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| ntr oduction

The project reported in this thesis focuses on the development of linear micro-motors based on
walking motion. From their potential application in data storage guiding specifications are derived: An
output acceleration of a1 mg load larger than 100 m/ <%, 10 nm resolution, reach larger than 10 rm, a
driving voltage below 30 V and a maximum linear size smaller than 1 mm. The linear micromotors to
be developed, will be based on variable capacitance electrostatic actuation and surface
micromachining fabrication technology. Electrostatic motors have already been made in the 18"
century. The first known variable capacitance motor has been built by Zipernowski in 1889. Different
propulsion principles for linear micromotors have been found in literature: Inertial drive, elastic
inertial drive, impact drive, traveling field surface drive, scratch drive, zigzag drive, transformation of
rotary into linearly motion, and walking motion. The latter principle is implemented in the project.
Controlled friction in clamp feet is necessary for walking. Therefore, microtribology is one of the main
topics in this thesis. The focus is on shearing friction in elastic adhesive contacts. Questions to be
answered in the project have been collected in section 1.7.

1.1 General Introduction

1.1.1 Motive For The Project

This thesis is the result of a five years cooperative project, in which Philips Research and the
micromechanical transducers group from the MESA Research Institute participated. The
motivation for the cooperation was for Philips the ability to study the potential of silicon
micromachining techniques, for the fabrication of sub-mm sized sensors and actuators. For
the micromechanical transducers group the cooperation meant a way to investigate the
applicability of the available silicon micromachining techniquesin an industrial environment.

1.1.2 Main Research Theme: Walking Motion in MEM S

At the start of the project it was decided to focus on the devel opment of micro actuators with a
large dynamic range (reach : resolution). Here one should think of sub-micron resolution and
millimeter reach. Possible application for such actuatorsinclude:

- Positioning of aread/write head of a storage system.

- Accurate micro-assembly.

- Scanning probe systems like AFM.

The concept we had in mind at the start of the project, is to use some kind of walking motion
to add small stepsto obtain alarge total stroke. Based on this the main research themes can be
formulated:

1. Isit possible to implement walking motion in MEM S?
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2. What performance is possible with walking motion in MEMS, in terms of resolution,
reach and generated force?

1.1.3 Future Application in Datastor age
As the interest of Philips was mainly on the potential application in future data storage
systems, we decided to focus on this application. One of the most important demands on the
actuator moving a read/write head is that the acceleration of the head should increase. There
are three main reasons why:
* Larger global acceleration decreases the access time.
* Increasing the angular velocity of the disk, without decreasing the dislocation of the bits with
respect to the ideal track increases the local acceleration which is demanded for the tracking.
* Increasing the bit density by decreasing the track width and pitch demands a smaller
deviation of the position of the head with respect to the track. In general this means that
larger local accelerations are desired for the tracking.
Under certain conditions, down scaling of the actuator and the mass to be moved, will lead to
larger acceleration: The force produced in an actuator is given by the product of a
characteristic active area and the energy density in the active volume of the actuator. The
energy density can be considered as a virtual pressure acting on the active area. For an n times
smaller configuration, the mass to be moved decreases with n®, while the active area decreases
with n?. Therefore, under the assumption of constant energy density, the produced force
decreases with n? and the acceleration of the mass increases with a factor n. With the
application in data storage in mind, guiding specifications for the micro actuators to be made,
have been derived (table 1.1). The desired force is at least 0.1 mN, in order to accelerate a 1
mg element with 10 g = 100 m/s’. This acceleration is enough to make the servo system
amost insensitive for the (earth) gravitation, acting in any direction with respect to the
displacement axis. It is al'so enough for axial and radial tracking in an audio CD system. The
actuator should have aresolution of 10 nm, in order to access 100 nm pitched tracks in future
high density storage systems. The total stroke of the actuator should be at least 10 nm,
(arbitrary) based on the track pitch of an audio CD. Finaly, the actuator should be able to
function in a system fed by a 3V battery source. Using a 10-fold DC-DC converter (this is
readily available), a 30 V source can be realized. This voltage is therefore chosen as the
maximum driving voltage of the actuator. From spec. 4 and 5 it follows that an actuator with a
large dynamic range (> 200) is desired. This supports the choice to concentrate on linear
micromotors in which alarge stroke is obtained by addition of small repeated motions.

1.1.4 Electrostatic Actuation

In an early stage of the project it was decided to concentrate on electrostatic actuators. The
reason is that these actuators can be made from conductive silicon or polysilicon, and
complete fabrication processes are available within the micromechanical transducers group.
Within the project the use of thin deposited film of PZT has briefly been investigated [2],
however the compatibility of the piezoelectric material with silicon micromachining is (still)
problematic [3] .
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Functional need

Technical Interpretation

Technical specification

1. Portable

Gravitation Insensitive

Output acceleration > 10 g

2. Fast tracking

Audio CD:

Radial Tracking 22 nmin
0.1mspk 09g

Axial Tracking 230 nmin
0.13msb 6g

[1]

Output acceleration > 6 g

3. Move read/write head

Capable of accelerating
small lens, mirror or

Output force> 0.1 mN

3

magnetic head with a1l mg
mass, upto 10 g

4. High Resolution Access 100 nm pitched 10 nm resolution with
tracksin high density data | simple (external) feedback
storage system control

5. Large stroke Severa times the track Total stroke > 10 mm
pitch of audio CD (1.6
mm)

3V source, use of DC-DC
converter alowed.

Size of motor in the same
order asthe size of the
mass to be moved

6. Battery supply Driving voltage < 30 V

7. Small size Max. linear size < 1mm,

Table 1.1: Guiding specifications for the linear motor design in this thesis.

1.2 Silicon Micromachining and Surface Micromachining Techniques

1.2.1 Silicon Micromachining

It was recognized in the beginning of the 1980’ s that silicon was increasingly being used as a
construction material [4]. Peterson [4] mentioned the important features of silicon that make it
valuable as a construction material: 1) Silicon is a high strength elastic material. 2) Almost
defect free silicon is widely available due to its use for semiconductor production. 3) High
precision processes based on photolithography on silicon wafers have been developed for IC
fabrication, and are widely available. 4) These processes enable parallel fabrication of many
devices on one silicon wafer. 5) Intimate integration of mechanisms and electronics is
feasible, because both can be fabricated on one silicon wafer.

In the past years numerous silicon micromachined products have been developed: Pressure
sensors [5, 6, 7], acceleration sensors [5, 8], inkjet nozzles (Hewlett Packard), microsieves
[9], microflowns [10], microvalves [7], micromixers[7], flowsensors[7].

Traditionally, silicon micromachining is divided into bulk micromachining and surface
micromachining. The main processes in bulk micromachining have been reviewed in the
previously mentioned article of Petersen [4]. More up-to date overviews are given by Madou
[11], and by Elwenspoek and Jansen [12].
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In the actuator project described in this thesis, we have chosen to use surface micromachining,
because complete process sequences for the fabrication of electrostatic actuators were
available in the MESA cleanroom. These processes had been developed in the SLE-project
(SLE = Sacrificial Layer Etching) [13, 14]. Basic surface micromachining process steps will
be explained next.

1.2.2 Surface Micromachining

Micromechanical structures can be formed using I C-fabrication processes to deposited, pattern
and etch thin films. An essential step in this so called surface micromachining process is the
selective etching of sacrificial layers, in order to create movable parts. The first known surface
micromachined device was the Resonant Gate Transistor [15], in which a high-Q resonator
was made with a golden, vibrating cantilever beam as a gate electrode. The golden beam was
released by means of sacrificial etching of a different metal, on which the gold layer was
deposited. Later on, the same group [15] used metal surface micromachining to develop a
magnetically driven micromotor [16]. It was in the 1980s that surface micromachining of
polysilicon structures, using sacrificial etching of SIO, was increasingly employed. Various
passive elements and mechanisms were realized, including springs, gear trains, joints, cranks,
dliders [17, 18, 19]. The first active structures were laterally driven resonators, activated by
comb-drive, variable capacitance electrostatic actuators [20, 21]. With the successful
development of rotary electrostatic micromotors [22, 23, 24, 25, 26], surface micromachining
proved its potential to realize electromechanical functions with the successful IC-technology.

Surface Micromachining Process Sequence

Figure 1.1 shows the most basic process sequence in surface micromachining. A sacrificia
silicon oxide layer is grown on a substrate wafer. Often a phosphosilicate glass (PSG) is
deposited as the sacrificial layer, because of its fast etch-rate in HF [19]. The polysilicon
structural layer is deposited on top of the sacrificia layer, usually by LPCVD. For electric
devices the polysilicon will be made conductive by doping with donor or acceptor atoms. It is
possible to use the PSG sacrificial layer as a phosphorus dopant source [20]. Next, a thin top
layer is deposited which serves as a mask for the etching of the polysilicon. In fig. 1.1 a
silicon-dioxide mask is indicated, but other mask materials like metals may be used. In the
next step the mask layer is patterned. This is done by means of photolithography, using a
photo-sensitive resist layer. The pattern in the photoresist is transferred to the silicon-dioxide
mask layer, either by Buffered HF or by Reactive lon Etching (RIE). With the help of the
patterned mask layer, the polysilicon is etched, usualy by Reactive lon Etching (RIE).
Sacrificial layer etching of the silicon oxide in an HF-solution, frees the narrow structures by
under-etching, and removes the mask layer. Wide structures remain anchored to the substrate.
The process shown here is a very basic sequence. In practice more than one polysilicon layer
is often used [27].
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etching mask (SiO2)

I - rolsiicon I B e
I ]
- Si-substrate
(@) (b)

anchored free, suspended
part part

B
i

Figure 1.1: Basic steps in surface micromachining. A sacrificia silicon oxide layer is grown on a substrate wafer.
The polysilicon structural layer is deposited on top of the silicon-dioxide. A thin top layer is deposited which
serves as a mask for the etching of the polysilicon (a). Next the mask layer is patterned by photo-lithography
Using the patterned mask layer the polysilicon is etched (b). Sacrificial layer etching frees the narrow structures
by under-etching. Wide structures remain anchored to the substrate ().

Anchoring is commonly done by etching a hole in the sacrificial layer before deposition of the
polysilicon structural layer, thereby connecting the polysilicon to a lower layer which resists
the sacrificial layer etching. Anchoring to a lower layer of conductive polysilicon is often
made in order to equalize the voltage of the moving polysilicon and the lower layer (fig. 1.2).
The lower layer then acts as an electrical shield, preventing the electrostatic forces from
pulling released beams down to the substrate, due to a voltage difference between the beams
and the substrate [ 23].

etching mask (SiO2)

olysilicon
/p yS.
q — __sio, F
~—_— polysilicon
I ... .
" Si-substrate
() (b)

Figure 1.2: In order to anchor a structure to a lower polysilicon layer, a hole is etched in the sacrificial layer,
prior to deposition of the structural polysilicon (a). After the sacrificial layer etch the anchored structure remains
as shownin (b).

Due to the smoothness of the surface of the polished silicon wafers, the top surface of the
sacrificia oxide in fig. 1.1 can be extremely smooth. This causes the bottom side of the
deposited polysilicon to be smooth. Once the bottom side of released polysilicon parts touch
the silicon substrate, either during fabrication or operation, large adhesion forces exist
between the smooth surfaces, and the parts can permanently adhere to the substrate. This
effect is often caled dtiction. It has been studied extensively within research groups
employing surface micromachining [ 27, 28, 29, 30, 31, 32]. Because of the importance of
gtiction in microstructures, chapter 3 is devoted to this subject. Sources of stiction, and
methods to reduce stiction are reviewed.
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Surface Micromachining Design Rulesin the MESA Clean Room

The designs that will be discussed are based on a surface micromachining process, in which
the structural polysilicon layer has a maximum height of 5 nm. As a rule of thumb the
maximum lateral size of elements should be less than 1 mm, in order to keep the deflection
due to out-of plane bending caused by possible stress gradients, below 1 mm. The minimum
lateral size of both gaps and beams is determined by the resolution of the photolithography.
For both gaps and beams we work with a 2 mm resolution.

1.3 Electrostatic Motors

1.3.1 Definition of Motor

Following Mehregany [33] we define motors as actuators capable of unrestrained motion in at
least one degree of freedom. In case of a linear motor, the motion will practically always be
restrained by the size of the guidance. It is called a motor, if the generated stroke is created by
an addition of small motions, which in principle can be repeated infinitely.

1.3.2 Brief History of Electrostatic Motors

The history of electrostatic motors goes back to the 18" century. Andrew Gordon constructed
the motor known as the “electric bells’. Around the same time, Benjamin Franklin built his
spark motors, which were able to generate a considerable power of ca. 0.1W [34]. The size of
these motors was huge: The rotor was a disc with a diameter up to around one meter. The
power density of these motors was therefore small, caused by the fact that in large air gaps the
break-down electric field and therefore the energy density is small (in section 2.5 this will be
explained in more detail). It is because of the low power density that el ectrostatic motors have
not found wide-spread application. An improvement was made by Poggendorf [35], who
constructed a so called corona motor. In the Franklin's motor only the electrodes at the edge
of the rotating disc were charged and contributed to the torque generation. In the corona motor
sharp needles spray charge on a glass disc. Therefore, the whole disc surface became active in
the torque generation. The variable capacitance motor, on which we focus in this thesis, was
introduced by Zipernowski in 1889 [36]. In this type of motor, forces are generated by
electrostatic attraction between oppositely charged (conductive) capacitor plates. For more
details and references, we refer to Jefimenko [34], which gives an extensive overview of
realized el ectrostatic motors.

Within Philips Research Laboratories, Bollée and coworkers have studied electrostatic motors
in the 1960’ s[37]. They constructed rotary electrostatic motors with a size in the order of 1-10
cm. Both synchronous variable capacitance and asynchronous induction motors were studied.
Motors have been constructed using precision fabrication techniques. For a realized
synchronous motor, Bollée reports an output power of 600 M at 1 rev/s, driven by 200 V.
Bollée expects that electrostatic motors become attractive if very small (sub-mm) motors are
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constructed. The reason is that in electromagnetic motors, the amount of dissipation with
respect to the consumed electric power becomes larger when motors become smaller. Small
electrostatic motors suffer less from dissipation, because in these motors the electrical wires
are much shorter, as no coils are needed. A second reason is that the breakdown electric field
in air increases with decreasing electrode spacing. The energy density in small electrostatic
motors can therefore come close to the energy density of electromagnetic motors (see section
2.5).

Starting in 1988, several electrostatic micromotors have been developed within MEMS-
research groups. These include side drive motors [19, 38], top drive motors [25], outer-stator
wobble motors [39, 40], outer-rotor wobble motors [33, 41] and lower-stator wobble motors
[42]. In literature only a small number linear electrostatic motors has been found [43], [44,
45], [46, 47], [48]. They are part of the next section.

1.4 Propulsion Principlesfor Linear Micromotors

Realized linear micromotors which have been found in literature, include piezoelectric, and
electrostatic motors, fabricated either by ‘traditional’ precision-mechanical, bulk- and surface
micromachining fabrication processes. The micromotors presented below have been selected
to illustrate different propulsion principles suited for linear micromotors. The survey includes
a few rotary motors, because we think that their propulsion principle can be employed to
generate linearly motion.

141 Inertial Drive

The inertial drive was presented in MEMS by Higuchi [49]. Fig. 1.3 shows the principle: A
load with mass myg is connected to the help mass mwap, by an actuator element. The load is
pressed on to the substrate with a force Fyamp, Which induces friction between them. The
motor is actuated by rapid extension of the actuator (b). Both ma and myep are accelerated
with @ and ay respectively. If the inertial force of mnep acting on My is larger than the
friction force, than the load will shift leftward. In the next phase (c) the actuator generates a
contraction force, and both masses are decelerated slowly. If this done subtle enough the
inertial forces will be small compared to the friction force, and mgyg will rest. Only mygp is
decelerated with anap pointed leftward. At the end of the contraction, the actuator suddenly
generates and extension force, in order to turn the direction of movement of mygp. Due the
mutual inertial forces, both mey and Myep are accelerated outward, and we have returned to
phase (b).

Higuchi [49] has successfully used this concept to move robot arms. The typical mass Mg IS
in the range of 1-10 g. Stacked piezos with a size of 2x3x10 mm® and a driving voltage < 150
V were used. Step-sizes generated were between several nanometers up to ten nm. The inertia
drive has been improved by Ikuta et a. [50, 51] by including clamp actuators in order to
control the friction between the moving load and the substrate or the guiding rail.
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Fclamp Fclamp

il

Mioad [actuator [Mhelp

@ ©

Fclamp Fclamp

Ai— (I Mioad Mhelp] —— aAn

() (d)

Figure 1.3: The load with a mass my is connected to a help mass myyp, by an actuator element. (a) Initial rest
position. The load is pressed on to the substrate with a constant force Fyam,.to generate friction (b) sudden
expansion with large acceleration &y, and angp Of the load and the help masses respectively. Theinertial force of
Mhgp acting on My is larger than the friction between mgy and the substrate. Therefore the load shifts leftward
(c) slow decceleration, my,g fixed by friction, myg, Slowly moves back, (d) sudden stop, with alarge acceleration
of the masses. The inertia force acting on the load is larger than the friction, therefore the load shifts leftward
and we have returned to phase (b).

1.4.2 Elastic Inertial Drive

This propulsion principle is based on the conversion of an oscillation, into directional motion.
The conversion is accomplished by mechanical rectification using an elastic fin connected to
the trandator [52]. Figure 1.4 illustrates the principle. The configuration consists of a
translator with mass my which is in contact with the oscillating mass m, by means of the fin
which is connected to my by a hinge joint. The elastic deformation of the fin is represented by
its rotation and by the spring k;. The forces working on the trandator my are shown in fig.
1.3b. The trandlator is clamped onto the oscillating mass with a constant force Feamp. Mass my
moves in the x-direction with a speed vy;(t). Mass my, is connected to the substrate by the
spring ko. The oscillation of my is represented by its acceleration ay,(t). There are two forces
working on the tip of the fin: The contact force Fi(t) and the friction force F; (t), which we
assume to be proportional to F;(t) with the friction coefficient m The mechanical rectification
Is based on variation of F,; and therefore of the friction force F¢, due to the oscillation of .
Assume that the resonance frequency Qk. / mp) is larger than the resonance frequency Qk; /
my). If mp > my this means that k; >> k;. It means that the mass my is not able to follow the
oscillation of my. As aresult the spring k; is deflected. In the positive flank of ay, the spring
will be compressed, and F»; will be large. Because k; is placed obliquely, the compression of
ki also induces acceleration of my in x-direction. This acceleration is limited by the friction
force, and is therefore proportional to F»1. During the negative flank of ay, the spring ki
extends so F,; will be smaller than in the positive flank. During the extension of k; the friction
force will tend to decelerate my. Because F,; is smaller in the extension phase, the
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decelerating friction force will be smaller than in the compression phase. Therefore, in the
complete cycle there is a net acceleration of my to the right.

Fclamp
|
N —>Vxl(t)
kﬁ/ a:r(t) e Fclamp
mz Mz
kf/
12 k: 1/2 ke Fi(t) _>T

Fa(t)

(@ (b)

Figure 1.4: (a) The translator with mass my isin contact with the oscillating mass m, by means of the fin which is
connected to my by a hinge joint. The elastic deformation of the fin is represented by the its rotation and by the
spring k;. Mass m; moves in the x-direction with a speed vy, (t). Mass m, is connected to the substrate by a spring
k.. The oscillation of m, is represented by its acceleration a,(t). (b) The forces working on the trandator m,. The
translator is clamped onto the oscillating mass with a constant force Fyanm,. There are two forces working on the
tip of the fin: The contact force F(t) and the friction force F (t).

The concept has been implemented by Racine et al. [53]. They built a hybrid rotation motor
with a silicon micromachined oscillator, activated by a ZnO thin-film layer. The rotor was
made by a laser cut meta film, with tilted flexures made by pressing in a mould. The size of
the assembled motor was 6x6x1.5 mm°®. The motor driven by 10 Vgyus delivered a free
rotational speed up to 200 rpm, and a torque of 50 nNm. A similar motor with a PZT thin
film actuation has been realized by Muralt et al. [54]. The use of PZT in stead of ZnO results
in athree times higher speed per Volt, and afactor two larger torque per Volt [54].

1.4.3 Impact Drive

Impact-driven microactuators were first presented by Lee et a. [55]. In their design the slider
was driven by impact of a flexure connected to a resonating mass-spring system. This system
is amost similar to the inertial elastic drive presented in the previous section. The difference
is that the flexure is connected to the resonating mass. Daneman [56] created
microvibromotors driven through stiff, oblique impact by resonating masses (fig. 1.5). The
resonators are actuated by electrostatic comb-drives [20, 21, 57]. In resonance, the maximum
produced electrostatic force is amplified, roughly by the resonator quality factor. For laterally
driven microstructures the quality factor can be as high as 100 in air [56, 59]. In order to
create impact, at least 4 driving cycles at the resonance frequency were needed. To obtain
repeatable steps, 6 driving cycles were applied for each step. The typical measured step-size
was in the order of 0.3 - 0.4 mm, at a driving voltage of 50 Vdc and 12.5 Vac (p-p)
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superimposed [56]. Slider velocities over 1 mm/s, and displacements of the slider up to 100
mm have been reached. The value of the generated forces have not been reported, but they
were large enough to overcome the (adhesive) static friction of the slider with the substrate
and the flange. The linear microvibromotors have been successfully employed to position a
micromachined mirror in alaser-to-fiber coupler system [60].

impact arm

elastic
comb-drive
actuator
% slider @
%8 QW
O

Figure 1.5: Top view of aimpact driven linear motor, by Daneman et al. [54]. This so called microvibromotor
consists of a slider which is driven by oblique impact of resonating impact arms. The resonators are driven by
comb-drive actuators. The motor contains four drive units, two for each driving direction.

1.4.4 Zigzag Drive

The zigzag concept has been proposed by Anderson et a. [61] in 1991. Koga et al. [62] have
implemented the concept, using (bulk) micromachining of Pyrex and silicon wafers, and
anodic bonding to join the glass and silicon parts. The principle of operation isillustrated in
fig. 1.6 the motor consists of a (grounded) translator and four stator electrodes, two in the
upper stator plate and two in the lower stator plate. By making the zigzagging motion
illustrated in fig. 1.6, small steps are made. For small angles g/ |, the leftward movement x of
the translator as defined in fig. 1.6, is given by g%/ | - y*/ 21, with y the upward movement, |
the trandator length, and g the gap. Due to the large transformation ratio (leftward movement
: upward movement), the generated lateral force can be much larger than the normal attractive
forces between the stator electrodes and the tranglator.
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Figure 1.6: Principle of operation of the zigzag drive. It consists of a translator with alength | “zigzagging” in a
channel, between four electrodes. Electrostatic forces are generated by applying a voltage difference between the
grounded dlider and the stator electrodes. The cycle is as follows: (a) The trandator is attracted by both upper
electrodes. (b) One of the lower electrode attracts the back of the trandator. The trandator rotates around the
front contact line, and the back dlightly moves forward. (¢) The front is attracted by the lower front electrode.
Rotation is around the back contact line, so the front moves forward (d) The back moves to the upper back
electrode and moves forward. Finaly the front moves upward (a) and the cycle is completed. For g << I, the
leftward movement x of the translator equals gy / | - y* / 21, with y the upward movement from (d) to (a), | the
length of the translator, and g the gap (maximum value of y).

The dimensions of the fabricated motors is 6 x 7 x 1.2 mm [62]. Motors have been tested
successfully. They were operated at 80-250 V, and could travel 1 mm at a speed of 0.3
mmy/s. At 250 V the produced force isin the order of 0.1 mN. Thisis smaller than what can be
calculated from the large transformation ratio and the (normal) electrostatic forces. Probably,
the lateral forceislimited by the friction force in the stator-tranglator contact, which will bein
the order of the normally acting electrostatic forces.

1.45Traveling Field Surface Drive

Egawa and Higuchi [63] introduced their multi-layered electrostatic film actuator in 1990.
This first version was an electrostatic pulse driven induction motor. It is propulsed by
electrostatic forces between charges on the stator electrodes, and induced charges on the
highly resistive dlider surface. Therefore, it has been caled the image charge stepping
actuator. By moving the voltage pattern on the stator electrodes, the dlider is dragged and
pushed by the electrostatic forces. Fig. 1.7 shows the principle of operation. Initially, a charge
distribution is induced on the resistive layer by applying a voltage pattern on the stator
electrodes (fig. 1.7b). Next, the voltage pattern at the stator electrodes is shifted to the right
(fig. 1.7c). The attractive electrostatic forces force the dlider to shift to the right, to the next
equilibrium position (fig. 1.7d). Stage (c) and (d) can indefinitely be repeated. After shifting
the voltage pattern three times, the initial voltage pattern returns. These actuators have some
attractive features: Because the slider does not contain e ectrodes which have to be contacted,
there are no wires or (conductive) sliding contacts needed between the slider and the outside
world. Furthermore, due to the repulsive forces at the start of the propulsive phase no bearings
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are needed, as the propulsive forces reduce the friction sifgnificantly. In the realized motors,
the stator electrodes and the trandator surface coating were applied on PET films with a
thickness of about 100 mm. Copper electrodes were plated on the stator to create the
electrodes. The trandator was coated with highly resistive layer [48, 63] either an anti-static
agent [48], a resin [63] or polyurethane mixed with carbon particles [63]were used. For
proper operation the resistivity of the translator surface was chosen around 10 [Wsquare]
[48, 63]. In order to increase the break-down field strength, the actuator was mounted in a
package filled with dielectric fluid (Fluorinert, by 3M).
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Fiure 1.7: (a) Cross section of the traveling field inductive surface drive motor. The motor consists of a stator
with electrodes, and a dlider with two layers: An insulating layer and a highly resistive top layer, in which a
charge distribution can be induced by the electric field generated by applying a voltage pattern to the electrodes.
The principle of operation is as follows: Image charge is induced on the resistive layer by applying a voltage
pattern on the stator electrodes (b). Next, the voltage pattern at the stator electrodes is shifted to the right (d). The
attractive electrostatic forces force the slider to shift to the right, to the next equilibrium position (d). Stage (c)
and (d) can indefinitely be repeated. After shifting the voltage pattern three times, the initial voltage pattern
returns.

Severa design optimizations have been published, for example the optimal stator-translator
electrode spacing compared to the electrode pitch, in order to obtain maximum force
generation [63], the introduction of 18 nm glass balls between the stator and the dlider to

reduce friction [64], and special e ectrode design which reduces the force ripple [65].
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With the pulse driven induction motor a maximum force of 8 N and a power to weight ration
of 5W/kg have been reached, using a driving voltage of 800 V. The motor weighs 110 g and
consists of 40 stacked layers. The outer dimensions are 20 x 14 x 50 mm?® [64].

Niino [64, 66] introduces three other driving principles for the film actuators. ac-driven
induction, pulse-drive variable capacitance, and ac-driven variable capacitance motors [64].
The variable capacitance motors have the advantage of a larger power generation, and the
disadvantage of larger complexity due to the necessary of electrodes on and electrical
connectionsto the slider [64].

1.4.6 Scratch Drive

This propulsion principle is invented by Akiyama [44, 45], and has been implemented as an
electrostatic, surface micromachined motor. The operation principle of the scratch drive
actuator (SDA) is illustrated in fig. 1.8. The SDA consists of a thin (1 - 2 mm) polysilicon
plate, with a so called bushing at one end of the plate (fig.1.8a,d). Fig. 1.8a-c illustrates the
stepping cycle. In the activated state (fig. 1.8a) the plate is attracted to the lower electrode
(substrate). As the actuation voltage switches from positive in negative, the plate relaxes
shortly (fig 1.8b). This causes the bushing to rotate. Because the friction between the bushing
and the insulator is higher than between the plate and the substrate the bushing does not slide,
and the center of rotation is the line where the bushing touches the insulator. Therefore, the
result of this movement is that the plate shifts slightly forward (fig. 1.8b). The plate is pulled
down again, and the bushing slides forward. Next, the state of fig. (1.8a) is reached again and
the cycle can be repeated.

Plate
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Fig. 1.8 (from Akiyama [44,45]): Operation principle of the Scratch Drive Actuator. Starting from the activated
stage (a), the plate is released shortly while the driving voltage switches polarity (b). In this relaxation the
bushing-insulator contact remains fixed, and the plate slides slightly forward. In the next activation (c) the plateis
pulled down onto the insulator, and the bushing is forced to rotate and to dlip dightly forward. Next, this
sequence is repeated. (d) Shows the electrical connections. The driving voltage is applied between the whole
moving structure and the substrate.

In tested SDA’s the length of the plate is between 50 and 80mm, and bushing height is around
1.5 mm [44, 67]. The step-size increases with increasing driving voltage, and lies between 10
and 100 nm, for driving voltages between 40 V and 200 V. Measured speeds range between 5
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and 80 mm/s, at driving frequencies between 100 and 1000 Hz [44, 67]. The maximum
measured forceis63 NN at = 112 V pulse peak voltage [67]

A problem with the SDA is that the operation principleis not fully understood. In particular, it
is not clear why during the relaxation of the plate, the friction in the bushing-insulator contact
is larger than in the plate-insulator contact. As a result it is not clear to if there are critical
parts in the structure. For example the shape of the bushing edge touching the insulator might
be important to obtain the desired frictional behavior. Also it is difficult to predict whether or
not wear in the bushing-insulator contact can cause malfunction. Despite these problems the
SDA has become popular in the MEMS society, because of its simple geometry and the
compatibility with standardized surface micromachining processes, such as the Multi-User
MEMS processes (MUMPs) offered by MCNC [68]. Nice examples of application of the
SDA are thelifting of a polysilicon plate to create suspended inductors and variable capacitors
[69], and the integrated assembly of XY Z-stages for optical scanning and alignment [70].

