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Abstract

Although much work hastbééns devoted to develop the microactuator or
microstructure, few researches have been. done on three-dimensional microactuators.
Here a lifted micoractuator is designed by integrating an electro-thermal long stretch
micro drive (LSMD) and mechanical hinge .mechanism. The LSMD consists of two
cascaded compliant structures ‘inparallel.” Each cascaded structure is formed by
connecting several basic actuation units in series. The mechanical hinge is used to
allow the LSMD to be lifted. One of the important issues in fabricating the lifted
microactuator is the conducting circuit to actuate the microactuator. Here the Ni
electroplating process is used to fabricate the mechanical hinge structure and the LSMD,
then the mechanical hinge itself can act as the conductive circuit easily.

From the LSMD simulation results, several design parameters are found to
have significant influence on the output displacements. Larger out-stretching
displacements are feasible by proper choice of design parameters. The fabrication
result shows that the LSMD with the hinge structure can be released and lifted
successfully by the proposed metal-based surface.  The testing results of nickel-made
lifted LSMD (about 2000 um x 500 pum) exhibit output displacement of 84 um at

input voltage of 2 volts.
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Chapter 1 Introduction

1.1 Motivation

In the past, many MEMS components were proposed in different fabrication
processes. With the improvement of the MEMS fabrication techniques, more and
more components and devices were fabricated. Some of them have been applied to the
commercial products, and benefits of reduction in size have been shown in these
applications.

MEMS components usually include actuators and sensors. If sensors extend our
vision, hearing and tactile, then actuatorssmust'be the extension of our hands and fingers.
By utilizing actuators, micro scale devices that we cannot touch directly could be
operated deftly. In the “micro. scale;-sensors tell us the messages of physical
phenomena and actuation is the: feedback of these messages. Although it is well
known that the number of actuators applied in the commercial products or components
is less than sensors. It is shown that actuators are still in developing period. The
prospects of applications of actuators are still brightening.

For MEMS components, such as actuators, most of them actuate on the plane.
However, there is much room to develop in the third dimension. A three-dimensional
actuator can actuate out of plane including moving and gripping etc... It not only
saves the space on the plane but also offer more freedoms of movement. Therefore,
three-dimensional actuators will be more flexible than planar actuators and the potential
applications of the actuators may be wider by three-dimensional micro actuator.

Although three-dimensional actuators may be beneficial than planar actuators, the



fabrication process is still complex. Some three-dimensional actuators need extra
devices to lift up the actuator but it wastes the room of the plane. And some of them
need more space to allow the electrical connection between the actuators and pads.
Therefore, the developments of the three-dimensional actuators still need to be further

investigated.

1.2 Related Literatures

There are many researches on the three-dimensional structure. The techniques to
construct the three-dimensional structure construction will be useful in constructing the
three-dimensional actuators. Therefore, the micro hinge, the assembly and the

three-dimensional structure will be discussed below respectively.

1.2.1 Micro Hinge

One way to achieve vertical structures by surface micromachining is to build large
flat structures horizontally ahd then rotating them on a hinge mechanism to an upright
position. In 1992, Pister et al. fabricated three-dimensional structures by the
polysilicon microhinge as shown in Figure 1-1.  After that, elastic hinges and hingeless
structures were developed. In elastic hinges, plastic deformation is used instead of the
function of the staple and locking mechanism is unnecessary to support the structure
lifted. In Figure 1-2, 0.2 micrometer-thick elastic hinge made of nickel (Iwase et al.,
2002) with micro flap structure was bent in out-of-plane direction in a magnetic field.
Photoresist also has been used as the hingeless structure (Syms et al., 2000) because of
its surface tension force. By melting the photoresist, the plate will be lifted due to the

shrink of the photoresist as shown in Figure 1-3.



Figure 1-1 A perspective view of a hinged plate after released
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Figure 1-2 Side view of the elastic hinge
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Figure 1-3 Hingeless structure utilizing surface tension force



1.2.2 Assembly

The assembly here means the lift-up process of the planar micro components and
locking mechanism. There are several forces used in assembly process, and surface
tension force of the solder (Syms, R.R.A., 1995) or polymide (Ebefors, et al., 1997) is
one of the ways to integrate two parts. Other forces, such as the magnetic force (Iwase
et al., 2002), ultrasonic vibration (Kaajakari and Lal, 2001), centrifugal force (Lai et al.,
2002), and external force with extra mechanism (Reid et al., 1997) were also used in the
assembly process in the past. As for external force, the automated assembly of flip-up
microstructure with a vertical thermal actuator to lift one end of the plate off of the
substrate, a linear assembly micromotor to push the plate up, and a self-engaging
locking mechanism has been demonstrated. Except the above assembly, Roger Howe
address thermal micro assembly techniques in 1991 (Fedder and Howe, 1991). In that
digest, a series of current pulses were used to. melt the aluminum as the connecting part

to join two different poly-silicon.naterials.

1.2.3 Three-Dimensional Structure

Most of the three-dimensional structures are fabricated by bulk micromachining,
such as etching (Koide and Tanaka, 1997) or LIGA like process (Harmening et al.,
1992). By surface micromachining, there are also some three-dimensional structures
as micro mirrors (Reid et al., 1997) and micro XYZ stage (Fan et al., 1997). Micro
mirrors can perform the reflection of the light in the optical field. Micro XYZ stage
has been demonstrated on a Silicon micro optical bench for optical scanning or
alignment applications. One feature of these structures is that they utilize hinge

structure as the support part to lift up the mirror or stage.



