation.
. | F ..:II_ o

Large bending angles can be obtamedbl' céliiﬂeétihg several V-grooves in series.

Figure 1-11 shows the scheni__éitics’:_,!:\:zi‘é%-;etlﬁ‘d p_hé;to graph of a three-V-groove

connection joint. y, =

Figure 1-11: Large bending by three-V-groove connect in series [11]
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Stress—induced supporting mechanism

The residual stresses that are inherent in thin films have been exploited to lift up
and assemble the micro structures [12]. In Figure 1-12, the typical assembly
mechanism is composed of stress-induced bimorph beams and locking components
[13].

Bimorph stress beams can be fabricated using different materials. For example,
polysilicon/gold bimorph stress induced beams for three-dimensional self-assembly of
MEMS device was reported in [14]. However, as reported in [15], the displacement of
stress-induced beam would drop by 70% after 6 months because of metal relaxation.

SixNy/polysilicon bimorph beams were exploited to lift up and assemble the

micro structures [13] and evaluated using various reliability tests [16]. However, in

expansion coefficients between polysilicon and SU-8.

Micromirror

Stress beam

Locking

components

Figure 1-12: Typical assembly mechanism composed of stress-induced beam

and locking components [13].



Surface tension powered

Surface tension can be used as the power for self-assembly. The fabrication
processes are to pattern the device first, and then pattern the photoresist or solder on
the rotation joints. Then the plate will be flipped up by the surface tension power

when the photoresist or solder is melt, as shown in Figurel-13 [17, 18].

Solder ball

-

1

.

(a)
Figure 1-13: Self-asse

A WELE £ (b)
&
mbl&m§a;ng“hpmes1st [17], (b) solder [18].
g LAl
Bimorph stress beam and surface tension are two methods of assembly in this
thesis. Bimorph stress beam is used to lift up device and then the probe flips the
device over for assembly. Surface tension is adopted for self-assembling. And solder
is chosen as the melted material because it is a conductive material which can connect

the photodiode with circuits.

1-2-3 SU-8 negative photoresist

SU-8 is an epoxy-based negative thick photoresist. It is not only used for masking
and pattern transfer, but is also directly used as a polymeric material to fabricate
micro-mechanical component. The material has several properties that make it

suitable for MEMS applications [19] [20]. The most important characteristic is the

10



high transparency in UV range, which makes it possible to expose the photoresist up
to much deeper range with conventional UV photolithography equipment.
Furthermore, it is possible to coat the material by conventional spin coater up to
several hundreds of microns by single coating. So the use of SU-8 for high aspect
ratio and structures in MEMS application is popular recently. The amount of
cross-linkage in SU-8, further, is a key factor for lithography. Additionally, SU-8 has a
good endurance to chemicals and plasma, which allows more freedom in process
design. Figure 1-14 shows the high aspect ratio of SU-8 in MEMS application [20].
Many thermal and mechanical properties of SU-8 had been studied. The influence
of curing conditions, such as baking temperature, baking time and UV dosage, on the
thermal and mechanical properties of the resultant coatings was studied in detail. The
stress which occurs at the curing.prdc:es.s _c:an. l.J__e.-liSe__fl to fabricate the stress beam. On
the other hand, if it is exceslsively c..r:;)isél-lihke(.lz,. 1jche patterns are distorted and
sometimes adhesion failure occﬁ___rs. So thé—la_d:l?_esion p';etween SU-8 and silicon should
be well controlled. In this thesis, t.lh:e S_I_J-_8 is __us_ed' ih bimorph stress beam and anchor

structure. Because SU-8 can be spin coated with high aspect ratio, it can result in a

high bending deflection for stress beam to lift up devices.

Figure 1-14: High aspect ratio SU-8 device [20]
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1-2-4 Photo detector

Recently, silicon photodiodes have been the focus of attention as a widely used
standard detector, despite its sensible light wavelength is restricted from 100nm to
1100nm. Its applications include CCD imaging, pattern recognition and front-end
receiver for the Opto-Electronic Integrated Circuit (OEIC) [21, 22]. This is due to its
simple layout and ease to integrate with other circuitries on the same chip at low cost
[23].

A simple theory for photocurrent generation is that light absorbed in the
depletion region of a semiconductor diode produces electron-hole pairs, which will be
separated by the applied or built in electric field. This phenomenon generates current
flow in the diode. The electron-hole pairs that are generated outside the depletion
region will swiftly recombine with.'the majority .carriers and become undetectable.
Therefore, photodiode with excellent perfermance should be designed with a wide
depletion region. In general, the depletion width varies with the doping profiles. A
lower doping concentration and a higher resistivity in the substrate are desirable for a
wide depletion region. However, this approach is limited by the technology and
fabrication processes, and it will certainly affect the performance of other circuitries
when they are integrated in a single chip. The layout design can also help improve the
performance [24]. Figure 1-15 shows a simple design layout of a diode. The inside
rectangular part is the N+ cathode of the diode. The ohmic contact is made only at the
corner of the N+ region. In this layout, the PN junction is formed mainly between the
bottom part of the N+ region and the P-substrate. This is also the model of the photo

diode in this thesis.
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Figure 1-15: Layout schematic of photodiode

1-3 Thesis overview and organization

To realize the MEMS based optical pick up head, a free-space optical bench will
be constructed with a novel fabrication process to integrate SU-8 and SOI in this
thesis. Therefore, the object of this thesis includes:

(a) Testing and verifying the feasibility of the novel fabrication process to

construct a basic optical bench;

(b) Investigating self-assembly in the fabrication process of the optical bench;

(¢) Measuring the performance of optical element, especially the SU-8 based

components.

The basic principles of bimorph residual stress beams and surface tension
assembly are presented in Chapter 2. The fabrication processes and process issues are
discussed in Chapter 3. The experiment and measurement results are presented in

Chapter 4. Conclusion and future work are discussed in Chapter 5.
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Chapter 2
Principle and Design

2-1  Introduction

A novel MOEMS structure employing SOI wafers and the negative photoresist
SU-8 as structure materials is proposed to fabricate an optical bench. SU-8 is used as
one of the materials for the residual stress beam. And the single crystal silicon (SCS)
on the SOI wafer is the other material. Since the SU-8 is stable to get the desired thick
pattern and has good endurance to chemicals_and plasma, it also can be used in the
optical component. Though stress'beams ‘are used in the assembly process, additional
manual assembly is still needed=Therefore, the self assembly by the surface tension of
the solder reflow is considered to simplify the-assembly process. The principle of the

stress beams and the surface tension is discussed in this chapter.

2-2 3D surface micromachined MEMS structure
Assembly is important in fabricating 3D MEMS structures. The stress beam and

surface tension approaches are discussed and investigated in this chapter.