1.4.7 Transformation of Rotary Motion to Linearly Mation

Transformation of rotary into linearly motion is a concept which is often employed in macro-
actuators. An example is the car with a combustion motor: Linear motion of the cylinders is
transformed into rotary motion by the crankshaft, and the rotary motion is transformed into
linearly motion by the wheels. This principle has successfully been tested by Legtenberg et al.
[71, 72] in micromechanics, who coupled a rotary wobble motor and a gear rack (fig. 1.9).
The advantage of this concept is that infinite motion can easily be generated by arotary motor.
The disadvantage is that if a gearwheel and rack are used for the transformation, there will be
back lash. This might be avoided if frictional contact is used for the transformation.
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Fig 1.9: Overview (a) and close up (b) of awobble motor driving a gear rack [71, 72]. Note the anchoring of the
gear rack in slots which were etched in the wafer prior to the structural polysilicon deposition.

1.4.8 Walking Motion

Walking motion was introduced to linear actuators by Burleigh [73] in a patent for a
piezoel ectric inch-worm motor. The motor consists of three basic elements. A front clamp, a
back clamp and a body which can contract (fig.1.10). The walking cycle starts with only the
front clamp activated (a). In the next stage the body contracts (b) and the back clamp shifts
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forward. Next the back clamp is activated (c) and the front clamp is released (d). The body
relaxes and extends (e), shifting the front clamp forward. Finally the front clamp is activated
(f) and the back clamp released (a). Burleigh [74] has implemented the principle in severdl
piezoelectrically driven motors. These have a resolution of 4 nm and up to 200 mm of travel.
The actuators have a circular cross-section with a diameter in the order of 1 cm and alength of
severa cm, depending of the maximum travel distance. The max. load is 10 N and the max.
speed is 1.5 mm/s. Koster [76] has implemented the walking concept in combination of a
mechanical amplification mechanism to increase the walking velocity. The motor has a peak
velocity of 30 mm/s, because of heating by dissipation in the PZT-actuators, the continuous
max. velocity is 3 mm/s. The motor includes a specia clamping design, which isless sensitive
to variations of the diameter of the shaft, along which the mechanism walks.

Fig. 1.10: Walking cycle of the Burleigh’s inch-worm motor. The motor consists of three basic elements: A front
clamp, a back clamp and a body which can contract. The walking cycle starts with only the front clamp activated
(a). In the next stage the body contracts (b) and the back clamp shifts forward. Next the back clamp is activated
(c) and the front clamp is released (d). The body relaxes and extends (€), shifting the front clamp forward. Finally
the front clamp is activated (f) and the back clamp released (a).
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In the presented motors so far, the moving part contains the clamp- and displacement
actuators. Walking motion can also be implemented with a passive moving part, which is
driven by apair of drive-units (‘legs’), each containing a clamp and a pull actuator. The drive-
units are fixed to the substrate. This concept has been implemented by Yeh et a. [46, 47] for
electrostatic actuation of microrobots. The implementation is realized using the commercially
available MUMPs surface micromachining process [68]. Fig. 1.11 illustrates the walking
cycle. The walking cycle starts with both pull actuators relaxed, and clamp cl activated to
hold the shuttle (a). The shuttle is displaced by pull actuator p1 (b) and clamp c2 is activated
(c) to take over the clamping from cl. Next, cl is released (d), pl is relaxed (e) and p2
contracts to displace the shuttle (e). Then cl is activated (f), c2 is released (g), and p2 is
relaxed (@). Clamping is generated by electrostatic attachment of the clamp shoes to the
shuttle. The step motion is generated by gap-closing actuator arrays, each consisting of 10
rotor-stator beam pairs with a 60 mm overlap, working in paralel. The actuator arrays are
made of 3.5 mm thick polysilicon, which is obtained by stacking of two layers of the MUMPs
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process in which the motor is realized. The produced force was estimated at 6 mN with 35 V
driving voltage. The maximum deflection measured was 40 nm in 20 steps of 2 mm [47].
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Figure 1.11: Cycle of the linear motor with passive moving part and drive units fixed to the surroundings. The
motor consists of two drive units, each containing a clamp and a pull actuator. The walking cycle starts with both
pull actuators relaxed, and clamp c1 activated to hold the shuttle (a). The shuttle is displaced by pull actuator p1
(b) and clamp c2 is activated (c) to take over the clamping from c1. Next, cl isreleased (d), pl is relaxed (e) and
p2 contracts to displace the shuttle (€). Then cl is activated (f), c2 isreleased (g), and p2 is relaxed (a).

1.4.8 Choice of Propulsion Principle

It was decided to concentrate on implementation of walking motion electrostatic surface

micromachined actuators. This concept has a number of attractive features:

1. Thewalking motion intrinsically facilitates alarge dynamic range (reach / resolution).

2. Clamp and propulsive actuation can be separated, which gives design freedom to optimize
these functions.

3. Thereisonly sliding contact in the inactive clamps, therefore wear is expected to be lower
than in mechanisms where clamped parts have to slide, as in for example the scratch drive
and the inertial drive.

4. If thereis wear thisis not directly fatal, as the shape of the contacting partsin the clampsis
not critical.

We would like to stress that this choice does not imply that the other principles are less

attractive. We think that a fair comparison of the propulsion principles, should be based on the

performance of realized devices with a comparable degree of optimization. At the current
stage of development of most of the micromotors this is not yet possible. Our

implementations of walking motion are treated in chapter 5 and 6.
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1.5 Microtribology

Due to the large surface to volume ratio in micromechanics, surface forces become relative
large compared to body forces. To give an indication: The gravitation force acting on surface
micromachined elementsis typically in the range of 0.1 - 10 nN. The adhesion force between
surface micromachined elements can easily become in the order of 1 mN and larger. This can
cause friction much larger than the friction caused by the gravitationa load. [24, 46, 47, 77,
78, 79]. For waking motion it is necessary to create controllable friction in the clamps.
Friction in the clamps should be low (say < 1 nN) if the clamps are not activated (zero load),
and should large (> 100 mN) if the clamps are activated (large load). In particular the first
demand can be troublesome to achieve, because due to the adhesion between the two
contacting surfaces in the clamp, significant friction can remain if the clamp is not activated.
A model for the friction in adhesive microcontacts is therefore desirable. We will therefore
briefly introduce existing friction theory.

Generally two friction mechanisms are distinguished: Ploughing and shearing friction.
Ploughing friction exists if asperities of the harder contact material create scratches in the
softer material [80]. Shearing friction (also called adhesive friction) exists if asperities slide
across the counter surface, continiously creating and breaking bonds. In MEMS contacting
surfaces often consists of rather hard materials ((poly)silicon, silicon-dioxide, silicon nitride)
and are rather smooth. It is therefore expected that adhesive friction is the main friction
mechanism.

From macro-tribology it is known that the friction force is almost proportional to the load
force, and is amost independent of the apparent contact area (Amontons’ Law). According to
Bowden and Tabor [80] the shearing friction equals the product of the real contact area and a
characteristic maximum shear stress in the interface. If the contacting asperities deform
plasticaly, it follows from this model that the real contact areais proportiona to the load and
independent of the apparent contact area. Therefore the friction will be proportiona to the
load. In 1966 Greenwood and Williamson showed that Amontons’ Law also applies to rough
surfaces of which the contacting asperities deform elastically [81]. This result isimportant for
MEMS contacts: In MEMS devices materials are often hard and smooth. This implies that
elastic deformation will frequently be encountered in MEMS contacts. In section 4.3.4 the
condition for pure elastic deformation is given.

In the 1970s Johnson, Kendall and Roberts [82] and Derjaguin, Muller and Toporov [83]
derived expressions for the contact area and pull-off force for a single asperity elastic contact,
including adhesive load. Fuller and Tabor [84] implemented the JKR single asperity model in
the statistical model of Greenwood and Williamson, in order to cal culated the separation force
of rough, elastic, adhesive contacts. A similar approach has been followed by Maugis [85] to
calculate the real contact areain an elastic adhesive contact, as afunction of externally applied
load, and elasticity, roughness, adhesion parameters. A combination of this latter model and
the Bowden and Tabor model provides us with a friction model for rough, elastic, adhesive
contacts. From Maugis [85] it follows that in adhesive elastic contacts the real contact area
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and thus the friction force strongly depends on the surface topography. This is confirmed
experimental results [86]. The influence of surface topography on friction will therefore be
one of the main topics in our tribology study. In chapter 4 the mentioned contact models are
treated in detail. It will be tested if the derived (static) friction model can be employed under
the conditions that encountered in MEM S sliding contacts.

1.6 Lateral vs. Normal Actuation

We distinguish two different realization concepts to generate motion: Normal to the wafer
surface (normally driven), and parallel to the wafer surface (laterally driven). The advantage
of the first is that a large electrode area can be obtained simply by making a plate suspended
over a lower electrode. The disadvantage is that there are at least two polysilicon layers
necessary to form electrodes of two polarities. In alaterally driven mechanism like the comb-
drive shown in fig. 1.12, a stator and a moving electrode can be created from a single
polysilicon layer. However, in order to make a large electrode area, the design is more
complicated.
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Figure 1.12: Close-up of alarge comb-drive actuator with compliant guidance springs by R. Legtenberg [75].

For the normally driven actuator the effective electrode area equals the wafer area it occupies.
For the laterally driven actuator this depends on the height of the electrodes, and the lateral
resolution of the fabrication process. For 5 mm electrode height and 2 mm lateral gaps and
electrode widths, the effective electrode area equals 1.2 times the occupied wafer area. In
theory, if 100% of a 1 mm? area is occupied by electrodes with a 2 mm gap spacing between
both polarities, a force of 1 mN can be generated with a 30V driving voltage. Practically the
generated force is generally much lower, because a significant part of the wafer surface is
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occupied by passive structures like the suspension and the construction connecting the
electrodes and the output member. For example, the comb-drive actuator of fig. 1.12 only
generates 1 mN at 20 V driving voltage. It occupies appr. 0.3 x 1 mm?. This indicates that it is
probably necessary to include a mechanical lever to obtain forces of at least 0.1 mN. This will
be worked out in chapter 5 for laterally driven mechanisms, and in chapter 6 for normally
driven motors.

1.7 Formulation of the Resear ch Questions

The research topics which have been distinguished in the previous paragraphs have been
worked out to obtain questions which we would like to answer in this thesis. The questions
are listed below. In chapter 7 we will conclude by answering the listed questions explicitly.

1.7.1 Electrostatic Actuator Theory

Q1l: What is the maximum voltage that is alowed before electrical break-down in air
occurs?

Q2: How can the produced force and the output stiffness be calculated for electrostatic
actuators

Q3: Canthe produced force be expressed in away which is convenient for conceptual design
of electrostatic actuators?

Q4: Can we realize 0.1 mN force and more than 10 nm stroke in a 1x1x1 mm?® electrostatic
actuator driven by 30 V?

1.7.2 Fabrication
Q5: How can stiction of freed parts of the mechanism to the substrate, be reduced or
avoided?

1.7.3 Micro Tribology

Q6: Is it possible to make electrostatic clamps with low enough adhesion, using surface
micromachining?

Q7. Will there be élastic or plastic deformation in the micro contacts ?

Q8: What istheinfluence of surface roughness on the friction in an elastic adhesive contact?

Q9: Canthe statistical Maugis [85] contact model be applied to MEMS contacts?

Q10: How can the adhesion forces be accounted for in a simple expression for the friction,
similar to Amontons' Law ?

1.7.4 Laterally driven actuators

Q11: Isit possible to obtain controlled friction between etched polysilicon side-walls?
Q12: Isit possible to include alever to increase the force?

Q13: How can the electrostatic pull-down of moving parts to the substrate be avoided?
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1.7.5 Normally driven actuators

Q14: How can anormal movement be transformed into alateral movement?

Q15: How can alever be made in anormally driven mechanism?

Q16: In anormally driven walking motor there will be contact between the top surface of the
lower electrodes, and the bottom surface of the moving electrodes. Can the friction
between these thin films be controlled?

1.7.6 General

Q17: Can reliable walking motion be produced by electrostatic actuation of a surface
micromachined structure?

Q18: What performance can be achieved, with respect to the specifications?
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2

Electrostatic Actuator Theory

Equilibrium and stability of conservative electrostatic transducers is studied by means of the energy
stored in the mechanical and electrical buffers. States of stable equilibrium are found by minimization
of a generalized potential with respect to the unconstraint state variables. Electrostatic actuators can
become unstable if the effective actuator stiffness becomes negative. This can occur for both fixed
charge and fixed voltage. The onset of instability of the gap-closing actuator loaded by a constant
force F and driven with a fixed voltage is analyzed. The pull-in position is 2/3 (X + F / k), with X, the
initial position of the moving plate suspended by a spring with a stiffness k. The stable region of
operation can be increased by suspending the moving electrode with a higher order spring. An actuator
model has been made that expresses the el ectrostatic force as the product of the energy density and the
active area, which is the derivative of the volume containing the electric field, with respect to the
direction of movement. From literature a maximum allowable electric field 2 x 108 V/mina2 nm gap
in air has been found, limited by breakdown. This corresponds with an energy density of 2 x 10° Jm°.
The energy density is in the same order as can be obtained in magnetic actuators, and which is allowed
in commercial PZT piezoelectric actuators. The maximum attainable electrostatic force on a1 x 1 mm?
area and using surface micromachining design rules, is 0.1 mN with a driving voltage of 30V for both
the gap-closing and the comb-drive actuator. This force is large enough to meet our demands, however
the stroke of 2 mm istoo small. Three options to increase the product of force and stroke are presented.
Finaly, the principle of inertial matching is introduced. It can be used to maximize the output
acceleration.

2.1. Introduction

In this chapter a genera theory for equilibrium and stability analysis of generator type
transducers is presented. The theory is based on the thermodynamic equilibrium analysis
(section 2.2).The theory is applied to analyze variable capacitance electrostatic actuators
driven with either a fixed charge or a fixed voltage (section 2.3). The fixed charge control is
mainly of theoretical value, asit is difficult to realize in MEMS systems, where the actuator
capacitances is in the fF-pF range. Parallel parasitic capacitors which are large compared to
the variable actuator capacitance, effectively act as voltage sources. Mathematically, the
transduction is expressed in the position dependent capacity of the gap between the fixed and
the moving electrode. In section 2.4 the generated force of the comb-drive and the gap-closing
actuators is expressed as a function of the electrical energy density in and the geometry of the
active gaps. The resulting expression is a powerful tool for actuator design. In section 2.5
electrical break-down is analyzed using the Paschen-theory, in order to estimate the maximum
possible energy density in the actuator gaps. In section 2.6 the theory of the previous two
sections is used to estimate the maximum obtainable forces and strokes with electrostatic



26  Electrostatic Micro Walkers

actuators. Finally, in section 2.7 we apply the principle of inertial matching to derive the
maximum attai nable output acceleration.

2.2 Equilibrium of an isothermal multi-port transducer

2.2.1 Definitions and conditions

Let the transducer be isothermal and conservative [1], i.e. the energy W(Q1,02,..0n) Of the
transducer is a function of the extensive parameters, the state variables q;, Qp,..qn only,
independent of the path taken to reach the state. In thermodynamic languages, the energy of
the transducer would be called the free energy, because of the isothermal condition. Wis the
sum of the potential and kinetic energies of the buffers in the transducer. In the mechanical
domain, the kinetic energy plays an equivalent role as the potential energy. This equivalence
can theoretically be founded: In the state space, the kinetic energy meets all the conditions for
a potential: In the kinetic domain the intensive parameter, also caled effort or generalized
force, isthe velocity v. The conserved quantity of the kinetic domain is the momentum p. If v
isindeed a conservative force, than it should be possible to define a potential T such that v =
NT, with N © ef/1M(pe) + 4/1(py) + e4/1(p,). The potential which satisfiesis T = Yamvw =
Yo m(\+v,2+v;%), the kinetic energy.

Following physical systems theory [2], we define equilibrium as the state in which all state
variables g; are constant. This is not necessarily a state in which al effort differences with the
surroundings are zero. The effort difference with the surroundings can remain due to a
constraint. A constraint is a fixation of the state variable g of the concerning domain.
Equilibrium can exist for a constant, non-zero momentum, if W is independent of the
associated position.

2.2.2 Equations of equilibrium and stability

Consider system Ainfig. 2.1, atransducer with n portsin n physical domains. The transducer
consists of n interconnected buffers, which store an amount gy, of the extensive quantity, at a
potential level e, (h = 1..n). For domain i = 1 .. k the state variables ¢ are constrained at a
known level. For domain j = k + 1 .. n the state variables g; are unconstrained. The transducer
is connected to the constant effort sources, through dissipators R. A constant effort source is
equivalent with a buffer with ainfinite large capacity. A flow will be present until the effort
differences es; - g across the dissipators R are relaxed. It is assumed that system A and B
fulfill the isothermal condition. The produced heat immediately flows to the surroundings,
which in the thermal domain form abuffer with infinite capacity. The power Py dissipated in
the R’ s corresponds with an entropy production Pgiss/ To [2], however thisis of no importance
under the isothermal condition: due to the uniform temperature heat can not be used to
perform work. Therefore, the entropy production and flow have not been drawn in fig. 2.1.
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~—

L System B ~~.

Figure 2.1: System A is a transducer which consists of n interconnected buffers. For domaini = 1 .. k the state
variables g; are constrained at a known level. For domainj = k + 1 .. n the state variables g; are unconstrained. In
equilibrium, the accompanied efforts g are equal to ey}, the efforts imposed by the connected effort sources.
System B consists of the transducer and the n sources.

In our equilibrium analysisit is assumed that the energy W as a function of the state variables
O1.n IS known. For infinitesimal changes dW is given by:

dW - Cr’] M(ql’qZ"'qn)

dg, ,h=1.n 2.1
1 Ah (2.1)

T

G- Oh-1:Gh+15--On

where the terms (TW/1lq,)>dg, should equal the work edq,, done at the ports. Therefore, the
efforts are given by:

W(a, d.--0,)
fa,

e = ,h=1.n (2.2)

‘qlv"qh-lvqhﬂv--qn

The general procedure is to firstly derive the unknown state variables ¢, and secondly to
calculate the unknown efforts e using eg. (2.2). The state variables g; in equilibrium are found
from (local) minimization of the generalized thermodynamic potential Y (01, 02,--On, €sk+1,
&sk+2,--685n) With respect to the unconstrained state variables q; [3, 4]. Following the definition
of Thermodynamics, the generalized potential function Y of system A is defined by:

Y (Q1’q2"'qn’es,k+1’es,k+2"'es,n) :W(Q1’QZ"'Qn) - é qj >es,j (23)

j=k+1.
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Where the g’s and the es’'s are independent and fixed. The equilibrium values of the ¢’s are
thus found by taking the partial derivatives of Y with respect to each ¢ equal to zero, yielding
(n-K) equations of the type:

Tl\N(q;T’qqZ’qn) _ es,j =0 J = k+1, k+2, ..Nn (24)
i

From which the g's as a function of the g's and esj's can be solved. The calculated
equilibrium is stable if the total variation dY = d'Y + d®Y + .. is positive [4], which means
that Y isin a minimum. This can be shown as follows. The work dA needed to displace the
system away from the equilibrium point is given by:

=d'A+d*A+.] =(dW- g e »dq))|

N‘hﬂzv--Qk 1€+1:8+21-6n ‘
j=k+1

=dW- ;g =dY]

=k G025 O €5 k+1:85,k+21+-€sn

n
* Thesum & e. xdq. isexactly thework done at the ports of constant intensity e.
i >aq; p §
j=k+1

Here it is assumed that the displacement is done slow enough to maintain equilibrium, and
therefore g = &j. So, if dY s positive then dA is also positive, which means that the system
resists the displacement from equilibrium and therefore the equilibrium point is stable.
Because in equilibrium the first order variation of Y isequal to zero, the equilibrium is stable
if the second order variation is positive for all combinations of infinitesimal variations of the

g's

1 8 & T
=X aqujdqm>0 (2.58)

G192 -0k 165 k+1:€5,k+2E5n 2 j=k+1mek+1 ﬂqj T[qm

d?y

Because d?Y = d?W, it is possible to derive the condition for stable equilibrium from W:

dZ\N‘ = 1 X é é ﬂdqjdqm >0 (2.5b)

GOk € k+1:Cs k+21+€5n 2 j=k+1 mek+1 ﬂq] ﬂqm

If aso the second order variation is zero, than the analyses should continue with the third
order variation etc. At this point it is important to redize that in equilibrium, d’Y = d®W, so
for condition (2.5) both the energy W and the thermodynamic potential Y can be used. The
terms gp%es; in eg. (2.3) represent the drop of the potential energy of the buffers. It can
therefore be concluded that the minimization of Y, the generalized potential of system A, is
equivaent with minimization of the free energy of system B, the transducer and the connected



Electrostatic Actuator Theory 29

buffers. Following the developed theory an interesting conclusion can be drawn for
mechanical systems:. Following the presented definition, the equilibrium condition for a
mechanical system is that the sum of the potential (in the traditional meaning) and the kinetic
energy should be stationary with respect to al possible infinitesimal changes dg; in position
and momentum respectively. The theory presented here allows non-conservative external
forces. Thisis an extension of the common equilibrium condition for conservative mechanical
systems (both internal and external forces are conservative), which says that in equilibrium the
potential energy is stationary with respect to all possible infinitesimal changes of the position

[5].

2.2.3 Legendre Transfor mations

Using eg. (2.2) in principleit is possible to replace a g, in the energy function, by the effort &,
of domain p. A new energy function W* (Qy,.., Op-1, €, Op+1,.., On) results. For infinitesimal
changes dW* is given by:

W™ (9O 1€+ Ohea 0o
n ﬂqh

>dg;,

dw* = §
h

h1]|5- |le--qh—IVQh+1v--qn!ep

+ TIVV* (Q1"'Qp-l’ep7qp+l"qn)
e,

xde

p

‘oa,--qp.lyqpﬂ,--qn
In genera, the efforts e, are not equal to fW*/9qy as these derivatives include possible work
done at port p due to a change of ¢, In order to be able to derive the &,'s directly from an
energy function, a Legendre transformation for domain p is needed:

Wl(ql"'qp—liep’qp+1"'qn) =W* - qp(ql!"qp—liep’qp+1!"qn) >ep

For infinitesimal changes dW is given by:

W' (GG 1€+ Onsa -G

n Ta, |ﬂa,--qh.1,qh+1,--qn,ep

dw'= é >dqy,
h=1..
htp
+ ﬂW'(ql"'qp»l’ep’qp+1"qn)
e,

xde

p

| G5+ Op-1:Gp+1:--Gn

Because,
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dw=-q,e,)
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it can be concluded that:
:M and - qp :M (26)
fas, ‘ﬂep

In asimilar fashion, the Legendre transformation can be made for all of the n domains. Thisis
not difficult, but one should be aware that many cross-terms are generated. The result is
simply eqg. (2.6) with p now indicating all the transformed domains. In practiceit is convenient
to transform all domains j = k+1..n for which the efforts are independent. The result is an W
which is a function of the independent parameters g; and g, from which al the dependent
parameters can immediately be derived by differentation. The new energy representation W
can be used to find equilibrium states. Stability of the equilibrium states still has to be
analyzed using eg. (2.5).

2.3 Equilibrium and stability of electrostatic actuators

2.3.1 General approach

The analysis which will be performed in this section focuses on variable capacitance
actuators. Assume we have a capacitor with a fixed and a moving electrode. The moving
electrode has a mass m and is supported by a linear spring. The spring is relaxed for X = Xo.
The coordinate x represents the position of the moving electrode with respect to the fixed
electrode. The moving electrode is alowed to move in the x direction only. The energy
function for this configuration is given by:

2 2

_- 1 I P

(2.7)

Where q is the charge stored in the capacitor, C(X) is the capacitance, Kk is the stiffness of the
support spring and p is the momentum of the moving electrode. In the following analysisit is
assumed that in the potential mechanical domain the transducer is driven by a constant force
F. Inthe electrical domain it is driven by either a constant charge q or a constant voltage U. In
the kinetic mechanical domain it is driven by a constant velocity v = 0. The latter condition
implies that in equilibrium the momentum p = mw of the moving electrode is zero. The
analysis that follows describes equilibrium states only. The equilibrium condition p = 0 can
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only be met if changesin F and in g or U are being made slowly, compared to the mechanical
response time of the moving electrode. At the end of this section an example of a non-
equilibrium path is presented, which shows that the kinetic domain can play an import role.
Under the condition p =0, eg. (2.7) reduces to:

2

_1 1.4
WOx,6) = 5 Hox- )"+ 5 s

(2.8)

The transducer now has two power ports. Equilibrium states can be derived from eq. (2.8), or
from energy functions which are derived by Legendre transformation of eq. (2.8). For
electrostatic actuators driven by fixed U and F, it would be convenient to use the double
Legendre transformed of eg. (2.8). However, in order to make this transformation x(F, U)
should be known explicitly. We have not been able to derive this expression. Therefore, in
this case only the Legendre transformation for the electrical domain is made. Unstable
behavior can occur if the generated force changes with the actuator deflection x, inducing an
effective negative stiffness. This can occur for fixed F and U and for fixed F and g. Condition
(2.5b) implies that an equilibrium state of the two port transducer is stableif [6]:

TPW(X, TPW(X,
b11>0, by, =>0, {b, = # , by, = % (2.99)
b11 e ﬂZW(X,Q) ﬂZW(X,Q)
1 =— b, =———* 2.9b
b12b21 < b12 ﬂxﬂq 21 ﬂCIﬂX } ( )

For infinitesimal changes of x and q as a function of infinitesimal changes of F and U the
following equation applies:

é b22 b12 U
éXm] éau 8, u edF u eollb22 b12 1 b11b22 - ed u (2 10a)
ed% eazl azz u edU e by b11 éjU ¥ '

anbzz - b12b21 b11 22 21 H
And for infinitesimal changes of x and U as afunction of infinitessmal changes of F and q:
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The coefficients 1/a;; and 1/ci; represent the effective stiffness kgt for fixed U and q
respectively. Therefore, condition (2.9) for stable equilibrium, is equivalent with an effective
actuator stiffness kg >0 under the condition of fixed U or fixed g. In the following
paragraphs, the equilibrium and stability of two commonly used configurations, the comb-
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drive and the gap-closing actuator with a linear support spring, are analyzed, for both fixed
charge and voltage. The criterion kg > 0 will be used in the stability analysis.

2.3.2 Equilibrium and stability of the comb-drive actuator.
Figure 2.2 shows the configuration of a comb-drive actuator. The moving electrode is
supported by alinear spring. The equilibrium force can be derived from:

_W(a,x) _ T 1 ;1 ¢
T Tax KX)o

= ] (2.11a)

For fixed charge g, and from:

_wWuU.g _ 1.1

Feq X x [2

K(X- X,)2 - %C(X)UZ] (2.11b)

For fixed voltage U [6]. In both equations C(X) is the position dependent capacity of the air-
gap across which the voltage U drops, and Xg is the position of the moving electrode with the
spring relaxed.

Figure 2.2: Comb-drive actuator. The light gray area represents the actuator volume where the uniform electric
fieldis present. The moving plate is elastically suspended by a spring with stiffness k.

For the comb-drive (fig. 2.2) driven with control charge, the charge density on the fingers
decreases due to a disturbance of the equilibrium by Dx. A force DF larger than kDx is
needed for the disturbance. This corresponds with positive electrical stiffness, which is added
to the mechanical stiffness of the suspension. Therefore there will be no instability. The comb-
drive actuator driven with controlled voltage has a contraction force which is independent of
the overlap of the fingers. The electrical stiffness is zero and the actuator is stabilized by the
mechanical stiffness of the suspension.

2.3.3 Equilibrium and stability of the gap-closing actuator

Fig. 2.4 shows the configuration of the gap-closing actuator. The moving electrode is
suspended with a linear spring. The equilibrium force of this configuration is given by eq.
(2.11a,b) for charge and voltage steering respectively. For the gap-closing actuator driven with
controlled charge, the contraction force is independent of the distance x. The electrical
stiffness is zero and the actuator is stabilized by the mechanical stiffness of the suspension.
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Figure 2.3: Gap-closing actuator. The light gray area represents the actuator volume where the uniform electric
fieldis present. The moving plate is elastically suspended by a spring with stiffness k.

For the gap-closing actuator driven by a controlled voltage, the energy density increases with
decreasing distance x. A force DFe: smaller than k’Dx is needed for a disturbance of the
equilibrium by Dx. This means that a negative electrical stiffness is added to the mechanical
stiffness k. The transformed energy for the configuration of fig. 2.4 is given by:

W' (x,U) =W(x,q(x,U))- q(x,U)U :%k(x- X,)? - %%UZ (2.12)

Where Xg is the distance between the plates with the spring relaxed, eis the permittivity of air,
and Aisthefacing area of the plates. Pull-in occurs at a voltage where kg = 0 changing from
positive to negative. Fig. 2.4 shows the energy as a function of x. The onset of instability for
Fet = Olisindicated.

W' (X)

1
0 05 2/3 X | %,

Figure 2.4: Transformed energy W (x,U) as afunction of x for U =U,. Theequilibrium Fe. = 0 at the onset of
instability isindicated. For x < 2/3 xo the stiffness kg = W 29X < 0. This s the unstable region.