1.2.4 Three-Dimensional Actuator

In the past, only few researches have been done on three-dimensional
microactuators. Kiaditis et al. presented a three-dimensional actuator as shown in
Figure 1-4. It was lifted by solder surface tension force and utilized spring wire as the
electric connection. Another three-dimensional loop actuator (Nakamura et al., 1997)
was made of shape memory alloy as shown in Figure 1-5. Microprobes were used for
the manipulation of two levers to form the loop actuator. And it could move

repeatedly by heating each cantilever alternately.

25kV K188 188pm D69111

Figure 1-5 SEM picture of a SMA cantilever actuator



1.3 Current Approach

From the above researches, there are many kinds of micro hinges and the assembly
forces for us to use. However, for three-dimensional micro actuators, the electric
connection is still a critical issue. In previous works, the electric connection between
two electrodes in different planes was achieved by wire bonding and the flexible
suspended wire. These methods would need extra space for electrodes and the wiring
structure as well as the additional step in the fabrication process. Also, how to
integrate the hinge and the microactuator with a suitable assembly forces is also very
important.

In this research, an electro-thermally driven actuator and a hinge structure will be
integrated by the metal-based surface micromachining. The mechanical hinge is used
to allow the actuator to besifted. Whole strueture, including sacrificial layer, will be
made by electroplating metals such asnickel and copper. The metal mechanical hinge
itself can act as the conductive circuit easily. Then the input voltage could be
transferred from the contact pad to the actuator through the metal hinge structure.
Therefore, the problem of the electric connection is solved.

The long-stretch micro drive (Hsu et al., 2003) driven by electro-thermal effect is
taken as the lifted micro actuator here. Due to low resistance and large thermal
expansion coefficient of nickel material, large displacement of the LSMD could be
achieved. The out-stretching displacement will be measured by the vertical hinged
ruler.

In order to fix the lifted microactuators, the thermal assembly process will be
developed here, too. In this process, the proper material between the staple and the
hinge pin will be melted by electric power.

In Chapter 2, the principle and detail simulated results of the planar and the



three-dimensional LSMD will be described. Fabrication process and fabrication
results of the three-dimensional actuator are depicted in Chapter3. And Chapter 4
presents the measurement equipments and measurement results. Finally, Chapter 5

concludes the thesis and suggests some future directions from this research.



Chapter 2 Design and Analysis

In the following paragraph, the concept design of the three-dimensional LSMD
is proposed. Then, assembly design is also discussed. Simulation comparison of the

three-dimensional and planar LSMD will be discussed finally.

2.1 Operation Principle of LSMD

The structure design of the electro-thermally driven large-stretch micro drive
(LSMD) is illustrated in Figure 2-1 (a), which consists of two cascaded compliant
structures in parallel. Each cascaded structure-is formed by connecting several basic
actuation units in series. ~ Each-basic_actuation unit is composed of two actuation
beams and one constrainer, as ‘shown in Figure 2-1 (b).

In operation, when an electrical potential is applied between Anchor 1 and Anchor
2 to form a close loop as shown in Figure 2-1 (a), a current passes through the actuation
beams, and then joule heating causes them to deform. The actuation beams thermally
expand and lead the actuation unit to stretch outward. Therefore, the output
displacement and force are generated from the summation of all basic actuation units in
each cascaded structure. Since two cascaded structures are in parallel arrangement, the
total output force can be doubled. Thus, more basic actuation units in cascaded
structures can effectively magnify the output displacements and forces of the micro
drive in compact size.

V-shaped bent beams are used here. What’s more, the actuation beam width (W),

beam span (L), constrain bar width (D) and the bent angle (8) between the actuation

8



beam and constrain bar are varied. The device performance between different

geometries would be analyzed. The parameter definitions are illustrated in Figure 2-2.

i Directions of Motions
Electric
Current ﬁ ‘
L f N
E— [ []
= sl
[ |
[ |
il |
[ |
— = e e — e
Anchor 1 Anchor 2

(a)

Constraint Bar [)

T

W7 Bent Beam 2

L

(b)
Figure 2-1 Design of the long-stretch micro drive (LSMD): (a) two cascaded compliant
structures in parallel arrangement; (b) schematic diagram of the basic actuation unit in

out-stretching displacement



Figure 2-2 The basic actuation unit with V-shaped actuation beam and its parameter

definitions

2.2 Concept Design of the Three-dimensional Long-Stretch Micro Drive

In the proposed actuator, the hinge and the LSMD are integrated as shown in
Figure 2-3. The LSMD instead, of. the original plane will be lifted in the third
dimension. Electric connegtion ismthessmost important issue in the thesis. By
metal-based surface micro: machining, current could pass from the pad to the LSMD
through the metal hinge méchanism. . How to fix the LSMD in the third dimension will
also be discussed below.

The freedom of the LSMD is limited by the geometry of the pin and the staple. If
the pin is wider than the sum of the pin thickness and the sacrificial copper layers, the
LSMD will be unable to rotate a full 90 degrees as Figure 2-4 shown. Thus, when the
LSMD is lifted, hinge pin will contact the staple directly to form an electric connection.
Therefore, current could pass through staple to the hinge and the position of the LSMD
will be fixed.

Another way to fix the LSMD on the staple is to let the LSMD rotate a full 180
degrees off the substrate as shown in Figure 2-5 and to let the pin and the staple adhere
together. To achieve this aim, the width of the pin must be smaller than the sum of the

thicknesses of the sacrificial copper layers and the pin. Then the welding material is

10



used to assembly the pin and the staple by welding. After assembly, hinge pin will
contact the staple indirectly to form an electric connection, too. Assembly will be
canvassed in the section 2.3.