2-2-1 Single crystal silicon/SU-8 bimorph stress beam
SU-8 photoresist has its original as an IBM negative resist used in patterning and
packaging of printed circuit boards in 1989 [25]. It is designed specially for

ultra-thick, high-aspect-ratio MEMS. Several important properties of SU-8 make it
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suitable for such applications. First of all, ultra- thick coating can be easily formed by
multi-coating process. Secondly, the absorption for SU-8 in the UV spectrum is very
low, so this allows the patterning of thick coatings. Thirdly, since SU-8 has high
functionality, high degree of cross-link can be obtained, permitting a high aspect
ration and straight sidewall to be achieved in lithographic applications. And because
this reason, SU-8 also has high chemical and thermal resistance as well as good
mechanical properties.

SU-8 has very high optical transparency above 360nm, so SU-8 is most
commonly processed with conventional near UV (350~400 nm) radiation and i-line
(365nm) is recommended. When fully processed, SU-8 create a glass-like surface that
is extremely hard to remove.

The properties of SU-8 aresvery sensitive to the processing condition. Five
variables, soft-bake time, exposure. time, post-exposure bake (PEB) time, develop
time, and different substrates, are impottant-proeessing factors for the final properties
of SU-8. Figure 2-1 shows the normal fabrication process flow and some details.

After prebake, a small tensile stress is introduced by the difference between the
thermal expansion coefficients (TECs) of the wafer and SU-8 [26]. The stress is small
because during the cooling phase of the prebake, polymer chain rearrangements take
place in the resists that are not cross-link. The main stress is generated as the
cross-link SU-8 cools down especially after hardbaking. In addition to the
thermo-mechanical stress introduced by the difference of the TECs, stress due to resist

polymerization is also present.
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1. Substrate Pretreat

To obtain maximum —> Recommended coating condition
process reliability 1). Static Dispense 2).Spread cycle 3) Spin cycle
3. Soft Bake 4. Expose
To evaporate the solvent and densify SU-8 — Near UV (350-400nm)
Two steps contact hot plate process is i-line (365nm) is
recommended recommended

5. Post Expose Bake (PEB)

6. Develop

To perform selectively cross-link at the exposed
portions of SU-8

Two step contact hot plate processes is recommended

— MicroChem’s
SU-8 developer

7. Rinse and Dry 8. Hard Bake (optional)

Rinse briefly with isopropyl alcohol (IPA) Further cross link SU-8
Dry with gentle stream of nitrogen or air

Figure 2-1: Base line process for SU-8

Since the thickness of SU-8 is comparable to the wafer thickness, this stress can
be high and consequently the wafer is bowed. According to the experiment, the
bowing of silicon wafer which is coated with SU-8 is shown in Figure 2-2.
520-um-thick silicon wafers were used in the experiment. The thickness of coated
SU-8 were measured as 21 pm. In this experiment, four different hard bake time, 0
min, 10 min, 20 min, and 30 min were used. The stresses for different hard bake
situations are calculated with the Young’s Modulus = 4.6GPa [27] and shown in the
Table 2-1. The calculated stresses are 13M Pa, 24M Pa, 27M Pa, and 27M Pa,
respectively. So the maximum stress of SU-8 with this thickness is about 27M Pa.

This value will be used in the following calculation of tip deflection of stress beam.
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Figure 2-2: Wafer bowing due to the stress in the SU-8 layer

Table 2-1: The bowing was measured over a 72mm distance of a fully exposed 4inch,

520um thick silicon wafer.

Hardbake Before After Difference Stress of
time hardbake hardbake SU-8
Samplel Omin | b=7.7 um b=28.6 um | 20.9 um 13Mpa
Sample2 10min | b=16.1 um b=55.1 um | 39 um 24Mpa
Sample3 20min =-1.9 um b=41.5 pm- | 43.4 pm 27Mpa
Sample4 30min | b=-4.2 ym b=39.2 um | 43.4um 27Mpa

The schematic composite cantilever beam is showing in Figure 2-3. Two

different materials are used in the bimorph stress beam. The heights are hl and h2,

respectively. They also have the different residual stress,0; and O, , as well as

different Young’s modulus, E, and E,[28].

Jrz,l,

r-.-'&l

Figure 2-3: Dimensions of a cantilever beam. [28]
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For the presupposition, the resultant forces, P; and P», are produced when two
different residual stresses of two films share an interface at equilibrium. They act at
the center of their respective cross sections, the force and moment balance can be

made, as shown in Figure 2-4 [29]:

(2-1)

Figure 2-4 Resulting forces and moments. [29]

To calculate the moment-curvature relations for each material, an equivalent

beam strength (EI) cquiv can be defined [30, 31]

E, -b:h’
E-1 = 2RV 2 K > 2-2
( )equw 12(1+mn) ( )
where K=1+4mn+6mn+4mn+m“n* (2-3)
M= and n=Tt (2-4)
E2 2

and E; and E, are the Young’s modulus of the lower film and the upper film,
respectively. The relationship between the stress-induced internal force (P) and the

radius of curvature (p) can be determined:

p =2 E D

equiv

- 2-5)

The radius of curvature (p) is constant along the beam, since the internal force (P) and
the beam geometry do not vary.

An additional condition is that of zero slip at the interface. The strain in each
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film is composed of three components: one due to the residual stresses o1 and oy, one
due to the axial force P, and one due to the curvature p of the beam. Setting the sum
of the three components in one material equal to that of the other at the interface is

that:

ﬁ_ki_ki:ﬂ_i_h_z (2_6)
E, Ehb 2p E, E,hb 2p

The radius of curvature of the pre-biased flexure is obtained by solving Egs. (2-2),

(2-5) and (2-6),

i: 6(m-o, -0,) - 2-7)
p h-E,Bm+K[nl+n)"]")

With the radius of curvature known, the end deflection of the beam can be calculated
from trigonometry. The deflection perpendicular to the unreleased position for a given
beam length, L, with radius of curvatute pis given by
0 = p(l=cos(L/p)) (2-8)

The perpendicular deflection of bimerph stress 'beam can be calculated by Eq
(2-8) and also can be simulated by the CoventerWare simulation software. Gold is
used as conductive wire and reflective mirror surface. SisNy is used as isolation layer
in this thesis. Therefore, the bimorph stress beam can be composed of SCS/SU-8,
SCS/Si3Ny and SCS/gold structure. The material and geometric parameters of a
SCS/SU-8 bimorph are E; = 190GPa (SCS), E; = 4.6GPa (SU-8) [27], hy = Sum, h;
=13pm, o1 = OMPa and o, = 27MPa. And the material and geometric parameters of a
SCS/ Si3N, bimorph are E; = 190GPa (SCS), E; = 270GPa (Si3Ny) [32], hy =5um, h;
=0.6um, o1 = OMPa and o, = 100MPa. Finally the material and geometric parameters
of a SCS/gold bimorph are E; = 190GPa (SCS), E, = 78GPa (gold) [32], hy =5um, h,
= 0.2um, o1 = 0MPa and o = 270MPa. The residual stresses of gold, SizsN4, and SU-8

are obtained from [14] and measurement results, respectively.
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The deflections of the SU-8/SCS, Si3N4/SU-8 and gold/SCS residual stress
beams, calculated from Egs. (2-7), (2-8), and a SU-8/SCS residual stress beam
simulated by CoventorWare, are shown in Figure 2-5. It can be seen the deflection of
SU-8/SCS is higher than the others. So SU-8/SCS stress beams can provide the largest

space of hinged structures. This is the reason why SU-8 is used for stress beam.

