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The Developments of Electro-Thermal Driven

Microactuators with Multi-Dimensional Motions

Student: Chientai Wu Advisor: Prof. Wensyang Hsu

Department of Mechanical Engineering

National Chiao-Tung University

ABSTRACT

In previous literatures, -mast of the microactuators were designed to deflect
in one dimension only. The.goal ofithis dissertation is to design and fabricate
two kinds of electro-thermally "driven ‘microactuators with multi-dimensional
motions. The first kind of electrothermal microactuator can deflect not only in
vertical direction but also a lateral motion in space can be generated. The
second one is featured with adjustable height that may act as a basic unit for

multi-level conveyors.

The first kind of electrothermal microactuator has a vertical adjust unit
(height adjuster). The vertical-adjustable unit (height adjuster) proposed here
utilizes the bimorph effect and residual stresses of materials between the upper
layer and the lower layer when they are heated. Two adjacent beams with

different cross sections but the same length are connected with the basis of



vertical-adjustable unit (height adjuster). These two beams produce
asymmetrical thermal expansions, which lead to lateral deflection. Hence
two-dimensional motions are obtained by combining the vertical and lateral

deflections.

The second kind of electrothermal microactuator may act as a basic unit for
multi-level conveyors. This microactuator is based on principle of thermal
bimorph actuation with two long conveying fingers to exert out-of-plane
bending motions in the transversal direction. The fingers are connected and
lifted by an initially curved height adjuster in the longitudinal direction. The
devices can provide conveyance of micro-objects between two plane levels of

different heights.

The microactuators proposed —here.  are both fabricated by surface
micromaching technique. The first Kind of electrothermal microactuator is
fabricated by MUMPs process. Especially a two-step releasing method is used
here to free the microactuator successfully. This method makes the sacrificial
layer and the connection layer for lateral driven unit be etched step-by-step in
final releasing process. For the second kind of electrothermal microactuator,
two types of polymer materials are used to the main structure, owing to their
large difference on thermal expansion coefficient and electrical insulation

characterization.

The testing results show that the first kind of electrothermal microactuator

with its lateral driven unit(600 um x 24 uym x 2 um) can produce 10 um lateral



displacements at input voltages of 5 volts. The vertical-adjustable unit (height
adjuster)with dimension of 70 pum x 10 um x 2.5 um at 5 volts can produce
about 12 um downward displacement. The second microactuator with overall
dimension of 900 pum x 100 pum x 4.5 pum can provide 5 pm vertical
displacements by vertical-adjustable unit (height adjuster) at 1 volt and 18 pum
lateral displacements by conveying finger at 2 volts. Both proposed
microactuators can exhibit controllable motions in different directions
independently. Simulations conducted by finite-element program ANSYS 5.7

show the results widely match with testing results.
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Chapter 1
INTRODUCTION

1.1. Background

Microelectromechanical system(MEMS) is a device that consists of
micromachine and microelectronic, where the micromachines are controlled by
microelectronics. It is often fabricated using micromaching technology and an
integrated-circuit(IC) process. Therefore, the MEMS have the characteristics
of miniature(size in um degree), multiplicity (IC processing) and
microelectronic, which will play a decisive role in the development of future

technology.

The silicon-based micromachining is- a - fundamental tool for MEMS
fabrication that can be divided.“into“~bulk-micromachining and surface-
micromachining. Bulk silicon micromachining, used to selectively remove
significant amounts of silicon from substrates by wet, vapor-phase, or
plasma-phase etching, provides structures such as membranes, grooves, cavities,
and undercutting of delicate or high-aspect-ratio microstructures. The features
in bulk micromachining are sculpted in materials, such as single crystal silicon,
quartz, SiC, GaAs, InP, and Ge, by orientation-independent called isotropic or
orientation-dependent called anisotropic etching. Surface micromachining is
characterized by deposited “thin” films commonly used in IC fabrication such as

polysilicon, silicon oxide, silicon nitrides, and metals to fabricate the MEMS



structures. The features of that are built up, layer by layer, on the surface of a
substrate, for example a single crystal silicon wafer (SC silicon). Either dry or
wet etching, in chemical reaction, could be defined the features of the structures
in the upper-plane of substrate and also be released them from the plane by
undercutting. Furthermore, the main structures could be suspended after the
thick layer under that is applied as sacrificial layer and is released by wet or dry

etching.