As a DC voltage applied to the pad, the current will be transferred from the staple
to the hinge pin (If there is an adhesion layer, current will pass through it, too). In

other words, the part of the pin and the staple replace the pad in the planar LSMD.

Hinge Pin

Figure 2-3 sketch view of the three-dimensional actuator design

Figure 2-4 the LSMD will be unable to rotate a full 90 degrees
11



Figure 2-5 the LSMD rotate a full 180 degrees

2.3 Thermal Assembly Design

Without a locking mechanism, welding is used to fix the position of the LSMD.
For thermal assembly, the welding material and the heating sources for the melting the
welding material are the necessary conditions. In 1991, Howe took the polysilicon
which has high resistivity as the heating source, and aluminum is the welding material.
In our thermal assembly, metal is taken<as fhe heating source, and tin is the welding
material. The main difference between Howe and ours is the position of the welding
material. In our thermal assembly, the-welding fnaterial is not on the circuit. It is just
near the heating source. On the contrary, Howe took the welding material as the joint in
the circuit. The advantage of our welding is that welding material is not required to be
connected to the heating source originally. So that it may be more suitable for suspend
structure. The chart and the other difference are shown in Table 2-1.
® Staple Design

Figure 2-6 shows sketch of the shape design of the staple which is treated as the
heat source. In Figure 2-6, an electrical current will be applied between area A and area
C. At area B, the resistance is larger due to its small cross section when whole staple has
uniform thickness. According to the equation of the power, P=I"*R, the power is
proportion to the resistance. In other words, power has maximum value at area B.

Therefore, when we applied the current on the staple, the temperature of area B which is

12



the heating region will be higher than other areas due to higher power. The welding
material also should be made on the area which will contact the area B of the staple.

Figure 2-7 is the cross section view of the staple and the hinge pin with welding
materials. As Figure 2-7 (a) shown, the slash areas are the welding materials and both of
them could be made under the staple and on the hinge pin. In the heating process,
welding materials will be melted at the same time, and both of them will be integrated
together after welding as Figure 2-7 (b) shown.
®  Operating Temperature

According to the experiment in the past, nickel will be oxidized when the
temperature is up to 400 in the air. To avoid the oxidation of the nickel LSMD,
welding temperature of the hinge pin must be lower than 400 , or even lower.
Therefore, melting temperature of the welding material must be the first consideration
and the selection of the welding material will be-discussed in the next paragraph.
® Sclection of the Welding Material

Metals, like Tin and Inditm;:are the-materials of low melting temperature down to
231.9 and 156.6 respectively. Vapour of Indium is noxious and will oxidize at
high temperature easily, so Tin is a more suitable choice than the indium. Aluminum
is also used as an adhesion material. Aluminum has the properties of high thermal
conductivity and the low melting temperature. Although the melting temperature of
the Aluminum is higher than Tin, it is far lower than nickel. Therefore, it is on the list
of the consideration, too. Table 2-2 shows some referenced properties of the nickel,

Tin and aluminum.

13



Figure 2-6 Sketch of the thermal assembly design

(a) (b)

Figure 2-7 the cross section view of the staple and the hinge before (a) and after (b)

welding.
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Table 2-1 Welding Comparison

Howe Ours

Heating Source
Material

Polysilicon Metal(Nickel or Tin)

Welding Material | Aluminum(660°C) Tin(232°C)

Welding material is on the | Welding material isn’t on the

circuit circuit

Welding Mt
Material

Contact Form

O

Applied Power AC

Melting point of welding

® Welding quality is better. materials is lower.
Features .
® No contact problem. It may be more suitable for

suspend structure.

Table 2-2 Referenced properties of the Nickel, Tin and Aluminum

Aluminum

660

2.67

Thermal conductivity (W/mK) . . 237

2.4 Analysis

To investigate the thermal mechanical behaviors of three-dimensional LSMD,
finite element simulations are conducted by using commercial software ANSYS 6.0.

Simulation process includes two steps. First is nonlinear electro-thermal analysis with

15



3-D Solid69 element and followed by nonlinear thermal stress analysis with 3-D
Solid45 element. These two steps include preprocessor and post-processor. The

details of the analysis setup and the results will be discussed below.

2.4.1 Analysis Setup

The device is made of nickel and fully surrounded with air. A silicon oxide layer
is built between the contact pad on top and the single-crystalline silicon substrate on
bottom. Thermal conduction, convection, and nonlinear structural analysis are
considered in the simulations. Therefore, the temperature distributions of the bent
actuation beams are not uniform in the analysis. The effects of thermal radiations are
not considered here due to the low operating temperatures of the LSMD (below 400°C).

To run the model efficiently, half-symmetry model of the three-dimensional LSMD
with five basic actuation units.is shown.in Figure 2-8, and material properties used in
simulation are listed in Table 2-3.

In the preprocessor, a three-dimensional model must be constructed in the first.
Then material properties are defined and loaded into the analysis model. Followed is
the volume meshing.

In the post-processor of the electric-thermal analysis, there are some boundary
conditions must be set, such as room temperature setting and the convection coefficient.
The bottom faces of the contact pads are set with room temperature to define thermal
boundary conditions. Convection loads are applied to all surfaces of the model with
constant convection coefficient value of 120. The convection coefficient value will be
discussed below. Initial conditions such as electrical potential are applied to pads.
Then the simulation is solved.

