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Abstract

PDMS is a frequently used material in MEMS applications. Whether the systems
such as microfluidic networks or the devices such as membranes and valves, PDMS is
easy to fabricate and exhibit excellent mechanical properties. In this study, PDMS will
be used to fabricate two devices. The first one is a gap-closing actuator with PDMS
posts placed between the electrodes. Such a device employs the elasticity of PDMS.
When a small PDMS post is compressed by two parallel plates, it undergoes a large
deformation and therefore provides elastic restring force that is nonlinear with the
compressive displacement. The nonlinear elastic restoring force of the PDMS post
will be used to balance the nonlinear electrostatic force. Because the elastic restoring
force is nonlinear, the gap-closing actuator can achieve a larger controllable
displacement than the actuator with linear elastic structure. The measured data of this
device reveal that the nonlinear elastic restoring of the PDMS posts can extend the
controllable displacement of a gap-closingactuator. The controllable displacement
achieves the 54% of the original gap.

The second device is PDMS cantilever beams. The Young’s modulus of PDMS is
about 5 orders less than the polysilicon, which is a common by used structure material
in MEMS. Therefore, to actuate such a device, the applied voltage will be much less.
Besides, by fabricating such a device, the properties of PDMS can be obtained and the
processes suitable for PDMS fabrication will be developed. But the results of the
fabrication process reveal that the stiffness of PDMS is too small to suspend itself.

However, processes to pattern a spun on PDMS layer was developed successfully.
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I ~ Introduction

MicroElectroMechanical System (MEMS) is a technology employing
semiconductor fabrication processes to fabricate miniaturized mechanical devices.
Compared with conventional mechanical devices, the miniaturized devices have the
characteristics of shorter response time and less power consumption. In addition,
MEMS devices and signal processing circuits can be fabricated on the same chip to
reduce the noise and signal distortion. In the recent years, MEMS technology has
grown from research projects of laboratories to commercially available products such
as the Digital Mirror Device of TI and accelerometer of Analog Device.

Actuators are critical devices in MEMS technology. Their main functions are to
produce a displacement output to-actuate other mechanical structures. According to
the principle of actuation, most:-MEMS actuators can be classified as electrostatic,
electro-thermal, electromagnetic, and piezoelectric types. Among those, electrostatic
actuators have the advantage of low power consumption, short response time, and
compatibility with IC fabrication processes. Therefore the application of electrostatic
actuators is widespread. In electrostatic actuators, the electrostatic force is produced
by applying a voltage across two closely spaced electrodes. The force acts on the
actuator structure and result in displacement. According to the direction of
displacement, electrostatic actuators can be classified as laterally and axially driven
types, as shown in Figure 1-1.

When a voltage is applied to a laterally driven actuator, the electrodes are
displaced perpendicularly to the direction of electric field, as shown in Figure 1-1 (a).
The gap between electrodes does not change with displacement. Comb drive actuators,

as shown in Figure 1-2, are typical laterally driven electrostatic actuators [1].



Direction of displacement Direction of displacement

(a) (b)

Figure 1-1 (a) Laterally driven actuator. (b) Axially driven actuator.

Figure 1-2 Comb-drives, the typical laterally driven actuators.

Axially driven actuators are‘also called gap-closing actuators, as shown in Figure
1-1 (b). In axially-driven actuators, the displacement is in the same direction as the
electrostatic field. The driving force in such an actuator is inversely proportional to
the square of the gap distance between electrodes (F oc 1/d2). The nonlinear
electrostatic driving force and linear elastic restoring force cause the so-called pull in
effect. When the actuator is driven beyond a displacement of one third of the original
gap distance, the electrostatic force becomes too large to be balanced by the elastic
restoring force. The two electrodes will be brought into contact. Therefore, one third
of the original gap distance is the limit of controllable distance. To increase the
controllable distance, several strategies have been presented, such as feedback
capacitance, current driving, and dimension design. In this study, structures that

provide nonlinear restoring force will be used to balance to nonlinear electrostatic



force. Since the electrostatic force and the restoring force are both nonlinear, the

behavior of such a device will be more linear.

With regard to the pull-in problem, an innovated micromechanical structure is
proposed in this research. In this structure, small elastomer structures are placed
between two electrodes to provide additional restoring force. When the elastomer
structure is compressed by two parallel plates, it undergoes a large deformation and
will provide a nonlinear elastic restoring force. Therefore, it can be used to balance
the nonlinear electrostatic force and increase the controllable actuation distance. The
elastomer structure is a critical part in this device. It will be compressed by parallel
plates through electrostatic force, so it must.be very flexible and be able to undergo
large deformation. For materials used in IC/processes such as polysilicon, silicon
dioxide, silicon nitride, aluminum, and othet metals, their Young’s moduli range from
50GPa to 200GPa. So they can not be taken asthe material of elastomer structures.

Polymers such as PDMS, parylene, polyimide, PMMA, and SU-8 are frequently
used in MEMS applications. Among the common used polymers in MEMS, PDMS
exhibits rubbery elasticity and its elongation at break can achieve 140%. Furthermore,
it possesses high chemical stability and various etching agents such as BOE, HF,
HNOs3, CH3COOH, and H3POy, are allowable in the process. Therefore, PDMS will be
taken as the material for the elastomer structures in this study. In addition, to
investigate the mechanical properties, cantilever beams made of PDMS would also be
fabricated in this study.

PDMS (poly-dimethylsiloxane) is a linear polymer. Before curing, it is a viscous
liquid, with a linear Si-O backbone and two methyl group attached to each Si atom.

Figure 1-3 (a) is the chemical structure of PDMS. After mixed with the curing agent,



cross link reaction takes place. Curing agent include the cross link agent and catalyst.
The crosslink agent is the partly hydrogenated PDMS, whose chemical structure is
shown in Figure 1-3 (b). When the cross link reaction takes place, the H group on the
cross link agent will react with the CH=CH, group on the terminal of PDMS, and
bond them together [2]. Figure 1-3 (c) shows the chemical structure of the cross linked
PDMS. Therefore, through the cross link agent, cross linked PDMS forms a
three-dimensional network, and PDMS is transformed from viscous liquid to
elastomer. Figure 1-3 (d) shows the sketch of the network. PDMS elastomer is
extremely flexible at room temperature. The limit of compression and extension of
PDMS is far beyond metal and other materials. Therefore, it is widely used in
conventional mechanical components such.as shock absorbers, bearings, and other
structures that require large deformation. Table 1-1 shows elongation of various

materials.

Table 1-1 Percent.eloengation limit of materials [3].

Material Percent elongation
Aluminum alloys 1-45
Brass 4-60
Copper and copper alloys 4-50
Magnesium alloys 2-20
Nickel 2-50
Nylon 2-100
Polyethylene 15-300
Rubber 100-800
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Figure 1-3 (a) Chemical structure of PDMS, (b) Chemical structure of crosslink agent, (c)

Chemical structure of cross linked PDMS, (d) Sketch of network of crosslinked PDMS [2]



1-1 Literature survey
Gap-closing actuator

Gap-closing actuators can be classified as digital control and analog control types.
For the digital control type, the input signal has only two states, “high” and “low”,
and the output of the device also has two states. Digital control type actuators such as
the DMD light switch employ the pull in effect to operate [4]. Figure 1-4 shows the
operating concept of DMD. When signal “® ,q4ress” 1S “high” and “P address 18 “low”,
the mirror pulls in with the electrode named “ @ »q44ress”, and rotate clockwise. When
signal “® 44dress” 18 “low” and “P address . 18 “high”, the mirror pulls in with the

electrode named “ @ ,q4re5s”, and rotate counterclockwise.
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Figure 1-4 The operating concept of DMD [3].



Original Actuator

Series Capacitancé

Figure 1-5 Actuator with a series capacitor.

The pull in effect can also be employed to measure air pressure. Raj K. Gupta et
al. reported that the pull in time of a gap-closing actuator was sensitive to the ambient
air pressure. In their study, fixed-fixed beains were fabricated to be the sensors. It was
reported that the pull in time was nearly a linear function of ambient air pressure in
the measured range of 0.1 mbar to 1013 mbar. {5].

For analog control gap-closing actuators, only one third of the gap distance can
be used due to the pull in effect. Several strategies have been reported to extend this
limit. One strategy is to use feedback capacitor to control the actuators. Edward K.
Chan et al. employed a series capacitor to provide stabilizing negative feedback [6].
Figure 1-5 shows a device in which a capacitor in series. They reported that the
actuator with the series capacitor could go beyond the theoretical limit and reach
almost twice the conventional range. However the actuating voltage was higher
because the series capacitor divided the voltage.