Non-silicon based micromachining is another important tool for MEMS,
which can be categorized by whether fabrication process involves lithography or
not. The LIGA and SLIGA (Surface micromachining and LIGA) utilize thick
photoresist technique, deep X-ray.dithography, and electroplating to implement
high resolution, precise and high-aspect-ratio metal micromechanical structures.
Owing to the high cost of using synchrotron radiation, UV-LIGA is developed
by using low-cost ultraviolet light source with lower resolution and contrast as
trade-off. The other non-silicon based methods are precise manufacturing
tools such as EDM (electro-discharge machining), excimer laser machining, ion
beam machining, cutting, milling, forging, moulding, and embossing used to

construct three-dimensional MEMS structures or for special purposes.

Generally, MEMS can be defined as the functional integrations of
mechanical, chemical, fluid-dynamic, biological, electrical, electronic, optical,

and other functional components [1].

Using micromachining technology may have many advantages, which

includes high throughput, high accuracy, gentleness and performance improved

2



[2]. When the scale of the devices is reduced into micro scale, then some
physical quantities become very important than they are in the macro scale.
For example in magnetic forces, the current density of a micro coil can be much
higher than in a large coil. Therefore, the higher force due to current density
increasing by a factor of ten is owing to the size decreases by a factor of ten [3].
Batch of fabrication processes is another strong point using MEMS technology.
These processes can allow the production of many identical components at the
same time on one chip, therefore the lower processing cost for each individual

device can be achieved than the conventional machining.

Research and development in MEMS have made remarkable progress since
1988, when an electrostatic micromotor ‘in size of a human hair was first
operated successfully by Fan, ;Tai, and| Muller f4]. Since then, many types of
microactuators utilizing various driving .forces and mechanisms have been
developed. The prospective applications of microactuators can be divided into
several categories, including optics, communication and information apparatus,
transportation and aerospace, robotics, fluidics and chemical analysis systems,
biotechnologies, medical engineering, and microscopy [5-7]. However, present
microactuators are still primitive and most of them cannot transmit large forces

and motions to external world.

MEMS technology is essentially an application driven technology. The
evolution and maturity of MEMS in the coming future will be driven not only by
improvement on microfabrication technologies but by innovative, aggressive

electromechanical systems design especially the microactuator technology.



Lots of MEMS commercial products come from the progress in microactuators
by new design concepts and/or advanced fabrication technologies. Consequently,
development of microactuators, which can satisfy specific requirements or can

exhibit special functions, will accelerate MEMS applying in our daily life.

Usually, four major actuation principles, electrostatic, piezoelectric,
electromagnetic, and thermal are used to driving the most of microactuators.
Other driving sources of fluid, light, and chemical are also have been reported.
Each principle has its own advantages and disadvantages. The choice of these
approaches should match the requirements for particular applications.

Following, the four major driving principles are described.

Electrostatic Actuation

The microactuators driven by electrostatic force is used coulomb force to
exert the functions. The representative applications for the electrostatic
microactuators are the micromotor [8-9], the comb drive microactuator [10], the
scratch drive actuator (SDA) [11], and the vertical comb drive actuator [12].
The vertical driving mode uses a pair of parallel conductive plates with
electrical potentials across two plates to from a parallel capacitor. The
attractive forces between electrodes will keep bending the free electrode until
mechanically balanced. The vertical driving mode exhibits nonlinear relation
of force and displacement. Besides, the displacement is limited by the gap

between electrodes. To generate large enough force at reasonable applied



voltage, the gap is generally smaller than 5 um. On the contrary, lateral
electrostatic actuation becomes important in linear motions with comb-like
structures where the movable electrodes move in parallel to the fixed electrodes.
The force-displacement relations are depending on the structure thickness,
separation gap, and number of fingers. An efficient comb drive microactuator

can be achived by designing many thick comb fingers with narrow gap.

In general, electrostatic microactuators are compatible with CMOS
processes and materials, little temperature dependent, little power, and benefits
in scaling law. The electrostatic microactuators are sensitive to dust and
humidity. Hence, to effectively actuate the devices, operation environments
are restricted in vacuum. Furthermore, only.small deflections can be achieved
except in resonant state, therefore the electrostatic force may be restrictive for

some applications.

Piezoelectric Actuation

The microactuators driven by piezoelectric force [13] are use the
piezoelectricity property in certain materials such as PZT (lead zirconate
titanate), ZnO, PVDF (polyvinylidene fluoride), and quartz to convert electrical
energy into mechanical energy. The piezoelectrics produces charge on their
surfaces when they are mechanically strained, or, conversely, they become
strained upon application of an electric field. The force of piezoelectric

actuator is quite large, the response time is very short, and efficiency is high if



the leakage current and hysteresis effect are kept under control. However, the
fractional stroke (displacement per unit length) is quite small for monolayer
structure, typically being no more than 0.2%. Therefore, to overcome these
problems, thick or stacked structures and bimorph structures are used in
macroscopic devices to obtain larger extension and bending motion respectively,
but it is still difficult to fabricate this type of element in the micro domain.
Further, in application, direction dependent and temperature dependent
piezoelectric coefficients of the piezoelectric materials must be taken into
consideration. Beside the temperature during these processes is high, they are
not easy compatible with CMOS processes except by sputtering. Comparing to
electrostatic actuation, piezoelectriesmicroactuators without the need of gaps
can provide much greater forces with|very quick response up to mega hertz.
However, problems in reliable-material deposition and microfabrication process

still not matured.