The pull-in voltage and gap can be calculated from Feq = W /X = 0 and ket = W4 =0
yielding:

Xoi = 2/3 Xo (2.13)
. _ 8 kxxg
P27 esA
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A similar calculation has been made for a gap-closing actuator loaded by a constant force F.
Theresultsis (App. C):

Xpi =213 (X0 + F/K)

g K%+ )’
U2, :_—k
27 € XA

Both the pull-in position and the pull-in voltage increase with increasing F. In Appendix C
also the influence of a higher order spring on stability is analyzed. The result is that the stable
region of operation increases with increasing order of the spring. For a spring with a
congtitutive relation Fs = kXx — Xo)", the pull-in gap is given by x5 = 2% / (n+2), where xg is
theinitial spacing between the plates (with the spring relaxed).

Non-equilibrium analysis (p > 0) of a gap-closing actuator.

Consider the configuration of fig. 2.3, now with a mass m of the moving electrode If in an
equilibrium state the voltage across the capacitor is suddenly increased, a non-equilibrium
state is caused. The electrostatic force will be larger than restoring elastic force, and the force
difference will lead to acceleration of the movable electrode. Aslong as p > 0 there exists an
effort difference between the transducer and the surroundings in the kinetic domain, so the
transducer moves through non-equilibrium states. The kinetic energy gained can be a
significant amount compared to the electrical energy supplied by the voltage source. To show
this we have analyzed the response of the movable electrodes on a voltage step from 0 to U
Volt, where U = Uy, the quasi-static pull-in voltage. The force F, accelerating the mass can be
found by differentation of eq. (2.12):

le’A
F,. =k(x- x0)+§ v uU? (2.14)

Where F¢ is the force necessary to maintain equilibrium. In the non-equilibrium case Fet

= 0, the moving electrode is accelerated in the -x direction due to the force F; = -Fet. The
force can be integrated with respect to x to find the kinetic energy gained between X, and X,
neglecting the air resistance:

N 1 1exA 1exA
DVVkm(X):OCa@XZ'Ek*(X'Xo)Z’f— » UZ_EX_Uzz-D\NSpring-'-D\NaIec
Xo 0
(2.15)

The total change DWiin+tDWsying Of the mechanical energy equals the change of electrical
energy stored in the capacitor. This can also be concluded from an energy balance: At constant
voltage U the source delivers UxDg=DCU?, and the electrical energy stored in the capacitor
increases with 2DC*J2 The other half of the supplied energy is stored in the kinetic and the
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potential mechanical domains. In order to give an indication of the importance of the kinetic
energy term, we cal culated DWiin/ DWaec for U=Uy;i at X = Xpi= 2/3 Xo:

8 kx3
c (U=
( 27 exA

DW, 1 e>A 1 eA
kin =(—X ){JZ)/(—X
DW,., 16 X, 4 X

W ?) =

1
— ,X=2/3

) 2 Xo)
This shows that the moving electrode still has significant kinetic energy when it reaches the
critical position 2/3 X, which implies that the dynamic pull-in voltage will be significant
lower than the quasi-static pull-in voltage.

2.4 Electrostatic force as a function of energy density and geometry

2.4.1 Expression for the energy in the actuator

The generated force of electrostatic actuators can be expressed as a function of the geometry
and the energy density in the actuator. In this section this is explained for the two basic
configurations: the gap-closing and the comb-drive actuator (fig. 2.5). The resulting
expressions are useful tools for conceptual design of electrostatic actuators.

[ > X X <—|
—_— <«
= " Fe - e
/
d o/
a) b)
figure 2.5: 8) Gap-closing actuator, b) Comb-drive actuator. The volume containing the electric field isdrawn in

light gray.

Define V = Agx the volume that contains the field energy (fig. 2.5). The active area A, is
defined by Ay = dV/dx, where x is the coordinate in the direction of movement. The field
energy contained is given by:

W=A w>x (2.16)

Where w = 1/25E2 = 1/2D%e is the energy density for a homogeneous, isotropic medium. In
this expression E isthe electric field intensity, D the dielectric displacement.

2.4.2 Fixed Charge
The amount of charge on the platesis constant, therefore the produced force is given by:
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_w(xa) _ fiw(x, a)
Fext —T— Aam,(x’q)+Ad><)(>(—ﬂx (217)

For the comb-drive the energy density isw (X, q) = m/ x* (mindependent of x) and therefore:

X><M>:tq)=-zw(x,q)

So for the force we find:
Fo == A W(X,0) (2.18)

Similar, for the gap-closing actuator w is independent of x which implies fw / x = 0,
therefore:

Foo = A W(0Q) (2.19)

2.4.3 Fixed Voltage
The electrical port is open and therefore Fei ¥ WX, q(U, X)) / fIx. Using the Legendre
transformation W (x,U) = W(x, q(U, X)) - Uxy(x, U) this problem is solved:

wWxy)_w_Wiq 1T
X x 9g Ix X

= F@(t(X,U) +U 2 ﬂC(X) _ U 2 ﬂC(X) - F@(t(X,U)
x x

[U q(x,U)]
(2.20)

Because , W (X, U) = W(X, q(U, X)) - Uxy(x, U) = %2 Ux(x, U) - Ux(x, U) = -W(), U) the
following expression can be derived:

_ IW(xU) _ IW(xU) _ _ fw(xU)
Fae =g T g =AY - Ao TS (221)

For the comb-drive the energy density isindependent of x, therefore fw / fIx = 0 and:
Fo« =- A w(U) (2.22)
The gap-closing actuator w = m/ x* which implies:

w(x,U)

Xx————==-2w(x,U)

X
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So for the force we find using eq (2.21):
Fo = A W(X,U) (2.23)

2.4.4 Results

The results are summarized in table 2.1. In conclusion we can see that in all four cases the
magnitude of the force is given by the active area dV / dx times the energy density. Also the
direction of the force follows from the formalism.

Charge control Voltage control
Comb-drive Fet =-AaXV(X,q) Fext =-Aav(U)
Gap-closing Fea = +A¥(Q) Fea = +AW(x,U)

Table 2.1: generated force under conditions of charge control and voltage control for the two configurations

The active area of the gap-closing actuator is straightforward the facing area of the electrodes,
for the comb-driveit isindicated in figure 2.6 for one pair of fingers.

Figure 2.6: Active areafor the comb-drive

2.5 Energy density limited by breakdown

In this section we analyze the maximum attainable electrical energy in air. The energy density
is limited by electrical break-down. Break-down in caused by electrons freely moving in the
gap. If the electric field is large enough, the electrons gain enough kinetic energy to ionize
molecules they collide with in the gap. It was first recognized by Paschen [8] that the
breakdown voltage is a function of the product p-d where p is the gas pressure, and d is the
distance between the electrodes. His explanation of this principle is that the product p-d is a
measure for the average number of molecules on the shortest path between the electrodes. The
break-down voltage is a function of this number of molecules, because the electrodes traveling
towards the anode should gain enough kinetic energy between successive collisions to be able
to ionize the molecules they collide with. This ionization is needed to cause the break-down
avalanche effect. According to Meek et. a. [9] and LLewellyn-Jones [10] the positive ions
and the photons created in the electron-gas molecule collision cause secondary electron
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emission at the cathode, which leads to increased ionization in the gap. Fig. 2.7 shows the
shape of the Paschen curve. For large p-d the curve tends to the dashed line, indicating a
constant electric field with changing p-d. The explanation is that the voltage change between
two collisions should be constant. For constant d the mean free path for the electrons in the
gas decreases linearly with increasing p and therefore the electric field should increase linearly
with increasing p. For constant p the mean free path is constant, and therefore the electric field
should be constant in order to maintain the voltage change between successive collisions. For
small values of p-d the number of molecules in the gap is low. In order to induce the
avalanche effect, the average number of electrons produced in each collision should be high.
Therefore, the voltage change between successive collisions should be high, which explains
why the electric field should be larger than indicated by the slope of the dashed curve.

ude

Ubd,min -

0 (6'd)min p?

Figure 2.7: Paschen curve, showing the break-down voltage Uyq as afunction of p-d.

Dakin et a. [11] have plotted the Paschen curve of air, using breakdown data from many
researchers. For air the minimum break-down voltage Upg min is about 3.3 x 10° V for p-Omin =
7 Bar’um [10]. So, for atmospheric pressure (1 Bar) the minimumisat d » 7 um. Thisis = 20
times the mean free path of electronsin air at this pressure: The mean free path for molecules-
moleculesin air a 1 Bar is appr. 66 nm [12]. The mean free path of electronsin air is about
0.4 mm, 4C2 times larger than for molecule-molecule collisions. For large air-gaps (~10 cm) in
atmospheric air, the breakdown electrical field equals 3 x 10° V/m. For a decreasing gap-size
at constant pressure the break-down field increases gradualy. For atmospheric pressure and
gaps smaller than 10 nm, the break-down field increases rapidly for decreasing gap size and a
value of 2 x 10° V/m is reached at 2.4 nm separation This electric field is still smaller than
the field intensity 2 x 10° V/m, the field intensity at which field emission starts [10]. If the
cathode is rough, field emission can start at significant lower global field intensity dueto local
field enhancement [10]. Most breakdown data in [11] has been retrieved at low pressures
instead of small gaps. Breakdown measurements for nm-range gaps are scarce. Bollee [13]
mentions a breakdown field of 1.7 x 10° V/m in a 2 nm gap, based on [14], [15]. Mehregany
et al. [16] report an applied voltage of 26 V across a 1.5 mm gap in a micromotor,
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corresponding with an electric field of 1.7 x 10’ V/m. Dhariwal et al. [17] have measured the
breakdown voltage for gaps down to 1 mm for copper, aluminium, iron and brass electrodes.
They found a large deviation from the Paschen curve for gaps below 3 mm. For all four
electrode materials the maximum field intensity was 1 x 10° V/m at 3 mm gap size, and drops
rapidly with further decreasing gap size. The deviation may be caused by field enhancement
due to microprotrusions on the electrode surface. Using the breakdown field as an upper
limited, the electrostatic actuation can be compared with other actuation principles with
respect to the energy density. For the comparison an electric field intensity of 2 x 10° V/m is
taken for the electrostatic actuator. This corresponds with the breakdown electric field in a 2
mm gap in amospheric air. The energy density of the electric field equals 2 x 10° Jm°. In
conventional magnetic actuators the maximum flux density equals 1 T , caused by the
saturation of the magnetic core material [18]. This corresponds with an energy density B?/ 2my
= 4.0 x 10° Jm®, a factor two higher than the electric energy density. The maximum energy
density of piezoelectric actuators is more arbitrary. In commercially available PZT an electric
field intensity of 3 MV/m is allowed in the direction of poling [19, 20]. This corresponds with
an energy density 2eE” = 1.2 x 10° Jm? (g = 3000). The forward field intensity of 3 MV/m
is probably given with a safe margin to electric breakdown. In experimental sol-gel PZT thin
films [21] breakdown occurs at E = 55 + 5 MV/m, corresponding with an energy density of
1.2 x 10" Im? (e = 900). It can be concluded that the maximum energy density in electrostatic
actuators is in the same order as those in magnetic and commercially available piezoelectric
actuators. Experiments indicate that possibly the energy density in PZT actuators can be made
more than an order higher.

2.6 Calculation of practical attainable force and stroke

In section 1.2 we wrote down the specifications for actuators to be designed within the
project. In this section we will estimate if the desired force and stroke can be realized with a
sufficient low driving voltage: F > 0.1 mN, Dx > 10 mm and V < 30 V. Using the expressions
from table 2.1 the maximum attainable force can be estimated. This is done for our surface
micromachining process, in which the resolution (minimum width of structures and minimum
gap size) is 2 mm, and the maximum height of the polysilicon structuresis 5 nm. Furthermore
the actuator size is limited to 1 x 1 mm?. The actuator force is calculated for an imaginary
array of minimized unit cells, thereby neglecting the space consumed by suspension and
connection beams. Figure 2.8 shows a minimized unit cell of both the comb-drive and the
gap-size actuator. The gap-closing actuator has ainitial forward gap of 4 mm, which allows a
stroke Dx of 2 mm. The comb-drive actuator has a initial gap of 6 mm between the stator
electrode and the front side of the fingers. After a stroke Dx of 2 mm the front side gap is
reduced to 4 nm, and the force produced in the forward gap is still small compared to the
force produced in the gap between the fingers. Both configurations have a backward gap of 8
mm in order to have alow backward electrostatic force.
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Figure 2.8:8) Top view of aminimized unit cell of the gap-closing actuator, and b) Top view of aminimized unit
cell of the comb-drive actuator. In both figures the moving electrode is drawn in light gray and the stator
electrodein dark gray. The direction of motion is x.

Assuming the dimensions shown in figure 2.8a, the area of a unit cell of the gap-closing
actuator is b x 20 mm. The corresponding active areais b x 5 mm. On a surface area of 1 mm?
an active areaof (1 mm?/ (b x 20 mm)) x b x 5 nm = 0.25 mm? can be redlized, where the area
needed for the beams connecting the electrodes is neglected. Assuming the dimensions shown
in figure 2.8b, the area of a unit cell of the comb-drive actuator is 8 x 30 mm® The
corresponding active areais 4 x 5 mm?. On a surface area of 1 mm? an active area of (1 mm?/
(8 x 30 Mm?)) x 4 nm x 5 mm = 0.083 mm? can be realized, where again the area needed for
the beams connecting the electrodes is neglected. The active area that can be obtained is three
times larger for the gap-closing compared to the comb-drive actuator. However, the initial gap
of the gap-closing actuator is twice the distance between the fingers. Therefore, the maximum
energy density of the comb-drive actuator compared to the gap-closing actuator in the initial
position is four times larger. The conclusion is that the maximum attainable force of both
configurations is almost equal. Notice that athough these are optimized designs, the active
volume Dx>A, of the comb-drive array is only 3%. With 30 V driving voltage across a 2 nm
gap, an energy density w of 1.0 x 10*° Jm® can be created. With this energy density the
maximum attainable force, equals wx 0.083 mm? =83 nN (calculated for the comb-drive).
The calculated force is close to the desired minimum vaue. However, the stroke is 2 nm,
which istoo small. It isimportant to notice that it is the product of force and stroke which has
to be increased. If the product is high enough, the desired stroke and force can be obtained by
employing an appropriate lever. We distinguish three methods to increase the product of
produced force and stroke: (1) Increasing the actuator volume by making higher structures, (2)
employing a walking motion [22, 23], (3) employing field alternation (traveling field). It this
project we choose option (2). Design and redlization of electrostatic actuators employing
walking motion will be presented in chapter 5 and 6.
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2.7 Inertial Matching

The idea of the walking motion introduces extra freedom in actuator design, because initially
one does not have to care about the total stroke which is needed. Therefore, one can now try to
optimize the mechanical output by using a lever between the actuator and the load. The
optimization criterion is a maximum acceleration of the load, which is a mass m. Fig. 2.9
shows the model. A mass m is driven through a lever, which at the other side is connected to
the moving part of the actuator. This moving part is represented by its mass m,. We define the
massratior =m/ my
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Figure 2.9: Actuator driving a mass m through alever, with atransmission ratio i = dx; / dx,. The force produced
in the actuator equals F. The moving part of the actuator is represented by its mass m,.

The optimal vaue, with a maximal, is i =+1/r. This yields an effective mass
Mgt = My + 12 M = 2my, at the actuator side of the lever, and an maximum acceleration of the
load equal to:

F

a = ,
' 2mm

(i=+1/r) (2.24)

This equation can be used to estimate the maximum acceleration of a given mass, produced by
an actuator with a known mass, which drives the load through an optimized lever. If this
principleis employed in awalking actuator, in theory very large accel erations can be obtained.
Take for example the comb-drive array with unit cells as in fig. 2.8b. The moving mass of a
1mm? x 5 mm array is estimated to be 5 . Using aforce F of 0.1 mN and aload of 1 mg, the
optimized output acceleration equals 7 x 10° m/s?. This calculation is based on an energy
density of 1 x 10° J / m®. The maximum possible energy density in air can be 100 times
larger, which implies that accelerations as high as 7x 10 m / §? can be generated with
electrostatic actuators. In practical walking motors, the acceleration will decrease with
increasing velocity, because the frequency at which the ‘legs' can be moved is limited due to
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their inertia. A second effect limiting the velocity is the air resistance. These effects make the
acceleration velocity dependent. Therefore, the calculated large acceleration can only be
reached in theinitia phase of a displacement.

2.8 Conclusions

Equilibrium and stability of conservative electrostatic transducers can be studied using the
expression for the energy stored in the buffers. States of stable equilibrium are found by
minimization of a generalized potential with respect to the unconstraint state variables.
Electrostatic actuators can become unstable if the effective actuator stiffness becomes
negative. This can occur for both fixed charge and fixed voltage. The onset of instability of
the gap-closing actuator loaded by a constant force F and driven with afixed voltage has been
analyzed. For alinear spring the pull-in position is 2/3 (X + F / K), with Xo the initial position
of the moving plate suspended by a spring with a stiffness k. The stable region of operation
can be increased by suspending the moving electrode with a higher order spring. For F = 0 the
pull-in position becomes X, = 2%/ (n+2) where n is the order of the spring. An actuator
model has been made that expresses the electrostatic force as the product of the energy density
and the active area, which is the derivative of the volume containing the electric field, with
respect to the direction of movement. From literature a maximum allowable electric field 2 x
108 V/mina2 mmgap in air has been found, limited by breakdown. This corresponds with an
energy density of 2 x 10° Jm®. The energy density is in the same order as can be obtained in
magnetic actuators, and which is allowed in commercial PZT piezoelectric actuators. The
maximum attainable el ectrostatic force using surface micromachining design rules, is 0.1 mN
with adriving voltage of 30V for both the gap-closing and the comb-drive actuator. This force
has been calculated for a1 x 1 mm? surface area, and 5 mm heigh actuator plates. It is large
enough to meet our demands, however the stroke of 2 mm is too small. From the three
presented options to increase the product of force and stroke, the walking motion has been
selected to be employed in this project. Using a walking motion a virtually unlimited stroke
can be made. It is the possible to optimize the actuator for a given mass to be moved, using a
lever between the actuator and the load. Maximum output acceleration is reached if the
effective mass of the moving electrode of the actuator equals the mass of the load. For an
optimized comb-drive configuration, we estimate that a 1 mg mass can be given an
acceleration of 7 x 10 m/ s> when the actuator is driven at an energy density of 1 x 10° J/ m®,
which is close to the maximum in air.
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3

Stiction in surface micromachining

Due to the flathess of the surfaces in surface micromachining, large adhesion forces between
fabricated structures and the substrate are encountered. Four major adhesion mechanisms have been
analysed: Capillary forces, Hydrogen-bridging, electrostatic forces and van der Waals forces. Once
contact is made adhesion forces can be stronger than the restoring elastic forces and even short, thick
beams will continue to stick to the substrate. Contact, resulting from drying liquid after release etching,
has been successfully reduced. In order to make a fail-safe device stiction during its operational life-
time should be anticipated. Electrostatic forces can cause pull-down of short, stiff structures already at
moderate voltages. Also in particular applications, contact between moving parts is desired. In order
to avoid in-use stiction, adhesion forces should therefore be minimised. Thisis possible by coating the
device with low adhesive materials, by using bumps and side-wall spacers and by increasing the
surface roughness at the interface. Capillary condensation should also be taken into account as this can
lead to large increases in the contact area of roughened surfaces. The stiction reduction by means of
robust side-wall spacers has been measured for the first time, yielding a stiction reduction which is
dlightly larger than the reduction of the geometrical contact area.

3.1 Introduction

Stiction is the permanent adherence of micromachined parts to the underlying substrate. It isa
notorious cause of malfunctioning in microdevices. Surface micromachined structures which
have been fabricated using the wet sacrificial layer etching technique can be pulled down to
the substrate by capillary forces during drying [1, 2]. In recent years, a lot of attention has
been paid to avoiding contact during drying. Section 3.4 gives an overview of the methods
which have been developed. Analysis of the adhesion mechanisms [3, 4] shows that stiction
may occur whenever flexible and smooth structures are brought in contact with the substrate
(section 3.2 and 3.3). Therefore, for structures where there will or can be contact during
operation, in-use stiction should be anticipated. It is clear that thisis the case for the walking
motors which we study. In case there is in-use contact, it is important to minimize adhesion
forces between parts which move with respect to each other, either by reducing the contact
area or by changing the surface properties. Thisis anaysed in section 3.6. In this section, our
experimental results of stiction reduction by using a new type of self-aligned side-wall spacers
are presented.

Thischapter isbased on:

N.Tas, T.Sonnenberg, H. Jansen, R.Legtenberg, M. Elwenspoek, Stiction in Surface Micromaching, J.
Micromech. Microeng., Vol.6, 1996, pp. 385-397

N.Tas, M.Elwenspoek, R.Legtenberg, Sde-wall spacersfor stiction reduction in surface micromachined
mechanisms, Proc. Micromech. Workshop (MME’ 96), Barcelona, Spain, 21-22 Oct. 1996, pp. 92-95.
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3.2 Origins of stiction

Adhesion of contacting surfaces has been studied extensively in tribology. Stiction
phenomena are observed in harddisk systems where the roughness of the contacting surfaces
approaches nanometer scale. Adhesion mechanisms have also been studied for wafer bonding
purposes where stiction of contacted surfaces is desirable. Surface roughness plays an
important role in adhesion. Surface micromachined structures are often very flat. Legtenberg
[7] measured a RMS roughness between 1-3 nm at the bottom of released structures,
depending on polysilicon and sacrificial (PECV D) silicon oxide thicknesses. The roughness of
silicon wafer surfaces has been measured for bonding purposes. RMS roughness is typically
below 1 nm [8, 9]. The Real Contact Area (RCA) can be a large fraction of the apparent
contact area between these structures. In the first analysis of adhesion mechanisms, we assume
that the contacting surfaces are perfectly flat. The influence of surface roughness will be
analysed in section 3.6.3. Four adhesion mechanisms, which play an important role in stiction
of surface micromachined structures, are discussed. Capillary forces, Hydrogen-bridging,
electrostatic forces and van der Waals forces [7].

3.2.1 Capillary forces

A thin liquid layer between two solid plates can work as an adhesive. If the contact angle gc
between liquid and solid is < 90° (fig. 3.1), the pressure inside the liquid bridge will be lower
than outside and a net attractive force between the plates exists. The pressure difference Dp.a
at the liquid-air interface is given by the Laplace equation [10]:

Dp, = 04 (31)

r

Where g a is the surface tension of the liquid-air interface, and r is the radius of curvature of
the meniscus (negative if concave). In fig. 3.1, the liquid is trapped between the plates and the
liquid contacts the solid at a fixed contact angle. Simply from geometry it follows that

r = -g/2cosgc. In equilibrium, an external force F separating the plates must be applied to
counterbalance the capillary pressure forces:

2> A>g,, >COSQc
g

F =-Dp, *A= (3.2)

Where A is the wetted area, and g is the thickness of the liquid layer. Note that a positive force
F corresponds with a negative Laplace pressure.
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Figure 3.1: A thin layer of liquid working as an adhesive between two plates. gc is the contact angle between
liquid and solid in air, g is the liquid layer thickness, and A is the wetted area. A force F is applied to make
balance with the Laplace pressure.

For stiction calculations it is convenient to calculate the surface energy stored at the interface
that is bridged by adrop of liquid [2]. Consider adrop of liquid placed on a solid, surrounded
by air. In equilibrium, the contact angle between liquid and solid (fig. 3.2) is determined by
the balance between the surface tensions of the three interfaces. This balance is expressed by
Y oung's equation [10] :

Osa=0s.+0 ACOS (¢, 0<qc<p (3.3)

Where gsa is the surface tension of the solid-air interface, and gg_ is the surface tension of the
solid-liquid interface. Young's equation is also valid for configurations other than shown in
fig. 3.2. The contact angle is the same on a curved or irregular shaped surface, inside a

capillary etc..

a

Figure 3.2: Liquid drop (L) onasolid (S) , inair (). qc isthe contact angle between liquid and solid in air.

If the solid-air surface tension is smaller than the sum of the liquid-air and solid-liquid surface
tensions, then the contact angle is larger than 0° and the liquid will be non-spreading. If the
solid-air surface tension is larger than the sum of the liquid-air and solid liquid surface
tensions, then it will be energetically favourable for the liquid to spread. The contact angle
will equal 0°. A drop bridging two surfaces will form thin liquid films outside the bridged
area (fig. 3.3).
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Figure 3.3: Liquid bridging two solids. a) The liquid is non-spreading. The solid is only covered in the bridged

area Ag. At is the total facing area. b) The liquid is spreading. Outside the bridged area Ag, a thin liquid film
coversthe solid.

The total surface energy of the area between the plates can be cal culated by adding the surface
tensions of the solid-air, solid-liquid and liquid-air interfaces [2]. It is assumed that the liquid
is confined to a bridged area Ag, which is smaller than or equal to the total facing areas Ar.
The total surface energy as a function of the bridged area can be written in a general form,
which isvalid for both the spreading and the non-spreading condition [2]:

W, =C- 2xA; g, X0S0 (3.4)

Where g a>0sgc is the adhesion tension, and C is a constant depending on gsa, Gs., g A, and
Ar. The importance of liquid mediated adhesion is supported by both stiction and friction
experiments. Stiction of released structures can show a large dependence on the relative
humidity of air [11]. Friction measurements of silicon and silicon compounds [12], show a
strong dependence of the static friction coefficient on relative humidity. In macro-tribology it
is well known that adhesion of solids can strongly depend on relative humidity [13]. Thisis
caused by capillary condensation. Liquids that wet or have a small contact angle on surfaces
will spontaneously condense into cracks, pores, and into small gaps surrounding the points of
contact between the contacting surfaces. At equilibrium the meniscus curvature equals the
Kelvin radius[10]:

Fo_9uY
“ RTlog(p/ p,)

(3.5)

Where V is the molar volume, p is the vapour pressure, and ps is the saturation vapour
pressure. At room temperature, g AV/(RT) = 0.54 nm for water [10]. The meniscus curvature
strongly depends on the relative vapour pressure p/ps. For arelative humidity of 50% we find
log(p/ps) = -0.69 and r = -0.8 nm. At 100% relative humidity, log(p/ps) = 0 and r=¥ which
means that a water film can grow all over the surface. The amount of condensed liquid in
thermodynamic equilibrium is determined by both the Kelvin radius and the contact angle.
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The meniscus curvatures are equal to the Kelvin radius and the contact angles satisfy Young's
equation (fig. 3.4):

liquid condensate

Figure 3.4: Capillary condensation between two contacting surfaces. In equilibrium the meniscus curvatures are
equa to the Kelvin radius, the contact angles satisfy Y oung's equation.

Capillary condensation can lead to alarge increase in the RCA (Real Contact Area) of solids
by means of liquid bridging. It can, therefore, drastically increase the adhesion of those solids
that due to their roughness show a low adhesion in a dry environment [13]. Models for the
adhesion force due to capillary condensed liquid have been developed in harddisk tribology
[14, 15, 16].

3.2.2 Hydrogen bridging

Hydrophilic silicon surfaces, under atmospheric conditions and temperatures well below
200°C, contain adsorbed water layers. When two of these hydrated surfaces are brought into
close contact, hydrogen bonds may form between molecules of the adsorbed water layers.
Stengl et al. [17] have calculated a work of adhesion of about 100 mJm? based on this
bonding model. From wafer bonding experiments [18, 19] and stiction experiments [4, 20], a
work of adhesion Dg between 60 and 270 mJ/m? has been reported for hydrophilic surfaces (T
< 200°C).

3.2.3 Electrostatic for ces

Electrostatic attractive forces across the interface can arise from a difference in work
functions, or from electrostatic charging of opposed surfaces [21,18,22]. Difference in the
work function leads to the formation of an electrical double layer by a net transfer of electrons
from one surface to the other. Contact potentials are generaly below 0.5 V, and the resulting
surface charge densities are smaller than 10" elementary charges per cm? [21]. At small
separations the electrostatic pressure between flat surfaces is generally lower than the van der
Waals pressure [21]. Temporary charging can occur during processing [22] or operation.
Examples of this are tribocharging of rubbing surfaces [15] and charge accumulation in
insulators of electrostatically operated micromotors [23]. Under fixed charge conditions, for
example charges trapped in an insulator, the separation energy can become large, as initially
the energy density in the gap does not decrease with increasing separation.
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3.2.4Van der Waalsforces

The van der Waals dispersion forces between two bodies is caused by mutual electric
interaction of the induced dipoles in the two bodies. Dispersion forces generally dominate
over orientation and induction forces except for strongly polar molecules [24]. The interaction
energy per unit area due to van der Waals interaction between two flat surfaces in the non-
retarded regime (d < 20nm), is given by [10]:

A
Wipw =- W (3.6)

Where A is the Hamaker constant, and d is the distance between the surfaces. For most solids
and liquids, the Hamaker constant liesin the range 0.4-4 x 10°*° J[10]. For surfacesin contact
a cut-off distance of d = dp, dlightly smaller than the interatomic distance, should be used to
calculate the work of adhesion. Using a universal cut-off distance of dy = 0.165 nm and
Hamaker constants calculated by the Lifshitz theory, a good agreement between experimental
values and adhesion energies calculated with eq. (3.6) is found for non-H-bonding, non-
metallic solids and liquids [10].

Eq. (3.6) with d = dy can be used to predict the adhesion energy of a clean hydrophobic silicon
surface. However, the adhesion energy strongly depends on the surface termination. Often
this is not exactly known. For pure silicon a Hamaker constant of 1.1 x 108 Jis given [21],
yielding awork of adhesion of 1.1 Jm? [10]. From wafer bonding literature [18] and stiction
experiments [3, 20], awork of adhesion between 12 mJm? and 140 mJ/m? is reported. The
reported values may be much lower than the theoretical value due to Hydrogen, Fluor or CHy
termination of the surface [18] and due to surface roughness. Compared to hydrophilic
surfaces, the adhesion of hydrophobic surfaces might be more sensitive to surface roughness
because smoothing by condensed water is absent.