R. Nadal-Guardia et al. reported two other approaches to control the charge in
the actuator by means of current driving [7]. Theoretical equations derived for each

method showed that full range of travel could be achieved. Those approaches were



based on the use of current pulses to inject the required amount of charge to fix the
position of the movable plate. The first method used a series capacitance to sense the
voltage drop produced by the injected charge. The experimental measurement
revealed that displacement of 715nm could be achieved with the original gap of
1.5um. The second approach operated in a open loop configuration. The current
source was switched off after injecting the required charge. The experimental
measurement revealed that displacement of 870nm could be achieved for the same
original gap.

In addition to the approaches that use feedback capacitance or charge controlling
to extend the controllable displacement, geometry design to obtain the optimal
controllable distance for torsion actuator, was.also reported. Ofir Degani et al. reported
that the relative location of actuating electrodes was-an important issue. A new
approximated analytical solution was derived for the pull-in angle and pull-in voltage
of an electrostatic torsion actuatot with'rectangular plates [8]. Using those analytical
expressions, the optimal design of the torsion actuator and parametric study can be
carried out with much less time.

PDMS applications

PDMS is frequently used in microfluidic system due to its bio-compatible
property. Because PDMS is cured from liquid, its structure can be formed by molding,
and the patterned photoresist is frequently taken as the molds. Molding processes are
often used with PDMS due to the low processing temperature and quick turn around
time.

Another characteristic of PDMS is that the surface properties of PDMS can be
changed by treating it with oxygen plasma. The hydrophobic surface can be converted

into hydrophilic. Besides, bonds will from between two surfaces of PDMS if they are



treated with oxygen plasma and then brought into conformal contact. This process can
be used to seal the microfluid channels.

David C. Duffy et al. reported a procedure to design and fabricate microfluidic
systems in PDMS in less than 24 hours including sealing [9, 10]. The PDMS used in
their study was Sylgard 184 from Dow Corning. A network of microfluidic channels
(with width >20pm) was designed in a CAD software. The design was converted into
a transparency by a high-resolution printer. This transparency was used as a mask in
photolithography to create a master in the positive relief photoresist. PDMS cast
against the master yielded a polymeric replica containing a network of channels. The
surfaces of the replica, and a flat slab of PDMS, were oxidized in oxygen plasma.
These oxidized surfaces were sealed tightly.and irreversibly when brought into
conformal contact. The procedure is shown in'Figute 1-6. It was also pointed out that
oxidized PDMS also sealed irreversibly to other materials used in microfluidic
systems, such as glass, silicon, silicon oxide.

Byung-Ho Jo et al. developed a fabrication technique for building
three-dimensional micro-channels in PDMS [11]. The PDMS used in their study is
Sylgard 184 from Dow Corning. The process allowed the stacking of many thin (less
than 100um thick) patterned PDMS layers to realize complex 3-D channel paths. The
master for each layer was formed on a silicon wafer using an epoxy-based photoresist
(SU 8). PDMS was cast against the master producing molded layers containing

channels and openings.
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C Cast prepolymer
and cure
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replica —___ /55

flat — =

Figure 1-6 The procedure to fabricate a microfluidic system.

J. Garra et al. developed a fluorine-based reactive ion etch (RIE) process to
anisotropically dry etch PDMS Sylgard 184 [12]. The technique complements the

standard molding procedure. Total gas pressure and the ratio of O, and CF,4 were
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varied to optimize the etch rate. The RIE recipe developed in their study was 1:3
mixture of O, and CF4 gas, resulting in a highly directional and stable etch rate of
approximately 20um per hour.

For bio-MEMS applications, E. Leclerc et al. developed a three-dimensional
PDMS chamber array interconnected by channels for mammalian cell culture [13]. In
their research, the device was composed of six stacked PMDS layers with channel
networks fabricated on both side of the layers. One side was patterned by SU-8
photoresist molding, and the opposite side was patterned by RIE with an aluminum
hard mask. They pointed out that dry etching can be performed with SFe for a rate
about 0.6pum per minute, and the material kept its biocompatible property despite the
dry etching process by plasma treatment,

The mechanical properties of PDMS have also been exploited in various
applications; especially, the elasticity has been widely used in mechanical structure. X.
Yang et al. employed PDMS to manufacture thermo-pneumatic silicone rubber
successfully [14]. In their research, PDMS'MRTV 1 is used. Two methods were
developed to fabricate PDMS membranes. In Figure 1-7 (a), the silicone rubber was
spun on; in Figure 1-7 (b), premixed silicone was poured into the cavities on the wafer
front side. By scraping a piece of glass with a flat smooth edge across the wafer, extra
silicone was taken away and a layer of silicone was left in the cavity. With regard to
the mechanical properties of PMDS, they pointed out that it could sustain elongation
as high as 1000%, so very large deflection could be achieved in valve membranes.
Besides, sealing of this material on rough surfaces could be very good due to its very

low hardness (Shore A 24).
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Figure 1-7 (a) Fabrication process for sb'iﬁ-“cbét(-éd‘éil‘i“c.;one rubber membrane (b) Fabrication

process for squeegee-coated silicone rubber member.
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Figure 1-8 Cross-section of the triaxial accelerometer
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Lotters et al. reported a triaxial accelerometer that employed PDMS as the spring
material and metal as the proof mass to form a spring- mass system [15, 16]. The
cross-section of the device is shown in Figure 1-8. They used PDMS PS851 (ABCR)
in their research. The PDMS is photocurable, and was patterned with by
photolithography.

Referring to the processes of PDMS that have been reported, the processes to
produce PDMS posts and PDMS cantilever beams have a roughly outline. The PDMS
posts can be produced by molding processes, and the PDMS cantilever beam can be

produced by RIE patterning. Further process issues will be discussed later.

1-2 Objective and organization of the thesis

The objectives of this study include:

(a) To develop a nonlinear electrostatic actuator with the PDMS structures placed
between two electrodes. With the elastic restoring force of PDMS structures, the
controllable displacement of the device can be extended, and the relationship
between displacement and applied voltage can be more linear.

(b) To develop PDMS cantilever beams which are actuated by electrostatic force. The
mechanical properties of PDMS can be obtained by investigate the behavior of
this device.

The fundamental principles of material mechanics, design of PDMS structures and
the full device are described in detail in the Chapter 2. The fabrication process,
process issues and fabrication results of the actuator with PDMS structures and PDMS
cantilever beams are described in Chapter 3. The Measured results and discussion are

presented in Chapter 4. The future works are discussed in Chapter 5.
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II ~ Principle and Design

In this chapter, basic concepts of material mechanics will be introduced to
characterize the mechanical properties of PDMS structures. In the device design,
finite element analysis software ANSYS is used to simulate the behavior of the PDMS
structure.

2-1 Elasticity

Mechanics of materials deals with the behavior of solid bodies subjected to
various types of loading. Elasticity is the property of a solid body to return to its
original dimensions upon unloading. In this section, basic concepts of elasticity will
be introduced, and properties of various materials will be discussed from the
viewpoint of mechanics of materials. The nonlinear elastic restoring force will
discussed subsequently.
Stress and Strain

The fundamental concepts in mechanics of materials are stress and strain. These
concepts can be illustrated in their most elementary forms by considering a prismatic
bar subjected to an axial force. Figure 2-1 shows a prismatic bar in tension, where P is
the applied force, L is the original length of the bar, A is the area of the cross section,
and L+90 is the length of the bar where P is applied.

The intensity of the force is called the stress and is denoted by the Greek letter c.
If the stress is uniformly distributed over cross section mn, as shown in Figure 2-1 (d),

the following expression of the stress can be obtained:

@-1)

P
c=—
A
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Figure 2-1 Prismatic bar in tension (a) Free-body diagram, (b) Segment of the bar, (c)

Segment of a bar after loading, and (d) Normal stress in the bar.

The straight bar will change in length when loaded axially. As shown in Figure 2-1 (¢),
0 is the elongation after P is applied. The strain is the elongation per unit length,

denoted by the Greek latter € and given by the equation,

= (2-2)

)
L
If the bar is in tension, the strain is called a tensile strain; on the other hand, if the bar

is in compression, the strain is a compressive strain.
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Young’s Modulus and Poisson’s Ratio

When a material behaves elastically and also exhibits a linear relationship
between stress and strain, it is said to be linearly elastic. The linear relationship
between stress and strain for a bar is expressed by equation

c = Ee (2-3)
where o is the axial stress, € is the axial strain, and E is a constant of proportionality
known as the modulus of elasticity, or Young’s modulus. It represents the stiffness of a
material, and is an important mechanical property.

When a prismatic bar is loaded in tension, the axial elongation is accompanied
by lateral contraction, as shown in Figure,2-2. Lateral strain at any point in the bar is
proportional to the axial strain atithe sameépoint.if the material is linearly elastic. The
ratio of the lateral strain €’ to the axial strain € is known as Poisson’s ratio and is

denoted by the Greek letter v.

lateral strain g'
yo-STER__E (2-4)
axial strain €

The axial and lateral strains have opposite signs. Therefore, the Possion’s ratio always
has a positive value. For various materials, Possion’s ratios range from 0 to 0.5.
Materials with an extremely low value of Poisson’s ratio, such as cork, the lateral
strain is practically zero. For most metals and many other materials, v is in the range
0f 0.25 to 0.35. The theoretical upper limit for Poisson’s ratio is 0.5, in which case
there is no volume change when compressed or elongated. Materials such as rubber

and silicone come close to this limiting value.