Magnetic Actuation

The magnetic driven is usually based on the electromagnetic force [14].
The electromagnetic force is exerted on the coil (N-turns carrying current) in
the magnetic field. However, joule heating of the coil will produce thermal
problems and the current carrying capacity of the conductor need to be improved.
Generally, magnetic microactuators exhibit advantages of large force, large

stroke, high speed (around 1~100 kHz), low input voltage, and low wear in



operation. In addition, comparing to electrostatic actuation, magnetic
actuation does not suffer catastrophic field breakdown. However, the volume
of the integrated magnets limits and complicates miniaturization of these types
of microactuators. Actuation is controlled by current switching rather than
preferred voltage. A large force means a high current, leading to problems of

power consumption and dissipation.

Thermal Actuation

Thermal microactuators usually can be categorized into two kinds, one is
based on thermal expansion and the other is based on phase transformation such
as shape memory alloy (SMA): Heat _can tbe generated by different means
including joule heating, light, chemical reaction, and employing junctions
between dissimilar regions with temperature difference. Joule heating is the
most popular among these heating ‘methods.” Generally, thermal microactuators
exert large displacements and significant amount of forces at low driving
voltages. Comparing to electrostatic and piezoelectric actuations, they are
more power consumptive and slow response. However, thermal microactuators

show good compatibility and simple integration with IC process [15].

For microactuators using gas/liquid state thermal expansions, they can
exert tremendous force through a long stroke. However, these microactuators
usually need a cavity or chamber to trap the gas or liquid that means a larger

device space required. In addition, they usually dissipate more power and



response slowly than other types of thermal microactuators. The most popular
type thermal microactuators are based on thermal expansion in solid state.
Actuation mechanisms of these microactuators are mainly based on asymmetrical
thermal expansions such as bimorph microactuators [16-17], hot-cold beam
microactuators [18], and long-short beam actuator [19]. Another
thermo-mechanical actuation is using SMA [20-21]. The shape memory effect
occurs in certain alloy materials such as TiNi. They exhibit thermoelastic
martensitic transformation leading to interesting shape recovery characteristics
upon heating. The shape recovery occurs at a transformation temperature
called austenite temperature (Ta). The austenite phase changes to the
martensite phase upon cooling theraloy below a composition dependent
transition temperature. This phase changes cause discontinuous volume
changes of the material that can be much greater than simple thermal expansion
of the solid. Therefore, SMA*“can ‘produce very large force and displacement.
However, its response is very slow and low efficiency. In addition,
microfabrication of SMA is not matured and compatibility with 1C process is

still a problem.

To sum up, each actuation principle as shown in Table 1 has its own
advantages and disadvantages. The choice and the optimization should be
made according to the requirements of applications and the facilities available

for fabrication.



Table 1. The typical actuation principles in MEMS

Electrostatic | Piezoelectric | Magnetic Thermal
Actuation Method Attractive Strain Attractive Solid
Force Force Expansion
Repulsive
Eorce
Materials Metal,Silicon, | Piezoelectrics: | Ferromagnetic | Large CTE
Polymer PZT,ZnO materials:NiFe | Large
PVDF,Quartz difference
of
CTEs
SMA:TIiNi
Miniaturization Easy Difficult Difficult Easy
Input Voltage High High Low Low
Current | * * High May High
Power Low Low High Medium
Output _ Small
Displace Small _ L L
ment ma Large(Bending | Large arge
)
Force Small Large Large Medium to
Large
Response | Fast Very Fast Fast Slow
Operating Vacuum Normal Normal Normal

Environment




Motion Directions

According to the motion directions of the microactuators, usually it can be

categorized into in-plane and out-of-plane motion directions included lateral
and rotary motion . Comb-drive as shown in Figure 1-1 [22], and micromotor

as shown in Figure 1-2 [23] are the examples of in-plane motion. Deformable
mirror [24], polyimide V-groove joint (Figure 1-3 [25]), cantilever actuator
(Figure 1-4 [15]) and C-Shape actuator (Figure 1-5 [26]) are the examples of
out-of-plane-motion. Despite the large, number of papers on microactuators,
very few have discussed the design -and fabrication of microactuators to move

more than one direction.