3.3. Critical dimensions of beams and membranes

As soon as a structure touches the substrate, the total surface energy is lowered. The structure
will stick to the substrate if the total (free) energy of the system reaches a minimum for a
attachment length larger than zero. The total (free) energy of the system consists of the elastic
deformation energy and the surface energy, which is a constant minus the work of adhesion.
This energy balance is easily made for a cantilever beam [3]. Figure 3.5 shows a cantilever
beam of length |, thickness t, width w, anchored at an initial gap spacing g. The beam attaches
to the substrate at position x from the anchor. The elastic energy stored in the cantilever
equals:
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With E the Y oung’ s modulus.
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Figure 3.5: A cantilever beam of length |, thickness t, anchored at an initial gap spacing g. The beam attaches the
substrate at position x from the anchor.

substrate

The surface energy as afunction of the attachment length |-x equals:
W, =C- Dg Xl - x)>xw (3.8)
Where Dg is the work of adhesion per unit area. In equilibrium, the total energy WintWs is

minimal. An equilibrium detachment length X, can be found, where the decrease of the elastic
energy equals the increase of the surface energy, by increasing the detachment length x:

Wy We g (3.9)
X X

Substitution of (3.7) and (3.8) in (3.9) yields:

Ex®xg?w _
— = =

Xeq

g Dg »w (3.10)

The critical length of cantilever beams is smaller than the detachment length X, because
before complete detachment shear deformation at the tip will occur and the beam will touch
the substrate under an angle [3]. The deformation energy at the point of snap back is about
four times lower, and for the critical length can be written:

| =4 gx— (3.12)

In case the residua stress and the stiffening due to stretching can be neglected, the critical
length of doubly clamped beams show the same dependence on t, g, E and Dg Only the
numerical constant in Eqg. (3.11) should be changed, yielding a critical (total) length of doubly
clamped beams that is 2.9 times larger than for cantilever beams [4]. To get an idea of the
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strength of adhesion, we can evaluate the critical length of cantilever and doubly clamped
beams, assuming a work of adhesion Dg = 100 m¥m? and a Young's modulus of 150 GPa
Fig. 3.6 shows the length of the beams that are just kept down to the substrate, as afunction of
beam thicknesses, for three different gap spacings. The figure shows that even 10 mm thick
cantilevers with a large gap spacing of 4 mm, have a critical length of only 310 nm (880 nm
for doubly clamped beams). It is clear that stiction can easily cause malfunctioning in alot of
devices. Eq. (3.11) shows that the critical length depends on the work of adhesion by a fourth
power root. A reduction factor of 16 of the work of adhesion only yields an increase in the
critical length by afactor of 2.

600
Icrit [rrm]
400
200
O 2 1 '] 1
0 5 10 15 20
t [mm]

Figure 3.6: Critical lengths of cantilever beams as a function of beam thickness for different gap spacings,
according to equation (3.11). A Young's modulus of 150 GPa and awork of adhesion of 100 mJm? is assumed.
Beams shorter than the critical length will snap back after contacting the substrate.

3.4 Contact during fabrication

After wet sacrificial layer etching the released structure is immersed in liquid. During the
subsequent drying, structures are pinned down to the substrate by capillary forces. Consider a
beam with a thickness much smaller than its width. In the final state of the drying process the
liquid volume approaches zero. If the tip of the beam touches the substrate, a very small
amount of liquid can bridge a large area underneath the beam by forming an inside meniscus,
and pulling a part of the beam flat against the surface (fig. 3.7). Thisisthe state of lowest total
energy as the liquid volume approaches zero.

cantilever « I ,
anchor AN ! X . : <W—>
| X “qmd t$ Hqum
substrate m
a) b)

Figure 3.7: Final state of liquid drying underneath a cantilever beam &) Side view b) Front view. In the final state
of drying a small amount of liquid can lower the surface energy by a large amount by bridging an area that is
pulled flat against the substrate.
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The work of adhesion by liquid bridging is found from equation (3.4). Thisfinal state is only
reached if (@) the tip touches the substrate and (b) the surface energy plus the deformation
energy has a minimum for a detachment length x smaller than the beam length | (See fig.
3.7d). Thisfinal state can be analysed by the substitution of the work of adhesion of the liquid
bridge per unit area, 2g 2¢€0s c , into eg. (3.11). Although methods have been proposed to
free sticking structures [25], most researchers prefer to use methods which reduce or avoid the
capillary forces during drying, in order to avoid the structures to touch the substrate. The
adhesion tension g a>0sq. can be decreased choosing a low surface tension liquid for drying
[11, 26], or by adjusting the contact angle. Scheepers [11] reports reduction of the stiction of
silicon nitride beams after drying from n-hexane, which has alow surface tension (19 mJ/m?)
compared to DI water (73 mJ/m?). By changing the combination of the surface materials and
the liquid to be dried, one can try to obtain a contact angle near or over 90°. Only small
negative, or even repulsive capillary pressures, result [27]. Abe et a. [28], have tried to
increase yield by drying at elevated temperatures because surface tensions decrease by
increasing temperature. An additional mechanism of stiction reduction when drying at high
temperatures may be cavitation in the liquid bridge [13, 29]. If the pressure inside the liquid
bridge (=pressure outside + Laplace pressure) drops below the vapour pressure (at the
particular drying temperature) the liquid may start to boil locally [13]. This will limit the
negative capillary pressure. Severa methods have been proposed that apply temporary
support to counteract the surface tensional forces during drying: Break-away polysilicon
supports [30, 31], anchoring of freed structures using a photoresist grid [33] or polymer
columns [32]. Other processes are based on avoiding the use of liquid completely by
employing dry sacrificial etching: After full polymerization of aliquid in which the wafer was
immersed [35, 36], the polymer can be ashed in an oxygen plasma. Sacrificial silicon oxide
can be dry etched in vapour HF [27]. The SCREAM-process [37], as well as the BSM-one run
[38] apply sacrificial layer etching of (poly)silicon. The SMPLE process applies sacrificial
layer etching of n+doped silicon [39]. Others use phase transition to avoid capillary forces: In
the supercritical drying process, first reported by Mulhern et a. [34], liquid is transferred to
vapour via the supercritical phase. Carbon dioxide is used because of its low critical
temperature and pressure (T=31.1 °C, p. = 72.8 atm). During evaporation of the supercritical
carbon dioxide, no liquid/vapour interface exists, so there are no capillary forces working.
Beams with a length of 850 nm (1.4 nm thick, 2.7 mm gap spacing) have been released [34].
Freeze drying as a liquid removing step was first applied to micromachining by Guckel et al.
[1]. After HF etch, the wafer is rinsed in different liquids, until it is immersed in a liquid
which can be removed by freeze drying. At MESA we use sublimation of cyclohexane at
about -5 °C [7]. The sublimation is done at atmosperic pressure on a plate cooled by a Peltier
element under a continuous flow of nitrogen. The nitrogen flow aids the sublimation process
by removing the cyclohexane vapour. It also prevents condensation of water on the substrate.
For the same reason the wafer is heated to room temperature after completion of the
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sublimation process. High yield fabrication of cantilevers up to 1 mm in length (2 nm thick, 2
mm gap spacing) has been achieved.

3.5. Contact during operation

Stiction originating from the fabrication process has been reduced quite successfully. Fail-safe
devices should be designed to avoid stiction of released structures during their operational
life-time. Sources of contact strongly depend on the application of the device. Here we
analyze pull-down by electrostatic forces.

3.5.1 Electrostatic pull-down
To further our understanding of the effect of electrostatic forces, we will firstly examine

cantilever beams which due to a voltage difference between the beams and the substrate, are
pulled down to the substrate. The deflection of the beam is described by the following non-
linear differential equation:

1*y(x) __ewy 2
x* 2Xg- y(x)?

E x| (3.12)

Where y(x) is the deflection on position x along the cantilever, g is the initial gap to the
substrate, EX is the flexural rigidity of the beam, e is the permittivity, w is the width of the
beam, and U is the voltage difference between the beam and the substrate (fig. 3.7). A full
anaytical solution has not yet been obtained. An approximate solution can be derived by
looking at the total potential energy which consists of the electrical energy stored in the gap
and the mechanical deformation energy stored in the beam. This can easily be done if a
constant shape is assumed. The deflection function can only change in amplitude. The elastic
deformation energy assuming the uniform load shape is a function of the tip deflection y of the
cantilever beam:

_BE o
" 30 I

(3.13)

The capacitance between the beam and the substrate is calculated by assuming a linear shape
between the tip and the anchor of the beam fig. 3.8b):

exwd | g |
C = In
M=y "Mgy

(y<9) (3.14)

Tip deflection as a function of the applied voltage U can be found from the Legendre
transformation of the energy stored in the transducer:
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W'=W,(y) - ZC(yU? (3.15)
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Figure 3.8: @) Pull-down of a cantilever beam by electrostatic forces. U is the applied voltage difference between
the beam and the substrate, g is the initial gap spacing, | is the length of the beam, t is the thickness, and y is the
tip deflection. b) The shaded region is the gap for which the capacitance is cal cul ated.

The condition of equilibriumis:

Wi(y)/Ty=0. (3.16)

The system becomes unstable if the electrostatic pull-down force increases faster than the
restoring elastic force with increasing y, which means that the negative electrical stiffness
starts to dominate the positive mechanica stiffness. Therefore the equilibrium is stable if

1°W'/y? >0, and unstable if T2W'/qly? <0. At the edge of stability:

W /1y’ =0 (3.17)
Combination of equations (3.13 - 3.17) yields for the tip deflection at pull-in:
4

In = (3.18)
g-y (g- y)2

Which givesy,i = 0.449. Substitution in eqg. (3.16) gives for the pull-in voltage:
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E xg° x3
U, = 0.22297 (3.19)

Eq. (3.19) dightly underestimates the pull-in voltage, because the capacity is overestimated
using the linear deflection profile. Accurate calculations have been done by Osterburg et al.
[42]. They found a constant 0.28 in stead of 0.22. In [42] also the pull-in voltage of doubly
clamped beams and circular membranes can be found. Fig. 3.9 shows pull-in voltages of
cantilever beams as afunction of | for different beam thicknesses and initial gaps according to
eg. (3.19). A cantilever with a length of 100 nm, athickness of 1 mm and a gap spacing of 1
mm is pulled to the substrate by a voltage difference of only 6.1 V. In electrostatic actuators
voltages of up to a hundred volts are common. Vertical pull-in has to be anticipated in the
design even if thick structures (10 mm) and large gap spacings (4 nm) are used (fig. 3.9). Pull-
in to the substrate can be avoided by electrical shielding in order to give the substrate locally
the same potential as the structures directly above. Another approach is to always keep rotor
parts at the same voltage as the substrate and only to allow a voltage difference between the
stator poles and the substrate.
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Figure 3.9: Pull-in voltage for a cantilever beam as a function of the length. @ Thickness t = 1mm, initia gap
spacingg=1mm.b)t=5mm,g=2mm. ¢) g=4mm, t=10 mm.

3.6 Stiction reduction of contacting structures

In section 3.3 it was shown that an adhesion energy of 100 mJ/m? is high enough to make
short , thick beams stick to the substrate. If large structures are supported by narrow beams the
stiction forces will be even more dominant. The comb-drive shown in fig. 3.10 is an example
of such a structure. Structures like this are also sensitive to applied mechanical shocks. It
therefore requires special fabrication procedures and careful handling during its whole life-
time. If stiction is to be eliminated in such a large structures, extreme reduction of the
adhesion energy is necessary. Low adhesion energy is also desirable in devices where contact
between moving parts is essential to the functioning of the device [5, 6]. Coating and
reduction of the RCA is analysed here.



Stiction in surface micromachining 57

3.6.1 Reducing the work of adhesion
Coating can have a significant effect if capillary forces or hydrogen-bridging are the dominant

adhesion mechanisms. By providing a hydrophobic surface, coating can eliminate water
mediated adhesion [43, 44]. Adhesion by van der Waals forces will always remain. A typical
low-adhesive material like PTFE, still has a surface tension in the order of 20 mJm?. Other
low-adhesive materials are the typical friction reducing coatings [45, 46, 47]. The work of
adhesion of perfect flat surfaces, will hardly be lower than about 40 mJ/m?. Coating alone will
not be enough if large reductions of the work adhesion is desired. Reduction of the RCA
should be applied.

BSKL

Figure 3.10: Photograph of a large combdrive actuator (Legtenberg [7]). Support springs are 1 mm long, and
carry alarge mass at the tip.

3.6.2 Reduction of the geometrical area contact
Bumps

Fan et al. [48,49] were the first to use stiction reducing bumps. They etched isotropically holes
in the sacrificial oxide, before depositing polysilicon (fig. 3.11). These hemispherica bumps
reduce the contact area to dimensions smaller than the resolution of the photolithography
used. The bumps have found wide-spread application in surface micromachined devices, and
have proven to be very effective in reducing the stiction. Despite their importance for MEM S
devices, measurement of the amount of stiction reduction by the bumps have not been
reported.

polysilicon

a. T _J silicon oxide b. c. =
T B ]

Figure 3.11: Fabrication of bumps according to [48, 49]. a) isotropic etch of hole b) deposit polysilicon structural
layer c) release etch.
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Sde-wall spacers

The concept of side-wall spacers to reduce the geometrical area of contact, was introduced by
Sandgjas et. a. [50]. Due to the self-aligned nature of the process side-wall spacers can be
fabricated without additional mask steps. The process can be applied to standard SOI-wafers,
which is another advantage. Because there is no report on the effectiveness of these spacers,
we have been done experiments to characterize the adhesion reduction. A new process has
been developed to generate spacers that are grown partly underneath the structures, in order to
make robust spacers. The processisillustrated in fig. 3.12.

Figure 3.12: Processing scheme for robust side-wall spacers, starting from a) patterned silicon structural layer, b)
isotropic thinning of sacrificial layer c) grow anti-stiction silicon nitride layer d) anisotropic silicon nitride etch €)
sacrificia layer etch.

Fig. 3.13 shows a SEM-photograph of the bottom side of a structure with side-wall spacers.
The characterization of these spacersis reported in appendix B. Stiction reduction for beams
of three different widths, 12, 24 and 36 mm, has been measured. The result is a reduction of 2
x 10%, 4 x 10" and 6 x 10" times of the work of adhesion per unit length of the beam. Thisis
slightly larger than the reduction of the geometrical contact area due to the side wall spacers,
whichis 12, 24 and 36 times assuming atotal spacer width of 2 x 0.5 nm. The spacers
obtained are extremely robust. By using a probe pen, structures can be pushed down to the
substrate. They could be moved easily across the surface. Even 2 mm small beams could be
released by simple touching. Without spacers, the same structures stuck heavily and could not
be released without damage. Spacers are especially useful for experimental devices. beams
that stick, can be freed easily, and testing can continue.

Sde-wall spacing, supports on substrate
Kozlowski et a. [36] have created side-wall spacing in an elegant way. After (dry) release of

etched structures (fig.3.14a), fluorcarbon polymers are deposited, partly underneath the
structures (figure 3.14b), thus giving robust, low surface energy spacers.

S silicon beam b -’ fluorcarbon spacer
I substrate ——

Figure 3.14: Creation of side-wall spacing [36]. @) Released structure b) deposition of fluorcarbon, partly
underneath the structures.
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As is the case with the temporary supports during drying (see paragraph 3.4.2), the maximum
lateral spacing between the bumpsis determined by the vertical stiffness of the structures.

Figure 3.13: SEM-photograph of the bottom side of a structure with side-wall spacers. The structure is immersed
in the glue of the tape which was used to tear it off.

3.6.3 Increaseroughness

Adhesion of elastic solids is expected to be extremely sensitive to surface roughness [51, 52].
This can be illustrated using a simple contact model which is derived in appendix A. Figure
3.15 shows a rough elastic and a smooth rigid surface in contact The roughness is represented
by spherical asperities with aradius R and a peak-valley distance z,. The asperities undergo
an elastic indentation z. The work of adhesion of the two solids is Dg.

Figure 3.15: Contact of a smooth and a rough surface. The roughness is represented by spherical asperities with a
radius R, a peak-valley distance 7z, and an asperity density h [m]. The asperities undergo an elastic indentation
z

For 7z, < R, the real contact area A, normalized to the apparent contact area A, is given by:

Ll = 1,347 23 Ploat 4 273 (3.20)
A A [ ]

Padn
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Where pioag 1S the apparent load pressure, p,,, = 2p X? XD?*R is the adhesive pressure and g*
is the dimensionless adhesion parameter:
3/2

D is the compliance as defined in appendix A. Fig. 3.16 shows the relative contact area as a
function of g* for zero applied load.

0 I
0 50 100

*

a

Figure 3.16: Relative real contact areaas afunction of g* for zero applied load.

For polished prime quality wafers the roughness varies from batch to batch. A value of R=1-
10 nm and z,=0.2 nm was found by scanning with an AFM (Nanoscope 1) across an area of 4
X 4 mm?. Contacted by a smooth silicon surface this yields for R = 1 mm, an adhesion
parameter g* = 3.1, a relative rea contact area of 0.6 and an adhesive pressure of 0.4 GPa
(assuming a Young's modulus of 150 GPa, Poisson’s ratio of 0.3, and Dg= 0.1 Jm?). If for
example the silicon wafer is roughened in such away that R= 0.5 mm and zy = 1 nm then the
adhesion parameter increases to g* = 1.5 x 10°, the relative real contact area dropsto 1 x 10
and the adhesive pressure drops to 79 kPa. Such a rough surface can easily be created using
reactive ion etching to grow ‘micrograss (fig. 3.17). Fuller and Tabor verified experimentally
the decay of the pull-off force with increasing adhesion parameter for smooth rubber on
roughended Perspex [51]. In magnetic recording, a strong dependence of stiction and friction
on surface roughness has been measured [54]. Surface roughness modification to reduce
gtiction of (poly)silicon structures, has been shown to be effective [43, 55, 56, 57]. Reduction
of the work of adhesion of at least 10 times are obtained. Houston et al. [43] report a work of
adhesion aslow as 0.3 mJm? (about 300 times smaller than untreated hydrophilic surfaces),
after surface treatment with ammonium fluoride. Ammonium fluoride etches the silicon
surface, leaving (111)-faceted protrusions. The resulting surfaces are hydrogen terminated
hydrophobic. The low work of adhesion may be the result of the combination of rough and
hydrophobic. Due to the hydrophobic properties of the surface, water mediated adhesion
probably is avoided. This should be kept in mind if roughness is increased. In order to have
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the full benefit of the reduced RCA by increased roughness, growth of the area of contact by
capillary condensation around points of contact should be avoided. In atmospheric conditions
where there is a chance of condensation of water this can be done by hydrophaobic coating. In
order to obtain a stable hydrophobic surface coating with fluorocarbon can be a good option
[59].

AFEL 1. 7BKX 5.88M 5282

Figure 3.17: ‘Micrograss’ created by RIE ( Jansen [53]).

3.7 Conclusions

Stiction research has firstly focused on diminishing the effect of pull-down forces of drying
liquid during fabrication. Several methods have been developed that reduce the problems to
an acceptable level. Stiction can aso originate from contact during operation of the device.
Electrostatic pull-down has been analyzed, and it can be concluded that even short beams can
be pulled-down already at moderate voltages. In particular applications, one can design the
device so that incidental touching of the substrate isimpossible or that restoring elastic forces
are high enough for snap back. In many applications this is not possible and low adhesion
forces are desired to avoid stiction. Strongly reduced adhesion forces are also required in
devices where contact between moving parts is essential to the functioning of the device.
Reduction of additional forces can be obtained by choosing low surface energy contact
materials and by reducing the real contact area. If one looks at practica material properties,
lowering of the surface energy is not drastic enough to solve stiction problems in general.
Reduction of the real contact area is therefore essential. This can be done by reducing the
geometrical contact area (bumps, side-wall spacers), or by increasing the surface roughness.
Experiments have been done to characterize the effectiveness of side-wall spacers. For beams
of 12, 24 and 36 nm the work of adhesion was reduced by afactor 2 x 10*, 4 x 10" and 6 x 10
respectively, dightly larger than the reduction of the geometrical contact area.

In order to make fail-safe devices, large reductions of adhesion forces are needed. A
combination of bumps or side-wall spacers and surface roughness may be needed. For devices
that are operated in atmospheric conditions the increase of the surface roughness has to be
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accompanied by measures that reduce the effect of liquid bridging due to capillary
condensation of water.
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A

Elastic Adhesive Friction Modelsfor Application in
MEMS

Reduction and control of friction is an important issue in MEMS. Using the Greenwood and
Williamson elastic contact model, the dependence of static friction on the surface topography is
analyzed. Static friction in shearing mode is assumed to be proportiona to the real contact area. The
real contact area is ailmost proportiona to the load. The mean elastic contact pressure is amost
independent of the load. The effect of adhesion isincluded using Maugis expansion of the Greenwood
and Williamson model. Analysis of low loaded conditions reveals that the statistical models fail, as
there can be atoo small number of contact points. In particular the adhesive load is underestimated in
this case. A discrete contact model is presented to calculate the friction under low loading conditions,
when the number of contact pointsis too small to use the statistical models. The transition from elastic
to plastic contact is analyzed. With increasing roughness the friction coefficient decreases to a lower
limit, until the friction coefficient of the plastic contact is reached. Static friction in a polysilicon side-
driven friction meter is characterized, and related to the surface topography. The measured friction vs.
load fits well the relation found using the discrete contact model with three contact points.

4.1 Introduction

The application of friction reducing elements, like ball bearings, magnetic levitation and
hydrostatic bearings is often too complicated in MEMS devices. Therefore, dry sliding friction
is used in most bearings and joints. Tests of the first electrostatic micromotors showed a
significant effect of friction on micromotor performance [1,2]. Therefore, in situ static friction
measurements have been done, yielding friction coefficientsup to 4.9 + 1 [3]. Due to the large
surface to volume ratio in MEMS devices, adhesion forces become relatively large, and can
lead to friction force much larger than the applied norma force [2,4,5]. Measurement,
reduction and control of friction have become a maor concern in the development of
micromechanisms [5-15]. One of the striking outcomes of these studies is the wide range of
the measured static friction coefficients for the structural materials used in MEMS [16].
Differences in the surface topography can be one of the causes of the spread in the measured
friction coefficient. Therefore, in this chapter the static friction dependence on surface
topography is studied. In MEMS devices the typical contact materials are silicon, silicon

Thischapter isbased on:
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dioxide and silicon nitride, which are rather hard. Therefore, in most contacts elastic
deformation occurs, and elastic contact models [17 ,18] can be used. Because the aim of this
paper isto explain the basic physics of static friction, we prefer the use of these models with a
simple surface topography representation. An overview of more refined representations is
given by Majumdar et. al. [19]. In MEMS devices a wide range of surface roughness is found,
varying from the almost atomicaly smooth surface of a chemical-mechanically polished
silicon wafer, to the rough surface of deposited polysilicon. From stiction and wafer bonding
experiments it is known that the adhesive attractive forces between contacting surfaces drop
rapidly with increasing surface roughness [20, 21]. However, the forcesin MEMS devices are
often so small (m\’s), that even in rough contacts the contribution of the adhesion forces to
the total load compressing the surfaces can not be neglected [22] The influence of adhesion,
and its dependence on the surface roughness is therefore included in the elastic contact model.
In section 4.4 the friction theory is applied to analyze the static friction measured between two
rather rough polysilicon side walls, as a function of the electrostatically generated clamp
force. The results of the measurement illustrates the need for the presented model
maodifications for low |oading conditions.

4.2 Basic Friction Theory

According to Tabor [23], two basic friction mechanisms can be distinguished in dliding
contacts: ploughing of the asperities of the harder material through the softer material, and
shearing of the junctions in the region of contact. In this paper we focus on the shearing
friction, because the interfacesin MEMS are often between aimost equally hard materials, and
the asperities are mostly rather blunt. Following Tabor [23] the shearing friction forceis given

by:
Fi = oA, (4- 1)

Where sisthe shear strength of the interface and A, isthe real area of contact. We will assume
that s is pressure independent. One should be aware that this not true for all materials. For
polymers it is known that the shear strength is pressure dependent [24]. In case the asperity
tips are plastically deformed in the contact region, the rea contact areaisgivenby A, =L/ H
and thefriction forceis given by F; = ( s/ H )*t. where L isthe (externally) applied load force,
and H is the hardness of the contacting materials [25]. In case the asperities touching the
counter surface are deformed elastically, the contact force for each asperity is given by
Hertzian theory. If all asperities were located at the same height, the contact area would
increase with L%, For real surfaces and many contact points, the asperity summit level is
distributed, and the area of contact becomes almost proportional to L [17]. The friction
coefficient for the elastic contact can now be written as m = s/ pe , where pe is the mean
elastic contact pressure L / A, (see paragraph 4.3). This representation of the friction
coefficient explains the friction reduction by application of low adhesive monolayer coatings
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[26-30]. Application of such a coating reduces the shear strength of the interface, while due to
the small thickness of the coating, the elastic properties of the interface do not change.
Because the real contact areais proportional to the load in both plastic and elastic contacts, the
friction force will be proportiona to the load force, as is expressed by the famous Amontons
Law:

F =mx (4.2)

In section 4.3.2 thisrelation is modified to include the adhesive |oad.

4.3 Multi Asperity Contact Models

4.3.1 The Greenwood & Williamson model

Greenwood and Williamson have modeled the elastic contact of nominally flat and parallel
surfaces, of which one is smooth and the other is rough. Adhesion is neglected in the model.
The rough surface is covered by asperities, which at least near there summits, are spherical
with aradius R. For two rough surfaces the composite R = (R, + 1/R,) ™ is used. The other
parameters describing the surfaces are the elasticity of the materials, the asperity density h [m’
?] , and the spread s in the asperity summit levels. For two rough surfaces h = hy + h,. The
asperities have a summit level distribution f(x) where f (X)dx is the probability to find an
asperity with asummit level between x and x+dx above a reference plane in the rough surface
(seefig. 4.1). The level of the smooth plane is d above the reference plane at x =0, and d is
called the separation.

Figure 4.1: The separation d is defined as the level of the smooth plane with respect to the reference plane at x =
0.

For one asperity, the relation between the contact radius a, the indentation z and the
compressive force P pressing the asperity to the flat surface is given by Hertz's equations [ 31,
32]:

a’=R>z (4.39)

P= = (43b)
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Where D is the composite compliance of the two contacting materials, defined as:

3 1-nf 1-nf
D=,% E, = E, )
Where E;» and n;, are the Young's modulus and the Poisson ration of the two surfaces
respectively.
The number of asperitiesin contact with the flat surface is given by the sum of the products of
the asperity density, the apparent contact area A, ,and the probability to find an asperity with a
height x larger than the separation d:

¥
N =hA, (J (X)dx (4.9
d

The total area of contact is given by the integral for x >d of the product of asperity density,
apparent contact area, the asperity contact are pR(x-d) and the probability to find an asperity
with aheight x :

¥
A =hARp (x- d)f (x)dx (45)
d

The total load L is given by the integral for x >d of the product of asperity density, apparent
contact area, the asperity contact force R¥%(x-d)*? / D and the probability to find an asperity
with aheight x:

U2 ¥
L= hAaDR Q(x- d)¥?f (x)dx (4.6)
d

The asperity height distribution depends on the surface preparation prior to the contact. In
engineering practice the summit level distribution is often close to Gaussian [17]. It is
therefore assumed here that the distribution is Gaussian with a standard deviation s and
centered around x = O:

2

1 X
f(x)=8@exp(- 282)
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For two rough surfaces the composite standard deviation s = s1°+s,%is applied. The asperity
heights x and the separation d can be normalized accordingto y=x/s axdh=d/s
Furthermore eq. (4.4-4.6) can be made dimensionless, yielding:

N* = % = Fy(h) (4.79)
Ar = hRirAa =pF,(h) (4.7b)
D>L
* = hAa—R”ZS =5 = Fa2(N) (4.7¢)
Where:
1% oy
F.(h) = dey- h)"e 2ds (4.8)

The dimensionless group hRs in eg. (4.7b) has been shown to be in the range of 0.05 - 0.1 by
Archard [33].The relation between N*, L* and A* can not be made explicitly, because it is
hard to solve for the separation h. However it is possible to plot for example A* vs. L* and N*
vs. L* for acertain range of h. Similary, in fig. 4.2 we have plotted the normalized mean real
contact contact pressure L* / A* vs. L*.

L*/ A* -

0.1 -

0.01 ' ' |
0.01 0.1 1 10

L*
Figure 4.2: The normalized mean real contact pressure L*/ A* as a function of L*, (h=-2 .. 2). The contact
pressure varies less than afactor 2 over three decades of L*.

Fig. 4.2 shows that the normalized contact pressure L*/ A* as afunction of L*, varies |ess than
afactor 2 over three decades of L*. The explanation for thisis, that as the load is increased,
the separation h decreases and new contacts are created. The number of contact points
increases dlightly less than linearly with the load. The average contact area per asperity
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increases with a power dlightly more than zero. The normalized contact pressure can be
transformed into the mean elastic contact pressure L / A, by using eg. (4.7b,c):

-5 . Fa2(h)
Pe = \/; DpF, (h) (4.9)

In section 4.3.4, pe is used to analyze the effect of the surface topography on the friction
coefficient.