50
—#—— SU-8(13um)/SCS(5um) (CoventorWare) -
— — —  SU-8(13um)/SCS(5um) (Matlab) o
40 - — —m—— Gold(0.6pum)/SCS(5um) (Matlab)
———{——— Si3sN4(0.2um)/SCS(5pm) (Matlab)
g
<= 30 -
=
2
3
o
O
A 20 -
B
=
10 - "
.,-'-"'"'-F.f
A= =T IR
0 S I ___FF<I>- T T T
0 100 200 300 400 500 600
Beam Length (um)

Figure 2-5: Deflection vs. beam length.
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2—-2-2 Solder reflow self-assembly

Some manual assistance to complete the 3D fabricated devices is still needed
though the residual stress beams are used in the assembly approach. This act will
increase the risk of devices fail. To solve the difficulty of assembly, the surface
tension is adopted. Rising temperature until the material is melted is needed in this
approach. If the solder material is used, it also can be used as the conductive material.

In this section, how the surface tension may power the out-of-plane rotation is
discussed. A simple 2D model will be used to demonstrate the existence of a torque,
and find the variation of torque with angle, showing that the torque will vanish at a

particular angle [33].

® 2D Analysis

Figure 2-6(a) shows the 2D, schematic-geometry of the reflow material and
rotation flap. Here a movable flap (width-b-andsthickness d) is attached by a flexible
hinge (width 2w) to a fixed base-plate: A meltable pad is deposited on the hinge to a
height h; this material wets the hinge but not the surround, so that the hinge acts as a
land. When the pad is melted, the free surface of melted material will deform as
shown in Figure 2-6(b). At this moment, the free surface perimeter of the liquid is S.
The perimeter is reduced by rotation of the hinged, as shown in Figure 2-6(c), and its
decrease lowers the surface energy. The decrease in free energy may exceed the work
needed to rotate the flap. The geometry will stabilize when a balance among torques is
achieved. Finally, the temperature may be lowered and the pad may then be

resolidified as in Figure 2-6(d).
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d)

Figure 2-6: Two dimensional geometry for surface tension powered rotation [33]

Some situation should be assﬁ'tﬁéd befdf‘e-"analysis All forces except surface

tension are neglected. A cyhndncal free rquld boundary is assumed with constant

radius of curvature r. The geome’trlc tl’aemé——ﬁ aﬂd r, as shown in Figure 2-6(c),

can be related by assuming the 11qu1d 1s_1ncompress1ble Then the initial and final

cross-sectional areas can be equated,

he {w’sin( 6?)+§r2 r’sin( @)} (2-9)

By using the factor rsin(¢/2)=wcos(6/2) and defining the normalized initial

height 7 of the pad as n=h/w, a single equation linking ¢ and & can be obtained,

cos’ (S 1gsin()}=sin* () 4 -sin(0)) (2-10)
Because of the surface tension of liquid, the final equilibrium shape of the
droplet is shown in Figure 2-7 for three different liquid cross-sections. In each case,
the shape is an arc of a circle centered on the point O and passing through the ends of

the lands (points A and B) and the hinge (point C). Because of the simple equilibrium

geometry, there is a relation between the angels ¢ and w , namely ¢, =2y,
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Figure 2-7: Equilibrium shapes for different final angle

where “e” means equilibrium. The value of 77 needed for a given 6, can be found

by substituting ¢e into Egs. (2-10) to obtain

_ {sin’(8,)+{1+cos(8,)} {n-6,+sin(8,)cos(b.)} }
4sin*(60,)

1n(6.) (2-11)

For the specific angle QeZg , the normalized iitial height 7 can be obtained

+
1) 06427

77:

So the normalized height 7 is assumed as 0.6427 for the rotational angel, 90,

® Meltable material

In general, the meltable material is photoresist [34]. But in this thesis, solder
63Sn/37Pb is used not only as the melt material but also the conductive structure.

The diameter of the solder ball is 0.1um. The volume of the solder ball can be

calculated and transformed into the volume of a rectangular solid.

45

Enr =2whL (2-12)
where r is the radius of the solder ball, L is the length of the rectangular solid. Figure
2-8 is the dimension of the equivalent rectangular solid of a solder ball. The width

parameter w is assumed to be 50 um, so the height h is fixed at 32 pm because of the

ratio 7. Finally the length L is decided 163 pum for the equivalent volume of the
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hI ‘/

2w
Figure 2-8: Dimension of an equivalent shape for solder ball

A
\ 4

solder ball.

® Mechanical limiter

Although the above formulas can predict the rotation degree of the surface
tension self-assembly type devices, they ignore a second free liquid surface existing in
the gap between the fixed and moving parts. This will enable the moving parts to
rotate further, as shown in Figure 2-9. The left diagram shows the ideal liquid cross
section for €, =90° . The right diagrar.n s_howé the flap rotating further and opening
the gap. These two shapes have the sam.é. fr:ee-béundary lengths, liquid cross-section
areas, and same energy state. -Thus, there-is;no b.arrier to further rotation once
equilibrium has been reached. This is.an important drawback, which requires the
addition of mechanical limiters. For improving the rotational accuracy, a self-locking

mechanism is used with the surface tension assembly approach.

Perimeter Moving part

Liquid

Further \

rotation

cross-section

Fixed part ~A

Second free

liquid surface

(a)

(b)

Figure 2-9: Definition of over-rotation.
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Movable

Support frame B Support frame A

Figure 2-10: diagram of self-lacking mechanism: (a) 2D cross-section view, (b) 3D
model
The simple diagram of self-locking mechanism is shown in Figure 2-10. Support
frames A and B form an equilateral triangle with the substrate. And the surface tension
power is also used at the rotation for support frame A and B. They rotate

simultaneously in opposite direct.iohs: 'un_till their extremities catch. So if the further

rotation occurs, the movable part will be stopped by the support frames.

According to the above dié(__;.ussi'o_ln;—t-.he_—.pgfamct.jefrs of the pad dimension and the
mechanic limiter can be decided.lGo_l'(_i _laye;f is lié.éd as the adhesion layer between
silicon and solder ball. So the width and length are also designed as w=50pm and
L=163um. With the help of the mechanical limiter, the rotational angle can be more
accurate.

In addition to the self-assembly, the combination of the 90" mirror with photo
detector can also be achieved by the solder which is used as the connective part

between the diode on mirror and the electrical pad on substrate.
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2-3  Optical component — Fresnel lens

There are several optical components on the optical bench. Our focus falls on the
diffractive type Fresnel lens. Diffractive microlenses are very attractive for integrating
with free-space microoptical bench (FS-MOB) [1]. There are two kinds of diffractive
microlenses, one is the continuous kinoform lens, and another is the approximation of
the kinoform lens. The continuous form relief lens can be made by direct laser writing
in photoresist or patterning by gray scale masks. The approximate ones can be made
by multiple-step process of binary design. The advantage of the multiple-step binary

is easy to fabricate. Figure 2-11 shows the schematic of these two different types.