10



Figure 1-1. Schematic diagram of resonant comb-drive. [22]

Figure 1-2. In-plane motion of micromotor. [23]

11



Figure 1-3. Out of plane motion of the polyimide V-groove

joint. [25]

heigher thermal expansion |
:Illil"

Figure 1-4. Thermally driven cantilever actuator made of

polyimide. [15]

12



Actuation

Ei subairato

Thermal actuation
Elsctrostatic acluation

Figure 1-5. A C-shape microactuator. [26]

Micro-conveyor

The devices in MEMS are becoming more versatile and complex in recent
years. Among them, micro-conveyors far locomotive mechanisms are one of
the key tools to achieve automotive micro=factory or micro-warehouse systems.
In general, microactuators generating large strokes and high forces are neeeded
for micro-conveyance applications, and the actuation speed is less important
[27]. Therefore, arranging microactuators in array configurations to allow the
actuators working together becomes a popular approach, which not only can
increase the total force and load capacity of the micro-conveyance systems, but
also take advantage in MEMS batch fabrication process. Microactuators
developed for micro-conveyance systems can be classified into different
actuation schemes, such as thermal bimorphs [15], air jets [28-29], torsional
resonators [30], electromagnetic [31-32], piezoelectric [33], and electrostatic

[34]. The ciliary motion principle proposed by Ataka et al. [15] used thermal

13



bimorph polyimide legs which were actuated asynchronously to provide
propulsion for micro-objects. This ciliary motion system based on
thermal-bimorph effect shows simple fabrication process and high load capacity.
However, all the reported microactuators for micro-conveyers could only move

the micro objects in a single horizontal plane.

1.2. Motivation

In the dissertation, two types of the multi-dimensional motions of the

microactuators are developed.

In previous literatures, most of the microactuators were designed to deflect
in one dimension only. Here, an electro-thermally driven microactuator with
two dimensional motions, out-of-plane~“and.” in-plane, is proposed. This
microactuator comprised of a height adjuster, a moving plate, a lateral driven
unit, and contact pads. The out-of-plane motion is produced due to the
bimorph effect and residual stress between the layers of Au and polysilicon
when they are heated. The in-plane motion is obtained by heating the lateral
driven unit which consists of two adjacent beams with different cross sections
but the same length, then the asymmetrical thermal expansions in two adjacent

beams lead to lateral deflection.

The second kind of electrothermal microactuator may act as a basic unit for

multi-level conveyors. Unlike previously reported microactuators in

14



micro-conveyors, the proposed device provides micro-objects conveying not
only on the wafer plane but also on vertical direction. Two bimorph fingers
can act as the conventional horizontal micro-conveyors unit and the height
adjuster can provide an additional moving dimension in vertical direction to
form a multilevel micro-conveyor basic unit. For application of
micro-warehouse and micro-factory systems, the proposed height adjuster can
adjust the heights of the objects to fine tune the precise positions of this
micro-objects. Furthermore, the weights and sizes of micro-objects could be
different and hence the objects might be moving on different vertical positions
that may increase the difficulties of micro-assembly. Therefore, to assembly
the three-dimensional micro-objectsyismulti-level conveyance provides more
degree-of-freedom in control.and improves ‘the precision of assembly, by
controlling the lifting heights=of the height adjuster. Especially it could save
more space in wafer plane because this .micro-conveyor can translate the

micro-objects to different height in a limited area.
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1.3. Dissertation Qutline

The main goal of this dissertation is to develop two kinds of microactuators
with multi-dimensiomal motions. The detail descriptions are in the following

chapters.

In Chapter 2, the concept design of these two kinds microactuators are
described. And the simulation by finite element analysis is performed for the

second kind microactuator.

In Chapter 3, the MUMPs fabrication process for fabricating the
microactuator with two dimensional, motions, especially two step releasing
process is developmented for. this . microactuator. Another microactuator is

fabricated by four masks fabrication process.

In Chapter 4, the characterization and testing results are shown. Then the

conclusions for these two kind microactuators are proposed in Chapter 5.
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Chapter 2
DESIGN AND SIMULATION

In Chapter 1, the classification of the electro-thermal microactuators have
been discussed. Here, the concept design of the electro-thermally driven
microactuator with two-dimensional motions and the second kind microactuator
which may act as a basic unit for multi-level conveyors are discribd in detail.
Simultaneously, the simulations of the second kind microactuator are also

performed.

