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Abstract
Recently, Micro Electro Mechanical System (MEMS) technology has many

important developments with the rapid progress in the semiconductor industry.
Micro-Opto-Electro-Mechanical System (MOEMS) technology provides a method to
realize miniaturized optical systems. Three-dimensional (3-D) flip-up MEMS
structures are important components in applications such as free-space optical bench.

In this thesis, low-stress silicon on insulator (SOI) wafers are used to avoid
stress-induced curvature for optical applications. SU-8 can be processed by simple
lithography with high aspect ratio, making it suitable for another structural layer.

In our previous study, flip-up structures with arbitrary angles were assembled
using a simple push operation. The design and assembly of 135° mirrors were verified
and used in the proposed optical pickup head. A flip-up micro scanning mirrors
assembled by the simple push operation were proposed in this thesis. It can be
integrated on the proposed optical pickup head as the tracking servo actuator. The
characteristics of the micro scanning mirror before assembly were measured. The
maximum static scanning angle of the beam'type mirror was 0.57° with 110 V applied
voltage. The maximum dynamic scanning angle of the meander type mirror was 0.80°
with +5 V sinusoidal and 5 V DC applied voltage at 413.6 Hz. The performance was
strongly related to the finger gaps. The large finger gaps were limited by the accuracy
of the aligner. The vertical comb fingers fabricated by the new fabrication process are

proposed to improve the performance.
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Chapter 1
Introduction

1-1 Motivation

Micro-electro-mechanical systems, also written as MEMS, are very small
electro-mechanical systems fabricated by semiconductor fabrication technologies. It
integrates many microcomponent into a microsystem. MEMS devices generally range
in size from ten micrometers to millimeters. At these size scales, the behaviors may
not be the same as macro devices, because of the large surface area to volume ratio of
MEMS. Surface effects such as electrostatics and wetting dominate volume effect
such as inertia. By decreasing area,-MIEMS can lower power consumption, save
materials, improve performance, and lower cost. Due-to these advantages, MEMS
have been widely studied and become one of the most potential industries.

MEMS devices can be classified=as microstructures, microsensors and
microactuators according to the fields of application. Microstructures include
microlens, microgear, inkjet printer head, etc.. Microsensors measure physical and
chemical quantities such as pressure and acceleration. Many microsensors have been
commercialized. Microactuators have various driving mechanisms, such as
electrostatic, electromagnetic, and electrothermal actuators. These forms of energy
can be changed to movement by the actuators. We can integrate numerous MEMS
devices together with circuits to realize a micro system.

Microactuators fabricated by MEMS technologies have been widely used for
optical applications and telecommunications networks such as optical switches

(Figure 1-1) [1], variable optical attenuators, tunable filters and micro scanning



mirrors. Micro scanning mirrors are particularly used in barcode readers (Figurel-2)
[2], micro displays (Figure 1-3) [3], and so on. Recently, much research has been
carried out to make micro scanning mirrors using MEMS technology for a compact

size, low cost, low power consumption, and light weight.

Optical

U

c
Fiber A =) Fiber B Fiber A = Fiber C
@ ®

Figure 1-1.Schematic of an optical switch [1].
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Figure 1-2. Schematic of a barcode reader [2].
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Figure 1-3. Schematic of the digital light processer.(DLP) by Texas Instruments [3].

Three-dimensional (3-D)flip-up MEMS structures are important components in
applications such as free-space optical benches (Figure 1-4) [4]. MEMS-based optical
bench can be batch fabrication. Furthermore, flip-up microstructures assembled by

simple operation can reduce production time and cost.

Micro-Fresnel lens

Figure 1-4. Pickup head system on a 3-D optical bench [4].



In our previous research [5], a MEMS-based optical pickup unit (OPU)
assembled by simple push operation on SOI wafers was proposed. The optical pickup
is composed of two 135° MEMS mirrors. In this optical pickup unit, a micro scanner
can be integrated on the mirrors for tracking as Figurel-5 shows. In order to realize
the tracking function, a micro scanning mirror actuated by a vertical comb actuator is
proposed based on the flip-up plate of our previous research. Therefore, the main
objective of this thesis is to fabricate flip-up micro scanning mirrors assembled by the
novel simple push method. The DC optical scan angle must be larger than 0.03° and
the torsional resonant frequency must be much higher than the disc rotation frequency

150 Hz.

Obiective lens

/ Silicon substrate
Y Photodetector R ?'

Tracking servo

Rotate 1 350'\

otate 135°

Laser/submount

Micro scanning mirror/ HOE (Emitting the light in the horizontal direction)

Figure 1-5. Schematic of the optical pickup with incorporated flip-up micro scanning

mirror for tracking.



1-2  Literature survey

Micro scanning mirrors based on various actuation principles had been
demonstrated in the literature. In the past years, many assembly methods for 3-D
structures were demonstrated. In this section, micro scanning mirrors with different
actuation methods are reviewed first. Then different kinds of assembly methods are

reviewed .

1-2-1 Micro scanning mirrors
Various actuation methods had been applied to actuate micro scanning mirrors.
In this section, micro scanning mirrors actuated by electrostatic actuators, thermal

actuators and magnetic actuators are reyviewed.

1-2-1-1  Electrostatic actuation

Electrostatic force can be used to actuate micro scanning mirrors by applying a
voltage difference between fixéd and movable  electrodes. Many micro scanning
mirrors reported to date employ electrostatic actuators. It offers fast speed with low
power consumption and is relatively simple to design and fabricate. However, this
method may suffer from the pull-in phenomenon, which limits its useful scan range.
The digital light processing (DLP) technology (Figure 1-3) developed by Texas
Instruments (TT) is an example that employs this actuation method [3].

Ford et al. presented a micro scanning mirror actuated by electrostatic force
generated by a parallel plate actuator [6]. The operation principle is shown in Figure
1-6. When the voltage is applied to the bottom electrode, the electrostatic attraction
force between the electrode and grounded mirror plate actuates the mirror. Figure 1-7
shows the SEM micrograph of the mirror array actuated by the parallel plate

electrostatic force. The mirrors use an 80 V peak-to-peak 300 KHz sinusoidal signal

5



to switch between +£10° with a 20 ps response.

IN PASS IN pass

Grounded mirror

Electrode

"1 1 L 1]
- - Vv
Figure 1-6. Schematic of micro mirror actuated by parallel plate electrostatic force

[6].
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Figure 1-7. SEM micrographs of the mirror array actuated by parallel plate

electrostatic force [6].

Kiang et al. presented an out-of-plane, lateral electrostatic combdrive-actuated
micro scanning mirror [2]. Two types of scanning mirrors with horizontal and vertical
scan were fabricated with two or three structural layers of polysilicon. As shown in
Figure 1-8, the out-of-plane micro scanning mirror is suspended by the frame
connected to a hinged slider in the back. Scanning is achieved by the linkage of the

lateral combdrive to the mirror structure through a hinge that allows the linear motion



of the comb to be translated into the angular motion of the micro mirror. Maximum
optical scan angles were up to =£14° for the vertical scanning mirror and £9° for the
horizontal scanning mirror by a 40 V ac voltage at resonant frequencies in the

kilohertz range.

___Frame and
=/ Back-support

__,,,.Tu:-'suon Bars

!.l*ﬂll' @817 1e@@. 8u UCB

Figure 1-8. SEM micrographs of vertical and horizontal micro scanning mirrors [2].

1-2-1-2  Thermal actuation

Thermal actuator can be-used. t0-actuate micro- scanning mirrors due to the
difference in the coefficients of ‘thermal expansion: of the bimorph beam. When the
current passes through the bimorph actuator, the generated heat can actuate the
actuator. Compared to electrostatic or magnetic actuators, thermal actuator has
relatively higher power consumption and lower switching speed.

Schweizer et al. presented a monolithic integrated thermal micro scanning mirror
[7]. The device consists of a mirror located on the tip of a thermal bimorph actuator
beam that is made of silicon dioxide and a thin film conductor. The residual stress in
the two layers is used to achieve an out-of-plane rest position of the mirror, as shown
in Figure 1-7. The device is excited electrothermally at its resonance frequency,
enabling large angular deflections at low power consumption. Different length of the
beams would generate different rest positions. The SEM micrographs are shown in

Figure 1-9. Mirrors with resonant frequencies varying from 100 to 600 Hz were

7



realized. Mechanical scan angles of above 90° were achieved.

SR
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Figure 1-9. Schematic of the thermal actuator, (a) device top view, (b) cross-section of
the device before release, (c) cross-section of the device after releasing the long beam,

(c’) cross-section of the device after releasing the short beam [7].
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Figure 1-10. SEM micrographs of thermally actuated micro scanning mirror [7].



Singh et al. presented a two-axes thermally actuated SOI scanning mirror that
consisted of a mirror plate, four flexural springs and four thermal actuators as shown
in Figure 1-11 [8]. The thermal actuators were formed by using single crystal silicon
and aluminum composite beams. When the beam was heated, it bent due to the
difference in the coefficients of thermal expansion of the two materials. The SEM
micrographs of the device are shown in the Figure 1-11. The measured maximum

angular deflection was 17° at an applied voltage of less than 2 V.

1-2-1-3 Magnetic actuation

Magnetic forces can be applied to actuate microstructures by passing a current to
generate the Lorentz forces or by coating magnetic materials like Permalloy on the
structures. The magnetostatic force can be induced by the interaction of magnetic
material and the magnetic field to drive the micro scanning mirror. Generally
speaking, magnetic actuation provides higher switching speed, both attractive and
repulsive forces, and large deflection angles, but the assembly of external magnets
and coils is a big problem.

Miller et al. presented two types of magnetic scanning mirrors which combined

magnetic thin films and silicon bulk micromachining [9]: (1) mirrors with permalloy



coating could only be controlled by an external magnetic field but did not experience
thermal heating effects and (2) mirrors with both permalloy and copper coils also
required an external field and could be operated by applying a current to the on-plate
coils. The schematic and the micrographs of the mirrors are shown in Figurel-12 and
Figurel-13. The 60° deflection range of both types of mirrors in an external field (H =

23.9 kA/m) was achieved.

Permalloy

Mesh Serpentine NiFe layer
S X
4 . o
z TR el NiFe Current 5mm \Bonding
4 mm Silicon Plate Return Pad
(Reflector)

A, NiFe Layer

. & Copper Coils
=t Vg

e

Laser Beam
(a) | (b)

Figure 1-12. Schematic and side views of two types of magnetic scanning mirrors: (a)

mirror with permalloy only and (b) mirror with permalloy and copper coils [9].