(a) (b)

Figure 2-11: Schematic of (a) continuous relief of Fresnel zone plate, (b) multiple-step
binary Fresnel zone plate
The binary diffractive microlens is an approximation of kinoform, or continuous
form relief lens, designed by applying a phase-function constrain between 0 and 2 =
to subtract an integral number of wavelength from the lens transmittance function.
Theoretically, a kinoform lens can achieve 100% diffraction efficiency. Multilevel
lithography and stepwise etching can approximate the kinoform lens structure.
Multilevel Fresnel lenses at the expense of more complicated fabrication
processes can achieve the efficiency greater than 80%. The efficiency of a binary

microlens with M=2"(m is the mask number for level-m mask) phase levels is
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Figure 2-12: Process cycles of multislevel binary-optics microlens: (a) two-phase structure

(b) four-phase structure (c) eight-'phase.s_tmcture.

~sin(uMy
2=l /M
For example, 17 =41% forM=2, 1 =81% forM=4, and 7 =99% forM= 16 [1].

¥ (2-13)

Figure 2-12 shows a processing cycle for the fabrication of a two-phase, four-phase,
and eight-phase microlens.
For a multilevel binary optical structure, the depth of each level (d ) is defined as

[35],

A

= o

(2-14)

where A is the wavelength of light in free space, n is the index of refraction of the
lens material, m is the mask number for the level. A m-mask process produces an

M=2" step approximation to a continuous diffractive structure. Since microlens

operate over a small range in incident angle, a simple planar thin-film lens is
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acceptable. The optical path difference (OPD) function for each lens is used to derive

the following relationship among the zone radius, focal length, and wavelength [35],
rpam—{(2pe2r 2y 2-15)

where f is the focus length, p=0, 1, 2... is the ring number, n is the index of

refraction of the lens material, and r(p,m) gives the successive zone radius for the

patterns in mask number m.

In this thesis, the simplest two-phase binary Fresnel lens is used. The odd annular
rings are adopted in the mask design. Silicon nitride (Si3N4) and SU-8 are used as the
lens materials, respectively. The focal length (f) of silicon nitride lens is 2500 pm,
and the index of refraction, n= 2.1. The parameters in SU-8 Fresnel lens are, f=3000
um and n =1.6176. The other parameters, are, wavelength of red laser A =632nm,
mask number m=2. Figure 2-13 is the layout of the two Fresnel lenses. In the layouts,

the four bars support and link the rings.

(a) (b)
Figure 2-13: Mask of Fresnel lens (a) SU-8, (b) silicon nitride
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2-4  Integrated devices

The MEMS based free-space optical bench is composed of grating, polarizing
beam splitter(PBS), 45° reflective mirror, Fresnel lens, and photo detector. Figure
2-14 shows the layouts of the bench with different assembly approaches. At the
grating, the incident light is diffracted into three beams for reading and tracking. After
passing through the PBS, the light is then reflected by the 45° mirror to read data.
After reading data, the light with data information reflective by 45° mirror again. This
reflective optical data is then reflected by the PBS and focused by the Fresnel lens
onto the photo diode array. Those optical components are all mounted on the pop-up

single crystal silicon structure. The area of a bench is 8.5%x8.5 mm®.

45° reflective mirror

Grating Fresnel lens PBS
(a) (b)

Figure 2-14: Layout of the optical bench- (a) Stress beam assembly, and (b) Surface
tension assembly.
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2-5  Summary

SU-8 is chosen as the top layer of bimorph stress beam because it can provide a
higher deflection distance than Gold and silicon nitride. And the solder for assembly
provides not only a self-assembly approach but also a connective part. Several optical
elements and photo detector are integrated together as a basic optical bench system.
The silicon nitride is a common material for optical elements, but SU-8 can be a new

attempt. In the following chapter, the fabrication process will be discussed.
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Chapter 3
Fabrication Process

In this chapter, a novel surface micromachining-like fabrication process is used
to integrate SOI and SU-8 in an optical bench, including grating plate, beam splitter,
reflective mirror, Fresnel lens, and photo-detector. Using SOI wafer can simplify the
process flow. The optical components are made not only in silicon nitride but also by
SU-8. The optical bench assembled by bimorph stress beams is discussed in first part.
The second part discusses the process for surface tension by melting solder ball.

Finally, some phenomena and problems will be discussed.

3-1 Optical bench - integration of-SOLand SU-8

Flatness is an important issue. for. optical components. Since the SCS layer
almost has no stress, it can provide a flat surface for the optical purpose. Therefore,
the basic structures of the bench are defined on the device layer of SOI substrate. The
silicon nitride layer is an isolation layer for conducting wires and separates the p” and
n’ regions of photo diode. In addition, it is commonly used as an optical material.
Silicon oxide is a sacrificial layer. Gold is the material for conductive wires and
reflective mirror. Finally, SU-8 is used for the bimorph stress beam and anchor
structure. Furthermore, it also can be used as the optical elements. Figure 3-1 is a
schematic of the cross-section of a completed device, including the photo detector,

135° reflective mirror and an optical element.
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Figure 3—1: Schematic of structures and materials

Most fabrication processes:were executed in the Nano Facility Center at National
Chiao Tung University. The proeess flow is showed in Figure 3-2. The detailed
parameters of the process will be described later.

Process Flow
Step (A): The device layer (resistivity: 1-10 ohm-cm, thickness: 5 um) of SOI wafer

was pattern by photolithograph. The main device structure was defined by

inductively coupled plasma reactive ion etching (ICP DRIE). (Mask #1)

Step (B): low stress SizsN4 was deposited by Low Pressure Chemical Vapor Deposition

(LPCVD) and patterned by reactive ion etching (RIE). (Mask #2)

Step (C): Boron (B) was implanted for the P* region of the photo detector.

Step (D): SisN4 was patterned by RIE again. Then arsenic (As) was implanted for the

N region of the photo detector. (Mask #3)
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Step (E): SiO, was deposited by Plasma Enhanced Chemical Vapor Deposition
(PECVD). Aluminum was deposited on SiO, by thermal coater. They were
patterned by High Density Plasma RIE (HDP-RIE) respectively. (Mask #4)

Step (F): Aluminum and SiO, were pattern by HDP-RIE again. (Mask #5)

Step (G): Photoresist AZ4620 was coated and patterned for the following lift-off step.

(Mask #6)
Step (H): Gold was sputtered by DC Sputter system.
Step (I ): Photoresist was removed by acetone. Au is patterned by lift-off.
Step (J ): SU-8 was coated and patterned. (Mask #7)

Step (K): Si0, was etched by HF. The structures were released by HF vapor.