2.1. Concept Design

2.1.1. An Electro-Thermally Briven__Microactuator with Two-Dimensional

Motions

A schematic view of the proposed“microactuator is shown in Figure 2-1.
This microactuator comprised of a series of 70 um x 10 pm x 2.5 um bimorph
beams as the height adjuster, a 500 um x 100 um x 2 um moving plate, a 600 pm
X 24 um x 2 um lateral driven unit with 6 um gap distance between two beams,
and contact pads. At initial state, the height adjuster with the moving plate
will bend upwards due to the residual stress difference in bimorph beams.
When the height adjuster is heated, the moving plate with the lateral driven unit
will bend downwards to achieve out-of-plane motion. For in-plane motion, it
is obtained by heating the lateral driven unit, which consists of two beams with

different cross sections. When two beams are heated by applying electric
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voltage, two beams will deflect laterally due to the asymmetrical thermal
expansions. Then the two-dimensional motion can be achieved by controlling

the input modes of the electrical voltage.

Contact pad
L1

Moving plate
e ‘T—*%
Substrate / ﬁ- ":2-':"'1" £ _ :
N} - £/ ' 4 Lateral driven umt

L
Height adjuster
Figure 2-1. Schematic view “of the proposed electro-thermally driven

microactuator.

2.1.2. Electrothermal Microactuator for Multi-Level Conveying

The proposed microactuator is composed of two major units, as shown in
Figure 2-2. One is the height adjuster, formed by two bimorph beams in the
longitudinal direction with dimension of 50 um (La) x 10 um (Wa) x 4.5 um (h)
arranged in parallel. The other is the conveying finger unit in the transversal
direction, which comprises two identical bimorph finger structures with

dimension about 400 um (Lc) x 50 um (Wc) x 4.5 um (h). The whole device
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area including connection part of the two units is about 900 um x 100 um where
contact pads are not included. Figure 2-3 depicts operation principle of the
proposed multi-level conveyance to move micro-object from plane 2 (upper
plane) to plane 1 (lower plane) with lateral displacement of D and vertical
displacements of Ad. Figure 2-4 shows the layout of the electrical heating
resistors. There are four independent close-loops of electrical circuits acting
as heating resistors with eight electrical contact pads. Two of them are for the
height adjuster, which allows this microactuator to provide vertical motion.
Others are for the conveying finger unit to provide the conveying motion. At
initial state, the height adjuster and the conveying fingers are bent upward due
to the residual stress gradient in two''layers of bimorph structures. When the
height adjuster unit is heated, the height ofitwo conveying fingers is adjustable
to provide conveying functionzin different horizontal plane by joule heating two

fingers individually or simultanéqusly.

conveying fingers

height adjuster

e

contact pads

Figure 2-2. Schematic drawing of the proposed microactuator.
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) | ) —>D

Plane 2

Figure 2-4. The heater circuit layout of the device.

2.2, Simulation

To perform the simulation of this microactuator, the numerical
finite-element program ANSYS 5.7 is used. The microactuator is built as a

3-D model and meshed by the Solid5 element type. Solid 5 has a three
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dimensional magnetic, thermal, electric, piezoelectric, and structural field
capability with limited coupling between the fields. This element has eight
nodes with six degrees of freedom. The bimorph structure comprises a 3 pum
thick polyimide (PIX-L110SX) bottom layer, an 1.5um thick polyimide (P12525)
top layer, and the Cr(40A)/Au(1000A)/Cr(40A) intermediate layers as the
heating resistor. The physical properties of materials used in simulations are
listed in Table 2. The meshed finite element model of the proposed

microactuator in half-symmetry is shown in Figure 2-5.

Table 2. Material properties used in simulations.

Polyimide Polyimide Au
PIX-L110SX P12525

Young’s Modulus 8.5 2.5 80
(GPa)
CTE  (Coefficient of 10 40 14.3
Thermal Expansion,
1le-6/°C)
Thermal Conductivity 0.167 0.167 318
(W/m K)
Electrical Resistivity leld leld 23.5e-9
(Q-m)
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= Initial State

™ Deforming State

Figure 2-5. The half-symmetrical finite element 3-D model of the proposed

microactuator.

The simulated finger displacements versus different input voltages are
shown in Figure 2-6. It shows that the finger with 400 um long can produce 20
um displacements at input voltage of 2 V. The displacements of the height
adjuster are also simulated as shown in Figure 2-7, where the height adjuster
with 50 um long can provide 6 um downward displacement when the input

voltage is 1 V.
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Figure 2-6. The simulated downward displacements of the finger under

different input voltages.