Reflector

peSerpentine
Springs
\

Serpentine \ \

. : Permalloy
springs
P \ nesh

(a) (b)

Figure 1-13. Micrographs of two types of magnetic scanning mirrors: (a) mirror with

permalloy and (b) mirror with permalloy and copper coils [9].
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Cho et al. presented a three-axis micro scanning mirror with large static angular
and vertical displacements [10] as shown in Figurel-14. The micro scanning mirror
has z-axis linear motion as well as x-axis and the y-axis rotation as the schematic
shows in Figure 1-15. The micro mirror consists of a gold coated mirror plate,
incorporated actuation coils, frame and cantilever-type actuators with actuation coils.
The actuator coils integrated on the mirror plate is used for the y-axis actuation and
the other coil actuators integrated on the cantilevers are used for the x-axis and z-axis
actuation. The maximum static deflection angles were measured as +4.2° for x-axis
actuation and +£9.2° for y-axis actuation, respectively. The maximum static vertical
displacement was measured as 42 pm for z-axis actuation. The actuation voltages

were below 3 V for all actuation.

1 Kocsseign. by SeQl, BER + 930514
(a) (b)

-

KQES3S 28WaKV 100 S0k 038514 | | , B dpex + 830514
(c) (d)

Figure 1-14. SEM micrographs of the fabricated mirror, (a) overall view, (b) enlarged
view of the mirror plate, (¢) electrical connection between two points and (d) torsion
bar [10].
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(2) (b)

Cantilever-type

actuators
Frame

Mirror plate and
incorporated actuation

coils

(©)

Figure 1-15. Operation principle of the magnetic scanning micro scanning mirror: (a)

y-axis rotational actuation, (b) x-aXis-.rotational actuation and (c) z-axis linear

actuation [10].

Tang et al. presented a 2-axis magnetostatic SOI micro scanning mirror driven by
a double-side electroplated ferromagnetic film [11]. The fabrication processes enabled
simultaneous double-side electroplating to increase the volume of the ferromagnetic
materials and enhance the force on the mirror. As shown in Figure 1-16, the
magnetostatic force can be induced by the interaction of the ferromagnetic material
and the magnetic field provided by the solenoid to drive the micro mirror. Figure 1-17
shows the SEM micrographs of a fabricated micro scanning mirror. The front side of
the supporting frame contains the electroplated Ni with tilt-pattern design. The back

side of mirror and supporting frame contains the electroplated Ni film. The outer scan
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and inner scan of this 2-axis scanning mirror were respectively operated at 584 Hz

with an optical scan angle of £6.6° and 11149 Hz with an optical scan angle of £5.5°.

Ferromagnetic material 4 4

Easy axis

Thickness

Leéngth

\ Final pésilion
Torsional spring i : | Solenoid

(2) (b)

Figure 1-16. Actuation concepts of the magnetostatic mirror, (a) schematic and (b)

cross-section view [11].

Figure 1-17. SEM micrographs of the magnetostatic mirror: (a) front side and (b) back

side [11].

1-2-1-4 Summary

In many applications, electrostatic actuation is preferred due to its low power
consumption. The power issue is important particularly in large array systems. But the
parallel-plate electrostatic actuation suffers from the pull-in phenomenon. Thermal
actuators have advantages of large deflection angles and simple fabrication processes.

However, the switch speed is lower than other methods due to the thermal conduction.
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Electromagnetic actuation can generate a relatively large force with lower voltage and
provide good dynamic performance. Nevertheless, magnetic materials are not
compatible with standard IC manufacturing and packaging the external magnetic may
be an issue.

In addition to the above methods, another popular method is the vertical comb
drive actuators. It has advantages over traditional electrostatic actuators. In the next

section, various kinds of vertical comb micro scanning mirrors are reviewed.

1-2-2  Micro scanning mirror with vertical comb actuator

Many micro scanning mirrors driven by vertical comb actuators have been studied.
They have large force density and can betilized to reduce the actuation voltage. The
pull-in phenomenon can also e eliminated if ‘the comb geometries are chosen
adequately. Besides, the switching speed is excellent._.Micro scanning mirrors with
vertical comb actuation are classified according, to/the fabrication processes in the

following review.

1-2-2-1 Wafer bonding

This method starts with a silicon wafer or a SOI wafer. Deep reactive-ion etching
(DRIE) is applied to make a comb finger set. Then another silicon wafer is bonded on
the original wafer and etched back to make the other comb finger set.

Conant et al. presented a staggered torsional electrostatic combdrive (STEC)
micromirror made of two layers of single-crystal silicon separated by a silicon dioxide
layer [12]. The mirror, torsion hinge, and moving comb teeth are in the top silicon
layer, and the fixed comb teeth are in the bottom silicon layer, as shown in Figure
1-18. The STEC micromirrors were fabricated using DRIE and a bond-and-etchback

process, as shown in Figure 1-19. The micro scanning mirror has advantages of high
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scan speed, small size, and low cost with diffraction-limited optical performance. The
optical scan angle of £12.45° at 34 kHz resonant frequency with 0.18mW power

consumption can be achieved.

B ‘il |
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g
- 1

Moving Comb Teeth | W
T

Fixed Comb Teeth

\\\‘:\‘\\\;\T\\\\\\\\\\\

0 scanning mirror [12].
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Figure 1-19. Fabrication flow of the STEC micro scanning mirror [12].



Lee et al. presented a micro mirror actuated by self-aligned vertical electrostatic
combdrives with multi-level electrical isolation that allows bi-directional and
dual-mode (independent rotation and piston motion) operation [13]. The fabrication
flow is shown in Figure 1-20. The process starts with the coarse patterning of the
bottom combteeth in SOI wafers. An unpatterned wafer is then bonded by thermal
fusion bonding to the patterned SOI wafer. Next, two mask layers are deposited and
patterned to define the contact area and the upper combteeth. The final steps are the
DRIE of the upper and the lower combteeth. Figure 1-21 shows the SEM micrographs
of the device. The micro scanning mirror with +9° optical scanning with 155 V
actuated voltage and 7.5 pm of piston motion with 110V actuated voltage were
achieved. The resonant scanning has optieal,scan angles up to £25° with a 96 V dc

bias and 40V ac voltage at 13.5 KHz.

o S A S S S

(a) L)

- T o -

. - - o o o o o

(c) (d)

TJB%DM DHD

(e) ()

Thermal oxide Silicon layers [
Masking nitride film [N Masking LTO film

Figure 1-20. Fabrication flow of the self-aligned micro scanning mirror [13].
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Figure 1-21. SEM micrographs of the dual-mode and double-stacked device: (a)

self-aligned combteeth and (b) top view of the mirror [13].

Ra et al. presented a two-dimensional jmicro scanning mirror for dual-axes

was measured with a 77 V dc bias and a 58 V ac voltage. Torsional resonant

frequencies are at 500 Hz with £12.4° optical deflection and at 2.9 kHz with +7.2°

optical deflection for the outer and inner axes, respectively.
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loweer layer
| Do SCH
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— =
Microminror
- Subsirate
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Figure 1-22. Schematic and SEM of the two dimensional self-aligned scanning mirror:

(a) cross-section schematic and (b) SEM micrograph [14].
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The upper and lower comb fingers of the micro scanning mirror can also be
fabricated individually on two substrates by the front side and back side DRIE,
bonding, polishing, metal coating, electroplating, and releasing processes. And then
the upper and the lower finger were bonded with each other with a fine flip chip
bonder. The whole fabrication processes are too complicated in spite of the good
performance. The complicated flow was applied in the following two works.

Lee et al. presented a micro scanning mirror for laser display systems [15].
Figure 1-23 and Figure 1-24 show the basic structure and the assembly process of the
scanning mirror. It is composed of two structures. The upper structure is composed of
a scanning mirror plate, two torsion bars, a supporting frame and upper comb fingers.

The lower structure is composed of lowse

b fingers, a supporting frame, gold
signal lines and pads on a Py _ st1 comb fingers are beneath the
mirror to increase the fill factor. Rigure | ows tt = pper structure with a bonded

vhen driven by a 28V ac control

Upper structure Scanning mirror plate

. Torsion bar

Moving comb
Ny clectrodes

Supporting

frame

Sensing comb
electrodes

Actuating comb

electrodes
Lower structure

Gold signal line & pad Pyrex glass substrate

Figure 1-23. Basic structure of the two-structure bonded scanning mirror [15].
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Figure 1-24. Assemble processes of the two-structure scanning mirror: (a) alignment

and (b) eutectic bonding [15].

Figure 1-25. SEM micrograph of the upper structure with a bonded glass plate [15].
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Ko et al. demonstrated an eye-type micro scanning mirror for laser display [16]. The
micro scanning mirror consists of a circular mirror plate and an elliptic outer frame
with vertical combs to increase the number of fingers. This eye-type mirror showed
larger deflection angle compared to the traditional works using rectangular mirrors.
But the fabrication flow is complicated. Figure 1-26 shows the SEM micrographs of
the structure. The £16° optical scanning angle was achieved when driven by the 65-75
V sinusoidal control voltage and a 100 V dc bias at resonant frequency of 22.1-24.5

kHz.

2PBEEG 20.0kYV X1.80K 38.84m

@ ANERA o

Figure 1-26. SEM micrographs of‘the.eye-type mlcro scanning mirror: (a) upper view

and (b) enlarged view of the combteeth [16].' |

1-2-2-2  Multi-mask etching

This method employs a delay-mask process (DMP) in the fabrication process.
The concept is shown in Figure 1-27. After multiple mask layers are patterned, the
main layer is etched to a certain depth with all masking layers and then the topmost
mask 1 is removed. Then, the main layer is etched again and the next masking layer is
removed. This procedure is repeatedly until all the masking layers are removed. The
vertical offset between the upper and the lower comb fingers can be achieved by
applying the DMP. The comb fingers made by DMP are self-aligned. Self-alignment

between moving and fixed fingers is important in order to avoid lateral instability
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leading to an in-plane pull-in during actuation.

mask1 mask3 ocka

mask2 /

Figure 1-27. Concept of the delay-mask process [17].