Figure 2-2 Axial elongation and lateral contraction of a bar in tension.

Yielding

Stress-strain diagrams portray the behavior of engineering materials when the
materials are loaded in tension or in compression. Figure 2-3 shows the stress-strain
diagrams of three materials. Figure 2-3 (a) shows the stress-strain diagram of mild
steel. As shown in the figure, point A is the yield point. From this point, considerable
elongation of the test specimen occurs with no noticeable increase in the tensile force
(from A to B). Furthermore, when the load is removed, a residue strain may remain.
Materials undergoing large permanent strains are classified as ductile materials. For
most materials, stress-strain diagrams include yield points.

But rubber and silicone maintain a linear relationship between stress and strain
up to relatively large strains with:no residug stfain after unloading. It can sustain large
strain repeatedly. Figure 2-3 (b)-shows the stréss-strain diagrams of two kinds of

rubber in tension.

a (ksi) o (psi)
80 3000
b
60 —
c /// NE 2000
40 .\( / Hard rubber
A, B 1000
? | S g
0.05 0.10 0.15 0.20 0.25 0.30 0 3 4 6 8
€ €
(@) (b)

Figure 2-3 Stress-strain diagrams of (a) mild steel, (b) two rubbers

17



2-2 Deflection of an Elastic Beam

A cantilever beam with rectangular cross section is common in MEMS
application because thin film is deposited uniformly and its side wall can be etched by
RIE vertically. Figure 2-4 (a) and (b) show a cantilever beam with length L and its
cross section, a rectangle of a in width and b in thickness. For such a beam with one
fixed end, if a force of q is applied on its top per unit length, as shown in Figure 2-4

(c), its deflection can be obtained from equation 2-5 [3] :

2
y = —%(@2 —4Lx +x%) (2-5)

where y is the deflection of the point located at a distance x from the fixed end of the
beam, E is the Young’s modulus of the material, aﬁd I is the moment of inertia of the
beam cross section. The deflection is inversély proportional to EI, the flexural
stiffness of the beam. For a rectangularcross section’of a in width and b in height, the

moment of inertia is shown in Equation 2-6 [3].

- ab’

- (2-6)

q
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Figure 2-4 Uniform pressure applied on a cantilever beam.

Figure 2-5 shows a cantilever beam above a substrate. If there is a voltage
applied between the beam and the substrate, the beam is attracted by the electrostatic
force downward. The length of the cantilever beam is L, width is b, thickness is a, and
the gap between beam and substrate is z. When a voltage of V is applied between the

beam and the substrate, the electrostatic force is shown in Equation 2-7.

ke, A WV = ke La

F=
27° 27°

x V? (2-7)

where k is the dielectric constant (for vacuum: 1.0, air: 1.00059), and &, is permittivity
of free space. The electrostatic force can be represented by a uniform pressure when

the deflection is small. Therefore, the force per unit length is

(2-8)

Figure 2-5 Cantilever beam above a substrate

For such an applied voltage, the deflection of the beam can be obtained by

substituting Equation 2-8 into Equation 2-5

av? ke x’

T (6L* —4Lx +x*)V? (2-9)

y:
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To further realize relationship between the deflection and the dimensions, Equation

2-6 can be substituted into Equation 2-9,

V2 kg,x’ 5 )
=— X x(6L" —4Lx +x 2-10
Y= < 2 ( ) (2-10)
Therefore,
V2
oc 2-10
A (2-10)

For a certain deflection, the required voltage is related to the Young’s modulus and the

thickness:

I 3

Vo E?b? (2-11)

For a polysilicon cantilever beam and a PDMS cantilever beam with the same

dimensions, the difference in required voltages is related to their Young’s moduli.

L 1
Vpo]ysi]icon — (Epolysilicon Jz _ ( 170GPa jz = 476
Vepms E pouis 750KPa

For a polysilicon film deposited by LPCVD, the thickness is generally about 1pum. But
the thickness is about 8um for a spun on PDMS film. If the thickness is taken into

account, the difference in required voltages is:

1 3 3
Vpolysiticon _ (Epolysilicon Jz (bpolysilicon ]2 — 476 % (l) > 20.04
Voous E poums bpoms 8

Therefore, the voltage applied to the PDMS beam is about 20 times less than that to

the polysilicon beam and the PDMS beam can be driven with a much lower voltage.
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2-3 Nonlinear Restoring Force
Figure 2-6 shows an elastic bar with length | and cross section area A. when a
compressive load P is applied on its top surface, the bar deformed from L to L-0 in

length. The elastic coefficient of the bar can be denoted as:
P
k=— 2-10
3 (2-10)

If the Young’s modulus of the bar is E, then substitute Equations 2-1, 2-2, and 2-3 into

Equation 2-10, the elastic coefficient can be denoted as:

k=2
L

E (2-11)
As shown in the equation, the elastic coefficient of the bar is proportional to the ratio
of cross section area to the length (A/L);

For behaviors of PDMS structures in compression, Figure 2-7 (a) shows a
quarter cross section of a PDMS post sandwiched between two rigid plates. The post
is 3um in height and 2um in radius. As shown in Figure 2-7 (b), the shape of the post
changes a lot after it is compressed, and its side surface is brought into contact with
the plates. When the PDMS post is compressed more, the contact area would get
increased, and results in the increasing of the cross section area, as shown in Figure
2-7 (c). When the PDMS post is compressed, the ratio of cross section area to the
length get increased, and results in the increasing of the elastic coefficient. Therefore,
the relationship between the elastic restoring force and the compressive displacement
is nonlinear. The behavior of a PDMS post undergoing a large deformation involves
hyperelasticity, and will be simulated with the finite element analysis software,

ANSYS, in this study.
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Figure 2-6 A bar in compression.

(b)

Figure 2-7 Quarter cross section of PDMS post. (a) The original height is 3um,

(a) 1.8um in height after loaded (b) 1.4um in height after loaded.
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2-4 Device Design

The schematic of the device is shown in Figure 2-8. As shown in the figure, the
proposed device is composed of a top electrode, a bottom electrode, and PDMS
structures between them. Figure 2-9 shows the fabrication process. First, the substrate
is heavily doped and will be used as the bottom electrode. Then, SiO, is deposited on
the substrate to form the sacrificial layer. Then the sacrificial layer is patterned to
form the cavities for PDMS to fill. PDMS is then cast on the SiO; layer. After the
PDMS on the surface is removed, the PDMS remaining in the cavity forms the
elastomer structures. The Si0O, layer is then patterned to define the anchor of the top
electrode. The structure layer is then deposited and patterned. Finally, the device is

released by removing the SiO; layer. .40,

Topelectrode

> Py

Figure 2-8 The schematic of gap-closing actuator with PDMS posts

il |
(a) Substrate doping (d) Cavities definition (9) Top electrode fabrication
- T
b) Insulating layer e
b) " e (¢) PDMS filling (h) Device releasing
depositing
|
(c) SiO, deposition (f) Anchor definition

Figure 2-9 Schematic fabrication processes
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2-4-1 PDMS Posts

The PDMS was molded into the shape of a post. The height of PDMS is the
thickness of the sacrificial layer. The thickness must be reasonable for the deposition
process of the sacrificial layer, which is the typical PECVD SiO,. The thickness, and
therefore the gap between two electrodes, should also be reasonable to provide
enough electrostatic force. Therefore, a height of 3pum of the PDMS post is chosen in
this study.

The radius of the PDMS post is related to the elastic restoring force. The elastic
restoring force is calculated with the finite element analysis software, ANSYS. Some
element types in ANSY'S have the function to simplify a 3D axi-symmetric simulation
to a 2D simulation with equivalent behavior. ,With such a function, 3D axi-symmetric
model can be simplified into its half cross'section. Besides, ANSY'S has the function
to simulate the behavior of contact.'When the PDMS post is compressed, its lateral
expansion should be constrained by top*and bottom €lectrodes. The behavior of
contact between the electrode and the lateral surface of PDMS can be simulated with
the condition of a contact pair applied on them. The simulation result of compressed
PDMS without and with the condition of a contact pair are shown in Figure 2-10 (a)
and (b) respectively.

To obtain the relationship between the elastic restoring force and displacement,
displacement boundary condition was set on the top electrode, and the deformation
and reaction force of PDMS post was simulated by the software, as shown in Figure
2-11. The simulation of the PDMS post includes large deformation and contact pair.
To simulate its behavior with a 3D model would be time consuming. So a 2D cross
section of the post was built as the model. With the 2D model, the calculation will be

much more efficient, and the finite element model can be meshed finer for more
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accurate results.