8.0 —
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Downward Displacement (um)
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Figure 2-7. The simulated downward displacements of the height adjuster

under different input voltages.
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Chapter 3
FABRICATION

3.1. Fabrication of an Electro-Thermally Driven Microactuator with Two
Dimensional Motions

The proposed device is fabricated by the MUMPs (Multi-User MEMS
Process) process [35]. The fabrication process for this microactuator is shown
in Figure 3-1. First a 600 nm low-stress LPCVD (low pressure chemical vapor
deposition) silicon nitride layer is deposited on the wafers as the isolation layer
(Figure 3-1(a)). A 2.0 um phosphosilicate glass (PSG) is then deposited by
LPCVD as the sacrificial layer (Figure 3-1(b)). The sacrificial layer is also

lithographically patterned to form the dimples and anchor.

After etching anchor and-dimples, the first structural layer of polysilicon
( Poly 1) is deposited at a thickness.of 2.0 .um (Figure 3-1(c)). A thin layer of
PSG (200 nm) is deposited over the polysilicon as the hard mask for the
subsequent polysilicon etch. The polysilicon and this PSG masking layer are
patterned to form the conducting pads, moving plate, and lower layer of bimorph
structures height adjuster in this first structural layer Poly 1.  After etching the

polysilicon, the remaining PSG hard mask is removed by RIE.

Then, another PSG layer of 0.75 um is deposited to act as the adhesion
layer to connect the moving plate and height adjuster (Figure 3-1(d)). The
second structural layer, Poly 2, is then deposited with 1.5 um and the deposition

of 200 nm PSG is performed. As Poly 1 level, the thin PSG layer acts as an etch
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mask. The Poly 2 and this PSG layer are then patterned to form the lateral

driven unit (Figure 3-1(e)). After that, the masking PSG layer is removed.

The final deposited layer is the 0.5 um metal layer, as shown in Figure
3-1(f). The metal on the beam structures that are produced in POLY 1 level form

the bimorph beams.

2nd PSG(0.75um)
nitride H//_F— Ny

(a) (d)
_ 2nd polysilicon
1st PSG(2.0um)

(b) (e)
Ist polysilicon metal
(©) @

Figure 3-1. Fabrication process.

The releasing process, in the beginning, was performed by immersing the

chip in a bath of 49 HF(at room temperature) for about 10 minutes, several
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minutes in DI water and alcohol to reduce stiction, then at least 10 minutes in an

oven at 110 . The fabricated result from this one-step releasing is shown in

Figure 3-2. It is found that the moving plate and height adjuster are separated.
The reason is that this device has several PSG layers. The upper 0.75 um PSG
layer between the moving plate and height adjuster (10 um width) is used as a
adhesion layer to connect the moving plate and height adjuster, and the lower 2
um PSG layer under the moving plate is used as the sacrificial layer. The
etching time to remove the sacrificial layer is about 10 minutes in HF solution,
but this etching time will causes the adhesion PSG layer to be depleted
thoroughly also, then the moving plate and height adjuster can no longer be
connected. For slove this problem; we shorten the releasing time by immersing

the chip in a bath of 49 HF(at room:temperature ) for 8 minutes,following

process is the same as above. But we'find the moving plate and the substrate are

sticted together (Figure 3-3).

In order to avoid the adhesion PSG layer being etched away completely or
the moving plate be sticted, a two-step releasing process is proposed. The
upper 0.75 um PSG layer is etched first, and another mask is added to protect
the PSG between the moving plate and bimorph beams. After that, the chip is
immersed into B.O.E (Buffer Oxide Etchant) for 2 hours to release the PSG
sacrificial layer, then several minutes in DI water and 30 minutes in alcohol,
which is the same as the one-step releasing processes. After modification on
the release process, the moving plate connected with the height adjuster is
successfully fabricated, as shown in Figure 3-4,the SEM of the height adjuster
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with moving plate as shown in Figure 3-5. The top view of the fabricated
result is shown in Figure 3-6. The SEM of the lateral driven unit and height

adjuster with moving plate are shown in Figure 3-7 and Figure 3-8, respectively.

S4700 &.0kN B Bmon: w1 HOkK SE{M) 372201 16:07 30 .Ourmn

Figure 3-2. The initial fabrication result by-one-step releasing process.
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10 0um

Figure 3-3. The moving plate and the substrate are sticted togrther.

LA E
[t N Smilri R 5__##

S4.700 50k 13 Tmm x1 30k SE[M) 322/01 15451 40 Oum

Figure 3-4. The final fabrication result by modified two-step releasing

process.
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Figure 3-6. The top view of the fabricated result of the microactuator.
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Figure 3-7. The'SEM. of the lateral driven unit.