After the electric-thermal analysis, we get the result of the distribution of

temperature that will be the initial condition of the next analysis step. In addition to
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the distribution of temperature, the bottom faces of the contact pads are fixed in
nonlinear and large-deflection structural analyses. After the simulation is solved, we

could get the displacement and stress distribution of the structure finally.
2.4.1.1 Derivation of the thermal convection coefficient

In the analysis, heat transfer has great influence on the performance of the
three-dimensional LSMD. As for heat transfer, thermal convection is the most
important factor in this case. Therefore, thermal convection coefficient will be
calculated below.

We assume the device is the uniform temperature plane and consider the system
shown in Figure 2-9. The temperature of the plane is T, the temperature of the fluid

outside the thermal boundary+layer is T ', 'and the thickness of the thermal boundary

layer is designated as &, . At the plate,.the velocity is zero, and the heat transfer into
the fluid takes place by conduction; thus the local heat fluxes per unit area, q", is
q"= k(3T /0y),.. (2-1)
Newton’s law of cooling is shown below,
q'=h(T, -T.) (2-2)

The quantity h is called the convection heat-transfer coefficient. Combining these

equations, we have

h= M - 3k (2-3)
T,-T, 20,

So that we need only find the temperature gradient at the plane in order to evaluate
the heat-transfer coefficient. This means that we must obtain an expression for the
temperature distribution. To do this, an approach similar to that used in the

momentum analysis of the boundary layer is followed.

T=T, at y=0 (2-4-a)
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=0 at y=24, (2-4-b)

T=T at y=34, (2-4-c)

Due to the viscous heating, the velocities must be zero at the plane
o°'T
o

Equations (2-4-a) to (2-4-d) may be fitted to a cubic polynomial as in the case of the

0 at y=0 (2-4-d)

temperature profile, so that

3
i: T-Ty :él_l Y (2-5)
6, T, -T, 20, 2|6,

The velocity profile which we can choose to satisfy the situation is a polynomial as

shown below

u 3y ifyF ]
0

This is the integral energy equation of the boundary layer for constant properties and

constant free-stream temperature T_

Hidu) oT
J-o (d_yj dy}aa_y ]wall (2-7)

Inserting the equation (2-5) and the equation (2-6) into the equation (2-7), we can

%[ J/'r. ~Tay | *,)CL!

get the below equation when the plate is heated over the entire length.

ot 1 -1/3

=—=—P 2_8

¢ 5 1.026 ' -8
Vv

where P, =— (2-9)
a

Inserting the equation (2-8) into the equation (2-3),

=h= é51.026Pr”3
26

(2-10)
The 6 would be written in terms of the Reynolds number as
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5 4.64

X R -1
And inserting the equation (2-11) into the equation (2-10)
1/2
ho3KRe ") poep 2-12)
2 x 4.64

The average heat-transfer coefficient may be obtained by integrating over the length

of the plate:
L
_ [ "hdx
h==—=2h (2-13)
jo dx

When there is an appreciable variation between wall and free-stream conditions, it is

recommended that the properties be evaluated at the so-called film temperature T,,

defined as the arithmetic mean between the wall and free-stream temperature,

_TW+T00
2

T, (2-14)

2.4.1.2 Calculation of the thefrmal convection:coefficient

We assume the temperature of the entire device is 400  as the wall temperature,

and the room temperature is 25  as the free-stream temperature.

T, +T,  400+25
2

=212.5 =490°K

T

From Appendix A [J. P. Holman], the properties in the 490°K are
P. =0.68

v=37.9m"/sx107°

k =0.04038W /m°C

The length of the device is

X =10004m=1x10’ x10°m=1x10"
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And the velocity of the free-stream u, =1m/s at27 latm

Therefore,
3 -6
R - U, xX _ 1m/s><1>:10 ><1(36 m —6.385
v 37.9m" /sx10
1/2
_3KRe ) ho6p,”

2 x 4.64

_ 3x0.04038x(26.385)"" x1.026 < (0.68)"

2x1x10° x107°° x4.64
= 60.497W /m?°C

The average value of the heat-transfer coefficient is twice this value

h =2h =120.994W /m?°C

ANSYS
Left Side
Conection bar

®
Symmetry
Plane

Oxide

Contact Pad

V==+Vqc/2 Substrate

Figure 2-8 Finite element model in half-symmetry used in simulations
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dy

Figure 2-9 Temperature profile in the thermal boundary.

Table 2-3 Material properties used in finite element simulation.

Nickel SC-Silicon Silicon-Dioxide |Dry-Air
E : Modulus of
115 [25] 162 57 *
Elasticity (GPa)
Temperature
D: Density dependent:
9040 2420 2660
(Kg/m’) 1.293-0.456(273K
-773K)
Coefficient  of|Temperature  |Temperature
thermal dependent: dependent:
0.4 *
Expansion 12.7-16.8(300K |2.56-4.10(300K
(10 °/K) ~800K) ~800K)
\% Poisson|
0.31 0.28 0.245 *
Ratio
K Thermal|90.5 Temperature 1.1 Temperature
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Conductivity dependent: dependent:

(W/mK) 146.4-41.8(300 0.024-0.056(273K
K~800K) ~773K)
Temperature
c : Specific Heat dependent:
443.08 706.4 176
(J/Kg-K) 1006-1093(273K~
773K)

p : Resisvitity
13.5 * * *

(1Q2-cm)

2.4.2 Simulation Results

From simulation, the temperatuse-is-not-uniformly distributed along the actuation
bent beam and the temperatute profiles of each-actuation beams are different. Figure
2-10 shows the simulated temperature profile of the three-dimensional LSMD at 2 dc
volts where the maximum tempetature “occurs near the middle of the suspended
structure and is below 400°C.