For simulation, 750KPa as Young’s modulus and 0.4 as Poisson’s ratio was set.
Four models with radius 2um, 3pum, 4pum, and 6um and height of 3um were simulated.
The model and boundary conditions are shown in Figure 2-12. Since the PDMS post
is axi-symmetric, its model can be substituted by a half cross section, which is shown
in Figure 2-12 (b). In addition, since the upper part and lower part of the cross section
1s symmetric, the half cross section can be further simplified into a quarter cross
section, which is shown in Figure 2-12 (c). The contact pair is applied to the side wall
of the PDMS post and the electrode plate, so the expansion of PDMS post is

constrained by the electrode plate.

Figure 2-10 Simulation result (a) Without, and (b) With the contact pair.
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Figure 2-11 The concept of applying load on the model of PDMS post
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The finite element model and simulation results of a PDMS post with radius 2pum
and height 3um are shown in Figure 2-13. The 3D expansion of the cross section is
shown in Figure 2-13 (d). To obtain the curve of the elastic restoring force vs. the
displacement, the displacement boundary condition was increased step by step, and
corresponding elastic restoring force was calculated by ANSYS. The curve of elastic

restoring force vs. displacement is shown in Figure 2-14.
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Figure 2-13 For the simulation of PDMS post,(a) Finite element model (b) Deformation and

strain distribution () Strain distribution (d) 3D expansion
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Figure 2-14 Elastic restoring forces of PDMS posts vs. displacement
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As shown in the figure, the elastic coefficient is larger for larger displacement.
So the simulation results show that the elastic restoring force of the PDMS post is
nonlinear. The force to compress the PDMS post with a radius of 6um is too large and
such a PDMS post will not be placed in the device. Therefore, the PDMS posts placed
between electrodes are determined to have height of 3um and radii ranges from 2um
to 4um.

Furthermore, two imaginary devices can be used to compare the actuators with
linear and nonlinear elastic restoring forces. As shown in Figure 2-15, top electrodes
in both actuators are 120umx 120pum. The spring in the Figure 2-15 (a) are composed
of two polysilicon beams with length of 100um, width of 20um, thickness of 1um,
and Young’s modulus of 170GPa. The elastic, coefficient of such a beam can be

obtained by the Equation 2-12 [18]. |

1

i ‘3“‘ ‘1
_ Ex thickness™ x width =‘6.8%

k : 2-12
length’ &12)
um
Z v 2
A N 3um K (i) Vv
A
L
Top view Side view
(@)
120um
— v
120um
L |
Top view Side view

(b)

Figure 2-15 Two gap-closing actuators with (a) a linear structural restoring force, and (b)

restoring force provided by PDMS post.
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The PDMS post with a radius of 2pm is used as a comparison. The linear and
nonlinear elastic forces are compared to the electrostatic force, as shown in Figure
2-16 (a) and (b), respectively.

The intersection of the elastic restoring force and the electrostatic force is the
equilibrium point and the corresponding displacement is where the electrode is
displaced at that voltage. As shown in Figure 2-16 (a), the electrostatic forces due to
voltages lower than 6.4V have intersections with the elastic restoring force. Therefore,
the actuator is controllable below this voltage. Above 6.4volt, there is no intersection.
The elastic restoring force is less than the electrostatic force, and the pull-in effect
occurs. The equilibrium displacement at 6.4V is the limit of controllable
displacements, which is 1/3 of the original gap.

In Figure 2-16 (b), the electrostatic forces from:2.4V to 7.4V have intersections
with the elastic restoring force. The equilibrium displacement at 7.4V is 1.92um,
which is the 64% of the original gap. Therefore, the.graph reveals that the actuator
with a PDMS post placed between electrodes can move for at least 64% of the
original gap. Compared with the actuator with linear restoring force, the actuator with

the PDMS post greatly extends the controllable displacement.
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Figure 2-16 Elastic restoring force and electrostatic force
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2-4-2 Top Electrode

(a) Top veiw

(b) Side veiw

Figure 2-17 Schematic layout and side view of the devices.

force can be obtained by the Equation 2-7. On the other hand, the elastic force is

obtained from Figure 2-14. The elastic restoring force of PDMS posts with radius of
3um would be used as the example.

It is assumed that the applied voltage is 80V when the top electrode displaces
1.5pum. From Figure 2-14, the elastic restoring force provided by the four PDMS posts
would be 168uN for the above displacement, Therefore, to obtain an electrostatic
force of 168uN for the remaining gap of 1.5um at the applied voltage of 80V, an area
of 13323um?” is needed from Equation 2-7. A square top electrode with the dimension
120x120 um? is then determined, for which the area (14400 um?®) is close to

13323um>
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2-4-3 Position of PDMS Posts and Thickness of Top Electrode

As shown in Figure 2-17, the top electrode is supported by four PDMS posts.
However, the position of PDMS posts influences the performance of device. As
shown in Figure 2-18, if the PDMS posts are placed too close to center, the edge of
the top electrode may be pulled down more than the center. On the other hand, if the
PDMS posts are placed too close to the edge, the center of the top electrode may be

pulled down more.

M v
(a) (b)

Figure 2-18 Schematic of (a) PDMS posts are placed too close to center.

(b) PDMS posts are placed tooclose to the edge

To find out the appropriate position to‘ pléée the PDMS posts with ANSYS
simulation, the top electrode was'modeled as an elastic plate with the shell element. It
is a 2D element and is used to simulate the'deformation of plates. The Young’s
modulus and the effective thickness were set as 170GPa and 1um, respectively. The
electrostatic force was modeled as uniform pressure, for which the value is 20KPa,
and the position of PDMS was modeled by four areas on the elastic shell which were

fixed in the z direction. Figure 2-19 shows the concept of this simulation.

Pressure

Elastic shell

Pt

X

Fixed areas

Figure 2-19 Schematic of this simulation of deflection of top electrode
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As shown in Figure 2-20, this model was symmetric in x and y direction, so it could
be simplified by a quarter model. Symmetric boundary conditions were set on the
left-hand side and downside. By changing the position of the fixed area, the

simulation would reveal the appropriate position to place the PDMS posts.

-

Symmetric

Displacement = 0

L

Figure 2-20 Schematic of simpli . electrode to the quarter model

N
Az =0.101um Az =0.163um Az =0.131um Az =0.155um
Az =0.150um Az =0.105um

N
Az =0.164um Az =0.150pm

Figure 2-21 Z-direction displacement distributions for various positions of the PDMS posts.
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Figure2-21 shows the influence of the position of the PDMS posts on the
deformation of the top electrode. In this model, the top right corner represents the
corner of top electrode, and the bottom left corner represents the center of top
electrode. The left and bottom edges are the symmetric axes of the square plate.
Therefore, in Figure 2-20 (a), the center and edges of the top electrode are pulled
down more; in Figure 2-20 (b), the center, edges, and corners of top electrode are
about the same distance from the bottom; in Figure 2-20 (c), the edges and corners of
top electrode are pulled down more. This result shows that the PDMS posts should not
be placed too close to the corner or center of top electrode. Otherwise some part of the
top electrode would be pulled down more. Therefore, 27um would be the appropriate
distance to place the PDMS posts away, from.the edges. The position of PDMS post
was then determined as 27 micron from gdge of top electrode.

As shown in Figure 2-22, when a voltage is applied between two electrodes, both
the PDMS posts and the top electrod¢ deform due to'the electrostatic force.
Deformation of top electrode would decrease the gap between two electrodes and
increase the electrostatic force. Therefore, to achieve a certain displacement, the
required voltage was less than expectation. So, if the top electrode may deform due to
insufficient stiffness, the relationship between displacement and applied voltage is not
only governed by the elastic restoring force, the deformation of top electrode should
also be taken into account. To ensure that the displacement of the top electrode is not
influenced by its deformation, it is assumed that when the compression displacement
of PDMS post is 1.8um, the deformation of the top electrode is within 0.1um. The

elastic restoring force of PDMS post with 3pum in radius is taken as reference.
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Deflection of
top electrode

Compression displacement
of PDMS elastomer post

Figure 2-22 Deformation of the top electrode and the PDMS post when a voltage is applied

To observe the difference between devices with an elastic top electrode and a
rigid top electrode, an imaginary device composed of rigid top and bottom electrodes
and a PDMS post sandwiched between them was built. The area of the top electrode is
60 x 60pum?, and the PDMS post is 3um_in height and 2pm in radius. When the
displacement of the top electrode:is 1.8pum; the elastic restoring force of the PDMS
post is 77uN from Figure 2-14.To balance such a foree for the remaining gap of
1.2um, the applied voltage between these two electrodes is 83V obtained from
Equation 2-7. On the other hand, if the ¢lasticity of the top electrode is taken into
account, the voltage needed to achieve such displacement would be less. The behavior
of the top electrode was analyzed by ANSYS.