LS LSS LSS LS S S S S S S S S S LSS S S S S S S S SSSSSSSSSSSSSY

SOI Substrate
. S10,
(A) Device layer of the SOI wafer patterned by photolithograph; main device
structure defined by ICP DRIE (Mask # 1)
I s B ]

VA TS SIS LI ST LI TSI LTSI A TSI SIS TSI A TSI TSI TSI SIS I TSI TSI TSI T IS SIS AL SIS SIS

SOI Substrate
e S10, Si3sNy PR

(B) Low stress SizsN4 deposited by LPCVD and pattern SizN4 by RIE
(Mask # 2)

Figure 3-2: Fabrication process of the optical bench with stress beam.
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(C) P region of the photo detector ion implanted (B); photoresist removed
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(F) Aluminum and SiO; patterned by HDP-RIE; aluminum and photoresist removed
(Mask # 5)

Figure 3—-2: Fabrication process of the optical bench with stress beam (continued).
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IS A’//////////// s

SOI Substrate

s S10, SizNy P region 5% N region MMM PR [ Au

(H) Gold sputtered by DC Sputter system

e /
Z ., e G 744 7 7// / 2
Z 25 7 ; //
’ ’
W///////////////// U s w/ Y00 00000007 0000000,

SOI Substrate

% P region i N region i Au

. S10, Si3Ny4

(I) Photoresist removed; gold patterned by lift-off

I 7 ATy 777777
IIIIIIIIIIIIIIIIIU}J 1]/ P "% % / /l X __ %ﬂ "fJIIIIIIIA” I
A ////////////// O’/////////// // /////////////// A’//////)

SOI Substrate
s S10, Si3Ny P region HEEE N region i Au M SU-8
(J) SU-8 coated and patterned (Mask # 7)

Figure 3—-2: Fabrication process of the optical bench with stress beam (continued).
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Figure 3—2: Fabrication process of the optical bench with stress beam (continued).

3-1-1 Fabrication technology

In this section, the detailed fabrication parameters of the above process are
described. A standard RCA clean process was first performed on the bare SOI wafer.
In the first step, the photoresist FH6400 was spin'coated on the bare SOI wafer with
the recipe of spread cycle speed =.1000 rpm-for 10 seconds and spin cycle speed =
4000 rpm for 30 seconds. After exposure-andsdevelopment of the photoresist, ICP
DRIE was used to anisotropicaly etch the 5 um-thick single crystal silicon of the SOI
device layer. The photoresist was used as the etching mask. The main structures,
including the frame of the optical components and reflective mirror surfaces, were
defined in this step. The photoresist can then be removed by acetone in a shaker or
immersing in H,SO4. Before depositing low stress silicon nitride, the SOI wafer was
dipped in HF solution. The native oxide on the device layer can be removed by HF.
Then a 0.6-um-thick low stress SizN4 was deposited by LPCVD with the recipe of
NH; flow rate = 17 sccm, SiHCl, flow rate = 85 sccm, temperature = 850°C and
pressure = 180 mTorr. It took 75 minutes to deposit this thin film. After deposition,
HMDS was coated on the surface of the Si3N4 layer. HMDS can strengthen the
adhesion between photoresist and Si;N4, Si0,, or metal. Next the AZ4620 photoresist

was spin coated with the recipe of spread cycle speed = 1000 rpm for 10 seconds and
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spin cycle speed = 3500 rpm for 30 seconds, followed by exposure and development.
It was used not only as a mask for the P* ion implantation but also for the optical
elements, such as grating, polarize beam splitter and Fresnel lens. RIE of Si3;Ny
defined the P” implantation region and the optical elements.

The implantation process was performed at National Nano Device Laboratories.
Boron was used to form the P" region in the n-type device layer. The implantation
energy was 15 keV and the concentration of dopant is 5x10'* cm™. Photoresist was
removed subsequently. The sample was then annealed at 900°C for 10 sec to activate
the dopants. The N' region was also defined by the photolithography of AZ4620 and
RIE of SI3N,. Arsenic was the dopant for the N* region. The implantation energy was
60 keV, and the concentration of dopant was 5x10" c¢m®. The photoresist was then
removed. Then the sample was annealed at 900°C-for 15 sec to activate the dopants.
Sometimes, it was not easy to remeve the photoresist by ACE or H,SO4 because it
was burned during the implantation process=-nssuch cases, O, plasma can be used to
remove the burned photoresist.

In the next step, 3-um-thick SiO, was deposited by PECVD on the top side of the
SOI wafer. This is a sacrificial layer for the free rotation space in the anchor.
Aluminum was coated on this SiO; layer as the etching hard mask. The deposition
time of the 3-pum SiO; layer with 400 sccm O, and 10 scem tetraethoxysilane (TEOS)
at 300°C, 300 mTorr chamber pressure and 200 W RF power was about 13 minutes.
5000-A-thick Al was then deposited by thermal evaporation. Before deposition, clean
and dipping in Buffered Oxide Etchant (BOE) was necessary. After coating and
patterning with AZ4620, aluminum was etched by HDP-RIE with the recipe of 35
sccm BCls, 35 scem Clp, 10 mTorr chamber pressure, 750 W ICP RF power and the
etching time is 50 seconds. Subsequently, photoresist was removed and the 5 um-thick

SiOz, 3 um PECVD oxide layer and 2 pum-thick thermal oxide of SOI, were also
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etched by HDPRIE. The etching time of 5 um oxide with the recipe of 40 sccm CHF3,
40 sccm Ar, 10 mTorr chamber pressure and 750 W ICP RF power is about 30
minutes. The position of anchor cap is defined in this step.

In the following step, the aluminum remained from the last step was patterned
again with AZ4620 as the hard mask. The 3-pm-thick PECVD SiO, was then etched
with the same recipe as the last etching and the etching time was about 18 minutes.
Windows of contact of the SOI device layer with gold and with SU-8 were opened in
this step.

After coating and patterning of AZ4620 again, chromium (300A) and gold
(1000A) were deposited by DC sputtering. Chromium was an adhesion layer between
silicon and gold. Then, the photoresist and unwanted metal atop the photoresist were
removed in an acetone bath. Note that it was necessary to dip the wafer in diluted HF
solution before depositing the gold.and its adhesion layer, chromium. Otherwise, the
gold layer may be deposited on the nativerexide and may peel off after releasing
devices.

SU-8 was spin-coated and patterned used in the next step with the recipe of
spread cycle speed = 500 rpm for 5 seconds, spin cycle speed 3000 rpm for 30
seconds, pre-bake at 65°C for 1 minute and soft bake at 95°C for 2 minutes. The
exposure time was 4 seconds, and post exposure bake at 65°C for 1 minute and 95°C
for 2 minutes. The development time in SU-8 developer was 3 minutes and hard bake
time was 20 minutes at 200°C. In the next step, devices were released when the
sacrificial oxide layer was removed by the vapor of 49% HF solution and rinsed in

IPA. The final assembly was done by probe with manual operation.

38



3-2 Fabrication process of self-assembly by surface tension

The failure of manual assembly in the above process is a big problem. To avoid
manual operation, the surface tension self-assembly is introduced in the fabrication
process. It also simplifies the process because the sacrificial layer can be canceled, as
discussed in the following.