Hah et al. presented a self-aligned vertical comb-drive actuator for a two-axis
micro scanning mirror [17]. This work applied DMP to achieve self alignment
between the moving and the fixed fingers. This method was also useful to fabricate
comb fingers with narrow gap spa01ngand red{-lic.}g;_ﬂae operation voltage. Figure 1-28
shows the SEM micrographs ofthe mirfor._:.' 'Thé-‘]j;c._hlechanical scan angles of the
micro scanning mirror were mea_sﬁféd as:t21 at 48\./_-_-around the inner axis and £1.8°
at 44 V around the outer axis, respectlvely Themechamcal resonant frequencies of
1.2 kHz around the inner axis ar.l..d.:;(.);9 kHzaround the outer axis were measured,

respectively.
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Figure 1-28. SEM micrographs of a micro scanning mirror fabricated by DMP [17].
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Kim et al. presented a two-axis micro scanning mirror array with high fill-factor
[18]. In order to achieve high fill-factor, the mirror plate is mounted on a self-aligned
vertical comb drive actuator achieved by the DMP. The schematic of the micro
scanning mirror is shown in Figure 1-29. Figure 1-30 shows the SEM micrographs of
the mirror array. The maximum static optical deflections are £2.16° at 60 V bias for
the outer axis and £1.41° at 96 V bias, respectively. The torsion resonant frequencies

along the outer and inner axes were 1.94 kHz and 0.95 kHz, respectively.

Nirror plate

Upper comb Gimbal
Outer spring
Bottom electrode

“SFEEER*"
Figure 1-29. Schematic view of the micro scanning mirror with high fill-factor [18].
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Figure 1-30. SEM micrographs of the scanning mirror with high fill-factor: (a) mirror

array, (b) vertical comb actuator [18].
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1-2-2-3 Offset by self assembly

Vertical offset between the upper and the lower comb fingers can be achieved by

self assembly. Since the upper and lower comb fingers are fabricated on the same

layer, they are self-aligned and the gap can be minimized.

Patterson et al. presented a micro scanning mirror with self-aligned comb fingers

patterned in a single etching process [19]. In the fabrication processes shown in

Figure 1-31, the self-aligned comb fingers are rotated out of the wafer plane by the

surface tension of the reflown photoresist. The fabrication processes are relatively

simple compared to other methods. Figure 1-31 shows the SEM micrograph of the

micro scanning mirror. The resonant optical scan angle of +18° was measured with a

21 V sinusoidal input at 1.4 kHz.

1. DRIE etch top silicon 5. Pattern Hinge

6. HF Release

2. Deposit LECVD Oxid
post mide 7. Reflow PR assembly

3. DRIE Backside silicon 8. Deposit Metal
4. RIE LPCVD Oxide
vl DN\\FA P

Figure 1-31. Fabrication processes of the self assembly vertical comb actuator [19].
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Angular Photoresist
Vertical Comb Hinge

Figure 1-32. SEM micrograph of a scanning mirror with self assembly vertical comb

drive [19].

Jeong et al. presented a self-alignedwvertical comb drive fabricated in the device
layer of a SOI wafer [20]. AS Figure 1-33 showsythe fixed combs are anchored to
bimorph cantilevers made ofitwo materials. with dissimilar thermal coefficients of
expansion. The cantilevers, which/provide the vertical offset between the fixed combs
and the moving combs, are deflected by the residual stress during cooling down from
the oxidation temperature to the room temperature. The deflection of the bimorph
cantilever provides the initial offset between the moving and the fixed comb fingers.
The fabrication processes are relatively simple. However, the fill-factor is low due to
the large areas of the cantilever beam and the comb fingers. Figure 1-32 shows the
SEM micrograph and schematic diagram of self-aligned vertical comb fingers. The
optical deflection angle was £3.25° by a 5.5 V dc bias and 10 V ac voltage at the

resonant frequency of 830 Hz.

24



Fixed comb {Cf‘

\"“"‘

,.::{----
-

Bimorph cantilever
\ Movable mmh ':chl

m il
I- 1" -Im
A

Sll:l'

llhnhnnlnnl coupled
bimorph cantilever and fixed comb
(V; or ¥y)

Figure 1-33. SEM micrograph and schematic of t}ié_:x_'/e_rtical comb actuator achieved

by the bimorph cantilever [20]: |

1-2-2-4 Multiple structu fé"'léig'/_ers >

The standard processes like Sandia’s ultraplanar multilevel MEMS technology-V
(SUMMIT-V) processes, which provide well-understood and documented properties,
can be applied to fabricate the scanning mirror. The SUMMIT-V fabrication process is
a five-layer polycrystalline silicon surface micromachining process. In this section, a
micro scanning mirror using the standard processes is reviewed.

Hah et al. presented a surface-micromachined scanning mirror array with hidden
vertical comb actuators [21]. The fixed fingers consist of polyl and poly2 layers, and
the movable fingers are made of the poly3 layer. The mirror plate is fabricated on the
top polysilicon layer. The mirror, moving fingers, and torsion springs are connected to

a ground plane. The actuation voltage is applied to the fixed fingers. The micro
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mirrors provide large DC scan angle, low-operating voltage and high fill factor by the
underneath vertical comb actuator. In spite of the good performance, it might suffer
from the pull-in phenomenon between the mirror plate and the underneath comb
fingers. Figure 1-34 shows the schematic of two types of mirrors. Type I has one set
of vertical combs underneath the mirror. Type II has two sets of vertical comb-drives
at two different levels; one underneath the mirror and the other attached to the edges
of the mirror. Figure 1-35 shows the SEM micrographs. A £11.8° DC optical scan
angle with 6 V actuating was achieved. The measured resonant frequency of the

mirror ranges from 3.4 to 8.1 KHz.

Movable fingers

Mirror
\; z
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= Hidden springs
Fixed fingers = Anchor

(2)

Fixed fingers
Movable fingers

(b)
Figure 1-34. Schematic view of two types of mirrors, (a) type I device has one level of

comb-drives and (b) type II device has two levels [21]
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Figure 1.35. SEM micrographs of the mirror, Ea) type I device has one level of

comb-drives (b) type II device has two levels [21].

Multiple structure layers can be formed by deposited thin films. The small
thickness of commonly-used thin films such as polysilicon limit the static rotation
angle.

Tsou et al. presented a multi-layer process to fabricate micro scanning mirrors
with self-aligned electrostatics dual combdrives [22]. The schematic of the structure is
shown in Figure 1-36. The deposited silicon nitride and polysilicon are used as the
insulation layer and the upper comb fingers, respectively. The device layer of the SOI

wafer forms the lower comb fingers. The moving and the fixed comb fingers are
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divided into six individual electrodes that can be used to produce bi-directional
rotation and both upward and downward vertical piston motions. The working
principle is illustrated in Figure 1-37. Figure 1-38 shows the SEM micrograph of the
micro scanning mirror. The mechanical tilt angle of £1° at 100 V dc bias was achieved.
The micro scanning mirror can scan an angle of 62° at the resonant frequency of 10.46
kHz with a 60 V sinusoidal input.

Fixed boundary

Upper fixed electrode
Upper moving electrod

Upper fixed electrode

Lower fixed electrode

Lower moving electrode

Lower fixed electrode
Fixed boundary

Figure 1-36. Schematic diagram of the dual .mo_d'é: icro scanning mirror [22].
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Figure 1-37. Principle of the vertical combdrive actuator, (a) upward actuation and (b)
downward actuation [22].
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Figure 1-38. SEM micrograph of the dual mode micro scanning mirror [22].

1-2-2-5 Summary

Many kinds of vertical comb actuaters. were reviewed. The wafer bonding
method provides good performance butmeeds fine aligned bonder. The multi-mask
etching method provides a relatively simple fabrication process and compatible with
the IC manufacturing but the performance would.be worst than other methods. Offset
by self assembly also provides:a selatively.-simple fabrication process, but the
assembly must be well controlled or it would fail during the assembly process. The
standard process with multi structure layers provides good performance but the design
flexibility is limited by the fixed fabrication process. Multiple structure layers formed
by deposited thin films provide a simple fabrication process but the performance is
limited by the thickness of the deposited layer. Furthermore, all these vertical comb
actuated micro scanning mirrors are assembled in the plane of the wafer. In order to
fabricate a flip-up micro scanning mirror, various out-of-plane assembly methods are

reviewed in the next section.
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1-2-3 Micro assembly

Micro structures fabricated by surface micromachining have to be flipped up to
form 3-D structures. Scratch drive actuators [23], thermal actuators [24], electrostatic
force generated by the parallel plate [25] or ultrasonic waves [26], magnetic force [27],
centrifugal force [28], residual stress [29], and surface tension [30] have been used for
self-assembly. In addition, manual assembly by the microprobes [31] and
robot-assisted assembly [32] have been proposed.

In our previous work [5], flip-up micromirrors with arbitrary angles had been
fabricated and assembled by the simple push method. The push method has large
probe positioning tolerance in both vertical and lateral directions to reduce assembly
failure. Figure 1-39 shows the assemblygprocess of a 45° micromirror. Two push
operations are needed in the assembly proeess: First, Probe 1 pushes the support to
over 60° and hold in this position (Figure 1-39 (a))- Then Probe 2 pushes the mirror
plate to 40° to 50° (Figure 1-39 (b)): Subsequently Probe 1 is removed and the torque
from the torsional beams drives the support to lie‘on the mirror plate (Figure 1-39 (¢)).
After Probe 2 is removed, the torque of the torsional beams connected tio the mirror
plate also drives the mirror plate to lie on the support. Finally, the support and the
mirror plate are interlocked (Figure 1-39 (d)). Figure 1-40 shows the SEM

micrographs of our previous work.
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Figure 1-40. An assembled 45° device, (a) top view, (b) side view.
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Figure 1-40. An assembled 45° device (continued), (¢) interlock, (d) torsonal beam of

the mirror plate with mechanical stop.
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1-3  Objective and organization of the thesis
Many micro scanning mirrors assembled in-plane have been demonstrated. They
provide good performance and have been commercialized. But flip-up micro scanning
mirrors are rare and still have room for improvement. MEMS-based flip-up
microstructures can be integrated on a bench to realize the miniaturized optical system.
The proposed MEMS-based optical pickup is a good example [5]. Therefore, the main
objective in the thesis is to develop flip-up micro scanning mirrors assembled by the
simple push operation. The flip-up micro scanning mirror can be integrated in the
optical pickup unit to realize tracking.
The basic principle and simulation of the proposed flip-up micro scanning mirror
are depicted in Chapter 2. The fabrication,processes and issues are discussed in
Chapter 3. The experiment and measurement results are shown in Chapter 4.