Figure 2-23 shows the concept of simulation. In this model, the top electrode and
the bottom electrode were built. The top electrode was a quarter model with
symmetric boundary conditions on the left and bottom edges. The support of PDMS
was substituted by an area, on which we set displacement of -1.8um in z-direction in
simulation. Voltage was applied between two electrodes, and the top electrode was
deformed by the electrostatic force. The Young’s modulus and Poisson’s ratio of
140GPa and 0.3 were set respectively for the top electrode, and the bottom electrode

was assumed to be rigid.
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ottom electrode

Top electrode
Set displacement

Set symmetric boundary condition

Figure 2-23 Schematic of the simulation of thickness of top electrode

For a top electrode with thickness of 0.8um, the voltage needed to achieve the

electrostatic force of 77uN is 71.4V, bu.t Ih_,q: dqﬂectlon of top electrode is 0.33um. On
l:'-f*

s ofl 2um, the voltage needed is

80.6V and the deflection of top: Gfectl:ode tﬁ*ﬁ"O%hIﬂ 'whlch is within the requirement
- '. bt "‘—4‘

mentioned above. Therefore, the 'ﬂ:ngkne 53 of top e]}gt:trode is determined as 1.2pum.

l.-:"l_ -'
¥ Pl .

13
Figure 2-24 (a) and (b) show the 51mulat10ﬁ Jresults of top electrodes with 0.8um and

1.2um in thickness.
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Deflection = 0.33um

(a) 0.8um-thick electrode

Deflection = 0.096um

(b) 1.2um-thick electrode

Figure 2-24 Simulation of the top electrodes with different thickness.
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2-4-4 Connecting Beam

In the device, the beam connecting the top electrode and the anchor also provides
an elastic restoring force. But the force should be insignificant, or it will influence the
performance of the device.

Figure 2-25 shows the dimensions of the connecting beam. As calculated by
ANSYS, when the top electrode displaces 1.8um downward, such a connecting beam
would provide restoring force of 7.36uN. But the elastic restoring force provided by
the four PDMS posts is 308uN from Figure 2-14. Therefore, the elastic restoring force

of the connecting beam can be ignored.

(@)

Figure 2-25 Dimensions of the connecting beam.
2-4-5 Full Device
Figure 2-26 (a) shows a part of the layout. And Figure 2-26 (b) shows the 3D
model of the device. To estimate the displacement vs. applied voltage of the actuator,
an imaginary device was built, as shown in Figure 2-27. Suppose that the top
electrode is rigid, to actuate the device for a certain displacement, the elastic restoring

force of PDMS posts can be obtained from Figure 2-14. The voltage required to
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provide the equivalent electrostatic force for such a gap and area can be obtained from
Equation 2-7. Therefore, the displacement vs. applied voltage of the top electrode can
be obtained. Figure 2-28 shows the displacement vs. applied voltage of devices with
various radii PDMS posts.

As shown in the Figure, the relationship of voltage and displacement is nearly
linear in the later part of the curve. But for the device with PDMS post of 2pm in
radius, the displacement vs. voltage is relatively nonlinear. As shown in the figure, the
slope of the curve increases gradually for applied voltage less than 40V, but after the
voltage exceeds 40V, the slope seems starting to decrease. One possible reason is that
before the lateral surface of posts are contact with the electrodes, the elastic restoring
force is nearly linear, therefore, the top .electr.o_de displaces faster and faster. After the
surfaces are contact, the elastic rest-orlng Hrce mégeases rapidly and nonlinearly,

]
Ity

therefore, the top electrode dlsplaces slower e |

(a) (b)
Figure 2-26 (a) A part of layout (b) 3D Model.
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Figure 2-27 The schematic of the device for estimation of the displacement.
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Figure 2-28 Displacement vs. applied voltage for various PDMS posts
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IT -~ Fabrication Process

There are two devices in this study: one is a gap-closing actuator with PDMS
posts placed between two electrodes; the other is a PDMS cantilever beam. Their
process flows will be introduced in this chapter. Results and issues related to
fabrication will be discussed.

3-1 Gap-closing Actuator with PDMS Posts
The schematic of a gap-closing electrostatic actuator with PDMS elastomer posts
placed between the two electrodes is show in Figure 2-8. The device is composed of
the top and bottom electrodes and the PDMS posts.

The first step is to form the bottom electrode by heavily doping the substrate, as
shown in Figure 3-1 (a). The n type substrate'has a Sheet resistance of about 35.2Q) /]
measured by the 4-point probe method. To preévent the formation of p-n junction in the
substrate, the surface was doped with phosphorous by diffusion; the process gases of
PCl; and O, were delivered into the diffusion’ furnace by N, at 900°C for half an hour
to form a thin SiO; layer on the surface with phosphorous, and wafers were then
annealed for half an hour to drive the dopant in. The sheet resistance of the n" region
was measured as1.83Q /[ ].

After the doping step, a thin SiO, film remained on the surface. This layer was
removed by BOE. Then a LPCVD Si3N, layer of 2500A was deposited for insulation
between the top and bottom electrodes, as shown in Figure 3-1 (b). The process gases
of 35sccm SiH,Cl, and 105sccm NH; were delivered into the furnace at 180mTorr at
800°C for 45min. With an ellipsometer, the thickness of the Si;N, layer was measured
as 2750A.

Then the SisNy4 layer was patterned to define the contact window of the bottom
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n' region (mask #1), as shown in Figure 3-1 (c). Through this contact window, the n”
region of substrate and the external circuit were connected. The window was defined
with RIE with process gases of 30sccm SF¢ and 10sccm CHF3 and chamber pressure
of 50mTorr. The RF power was 100watt and the etching time was 90seconds.

After the contact window was defined, a layer of 3um-thick SiO, was deposited
on the Si3;Ny layer by PECVD, as shown in Figure 3-1 (d). Process gases of 400sccm
05 and 10sccm TEOS were delivered into the chamber at 300mTorr at 300°C . The RF
power was 200watt and the deposition time was 28minutes. With an ellipsometer, the
thickness of SiO, layer was measured as 2.85um. Cavities on this SiO; layer would be
defined subsequently. The cavities would be filled by PDMS to form the PDMS
structures. This Si0, layer would also be taken as the sacrificial layer for the top
electrode.

The layer of 3um SiO, was patterned with RIE (mask #2) to form the cavities for
PDMS to fill, as shown in Figure'3=1"(e). The S10; layer was patterned with RIE
rather than BOE wet etching because wet etching causes under cut. Process gases of
30scem SF¢ and 10scem CHF; were delivered into the chamber at 50mTorr. RF power
was 100watt and the etching time was 25 minutes. The cavities defined by mask #2
were then filled with PDMS, as shown in Figure 3-1 (f). The process steps to fill the
cavities with PDMS will be discussed later.

The SiO; layer was then patterned with BOE wet etching (mask #3), as shown in
Figure 3-1 (g). Anchors of the top electrode were defined in this step. BOE wet
etching was used rather than RIE due to its good etching selectivity between SiO; and
Si3Ny.

To determine the material of the top electrode, several processing issue should be

considered. The first issue is temperature. The tolerable temperature of PDMS is
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250°C. LPCVD poly silicon is used as structure layer in many MEMS applications.
But its processing temperature exceeds 500°C and PDMS will be destroyed at such a
high temperature. The processing temperature of PECVD amorphous silicon is 250°C,
which is tolerable for PDMS, but its conductivity and adhesion to the substrate is poor.
Conductivity of metal is much better than that of amorphous silicon, and the
processing temperature is close to room temperature. To deposit a metal layer, sputter,
evaporation, and electroplate processes are available. The second issue is the
resistance to HF. Materials that resist HF include chromium, tungsten, platinum,
copper, gold, and silver [19]. After the adhesion to substrate and cost are taken into
account, chromium is chosen as the material of top the electrode.

After the anchors were defined, a chromium layer of 1.2um was deposited by
sputtering, as shown in Figure 3-1'(h). This chromium layer would be taken as the
material of the top electrode. Process gas of 20sccm Ar was delivered into the
chamber at 4.5mTorr. The DC cutrent was Tamp and the deposition time was
70minutes.

The chromium layer was then patterned by CR7T wet etching, as shown if
Figure 3-1 (i). The thickness was measured as 1.25um (by an interferometer). The
patterning process must be controlled precisely. Otherwise, due to the undercut caused
by wet etching, the connecting beam will after releasing. Finally, the devices were

released by removing the SiO, by HF, as shown if Figure 3-1 ().
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(a) Heavily dope the silicon wafer (f) Fill the cavities with PDMS
B BN

(b) Deposit Si,N, (g) Pattern SiO,, layer (mask #3)

(c) Pattern Si,N, layer (mask #1) (h) Deposit chromiumlayer

I il e

(d) Deposit SiO, layer (i) Pattern chromiumlayer (mask #4)

(e) Pattern SiO, layer (mask #2) |

|
i

| = (j)Release devices

Si SiaNe - Si0; PDMS Cr
Figure 3-1 Fabrication process of actuator with PDMS elastomer

Conductivelayer
PDMS cantilever beam

Insulating layer

A

Silicon substrate

Figure 3-2 Schematic of PDMS cantilever beam
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3-2 PDMS Cantilever Beam

This section describes the processes manufacturing for the PDMS cantilever
beam. The schematic of the device is shown in Figure 3-2. As shown in the figure,
there is a conductive layer below the PDMS cantilever beams to provide electrostatic
force to actuate the device. The conductive layer is separated from the silicon
substrate with an insulating layer.