Figure 2-11 presents the influence of constraining bar width on output
displacement and temperature. Generally, constraining bar provides clamping force on
both ends of the actuation beam. Therefore, elongation of constraining bar due to
thermal expansion will depress output displacements of actuation beams. It is found
that in wider constraining bar can enhance the output displacements. This is due to
lower structural elevated temperatures of wider constraining bars. Although the
displacement will be larger with constrain bar width, increase of the displacement is
limited and a wider constraint bar will takes up more space.

Figure 2-12 shows the simulated output displacements and temperature with
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various bent beam widths of three-dimensional LSMD at constant applied voltage.

The optimal bent beam width around 6 um is found at the constant applied voltage

mode. For narrower beam widths, the electrical resistances of three-dimensional

LSMD will be higher. Therefore it will consume less electrical power and depress

output displacements. On the contrary, for wider actuation bent beam, electrical

resistances of three-dimensional LSMD become smaller and get more electrical power,

however the mechanical stiffness EI of the bent beams may increase too rapidly and

depress output displacements.

=

£4.828 7. 633 170.442
&l1.232 134.038

S

ANSYS)|

Figure 2-10 the simulated temperature profile of LSMD in top view
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Figure 2-11 Out-stretching displacements of three-dimensional LSMD with various

constrain bar widths under constant applied voltage (2 volts)
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Figure 2-12 Out-stretching displacements of three-dimensional LSMD (D=35 pm,

0=1°) under various bent beam widths at constant applied voltage (2 volts).

2.4.3 Results Comparison with Planar LSMD
The models of the planar LSMD and the three-dimensional LSMD are constructed
in the same way, and their boundary and initial conditions are also the same. The

difference of the simulation between the planar LSMD and the three-dimensional
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LSMD will be discussed below.

Figure 2-13 shows the simulated load-deflection curve and maximum temperature
of the planar LSMD and three-dimensional LSMD at various input voltages. It is
found that for a three-dimensional LSMD, without the heat conduction through the air
gap to the substrate, the temperature of whole LSMD becomes higher. And the
temperature difference between the actuation beam and constrain bar becomes smaller.
Elongation of constraint-bar due to thermal expansion will depress output displacements
of actuation bent beams. Therefore, when the temperature of constrain bar is larger,
the influence of the depressing output displacement will be lager, too. In other words,
the output displacement of three-dimensional LSMD will be smaller than planar LSMD
with substrate beneath for heat conduction at the same input voltage.

Analysis such as influence of the actuation beam width will be finished in the

future. More comparison-will be discussed after the all analysis is finished.

150

—— Vertical LSMD

120
—8— Planar LMD
a0 /'/‘/‘
B0

30/
l:l. 1 1 1 1

o] 0.5 1 1.5 2 2.5
Appled Voltage

Displacements( ¢ m)

(a)
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Figure 2-11 Simulated (a) out-stretching displacements and (b) maximum elevated
temperatures of planar LSMD and three-dimensional LSMD at various operating

voltages (W=8um, D=35 um, 6=1°)
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Chapter 3 Fabrication

During this fabrication process of the three-dimensional actuator, the metal-based
surface micro machining is developed including lithography, sputtering and
electroplating techniques. Besides, electroplating including copper electroplating and
nickel electroplating is the main fabricating technique.

In this chapter, the electroplating will be discussed. Moreover, the fabricating steps
of the device and the assembly process. will be shown. At last, fabrication results will be

discussed.

3.1 Copper and Nickel Electroplating

The metal-based surface micromachining is used in the fabrication process. To
construct the metal device, electroplating is taken as the main technique of the
metal-based surface micromachining. Thus whole device including the sacrificial layer
and the structure layer will be made of metal. The sacrificial layer and the structure
layer are made of copper and nickel, respectively. The equipments and principles of
copper and nickel electroplating are similar. So copper and nickel electroplating will
be discussed in the same section. During the electroplating process, adhesion and seed
layers have to be deposited on substrate as the base before electroplating. Therefore,
metal selection for the adhesion and seed layers will be discussed firstly. Followed are
electroplating equipments setup and the other related items like current density which is

most important for the electroplating quality.
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3.1.1 Selection of the Adhesion Layer and the Seed Layer

Before electroplating, the adhesion layer between the substrate and the seed layer
is necessary. In the electroplating, current could be transferred from the cathode to
electroplating bath through the seed layer. It shows that seed layer is also essential. The
seed layer is better to be thinner and smoother. Therefore the adhesion layer and the
seed layer must be selected properly to conduct smoothly and avoid seed layer being
stripped from the substrate. Table 3-1 shows testing results of the combination of these
two layers.

Copper is chosen as the seed layer because of its low electric resistance in the first.
Due to the low electric resistance, the seed layer could be very thin for electrical
conducting. Besides, electroplated copper.is taken as the sacrificial layer in the
fabrication process and it-will be removed in the last releasing process. Therefore,
seed layer and the sacrificial layer could-be removed simultaneously if their materials
are the same.

From the testing results, titanium and nickel adhere well as the adhesion layer
between the copper and substrate. However, titanium is more suitable than nickel
because the device is also made of nickel. The adhesion layer must be removed in the
last releasing process. If the device and the adhesion layer are the same materials, the
device will be attacked when etching the adhesion layer. Therefore, Ti is adopted as the

adhesion layer during the electroplating process.

28



Table 3-1 Testing results of the adhesion layer and the seed layer

Adhesion
Testing Results
Layer

Success. The electroplated copper wasn’t
Titanium stripped and the Ti layer is removed by BOE

without damaging of the nickel structure.

Failure. Although the electroplated nickel

wasn’t stripped, the electroplated nickel was
Nickel

damaged in the adhesion layer removing

process.