4.3.2 Including the effect of adhesion

Johnson, Kendall and Roberts [34] modified the Hertz to include the effect of adhesion (JKR
theory). The JKR theory assumes that the adhesion only acts in the region of direct contact.
The contact stresses are different from the Hertzian stresses due to the adhesion forces: The
stresses are tensile at the edge of the contact and compressive at the center. The deformation
profile directly outside the contact region changes, so that the profile of the spheres meet the
interface vertically in stead of horizontally. The adherence (pull-off) force equals 3/2 p>DgPR
where Dgis the work of adhesion (per unit area) and R is composite radius of the spheres.
Fuller and Tabor [35] implemented the single asperity JKR theory in the statistical contact
model of Greenwood and Williamson [17], and showed that the adherence force of a multi
asperity contact depends strongly on the surface roughness. Their theory was shown to be in
accordance with measurements of the pull-off force of rubber spheresin contact with perspex.
Deryaguin, Muller and Toporov [36] calculated the effect of adhesion in a contact of an elastic
sphere to a rigid plane. They assumed that the adhesion forces act in the region around a
Hertzian contact. The deformation profile remains Hertzian, as if the adhesion forces could
not deform the surfaces. In the DMT model the adherence force decreases from 2p>DgR to
pPOgR as the approach increases. Maugis has shown that this is not correct: The adherence
force equals 2p>DgR independent of the compression of the sphere to the plane [18]. This
value is identical to the value calculated by Bradley for the contact of rigid spheres [37]. For
both theories the influence of adhesion is accounted for in Dg and is not dependent on the
exact form of the interaction potential [38]. The applicability of the DMT and JKR theory is
determined by the value of a Tabor’'s elasticity parameter [39], which is a measure of the
magnitude of the elastic deformation at the point of separation compared with the range of
surface forces:

R 2

m= (_E jlzjgzog )1/3

Where 7 is the equilibrium spacing in the Lenard-Jones interaction potential, and E*= E;(1-
n?) /I Ex(1-n,?) is the combined elasticity modulus. According to Johnson [40] the DMT
mode! isvalid for small values of m m< 0.1, and the JKR model isvalid for large values of m
m> 5. In between there is a continuous transition from the one model to the other, which has



Elastic Adhesive Friction Modelsfor Applicationin MEMS 71

been calculated by for example Maugis [41] using the Dugdale approximation. So the JKR is
valid for soft materials with a large surface energy and a large asperity radius. The DMT
theory is valid for hard solids with a low surface energy and a small asperity radius. Because
the materials used in MEMSS are often hard, we will concentrate on the DMT model from now
on. The work of adhesion Dg takes into account the adhesion due to Van der Waals forces or
due to hydrogen bonds. Other possible mechanisms for the adhesion are electrostatic forces
and capillary forces. The effect of capillary forces will be discussed in section 4.3.3.

Following the DMT model the adhesion force of each contacting asperity is given by 2p>DgR,
independent of the indentation z. The distribution of stresses in the region of contact is
Hertzian and their integral equals the sum of the adhesion force 2p>DgR and the applied load
P. For each contacting asperity of which thetip is elastically displaced a distance z, the contact
radius a and the load P are now given by:

a’=R:>z (4.10a)

a3 B Rl/ 2 Z3/ 2

(4.10b)
RxD D

P +2p xDg xR =

Following the procedure of paragraph 4.3.1 the expression for the total load L compresssing
the surfaces becomes [18]:

L

h Rl/ZS 3/2
= AaT F,.,(h) - hA, 2p xDg xR xF, (h) (4.11)

The expressions (4.4, 4.5 and 4.7a,b) for the total area of real contact and the number of
contacting asperities remain the same. Eq. (4.11) can be normalized according to:

_ DsL
_hAaRIIZS 3/2

*

2
= Fy,(h) - Fp Fo(h) (4.12)

The dimensionless group q is the adhesion parameter, as defined by Fuller and Tabor [35], it
expresses the competition between the adhesion force between lower asperities trying to hold
the surfaces together and the elastic force exerted by the higher asperities trying to separate the
surfaces.

3/2pl/2
q= i (4.13)
D xDg xR
The adhesive load is proportional to the number of contacting asperities. It is extremely
sensitive to changes in the surface roughness. This can be shown by calculation of fraction of
contacting asperities as a function of the adhesion parameter, using eg. (4.7a) and (4.12): For
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L* =0 and g increasing from 1 to 30 the fraction of contacting asperities decreases from 1 to
0.001 (fig. 4.3). At the same time the relative real contact area A, / A, decreases from 1 to
0.0001, assuming h>R>s = 0.1 [21].

1 T T

N*

05 ]

|
0 10 20 30

q

Figure 4.3: The fraction of asperitiesin contact as a function of the adhesion parameter, for L* = 0.

Fig. 4.4 shows A*(h) vs. L*(h) for different values of q. This is the expected shape of the
friction vs. load curves.

Figure4.4: A* vs. L* for (1) q=10, (2) q =15, (3)q=30and (4) g =¥.

Both the zero load contact area and the slope of the curves are afunction of g. Fig. 4.4 shows
that adhesion leads to a non-linear relation between A, and L. Only in a limited range, the
friction can be described with afirst order relation:

Fr= rTb,a(FaO"'l—) (4.14)

Where the adhesion is accounted for in both the zero load adhesion force Fa0 and the friction
coefficient m, = dF; / dL for elastic adhesive contact. The friction coefficient accounts for the
increase of the adhesive load with increasing L, which is caused by the fact that the number of
contacting asperitiesincreases with increasing L.
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4.3.3 Effect of capillary forces

In chapter 3 it was already explained that capillary forces due to condensation of water around
the points of contact of hydrophilic surfaces can be an important cause of adhesion of the two
surfaces. The capillary force between a sphere and a plane is analyzed in this paragraph.
Figure 4.5 shows the contact of a sphere with aradius of R with aflat surfaces. The contact
angle a and the meniscus curvature determine the radius a and the thickness t of the water
film.

Figure 4.5: Condensed water in around a contact point of spherical asperity and a flat surface. The contact angle
a and the meniscus curvature determine the radius a and the thickness t of the water film. g Is the peak valley
height.

In equilibrium the curvature r of the meniscus equals the Kelvin radius (eg. 3.5). Figure 4.6
shows -rg as afunction of the relative water vapour pressure p / ps.

100
-k [nm]
10

0 0.1 1
p/ps

Figure 4.6: Minus the Kelvin radius as afunction of the relative humidity at room temperature.

The pressure difference across the liquid-air interface is the Laplace pressure (eg. 3.1): pi== Qa
/ rk. Where ga is the surface tension of water. It acts on a surface pa® = 2pRx (t << R). For a
<< R the film tickness t equals -2xk cos a and therefore (in equilibrium) the capillary force
pulling the surfaces together equals [42]:

Fop = 4pRg,, cosa (4.15)



74  Electrostatic Micro Walkers

The capillary force in eg. (4.15) isindependent of the relative humidity of the air. Aslong as't
< g, liquid bridge of neighboring asperities do not touch and eq. (4.15) applies. Thisis the toe
dipping regime [29].The total adhesion force is proportional to the number of contacting
asperities, and the adhesion force per asperity 2pDgR in eq. (4.11) can be replaced by Feqp
(e0.(4.15)). If the thickness t increasesto g , the water bridges of neighboring asperities merge
and the interface can be flooded with water. Thus, for zero contact angle, the condition for the
toe-dipping regime is -2rx < g. In the flooded regime the total adhesion force in eg. (4.11)
should be replaced Apia.

4.3.4 Trandgition from Elastic to Plastic Contact

The model that is described so far is based on elastic deformation in the contact points. Plastic
deformation becomes important when the maximum of the Hertzian pressure approaches H,
with H = H; // H; the hardness of the contacting materials [17]. The maximum pressure g in
the Hertzian contact is given by:

z:gpzqéDzR (4.16)

Where z is the indentation. For the Gaussian distribution model, the conditions for plastic or
elastic contact can be represented in a dimensionless group, the plasticity index [17].
Significant plastic deformation develops if the mean real elastic contact pressure as defined in
eg. (4.9) is larger than a certain fraction of the hardness [17]: pe > 0.24 H. This condition
applies for both adhesive and non-adhesive contacts. As pe rises beyond 0.24 H, with
increasing +/s / R, the mean real contact pressure approaches H. For the friction coefficient
this means that for pe < 0.24H the friction coefficient equals s/ pe, Which is at least four times
larger than the lower limit my = s/ H. For pe > 0.24 H the friction coefficient tends to this
lower limit. For many materials sis of order 0.2 H and the friction coefficient my = 0.2 [25].

4.3.5 Low Loading Conditions

For small loads the statistical model (eq. 4.7a) can predict a number of contact points smaller
than one. This results in an underestimate of the adhesive load. The number of contact points
has to be at least 1, 2, or 3 depending on the degrees of freedom of the contacting surfaces.
Adapting eqg. (4.10a,b) for N equally loaded contact points and application of eq. (4.1) yields:

D
— XL+ N x2p xDg xR)*? (N =1,2,3)

Fo(L)=5%A (L) =S pRA

(4.17)
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4.4 MEM S Friction Experiment

In order to test the clamps of a polysilicon stepper motor [22], a friction meter, similar to
[38], has been fabricated. The friction as a function of the applied load has been measured.
We have analyzed this experiment using the presented friction theory.

Friction is measured by pushing the shoe against the wall with a defined electrostatic force,
and measuring the electrostatic pull force at the onset of dip (fig. 4.7). The contact material
was polysilicon, covered with a thin layer of native oxide. Gap-closing actuator arrays have
been used, because the moment of dlip can easily be determined, as these actuators show pull-
in. The measurements have been done using a clamp actuator with 30 plates, and a pull
actuator with 15 plates, each plate having an active area of 100 x 5 mm?. The total load
consists of the clamp force L plus the interfacial adhesive load. The measurements have been
carried out under the condition L > 0, as the clamp voltage is chosen above the level that is
necessary to make initial contact. Fig. 4.8 shows the measured pull-voltage squared as a
function of the applied clamp voltages squared. Pull and clamp voltages have been chosen
large enough to obtain pull-in of the pull actuator, directly from the initia position. The
measurements indicate that there is a close to linear relation between the load L and the F,
and therefore eq. (4.14) can be used. The clamp force L consists of the generated el ectrostatic
clamp force minus the eastic deformation force of the clamp actuator suspension and the
drive beam connected to the pull actuator:

L = Faec - Fspring: The elastic force Fsying €quals 7 £ 2 N, calculated from the stiffness of the
suspension and the pull connection beam, times the initial gap between the shoe and the rigid
wall.

Figure 4.7a) The friction meter. It consists of an actuator array that lamps a shoe against a rigid wall, and an
actuator array pulling the shoe along the wall. Friction is determined by measuring the pull force at the onset of
dlip of the shoe along the wall. The stator poles of the pull and clamp actuator are white due to charging in the
SEM. b) Close-up of the clamp shoe pushed against the rigid side-wall. The height of the shoe is 5 mm, the width
is20 mm.
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The friction force and the applied load can be obtained by Foui = @pui™’pu and Fae =
Agamp™ amp. Where apui and agamp are the conversion factors from actuator voltage to force
[N/V? depending on the actuator geometry. Due to uncertainties in the gap sizes of the
actuator there is a significant uncertainty in the conversion factors: agamp = (1.4 £ 0.5) x 10°®
N/V? and apyr = (3.8 = 0.8) x 10°° N/V? Using the conversion factors and subtraction of Feying
, the voltages have been converted into forces. Represented in the form of eq. (4.14) it follows
for the measured relation that mea= 0.7 + 0.3 and F.° = F; (L=0) / mea= 2.0 + 1.3 nN. The
exact calculation can be found in appendix G. The expression for the measured friction is:

F =(0.7+0.3)X2.0+1.3uN + L) (L>0)
(4.18)

Next, have tried to calculate the friction vs. load using the elastic adhesive contact model.
Surface topography parameters have been derived from a top view of a side-wall in the
friction tester (fig.4.9). One should redlize that the side-walls are not nominally flat, and that
top view SEM photo from which the roughness has been measured may not be completely
representative for the whole side-wall. Also possible small asperities (lateral size < 0.1 mm) on
top of the larger asperities have been cancelled due to the limited resolution of the roughness
measurement. Therefore, the model calculations for this experiment should be considered as
an estimate.
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Figure 4.8: The measured pull voltages squared at the onset of slip, as a function of the applied clamp voltage
squared. The measurements have been carried out at arelative humidity of the air of 35+5%.
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Figure 4.9: SEM photograph (top view) of the roughness of a side-wall in the friction meter.

The measured parameters (table 4.1) yield an adhesion parameter g = 1 x 10*. Using eqg. (4.7a,
4.8, 4.12) the zero load number of contact points can be calculated. It is negligible small,
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which indicates that the statistical model is not valid, and the discrete contact model hasto be
used. In order to fix the rotational degrees of freedom, three contact points are needed.
Assuming N = 3in eg. (4.17), agood correspondence between measured friction (L > 0) and
calculated friction vs. load is found.

Asperity Density h |4x10%m?
Asperity Radius R |105+£0.3mm
Work of Adhesion | Dg| 0.1 Jm?

SD Summit Level s [0.04mm
Compliance D |9.1x10% Pa?
Apparent contact | As | 100 nm?

area

Table 4.1: Parameters of the contacting surfaces. The radius R, the summit level standard deviation s and the
compliance D account for both surfaces. The value of Dgis known from wafer bonding with hydrophilic surfaces
[38].

The shear strength was used as (the only) fit parameter, in order to fit the calculated slopein L
= 3 M\ with the measured m, = 0.7. This leads to a value s = 1.4 GPa. With this value an
apparent zero load adhesion force F. = sA(L =0) / ma= 2.3 nN is found (fig. 4.10). The
calculated F.”is in good correspondence with the measured value. The strong non-linearity of
the curve for L < 0 explains why the apparent zero load adhesion force F.” is larger than the
real calculated adhesion force F,= 6p>DgPR = 0.9 nN: For spherical asperities and small total
loads (L + Fg), dA./ dL is large and the friction force rises rapidly with increasing L, with a
slope larger than m, With the help of eq. (4.16) and assuming a hardness of 9 GPa for
polysilicon, it was confirmed that the deformations in the contact are indeed elastic.

10
Fr [nN]

. / | |
-F.°-F, 0 5 10
L [N]

Figure 4.10: F; as afunction of L in the discrete model with 3 contact points, for R = 0.5 nm and s = 1.4 GPa.
The shear strength has been fit to obtain m, = 0.7 for L > 0. The relation between F; and L yields a good fit with
the measured F,2= 2.0 + 1.3 nN.
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4.5 Conclusions

According to the presented friction models the following conclusions can de drawn for
shearing mode static friction: For zero adhesive load, the friction force as a function of the
load is given by Amontons Law. For plastic contact the friction coefficient is given by s/ H
and for elastic contact by s/ pe. For eastic contact, the mean real contact pressure depends on
the surface topography: It increases proportional to s / R until the pe is so large that plastic
deformation starts. The friction coefficient decreases with increasing s / R. The lower limit is
given by the friction coefficient for plastic contact s/ H. The adhesive load increases with the
number of contacting asperities, and therefore it depends on the applied (external) load. In the
statistical model the influence of adhesion can be accounted for by a single dimensionless
number, the adhesion parameter. For low loading conditions the statistical models can predict
an unredlistic low number of contact points and underestimate the adhesive load. In these
cases 1, 2 or 3 should be taken for the number of contact points, depending on the degrees of
freedom of the contacting members. A MEMS friction experiment has been analyzed in order
to relate the measured friction with surface topography, adhesion energy and elastic
properties. The experiment illustrates the need for specia attention to low loading conditions,
which can be encountered in MEMS. Future work should concentrate on experimental
verification of the presented models. How to relate the idealized roughness representation to
the real roughness will be a primary issue. Furthermore, the conditions in which eq. (4.1) is
valid should be determined.
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5

Laterally driven walking motors

Three different lateraly driven motors have been developed and tested. The first design (concept A)
uses drive beams which attach to the shuttle, and generate motion by contraction of the drive beams
due to bending. Electrostatic forces are generated by applying a voltage difference between the drive
beams and the shuttle. The experiments show that it is hard to generate a high enough clamping force.
The second design therefore uses separated clamp and propulsion actuators, which yields more
freedom in the generation of clamp and propulsion forces. Using this design static friction in the
clamps as a function of the clamp force has been measured. The experiment shows that thereis friction
with zero applied clamp force. This is caused by adhesion, which has to be added to the externally
applied load. The adhesion in is the order of 1 m\, small enough to be overcome by the switchable
electrostatic forces in the clamp actuators. Walking motion has been successfully generated with this
design. The third design (concept C) is based on the second. The difference is that it has been tried to
include levers to increase the propulsion force. The most difficult issue in this concept is how to
increase the clamp force, and still be able to close the initial 1-2 mm gap between the clamp shoe and
the shuttle. Three different solutions have been proposed for the clamping. The one which has been
implemented uses a voltage difference between the clamp shoe and the shuttle (across the side-wall
insulator layers) to generate the clamp force. It turned out that this force becomes smaller than
required, due to an effective air gap caused by side-wall roughness which remains during clamping.
Walking experiments with this concept have failed, due to the fact that the impact of the incoming
second clamp disturbs the clamping of the first, and the first step madeislost. A strategy is developed
to improve concept C.

5.1. Introduction

We define mechanisms which only have parts moving parallel to the wafer surface as laterally
driven. The advantage of such mechanisms can be the simple fabrication process. The most
simple laterally driven devices can be made using only one mask step. In this section three
designs of laterally driven linear electrostatic micromotors are treated. The first design (A) is
based on integration of the clamp force and the step generating actuation in one actuator. In
the second (B) and third design (C) the clamp force and step motion are generated in separate
actuators, in order to obtain a better control on the motions. These designs employ the walking
cycle of fig. 1.11. Design B is meant to test if walking motion is feasible in our most simple
single mask surface micromachining fabrication process. The focus is at possible stiction in
the clamps (section 5.3). Design C is an effort to enlarge the generated forces by employing
mechanical levers. Different concepts for clamp force and step motion generation are
discussed (section 5.4).

Section 5.3 isbased on: N.R.Tas, A.H. Sonnenberg, A.F.M. Sander, and M. Elwenspoek,” Surface
Micromachined Linear Electrostatic Stepper Motor”, Proc. IEEE Workshop on Micro Electro Mechanical
Systems 1997, Nagoya, Japan, Jan. 26-30 1997, pp. 216-220.
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As far as we know only two other groups have presented experiments with a laterally driven
surface micromachined el ectrostatic walking motor [1,2]. Both designs are similar to concept
B, and will therefore be compared with our design.

5.2 Concept A: Walking motor with combined clamp and pull actuator

5.2.1 Principle of Operation

Walking motion in this concept is generated by drive units (see fig. 5.2), each consisting of
two drive beams. Figure 5.1 shows the step generation by one drive unit. As the attachment
length of the beams to the shuttle increases, the tips of the beams move to the left. With
sufficient friction the shuttle will follow to the | eft.

Anchor & Contact pad

Shuttle

—_——————a

Figure 5.1: A drive-unit consists of two anchored drive beams. Part of the shuttle is shown as well. The lighter
gray parts are moveable, the darker gray parts are anchored. Generation of a step is indicated. As the clamp
voltage is increased the attached length increases and, assuming afixed length of the drive beam, the tip displaces
to the left.

Figure 5.2 shows the walking cycle of motor concept A. (fig. 5.2a) Initialy both drive-units
are inactive. (fig. 5.2b) First drive-unit 1 is activated. Its drive beams are clamped onto the
shuttle and the shuittle is pulled to the left due to the contraction of the beams, induced by the
bending of the beams. (Fig. 5.2c) Drive unit 2 is activated. Initialy its beams will slip along
the shuttle, until the clamp area is large enough to have enough static friction in the attached
region to stop the dip of the tips of the beams. Here it is assumed that the position of the
shuttle is fixed by drive-unit 1. This will be true for drive beams with high enough bending
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stiffness. The apparent x-stiffness due the attached beams will much larger than this z-bending
stiffness (see fig. 5.2), provided that there is a large transformation ratio dz / dx. After
releasing drive unit 1 the attachment length of the beams of drive-unit 2 can increase, and the
shuttle is moved to the left (fig. 5.2d). Now the cycle continues in (fig. 5.2b), however with
therole of drive-units 1 and 2 interchanged.

Drive unit 1 Drive unit 2

.

/

+ Shuttle

o[00000000 | o[Dooooood

.

™
a

wlOoOooooooO |! ooooooogd

" x =

Figure 5.2: Walking cycle of motor concept A. The shuttle is driven by two drive units, in total containing four
drive beams. The shuttle is guided linearly by an elastic suspension (not shown in the figure). (&) Initially both
drive-units are inactive. (b) First drive-unit 1 is activated. Its drive beams are clamped onto the shuttle and the
shuttle is pulled to the left due to the contraction of the beams, induced by the bending of the beams. (c) Drive
unit 2 is activated. Initially its beams will dlip along the shuttle, until the clamp area is large enough to have
enough static friction in the attached region to stop the dlip of the tips of the beams. Here it is assumed that the
position of the shuttle is fixed by drive-unit 1. (d) After releasing drive unit 1 the attachment length of the beams
of drive-unit 2 can increase, and the shuttle is moved to the left. Now the cycle continuesin (b), however with the
role of drive-units 1 and 2 interchanged.

5.2.2 Model of the electromechanical energy conversion

A simple expression for the generated force can be found from an energy model of the
transducer. This model only contains the electrical energy stored in the gap, the mechanical
deformation energy is neglected. Fig. 5.3 shows the definitions of variables.
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Figure 5.3: Definitions of model variables. L is the length of the drive beam, a is the attached length, L - aisthe
unattached length, d; is the size of the air gap between the fixed end of the drive beam and the side-wall of the
dider, d, is the thickness of the silicon nitride insulator (for the electrical model the silicon nitride on the drive
beam is virtually transferred to the shuttle), b is the projected length of the beam onto the side-wall of the dlider, s
is the position aong the shuttle edge starting at the tip of the beam, x is the displacement of the beam tip by
contraction, and F; is the external force exerted on the shuttle to maintain balance

Figure 5.3 shows the definitions of the variables in the energy model. L is the length of the
drive beam, a is the attached length, L - a is the unattached length, d; is the size of the air gap
between the fixed end of the drive beam and the side-wall of the slider, d; is the thickness of
the silicon nitride insulator, b projected length of the beam onto the side-wall of the dlider, sis
the position along the shuttle edge starting at the tip of the beam, X is the displacement of the
beam tip by contraction, and Fe IS the external balance force exerted on the shuttle. For
reasons of simplicity the insulator of both the beam and the side-wall have been added into
one layer. The force Feq under voltage control can be calculated from the derivative of the
Legendre transformed energy function W (x, U). In the model only the electrical energy is
accounted for, and the expression for the force becomes:

- IWixU) _ 7,1 JEREE 202
o == = 0 D C@O U= 2 C@M) VT o (6

Where the minus sign applies because the force is pointing towards —x. The justification of
neglecting the mechanical deformation energy will be discussed later.The capacity C(a) of the
gap between the beam and the shuttle is calculated by assuming a small ratio d; / (b - a). This
implies that the capacitance between the oblique part of the beam and the shuttle can be
calculated by integration with respect to s of infinitesimal parallel plate elements with an area
txds, with t the thickness of the polysilicon (in the direction perpendicular to the paper). In
appendix H the calculations for the energy model can be found. It results in an expression for
the drive beam contraction (eg. H.3) and for the generated force (eq. H.5). Fig. 5.4b shows the
produced force of a drive unit Fgrive= 2Fex:, and fig. 5.4a the produced drive beam contraction
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x as afunction of the attachment length a, for adriving voltageU =10V, L =400 nm, d; =
10 mm, d» = 0.3 MM, t =5 M, e, = 8.85 x 10 F/m and e, = 7.5, (silicon nitride).

60 nm T 0.4 mN T

X Farive \

0 100 nm 0 100 nm
a a

€Y (b)

Figure 5.4: (a) Contraction of the drive beams as a function of the attachment length. (b) Force Fgive produced by
adrive unit as afunction of the attachment length. The parameters used are: U =10V, L =400 mm, d; = 10 mm,
d,=0.3mm, t=5mm, ;= 8.85x 102F/m and e, = 7.5¢,.

For a = 100 nm the generated force is large enough (> 0.1 mN). Also the contraction (+ 40
nm) isin the right range. The displacement of the shuttle will be smaller than the contraction x
of the drive beam , because of initial slip due to insufficient clamping near a = 0. The clamp
force can easily be estimated by assuming that electrostatic forces only act in the attached
region. Under this assumption the clamp force increases linearly with the attachment length.
The clamp force of two drive beamsis given by:

2
s . Ubax

e, (% + )
e3 eZ

(5.2)

Where d; is the effective air gap thickness in the attachment region, for example due to
roughness, and ez is the permittivity in the gap. Here we have neglected the bending stiffness
of the beams. The maximum clamp forceis found for d3 = 0 and is given by:

omax M (5.3)

e3 >dZ
Ford;=0,d,=0.3mm,t=5nm, e3=8.85x 10Fimand & = 7.5e; (silicon nitride), and at
a = 100 nm, the clamp force of two drive beams equals 1.3 mN at U = 20 V applied. The
clamp force is extremely sensitive for a possible small air gap in the attached region. Thisis
illustrated in fig. 5.5 where the normalized clamp force F; = F. / Fc.max IS plotted as a function
of the relative air gap thickness d; = ds>e, / dx»;. The graph shows that at d; = dx%e; / & the
clamp force is lowered 4 times compared to the maximum. For 0.3 nm silicon nitride as the
dielectric material, d; = 1 corresponds with d; = 0.04 mm. This calculation indicates that
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roughness will also lower the produced contraction force, as C(a) / fain eq. (5.1) drops with
increasing air gap thickness in the clamp region.

F(dr)

05 -

0 1 d 2

Figure 5.5: Normalized clamp force F, = F./ Fcma @ afunction of the normalized air gap thickness d, = ds, /
dyes.

5.2.3 Lateral pull-in vs. pull-down
For proper operation of the motor, the drive beams should be pulled towards the shuttle and
not downwards to the substrate. We have therefore calculated the lateral pull-in voltage as
well as the pull-down voltage. The calculations follow the procedure of section 3.5.1, and are
presented in appendix I. In section 5.2.5 the values for the realized motors are presented and
compared with the measured values.

5.2.4 Fabrication

Fabrication starts with growing a 2.3 nm thick thermal oxide, which serves as the sacrificid
layer. Next, 5.3 nm thick polysilicon layer is deposited by LPCVD. The polysilicon is made
conductive by dotation with Boron, deposited from a solid source, and indiffused by a 1 hour
heat cycle at 1100 °C. After stripping the B,Os from the surface, the 1.2 nm thick silicon
oxide etch mask for the RIE of the polysilicon is deposited by PECVD. Next a 3 hours post-
anneal is done to obtain a uniform distribution of the Boron. After patterning the oxide mask
by photolithography and RIE, the polysilicon is anisotropically etched in RIE using a
SF6/CHF3/02 plasma. In the next step the silicon oxide etch mask is removed by RIE, and the
sacrificial oxide is etched in 50% HF for 4%2 minutes to obtain a small gulley underneath the
polysilicon structures for the robust side-wall spacers to be formed. A 160 nm thick silicon
nitride layer is deposited by a LPCVD process which is optimized for low stress. The silicon
nitride is removed from the top of the polysilicon structures and the exposed surface of the
sacrificial oxide. Only at the side-walls and underneath the structures silicon nitride remains.
Finally, the structures are released by sacrificial layer etching in 50% HF. After rinsing with
IPA and cyclohexane the structure is dried by means of freeze drying of the cyclohexane [3].
The detailed processing sequence is listed in appendix D. The fabrication process has been
based on a process developed by Legtenberg et a. [4]. Compared to [4], steps have been
added to create the silicon nitride layer at the side-walls, to serve as insulator and/or side-wall
spacer (steps 25,26, and 27 in appendix D). Also the post-annea (step 17 in appendix D) has
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been added in order to obtain uniform distribution of the Boron in the polysilicon, which is
necessary to avoid stress gradients.

Figure 5.6: SEM picture of the fabricated motor. The length of the drive beams is 400 nm.

5.2.5 Experiments

Tests have been done on the motor shown in fig. 5.6. For this motor the length L of the drive
beams is 400 nm, on the mask d; = 10 nm, g = 2 nm. Due to the photolithographic process the
width of the drive beams has become 2.2 nm, so w; = 1.1 nm. Due to the deposition of 2w, =
0.3 mm silicon nitride, the resulting g = 1.5 mm and d; = 9.5 nm.

Lateral pull-in

From the lateral pull-in analysis (appendix 1) it follows that with the mentioned parameters ¢ =
4.44 and V(L) = 8.57 mm. In the inactive state v(L) = 8 mm therefore it can be concluded that
the pull-in deflection ym(L) = 0.57 nm = 0.48 g. Using eqg. (1.5) the predicted pull-in voltage is
4.8V (E1 =150 Gpa, E; = 330 GPa). The measured lateral pull-in voltage equals 6.8 + 0.1 V
(inaccuracy based on 5 subsequent measurements). It is not clear what causes the discrepancy.
An explanation can be that the beam has dlightly bent towards the substrate, due to the tensile
stress of the silicon nitride spacers underneath the beam. This can cause alower than expected
active areafor the electrostatic pressure to act on.