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

2-1  Introduction

The proposed flip-up micro scanning mirror is actuated by vertical comb
actuators and assembled by the simple push assembly method [5]. The mirror is
fabricated on the SOI wafer, whose single-crystalline-silicon device layer has good
surface smoothness suitable for optical mirrors. The buried oxide layer of the SOI
wafer is the etching stop for the deep reactive-ion etching process. Therefore, the
thickness of the torsional spring is uniform in the SOI-based fabrication processes.
SU-8 photoresist is used for the vertical offset between the moving and fixed combs
due to its high aspect ratio and vertical sidewalls.[33]

As shown in Figure 2-1, thedevices consist of mitror supports, torsional beams,
and plates with vertical comb drives. - The moving comb fingers are made of the
device layer of the SOI wafer; the. fixed comb: fingers are made of the SU-8
photoresist stacked on the device layer. It is easy to modify the thickness of the SU-8
photoresist between 1 pm to 100 um to control the rotational angle. The moving comb
fingers attached to the mirror are electrically grounded. The fixed comb fingers are
the driven electrodes. The mirror plate is actuated by the induced strong fringe field
between the fingers. The electrical isolation is realized by dividing the moving and
fixed combs into two parts. The isolated parts are connected mechanically by the
substrate of the SOI wafer. The topside, backside and cross-section views are shown

in Figure 2-2.
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Figure 2-1 (a) 3D model of the proposed scanning mirror, (b) vertical comb fingers.
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Figure 2-2. Illustrations of electrical isolation and mechanical connection, (a) front

side view, (b) back side view and (c) cross-section view along A-B.
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2-2  Push assembly process

Figure 2-3 shows the assembly process by the simple push operation [5]. The
mirror plate and the support are in the device layer of the SOI wafer. The substrate
underneath the push pad needs to be etched by ICP DRIE to provide space for the
push operation. The assembly processes need two microprobes and two push
operations. First, Probe 1 pushes the support to about 60° and holds in position
(Figure 2-3 (b)). Then Probe 2 pushes the mirror to about 45° and holds in position
(Figure 2-3 (c)). Then Probe 1 is removed and the restoring forces of the torsional
beams make the support lie on the mirror (Figure 2-3 (d)). Finally Probe 2 is removed
and the mirror and the support are interlocked by the lock mechanism (Figure 2-3 (e)).
The large area of the push pad provides datge probe positioning tolerance that can

reduce the assembly time.

Torsional beam

The torsional beams provide the restoring force to interlock the mirror in position.
The torsional beam must be long enough or it would break during pushing. However,
extending the length of the torsional beams reduces the fill factor. Therefore, an
appropriate length of the torsional beam needs to be chosen. In addition, the restoring
forces of the mirror plate and the support may cause lateral displacement of the
torsional beams. Therefore a mechanical stop mechanism was designed on both sides
of the torsional beam in the same SOI device layer to prevent the lateral displacement

which would cause angular error, as shown in Figure 2-3 (f).
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Figure 2-3. Assembly processes of the flip-up micro scanning mirror.
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For a 45° mirror plate, the maximum twist angle is approximate 80° during the
assembly process. The length of the torsional beams can be found from the torsional

formula of a beam with a rectangular cross section as follows [34],

TL
0 =—, 2-1
AT KG (2-1)
16 b b*

K =ab’[—-3.36—(1-—)], fora>h, 2-2
[ 3 a( a )], for (2-2)
= iz[l + 0.60959+ 0.8865(9)2 —1.8023(9)3 + 0.9100(9)4], fora>b, (2-3)

8ab a a a a

where ¢, is the angle of twist in radius, T is the applied torque, L is the torsional

beam length, K is the cross-section shape-dependant factor, G is the shear modulus of

the material, o, 1is the maximum shear stress in the beam with the applied torque,
a is the half of the longer side of the. cross section and b is the shorter side of the

torsional beam (figure 2-4).

Pl
BN

Figure 2-4. Dimensions of the torsional beam
The thickness of the device layer of the SOI wafer is 5 pm therefore b is 2.5 pm. The
width of the torsional beam is 25 pm therefore a is 12.5 um. The shear modulus of the
single-crystal silicon is 79.9 GPa [35]. The yield stress is 7 GPa at room temperature

[36] but the yield stress of the manufactured silicon would be lower to 2 GPa. The

maximum shear stress must be lower than the yield strength, therefore o = 0.7

GPa is used for a safety factor of 3. By substituting the values into Equations 2-2 and
2-3, we can get K and T as 9.1x10” m* and 1.27x10” N-m, respectively. The
length of the torsional beam can be found to be approximatly 800 um from Equation

2-1.
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2-3  Static analysis
As Figure 2-2 (a) shows, the mirror plate is connected to the frame by torsional
springs. A DC bias is applied to the fixed comb electrodes to provide an electrical

torque (7, ) to rotate the mirror around the torsional springs. The mechanical restoring
torque (7,,) from the torsional springs is induced during rotation and is directly

proportional to the rotation angle ( 6,,, ). The maximum rotational angle is

can

proportional to the vertical finger offset (Tg,,) but is inversely proportional to the

finger length (L, ). The cross section profile of the finger is shown in Figure 2-5. L,

is the length from rotation axis to the tip of the moving comb finger, and L,, is the

length from rotation axis to the tip of the fixed comb finger.

When a voltage is applied,«the mechaniecal ‘restoring torque increases as the
rotation angle increases. The rotation-angle can-be'calculated when the mechanical
restoring torque equals to ‘the electrical torque. The electrical torque can be

approximated as [17]:

: 1 6Ct vV _1 (sz_Lfoz)Vz
206, 2 g

scan

; (2-4)

where C,V,¢,, N, and g are the total capacitance of the comb fingers, applied DC

bias voltage, permittivity of air, number of fingers and lateral finger gap, respectively.

Fixed comb with SU-8 Moving comb attached to the mirror plate

Rotational axis

!
] e

[}
[
»

A
v

Figure 2-5. Cross section profile of the finger.
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The mechanical restoring torque can be expressed as [37]:

3
=2k 0, = 2O 2 B Y6, forw s t (2-5)
3l 70 W 2t

where K is the torsional spring constant, G is the shear modulus, | is the length of
the torsional spring, W and t are the cross-section geometry with w > t. Note that 2k,
is due to the parallel connection of the two torsional springs on both sides of the
mirror. The rotation angle can be obtained by solving 7,=7, as,

| N (sz _Lfoz)vz.

9. =_ 2-6
scan 2 80 f 2ksg ( )

As the rotation angle approaches the maximum angle, Equation 2-6 can not depict the
rotation angle precisely. Because the eleetrical torque decreases as the rotation angle
increases. The rotation angle is.saturatedyat-a maximum angle. Dimensions of the
micro scanning mirror are desctibed in Table 2-1.

CoventorWare MEMS design (software.was applied to calculate the rotational
angle versus the applied voltagé<as:shown in-Figure 2-6. It can be found that the

saturation angle is about 0.5°.

05
046
—~ 04t
Q
o
5, 035f
<
= 03t
2
2D past
<
= L
s 02
]
s 015
+~
Q
&2 01t
005
DL‘ 1 1 1 1 1
0 50 100 150 200 260 300
Applied voltage (V)

Figure 2-6. Simulatea rotation angie versus applied voltage
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Table 2-1. Dimensions of the micro scanning mirror.

Description Symbol Value (um)
Mirror size - 400x360
Number of fingers N, 24
Vertical finger offset Tous 10
Finger gap g 7
Finger length - 100
Finger width of the moving comb (silicon) - 10
Finger width of the fixed comb (SU-8) - 6
Torsional spring width w 20
Torsional spring thickness t 5
Torsional spring l1éngth | 220
Length from rotation axis to the tip of the
Lo 205
fixed comb finger
Length from rotation axis to the tip‘of'the
L 300
moving comb finger
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2-4  Dynamic analysis

The resonant frequency of a rotational system can be calculated as follow:

1|2k
fo="— /. 2-7
RS (2-7)

Im

2 2
W, t

m_ 4 -m , 2-8
12 3) 2-8)

I, = pt.w, Il (

| and

m?> “m

where | is the total mass moment of inertia, p is the density of mass; t
w,, are the dimensions of the rotational mirrors as shown in Figure 2-7. Note that 2Kk
represents the parallel connection of torsional springs. The calculation of | is

shown below. The thin nitride and oxide layers are ignored during the calculation.
l, = pf RdV
W% .
=p [ [(wn’+t,))],dtdw,

_W% 0

=pt W, I (

2 2
W t
m_m 2-9
1 3) (2-9)

By substituting the values in Tableé+2-1 into.Equations 2-7 and 2-8, the resonant

frequency is about 1362 Hz.

Rotational axis /
Wm

Figure 2-7. Illustration of the mirror dimensions
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Figure 2-8 shows the solid model of the beam type micro scanning mirror for
modal analysis by using CoventorWare. The first four resonant modes are
summarized in the Table 2-2. Mode 1 is the rotational motion around the y-axis along
the torsional spring as shown in Figure 2-9. Mode 2 is the piston motion along the
z-axis as shown in Figure 2-10. Mode 3 shows the rotational motion around the x-axis
as shown in Figure 2-11. Mode 4 is the rotational motion around a y-axis at the
bottom of the substrate as shown in Figure 2-12. The simulated resonant frequency of
the first mode is 1380 Hz, which is very close to the theoretical calculation of 1362

Hz.

Figure 2-8. Model for modal analysis

Table 2-2. Result of the modal analysis of the beam type micro mirror.

Mode Frequency Description
1 1.38KHz Rotation around y-axis
2 4.65KHz Piston motion along z-axis
3 5.34KHz Rotation around x-axis
4 28.44KHz Rotation around y-axis
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Rotation axis

COVENTOR COVENTOR

(b)

Figure 2-9. Mode 1 of the beam type mirror: rotation around the spring.

COVENTOR COVENTOR

(b)

Figure 2-10. Mode 2 of the beam type mirror: piston motion along z-axis.