Failure. The electroplated copper was
Chromium
stripped from the Cr layer

3.1.2 Electroplating Bath

In the copper or the nickel electroplating, lots of electroplating baths are available
to choose. For copper electroplating, baths are divided into acidic and alkaline bath.
Acidic bath is often taken as the device plating and the alkaline bath is taken as the
protecting layer. For this reason, copper sulphate bath, a kind of the acidity bath, is
chosen as the copper-electroplating bath. Table 3-2 lists the composition of copper
electroplating bath. As for nickel electroplating, Watts bath is the most widely used in
nickel electroplating due to its fast electroplating velocity and better quality. To quickly
make thicker nickel layer, Watts bath is suitable. Table 3-3 lists the composition of

nickel electroplating bath.
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Table 3-2. The composition of Copper plating bath

Composition Quantity
CuSOq4 200 g/L
H,S0O, 70 g/L
Ccr 100 mg/L
CU-352 Bath Burnish Agent 3.2ml/L
CU-352 Carrier Burnish Agent 3.2 ml/L
CU-353 Burnish Agent 0.8 ml/L

Table 3-3. The composition of nickel plating bath

Composition Quantity

Nickel Sulfamate, Ni(SO3NH7) 14H20 {400 g/L

Nickel Chloride, NiCl, - 6H;0 5g/L

Boric Acid, H;BO; 40 g/

EPC-30 10 ml/L

NPA 2 ml/L

Wetting Agent Sml/L

3.1.3 Electroplating Equipments

Figure 3-1 shows the pictures of electroplating system used here including copper
and nickel electroplating. The system contain the wafer holder, the bath tank, the filter
system, the thermostat (only for nickel electroplating system), DC power supply, and
control system. The wafer holder is put into the tank. Besides, a conducting wire
attached to wafer holder is connected to the DC power supply. The bath tank stores
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electroplating the bath, and the bath circulates among the tank, the filter system and the
thermostat. The nickel electroplating’s bath temperature is different from the copper
electroplating. Nickel electroplating bath must be proceeding at 50 to keep the
electroplating quality. Therefore, thermostat must be added in the nickel electroplating
system which is shown in Figure 3-1 (b). The control system contains the switches of

the filter system, the thermostat and the main electrical switch.

Bath Tank

- _AEi_lt:er System

Control System
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Figure 3-1. Pictures of the system (a) and (b) for copper and nickel electroplating
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3.1.4 Current Density = ;:_‘
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In electroplating, the sﬁﬁﬁgmsﬁq@’and the smoothness of the electroplated
I

structures are decided by current density. In this electroplating process, current density
ranges from 6mA/cm” to SmA/cm”.  If the current density is too low, the impurities
will be on the wafer at the same time. Therefore, the surface of the electroplated
structure becomes rough and rugged. On the contrary, if the current density is too high,
more stresses would be produced and the structures might be deformed. Under the
current density of 8mA/cm’, the electroplating speed is about 0.22um /minutes and

0.18um /minutes for copper and nickel respectively.

3.2 Fabrication Process

In this fabrication process, the substrate is first deposited with a conductive seed

layer. And the following steps will circulate repeatedly. The photoresist is coated and
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patterned on the seed layer to act as the plating mold. Followed, the metal layer is
electroplated in the plating mold to form the metal structure. After the electroplating
finished, the resist mold is removed. At final releasing process, the seed layer and the
sacrificial layer are removed to obtain the suspended metal structure.

In this section, process flow of the whole device will be shown in section 3.2.1,

and welding test process will be particular discussed in section 3.2.2.

3.2.1 Fabrication Process flow

Fabrication Process (A) without the welding material is shown in Figure 3-2.
And Figure3-3 shows the fabrication Process (B) with the welding material which is
discussed in the section 2.3. The mask#1, mask#2, and mask#3-1 and mask#4 are the
same in fabrication processesi(A) and (B). The Process (B) has more than one mask,
mask#3-2 at step c). The Detailed fabrication steps are explained in the Table 3-4. The
photoresist used in the lithography is_positive photoresist AZP4620® (AZ 4000 series,
Clariant).

After releasing process, there are two assembly ways to lift up and fix the LSMD
in the immovable position. One is the directly contact by matching the size, and it will
be lifted up vertically by probe without toppling down such as fabrication Process (A).
The other is utilizing the adhesion layer to fix the LSMD such as fabrication Process (B).
After releasing process, wafer will be reversed and the LSMD can be hanged vertically
by gravity force. However, when wafer is reversed, it is difficult to apply the voltage
to the pads by probe. To overcome the problem of the electrical conduction, wire
bonding is used. By wire bonding, electrical potential can be applied from the wire to
the pads without using the probe. Therefore, before reversing the wafer, wire bonding

must be done for Process (B) in the first.
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Table 3-4 Fabrication steps of the three-dimensional actuator

Process A Process B

Step a) | A 5000A oxide layer utilizing wet oxidation is deposited on the wafers as
the electrical isolation layer. Then a 300A Ti adhesion layer and a 1500 A
copper seed layer are deposited by sputter on whole wafer. Followed,
Spm photoresist is spun, exposed and developed (mask#1). After that, the

5 wm copper is electroplated to act as the first sacrificial layer.

A 27um photoresist is spun, exposed and developed (mask#2). Then the
11um thick nickel layer electroplating is performed to form the LSMD and
hinge pin.

A 27um photoresisty*'is" ‘spun, | A 27um photoresist is spun, exposed
exposed and deyeloped | and developed (mask#3-1).
(mask#3-1). Then the 5 pm']| Followed is the welding material,

copper layer is electroplated as the |-Tin, deposited by sputter.

second sacrificial layer.