Pull-down

For t = 5 mm, the normal gap g, = 2 mm, E, = 330 Gpa, and the dimensions mentioned above,
eg. (1.1) predicts a pull-down voltage of 12.1 V. It can be concluded that there is a voltage
window, between 7 V and 12 V, for which the beams can be laterally driven without pull-
down to the substrate.
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Walking Experiments

A voltage pattern with an amplitude of 10V was applied to generate the waking cycle

described in fig. 5.2. There was no movement of the shuttle visible. This means that either

there were no steps at all generated, or a small number (<5), therefore movement of the
shuttle could not be seen using an optical microscope. Two important observations could be
done:

1. Drive beams were often sticking to the shuttle. As the initial gap between the beam tips
and the shuttle was 1.2 mm and the stiffness at the tip is 0.05 miN/mm, this means that there
isastiction force of at least 0.1 mN. The calculations in section 4 show this can already be
caused by a single asperity contact, if the stiction is caused by adsorbed water layers
(capillary forces or hydrogen bonds). Another cause can be electrostatic stiction due to the
charging of the side-wall silicon nitride.

2. The attachment length is small: a < 50 nm with U =10V, and a < 80 nm for U =40 V.
This means that the clamp force will be much lower than the value calculated in section
5.2.3 for a = 100 nm. Possible causes are the bending stiffness of the drive beams, and the
reduced electrostatic contact pressure due a roughness induced air gap. Using eg. (5.6) it
follows that with an effective air gap thickness of 0.3 nm due to roughness and a small
attachment length a = 10 mm, the clamp force of a pair of drive beams reduces to only 0.8
mN (with 10 V).

For the same voltage, the attachment length can be increased by increasing the length of the

drive beams, or by making the drive beams more narrow. However, both lead to increased risk

of dtiction to the side-wall and are therefore rejected. This dilemma might be solved by
employing electrical shields underneath activated released parts, in order to reduce the normal
pull-in. This than may enable the use of higher driving voltages.

5.2.6 Discussion & Conclusions

A concept for walking motion generated by drive units with integrated clamp and pull
actuators has been analyzed and tested. Walking motion could not be produced. Probably the
clamping of drive beams is too weak compared to the pull force. The clamp force can be
increased with the help of longer or more narrow drive beams, and by decreasing the side-wall
roughness. However, all these measures lead to an increased risk of stiction of the drive beams
to the side-wall. It can be concluded that a different design of the drive units is desirable. A
suggested change is the use of electrical shields underneath active parts, to reduce the pull-
down force and to allow an increase of the driving voltage.

In the next section we present a different concept, which offers more freedom to design the
clamp and the propulsion functionality separately.
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5.3 Concept B: Walking motor with separated clamp and pull actuators

5.3.1 Introduction

In the following design separation of the clamp and the propulsive actuation has been
realized. The electrostatic stepper motor presented here is fabricated in a very simple single
mask surface micromachining process. The motor is made in a single level of 5.3 mm
polysilicon and is operated lateraly. The motor consists of two drive units that alternately
generate a step to move a shuttle, following the scheme of fig. 1.11. The main goa of the
work presented here is to investigate the stepwise motion on microscale. The experiments
with this design have focused on the friction and adhesion in the clamps.

5.3.2 Design

Sngle mask design

The clamp force can be generated by applying a voltage difference between the clamp shoe
and the shuttle [1]. A problem with this approach can be that there is a voltage difference
between either the shuttle and the substrate or the clamp shoe and the substrate. To avoid
electrostatic pull-down of one of these moving parts to the substrate, electrical shields are
needed, unless the charged structures are made very stiff [5]. We have investigated the
application of separate clamp actuators, in which al moving parts are kept at the same
potential as the substrate in order to avoid electrostatic pull-down of released structures. Drive
voltages are applied to the stator poles of the electrostatic actuators. Therefore electrical
shields underneath moving parts are not required, which saves one mask step. By means of a
timed sacrificial layer etch, the distinction between anchored and released parts can be made.
This saves an additional mask step. All released parts are made narrower than 10 nm, and all
anchored parts wider than 10 nm.

Actuators
The clamp and pull actuators are formed by arrays of gap-closing paralel plate capacitors (fig.

5.7). The gap-closing array actuators combine a high energy density by means of multiple
small gaps, with alarge change of the actuator volume per unit deflection. This combination
explainsthe relative high force output of this type of actuators.
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F ext

Fig. 5.7: An array of two parallel plate gap-closing actuators. The moving part is drawn black, the anchored part
is dark grey. Fe is the externa force that makes equilibrium. The forward initial gap-size is d;, the backward
initial gap-size is d,. The bumper protects the actuator against short-circuit. The drive voltage u is applied
between the stator plates (grey) and the moveable plates (black). The moveable part is kept on the same potential
asthe substrate. The length of the suspension equals I, the length of the electrode plates .

The two paralel suspension springs serve as alinear guidance for the actuator array. Residual
tensile stress in the polysilicon will be released in this configuration. The actuators are
voltage controlled. Therefore, Fe is found from the Legendre transform of the energy
function W according to W = W - U>Q, with Q the charge stored in the capacitor:

2 2
WU x)=- LAY L oAU 1 (5.4)
d-x 2 d,+x 2

Where A is the total overlapping area of the actuator plates, d; istheinitial forward gap, dyis
the applied backward gap, As isthe forward active area, A, is the backward active area, u isthe
applied voltage between the plates, eisthe permittivity of air, x is the actuator deflection and k
is the suspension stiffness. The external force making equilibrium, Fe, equals the derivative
of the W with respect to x:

C1exAU® 1 exA®
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If the electrostatic attraction force increases faster with x than the restoring spring force, then
the actuator becomes unstable and will make afull stroke. Neglecting the backward force, the
pull-in voltage can easily be estimated using eqg. (2.13). The suspension stiffness (two paralel

springs) equals[6]:

E xhw?®
X—

3
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k=2 (5.6)
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Where I = 200 mm is the length of the springs, h =5 nm is the height of the springs, w =2 mm
isthe width of the springs and E = 150 GPaisthe Y oung' s modulus. This yields a suspension
stiffness k = 1.5 N/m. The actuator area A is given by nh*, where |, = 100 nm is the
overlapping plate length and n is the number of plates involved. For the pull actuator, which
creates the step, we have chosen n = 7 plates, and di = 3 nm, which gives using eq. (2.13) ugi=
19.7 V. The clamp actuator has got n = 14 plates, and d; = 4 nm, which corresponds with Uy,
= 21.4 V. The net actuator force at 40 V actuation voltage as a function of the actuator
deflection is shown in fig. 5.8. Both the forward and backward el ectrostatic forces, as well as
the suspension stiffness are included in the evaluation. For the pull actuator d; = 3 mm and d;
=7 mm, and the minimum produced force equals 1.9 mN for x = 0. For the clamp actuator d; =
4 mm and d; = 6 mm, and the minimum produced force is 2.3 M\ for x = 0. Note that the
number of backward active electrodes is 6 and 12 for the pull and the clamp actuator
respectively.

30 mN T 10 mN T

Fpu" I:clamp

a) b)
Figure 5.8: Actuator force as a function of actuator deflection x. @) Pull actuator, n=7, d; = 3 nm and d, = 7 nm.

b) Clamp actuator, n = 14, d; = 4 nm and d, = 6 nm. Note that these forces represent -F, which was defined in
fig5.7.

The maximum stroke of each actuator is limited by a bumper that protects it against short-
circuit by collision of the plates. The bumper in the pull actuator allows a maximum stroke of
2 mm. The clamp actuator has a maximum stroke of 3 nm.

Drive Units

A drive unit consists of a clamp actuator, a pull actuator a clamp shoe, and elastic beams that
connect the actuators to the shoe (fig. 5.9). The beam that connects the clamp actuator to the
shoe is stiffened in the middle to increase the buckling load. A stiffened beam of length 7/65.
as drawn in fig. 5.10 has a buckling load Fymax that is 9 times larger than a simple beam of
length L and width w, while the stiffness F,/ x is amost the same: 108/109 times the stiffness
of the ssimple beam [7].
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Figure 5.9: Layout of a drive unit, consisting of a clamp actuator, a pull actuator both connected to a clamp shoe
by means of elastic beams. All moveable parts have been drawn light gray, al fixed parts dark gray.
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Figure 5.10: A stiffened beam of length 7/6* as drawn has a buckling load Fy, ma that is 9 times larger than a
simple beam of length L and width w, while the stiffness F, / x is amost the same: 108/109 times the stiffness of
the simple beam [7].

Compl ete motor

The complete motor consists of two drive units, one on each side of the shuttle. The
suspension of the shuttle is loaded in the y-direction (fig. 5.11) by the drive units from both
sides. Therefore, it has been designed to be both stiff and stable in this direction. Fig. 5.11
shows the layout of the shuttle plus suspension. Holes have been made in the shuttle to
minimize the under etch distance for the timed release etch. The suspension springs have
been stiffened in the middle to avoid buckling. The total length of the suspension beamsis 7/6
X 400 mm, yielding a stiffness ky = 0.20 N/m (E = 150 GPa, w = 2 nm, h = 5.3 nm). A
deflection Dx in x-introduces a small displacement Dy @Dx2/2ls. This leads to a reduction of
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the clamp force at one side, because the closed-gap size in the clamp actuator becomes larger.
For example, a shuttle displacement Dx = 18 mm gives a displacement Dy = 0.4 nm.
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y \ [ 1/61g
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5/61,
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SeW 1/61g

. anchor anchor .

Figure 5.11: Layout of the shuttle and its suspension springs. The moving part has been drawn light gray, the
anchors dark gray. The suspension springs are stiffened in the middle to increase the buckling load. Holes are
etched in the shuttle in order to keep the under etch distance small.

5.3.3 Fabrication

The fabrication is similar to the fabrication of the device in paragraph 5.2, with a difference
that the deposition and etching of silicon nitride for the side-walls is omitted (steps 25,26 and
27) in appendix D. By atimed etch of the sacrificia layer it is possible to under etch only
narrow structures (fig. 5.12), which makes it possible to omit a mask to define anchors. Fig.
5.13 shows a microscope picture of the complete motor. Figure 5.14 shows a SEM-picture of
a clamp shoe and two elastic drive beams.

stator plate moveable plate
16 pm 8 um

SiO

Si-substrate

Figure 5.12: Narrow structures are released selectively, by atimed oxide etch in HF.

5.3.4 Experiments

Before trying to generate walking motion, we have measured friction between a clamp shoe
driven by a single drive-unit and a rigid wall. This experiment has been described in section
4.4. The result was a linear relation between the applied clamp force L and the measured
friction force: F; = rrb,a>(Fa° + L) with the friction coefficient m, = 0.7 + 0.3 and the (apparent)
zero load adhesion force Fa0 = 2.0 £ 1.3 nN. This measurement shows that there is significant
adhesion in the clamps, however that it is considerably smaller than 10 N, which we use as
the limit for which the clamp can be actuated by a ssmple electrostatic actuator. Also it can be
concluded that the friction in the clamp is in the same order as the applied clamp force. Next
we have tried to generate walking motion. Fig. 5.15 shows the voltage pattern applied to the
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actuators. The voltages have been applied to the stator poles of the actuators. All moving
structures as well as the substrate have been grounded.

Pull

Actuator

pd - -
Shuttle”  §8d Clamp
b Actuator

Figure 5.13: Microscope picture of a fabricated motor (1x1 mm?). The motor consists of a shuttle and two drive
units at both sides of the shuttle. Each drive unit consists of a clamp actuator, a pull actuator, a clamp shoe and
elastic beams that connect the actuators and the shoe.

Figure 5.14: SEM photograph of a clamp shoe and two elastic drive beams. The beam connecting the shoe and
the clamp actuator is stiffened in the middle to increase the buckling load. Due to charging of the actuatorsin the
SEM, the shoe is clamped against the shuttle.
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Figure 5.15: Voltage pattern applied to the actuators.

A complete stepping cycle has been performed successfully at a potential of 40V and a cycle
frequency of 1 Hz. Steps have been added to obtain atotal displacement of 15 mm, limited by
the suspension. Based on the geometry of the suspension of the shuttle, this corresponds with
agenerated force of 3 mMN. The effective step size decreases from 2 mm to zero with increasing
shuttle displacement due to slip, mainly in one of the clamps. The reason for thisis that the
clamp force reduces due to the sideward displacement of the shuttle as a consequence of the
linear guidance used (see section 5.3.2). Figure 5.16 shows a picture taken from the video of
the motor in operation. Note the deflection of the shuttle suspension.

Figure 5.16: picture taken from the video of the motor in operation. Note the deflection of the shuttle suspension.

5.3.5 Comparison with reported experiments from other groups

In literature we have found two other reports on MEMS laterally driven walking motors [1,2].
Baltzer et a. [2] use externa clamp and propulsion actuators. They report a generated force
larger than 1 mMN driven at 30 V, and a maximum produced displacement of 110 nm. The
displacement is significantly larger than we could generate. The explanation for this is that
Baltzer et al. used two polysilicon layers, and were therefore able to realize an unsuspended
shuttle. Yeh et al. [1] used a dlightly different configuration. The clamp force was generated
by applying a voltage difference between the clamp shoe and the shuttle. To enable this
concept, also two polysilicon layers are needed: polysilicon shields have to be made
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underneath the clamp feet and their suspension, in order to avoid electrostatic pull-down
towards the substrate. Their motor generated 6.5 nN a 35 V applied, and generated
displacements up to 40 mm. Both the force and the displacement are comparabl e to our results.

5.3.6 Conlusions

A linear electrostatic stepper motor has been realized in a single mask surface
micromachining process. A friction coefficient of 0.7 £ 0.3 has been measured in the clamp of
adrive unit. The friction measurements indicate that there is significant adhesion in the clamp.
Walking motion has been generated successfully, yielding a total stroke of 15 nm with a step
size of about 2 mm, decreasing to zero. The generated forceis 3 N at 40 V driving voltage.

5.3.7 Acknowledgment
The authors would like to thank D. Blank (Low Temperature Group, UT) and H. Visscher
(Tribology Group, UT) for valuable discussions on design and friction measurements.

5.4 Concept C: Walking motor with leversto increasethe force

5.4.1 Introduction

In section 5.3 we generated walking motion using separate clamp and propulsion actuators. It
was concluded that (1) it is possible to generate controlled friction in a microcontact, (2) that
this friction is increases linearly with increasing clamp force, with a friction coefficient of 0.7
+ 0.3, and (3) that the adhesion is low enough to enable the release of the clamp shoe by the
elastic forces of the suspension, when the clamp actuator is switched off. In the design of
section 5.3 the generated force was low, < 10 nN with a40 V driving voltage. The aim for the
laterally driven motors is at least 0.1 mN at 30 V. In this section we describe our efforts to
increase the generated force up to the desired value using mechanical levers. For the design
presented here, we allowed the use of slightly larger driving voltages: £ 50V.

5.4.2 Design of the propulsion actuator

For the propulsion actuator the intended generated force is 0.1 mN. The intended step size is
50 nm. Several concepts for implementation of a lever have been investigated [8]. Here we
will treat the most simple design, which is a trandlating gap-closing actuator in combination
with a simple lever with a constant transformation ratio (fig. 5.17). Assuming a generated
step of 2 nm at the actuator side of the lever, and a step size of 50 nm at the output side of the
lever, atransmission ratio r = DXqyt : Dxin = 1:40 is required (fig. 5.18). For the net generated
force (electrostatic force — elastic deformation force) this meansthat 0.1 mN / 40 =25 N is
required at the lever input. Extra force is needed because of the stiffness of the actuator
suspension and the elastic joints in the lever. This effective stiffness at the input will be



Laterally driven walking motors 97

caculated next, in order to show the feasibility of the implementation of a lever in MEMS
electrostatic actuation.

Input stiffness of the lever with elastic joints

Fig. 5.17 shows the lay-out of an actuator with lever. The definition is of variables used is
given in fig. 5.18. By choosing the joint lengths |; and I3 large enough, the stiffness in the y-
direction of joint 2 is largest, and it can be assumed that the center of rotation is located
halfway of joint 2. This implies that the transformation ratio Dxoyt : DXin = lowt / L. In our
design we choose L = 400 nm and |« = 10 mm. The displacement of the lever beam in the y-
direction is determined by the displacement y, of the tip of joint 2, induced by the moment
exerted by the lever beam. The effective stiffness measured at the input side of the lever due
to the bending stiffness of the joints is calculated in appendix J. The input stiffness is given

by:

" _TF, _ (4l - 3>|2)>E>I1+E>I2 +(4I3+3IZ+6W,%)>E>I

= 2 +k., (5.7
"X, L% X2 L1, L% 92 - (57

Here we have neglected the g 2 term in the expression for yi(y»,q). With I, = 50 mm, 1, = 10
mm, I3 =50 Mm, wy =wWo =wWs =2 mm, t =5 nm, E = 150 GPathe total rotational stiffness of
the lever, measured at the input, equals 1.0 N / mm. The stiffness ks of the actuator
suspension equals 1.5 mMN / nm calculated for two parallel polysilicon springs with I = 200
mm, ws= 2 mm, ts = 5 mm. The total stiffness ki, which has to be overcome by the actuator
thereforeis 2.5 NN / nm.

moving = Sltat(t” ;
electrode _~ €glectroae
~

: — Ji
in «— =

. ~elastic
suspension—— joints
spring S g8 g=
anchors/ Js > odt

™~ 3, drive'beam

Figure 5.17: Lay-out of the propulsion actuator with a lever. The light gray parts are released, and are on the
same potential as the substrate. The dark gray parts are fixed to the substrate by insulating silicon oxide. The
three elastic joints are indicated by Ji, J,, Ja.
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Delivered Force
Theforce Fq: delivered at the output of the lever is given by:

2 s
Fout(Xin) :}?M_ kin ><>(ing (58)
r &2 (g_ Xin) a

Where r is the transformation ratio Dxoy : DXin, N is the number of plates, |5 is the overlap
length of the actuator plates, g is the initial gap, e is the permittivity, and U is the driving
voltage. It is assumed that the backward gap is large enough to neglect the backward
electrostatic force.

)(k\<5—-—1 A

Fine——

anchor

Figure 5.18: Definitions of variables for the stiffness analysis of the lever.

0.4 ,
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Figure 5.19: Static equilibrium force at the output, with a 1 : 40 lever and 50 V driving voltage. For the actuator
10 plates with a length of 100 mm, a height of 5 mm, and an initial electrode gap of 4 mm were taken. An input
gtiffness ki, = 2.5 M\ / nm has been used.

Fig. 5.19 shows the force Fou(Xin) delivered through ar = 1 : 40 lever by an electrostatic
actuator consisting of 10 plates, each with alength of 100 nm and a height of 5 mm, an initial
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electrode gap of 4 mm and a driving voltage of 50 V. As can be seen in fig. 5.19 the output
forceislarger than the required 0.1 mN over the whole 2 nm input stroke Xy.

Output stiffness

The generated deflection can be lost by bending of the lever beam, and by elastic elongation of
the elastic joints. This can be analyzed by fixation of the input, and measuring the stiffness at
the output. Both are calculated in appendix J. The criterion we use is that the stiffness should
be large enough to loose less than 5% of the 2 mm actuator stroke, with the actuator force
being equal to 100 nN. The bending stiffness, measured at the output, is given by:

_3Ex|b Y(L_ Iout)2
N |12

out

K,

(5.9)

Wherel, = w*t/ 12 isthe moment of inertia of the lever beam. For a polysilicon beam with
L = 400 nm, awidth w of 40 mm and a height t of 5 nm this yields k, = 3x 10° N / nm. The
effective tensile stiffness of the three joints measured at the output is given by:

kt = | 2 (L _1| )2 = | 2 v (LE_ >It ) Y | (510)
out + out +1/ kts out "1 + out 2 + 3
>k,  L*%, L% xw, L? xw, W,

Where k; is the tensile stiffness of joint i. With L =400 nm, I, = 10 mm, |; =50 mm, |, = 10
mm, I3 =50 mm, wy =w, =wz =2 mm, t =5 mm, E = 150 GPa the output stiffness equals 25 x
10° N / mm. The effective output stiffness is given by:

1 1
K =(—+>2)* 511
out (k k) ( )

b t

With the dimensions mentioned it follows that koy = 23 x 10° mN / nm. This corresponds with
4 nm output deflection with Foy = 0.1 mN, which is sufficiently small compared to the 50 nm
full stroke. In order make it possible to release the rather wide lever (40 mm) by sacrificia
layer etching, holes have to be introduced in the beam to reduce the diffusion length in the
etching process.

I mplementation
In the final design, the design of the lever has been changed, in order to obtain an area
efficient configuration. Figure 5.20 shows the lever design. The transformation ratio is now
given by lgy - L.
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Figure 5.20: Lay-out of the area efficient design for the propulsion actuator with folded lever. In this
configuration the transformation ratio is given by o, : L.

5.4.3 Design of Clamp

For the previously described motor we have characterized friction in the clamps. The
measured friction coefficient was 0.7 £ 0.3. For the design of the clamp actuator we assume a
low value out of this range: m= 0.5. Because the aim is a propulsive force of 0.1 mN, this
implies for the clamp force that it should be a least 0.2 mN. Within our surface
micromachining design rules this force can not be generated directly by an externd
electrostatic clamp actuator: Based on the calculations in section 2.6, aforce of 0.2 mN could
just be generated by a 1 mm? comb-drive array driven by 50V. The required area of 1 mm?is
too much as this is the area available for the whole motor. With an external clamp actuator,
the use of a lever is therefore required. If a lever with a constant transformation ratio is
employed, it is hard to generate both the required force and the minimum stroke of 2 nm
needed to close the initial gap between the clamp shoe and the shuttle. We could find a
number of possible solutions to generate a 2 mm displacement in combination with a0.2 mN
clamp force:

1. Lever with changing transformation ratio

2. Lever and pre-clamp spring

3. Clamp force generated in the clamp interface

1. Changing transformation ratio
Figure 5.21 shows an possible configuration to implement a changing transformation ratio,
using atogglejoint lever. The transformation ratio dx / dy is given by:

. dx _ 2y

dy |
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It reduces to zero when the mechanism is fully stretched (fig. 5.21b). The critical point for
implementation in our motor is that with decreasing dx / dy the output force Fe: becomes
large. In the motor this means that the clamp shoe should just touch the shuttle when the
transformation ratio has just become small enough. This demands a high absolute accuracy of
the fabrication process, in order to obtain the desired initial clamp gap exactly. To illustrate
this we assume that sufficiently clamp force is generated if i < 0.1. This means that the
electrostatic actuator force should be at least 20 mN. The full step size x(y = yo) equals yo? / |.
With extra fabrication steps the initia gap can be reduced to 1 mm. This is taken as the
desired stroke at the output. Realistic values for | and yp can be | = 400 mm and yo = 30 mm.
To make a 2 nm stroke at the output, the input deflection y has to increase from zero to 7.6
mm. If there is an uncertainty of 0.4 mm in the initia gap size, an extra input stroke is
necessary to create x = 1.4 mm. The input deflection has then to be increased to 11.6 nm. The
combination of the desired large input stroke (> 10 nm) and a rather high input force (> 20
mN), implies that this concept for the clamping still needs large clamp actuators, and isin our
opinion not very attractive.

Initial Position Max. Output Displacement

<

Q< Fax

e

Fext
@ (b)

Figure 5.21: Togglejoint lever with changing transformation ratio. The ratio i = dx /dy decreases with increasing
input displacement y. Here x is the output displacement with respect to the initial position with y = 0. Thelocal i
is also a measure for dF .,/ dFe, With F4 the input force applied by the actuator, and F, the externa force
reacting at the output.

2. Pre-clamp spring

This concept is based on the principle that it is tried always to keep contact between either one
of the clamp shoes, and the shuttle. This is accomplished by applying a constant pre-tense
force, which for example is generated by a pre-tensed spring. Changing the on/off-state
between the two clamps is done by extension of the connection between one of the clamps and
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a common pre-clamp body at which the pre-tense force is applied. In fig. 5.22 this is
illustrated for atoggle joint lever, which is used to lift one of the clamp shoes.

l Fpre l Fpre

— T
active relaxed
< Fact
shuttle

(@ (b)

Figure 5.22: Pre-tense principle. a) The lever is stretched actively by the actuator (force F) and the clamp shoe
is clamped to the shuttle. The other clamp shoe is lifted from the shuttle. b) The lever is relaxed and the
connected clamp shoeis lifted. The other clamp carries the pre-tense force.

The displacement required to lift one clamp shoe with respect to the other, should be able to
overcome the pre-clamp force. However, this can be realized by means of a large lever ratio,
as the required displacement of the clamp shoe can be very small. In principle this concept is
very attractive, however it requires a pre-clamp force, which is not readily available. This has
been the reason why this principle has not been employed.

3. Electrostatic force generated in the clamping region

The third clamp principle is based on generation of the clamp force by applying a voltage
difference (U in fig. 5.23) across the insulators covering the shuttle and clamp shoe side-
walls. This way an electrode distance smaller than 1 mm can be created, resulting in a high
field intensity at moderate voltages applied.

The clamp force F. generated by the electrostatic forces between charges at both sides of the
insulator layersis, similar to eqg. (5.2), given by:

F=—_"¢  _F_
c spring
ea )(%4—&)2
ea ei

(5.12)

Where U, is the applied clamp voltage, e, is the permittivity of air, g is the permittivity of the
insulator, d; isthetotal thickness (two layers) of the insulator, d, is the thickness of the air gap
between the two electrodes, and Fying IS the restoring force of the clamp-shoe suspension. For
an 2 mminitial gap, and an assumed suspension spring constant of 6 MN / MM, Fgying = 12 mM\.
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For a5 x 50 mm? active area of the clamp shoe and in total a 0.3 nm silicon nitride layer eg.
(5.12) yields an electrostatic clamp force Fgec= 0.35 mN. The effective clamp force will be
0.33 mN. Here we have assumed that the air gap thickness d, with the closed air gap is zero.
The pull-in voltage for the same active area, suspension stiffness and initial gap, is80 V. To
lower this, a pre-clamp actuator is included (fig. 5.23), which has the function to bring the
clamp shoe close enough to the shuttle for the charges at both outer-sides of the insulators to
take over the clamping. Adding a pre-clamp actuator with an active area of 15 x 5 mm x 100
mm = 7.5 x 10° mm® and an initia gap of 4 nm, reduces the pull-in voltage to 41 V. The
electrostatic clamp force increases to Fgec = 3.6 MN at 50 V. The effective clamp force will
then be 3.5 mN, provided that the effective air-gap thickness is zero. This principle seams to
make it possible to generate the required stroke and clamp force. Also it uses only processing
steps which are aready available. Therefore, it has been selected for implementation. The
design of a clamp based on this principle is discussed next.

pre-clamp
actuator

€« Foop

Figure 5.23: The clamp force is generated by applying a voltage difference U, across the insulators covering the
side-walls of the clamp shoe and the shuttle. The undoped region in the poly silicon is included to separate
(electrically) the clamp shoe and the rest of the moving structure. This enables the grounding of the largest part of
the moving structure, which is required to avoid electrostatic pull-down. The F, is the propulsion force acting
on the clamp, for step generation.

The insulation of mechanically connected part by undoped polysilicon has been tested
experimentally in 5 nm thick structures. The width of the masked region has been varied
between 10 and 30 nm, in order to determine the diffusion length d of the Boron dopant
underneath the mask (fig. 5.24). Resistance measurements show that the anneal step at
1100°C for 3 hours (see app. D) results in a lateral diffusion length d < 15 nm, as the
resistance increases from < 300 Wto > 20 MW for the mask width mincreasing from 20 nm to
30 mm (fig. 5.24b).
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Figure 5.24: @) Top view of the polysilicon test structure. Between the two contact pads a mask is applied to
prevent doping of the polysilicon locally, in order to create mechanically parts which are electricaly separate.
The width m of the mask has been varied between 10, 20 and 30 mm. b) Impression of the dopant profile after
annealing. The dopant source layer has been deposited on top of the structure. At the start of the anneal the
dopant diffuses top-down and laterally, underneath the mask. The maximum diffusion length under the mask is d.

The clamp shoe and its suspension are on a different voltage than the substrate. Fig. 5.25
shows these parts. The gray parts are the freestanding conductive parts of the clamp, which are
at a different voltage than the substrate. Part 1,2 and 4 (indicated with their lengths I4, 12, 14)
are 2 nm wide springs. Spring 4 gives the clamp shoe the freedom to move in y-direction,
springs 1 and 2 to move in x-direction. Spring 1 and the rigid connecting beam 3 have been
added to reduce torsion of spring 2, due to the downward electrostatic forces acting on the
clamp shoe and spring 4.

A\

v

N

~

ls clamp shoe

Figure 5.25: Top view of the clamp suspension and its anchor. The gray parts are the freestanding conductive
parts, which are on a voltage different from the substrate. Part 1,2 and 4 (indicated with their lengths |y, |, |,) are
2 mm wide springs. Spring 4 gives the clamp shoe the freedom to move in y-direction, springs 1 and 2 to move in
x-direction.
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F.

Figure 5.26: front view (y-direction) of the clamp suspension. The amount of torsion of spring 1 and 2 is given by
the angle a. The clamp shoe moves downward due to (a) torsion of spring 1 and 2, (b) downward bending of
these springs (tip deflection z; and z,), and (c) bending of spring 4. The total tip deflection at the end of the
suspension is represented bij z,. The forces F;, F, exerted by springs 1 and 2 , F, exerted by the electrostatic
forces, and the moments M3, M, exerted by springs 1 and 2, are inicated.