Figure 3-3 shows the diagram of the fabrication process. Step (A) to (D) were the
same as for the process with stress beam. The sacrificial oxide layer deposition was
eliminated. Gold was deposited and patterned by lift-off in steps (E), (F) and (G). The
gold layer was used not only as the conductive wire and reflective surface but also the
adhesion layer between silicon and solder.

In the next step (H), solder ball should be pressed first. The flat solder was then
put on the adhesion pad of gold and.pre-melted.

In the final step (I), the sacrificial layer-SiO, was removed first by HF vapor.
Solder was then melted again. Structures were assembled by the surface tension when

solder was melted.

ST A A ST ST LSS TS IS LSS T IS S ST SIS LSS TS IS LSS TS LSS SS LSS S LSSV
SOI Substrate

ve 510,
(A) Device layer of the SOI etched by ICP DRIE (Mask #1)

Figure 3-3: Fabrication process of the optical bench with surface tension.
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s S10,  BEEEESi:N, PR
(B) Low stress SizsNy deposited by LPCVD; SisNy patterned by RIE (Mask #2)

LSS LSS SIS LS LSS SIS LS LSS A IS LSS LSS TS LSS LSS IS LSS SIS S LSS SIS LSS SIS SIS SIS

vz S10,

SisNy “region #EEEEN region

+

(C) and (D) P" region ion implanted (B); remove photoresit; Si;N, patterned by RIE; N
region ion implanted (As); remove photoresit. (Mask #3)

AL LSS S S S,

Y Si0,  EEEESIHNg P’ region ¥ N' region NEMM PR [0 Au
(E) and (F) Photoresist AZ4620 coated and patterned; gold sputtered by DC Sputter
system (Mask # 4)

L Si0, B SisN,y P' region ##EE N region i Au
(G) Photoresis removed; gold patterned by lift-off.

Figure 3-3: Fabrication process of the optical bench with surface tension (continued).
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i Si0,  EEEE SisNy P region EEEEE N region 000 Au #99% Solder

(H) Solder ball placed on pad and pre-melted.

P IS SIS SIS

. S10,

— | imiter structure

(I) Sacrificial layer SiO, etched; release structure by HF vapor; solder melted again;
structure assembled by surface tension.

Figure 3-3: Fabrication process of the optical bench with surface tension (continued).
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The two processes are compared in Table 3-1. The solder reflow uses only five

masks. This really eliminates some complicated steps.

Table 3-1: Comparison of the two fabrication processes.

Purpose of stress beam assembly

Purpose of self-assembly

Mask 1 | Device layer of the SOI wafer; frame | Device layer of the SOI wafer; frame
of optical elements, reflective mirror | of optical elements, reflective mirror
surfaces, and stress beams surfaces, and stress beams

Mask 2 | SisN4; optical elements, isolation | SisN4; optical elements, isolation
layer, and P" region layer, and P" region

Mask 3 | SisNg N* region SisNs N* region

Mask 4 | Aluminum and SiOy;*position..of
anchors

Mask 5 | Aluminum and SiO,, eontact region
of the SOI device layer with gold
and with SU-8

Mask 6 | Gold; lift-off Gold; lift-off

Mask 7 | SU-8; anchor, stress beam, and | SU-8; optical elements
optical elements

Release | Release and assembly by manual Pre-melt, release, and reflow again for

assembly
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3-3 Problems and discussions about fabrication process

Some problems and phenomena occurred in the fabrication processes. They are

discussed in this section.

(1) Photolithography of Si3;Ny4 optical element

In the second mask step, thin SizNy4 film was pattern for the Fresnel lens. The
Fresnel was composed of concentric rings. The innermost ring had the largest width
and the width of rings decreased progressively. It means that the width of the
outermost ring can be very small. Further, there were many release holes on the frame
and reflective mirrors. The depth of these release holes was 5 um. After the release
hole was opened, SizN4 was deposited by LPCVD with good step coverage, as shown
in Figure 3-4. When photoresist:was next|spin coated on the wafer, the release hole
was filled with photoresist. If a 2-pm-thick photoresist AZ4620 was spin coated on
the top surface, the exposure time for the 2-um-thick photoresist was not enough to
exposure the photoresist in holes. The window of release holes was not opened after
Si3N4 RIE because there was photoresist remaining in the hole, as shown in Figure 3-4
(a). This is a problem at the releasing step. Extending the exposure time is a direct
solution to remove the residual photoresist in the hole. The outer rings of the Fresnel
lens were etched, as shown in Figure 3-5. The line width was decreased by the over
exposure, so the outer rings disappeared. Another problem in this step was that the
area of release hole was reduced due to the Si3N4 on the side wall, as shown in Figure
3-4 (b). Negative photoresist can be used in this photolithography to solve this

problem.

43



/,—7 ///

Exposure for 2um  RIE of 0.6um SizNy;
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Figure 3-4: Problems in SizNy etching: (a) covered release hole (b) narrowed release
hole
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Figure 3-5: Disappearance of the outer rings
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(2) Aluminum hard mask

In the step of Mask 4, photorsist was first used as the RIE mask. The etching
time of the 5-um-thick SiO, were long and the photoresist mask would also be etched.
So, the photoresist must be very thick. The thick-film photoresist AZ4620 would
collapse during hard bake, as showing in Figure 3-6. This would cause the
non-vertical shape and reduce sacrificial oxidation thickness. The free rotational
spaces for the hinge were therefore reduced, as shown in Figure 3-7. If aluminum is

used as the hard mask, the vertical shape will be retained, as shown in Figure 3-8.

Figure 3-7: Non-vertical and reduced hinge rotational space.
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Figure 3-8: Vertical shape for Spm-thick SiO, etching.

(3) Over etching silicon oxide in the step of Mask 5

In the Mask 5 step, silicon oxide is etched to open the silicon region for gold and
SU-8 contact. So, it is very importantste-remove the silicon oxide completely to
prevent the SU-8 and gold layer from peeling off at the releasing step. But the RIE
etches not only silicon oxide but also silicon. If silicon surface is etched, the shallow
ion implantation for contacts and photodiodes will be affected. This problem can be
avoided by a two-step etching process. The RIE process first etches silicon oxide for
almost 3 um, and then the wafer is dipped in diluted HF solution to etch the remaining
oxide.

However, the etching time is hard to control. Therefore, the solder reflow
self-assembly is investigated to avoid the use of the sacrificial oxide layer, as will be

discussed in the next section.

(4) Solder ball self-assembly process

To use the solder ball for self-assembly, solder balls were pressed first and then
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put on the pad with the flux to improve the adhesion between the solder and the gold.
Flux can etch the oxide on the solder to enhance the electrical conductivity. Solder
covered and stuck to the pad after pre-melt at 240°C with flux, as shown in Figure 3-9.
The flux was removed by water after pre-melt, as shown in Figure 3-9 (b). But some
of the flux mixed in the solder may be an impurity for this assembly.

Although the adhesion problem can be solved by flux, the released devices still
did not lift-up during the final melt, as shown in Figure 3-10. They may have two
reasons. First is the stiction of the large plate structure. Second is the shape of melted
solder ball. Stiction can be improved by CO, dryer or back-side etching. But the non

uniform solder shape after melting is the most important problem, as shown in Figure

3-11.