100U

Figure 3-8. The SEM of the height adjuster, moving plate and contacted pads.
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3.2. Fabrication of an Electro-Thermally Microactuator for Multi-Level
Conveying

The  microactuator proposed  here is  batch-fabricated by
surface-micromaching technique. The four-mask fabrication process is
outlined in Figure 3-9. First, the 1 um thick aluminum sacrificial layer is
deposited by thermal evaporation. Then it is patterned to form the anchor
by mask 1 (Figure 3-9(a)). Polyimide (PI1X-L110SX) of 3 um thickness
with lower thermal expansion coefficient is spun coated and cured as the
bottom layer of the bimorph structure. Metallic microheater
(Cr(40A)/Au(1000A)/Cr(40A)) is formed by lift-off process with mask 2, as
shown in Figure 3-9(b). The!Cr layer is used to enhance the adhesion
between the Au and polyimide.  After that, a 1000A thick Ni is deposited
and patterned by mask 3 to protect the microheater of the height adjuster in
the following RIE (Reactive’lon Etching) ‘process (Figure 3-9(c)). On top
of them, the 1.5 um thick polyimide (P12525) as the top layer with higher
thermal expansion coefficient is coated and cured. Following, a 1000A
thick nickel is evaporated and patterned by mask 4 as hard mask, as shown
in Figure 3-9(d). The top and bottom polyimide layers are then patterned

by RIE using oxygen gas.

The releasing process is performed by immersing the wafer in
aluminum etchant for 10 minutes, rinsing in DI (Deionized) water for 5
minutes and in IPA (Isopropyl Alcohol) for 30 minutes to reduce stiction

problem sequentially. Then, the device is placed on hotplate at 110 for
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5 minutes to suspend the microactuator, as shown in Figure 3-9(e).

The perspective view and close-up view of the fabricated

microactuators are shown in Figure 3-10 and Figure 3-11, respectively.

(a) (d) polyimide 2
Fi
Al sacrificial layer F
[ ] [ > [
(€)
CriAw/Cr theater)
: polyimide 1 ?
1 [
Releasing & Dryi
(C) 2 rymg
;Ni hard mask
1 [

Figure 3-9. Fabrication process.
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of the fabrication results.

Figure 3-10. Scanning electron mig

---------

Figure 3-11. Close-up view of the finger.
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Chapter 4
CHARACTERIZATION AND RESULTS

In Chapter 3, the fabrication process for both the microactuator with two
dimensional motions and the microactuator for multi-level conveying are
described. Here, the details of the characterization and the testing results of

them are proposed below.

4.1. Characterization of an Electro-Thermally Driven Microactuator with
Two Dimensional Motions

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

computer with image capture and power supplier is shown in the Figure 4-1.

T
e IIE-
4| ] 1
ST T -|

o [

Station

Computer with
Image Capture

Power Supplier

Figure 4-1. Schematic drawing of the measurement system.

In testing, various dc voltages are applied to the contact pads to generate
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different motion modes. The lateral displacements are measured from the
pictures captured by image capture software from the video. The downward
displacements are determined by focus/defocus method on the optical

microscope, which gives the measurement error about 1 um.

In the initial state, it is observed that the end of the moving plate curled up
about 12 um from the substrate, 4 degrees in angular displacement, due to the
residual stress in bimorph beams. Figure 4-2 shows the testing results of the
lateral driven unit under various input voltages. The lateral displacement up to
14 pym can be achieved at input voltage of 7 V. Also, the testing results of the
height adjuster are shown in Figure 4-3, where 12 um downward displacement is

achieved at 5 V before touching the'substrate.

In addition, two-dimensional tests are performed to see if there is coupling
effect where both height adjuster and-the lateral driven unit are operated under
the same input voltages. Figure 4-4 shows that no matter the lateral driven
unit is operated or not, the vertical displacements of height adjuster under
different voltages are not affected. Similar testing results are also found in
lateral displacements. No matter the height adjuster is turned on or turned off,
the maximum difference in lateral displacement is only about 1 pum, which is
within the measurement error range. From Figure 4-4, it is shown that the
coupling effect between the vertical and lateral direction is very small, and
these testing results demonstrated the capability of providing two dimensional

motions with the proposed microactuator.
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Figure 4-2. The measured lateral displacements of the lateral driven unit

under different input voltages.

Displacement{um)
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Figure 4-3. The measured downward displacements at the end of the moving

plate under different input voltages.
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Figure 4-4. The measured displacements in coupling test where the lateral
driven unit and bimorph beams are,.operated at the same input voltages

simultaneously.

4.2. Characterization of an Electro-Thermally Microactuator for Multi-Level
Conveying

It is observed that the ends of the conveying finger and the height adjuster
curled up about 18 um and 5 um from the substrate, respectively, due to the
residual stresses in bimorph beams. In testing, various dc voltages are applied

to the contact pads to generate different actuation modes.