/

"Rotation axis

|/

Rotation axis

COVENTOR COVENTOR

(b)

Figure 2-11. Mode 3 of the beam type mirror: rotation around x-axis.
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X Rotation axis

Rotation axis

COVENTOR COVENTOR

(b)

Figure 2-12. Mode 4 of the beam type mirror: rotation around y-axis.

The modal analysis of the meander spring type micro scanning mirror was also
simulated by using CoventotWare. Tabley2-3, shows the first four resonant modes.
Mode 1 is the rotational motion-around the y=-axis along the torsional spring as shown
in Figure 2-13. Mode 2 is the piston motion along the z-axis as shown in Figure 2-14.
Mode 3 shows the rotational motion around the x-axis as shown in Figure 2-15. Mode
4 is the rotational motion around.a x-axis at the“bottom of the substrate as shown in

Figure 2-16.

Table 2-3. Result of the modal analysis of the meander type micro mirror.

Mode Frequency Description
1 0.496 KHz Rotation around y-axis
2 1.483 KHz Piston motion along z-axis
3 1.728 KHz Rotation around x-axis
4 10.978 KHz Rotation around x-axis
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Rotation axis

(a) (b)

(2) (b)

/

(a) (b)
Figure 2-15. Mode 3 of the meander type mirror: rotation around x-axis.
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Rotation axis ' Rotation axis

(2) (b)

Figure 2-16. Mode 4 of the meander type mirror: rotation around x-axis.
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2-5 Torsional spring analysis

Three types of springs as shown in Figure 2-17 are connected to the mirror plate
for comparison. The torsional spring constant should be as small as possible to
provide larger rotational angle. But the imperfection of the fabrication process such as
lithography misalignment would cause side instability and lead to pull-in effect. The
pull-in effect occurs when the applied electrostatic lateral force overcomes the spring
restoring force. For this reason, the lateral spring constant is an important parameter.
The lateral and torsional spring constants of the three type springs were simulated and
compared by CoventorWare MEMS design software. The dimensions of the three

types of springs are shown in Figure 2-18.

(a) (b) (c)
Figure 2-17. Three types of the springs, (a) beam type, (b) meander type and (c) box

type.
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20 pm

260 pm

Figure 2-18. Dimensions of the springs

2-5-1 Lateral spring constant k

The spring was fixed in one si¢

ction pressure was applied on the
other side (20 um X 5um) a The simulated displacements
versus applied pressure for t _' otted in Figure 2-19. From the
simulation, the calculated sprir (N/m), 8.26x10 (N/m) and

1.52x10° (N/m) respectively.
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(a) beam type

Figure 2-19. Displacement versus applied pressure of three types of springs.

50



140

1201 ]

100+ q

a0 k

B0 k

Displacement ({nm)

a0f .

Fixed i 1

0 1 1 1 1 1 1 1 1 1
I a 10 20 30 40 a0 60 70 a0 90 100

Applied Pressure (KPa)

Displacerment (nrm)

e Fixed it ]

o I I I I 1 I ! I I
I ] 10 20 a0 40 50 60 70 80 40 100

Applied Pressure (KPa)

¢) box type
Figure 2-19. Displacement versus applied pressure of three types of springs

(continued).

2-5-2 Torsional spring constant K,

This simulation of torsional spring constants contained two springs and a mirror
plate. Both sides of the springs were fixed, and the pressure was applied on the edge
of the mirror plate as shown in Figure 2-20. The simulated rotation angle versus the
applied pressure results are shown in Figure 2-20. The calculated torsional spring
constants from the simulation are 6.1x107 (N-m/rad) , 9.7x10"° (N-m/rad) and

8.0x10”7 (N-m/rad) respectively.
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Figure 2-20. Rotation angle versus applied pressure of three types of springs.
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To summarize, the parameter Z which represents the ratio of lateral spring
constant and torsional spring constant is presented in Table 2-4. The Z parameter can
determine the best solution for the spring design of the vertical comb-drive scanning
mirror. Larger Z implies that the mirror can rotate more easily and without lateral

displacement. The best spring design is the beam type.

Table 2-4. Summary of spring simulation.

Parameter (I) beam type (IT) meander type (III) box type
k 8.06x10" (N/m) 8.26x10 (N/m) 1.52x10° (N/m)
k, 6.06x107" (N-m/rad) | 9.70x107°* (N-m/rad) | 8.03x10”7 (N-m/rad)
Z 1.33x10" (rad/m*) 8:5210° (rad/m?) 1.90x10° (rad/m*)
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2-6  Summary
From the static, dynamic and spring analyses, a flip-up micro scanning mirror is
designed. The layout is shown in Figure 2-21. In Chapter 3, the fabrication is

discussed.

800 um Push pad
(200 pm x 200 pm) (220 pm x 20 pum)

Torsional spring

Electrical pad
(120 um % 170 pum)

Figure 2-21. Layout of the flip-up micro scanning mirror.
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Chapter 3
Fabrication Process

3-1 Introduction

In this chapter, the detailed fabrication processes of flip-up micro scanning
mirrors are depicted. The mirrors are fabricated on the SOI wafers due to its flatness.
Using SOI wafers can also reduce the complexity of the process. There are only three
masks in the process. One is for patterning the front side device layer, one is for the
back side handle layer of the substrate and the other is for upper comb fingers made
by SU-8 photoresist. The SU-8 photoresist provides not only good mechanical
properties for the structure, but also. relatively simple fabrication processes. The
handle layer of the SOI wafers. is usedsfor.mechanical connection as depicted in
Chapter 2, as well as for enhancing the strength of the structure to avoid bending and
improve the mirror flatness. The butied oxide is the sacrificial layer. The nitride layer
deposited on the device layer ‘is the hard mask: for the DRIE process. Gold is
deposited for electrical connection and good reflectivity. The detailed fabrication

processes are described in the following. Finally, fabrication issues are discussed.

3-2 Fabrication flow

Figure 3-1 shows the schematic of the fabrication flow. The device layer of the
SOI wafer is 5 um thick, the buried oxide layer is 2 pm thick and the substrate is 400
um thick. The device is fabricated at the Nano Facility Center of National Chiao Tung
University and the National Tsing Hua University Center for Nanotechnology,

Materials Science, and Micro Systems.
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m Buried oxide I:I Silicon

(a) RCA cleaned SOI wafer (step A)
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(b) Front side nitride and back-side oxide deposition (step B, step C)

e Buried oxide [77Z] LPCVD nitride [[[[[[[[] PECVD oxide

FH 6400 photoresist |:| Silicon

(c) Front side nitride patterning (step D, step E)

Figure 3-1. Fabrication flow
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(f) Front side ICP (step K)

Figure 3-1. Fabrication flow (continued)
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Figure 3-1. Fabrication flow (continued)
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Step A: RCA clean

The SOI wafer was cleaned by the standard RCA clean process before the
fabrication steps. The standard RCA clean can remove organic contaminants, native
oxide layer, and ionic contamination on the surface. To clean wafer completely can
increase the yield rate. Note that the native oxide removal must be reduced to 30
seconds because HF etched buried oxide of the SOI wafer as well. Detailed

parameters are listed below.

Step Parameters
0 D. I. water Rinse (5 min)
1 H,SO4 : Hx O, =3 : 1 (10~15 min, 75 °C ~85 °C)
2 HF : H20 =1 :100 (30 sec, room temperature)
3 NH4OH : H,0; : HOO="1: 420 (10~15 min, 75 °C ~85 °C)
4 HCL : H,0, 2H,O=1:1 : 6 (10~15. min 75 °C ~85 °C)
5 HF : H;0 =11 :100 (30 sec, room temperature)

Step B: Front side nitride deposition

A 5000 A thick low pressure chemical vapor deposition (LPCVD) nitride is
deposited on the SOI wafer as the DRIE hard mask. The selectivity between the
silicon and the LPCVD nitride in the ICP process is about 1: 70. The detailed

parameters are listed below.

Description Parameters
NH; flow rate 17 sccm
SiHCl, flow rate 85 scem
Process pressure 180 mTorr
Process temperature 850 °C
Deposition time 10 minutes deposition for 0.1 um
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Step C: Back side oxide deposition

A 5-pum-thick oxide was deposited on the backside of the SOI wafer by
plasma-enhanced chemical vapor deposition (PECVD). The process was done with an
Oxford 100 PECVD Cassette System at the National Nano Device Laboratories. The
deposited oxide layer was used as the hard mask during the ICP process due to its

excellent selectivity. The selectivity between the oxide and the silicon in the ICP

process is about 1: 100. The detailed recipes are shown below.

Stepl Step 2 Step 3 Step 4
Recipe Pump Down | Temp. Stabilization | N,Flow | SiO; Dep.
Pure SiH4 (sccm) 0 0 0 8.5
N2O(scem) 0 0 0 710
Nz (sccm) 0 0 1000 161.5
Pressure (mTorr) 0 0 1000 1000
HF RF power (W) 0 0 0 20
LF RF power (W) 0 0 0 0
Temperature (°C) 300 300 300 300
Time 1 min 5.min 5min | 740 A/min

Step D: Front side nitride patterning (Mask 1)

Mask 1 defines the device layer pattern in the 5000 A nitride layer. FH6400
photoresist was used for the mask of nitride etching. The selectivity between silicon
nitride and FH6400 photoresist is about 1: 2. So the thickness of the photoresist must
be larger than 1 pm. Therefore, 2 pm thick photoresist was coated on the wafer. The

photolithography process was performed by Electronic Visions EV620 double side

aligner at National Tsing Hua University.
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Step Description Parameters
0 Photoresist FH6400
1 HMDS coating Vapor prime oven
5 Coating (spread cycle) 1000 rpm 10 sec
Coating (spin cycle) 2000 rpm 35 sec
3 Soft bake 90 °C hotplate 150 second
4 Exposure EV620 mask aligner (9 mW/cm?) for 32 sec
5 Development Developer FHD-5 for 90second
6 Rinse D.I. water 1 min
7 Hard bake 120 °C hotplate 30 min

Step E: Nitride etching
After photolithography, the nitride layer was etched by SAMCO Poly-Si
RIE-10N. After etching, the photoresist must be removed by ultrasonic agitation in

acetone. The detailed parameters are listed below.

Description Parameters
SF¢ flow rate 30 sccm
CHF; flow rate 10 sccm
Helium backside cooling about 15 sccm
Process pressure 50 mtorr
RF power 100 W
Etch rate 10 min for 1 um nitride.