(a) (b)

Figure 3-9: Solder ball place on gold pad (a) pre-melt with flux, (b) clean by water
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Figure 3-11: (a) and (b) are the different shapes discovered on the same chip. (¢)
and (d) are the cross section view of (a) and (b).
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The melted solder should be able to cover the full pad and has an arc shape, as
shown in Figure 3-12 (a). In the experiment, the pad was not entirely covered by the
solder, as shown in Figure 3-12(b).

The power of rotation is the surface energy of solder in this assembly approach.
The surface energy of solder should be translated into the work to rotate the plate. The
device was not released during the pre-melt, so surface energy of the solder might be
reduced to a balanced state. After the devices were released and solders were melted
again, the shape of solder did not change too much. This should be an important issue
in this method. Some solutions of the above problems will be proposed and discussed

in Chapter 5.

Solder ——»

Gold pad layer ———+ 0 » Full cover
Silicon substrate ——»

(a) Solder covers the entire pad region.

HMCTU PSOC

(b) Solders do not cover the entire pad and have different melted shapes.

Figure 3-12: Schematic and SEM for solder melt
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Figure 3-13: Layout of the inappropriate latch structure
(5) Latch structure design
One of the latch designs was not appropriate for assembly using probe. The

layout is shown in Figure 3-13. Probe was hard to pick it up because the width was

just 12 um. The neck was easily broken when being picked up from side.

3-4 Summary

vestigate Jm chapter. Although there were
A WREETE A
some problems in the original integrated SOI and S

-8 process, they were solved by
changing the materials or adjusting prces arameters. In order to improve the yield
of assembly, the manual assembly can be replaced by self assembly. This was the first
attempt to use the solder reflow for self-assembly. Although the result was not

successful, some important issues were discovered in this experiment.
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Chapter 4

Experiment Results and Measurement

This chapter presents the results of experiment and the measurement. The first
part shows the measurement of SU-8/Single Crystal Silicon stress beam. The
integrated devices are shown in the second part. The scanning electron microscopy
(SEM) photographs and the optical measurement of individual devices are shown.

Finally, the photo diode is discussed.

4-1 SU8/Single Crystal Silicon Stress-Beam

In the releasing process, the frame of lens or mirror is lifted up by the stress
beams and the stress beams also can prevent sticking to the substrate. So it plays an
important role at the beginning of the release step. Figure 4-1 is a SEM photograph of
the stress beams designed to measure the tip deflection. In the photograph, it can be
seen that they all have a curvature introduced by the residual stress. Figure 4-2 is the
measurement of the longest stress beam in Figure 4-1. The vertical displacement of
the longest beam is about 35 um, similar to the calculated result. Figure 4-3 shows the
deflections of beams with length from 100 pm to 500 um. The curvatures of these

beams are almost the same even if their length is different.

51



HNCTL

FSsOC

5

X Profile
( ( ‘ O X 831.8um
. 4
e
| = ¥ 5583.4 um
] N T Z 0.2 um
2 N - N
| ®21.7 um
oI 7307 um b1
=
o]
100 200 00 430 500 600
Y Profile
Y1918 um
100 200 300 400 500 626 i
5]
]
4 ¥:138.0 um
4 Y: 2898 um
ao o L0 7 52um
— 3 A 7
X 530.10 um E !
¥ 283, Az utn 2
Ht 0.05 um .3 | \ /
Dist urm 3 [ | [
Angle & ] - L]
Title: 50 10 0 200 20 o0 %0 400 &
Note:

Ry 1018 um
r  |Ra 872 um
2 |Rs 3515 um
@ |Rp 3499 um
3 |Rw 0,16 um
Angle 6571 mrad
Curve 477 mm
Terms  Mone
AvgHt 12,06 um
Area 6393.08 um2
Rg 1.80 um
Ra 118 um
Rt 1189 um
Ro 666 um
Ev -5.23 um
Angle 400 mrad
™ lCuwe 137 mm
?, Terms Mone
5 |avgHt 251 um
Area 379.87 uml

Figure 4-2: SU-8 stress-induced beam measured by WYKO-NT1100
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Figure 4-3: Deflection of stress beams with different length

4-2 Integrated Devices of Optical Bench

Figure 4-4 shows SEM photographs of the optical bench after assembly. Figure
4-4 (a) and (b) are the optical bench composed of silicon nitride optical devices.
Figure 4-4 (c) is composed of SU-8 optical components. It can be seen that not all the
components were well-assembled. The design of the anchor was the reason. The
anchor was designed to cover the rotation hinge after releasing. Each device had two
latches to fix it after releasing. In order to prevent the SU-8 anchor from peeling off,
one of the anchor of latches was design as a “C” shape to increase the contact area. As
the result, the latch could not slide into the notch as shown in Figure 4-5. According to

the anchor geometry, the final angel changed from 37" to 58". So the device can not
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be fixed perfectly. The airflow may topple those devices when the SEM chamber is

vented.

45° reflective mirror

MNCTL FPSOC

1 NCTU PSOC

(b) (©

Figure 4-4: Integrated optical bench (a) SizN4 based devices, (b) SizsN4 based devices
with 135° reflective mirror and photo diode, (c) SU-8 based devices,.
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Figure 4-5: Failed assembly of latch structure.
. (a)the {C-shape SU-8 anchor, (b) latch and notch,
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4-3 Measurement of Optlcal D“evnces =

This section focuses on the optical measurement of individual devices, especially

the grating and the Fresnel lens.

® Curvature measurement

Optical surface curvature is very important for their optical performance. This is
also the reason why SOI wafer is chosen. The surface of the silicon nitride grating is
shown in Figure 4-6. The radius of curvature is 0.11 m in the x direction and 0.61 m in
the y direction. The difference of height is about 0.9 um in the x direction and 0.3 um
in the y direction. Figure 4-7 shows the measurement of silicon nitride polarizing

beam splitter surface. The radius of curvature is 0.28 m in the x direction and 0.20 m
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in the y direction. The difference of height is about 0.3 um in the x direction and 0.4
um in the y direction. Figure 4-8 shows the surface of silicon nitride Fresnel lens. The
radius of curvature is 0.91 m in the x direction and 0.18 m in the y direction. The
difference of height is about 0.2 um in the x direction and 0.5 um in the y direction.
Then the profile of the SU-8 based devices are measured and shown in Figure
4-9 to 4-11. For the SU-8 grating, the curvature is 0.18 m in the x direction and 0.23
m in the y direction. The difference of height is about 0.4 um and 0.3 pm in the x and
y direction respectively. The radius of curvature of SU-8 polarizing beam splitter is
0.64m in the x direction and 0.32m in the y direction. The difference of height is
about 0.2 um and 0.3 pm in the x and y direction respectively. The radius of curvature
of SU-8 Fresnel lens is 0.2 m in X direction and 0.38 m in Y direction. The difference

of height is about 0.3 pm and 0.2 um in the x and y-direction respectively.
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Figure 4-6: Curvature of the SisNy grating
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Figure 4-8: Curvature of the SizsN4 Fresnel lens
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Figure 4-10: Curvature of the SU-8 PBS
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Figure 4-11: Curvature of the SU-8 Fresnel lens
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Figure 4-12: The curves of reflective mirror

According to the above figures, SU-8 and silicon nitride devices are both flat.
But the condition in the reflective mirror is not so perfect. Figure 4-12 shows the

surface measurement of the reflective mirror. The curves are 29.63 mm in the x
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direction and 25.06 mm in the y direction. The drop height of the x direction is 2.7 um
and the y direction is 3 um. The reason is the gold layer. The residual stress of gold
produces this curvature after releasing. This may cause the optical beam to be

distorted.