After PR removing, a 27um
photoresist is spun, exposed and
developed (mask#3-2), again. Then
the 10 um copper layer is
electroplated as the second sacrificial
layer. Then the welding material, tin,

is deposited by sputter.

Step d) | A 27um photoresist is spun, exposed and developed (mask#4). Then the

20um thick nickel film is electroplated.
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Releasing the sacrificial layer utilizing liquid ammonia with hydrogen

peroxide (18 minutes), and Ti layer is removed by BOE. Then, by a rinse

in deionized (DI) water to remove the solution. Followed is air drying.

LSMD is lifted up by the probe

In the first, wire bonding is used to
conduct the pad to the wire. Then
wafer will be reversed and the

LSMD can be hanged vertically by

gravity force. Followed is applying

the voltage to the pads near the

adhesion layer to fix the LSMD.
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Figure 3-2 Fabrication Process (A)
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3.2.2 Welding Test Process

The aim of the welding test process is to verify the possibility of the welding. A tin
line will be put on the staple as the Figure 3-4 shown. In this test process, we hope that
the tin line will be melted and connected with the staple. The Process (C) flow for
welding test is shown in Figure 3-5. First, a 5000A oxide layer utilizing wet oxidation
is deposited on the wafers as the electrical isolation layer. Then a 300A Ti adhesion
layer and a 1500 A copper seed layer are deposited by sputter on whole wafer.
Followed, S5um photoresist is spun, exposed and developed (Mask#1) as shown in step
(a). After that, the 5 um nickel is electroplated as the pad layer in step (b). Followed,
the 0.25um tin is sputtered in step (c). Without removing the PR, the 27um PR is spun
on the tin layer, exposed and developed (Mask#2) in step (d). Then the 15um thick
nickel film is electroplated as.the staple in step (e). Followed, the 2um tin is sputtered in
step (f). Finally, the PR is removed by-acetone and the adhesion layer is etched by

etchants.

Tin Line

Staple
]

Figure 3-4 the tin line on the staple
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Figure 3-5 Fabrication Process (C) for welding test.
ML,

3.2.3 Fabrication parameter

Table 3-5 lists details of photbteswt process :used in the fabrication including Spum
and 27um thick. Table 3-6 11St’s current dqnsny of every step in the electroplating

fabrication process 1nclud1ng mckel-and copper.

Table 3-5. Process of AZP4620 in UV depth lithography

Operation Description~5um Description~27um

(1) 1300rpmx20sec.
Spin Coating 850rpmx35sec.
(2) 3100rpmx40sec.

Relaxation 5 min. 5 min.

Soft bake Smin., 90°C 20min., 90°C

Relaxation 5 min 60 min.

Edge Beam Removal | No By Acetone

Exposure 7sec. (46mW/cm?) 27sec. (46mW/cm?)

Development 1 min. in FHD-5 3 min. in FHD-5
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Table 3-6. Current density and Electroplating Velocity.

Current Density Electroplating Velocity
Process/Mask Nickel/Copper
(mA/cm %) (um/10mins)

(A),(B)/Mask#1 4.222 1.67 Copper

(A),(B)yMask#1 | 8.317 1.25 Nickel

(A),(B)/Mask#3 8 2.25 Copper

(A),(B)/Mask#4-1 | 7.4 1.67 Nickel

(B)/Mask#4-2 1.41 Nickel

(C)/Mask#1 2.25 Nickel

(C)/Mask#2 2.25 Nickel

3.3 Fabrication Results
In this fabrication, not all of theyprocesses - were successful. The results of Process

(A), Process (B) and Process (€) will be shown and discussed respectively.

® Process (A)

Process (A) was made successfully including the structure fabrication and the
releasing step. No welding material was used in fabrication Process (A), so it was lifted
by probe as shown in Figure 3-6 (a). Figure 3-6 (b) shows close view of the actuation
beam. The dimension of lifted LSMD shown in Figure 3-6 (a) before actuation is 2000
um wide, 500 pm high, and 13 um thick with 10 pm actuation bent beam width. The
released hinge structure for the Process (A) is shown in Figure 3-7. In Figure 3-7, pin of
the LSMD and staple contact each other directly. And the thickness of the staple is 10
um in Figure 3-7.

® Process (B)

Process (B) was not finished at the last releasing step, so the three dimensional
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LSMD made in Process (B) was not lifted and tested. However, the whole structure
was made successfully. The released hinge structure for the Process (B) is shown in
Figure 3-8. Figure 3-8 shows the welding materials on staple before and after
removing titanium which was etched by B.O.E. in the releasing process. Before
removing titanium, the tin strip has separated from the pin. Besides, it shows that
the adhesion between the tin and the nickel is not very good after releasing copper.
After removing titanium, tin film was also removed simultaneously. It may
due to bad quality of tin film. In Figure 3-8, the tin strip was survived but another
tin film under the staple was gone. In the fabrication process, the tin film was
sputtered, followed is the nickel electroplating. Lithography process must be done
first before electroplating, so that the tin film will be exposed under the atmosphere
and tin film was oxidized. Thus, the surface of the tin film was very rough and the
adhesion between staple and nickel became-worse. Therefore, all were immersed in
BOE, the oxidized tin-film was-etched, and-the tin film was also striped in BOE.
® Process (C)
The released hinge structure for the Process (C) is shown in Figure 3-9. The

thickness of the staple which was made of nickel is 15 pm as shown in Figure 3-9 (c).
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Figure 3-6 Fabrication result. (a) The lifted LSMD; (b) Close view of the actuation

beam
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Figure 3-7 Fabrication result of the staple for Process (A)
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Figure 3-9 Fabrication result of the staple for Process (C)
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Chapter 4 Testing

Now, some devices have been fabricated and LSMD have been lifted up by probe
successfully. To demonstrate the feasibility of the electrical connection, the performance
of the three-dimensional actuator will be shown in this chapter. Moreover, to prove the
welding possibility, the welding test results will also be shown below.