Step F: Back side oxide patterning (Mask 2)

Mask 2 defines the through-wafer holes under the push pads and the mechanical
connection of the micro scanning mirror. The pattern is transferred to the back side
oxide layer as the hard mask for the back side ICP process. The thick oxide layer
needs a thick photoresist to mask during the etching. The selectivity between PECVD
oxide and AZ4620 is about 1: 1.8, so a 9 um thick photoresist is needed. But a 9 um

thick AZ4620 photoresist has shrinkage problems that lead to pattern offset. So a 5
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um thick AZ4620 photoresist was used this step. Therefore, step F and step G must be

repeated. The detailed parameters are listed below.

Step Description Parameters
0 Photoresist AZ4620
1 HMDS coating Vapor prime oven
5 Coating (spread cycle) 500 rpm 10 sec
Coating (spin cycle) 4000 rpm 40 sec
3 Soft bake 90 °C hotplate 4.5 min
4 Exposure EV620 mask aligner (9 mW/cm?) for 13.5 sec
5 Development Developer for 3 min
6 Rinse D.I. water 5 min
7 Hard bake 120 °C hotplate 40 min

Step G: Back side oxide etching
The oxide was etched by=Poly-Si RIE '10N. The etching depth in this step is 2.5

um because the thickness of photoresist-1s not enough: The following is the detailed

parameters.
Description Parameters
SF¢ flow rate 30 sccm
CHF; flow rate 10 sccm
Helium backside cooling about 15 sccm
Process pressure 50 mtorr
RF power 100 W
Etch rate 25 min for 2.5 um oxide.

Step H: Back side oxide patterning (Mask 2)

This step was the same as step F except for the exposure time. The exposure time
was extended from 13.5 seconds to 22 seconds because the AZ4620 photoresist filled
the etched patterns in step G. The thicker photoresist needs more energy for exposure.

Other conditions remained the same.
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Step I: Back side oxide etching
This step was the same as step G. After etching, the photoresist was removed in

acetone.

Step J: SU-8 photoresist patterning (Mask 3)

The 10-um-thick negative photoresist SU-8 was used in this step to fabricate the
fixed comb fingers. The SU-8 needs precise temperature control for pre-exposure and
post-exposure bake. Hard bake is necessary for mechanical strength enhancement.

The following is the detailed parameters.

Step Description Parameters
0 Photoresist SU-8 2010
1 HMDS coating Vapor prime oven
5 Coating (spread cyele) 300 rpm 10 sec
Coating (spin cycle) 3000 rpm 30 sec
3 Pre-exposure bake 95°C hotplate 3 min
4 Exposure EV620 mask aligner (9 mW/cm?) for 23.5 sec
5 Post-exposure bake 95 °C hotplate 3 min
5 Development SU-8 Developer for 3 min
6 Rinse IPA 10 sec
7 Hard bake 200 °C hotplate 30 min

Step K: Front side ICP etching

Inductively-coupled plasma (ICP) RIE was used in this step to etch
high-aspect-ratio features in the device layer. The process etched through the 5 pm
device layer to the buried oxide layer, which plays the role of etching stop. This step
was performed with a STS Multiplex ICP system at Instrument Technology Research

Center (ITRC). The following lists the detailed parameters.
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Description Etch phase parameters Passivation phase parameters
Time per cycle 11.5 seconds 7.0 seconds
SF¢ flow rate 130 sccm 0 sccm
C4Fg flow rate 0 sccm 85 scem
O, flow rate 13 sccm 0 sccm
Coil RF power 600 W 600 W
Platen RF power I11.5W oW
Process pressure APC position = 81.2 % Base pressure = 0.3 mtorr
Helium backside Helium backside pressure = 10 torr
cooling Maximum helium leak up rate = 20 mtorr/min
Etch rate 0.6-0.7 um per cycle depending on pattern

Step L: Wafer dicing

After the front side etching, the wafer was diced into approximate by lem x Icm
chips. Because the subsequent ICPetchmg depth is.close to the entire thickness of the
wafer, only diced chips are used to reduce the risk of breaking the whole wafer in the

ICP chamber.

Step M: Back side ICP etching

In this step, the 400-um-thick handle layer of the SOI wafer is etched by ICP.
The ICP system provides high aspect ratio and vertical sidewall features. Thermal
release tape was used to bond the diced chip on the carrier wafer which has a
5-um-thick oxide on it. This step etched through the 400-pm-thick substrate to the
buried oxide which served as the etching stop. The parameters were the same as step

K.

Step N: Release.
HF vapor was used to etch the buried oxide in order to release the structure. The

experiment was shown in Figure 3-2 [39]. Temperature is critical in this step. The
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surface temperature of the chip was controlled by modifying the distance between the
lamp and the sample. High temperature can decrease the etching rate and low
temperature can cause water condensation and stiction problems. The best distance
between the lamp and the sample is about 7 cm for the range of temperature about

35-40 °C.

Light bulb
40W

Teflon
dishes

Distance between
lamp and sample

\

Silicon
chip

Plastic film

Liquid HF

Figure 3-2. Schematic ofthe HE_\}apor -_f_elease setup [39].

Step O: Gold deposition

After releasing the structure, the final step was to deposit gold. The gold layer
was used for electrical conduction and improving the reflectivity of the mirror. The
gold was deposited on the structure and the sidewall of the comb fingers. The device
layer and the substrate are not shorted due to the undercut of the oxide layer in step N.
For this reason, the comb fingers are electrical isolated. Figure 3-3 shows the
schematic of the gold deposition performed in an ULVAC E-Gun System at CNMM
of NTHU. A 500 A titanium layer was deposited first as the adhesion layer to avoid

peeling off of the gold layer. After the Ti deposition, the 5000 A gold was deposited.
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[ ]Silicon [=E Oxide Gold

Figure 3-3. Schematic of the gold deposition.

3-3 Fabrication issues

Some problems were encountered during the process flow. It is discussed and the

solutions are provided in this section:

3-3-1 SU-8 patterning

SU-8 is a negative photoresistjwith high viscosity. The adhesion promoter such
as HMDS is not required as depicted in the-processing guidelines. In general, coating
on the silicon substrate without HMDS has good shape geometry and adhesion as
shown in Figure 3-4. But in this design, the SU-8 photoresist is coated on nitride.
Figure 3-5 shows the SU-8 patterns on the nitride layer under the same
photolithography conditions except for the HMDS coating. It was found that the
shape geometry and the adhesion were improved with HMDS coating. It was also
found that the exposure needed to be modified. The standard exposure dose is for
silicon substrates. For other substrates, it has to be modified. The recommended
exposure dose for the nitride substrate is increased by 1.5-2.0 times compared to the
silicon substrate in the processing guidelines. Figure 3-6 shows the optical

micrographs of SU-8 patterns under the same photolithography conditions except for
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exposure dose. It can be observed that low exposure dose would cause adhesion
problem and high exposure dose would cause bad geometry. According to this

experiment, the best exposure dose is about 1.25 times of that for the silicon substrate.

: ed on the silicon substrate.
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Figure 3-5. Optical micrographs of SU-8 patterns on nitride, (a) without HMDS and

(b) with HMDS.
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(a) 1X (b) 1.25X
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(c) 1.5X (d) 1.75X

(e) 2X
Figure 3-6. SU-8 patterns with different exposure dose, (a) 1 X, (b) 1.25 X, (¢) 1.5 X,

(d) 1.75 X and (e) 2 X.
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3-3-2 RIE lag phenomenon

The etching rate in silicon deep reactive ion etching (DRIE) is related to the
pattern geometry. A frequently observed defect, RIE lag, appears in feature sizes up to
hundreds of micrometers [39]. The primary dominating factor in RIE lag is feature
width and secondary factors are feature area, shape and length-to-width ratio. The
effect becomes more severe for smaller feature width and larger etching depth. In
general, the smaller the feature size, the lower the etching rate and the more obvious
the RIE lag. In order to avoid the RIE lag phenomenon, the back side pattern should
be modified to have constant feature width as shown in Figure 3-7. The extra patterns
are removed during HF vapor releasing. Figure 3-8 shows the optical micrographs of

the devices with and without the RIE lag phenomenon.

(a) (b)
Figure 3-7. Back side patterns, (a) pattern without RIE lag prevention, (b) pattern with

constant feature width.
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(a) (b)

Figure 3-8. Optical micrographs of the device, (a) with RIE lag phenomenon, (b)

without RIE lag phenomenon.

result in lower selectivity between the silicon and the oxide as well as pattern

deformation. Figure 3-9 shows the devices under different thermal conductivities.

N T [
la =

(b)

Figure 3-9. Optical micrographs of the devices, (a) with good thermal conductivity

and (b) with poor thermal conductivity.
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After back side etching, the chip can be removed from the thermal release tape
by heating the carrier wafer. But structures such as mirror plates and supports in the
device layer could stick on the thermal release tape due to residual stickiness as
shown in Figure 3-10. Immersing the heated carrier wafer in isopropyl alcohol (IPA)
for 5 minutes can slightly improve this stiction problem. Increasing the thickness of
the device layer of the SOI wafer could enhance the structure strength to avoid the
stiction problem. Etching the back side prior to the front side etching can avoid this

problem because the thermal release tape would not be needed.

Figure 3-10. Devices stuck on the thermal release tape.

3-3-4 Release problem

HF vapor was used to etch the buried oxide to release the structure. Silicon
nitride was also etched by HF vapor with a lower etching rate compared to oxide. But
the selectivity was lower than expected. Therefore, the nitride underneath the SU-8
was under-cut and it resulted in the peel-off of the SU-8. Figure 3-11 shows the
optical micrograph of the peeled-off SU-8 after 6 hours of releasing. Therefore, the
release time has to be minimized to release the moving part of the mirror without
peeling-off of SU-8. However, the limited release time can not release the torsional

beams of the plate and the support. This problem can be solved by patterning SU-8 on
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silicon instead of nitride to avoid the under cut problem. The release time can thus be
extended until the torsional beams are released. Therefore the mirror can be flipped up
and assembled.