The fabrication process is shown in Figure 3-3. The first step was to heavily dope
the substrate. A Si3Ny4 layer was then deposited and patterned (mask #1). A SiO, layer
was then deposited, as shown in Figure 3-3 (a) to (d). The process flows above were
the same with the process flows to manufacture the gap-closing actuator with PDMS
posts. Then the SiO, layer was patterned. with BOE wet etching (mask #2), as shown
in Figure 3-3 (e). Anchors of the top electfode Were defined in this step. A 500A
chromium layer was then deposited by sputtering, as shown in Figure 3-3 (f). Process
gas of 20sccm Ar was delivered mto the chamber-at4.5mTorr. The DC current was 1
amp and the deposition time was 3minutes. The chromium layer was patterned with
CR7T wet etching. The patterned chromium layer was taken as the conductive layer
of the PDMS structure. The structural PDMS film was then spun on the substrate, as
shown in Figure 3-3 (g). The spin rate parameters were 1000rpm for 30 seconds and
7000rpm for 4minutes. The thickness of the PDMS film was measured as 5.6pum. The
surface of PDMS was then treated by O, for better adhesion to the later aluminum
layer. The O, plasma treatment was accomplished in a PECVD chamber. Process
gases of 400sccm O, was delivered into the chamber at 300mTorr at 250°C, the RF
power and treating time were 100watt 10 seconds respectively.

A 1000 A aluminum layer is then deposited by sputtering. Process gas of 20sccm

Ar was delivered into the chamber at 4.5mTorr. The DC current was 1 amp and the
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deposition time was 8minutes. The aluminum layer was then patterned with wet
etching, as shown in Figure 3-3 (h). The patterned Aluminum layer would be taken as
the hard mask for RIE. Then PDMS layer was patterned, as shown in Figure 3-3 (1),
the processes will be discussed in detail later. Finally, the aluminum and SiO; layer

were removed by HF to release the device, as shown in Figure 3-3 (j).

e T

(a) Heavily dope the substrate (f) Deposit chromium on wafer
and patternit (mask #3)

| . .

(b) Deposit Si,N, .iyues. (9)Spincoat PDMS onthe wafer

L

(c) Pattern SiN, layer(mask #1) /15t **"(h) Deposit aluminum on wafer
and patternit (mask #4)

(d) Deposit SiO, layer (i) Transfer the pattern from the
aluminum layer to PDMS by ICP RIE

B I N ]

(e) Pattern SiO,, layer (mask #2) (i) Release devices

Si Si,N, SiO, PDMS Cr Al
Figure 3-3 Process flow of PDMS cantilever beam.
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3-3 Processing Issues
3-3-1 Thickness of PDMS Films vs. Spin Rate

The PDMS used in this study is Sylgard 184 from Dow Corning. The product
includes two parts: one is the PDMS base, the other is the curing agent. Both of them
are transparent liquids. First these two parts should be completely mixed with the ratio
10:1 by weight. The mixed liquid was then poured into the mold. Because PDMS is
viscous, it can trap air during mixing. So after pouring the mixed liquid into mold, the
trapped air should be removed vacuum degassing. To cure PDMS, it can be just left
intact for 24 hour at room temperature. The curing time can be reduced by increasing
the temperature. It takes 1 hour to cure PDMS completely at 100°C.

Test experiments were performed to obtain the relationship between the thickness
of PDMS and the spin parameters. The tesult is shown in Figure3-4, the PDMS layer
were spun on with the first spin-of 1000rpm for 30sec; and parameters of second spin
are shown in figure.

When the device was fabricated, the parameters of PDMS spin coating was
1000rpm for 30sec. and 6000rpm for 4min. From Figure 3-4 this parameter should
have resulted in a thickness of 6.7um. However, the measured thickness was 5.6um.
Since test experiments were carried out about one hour after PDMS mixing and in
device fabrication it was about 30minutes after mixing, one possible reason could be
that the viscosity of PDMS increases with time after mixing because of the cross
linking reaction. Therefore, the thickness is not only related to the spinning

parameters but also time interval between mixing and spinning.
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Figure 3-4 Thickness of PDMS vs. spin time for spin rate of 7000rpm and 6000rpm.

3-3-2 Cavity Filling with PDMS

In this study, two methods were used to fill the cavities with PDMS. The first
method was modified from that reported by X. Yang [14]. PDMS is difficult to
remove once it is coated on the substrate. So the filling of PDMS in the cavities was
achieved by a wet lift off process, as shown in Figure 3-5. After the SiO; layer was
patterned by RIE (Figure 3-5(a)).

The mixed PDMS was cast on the substrate, which was then placed in a vacuum
chamber to remove the air trapped in PDMS (Figure 3-5 (b)). The surface of the
substrate was wiped by a piece of cotton paper before PDMS was cured (Figure 3-5
(¢)). A thin PDMS film would remain on the surface after wiping. The substrate was
then flipped over and dipped into acetone immediately. The remaining PDMS would

be lifted off (Figure 3-5 (d)).
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(a) Define the cavities by RIE (c) Wipe the surface of the substrate

(b) Spin coat PDMS on the substrate (d) Remove the photoresist by acetone
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Figure 3-5 The first methodtorillthe avities with PDMS.

Figure 3-6 The dimples on the top electrode
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Figure 3-6 shows the device in which the PDMS posts were formed by this
method. The dimples on the top electrode were where the PDMS posts were placed. It
is shown that the cavities were not fully filled by PDMS by this method. The depth of
the dimples range from 1um to 1.5um.

In the second method, PDMS was removed by RIE, as shown in Figure 3-7. After
the mixed PDMS was cast on the substrate and degassed, it was cured at 100°C for
lhour. The thickness of PDMS on the photoresist was measured as 4.8um. To remove
the PDMS film by ICP RIE, process gases of 75sccm CFsand 25sccm O, were
delivered into the chamber at 30mTorr. The ICP power and the etching time were
200watt and 8 minutes, respectively. Then the photoresist was removed by acetone. If
there was any PDMS remained on thg .photore§;§t, it could be cleared in this step.

Figure 3-8 shows the device 1n V\;hic}; ;t}.‘le" PDMS elastomer posts were formed by

the second method. The dimples on the topf,e'l'e.ctrode reveal that the cavities were
=, | =

filled better than in the first metfi'od.nThé de"ﬁfl;l"qf the dimples range from 0.5um to

Ium.

(a) Define the cavities by RIE (c) Remove redundant PDMS on
top of photoresist by RIE

(b) Spincoat PDMS on the substrate  (d) Remove photoresist by acetone

Si Si;N, Si0,  Photoresist ~ PDMS

Figure 3-7 The second method to fill the Cavities with PDMS.
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Figure 3-8 Dimples onithe top électrode reveal that the

cavities were filled belter Wiﬁhl secbnd“ rﬂn‘ethod.

1

3-3-3 O, Plasma Treatment

In this study, the positive photoresist AZP 4620 was used in photolithography.
Figure 3-9 shows the photoresist spun on PDMS. It can be seen that photoresist tends
to shrink to reduce the contact area and form circular holes, as shown in Figure 3-9 (a).
Figure 3-9 (b) shows the photoresist which was spun on PDMS and soft baked at
90°C for 90sec.Cracks in photoresist can be observed. The results show that the
adhesion between photoresist and PDMS is extremely poor.On such a PDMS layer,
the photolithography is not able to be performed.

The adhesion can be improved by the treatment of O, plasma. O, plasma treatment
oxidizes the surface of PDMS, and converts the —OSi(CHs3),0O- groups at surface
to —O ;Si(OH)4., groups [9, 10]. The property of oxidized PDMS surface will be

similar to that of SiO,, which is hydrophilic. In addition, HMDS is also necessary to
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obtain good adhesion between photoresist and PDMS. Figure 3-9 (c) shows the
patterned photoresist on the surface of PMDS which was treated by O, plasma and

coated with HMDS.

o, ”

(a) Sbhq phoforesist.on PDMS
= .

— : I:: iwl "‘\\l.:" I'lj' =

(b) After photoresist was spun on PDMS and soft baked, it split.
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(c) After the surface of PDMS was treated with O plasma and coated by HMDS,

photolithography can be performed on it.