We have checked if at 50 V applied pull-in to the substrate will not occur. in appendix F this
calculation is presented. The z-stiffness k.4 of the suspension is given by:

K=+ (5.13)
C,+C,+Cy,

Where c, is the compliance due to torsion, c; is the compliance due to translation of the center
of rotation by bending of springs 1 and 2, and ¢y is the compliance due to bending of spring
4. With I3 =1, =40 nm , I3=80 mm, I, =133 nm, beam widths w; = w, = w; = 2 nm and
heights t = 5 mm, the compliance of spring 4 mainly determines the z-stiffness. The effect of
torsion, and the downward deflection (z in fig. 5.25) of the tip of spring 2 are very small. We
estimate the downward pull-in voltage by taking the total area of the clamp shoe and spring 4
as the electrode area (374 mm?), the gap at the tip of spring 4 as the electrode spacing, and the
calculated z-stiffness as the stiffness supporting the moving electrode. Initially the gap at the
tip g = 2.3 nm. With the help of eg. (3.19) a pull-in voltage of 67 V results. This is an
underestimate, as we have overestimated the effective electrode area. Also the z-stiffness
added by the drive beams is neglected. Asit is planned to operate the motor at a maximum of
50V, the chosen dimensions are appropriate.

5.4.4 Lay-out of the complete motor
Figure 5.27 shows the lay-out of the assembled motor.
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Figure 5.27: The lay-out of the assembled motor. The number of plates shown here is smaller than in redlity: In
the fabricated motor the pre-clamp actuator consists of 15 plates with a length of 100 mm and 5 nm height. The
propulsion actuator consists of 11 similar plates.

Force Transmitter

The force transmitter (see fig. 5.27) couples the output of the propulsion actuator and lever to
the clamp shoe. The requirements for this element are (measured at the clamp side) a high
stiffness in x-direction, and a low stiffness in y-direction. In order to increase the tensile
stiffness (x-direction) while keeping the y-stiffness lowest as possible, it consists of short
flexible parts at both ends and a stiff center part. The flexible parts have alength of 10 nm and
awidth of 2 mm. The length of the stiff part is 200 nm.

Shuttle

The shuttle length has been chosen as short as possible, because for structures with a large
length, some out-of plane bending can occur. The bending is caused by stress gradients in the
polysilicon, which for example can be caused by gradients in the Boron dopant concentration
throughout the height of the structure. Based on experience with our surface micromachining
process, we use the design rule that the maximum length of structures should be smaller than
1 mm, in order to limit the out of plane bending to 1 mm. The shuttle length in the basic (uni-
directional) motor is 0.6 mm.

The y-stiffness of the shuttle should be high enough to withstand the force exerted on the
shuttle by the preclamp actuator of the an activated clamp. Assume that both ends of the
shuttle are fixed in y-direction, but are free to rotate. The y-deflection Dy, of the middle of the
shuttle dueto aforce Fy ¢ of exerted on the middie of the shuttle is given by [6]:
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3
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Where L, is the length of the shuttle, and Elg, is its bending stiffness. With Fy ¢, equal to 2
mN for a clamp actuator with 15 plates and an forward gap of 2 nm at 50V, the deflection is
limited to 0.04 nm for a shuttle width of 16 mm and Lg, = 0.6 mm. Thisvalueis acceptable.

Linear Guidance

The linear guidance used in concept B (fig. 5.12) has the disadvantage that there is significant
(undesirable) y-deflection, increasing with Dx’. Furthermore it does not have the largest
possible ration between x- and zstiffness. Different concepts have been analyzed [8] to
overcome these shortcomings. The selected guidance is optimized for a largest as possible
stiffness ratio Ryuide = Kzguide : Kxguide: TO judge this, the stiffness ratio will be compared to the
reference ratio Rynge = Kzsinge : Kxsinge Of @ single flexure deflected similarly in x- and z
direction as shown in figure 5.28. The stiffness ky snge and ky singe are defined by:

_12xEl, _Ex®xw

zsingle L3 L3 )

_12xEl,  Extw®

k kx,single - L3 L3

(5.15)

Width E the Young's modulus w the width, L the length and t the height of the flexure, I, is
the moment inertia with respect to the x-axis, and |, the moment of inertia with respect to the
z-axis of The stiffnessratio is given by:

For the typical valuest = 5mm and w = 2 nm, R has the value 6.25. The selected elastic linear
guidance consists of two crab-flexures, each connected to one end of the shuttle (fig. 5.29).
From the top view (a) and the front view (b) it becomes clear that all flexible beams have the
same bending profile as the single beam in fig. 5.28, both for the x- and z-deflection, and the
ratio in the z- and x-deflection amplitude is equal to that of the single beam. Therefore the
stiffness ratio R = Ryuide : Rsingie = 1. It isimportant that the moment exerted by the flexures on
the shuttle do not induce torsion of the shuttle, as this would lower the z-stiffness.
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Figure 5.28: Definition of the reference flexure. The flexure has alength L, awidth w and a height t. Stiffnessin
a) x-direction b) z-direction are measured at the tip of the flexure.

Top View Front View
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Figure 5.29: The selected elastic linear guidance. It consists of two crab-flexures each connected at one end of
the shuttle. From the top view (a) and the front view (b) it becomes clear that all flexible beams have the same
bending shape as the single beam in fig. 5.28. both for the x- and z-deflection. Therefore the stiffness ratio R =
Ryuide : Renge = 1.

One could possibly ask why alarger Ry.ide Can not be obtained, for example by giving the end
of the flexures freedom to rotate around the z-axis. In order to realize this joints are needed.
These can not be realized because in practice the flexures will already have the minimum
width of 2 mm, as defined by the photolithography. Well regarded the construction in fig. 5.29
is over-determined twice. This could be solved by introducing two extra degrees of freedom in
the shuttle. Also it can be solved by replacing the twin beams between the dlider and the
intermediate bodies by a single beam with double x-stiffness. This means that the width of this
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beam has to be 2"3 times the width of theinitial flexures. Therefore, the z-stiffness of the new
beam will increase only by this factor 2"° and the ratio R will decrease. If the spacing
between the twin beams is kept small, we expect that concerning the degrees of freedom they
will nearly act as one beam. The positive features of this linear guidance design are: The
optimal stiffness ratio R = 1 between z-direction and x-direction is reached. The structure is
(approximately) not over-determined. The motion is a straight line. It is possible to move in
the positive and negative x-direction. The y-stiffness is large, because the intermediate bodies
cannot rotate round the z-axis. The negative features are: The dslider is loaded with a torque
during loading in the z-direction, due to the asymmetrical placing of the suspension beams.
The beams must be quite long in order not to be too stiff. The stiffness in the y-direction is
highest in the starting position. When the suspension deflects, aforce acting in the y-direction
can induce aforcein x-direction.

The equations for the x-stiffness and z-stiffness of the linear guidance (two crab-flexures) are:
kx,guide = 2kx,sing|e and kz,guide = 2kz,sing|e, with kx,single and kzygng|e as defined in eqg. (5.15). The x-
stiffness of the linear guidance is designed at 1 mN / nm, which leadsto L = 229 nm with E =
150 GPa, t=5mmand w =2 mm.

Other Motor Configurations

The motor explained above is the most basic configuration. Other configurations which have
been made are: Uni-directional with double number of drive units at each side of the shuittle,
bi-directiona with in total four drive units (fig. 5.30), and the basic configuration connected to
adisplacement meter with 50x displacement amplification (see appendix D for lay-out).
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Fig. 5.30: Lay-out of motor the bi-directional motor. The dark gray parts are fixed to the substrate by silicon
dioxide, the medium gray structures are suspended free parts. The light gray areas are undoped and serve as
insulator.
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5.4.5 Fabrication

Motors are fabricated by a three mask surface micromachining process. In the first mask step
alignment marks are etched in the bare wafer surface by RIE. The etching process applied is
tuned to roughen the wafer surface, which may help to reduce stiction. Next the 2.3 mm thick
sacrificial silicon dioxide layer is grown by wet oxidation. Next, a 5.3 mm polysilicon
structural layer is deposited by LPCVD. On top a 0.5 mm silicon dioxide mask layer is
deposited by PECVD. Then the dope mask is applied and patterned, to mask the regions
which should not be doped with Boron. After Boron doping using a solid source, the mask is
removed and a new silicon dioxide layer (1.2 mm) is deposited by PECVD. This mask is used
to enclose the doped polysilicon during the 3 hours post-anneal, which is needed to obtain a
uniform distribution of the Boron in the polysilicon layer. In the third mask step, the oxide
mask is patterned and the polysilicon is structured by RIE. Next, silicon nitride side-wall
spacers are created, partly underneath the polysilicon structures. In the final step the sacrificial
oxide is etched in 50% HF using timed etching to keep wide structures anchored. Freeze
drying is employed to remove the liquid from the wafer, avoiding capillary forces pulling
down the structures. A detailed process segquence is given in appendix D. The appendix
includes a print of the mask lay-outs. Fig. 5.31 shows a close up of one of the undoped regions
(indicated by the dotted line). Fig. 5.32 a-d show SEM-photographs of a fabricated motor. The
roughness of the substrate wafer, as well as the nitride side-wall spacers are clearly visible in
fig. 5.32d.

Figure 5.31: Close-up of a clamp and part of the shuttle with the SiO, sacrificial layer till present). The dotted
line marks the position of the former doping mask
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Figure 5.32: SEM-photographs of a fabricated motor. @) Overview of adrive unit. b) Close-up of the drive unit.
¢) One of the two elastic structures composing the linear guidance. d) Close-up of the shuttle with a clamp shoe,
clamp suspension and part of the linear guidance. The roughness of the substrate wafer and the silicon nitride
side-wall spacers are clearly visible.

5.4.6 Experiments

Test of the clamps, max. clamp voltage

First we have tested if the maximum voltage, 50 V, can be applied across the insulating
silicon nitride in the clamp. Fig. 5.33 shows a cross section of an activated clamp. The most
probable path for break down is through air, at the top of the clamp. We could apply 65 V
across the silicon nitride layers, without the occurrence of break down. Assuming a straight
path with a length of 0.32 nm, this corresponds with a field strength of 2 x 10® V/m. Thisis
equal to the expected highest possible field strength as given in section 2.5. In this section the
break down field was given for a 2 mm gap. The gap is much smaller in the realized clamps.
Possibly, this allows even higher field strengths.
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Figure 5.33: Cross section of an activated clamp. The most probable path for break down is through the air, just
above the insulator.

Test of the clamps, friction

Static friction has been measured in a clamp, by displacing the shuttle by hand (using a probe
needle). The procedure is as follows: Displace the shuttle, clamp with a high voltage, reduce
the voltage until the slider starts to slide back driven by the elastic deformation force of the
suspension. This voltage we call the critical voltage. The initia shuttle displacement times the
stiffness of the suspension gives the measured friction force. The accompanying clamp force
Faamp 1S calculated similarly to the calculation in section 4.4: Fejamp = Feec-Fspring: With Faec
the generated el ectrostatic clamp force (including pre-clamp actuation) and Fying the restoring
force of the clamp-shoe suspension. The relevant dimensions of the characterized clamp are
listed in table 5.1. Fig. 5.34 shows the measured shuttle displacement vs. critical clamp
voltages squared. Because of spread in the measurement results, the experiment was repeated
three times. In the active state the restoring spring force Fsying = 15 mN. The (calculated)
electrostatic clamp force Fgec = 3.6 MN at 50 V applied, assuming that the silicon nitride side-
walls of the clamp shoe and the shuittle perfectly. Assuming a friction coefficient m= 0.5 the
calculated friction force at 50 V applied equals 1.7 mN. Thisis much larger than the measured
friction force at 50 V applied: For Ugi® = 2500 V? the measured friction force value equals
(shuttle displacement x suspension stiffness) = (14 +2 mm) x 2.7 N/ mm =4 + 1 x 10" nN.
The most plausible explanation for the discrepancy is the effective air gap between the
insulator layers of the clamp shoe and the shuttle, due to surface roughness and non- parallel
contact surfaces. The discrepancy between measured and calculated friction force can be
explained by a 0.3 nN effective air gap thickness, which seems to be a reasonable value for
the side-walls of RIE etched polysilicon structures. Using this value for the air gap thickness,
the friction coefficient can be estimated to be: m= 0.3 + 0.1. In the previous calculation we
have neglected possible adhesion forces in the clamp. Including adhesion will lead to a larger
estimated effective air gap. The measured friction force at 50V applied equals 40 nN. Thisis
smaller than the needed 0.1 mN, however it is large enough to test the concept.
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Figure 5.34: The measured shuttle displacement vs. critical clamp voltages squared (Uiica)-

Stiffness of clamp suspension 8.8nMN/mm
(based on 2.2 nm wide springs)
Stiffness of shuttle suspension 27N/ mm
Initial gap between clamp shoe and shuttle | 1.8 nm
Gap in pre-clamp actuator with clamp on 2.2 mm.
Active area of the clamp shoe 5 x 50 mm?
Active area of pre-clamp actuator 15x 5 mm x 100 mm = 7.5 x 10° nm?
Thickness of twice the silicon nitride layer | 0.32 nm

Table 5.1: Dimensions and stiffness in friction experiment

Walking Experiments

The walking motion has been tested by applying a drive voltage similar to the one shown in
fig. 5.15. Using the strain meter (see appendix D) it could be made visible that generation of
the first step was successful. The exact step size could not been measured using our optical
microscope set up. We estimated that the strain pointer deflection isin the 1-3 nm range. This
is in correspondence with the 50x amplification of the strain meter, and the designed 50 nm
step size. In the experiments it became clear that the voltage required to drive the propulsion
actuator was at least 55 V. This is caused by slightly wider structures than designed, and by
insufficient decoupling of the clamp and the propulsion actuator. During the stroke of the pre-
clamp actuator, a movement in the propulsion actuator is visible. This coupling results in
enlargement of the initial gap in the propulsion actuator. Therefore, the pull-in voltage shifts
to a higher level. To continue the experiments we used voltages up to 65 V to drive the
propulsion actuator. No pull-down and no break down phenomena have been observed. We
have analyzed the coupling of the two actuators via the force transmitter and the lever, and
found that the movement of the propulsion actuator induced by the clamp actuator is caused
by the shear force exerted by the force-transmitter on the lever (acting at the same point but
perpendicular to Fqy in fig. 5.20).
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It turned out not to be possible to add a new step to the first step. When the second clamp hits
the shuttle, apparently the first one releases the shuttle for a short while, and the shuttle returns
to itsinitial position. This process could be confirmed by introducing a large displacement to
the shuttle by means of manipulation with a probe needle (several micrometers), then activate
first clamp and check if the friction is large enough to keep the shuttle in place. Thisis the
case, however the shuttle snaps back at the moment that the second clamp hits the shuttle. The
explanation is that apparently the second clamp transfers part of its momentum to the shuttle
and the first clamp. Using the theory of section 2.3.3, it can confirmed that the kinetic energy
gained by the second clamp after pull-in until the moment of impact, is large enough to
separate the (activated) first clamp and the shuttle.

5.4.7 Conclusions Concept C

The use of mechanical leverage to increase the generated force of electrostatic linear motors
has been investigated. It was shown both by stiffness calculations that it is possible to drive a
lever with a micromechanical electrostatic actuator. Using the 50x amplifying strain meter, it
was confirmed experimentally that 2 mm generated steps are transformed down into sub-
micron displacements, and that the elastic joints in the lever can be deflected using an
electrostatic actuator driven at moderate voltage (< 60 V).

The most difficult design issue is how to build a clamp which is able to: (1) close the initial
gap of 2 mm, (2) once the clamp gap has been closed generate more than 0.2 mN clamp force.
Two possible solutions have been presented: Pre-tension to maintain contact between the
clamps and the shuttle continuously, and generation of the clamp force by applying a voltage
across the insulators at both sides of the clamp interface. This latter method can be
implemented using available microfabrication processes, and has been chosen. It was shown
that it is possible to make the clamp suspension sufficiently stiff in the z-direction to allow a
voltage difference between the clamp shoe and the substrate, without pull-down. The clamp
has been tested by measuring the friction in between the clamp shoe and the shuttle as a
function of the clamp voltage. This experiment showed that the friction force is much too low
(afactor 7). Thisis probably caused by surface roughness and/or non-parallel clamp surfaces.
In section 5.2.2 it was shown that the clamp force is very sensitive to the existence of a small
air gap in the clamp.

Walking motion could not be generated: After the first step has been made, the impact of the
second clamp making contact with the shuttle causes the first clamp to release the shuttle.
Due to this event the first step islost. The impact can be avoided when the clamp feet stay in
contact with the shuttle continuously. In order to redlize this, we recommend to develop
clamps with a pre-tension spring.

5.5 Conclusions

In this chapter we have shown the feasibility of the implementation of walking motion in a
laterdly driven MEMS mechanisms, fabricated using the MESA surface micromachining
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process. The maximum produced displacement was 15 nmm, limited by the elastic linear
guidance. The maximum produced force was 3 mN, with a 40V driving voltage. We attempted
to increase the generated force by implementation of a lever. The most difficult issue in this
attempt was the increase of the clamp force. Our choice to generate the clamp force by
applying a voltage difference between the clamp shoe and the shuttle did not result in walking
motion. Apparently, the closure of the initial gap in the clamps by the pre-clamp actuators
genereated an impact strong enough to release the aready active clamp. An aternative clamp
principle which does not have this problem, is the use of a pre-clamp spring to keep the clamp
shoe in permanent contact with the shuttle.
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6

The Shuffle Motor: A Normally Driven Linear
Electrostatic M otor

The shuffle motor is a linear electrostatic walking motor, employing a mechanical transformation to
obtain an amplification of forces and reduction of the step size. The motor is normally driven in order
to maximize the electrode area. The motor consists of three polysilicon and two silicon nitride layers
and has been fabricated using surface micromachining. An energy model has been made to calculate
the step size and the driving voltage as afunction of the load force and the motor geometry. In theory
the actuator is able to deliver up to 1 mN at 30V driving voltage. Tests show an effective step size of
about 85 nm and a produced force of 43 nN at 40V driving voltage. The smaller than expected force
is caused by weak clamping, which is the consequence of the modulated AC-voltage drive. The AC-
voltage drive was introduced to reduce electrostatic stiction by charging of the silicon nitride
insulating layer covering the bottom el ectrodes.

6.1 Introduction

This chapter deals with design, modeling and realization of normally (perpendicular to the
wafer surface) driven electrostatic motor, which employs walking motion. In the shuffle motor
we have maximized the generated force firstly by using electrodes parallel to the wafer
surface in order to obtain a large active area, and secondly by employing a lever. Thisway a
force of more than 1 mN can be produced in an actuator volume of 100x200x2 nm?, using a
driving voltage of only 30 V [1]. The produced steps are small, typically between 10 and 100
nm, and therefore sub-micrometer positioning accuracy can be achieved. In the shuffle motor
a cyclic motion is used to produce a large stroke of the actuator, by adding the small single
steps. The concept of the shuffle motor was already presented in [1], however the successful
realization was difficult due to the lack of an accurate transducer model and due to stiction
problems in the clamp feet of the motor. These problems have been overcome now.

6.2. Principle of Operation

Fig. 6.1 shows the principle of the shuffle cycle. First the front clamp is activated and the
actuator plate is deflected downward. This causes contraction of the actuator and the back

This Chapter isbased on:

N. Tas, J. Wissink, L. Sander, Th. Lammerink, M. Elwenspoek,” The shuffle motor: a high force, high precision
linear electrostatic stepper motor”, Proc. 8" Int. Conf. on Solid-State Sensors and Actuators (Transducers ' 97),
Chicago, Il., USA, June 16-19, 1997, Vol. 2, pp. 777-780.

N. Tas, J. Wissink, L. Sander, Th. Lammerink, M. Elwenspoek,” Modeling, design and testing of the electrostatic
shuffle motor”, Sensors and Actuators A, Vol. 70, 1998, pp. 171-178.
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clamp is pulled forward. Next the back clamp is activated, the front clamp and the actuator
plate are released. The plate stretches and the front clamp is pushed forward.

i baCk/Clamp actuator platefront Cla\mpéé 1
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Figure 6.1: Principle of operation. First the front clamp is activated and the actuator plate is deflected downward.
This causes contraction of the actuator and the back clamp is pulled forward. Next the back clamp is activated,
the front clamp and the actuator plate are released. The plate stretches and the front clamp is pushed forward.

The electrostatic normal force acting on the actuator plate induces a friction force in the feet
of about the same magnitude. Due to the built-in mechanica transformation, the devel oped
lateral force can be larger than the friction force and can be high enough to make the feet
diding. The deformation of the plate by the electrostatic forces leads to a small but forceful
contraction of the plate. A plate length of 200 mm and a center deflection between 0 and 2
mm, gives a changing transformation ratio i from 0 to 1/25 [2], where i is defined as the
change of the lateral contraction Dd divided by the change of the center deflection y (see fig.
6.2). Preliminary calculations using a simplified, triangular deflection profile of the plate,
show that with the dimensions mentioned, a contraction force of 1 mN can be generated with
a driving voltage below 50V [1, 2]. More detailed calculations, presented in section 6.4.2,
show that a1 mN contraction force can even be reached at 30 V driving voltage.

Al
g |7

V(%)

Figure 6.2: Ideal Physical Model of the transducer, where x is the position along the plate, v(X) is the deflection
of the plate, y is the center deflection, F. is the electrostatic force concentrated in the center, g is the initial gap
size, S is the tensile load force and Dd is the contraction which produces the step. The transducer converts
electrical work U>DQ into mechanical work Sbd.
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6.3. Modd of the Transducer

The actuator plate can be considered as an energy buffer with two power ports. It converts the
electrical work U>DQ into mechanical work SbDd (fig. 6.2). An energy model has been made
that expresses developed stroke Dd as a function of the tensile load force S and voltage U
applied between the deflecting plate and the stator electrode.

6.3.1 Plate stiffness

The deflection of the actuator plate is described by a fourth order non-linear differential
equation [3]. It is hard to solve this equation analytically. A solution could be obtained for the
case where the electrostatic force is concentrated in the center of the plate, and the case where
the electrostatic force is taken uniform aong the plate length. The two shape functions can be
used to enclose the solution to the original non-linear problem, where the electrostatic force
distribution depends on the plate deflection. We introduce the model for the central force case
here. For the uniformly distributed force case only the results are given (section 6.3.4).

The deflection v(x) of the plate which is under atensileforce S due to the central force Fe (see
fig.6.2) is described by the following differential equation:

d*v(x) ] Sd2v(x) _

El
dx* dx?

0 (6.1)

with boundary conditions v(0) = 0, v'(0) = v'(l) = 0 and EI%"’ ()= Y2 Fe and El is the
bending stiffness. The factor %2 results from the fact that we solve v(x) for half of the plate.
The solution to eg. (6.1) is given by:

F.I® 1- cosh(K) - cosh(K 2) + zK sinn(K) + cosh(K(z- 1))

F K2 =
v(Fe.K.2) =5, 2K3sinh(K)

(6.2)

Where z is the normalized distance using half the plate length |, z=x/1 (0< z< 1). The
load Sis present in parameter K which is defined as:

o x|
e 63

The parameter K determines if the transducer is bending dominated or tensile force
dominated. The deflection function can be split in an amplitude function y(Fe, K) equal to the
center deflection, and a shape function V(K, z). Both amplitude and shape function depend on
K:

v(K,2) = y(F,,K)V(K,2) (6.4)
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Thisway eq. (6.2) can be rewritten:

. ?‘Kg-tanh(lK);u
(Fe,K) = ! ><1|3 2 0 2 1 6.5
AP YT= Lky’ Y (653
t 2 b
V(K,2) = 1- cosh(K) - cosh(K z) + zK sinh(K) + cosh(K(z- 1)) (6.5b)

2 - 2cosh(K) + Ksinh(K)

The center deflection y expressed in eg. (6.5a) depends linearly on F.. We can therefore derive
astiffness function k(K) = Fe/ y:

G(K) (6.6)

In eg. (6.6) G(K) is the stiffness factor, which is a measure for the stiffening due to the tensile
force S

1 100
V(K,2) 0.8 G(K)
0.6 10
0.4
0.2 1
0 T T .
0O 02 04 06 08 1 1 o12 10 100
z K
a) b)

Figure 6.3a) The shape function V(K, 2) versus z for two values of K. For K=0 the bending stiffness dominates,
for K=20 the stiffness due to the tensile force dominates and the plate is pulled straight. b) The stiffness factor
G(K), as expressed by eq. (6.6). The turn-over point K=Q12 where stiffening due to the tensile force becomes
dominant is indicated.

In fig. 6.3a the shape function V(K, 2) is plotted for two values of K. At K = 20 the plate is
pulled straight by the tensile load force. Fig. 6.3b shows the stiffness factor G(K). For small K
the effective stiffness is bending dominated and is consistent with the formulas for pure
bending [4]:
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. . _F.__El
limk(K) =k, == =245 (6.7)

I 3

For large K the tensile force acts as an effective stiffness Fe / y and the normal force Fe
increases linearly with the center deflection y:

F. _2xEl xK? _2S

lim k(K)=kS=79 = | (6.8)

K® ¥

At the turnover point the stiffness ratio isks/ k, = 1. From eq. (6.7) and (6.8) it follows that
thisisat K= 12.

6.3.2 Relation between plate deflection and driving voltage

The plate driven by a constant voltage U shows pull-in behavior when a certain fraction of the
initial gap is closed. The motor will be operated beyond this point of pull-in, therefore it gives
a first indication for the driving voltage needed. The full-step size is estimated from the
situation where the center of the plate contacts the bottom electrode (y = g). Using eqg. (6.4)
and by defining the normalized center deflection a =y / g we can write for the capacitance:

! 1

\ ew exwx 1 e 3w
C(K,a)=20——>—dx=2 dz° 2 C (K.a)° C.C. (K,
() Oy vk ™ g F-awvKz " g Cn(a)® GG (Ka)

(6.9)

Where C(K,a) is the normalized capacitance function, Cy equals the zero deflection
capacitance, w isthe width of the plate and e is the permittivity in the gap. Pull-in behaviour
of the voltage controlled actuator is studied from the Legendre transformed energy function:

1

Wi@,u)=W@,U)- QXU = >

C,C,(K,a)u? +%k(K)(ag)2 (6.10)

At voltages below the pull-in voltage, a relation between the equilibrium deflection a and
applied voltage U can be found from W (a,K,U) / ffa =0:

2a k(K) xg?

dC C
n K 0
o (Ka)

U2 = (6.11)

The equilibrium becomes unstable once the second derivative of W (a, K, U) equals zero
(turning from positive to negative). Combination with eq. (6.11) gives a dimensionless
equation for the pull-in deflection. This equation has been solved numerically, yielding a pull-
in center deflection increasing from a; = 0.40 for K = 0to ap = 0.44 for K = ¥. Eq. (6.11) can
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be rewritten using eg. (6.6), the definition of Cy from eq. (6.9), and substitution of | = wit®/
12:

2a E %2 xqg°®
Up =2/6(K) [ge gt (612)
n K .
da ( ’apl)

Where t is the thickness of the plate. Eq. (6.12) described the pull-in voltage as a function of
the geometry and the tensile load force S which is present in the stiffness factor G(K). The
dimensionless factor 2ap; / (dCy(K,ayp) / da) increases from 0.75 for K=0 to 0.83 for K=¥.
For small K the stiffness factor G(K) equals 1 and the the pull-in voltage is independent of the
load force S

E )
Up =£,075= 5 (K<<(12) (6.13)

For K>>Q12 the pull-in voltage is determined by the load force S and does not depend on the
bending stiffness:

Sxg? .
U, = 11/0.83e %Zgw (K >>012) (6.14)

In fig. 6.7 the pull-in voltage as a function of the load force Sis plotted for the geometry that
is chosen for the realized shuffle motor.

6.3.3 Contraction and transformation ratio
The lateral contraction can be found by calculating the path length along the plate using the
deflection function v(x). For small slopes dv/dx the contraction is given by:

1
_Y a@'VO (6.15)

Where y is the plate center deflection of the plate and z = x / | is the normalized position
along the plate. The central force shape function v approximates the triangle shape for large K.
For small K the plate is in the pure bending state, and curves of the deformed plate are
smoother and the path length is dlightly larger. Calculating the extremes of the integral in Eq.
(6.15) yields:

mDd = $- (6.164)
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<

limbd =2 (6.16b)

K® ¥ |

From eg. (6.16) the transformation ratio i = [(Dd) / ly can be derived:

limi(y) = g? (6.173)

limi(y) =% (6.17b)

6.3.4 Uniformly spread electrostatic force model

A similar analysis has been performed for the case where the electrostatic force is spread
uniformly along the plate. This results in an expression for the pull-in voltage similar to eqg.
(6.12). The pull-in voltages differ lessthan 1% for K = 0. For large K the uniform force shape
yields a pull-in voltage that is 5% smaller than for the central force shape. The pull-in
deflection is y / g = 0.40 for all K. The contraction for the uniform force case has been
calculated using eg. (6.15) where the integral yields 128/105 for small K and 4/3 for large K.
These dightly larger factors compared to the central force shape are a result of the smoother
curvesin the plate for the uniform force shape.

The shape functions for the central force model and for the uniformly spread force model
enclose the solution to the original non-linear problem, where the force distribution depends
on the deflection. Therefore, we can conclude that eq. (6.12) predicts the pull-in voltage for
the non-linear problem with less than 5% error.