During the HF vapor etching of nitride, residues are created according to [40]:

Si;N,, +16HF,, — 2(NH,),SiF,, +SiF,, (3-1)

These residues form a white, non-transparent film on the surface of the mirror plate. It
causes an apparent increase in the average roughness. Table 3-1 shows the roughness
comparison between four different chips measured by a WYKO surface profilers. It
can be found that the residues increased the average roughness from 4.85 nm to 60.22
nm. After all residues were etched, the surface of the mirror plate was silicon and the

roughness was decreased to 1.22 nm: Gold de; ion on the residues can improve the

average roughness from 60 ).8! igure 3-12 shows the optical

Figure 3-11. Optical micrograph of the peeled-off SU-8.
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Table 3-1. Roughness comparison.

No. Sample Ra (average roughness)
1 Unreleased (with nitride) 4.85 nm
2 Released for 2 hours 60.22 nm
3 Gold coating on the sample 2 39.89 nm
4 Released for 6 hours (silicon only) 1.22 nm

(d)

Figure 3-12. Optical micrographs of the mirror plate, (a) unreleased, (b) released for 2

hours, (c) gold coating on the 2 hours released mirror and (d) released for 6 hours.
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3-4 Summary

The fabrication results and problems were presented. SEM micrographs of the
fabricated devices are shown in Figure 3-13. Figure 3-13 (a) shows the top view of the
box type mirror before back side ICP. Figure 3-13 (b), (c¢) and (d) show the fabricated
structure. Figure 3-13 (b) shows the broken torsional beam. Figure 3-13 (c) shows the
vertical comb actuator. Figure 3-13 (d) shows the electrical isolation.

frame

MCTU PSOC
rrrrrrrrrria
500um

MCTU 0C - & n MCTU

(c) (d)
Figure 3-13. SEM micrograph of the devices, (a) top view of the mirror before back
side ICP, (b) fabricated mirror and frame with broken torsional beam, (c) vertical

comb actuator and (d) electrical isolation.
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Figure 3-14 shows the SEM micrographs of the assembled device. But the mirror was
locked by the friction between the interlock and the sidewall of the mechanical
connection substrate. The assembled angle calculated from pixel coordinates is 33.67°.
Figure 3-14 (a) shows the flip-up device and it can be seen the SU-8 has peeled-off.
Figure 3-14 (b) shows the side view of the assembled mirror. Figure 3-14 (c) shows
the mislocked interlock. Figure 3-14 (d) shows the torsional beam of the flip-up

frame.

MCTU FPSOC MCTU FPSOC

(a) Mislockedy - (b)

MCTU FPSOC X258 1698mm MCTU

(b) (d)
Figure 3-14. SEM micrographs of the assembled mirror, (a) mirror with peeled-off
SU-8, (b) side view of the mirror, (¢) mislocked interlock and (d) torsional beam of

the flip-up frame.
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Chapter 4
Measurement and Results

This chapter presents the experiment setups and the measurement results of the
static and the dynamic performance of the micro scanning mirror. The measurement
results are compared with the simulations in Chapter 3. Suggestions for future device

redesign are discussed.

4-1  Surface profile measurement

The residual stress after HF release and gold coating causes bending of the
structure. And the nitride residues increase-the roughness of the mirror surface. Three
samples were measured by a WYKO-NT1100 optical profiler. Sample A was released
for 6 hours and the nitride layer was all etched. The-torsional beams for assembly
were totally released. Sample B was released for 2 hours and the nitride layer was not
etched entirely. The residues of nitride etching mentioned in Chapter 3 can be seen on
the surface. The mirror plate, vertical comb fingers, and torsional springs were
released, but the torsional beams for assembly were not. Sample C was released for 2
hours and a 5000 A gold layer was coated. The micro scanning mirror can be actuated

but can not be flipped up because the torsional beams for assembly were not released.
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Sample A

Figure 4-1 shows the bending of the released part of the mirror. By comparing
the flat area with the mass block under the mirror as shown in Figure 4-1 (b), about 50
pm undercut of the oxide can be found. It can be concluded the rate of HF vapor
etching is about 8.3 um per hour. The radii of curvature of the flat area mirror in the
x-direction and y-direction are -6.62 m and -2.49 m, respectively. The roughness of
the flat area is 1.22 nm as shown in Figure 4-2. Figure 4-3 shows the measurement of

the torsional spring. The radius of curvature is -98.14 mm.

(@)
Mirror plate
|
Mass block
Oxide undercut
(b)

Figure 4-1. Bending of the mirror plate of sample A, (a) 3-D profile, (b) cross section

schematic of the mirror plate.

77



VCCCO et
um h 4
oz
| Ry 0.02 um
oz Ra 0.02 um
J Rt 0.07 um
oo T —
B Rp 0.03 um
a70 as—] Rw -0.03 um
o *’”'m’; Angle 0.00 arad
omm ] Curve 0.28 m
i E A B Terms Mone
200 oy - AvgHt  -0.02 um
1o 200 ann a0 s N Area -11.45 umz
100
Y Profile
o
o 100 200 F00 400 S00 827 um ~
Dﬂ]ﬂﬂ_:
] Ry 0.02 um
o0m0— Ra 0.01 uwm
| Rt 0.07 um
0.0100— -
] Bn 0.04 um
0.0000— Rw -0.03 um
X 291,55 um B
-00100— —m
L 2 B E Ange  0.00 mrad
Ht -39.73 am o opmd D C Cuve 040 m
Dist um . muu—: Terms Ione
Angls : ] - AvgHr 0.02 um
Tltle P Too | T a0 zda | sl s el a0 Area -9.88 um2
()
X Profile
M 2084 um
- <~
-unx]—_
J Ry 0.00 umn
omes—| Ra 0.00 um
J Rt 0.00 wm
0000 —| Egn -0.03 um
] Ry -0.03 um
-m:ms—_ N
Z | ¥ o Angle -3.09 urad
0min— =
. = < Curve -6.62 m
- im = Terms User Fif
w15 i t eal = S —
] 3 Awa HE -0.03 um
250 240 240 200 a0 320 340 80 a0 400 20 Area -6.30 um?
Y Profile
Y2848 um
T ~
0 0280
] Ry 0.00 um
0 0300 Ra 0.00 um
] Rt 0.01 wmn
00310 Rp -0.03 um
] Rw -0.03 um
0 I]BZ[I;
] ﬂﬂﬂﬂ P
B e o E] - urad
00330 S (Cuve 249 m
] o Terms Nene
20040 S |AvgH:  -0.03 um
T T T T T T T um 3
100 1 200 o 200 sho Area -7.78 uma

(e)

Figure 4-1. Surface profile of the mirror plate of sample A, (a) 3-D profile, (b) cross

section schematic of the mirror plate, (c) 2-D profile, (d) 2D profile of the flat area

along A-B and (e) 2D profile of the flat area along C-D (continued).
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Figure 4-3. Surface profile of the torsional spring of sample A.
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Sample B

Sample B was released for two hours and the nitride was not etched entirely as
the optical micrograph shows in Figure 4-4. Figure 4-5 shows the surface profile of
the mirror plate. The nitride etching residues can be found on the surface. It increases
the roughness of the surface from 4.85 nm mentioned in Chapter 3 to 60.22 nm. The
surface profile of the spring is shown in Figure 4-6. The average roughness of the
spring is 273.76 nm. The rough surface dominates the surface property and bending

phenomenon can not be observed.

(a)
Figure 4-5. Surface profile of the mirror plate of sample B, (a) 3-D profile and (b) 2-D

analysis.
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Figure 4-5. Surface profile of the mirror plate of sample B, (a) 3-D profile and (b) 2-D

profile (continued).
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Figure 4-6. Surface profile of the torsional spring of sample B.
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Sample C

Sample C was released for 2 hours and a 5000 A gold layer was coated on the
mirror as well as the nitride residues. The optical micrograph is shown in Figure 4-7.
Figure 4-8 and Figure 4-9 show the surface profile of the mirror and the spring of
sample C. The roughness of the mirror is 39.62 nm. The roughness of the spring is
189.03 nm. The rough surface dominates the surface property and the bending
phenomenon can not be observed obviously. Table 4-1 shows the comparison of the

three samples.

Figure 4-7. Optical micrograph of the micro.scanning mirror with gold coating.

Figure 4-8. Surface profile of the mirror plate of sample C, (a) 3-D profile, (b) 2-D

profile.
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Figure 4-9. Surface profile of the torsional spring of sample C.
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Table 4-1. Comparison of three samples.

Sample A Sample B Sample C
Release time 6 hours 2hours 2 hours
(gold coating)

Radius of curvature in x-axis -6.62 m - -
Radius of curvature in y-axis -2.49 m - -
Radius of curvature of the spring -98.14 mm - -

Surface roughness 1.22 nm 60.22 nm 39.62 nm

Spring roughness - 273.76 nm 189.03 nm
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4-2  Static scanning measurement

Figure 4-10 shows the experiment setup to measure the static torsional angle
versus applied DC voltage. A Keithley 2400 SourceMeter was connected to the
sample to provide DC voltage. A WYKO NTI1100 optical profiler was used to
measure the deformation of the micro scanning mirror. Figure 4-11 (a) shows the 2D
profile of an unactuated beam type micro scanning mirror. Figure 4-11 (b) shows the
2D profile of the 110V actuated beam type mirror. Figure 4-11 (c) shows the
difference between the 110V actuated surface profile in Figure 4-1 (b) and the
unactuated surface profile in Figure 4-11 (a). The slope of the mirror is the scanning
angle. Figure 4-12 compares the measured and simulated static scanning angle. The
measured scanning angle is larger than the simulation due to the shrinkage of the
photoresist during hard bake that reducedstheswidth* of the torsional springs. Figure
4-13 shows the surface profile’ of the spring. The width is 16.7 um compared to the
designed 20 um. By substituting the value.into, Equation 2-5, the reduction of the
torsional spring width causes about 20.% decrease in the torsional spring constant and
thus 20 % increase in the static scanning angle. Figure 4-14 plots the torsional angle
of the beam type and meander type micro scanning mirrors. By the equation of the
torsion constant of the meander type spring [41], the reduction of the spring width of
the meander type causes about 16 % decrease in the static scanning angle. Besides,
the shrinkage of the photoresist also causes about 15 % increase in the finger gap. It
leads to about 13 % decrease in the electrical torque according to Equation 2-4. The
ratio of the torsional spring constants between the beam type and the meander type
mirrors is about 2.2 to 2.85. This value is compared with the simulation result of 6.25.
After modifying the shrinkage of the photoresist, the measured scanning angle is still
larger than the simulation. The frame in simulation was setting as fixed but the

measurement was performed before assembly. The simulation also has to be double
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checked.
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Figure 4-10. Setup of the static scanning measurement.
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Figure 4-11. Static scanning measurements by WYKO optical profiler, (a) unactuated,

(b) 110V actuating.
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Figure 4-11. Static scanning measurements by WYKO optical profiler, (a) unactuated,

(b) 110V actuation and (c) difference between unactuated and 110V actuation profiles
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Figure 4-12. Measured and simulated static scanning angle versus applied voltage.
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4-3  Dynamic scanning measurement

Figure 4-15 shows the experiment setup to measure the resonant frequency and
the mode shape of the micro scanning mirror. A Polytec scanning Doppler vibrometer
(MSV300) measured the frequency variance of the reflected laser to construct the
motion of the sample. The power supply and the laser were controlled by the
vibrometer. A DC (V,.=5 V) and an AC (V,. =15 V) chirping signal with frequency
from 0 Hz to 5 kHz with a 3.125 Hz frequency spacing was applied to the driving
electrode.