Figure 4-5 shows comparison of the simulation and testing results of the
finger-tip displacements under various input voltages. In testing, the
downward displacement up to 18 um are achieved at input voltage of 2 V. The

maximum deviation between simulation and testing results is within 10%. In
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addition, the simulation and testing results of the height adjuster are shown in
Figure 4-6. In testing, 5 um downward displacement is achieved at 1 V before
touching the substrate, and the deviation between the simulation and
measurement results is within 20%. The approximate maximum load per
microactuator is about 0.196 mg., which is estimated by calculating the
elastic-mechanical stiffness of the adjuster/fingers structures. According to
experimental results, the lateral displacement of the conveying finger at output
vertical displacement of 13-15 um is about 0.2-0.3 um. Hence, the estimated
maximum velocity for conveyance is about 1.0-1.5 um/sec at maximum

operating frequency of 5 Hz.

Further, thermal coupling effect of thé: height adjuster and the conveying
fingers are examined by multi-dimensional -motion testing. First, the height
adjuster is actuated at 1 V,7and,'then different voltages are applied to the
conveying fingers to observe whether the-conveying finger is affected by the
height adjuster. The height adjuster deflects 5 um in downward direction at
one volt while the conveyor fingers are not actuated. Figure 4-7 shows the
measured displacements of the height adjuster at 1 V while applying different
voltages to the conveying fingers simultaneously. As shown in Figure 4-7, the
deviations on positions of height-adjuster end are negligible and that are all
within measurement resolution of 1 um. It is also found that the tips of
conveying fingers deflect 18 um at 2 volts while the height adjuster still
delivers 5 um downward displacement at 1 volt. Testing results indicate that

the displacements of height adjuster are not affected by operating conveying
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fingers. Similar testing processes are also performed to the conveying fingers.
Figure 4-8 shows the load-position curves of the conveying finger tip with
simultaneous actuation of height adjuster. Different curves in Figure 4-8
represent different dc driving voltages of the height adjuster. From this
testing, it is observed that the downward deflection of the conveying finger tip
relative to the end of the height adjuster is affected by the actuation of height
adjuster slightly. For instance, the downward displacements of conveying
finger actuated at 1.5 volts with height adjuster actuated at 0.75 volts and 0 volt
are 14.5 um and 10.5 um respectively. However, the height adjuster produces
about 3 pum downward displacement at 0.75 volts. Hence, the absolute
downward displacement of conveying finger affected by thermal crosstalk from
height adjuster is actually around 1 pm. " ‘n testing, the increased downward
displacements of conveying finger are all below 10% of the displacements

without actuating the height adjuster.
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Figure 4-5. The simulated and calibrated downward displacements of the

conveying finger under differentsinput dc veltages.
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Figure 4-6. The simulated and calibrated downward displacement of the height

adjuster under different input dc voltages.
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Figure 4-7. The measured displacements at the end of height adjuster in coupling
test, where the height adjuster is actuated firstly, and then different input voltages
are applied to the conveying fingers.
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Figure 4-8. The measured displacements of finger tip in coupling test, where
the finger is actuated first, and then different input voltages are applied on
the height adjuster.
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Chapter 5
CONCLUSIONS

5.1. Summary

Two kinds of  electro-thermally  driven microactuators  with
multi-dimensional motions are designed, fabricated, and tested. Some features
of electro-thermally driven microactuator with two dimensional motions are

summarized below: () This microactuator is shown to be able to deflect in two
dimensions and nearly uncoupled. ( ) This microactuator is self assemblied
and does not need any locking structures or external manipulation. ( )

Modified releasing processes isshelpful infabricating this microactuator.

As about the microactuator, for multi-level conveyance, beside the
conventional horizontal conveying;.a heightiadjuster is included to enhance the
conveying range from single-plane to multi-level conveying. It is also shown
that the proposed device can be operated at input voltage below 3 volts. The
simulation results agree with the test results. From thermal coupling tests, this
device is shown to have little cross talking while heating the height adjuster and
two conveying fingers. It means that the height adjuster and two fingers can
be operated almost independently. The material selections and dimension
designs of this microactuator can be further investigated to improve the

performance.
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5.2. Discussions

The multi-dimensional motions microactuators proposed here are all
basically consisted of two actuation parts. The deflecting directions of each
actuation part of the same microactuator are different so as to exhibit spatial
motions. However, actuation principles are all based on electro-thermal joule
heating, therefore, thermal-coupling problems may be encountered and should be
minimized as possible in design. In current research, the use of low thermal
conductivity materials such as polyimide or polymers and configurations with
reduced thermal-flow cross section areas results in larger thermal resistance
between actuation parts. From the experimental results, the proposed
microactuator of two-dimension motions and microactuator for multi-level

conveying showed little thermal-coupling-or displacement-coupling problems.
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