Figure 3-9 The relationship betwezqn::pfhi);téré's'lsp and PMDS. PDMS in (a) and (b)
was not treated with 02 pIasmét.butPDMi%ih gd)‘*wéé‘_t“reated with 02 plasma.

.
P f =
| b ]

To fabricate the gap-closing aotuator'wfth II-"]f)ll\{I.S;J.i;osts, after the cavities are filled
with PDMS, the next step is to deﬁ;;en..‘;fl"e' éﬁc’lnl'o‘fvgmask #3), as shown in Figure 3-1
(g). However, the untreated PDMS has poor adhesion with subsequent photoresist
layer. It is necessary to treat the PDMS with O, plasma to enhance adhesion.

When the photolithography was performed without the O, plasma treatment, the
photoresist would peel off during developing the pattern on it. The peeling of
photoresist is caused by the poor adhesion between photoresist and PDMS, even
though the PDMS only occupies very small area. Figure 3-10 (a) shows the patterned
photoresist on an untreated surface. Figure 3-10 (b) shows the patterned photoresist on
the treated with O, plasma suface.The O, plasma treatment can eftectively improve

the adhesion, so that photolithography can be facilitated.
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~ Cavitiesfilled
Photoresist with PDMS

- —

(a) Without the treatment of Oz plasma

Cavities filled with PDMS

(b) With the treatment of O, plasma

Figure 3-10 Pattern of photoresist after cavities were filled with PDMS.

Figure 3-11 (a) shows an aluminum layer deposited on PDMS. As shown in the
figure, the quality of the aluminum film sputtered on the untreated PDMS was very
bad. It was badly wrinkled. Besides, the adhesion between aluminum and PDMS was
very poor and photolithography and wet etching were not able to be performed. To

improve the aluminum film quality on PDMS, the surface of PDMS can be treated by
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O, plasma. Figure 3-11 (b) shows the aluminum film deposited on O, plasma treated
PDMS. As shown in the figure, the film was a little rough but not wrinkled. After the
treatment of O plasma, the adhesion good is enough to perform photolithography and

wet etching.

(b) Aluminum film deposited on O plasma treated PDMS.

Figure 3-11 Aluminum film deposited on PDMS.

55



3-3-4 Patterning of Chromium Layer
The connecting beam is the least strong part in the device. If the connecting
beam is too narrow due to processing errors, it will easily break when the device is

released. In the fabrication process of the gap-closing actuator with PDMS posts,

(b) With filter lens

Figure 3-12 Effect of the exposure filter on the process yield.
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the chromium layer was patterned by photolithography and wet etching. The
photoresist used in the photolithography was AZP 4620 with thickness of 7pum, and
the chromium layer was etched with CR7T. Both of these two steps introduced errors.
Figure 3-12 (a) shows the released device whose connecting beams were broken
during releasing. As shown in the graph, the yield of process is very poor. Since wet
etching always introduces undercut, light source in photolithography plays an
important role to improve the process yield. To obtain better exposure, a filter lens
was added during exposing. The filter lens will filter out the light with wave length
longer then 365nm. Therefore, the width of the connecting beam can be maintained.
Figure 3-12 (b) shows the released devices fabricated by adding a filter during

exposure.

3-4 Fabrication Result
3-4-1 PDMS Posts

Figure 3-13 (a) shows the SEM photograph after SiO, cavities were filled with
PDMS by the second method mentioned in Section 3-3-2. As shown in the figure, the
PDMS posts are little higher than the surface of SiO, Figure 3-12 (b) shows the
PDMS posts after removing SiO, layer. As shown in the figure, PDMS posts are not a
perfect cylinder. The top surface of the PDMS post is rough. The rough surface of
PDMS caused by RIE was mentioned in the study of Garra et al. [12]. Besides, there
is a ring around the PDMS post. A possible reason is shown in figure 3-14. Before
Si0, was removed, the cavities were slightly overfilled with PDMS. After SiO, was
removed, the overhanging part had no support and dropped to the substrate and,

therefore, formed the ring.
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(b)PDMS posts with the SiO, layer removed.

Figure 3-13 PDMS posts
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Figure 3-14 Schematic of the ring formed around the PDMS post

3-4-2 Chromium Structure Layer

After the device was released, the chromium layer was taken as the top electrode.
Figure 3-15 shows the SEM photograph of a device. To observe the suspension of the
top electrode, the surface profiles were measured by a WYKO NT1100 interferometer.
The profile image of a device is shown in Figure 3-16. As shown in the figure, the top

electrode is curled, which indicates a residual stress in the deposited film.

Figure 3-15 SEM photograph of the device.
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Figure 3-16 Profile image obtained from WYKO NT1100 interferometer.

Residual stress in a thin film is'composed of a uniform component and a gradient
component, as shown in Figure 3517."Fhe uniform residual stress causes slight
elongation or shortening of the structure, but the value can not be measured. Gradient
residual stress causes curling and its value can be obtained by measuring the radius of
curvature of the film. Relationship between gradient residual stress and radius of

curvature of a cantilever beam is shown in the following equation [20],

o, =x 1 (3-1)

2 p,
where E is Young’s modulus, H is the thickness, and py is the radius of curvature of
the film.
To obtain the residual stress, the surface profile of a cantilever beam was

measured by the interferometer, as shown in Figure 3-18. Radius of curvature of the

beam is about 1600um. With the Young’s modulus of 140GPa and thickness of
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1.25um, the value of o, is calculated as 54.7MPa.
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Figure 3-17 Residual stress in a cantilever beam.

Due to the gradient residual stress,, the top electrode is not flat; the gap between
top electrode and the substrate is:arger-at the ¢entet-and smaller at the corners. The
gap at the center of top electrode is 2.66um; and 1s 1.74pum at corner. The radius of the
top electrode is about 2200um from Figure 3-16. This value is greater than the
cantilever beam. The radius of curvature of the plate can be obtained by the Equation

3-2.

N :l(ijﬂ 32)

l1-v /o,

where v is the Poisson’s ratio. For chromium v is 0.3. By substituting o, calculated
from the cantilever beam, a radius of curvature of 2285um was obtained from
Equation 3-2, which is close to the measured value in Figure 3-16. However, the
variations in radii of curvature for chromium structures are large. The radii of
curvature of the top electrodes range from 1500um to 2500um, and for cantilever
beams, the radii range from 600um to 1500pum. One possible reason is that the

distribution of residual stress in the chromium film is not uniform.
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Figure 3-18 Surface profile of a cantilever beam

3-4-3 PDMS Cantilever Beam

The patterning of the PDMS layer was completed by ICP RIE and PECVD with
the process parameter of chambet.¢leaning. In this process, an aluminum film was
used as the masking layer. RIE process gases include 75sccm CF4and 25scem O,, and
the chamber pressure is 30mTorr. The PDMS film was etched for 12minutes and
30seconds with an ICP power of 200watt. Figure 3-19 shows the SEM photograph of
the device after RIE, in which the aluminum film was removed. As shown in the
figure, a 8000A-thick of PDMS layer remained on the substrate after RIE. The
remained PDMS was etched in the chamber of PECVD with the process parameter of
chamber cleaning. Process gases of 400sccm CF4 and 100sccm O, were delivered into
the chamber at 250°C . The RF power and process time were 300watt and 30min. After
the process, there was a layer of ashes remaining on the SiO,, which is shown in
Figure 3-20. The SEM photograph of the device after the PDMS layer was completely

etched is shown in Figure 3-21.
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Figure 3-19 SEM photograph of the i%ﬁﬁiﬁﬁg f't.pe PDMS layer was first etched by RIE.
O e,

Figure 3-20 The photograph of the devices after the PDMS layer was patterned.
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Figure 3-21 SEM photograph of the devices, after the PDMS layer was completely etched
After the PDMS film was etched, the; aluminﬁm hard mask and the SiO, layer

were removed simultaneously by :49% HF. ‘Fig‘ﬁre 3-22 shows the photograph of the
released device. As shown in Figure 3-22, despite the ashes on the surface, the SiO,
layer was easily etched. Figure 3-23 shows the SEM photograph of a cantilever beam.
As shown in the figure, the PDMS cantilever beam was stuck on the substrate. So the
structural force of the PDMS cantilever beam and the underneath chromium layer
were not enough to suspend itself. Therefore, the actuation of the device would not be
performed. Compare Figure 2-23 to Figure 2-21, the PDMS structure seemed to
reflow and became smooth. A possible reason is that when the PDMS was freed, its

structure tends to cohere to achieve a state with lower energy.
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Figure 3-23 SEM photograph of released a PDMS cantilever beams.
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IV - Measurement and Discussion

In this chapter, the instrument setting and measured are first presented. The
actual behavior of the device is then discussed.
4-1 Measurement Setting

Figure 4-1 shows the schematic of the measurement platform. As shown in the
figure, a DC voltage is supplied by the power supply and delivered to the device
through the probe station. The displacement is measured by a WYKO NT1100
interferometer and the data are collected by the computer. Figure 4-2 shows the
photograph of the instrument setting.
4-2 Measured Data

In this section, the measured data of test devices are presented. The test devices

are used to verify the function of the PDMS pésts. Thén the measured data of
gap-closing actuators with PDMS. posts are pfésentcd.