For the mirror with meander type springs, the measured frequency response is
shown in Figure 4-16. The quality factor is about 80 obtained from the frequency
response data. The comparison betweenthe .measured and the simulated resonant
frequency is shown in Table 4-2. The resonant'modes are shown in Figure 4-17. The
measured frequencies are lowertthan the simulated ‘values due to reduced spring
constant as shown in the previous section. By substituting the value into Equation 2-7,
the 15 % reduction of the spring width causes“about 9 % decrease in the resonant
frequency. Though the gold coating (0.5 pm) is much thinner than the mass block, it
slight contributes to the mass of the mirror since its density is 8 times higher than
silicon. The increased mass causes about 1 % in frequency decrease from Equations
2-7 and 2-8. The springs also become weaker than the original design due to
overetching in DRIE process. Besides, the mirror as well as the frame were released
and without assembly. Therefore the frame was also vibrated at the frequency.

The mass block was used to prevent the bending of the mirror. However, the
centrifugal force caused by the vibrating mass block would induce a displacement
perpendicular to the mirror plate. The deformed torsional spring also led to an offset
of the torsional constant. A thick device layer of the SOI wafer can be chosen to

prevent bending without the mass block in the future.

89



Microscope scanning

vibrometer

Power Supply

Probe «——

Stage

I l/ Laser

Sample

sl

>

Magnitude (dB)

Figure 4-15. Setup of the dynamic scanning measurement.
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Figure 4-16. Frequency response of a meander type scanning mirror.

Table 4-2. Comparison between the simulation and measurement results of a meander

type scanning mirror.

Mode Simulation Measurement Description
Mode 1 0.496 kHz 0.4125 kHz Rotation around spring
Mode 2 1.483kHz 1.1438 kHz Piston motion
Mode 3 1.728 kHz 1.3563 kHz Rotation around the axis
Mode 4 10.978 kHz 1.5656 kHz perpendicular to the spring.

90




Domain FFT Band 1 4125 Hz
Signal W u Angle 58
Wib Yelocity _—
Inst. Value
wnds

'
200 0 200

equilibrium

(b)

Figure 4-17. Illustration of the resonant modes, (a) schematic of four modes ,(b) mode

1, (¢c) mode 2, (d) mode 3 and (e) mode 4.
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(d)

Figure 4-17. Illustration of the resonant modes, (a) schematic of four modes, (b) mode

1, (¢) mode 2, (d) mode 3 and (e) mode 4 (continued).
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Figure 4-17. Illustration of the re os(a schematic of four modes, (b) mode

1, (c) mode 2, (d) mode 3 and (i
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4-3-1 Optical scanning measurement

A simple optical scanning experiment was conducted to measure the scanning
angle of the meander type scanning mirror at the first resonant frequency. The setup is
shown in Figure 4-18. ADC (V,.=5 V) and an AC (V,. =5 V) sinusoidal signal at
the resonant frequency was applied to the electrode. The laser was reflected by the
mirror and projected to the screen. The distance between the mirror and the screen is 2
m. The images on the screen are shown in Figure 4-19. When the input frequency is
412.5 Hz, the scan length of the image is 1.7 cm, corresponding to a 0.487° full
optical scan angle (£20, ). When the input frequency is 413.6 Hz, the scan length of
the image is 2.8 cm, corresponding to a 0.802° full optical scan angle (£260,). The
1.1Hz difference in resonant frequeney, between the dynamic and optical
measurements is due to the finer frequeney tesolution in the latter measurement.
Compared to the 0.033° single=sided DC scanning-angle depicted in Figure 4-14, the

half dynamic scan angle 0.201° (0, ).has-a gain of 6,1 while operating at the resonant

frequency.
Beam splitter
Laser
Probe Screen
Power supply \

Figure 4-18. Setup of the optical measurement.
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(a) (b)

Figure 4-19. Images of the reflected laser on the screen: (a) without actuating and (b)
with actuating.

Table 4-3.+Optical scanning measurement.

Frequency Lengthrof the image | Fulloptical scan angle (46,)
412.5 Hz 17 em 0.487°
413.6 Hz 2.8cm 0.802°

95



4-4  Gold deposition measurement

SU-8 is used as the fixed electrode, so gold is deposited for electrical conduction.
Therefore, good step coverage of gold deposition is a critical factor. E-gun
evaporation was used to deposit the gold. The rotary wafer carrier was used to
improve the step coverage. To test the sidewall coverage of gold, EDS (Energy
Dispersive Spectrometer) measurement was performed. Figure 4-20 (a) shows the
SEM micrograph of SU-8. Figure 4-20 (b) shows the EDS result at the position shown
in Figure 4-20 (a). Besides, the joint between SU-8 and substrate must be covered by
gold to ensure electrical connection. Figure 4-21 (a) shows the SEM micrograph of
the joint and Figure 4-21 (b) shows the EDS result at the position shown in Figure
4-21 (a). From Figure 4-20 and Figure 4-21 yit.can be seen that gold was deposited on
the sidewall of SU-8 and the joint between.SU-8 and substrate. The EDS results
confirm the coating material i$ gold:

The electrical isolation was realized by the undercut of the oxide layer as
depicted in Chapter 3. But some deviees are shorted due to the connection of the gold.
Figure 4-22 (a) shows the SEM micrograph of the shorted electrical isolation. The
EDS result indicates that the connection is gold as shown in Figure 4-22 (b). The
thickness of the deposited gold should be decreased to avoid the shortage

phenomenon.
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Figure 4-20. Measurement of sidewall of SU-8, (a) SEM micrograph and (b) EDS
result.
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Figure 4-21. Measurement of the joint between SU-8 and the substrate, (a) SEM

micrograph and (b) EDS result.
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Figure 4-22. Shortage of the electrical isolation, (a) SEM micrograph and (b) EDS

result.

99



4-5 Summary

The scanning characteristics as well as surface profiles of the proposed micro
scanning mirror before assembly were measured. The rough surfaces caused by the
nitride residues were measured. The maximum static scanning angle of the beam type
mirror was 0.57° with 110 V applied voltage. The maximum dynamic scanning angle
of the meander type mirror was 0.80° with +5 V sinusoidal and 5 V DC applied
voltage at 413.6 Hz. The gold causes the shorted electrical isolation and the step

coverage of gold deposition was verified by the EDS results.
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Chapter 5
Conclusions and Future Work

A flip-up micro scanning mirror with vertical comb drive was demonstrated in
this thesis. The characteristics of the micro scanning mirror before assembly were
measured. The maximum static scanning angle of the beam type mirror was 0.57°
with 110 V applied voltage. The maximum dynamic scanning angle of the meander
type mirror was 0.80° with +5 V sinusoidal and 5 V DC applied voltage at 413.6 Hz.
Nitride etching in HF vapor was the main problem in this work. This caused the SU-8
vertical fingers to peel off if the release time was long enough to release the mirror.

Therefore the flip-up micro mirror could not be actuated.

5-1 Future work

Design and fabrication problems éncountered in this thesis need to be considered
more carefully in the future. To ensure the flip-up micro mirror to work, the SU-8
needs to be patterned on silicon. Besides, the precision of the aligner limits the finger
gap. Small finger gaps can produce good scanning performance. Furthermore, the
misalignment of the comb fingers would affect the maximum scan angle [42]. For
example, 10 % error of the finger gap spacing reduces the maximum scan angle to 80
% of the value without misalignment [17]. In order to solve all the problems, a new
fabrication process with four masks is proposed. The vertical comb fingers fabricated
by the new fabrication process are self-aligned to minimize the finger gap and
eliminate the finger misalignment. The detailed fabrication flow is shown in Figure
5-1.

The SOI wafer is first cleaned by the standard RCA clean process. Then a
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LPCVD nitride and a PECVD oxide are deposited on the both side and back side of
the SOI wafer, respectively. Mask 1 defines the SOI device layer pattern except the
fingers as shown in Figure 5-1 (c). Mask 2 defines the through-wafer holes under the
push pads and the mechanical connection of the micro scanning mirror. Then a
PECVD oxide is deposited on the front side and Mask 3 is the coarse definition of the
moving comb fingers as shown in Figure 5-1 (f). Mask 4 defines the SU-8 pattern of
both fixed and moving comb fingers as shown in Figure 5-1 (g). The comb fingers are
defined in a single mask so the minimum gap of the fingers is limited by the mask and
photolithography resolution. Compared to the original finger gap of 7 um, 3 um finger
gap can be achieved in the new process. Then the front side oxide is etched by RIE as
Figure 5-1 (f). Back side ICP and front side;ICP are followed as shown in Figure 5-1
(1) and (1). The SU-8 on the moving combsfingers-issstacked on the oxide and can be
removed in the release step as shown in Figure 5-1-(k). Finally gold is deposited for
electrical connection.

In the current design, the mitror:was locked by the friction between the interlock
and the sidewall of the mechanical connection substrate due to the misalignment of
the double side aligner. Therefore the dimensions of the back mechanical connection

must be carefully designed.
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(a) RCA cleaned SOI wafer
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(c) Front side nitride patterning (Mask 1).

Figure 5-1. New fabrication flow.
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Figure 5-1. New fabrication flow (continued).
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Figure 5-1. New fabrication flow (continued).
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Figure 5-1. New fabrication flow (continued).
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