® Optical measurement

Figure 4-13 is a SEM photograph of SU-8 grating. The measurement system is
shown in the Figure 4-14. The wavelength of the incident red laser light was 633 nm.
The distance between grating and screen was about 33.5 cm. So, the diffraction angle

0 was measured as

(2072) 3 540

According to the formula of dllf‘fpactlop:%atmg,' _th_c grating pitch was 10 um and
diffraction angle was calculatejd;ﬂ as. 3i.6_3._‘_’_._-:Tl.1e- meafisurement result is close to the
design. The screen was then repi'aged:'b§?6C*D"ga¢g¥a. Figure 4-15 shows the image
captured by the CCD. The image w:a..s .:;na-lif_ze(.i by Matlab, as showing in Figure 4-16.

The diffraction efficiency ratio of the Oth order beam intensity Iy and the +1st order

beam intensities 1. is about 5.

MCTU FSOC

Figure 4-13: SEM of SU-8 grating
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2.072 cm

33.5cm

Laser Grating Screen

Figure 4-14: Schematic diagram of optical measurement of grating

Figure 4-15: CCD image of diffracted spots.
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(b) 2D plot of diffracted spots

Figure 4-16: Optical measurement of grating
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Figure 4-17 shows the : SEM |p,hgfograph of a SU-8 Fresnel lens. The

L

measurement instruments are showgd 1n the Flgure 4 18. At first, a proper position is

L L

determined for projecting a clear Fresnel lens image on the screen, as showing in
Figure 4-19(a). Then the Fresnel lens or objective lens was moved a short distance f;
until a brightest focused spot are shown on the screen, as Figure 4-19(b) shows. The
distance f; is the focal length of this Fresnel lens. After a series of optical experiments,
the focal length is measured as about 1.82 mm. The numeric aperture (N.A.) value of

this lens is about 0.09,

N.A.=sinf=sin(tan™ (%))

where r is the radius of lens and f is focal length. The diffraction limit of the spot size,

d, can be calculated as
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4~ 05% _0.5x0.633um
NA. 0.09

=3.52um,
where A is the wavelength of the red laser beam used in this experiment. The spot
image captured by CCD is showed in Figure 4-20. The Full Width at Half Maximum

(FWHM) of the focused spot can be calculated as about 3.58 pum. It is close to the

theoretical value.

Fresnel lens |

Laser S
Objective lens

Screen

»l
| fl

Fresnel lens

I
| | Objective lens
1
4 -_—— -

Figure 4-18: Schematic diagram of the optical measurement

(b)

Figure 4-19: CCD image (a) Fresnel lens, (b) focused spot
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Figure 4-20: Analysis of focused spot image
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4—-4 Photo detector

Figure 4-21 shows the 135° reflective mirror and the quad photo detectors for
detecting the returned optical signal. Because the returned optical signal from disc is a
digital signal, the current response of the diode is an important issue. The photo
detector was measured by a Keithley 4200 semiconductor analyzer system before
release. Figure 4-22 shows the reverse biased I-V curves of one of the photo diodes
with and without light. Figure 4-23 shows the forward biased I-V curves. The solid
line is the measured result with illumination, and the dashed line is the result without
light. The power of the optical microscope light is 7.28 mW on a 9.5x10” um’

detector measured by a Newport pow et at 600 nm. The dimension of one

diode is 122400 pm’. Theref. he sens tivi can be calculated to be about

1.6A/W .

FSOC

Figure 4-21: 135" reflective mirror and photo detectors
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Figure 4-22: Revere biasedI-V curve of photo diode with and without light
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Figure 4-23: Forward biased I-V curve of photo diode with and without light
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4-5 Summary

Although this optical bench system was not assembled perfectly, the flatness of
the most devices was acceptable. The reflective mirror has a larger curvature than
others because the gold layer is deposited on the surface. This is a problem needed to
be overcome. The performance of SU-8 devices has been verified, and it may get a
better performance by a detail optical design. In the following chapter some future

works will be discussed.
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Chapter 5

Conclusion and Future Work

5-1 Conclusion

The novel fabrication process to integrated SU-8 and SOI wafer is demonstrated
and used to fabricate a basic optical bench in this thesis. The stress-free and
single-crystalline natures of the SOI device layer and the transparency of SU-8 in the
visible spectrum range makes this process ideal for integration of mechanical

structures, optical devices, photo detectors, and circuits.

The silicon nitride thin film ,is used as. the. optical elements in this thesis.
Although there is a problem -about the small line- width, the solution has been
discussed in Sec. 3-3. Replacing silicon nitride by SU-8 for optical components not
only solves the problem but also simplifies the fabrication process. The optical

performance has been measured and discussed in Sec. 4-2.

Self-assembly can simplify the assembly process and reduce the risk of manual
operation. The failure of the self-assembly in this thesis has been discussed in Sec. 3-3.

Some of the future work will be discussed in the following.

5-2 Future work

To solve the problem of surface energy of solder balls, electroplating can be used.
The initial shape is closer to the design in Sec. 2-2. To avoid stiction, dimple and back
side etching are two solutions. If the back side of optical device is etched entirely, the

die of the bench will be fragile. Dimple structure is difficult to fabricate under the
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device layer. A new idea to integrate these two solutions is proposed. The back side
pattern of each device is designed as shown in Figure 5-1. Several concentric rings are
connected with bars and connected with the substrate after backside etching. This
design can prevent the pattern from falling off the substrate after releasing. The
remaining part plays a roll like dimple during releasing. This may reduce the
probability of stiction. Furthermore, because the release process can be executed from
back side by HF vapor, the release hole on the devices can be removed to improve the

optical performance.

Photoresist . Handle layer of SOI (substrate)

(a) Lithography pattern at the back of (b) Back side pattern after DRIE
each device

Optical device

WM

(c) Cross-section view of AA’ in (b)

Figure 5-1: Dimple-like structure for SOI wafer to avoid stiction
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Although the optical bench has been fabricated, some defects need to be
improved. The small line width of the outside ring of Fresnel lens, the shape of anchor,
and the spring latch design are the first targets to do. The SU-8 based optical element
is a good idea to be integrates into this system. And a precise design in optical domain
is necessary. Self-assembly is a good gateway to improve the yield of assembly, so it
is worth trying to make the self-assembly successful. Finally, integration with the
focusing and tracking device for a complete micro optical pick-up head system is the

most important assignment in the future.
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