4-2-1 Cantilever Beams

HHHH Computer

DC power supply

Interferometer

Probe station

m m Probe station

Figure 4-1 Schematic of measuring platform.
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Figure 4-2 Instrument setting

To compare the behaviors of gap-closing actuators with and without PDMS posts,

test devices were fabricated. As Is;han in',lT igu'fe 4-3; one is a pure chromium
cantilever beam, which is called aé‘”“beam 1 % “"énd' the"other is a chromium cantilever
" I s |

beam with a PDMS post, Wthh IS called as ‘lbeam 2” Figure 4-4 shows the surface
images of beam1 and beam 2 obtamed by the 1nterferometer In the figure, the data of
profile a-a’ (beam 1) and b-b’ (beam?2) were recorded for various applied voltages, and
are shown in Figure 4-5.

Cr cantilever beam

| PDMS post
]

Beam1 Beam 2

®

Figure 4-3 Test devices for verifying the functions of PDMS posts.
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Figure 4-4 The surfadé images 6fbeam 1 and beam 2.
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From the displacement in 1_5i'.gure 4-5 n(a‘).";rld 4-5 tb), the pull-in of beam 1 can be
= | =

seen, and at the point 70um frorﬁ'_thq fixed éﬁ&"qf thﬁ beam, the controllable

displacement is about 0.5pum. But fc;flbéam 2, thé-displacement of the corresponding
point is larger than beam 1. As showed in the figure, the maximum displacement is
0.75um for an applied voltage of 95V. Figure 4-5 (c) shows the displacement of the
point 70um from the fixed end of the beams. Therefore, the controllable displacement
of beam?2 is extended with the nonlinear elastic restoring force of PDMS posts.

From Figure 4-5 (b), the result of the filling of PDMS can be seen. The profile
b-b’ passed through where PDMS post is placed. There was a sunken part on the
profile at about 72um from the fixed end, which reveals that the cavity was not fully

filled by PDMS.
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Figure 4-5 Profile data and displacement of beam 1 and beam 2.

4-2-2 Gap-closing Actuator with PDMS Posts

Figure 4-6 shows layout of six devices in which have PDMS posts with radii
from 2um to 4.5um. The top three devices are connected to the same pad, so they
would be actuated simultaneously. The bottom three devices are connected to another
one. The six devices are assigned from “device 1” to “device 6, as is shown in figure.
In this measurement, surface profiles were obtained by the interferometer every 5V.
Figure 4-7 shows the surface image of the six devices with no applied voltage. The
data of the profile a-a’ and b-b’ in Figure 4-7 were recorded for various applied

voltages, and are shown in Figure 4-8 (a) and (b).
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Device 5 Device 6

Radius = 4um

Device 4

Radius = 3.5um Radius =4.5um

Figure 4-6 The layout of the devices. The diameters

of the PDMS posts are shown in the figure.
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Figure 4-7 The surface image of the six devices when the applied voltage is 0.
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Figure 4-8 The profile data of test devices

The displacement of five points on the top electrodes are plotted in Figure

4-9.They are the center point and four points right above the PDMS posts.
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4-3 Discussion

As shown in Figure 4-9 (a), device 1 pulled in at 70V. Therefore, the maximum
displacement at center is (the original height) - (height at 65volt) = 4.042um -2.
554pum =1.488um. The original gap between top electrode and substrate is 2.77um, so
a displacement of 54% of the original gap is achievable. The related data of the six
devices are listed in Table 4-1.

Table 4-1 The percentage of achievable displacement of six devices.

Pull in Original Center displacement at pull in or %
voltage (V) gap(um) max applied voltage (um)
device 1 70 2.77 1.49 54%
device 2 70 2.73 1.19 44%
device 3 Not yet 2:54 0.77 30%
device 4 Not yet 2.65 1.37 52%
device 5 90 2.50 1.22 49%
device 6 Not yet 2.29 0.78 34%

Variations in Fabrication Processes

For these six devices, the relationship between the pull in voltage and the radius
of PDMS post is not quite regular. One possible reason is that the flexural stiffness of
the top electrode is different for different devices. The residual stress of the chromium
film causes the top electrodes to curve. As mentioned in Section 3-4-2, the variations
in radii of curvature are large. The shapes of the curved top electrodes are different,
which results in the different flexural stiffness. Therefore, when a voltage is applied,
the deflections of top electrodes for different devices are different. In addition, due to
the process uncertainty, there are variations PDMS posts. The relationship between

the displacement and the applied voltage should be governed by the dimensions of
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PDMS posts, However, as shown in Figure 4-9 (d) and (e), for a same applied voltage,
the displacement of device 5 is larger than device 4, but the elastic restoring force of
PDMS posts in device 5 was designed to be larger than that in device 4. Figure 4-10
shows the measured data of another three devices, the radii of the PDMS posts are
shown in the figure. It can be seen that the elastic restoring force in the center was
designed to be smaller than that in the center, but the displacement was measured to
be less. These results indicate that the elastic coefficient may get larger or less due to

the variation in PDMS posts.

A — Ovolt ,
15volt
351 30volt |
g sk 45volt .
=3
§ i 60volt ]
3 75volt
D 2k _
=
'5/ sk \J‘ I
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Figure 4-10 Profile data of another three devices for various applied voltage
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Performance of Each Device

Figure 4-11 (a) and (b) show the displacement of the six test devices. From
Figure 4-11(a), the three curves indicate that the three devices tend to displace faster
vs. applied voltage before 40V, and displace slower vs. applied voltage after 40V.
Such a behavior is already mentioned in Section 2-4-5, but it is much more obvious
for the actual devices, especially for the devices with the PDMS posts smaller in
radius. For the actuators with PDMS posts with smaller radius, although the required
applied voltage is less, but the behavior is relatively nonlinear. From Figure 4-11 (b),
the displacement of Device 4 is nearly linear for the applied voltage from 40V to
100V. In addition, the controllable displacement achieves the 52% of the original gap.
Therefore, the PDMS post with dimension,of 3.5um in radius and 3um in height is the

most suitable elastomer structure:for gap-closing actuator.
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V ~ Conclusion and Future Work

The measured results reveal that the nonlinear elastic force is able to reduce the

pull-in effect caused by the electrostatic force. However, there are still rooms for

improvement. The improvement can be carried out from design and processing.

Design:

1.

The mixing ratio of PDMS base and the curing agent affects the stiffness of the
cured PDMS. A series of experiments can be carried out to obtain the relationship
between the mixing ratio and the Young’s modulus of the result elastomer. With
such data, the device with PDMS posts with appropriate stiffness can be
fabricated.

The flexural stiffness of the top electrode.can be improved by increasing the
thickness and changing the geometry. For €xample, it was reported that the
stiftness of a plate can be enhanced with reinforced folded frames [21]. Top
electrode with sufficient flexural stiffnesscan resist the deformation and increase

the controllable displacement.

Processing:

1.

To obtain PDMS posts with better shape, the processes to fill the cavities with
PDMS can be improved. For example, a better top surface of PDMS posts may be

obtained by adjusting the RIE recipe.

. For polysilicon, the Young’s modulus is larger and the residual stress is smaller

compared with chromium. Therefore, the stiffness and flatness can be improved if
the top electrode is fabricated with polysilicon. The schematic of fabrication
process is shown in Figure 5-1. First, the substrate is heavily doped. A Si3N4 layer
and a SiO; layer are then deposited to be the insulating layer and sacrificial layer,

as shown in (a). The sacrificial layer is then patterned to define the anchor, as
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shown in (b). The polysilicon layer is then deposited and patterned, as shown in
(c). Then the cavities for PDMS to fill are then patterned, as shown in (d). the
polysilicon and SiO; layers are both etched in this step. The cavities are then filled
by PDMS, as shown in (e). A chromium layer is then deposited and patterned to
encapsulate the PDMS, as shown in (f). The device is then released in HF, as
shown in (g). Because the polysilicon layer is deposited before PDMS is filled, so
PDMS will not be destroyed in the high temperature. In addition, the polysilicon
is deposited before the cavities are defined, so the flatness of the top electrode will
not be influenced by the cavities. The performance will be effectively improved

through this device.

(a) Deposit the insulating layer | @

and sacrificial layer

(e) Fillthe cavities with PDMS

(b) Pattern the sacrificial layer —i
__: (f) Encapsulat e the PDMS by depositing

and patterning a metal layer

(c) Deposit and pattern | 2

the polysilicon layer

B (9) Release the device

(d) Define the cavities

H

silicon  Si;N,  SiO, polysilicon PDMS chromium

Figure 5-1 Schematic of fabrication processes of the improved device.
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