In this chapter, experimental setup will be illustrated in the first, and the measure

results will be shown below. Finally, the welding test results will be shown at last.

4.1 Experimental Setup

In last releasing process, the:LSMD was lifted up, and the hinge ruler, as Figure
4-1 shown, was lifted at the same lifted-angle. So the displacement of the LSMD and
the ruler could be observed on the same plane by the microscope. Followed, a wire and
the LSMD pad were soldered together and the die was set on a holder as shown in
Figure 4-2. The holder is tied perpendicular to the station for observing conveniently
when measuring the displacement as shown in Figure 4-3.

Whole measuring system including microscope, station, the CCD camera,

computer with image capture and power supplier is shown in the Figure 4-4.
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Figure 4-1 the whole view of the LSMD and ruler; the enlarged view of the ruler. The

distance of ruler unit is about 20 um.

Figure 4-2 the die attached on the holder
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Figure 4-4 Schematic drawing of the measurement system

4.2 Measurement results

The fabrication Process (A) was made successfully, and fabricated LSMD was
taken as the measurement sample in the output displacement measurement. The
calibrated output displacements of three-dimensional LSMD are shown in Fig. 4-5 and
out-stretching displacements can reach 84 um at input voltage of 2 V. Figure 4-6

demonstrates such three-dimensional LSMD before and after applying a 2 dc voltage.
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From these data, the electrical conduction has been proved obviously firstly. And
the tendencies of the experimental and the simulation results are the same even though
the displacement of the experiment is smaller than the one of the simulation. The
difference between them may be due to the contact resistance. The contact areas of the
staple and the hinge pin fabricated here are limited, so they are connected partly. In
other words, the contact resistance is larger than the simulation model. Therefore, the

displacement of the experiment is smaller than one of the simulation.

120
100 |

|| —®—FEM

Displacement
(@)
o

0 0.5 1 1.5 2 2.5
Applied Voltage

Figure 4-5 Testing results of the three-dimensional LSMD with geometry parameter of

L=1000pm, W=10pm, D=35um, and 0=1°
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Figure 4-6. Operation close-up view of the fabricated three-dimensional LSMD which
delivers stretching displacements up to 84um at 2 dc volts. The distance of ruler unit is

about20 um (W=10 um, 6=1°, D=35 um)

4.3 Welding Test Results

Although the fabrication Proeess (B)-for welding ailed, some information about the
welding from fabrication process (c) test is still useful for welding. Table 4-1and Table
4-2 show applied condition items for different size including applied current, time, the
calculated power per micrometer and the calculated calorific capacity per micrometer.

, the maximum power which won’t cause the staple broken is shown in the Table
4-1. While the power per micrometer did not exceed 0.1 mW/um, the staple was heated
and the color of the staple became red, but it did not break as Figure 4-7 shown. As long
as the maximum power per micrometer was decided, the maximum applied current for
different staple size could be calculated. To base on the data of the Table 4-1, the current
which won’t exceed the maximum power was taken as applied current as shown in
Table 4-2. And Table 4-2 also shows the calorific capacity which needs to melt the tin

line. As the calculated calorific capacity per micrometer was up to 2.2 mJ/um, the tin
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line was melted and connected with the staple as shown in Figure 4-8.

Table 4-1 Record of the maximum power test

Number

cross-section

(um?’)

Resistance
per um

()

Power per
pm
(mW/um)

Results

28-1-L

2190

3.123E-05

0.070

Success

28-5-R

1730.1

3.954E-05

0.101

Success

28-6-L

1730.1

3.954E-05

0.101

Success

28-6-R

1730.1

3.954E-05

0.114

Broken

28-9-L

3186.45

2.147E-05

Table 4-2 Record of the success welding

Number

Resistance per

pum

(&)

Applied
curtent(A)

Power per um
(mW/um)

0.104

Success

Calorific
Capacity
um

(mJ/pm)

1.971E-05

- 10.050

2.207

2.147E-05

0.077

2.325

2.147E-05

0.077.

2.480

2.147E-05

Betore

heating

0.070

2.434

heating

Figure 4-7 the staple
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Figure 4-8 the tin line melted

50



Chapter 5 Conclusion

5.1 Summary

The design, simulation, fabrication and testing of the three-dimensional
large-stretch micro drive (LSMD) are presented in this thesis. By combining mechanical
hinge and metal-based surface micromachining techniques, the LSMD is shown to be
successfully lifted and actuated. Several parameters, width of actuation beams, width of
constraining bar and heat transfer condition are found to have strong influence on the
output performances of the LSMD. Fabrication and testing results of LSMDs are shown
with output displacement up to 84um at input voltage of 2volts. The welding test results
may be also helpful for the other thermal welding. The fabrication technique presented
here may benefit other lifted micre sensors or micro actuators with the need of electrical

connection.

5.2 Future Work

In the fabrication process, Process (B) was not finished due to the tin film quality.
In the future, we may take the tin electroplating to get better quality and the thicker
staple. The staple may be made by electroplating and it is taken the heating source and
welding material at the same time. From the welding test, staple design offered enough
power to melt the tin. We believed that the tin staple as the heating source and welding

material could be melted.
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