6.3.5 Design rulesfor thetransducer plate

Equation (6.12) can be used to choose the dimensions of the actuator plate, for a given tensile
load force S maximum driving voltage, and elastic properties of the plate material. The
second design rule is given by eq. (6.16), which can be used to choose the dimensions of the
plate for a given desired step size. The third design rule is for the dimensions of the plate for a
given step size. Basically the step size as predicted by eg. (6.16) should be larger than the loss
of step due to the limited tensile stiffness of the plate. The step loss Deis given by:

De = SX% (6.18)
XN

6.4. Design of the Shuffle M otor

6.4.1 Lay-out of the motor
The moving part of the motor consists of two polysilicon layers. A thin layer for the actuator
plate, and athick layer for the frame in which the plate is suspended. The frame consists of a
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front part and a back part, connected by the connection springs and by the plate. Both the front
and the back part contain two clamp feet (fig. 6.4). Polysilicon electrodes have been made
underneath the feet and the plate, so that the front feet, the back feet and the plate can be
activated independently. The electrodes are covered by a insulating silicon nitride layer. The
moving part is grounded during operation.

Elevated front part
Elevated back part
Actuator plate
Connection springs
Support springs
Back clamp feet
Front clamp feet
Base electrodes
Anchors

©CoNoTAWDNE

Fig. 6.4: The frame consists of an elevated part (medium gray) and a lower part (dark gray). The lower part
composes the four clamp feet, resting on the electrodes. The elevated part consists of the folded support springs
and the large stiff parts that connect the clamp feet and the actuator plate (light gray). The support springs are
anchored at the black squares.

The frame is contracted by deflecting the plate downward (fig. 6.5), and stretches due to the
bending stiffness of the plate, and due to the stiffness of the connection springs. The stiffness
of the four connection springs together is about 1200 N / nm.

Figure 6.5: Deformation of the connection springs due to contraction of the plate (the step size has been
exaggerated). Both the bending stiffness and the connection springs push the two frame parts apart when the plate
isreleased.
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The whole moving part is supported by two folded springs which serve as a linear guidance
with astiffness of 1 N / nm. The folded springs are also used to ground the moving part. The
total size of the moving part excluding the guidance springs is 500 x 400 nm?.

6.4.2 Design of the clamp feet

In the shuffle motor electrically controllable clamp feet are needed, which are continuously in
contact with the base. In the first design [1] adhesion forces induced large friction forces, also
when the clamps were inactive. In the current design we have been able to reduce the adhesion
forces to an acceptable low level by means of anti-sticking bumps that have been made all
along the clamp feet. The bumps have a height of 150 nm and therefore the size g of the air
gap equals 150 nm. The bumps are placed with a 10 mm spacing to minimize the bending of
the feet due to the high electrostatic pressure. The total area Agamp Of the two inner clamp feet
(the smallest) is 600 x 20 mm?. The capacity C between the feet and the bottom electrodes is
determined by g, Adamp, the thickness tgy of the silicon nitride, and its permittivity eper = 8ep.
A thickness of 0.5 mm has been chosen for the silicon nitride. This may seem to be quite thick,
however this is necessary because the silicon nitride is slowly etched during the 50 % HF
sacrificia layer etch. In the expression for the capacity, we neglect the contribution of the
(larger) electrostatic pressure underneath the bumps. From the derivative of co-energy -
1/zC(g)Uzdarnp with respect to g the expression for the clamp force results:

_ 1 e0 >{J 2 >('AHamp
clamp — E

(g+

- (6.19)
?)

r

For a clamp voltage of 30 V and the parameter values as mentioned above, an electrostatic
clamp force Fgamp = 1.1 mN results. Thisis enough, as its in the same order as the generated
lateral force at 30V.

] silicon
[] silicon nitride
I polysilicon

CQ Uciamp |

Figure 6.6: Cross section of the implemented electrostatic clamp. The electrostatic force is determined by the
applied voltage Ugam, the size of the air gap g, and the thickness tgy of the silicon nitride. The stand-off bumps
touch the silicon nitride insulating layer and in the contact region free charge be transported from the charged
clamp foot on to the silicon nitride.

The life-time of the shuffle motor is probably determined by the wear rate in the clamp feet,
particularly in the bumps. The shape and the size of the bumps is not critical, therefore it is
expected that the motor will be rather wear resistant.
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6.4.3 Dimensions of the actuator plate

The plate pull-in voltage given by eqg. (6.12) is used to choose the actuator dimensions. Figure
6.7 shows the pull-in voltage as a function of the tensile load force S for the chosen
dimensions of the actuator: A thickness t of the plate of 0.5 mm, a width w = 100 nm, a
length 2 = 200 m and aninitial gap sizeg =2 nm.
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Figure 6.7: The pull-in voltage as a function of the tensile load force S, calculated using equation 12. The

thickness t of the plate is 0.5 mm, the width w = 100 mm and the length 2 = 200 mm. A Young's modulus E =
150 GPa and the permittivity of air are used.

Eq. (6.16) gives a step size of 40 nm if the center of the plate just contacts the base (y = g).
Thisis only an indication for the step size, because the deflection profile after pull-in is not
taken into account in the model. Fig. 6.7 shows that a voltage of only 30V is enough to
overcome a load force of 1 mN. The maximum load the actuator can pull is limited by the
tensile stiffness of the actuator plate. In the current design, the tensile strain of the plate under
aload of 1 mN is 27 nm, which is significant compared to the single step size. The nature of
the load (e.g. friction, dynamic or constant) determines to what extent the limited tensile
stiffness will cause loss of step size.

6.5 Fabrication process

The shuffle motor is fabricated using standard surface micromachining techniques. The final
structure consists of three polysilicon layers, for the rails and the shields, the frame, and the
actuator plate respectively. There are two silicon nitride layers, underneath and on top of the
polysilicon actuation rails. The process sequence is treated briefly here, a detailed process
scheme can be found in appendix E.

On a3’ substrate wafer a 1.0 mm low stress LPCVD silicon nitride layer is grown to insulate
the base electrodes from the substrate wafer. Next a 0.5 mm LPVCD polysilicon layer is
deposited, doped with Boron by solid source indiffusion and patterned using RIE to form the
electrodes. A second low stress LPCVD silicon nitride layer of 0.5 mm is grown to cover the
electrodes. In this nitride layer the contact pads and anchor holes are etched using RIE. On
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top of the nitride insulation layer the first sacrificial oxide layer (2.4 nm) is deposited using
PECVD to create the gap between the actuator plate and ground electrode. The next layer is
0.5 mm of LPVCD polysilicon doped with boron, to form the actuator plate. After the
patterning of the actuator plate (RIE) the first sacrificia layer is patterned (RIE). Only where
the elevated parts in the frame are made (fig. 6.4), the oxide is kept. Next a 0.5 mm second
sacrificial oxide layer is grown, using TEOS instead of PECVD to obtain better step coverage.
This layer is used to release the clamp feet. The holes to form the anti sticking bumps (150 nm
deep) and the plate-frame contact holes are etched in HF. Next, a 4.0 nm third LPCVD
polysilicon frame layer is deposited and doped. Before patterning this layer, it is covered by a
PECVD oxide layer and annealed at 1100 °C for three hours, in order to obtain a uniform
distribution of the Boron dopant. This is important to avoid a stress gradient in the
polysilicon. The thick polysilicon is patterned in RIE using a SF¢/O,/CHF; plasma to form
the frame. Last step is removing both sacrificial layers using 50% HF and freeze drying to
avoid sticking of the free hanging structures. Holes have been etched in both the plate and the
frame at intervals of 30 mm in order to shorten the sacrificial oxide etch time. In fig. 6.9 three
cross sections are shown just before and after the sacrificial layer etch. Fig. 6.8 shows a close
up around one of the two inner connection springs, and an overview of the shuffle motor with
the actuator plate deflected downward.

actuator plate

Connection
spring

clamp feet

b)
Figure 6.8a) Close up around one of the two inner connection springs, showing the different levels in the motor.
b) SEM picture of amotor with the actuator plate deflected downward.
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Figure 6.9: Cross sections just before and after the sacrificial oxide etching.

6.6 Experiments

6.6.1 Tests of the plate deflection

The measured zero load pull-in voltage varied between 12 and 13 V. Thisis reasonably close
to the 11V predicted by the model. Voltages higher than the pull-in voltage resulted in the
deflection as shown in fig. 6.12. The center part of the actuator plate is pulled flat to the
bottom electrode. By increasing the voltage, the flat part increases and the effective step size
increases. At 25 V the zero load step size is estimated by 140 nm. Repeated pull-in showed
dtiction of the actuator plate to the bottom electrode. The stiction is probably induced by
charging of the insulating nitride covering the under electrode. Charge can be transferred from
the charged plate to the surface of the silicon nitride when they contact. When the physical
contact is broken, some charge may be left on the silicon nitride. The following observations
support this explanation of the stiction:
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Actuator plate stiction disappeared after afew minutes.

The cleaner the surface of the sample, the longer the stiction lasted.

At low humidity the stiction was worst. Adsorbed water probably helps the discharging of

the silicon nitride.

Sometimes stiction disappeared after breathing on the sample.

The voltage needed to activate the plate shifts up timeif activation is repeated.
The stiction has been strongly reduced by applying a modulated AC voltage (fig. 6.10). The
plate and the clamps have been activated with a 25 kHz sgquare wave that changes polarity
quickly compared to the mechanical response time of the plate. Therefore, the AC voltage
results in the same deflection of the plate as a DC voltage with the same amplitude.

off on off

+U
0
-U

Applied voltage

—>time

Figure 6.10: The modulated AC-voltage applied between the plate and the base electrode.
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Plate actuation ©"
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Figure 6.11: The control signals for a complete walking cycle. First the front clamp is activated. Next the plate is
deflected, and the back clamp is activated. Then the plate is released and the front clamp is activated again.
Finally, the back clamp isreleased and the cycle starts again.

6.6.2 Force and reach measurement

Motor tests have been done using the control signals shown in fig. 6.11. The modulated AC-
voltage control has been used for both plate actuation and clamping. The maximum obtained
reach was 43 mm (fig. 6.12) at a plate actuation voltage (amplitude) of 25 V and a clamp
voltage (amplitude) of 40V and a stepping frequency of 1160 Hz. Based on the stiffness of the
support springs, this corresponds with an effective generated force of 43 + 13 nlN. At 25V the
actuator should be able to produce aforce up to 0.6 mN (Seefig. 6.7). Slip in the clamps is the
most probable explanation for the lower measured force. Considerable slip occurs when the
AC-driving voltage is used. The clamps are shortly released when the voltage switches from
positive to negative. This results in a dynamic equilibrium between walking forward and
dlipping backward.
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Figure 6.12a) Microscope picture of the unactivated motor, and b) a maximum measured reach. The maximum
measured reach is 43 mm, which corresponds with about 500 steps made. Note that the activated plate is pulled
flat against the base electrode.

In order to increase the produced force, we have tried to apply a DC-voltage to the clampsin
combination with a modulated AC-voltage on the actuator plate. This resulted in stiction in
the clamps, probably again due to charging of the insulating nitride. A new design of the
clamps where the charge induced stiction is diminished is recommended. We propose the
design shown in fig. 6.14, which has only mechanical contact between equally biased
conducting surfaces. In principle, this design can also be applied for creating electrical contact
needed for biasing the moving structures, when the support springs are omitted. In practice, it
will be a challenge to create good electrical contact, as in air a thin native oxide layer grows
on the polysilicon surfaces.

_ | silicon
I E— ——

[ ] silicon nitride
()Uclamp

B polysilicon
Figure 6.14: Proposed new clamp design. The bumps contact the grounded outer el ectrodes. Because both are of
conducting polysilicon, it is expected that there will be no charge stored at the interface. The clamp force is
generated by the voltage difference between the (grounded) clamp foot and the middle base electrode.

6.6.3 Speed measur ements

The speed of the motor has been measured as afunction of the cycle frequency (fig.

6.15). The highest measured speed of the motor is 100 + 10 mm/s, at a cycle frequency of
1160 Hz. This frequency was limited by the driving electronics. Higher cycle frequencies
should be possible, because the (zero load) resonance frequency of the actuator plate is about
60 kHz. It is expected that the maximum attainable speed is more than 1 mm/s. The measured
speeds could be reproduced with a maximum deviation of 25% between three different
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motors. The slope of the graph is ameasure for the effective average step size, whichis85 + 9
nm. The smaller than expected effective step size can be explained by the considerable slip in
the clamps due to the used AC-driving voltage.
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Figure 6.15: Measured velocity as a function of the cycle frequency. The inaccuracy in the velocity measurement
is smaller than 10%. A voltage amplitude of 25V is used to drive the plate, and an amplitude of 40 V is used to
drive the clamps.

6.7 Discussion and Conclusions

This chapter shows the feasibility of the use of a mechanical transformation in order to
increase both the force and the resolution of an electrostatic linear stepper motor. The key part
in the motor is the contracting plate actuator, which is an effective implementation of the
mechanical transformation. A detailed energy model of the bending plate transducer has been
made, giving the output stroke as a function of the applied voltage and the load force. The
model shows that forces as high as 1 mN can be produced with a realistic polysilicon actuator
driven at only 30 V. Simple design rules have been extracted that facilitated the design of a
walking motor based on the transducer. Testing of the walking motor showed stiction due to
electrostatic charging of the silicon nitride insulator. The charging could be diminished by a
modulated AC-voltage actuation. Walking motion has been produced at different cycle
frequencies. In the measured frequency range (200-1160 Hz), the speed of the motor is
proportional to the walking frequency. An effective average step size of 85 = 9 nm has been
determined from these measurements. A maximum force of 43 £+ 13 nlN has been measured at
an applied actuator voltage of 25 V and a clamp voltage of 40 V. The generated force is
comparable to the force produced by the scratch-drive actuator [5, 6], which is produced
using similar fabrication process as the shuffle motor and has comparable dimensions.
However, the shuffle motor is operated at dightly lower voltages. The force produced by the
shuffle motor is now limited by the effective friction in the clamp feet, which is low due to the
AC-driving voltage. Future work should concentrate on the improvement of the clamps in
order to have the full benefit of the large force that can be generated by the plate actuator. A
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new linear guidance, replacing the support springs, has to be developed in order to enlarge the
reach of the motor. Electrical biasing of the moving part will be an important issue when the
support springs are omitted.
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Discussion and Conclusions

7.1 General Conclusions

7.1.1 Overview

It has been shown that it is possible to make linear micromotors employing walking motion,
based on electrostatic actuation and surface micromachining fabrication technology. The
realized motors use waking motion in order to obtain a large dynamic range (reach :
resolution). Three laterally driven and one normally driven motors have been realized and
tested (section 5 and 6 respectively). Only in the laterally driven motor design B, walking
motion has been successfully generated. This design generates rather large steps (1-2 mm) and
small force ( appr. 3 nN), actuated at 40 V. The maximum generated stroke has been 15 mm,
limited by the elastic linear guidance. We have designed a normally driven motor, the shuffle
motor. The main advantage compared to the laterally motors is that active area for the
electrostatic actuation of the clamps can be made larger. In the shuffle motor the displacement
is generated by a deflecting plate, which transforms its norma deflection into lateral
contraction. Due to the built in lever the produced force can be as high as 1 mN with 30V
driving voltage. In the realized device this value could not be obtained, because of
electrostatic stiction problems. In order to reduce electrostatic charging of insulators in the
motor, a modulated driving AC-voltage had to be used. This greatly reduced the effective
clamp force. The motor could reach a 43 nm displacement by adding approximately 500 steps
of (on average) 85 nm. The displacement was limited by the guidance springs. Using an
estimate of the stiffness of the elastic guidance it can be concluded that the produced force is
43 + 13 nN. The driving voltages were 25 V for the step generation and 40 V for the
clamping. For the shuffle motor it is recommended to investigate possibilities to reduce the
electrostatic charging of the insulators, in order to allow a modulated DC-driving voltage.
This is very important, because a large (up to 20 times!) increase of the clamp force can then
be expected.

7.1.2 Performance

Performance with respect to the specifications

Q18a: First we compare the performance of the shuffle motor with the desired specifications
(table 1.1), as this motor has reached the largest stroke and generated force, and the smallest
step size. The specification which have successfully been fulfilled are a linear size < 1mm,
and a maximum measured stroke much larger than 10 mm. It can be driven at voltages as small
as 13 V (pull-in voltage), athough the measured force of 43 NN has been obtained with a 40
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V clamp force. In order to obtain a force larger than 0.1 mN it is necessary to improve the
clamps in such way that the clamps can be driven by a modulated DC-voltage, in stead of the
modulated AC-voltage necessarily used in the experiments to avoid charging of the silicon
nitride insulating layer.

Q18b: For the lateraly motors we were not (yet) able to implement walking motion in
combination with levers to increase the force. In comparison with the specifications the
demandsfor reach, resolution and produced force are therefore not fulfilled.

Performance with respect to other reported linear micromotors

In section one we presented a number of different concepts of linear micromotors. The
different concepts are fabricated in many different ways, and show large differencesin the size
of the motors. Therefore, it mainly makes sense to compare our realized micromotors with
reported surface micromachined micromotors, as these have comparable dimensions. All
motors discussed next have sizes smaller than 1 mmx 1 mmx 5mm. Our lateraly driven
motor concept B, has a maximum stroke of 15 nm and a generated force of 3niN with 40 V
driving voltage. The vibromotor [1, 2] has areported reach of over 100 mm. The difference is
that in our design the shuttle is elastically suspended, while in the vibromotor the shuttle is
guided by adlider bearing. This iswhy the vibromotor accomplished a significant larger reach.
Due to the same difference the generated force of the vibromotor can not be estimated by
measuring the maximum stroke. The walking motor made by Baltzer et a. [3] also uses a
dlider bearing. It has a reach of over 100 mm, while again the generated force is not known.
Yeh et al. [4, 5] have made a laterally driven walking motor with the elastic suspension. They
have measured a maximum deflection of 40 nm and a generated force of 6.5 M\, driven at 35
V. Both are approximately double compared to our motor.

The normally driven shuffle motor can best be compared with the scratch drive actuator
(SDA) [6-8], which is aso anormally driven motor. The shuffle motor accomplished a reach
of 43 mm and aforce of 43 £ 13 nN, driven at 25V for the propulsion and 40 V for the clamp
actuation. The force generated by the SDA increases from 10 nN to 63 nlN, with the driving
voltage increasing from 68 — 112V. Therefore we can conclude that for the same driving
voltage the shuffle motor produces a considerable larger force. However, the surface area of
the SDA is about 10 times smaller than of the shuffle motor. Therefore, the force produced
per unit area with equal driving voltage is comparable. It is important to remember that the
shuffle motor is expected to generate a much larger force (up to ImN with 30 V driving
voltage) if the clamps are improved. For the SDA it is not clear how much it can be improved,
because there exists no quantitative model for the generated force. Looking at the reach, the
SDA can produce more than 100 mm strokes. The explanation for the larger stroke of the SDA
isthat the tested SDAs did not have an elastic suspension.

7.1.3. Reliability
Q17: Systematic reliability tests have not been done. For the laterally driven motors it is
necessary first to increase the performance (in particular the generated force) by adjusting the
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designs, before reliability becomes relevant. For the shuffle motor it has become clear that the
main reliability issue is stiction. In particular the electrostatic stiction due to charging of the
silicon nitride insulator during operation, has to be reduced. To do so, a new design of the
clamps has been proposed (section 6.6).

7.2 Electrostatic Actuator Theory

7.2.1 Answersto resear ch questions

Q1 (Maximum force, Section 2.5): The maximum voltage that can be applied across a 2 nm
gap before break-down occurs, is around 500V. This corresponds with an electric field of 2 x
10® V/m, and an energy density of 1.8 x 10° J/m?® (section 2.5). In vacuum the field strength
can be up to afactor 10 larger, as the onset of field emission is at approximately 2 x 10° V/m.
For small gaps and rough electrodes this value will probably be smaller.

Q2 (Generated force and output stiffness, section 2.2): The (equilibrium) output force and
output stiffness of electrostatic (variable capacitance), isothermal actuators can be calculated
from the derivative of the total (free) energy with respect to the displacement coordinate. The
stiffness from the second order derivative. If the actuator is controlled by a constant voltage
source, than the energy of the source (a reservoir with alarge capacitance) should be included
in the equilibrium and stiffness analysis. This energy is taken into account in the generalized
potential (section 2.2).

Q3 (Actuator model convenient for actuator design, section 2.4): A model for the force
generation in electrostatic actuators as a function of the actuator geometry has been derived. It
has been shown that the force produced in an electrostatic actuator can be expressed by the
product of the energy density and a characteristic active area, which is defined as dV / dx with
V the volume containing the (uniform) electric field and x the actuator deflection. The model
enables quick evaluation of different actuator designs.

Q4 (Generated force in 1 mn? substrate area, section 2.6): Based on characteristic unit cells
for both the comb-drive and the gap-closing actuator it is possible to generate 0.1 mN on a
chip surface area of 1 x 1 mm? in combination with a 2 mm stroke, for structures with a5 nm
height and using a 30 V driving voltage. The generated force can be made much larger by
taking a higher driving voltage (up to 400 - 500 V should be possible), and by creating higher
structures.

7.2.2 Recommendations for futureresearch

The maximum possible electric field intensity before break-down takes place is based on
measurements on large gaps, and on only few measurements on small gaps (1-10 mm). Also,
local field concentration due to roughness of the electrodes play an important role in the
break-down process. It is therefore recommended to do measurements using electrodes and
gaps which resemble those used in the motors to be made (section 2.5).
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7.3 Fabrication

7.3.1 Answer to research question

Q5 (Siction reduction, section 3): The main topic concerning fabrication, has been the
reduction of pre-use and in-use adhesion of released parts (often called stiction), fabricated by
surface micromachining. It can be concluded that stiction can be reduced by reducing the real
contact area. Reduction of the real contact area can be done by reduction of the apparent
contact area by means of stand-off bumps (section 3.6.2), by means of side-wall spacers
(section 3.6.2, appendix B), and by increased surface roughness of the contacting surfaces
(section 3.6.3). We have successfully introduced and characterized self-aligned side-wall
spacers, which are extremely robust due to the fact that they are partly folded underneath the
beams. The reduction of the adhesion energy has been shown to be in correspondence with the
reduction of the apparent contact area. Extremely strong adhesion can occur between released
structures and the substrate if the structures have been fabricated on top of a smooth, polished
substrate wafer.  Reports in literature show that increasing the surface roughness can
drasticaly reduce stiction (more than ten times has been reported). We have presented a
simple contact model which supports this theoretically (Appendix A).

7.3.2 Recommendations for futureresearch

We recommend experimental verification of the theoretically derived relation between surface
roughness, adhesion and real contact area. An important issue will be how to relate the real
roughness with the simplified roughness representation in the elastic contact model.

7.4 Micro Tribology

7.4.1 Answersto resear ch questions

Q6: (Electrostatic clamps with low adhesion, Section 4.4) For the laterally driven motors it
has been shown both experimentally and theoretically that the adhesion between rough side-
walls can be kept low, in the order of 1 nN. This value is low enough to make it possible to
release the clamp contacts in the walking motors, because electrostatic forces of an order
larger can easily be generated. It isimportant to mention that the rather low adhesion force can
become drastically larger if the side-walls become smoother.

Q7 (elastic or plastic deformation): It is hard to make a general statement if the contacts in
MEMS devices will be mainly elastic or plastic, because the surface topography varies
between extremely smooth (polished wafer surface) to quite rough (side-walls of RIE etched
polysilicon parts). Also alarge range of contact forces is encountered, typically in the range of
1mN - 1 mN. Nevertheless, it has been possible to find a criterion, the plasticity index, for the
transition form elastic to plastic contact (section 4.3.4). In this index, surface topography,
elasticity, and hardness parameters are taken into account.

Q8: (Relation between surface roughness and friction, section 4.3) We have assumed that
static friction in shearing mode can be expressed as the product of real contact area and a
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characteristic shear strength s of the interface. In an elastic contact, the surface roughness
together with the elastic properties of the contacting materials determine the mean red
pressure pe (= load / real contact area) in the contact (equation 4.9). The friction coefficient
can be written as s/ pe. Because pe increases proportionally with the topography parameter R/
s it is clear that (in elastic contacts) the friction coefficient decreases with increasing R/ s,
with a lower limit s / H, the friction coefficient for plastic contact (section 4.3.4).
Furthermore, the surface roughness has strong influence on the effective adhesion of
contacting surfaces (fig. 4.3). Increasing the surface roughness will therefore lead to reduction
of the adhesive load and therefore of the friction force (fig. 4.4).

Q9 (applicability of the Maugis model in MEMS): The statistical model of Maugis can be
applied to elastic adhesive MEMS contacts, however because of the low loading conditions
that can be encountered in MEMS devices it is necessary to check if there are enough contact
points to allow the use of the statistical model (sections 4.3.5, 4.4). Discrete contact model for
1,2, or 3 contacting asperities have been devel oped (section 4.3.5).

Q10 (simple expression for friction in adhesive contacts): For non-adhesive contacts the static
friction force can be expressed by the product of the friction coefficient and the applied load
(Amontons Law): F; = mt, where m=s/pe in elastic, and m= s/ H in plastic contacts
(section 4.3.4). If adhesive load is included, a non-linear relation between F; and L results
(section 4.3.2). Only in alimited range the friction can be expressed by a linear relation (eqg.
(4.14)). In this relation the effect of adhesion is accounted for in both the friction coefficient
and the (apparent) zero load adhesion force.

7.4.2 Recommendations for future research

We recommend experimental verification of the elastic contact model, in particular the
relation between RCA, surface roughness and applied load. It has been assumed that the
friction force in shearing mode is given by the product of the real contact area and the (contact
pressure independent) shear strength of the interface. The conditions for which this is valid
should be determined.

Furthermore, we recommend experimental verification of the influence of the adhesive load,
which is accounted for by the adhesion parameter, and theoretically leads to friction vs. load
curves as shown in fig. 4.4.

In the presented models, the surface topography is characterized by the (average) asperity tip
radius, the spread in the summit levels, and the asperity density. These parameters are
extracted from the measured surface topography by hand. In order to make this extraction
more objective it is recommended to automate it. For example, the asperity density can be
calculated from the dominant wavelength which can be determined from a FFT of the
topography data.
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7.5 Laterally Driven Motors

7.5.1 Overview

In laterally motor design A clamping and propulsion are generated by the same beam. It turned
out that with the current design rulesit is hard to obtain sufficient clamping. Clamping can be
increased by increasing the length of the drive beams, by reducing the roughness of the side-
walls in the clamping region, and by reducing the minimum width of the drive beams. All
three possible improvements have the risk of increasing the amount of stiction between the
shuttle and the drive beams. In the laterally driven motor design B, walking motion has been
successfully generated. This design generates rather large steps (1-2 nm) and small force
(appr. 3 MN), actuated at 40 V. The maximum generated stroke has been nm, limited by the
elastic linear guidance. Test of a configuration (design C) which uses mechanical levers to
increase the force and reduce the step size, have shown that it is difficult to create sufficient
clamping to side-walls (section 5.4). Also it has appeared that the generation of several
subsequent steps was difficult, as the impact of the next clamp to become active can cause the
aready active clamp to release the shuttle and the first step islost.

7.5.2 Answersto theresearch questions

Q11 (controlled friction in laterally driven actuators): The adhesion between side-walls of
RIE-etched structures is low enough compared to the electrostatic clamp forces, to make it
possible to control the friction in the clamps by means of the controllable electrostatic forces.
Q12 (employing a lever to increase the generated force): In order to enlarge the produced
forces we have tried to include a lever in a surface micromachined mechanism. In the laterally
driven motor concept C (section 5.4) the propulsion actuator is composed of a separate
electrostatic actuator array and a lever. We could observe that sub-micron displacements were
generated, which indicates that the lever functions. However, due to the problems with
multiple-step generation we have not been able to confirm the increase of the force by the
lever.

Q13 (electrostatic pull-down towards the substrate): Different methods have been proposed
to reduce pull-down by electrostatic forces:

1) Try to keep all free elements at the same potential as the substrate .

2) Give structures which have a potential different from the substrate a sufficiently stiff
suspension in the normal direction. This has been done in concept C (section 5.4).

3) Use electrical shields underneath free moving structures, and keep the shield at the same
potential as the structures above. This has been done in the shuffle motor (chapter 6)

7.5.3 Recommendations for future research

We propose dastic pre-clamping presented in section 5.4.3 to solve both the problems of
insufficient clamp force and impact of an incoming clamp. In this concept thereis aneed for a
spring which after the release etch pushes the clamp feet continuously to the shuttle. We think
that by selective dotation of polysilicon beams such a spring can be made.
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7.6 Normally Driven Motor

7.6.1 Answersto theresearch question

Q14,15 (how to realize a lever, and how to realize a transformation from normal movement
into lateral movement): In the shuffle motor (chapter 6) both the lever and the transformation
from normal to lateral force has been implemented by the downward deflection of the center
of a plate which is supported at both ends. Due to the center deflection a small but forceful
contraction, in lateral direction, is generated.

Q16: The adhesion and friction between the clamp feet and the bottom electrodes has not
been measured. Qualitatively we sometimes observed adhesion of the feet to the bottom
electrodes in the initial position of the motor. Once it has moved, significant adhesion is not
observed any more. The adhesion in the initial position is probably caused by the fact that in
this position the roughness on the bottom side of the feet fits the roughness on top of the
bottom electrodes.

7.6.2 Recommendations for future research

Its recommended to redesign the clamps in such away that the charging of the insulating layer
between the electrodes of the clamps is avoided. The clamps can then be driven by DC-
voltage and it is expected that significant larger friction forces can be generated in the clamps.
In section 6.6.2 a new configuration for the clamps has been proposed.

7.7 MoreTopicsfor Future Research

Besides the recommendations done in relation with the separate chapters, there are a few
genera recommendations for future research.

7.7.1 Walking motors

To find out more about the performance of walking motors is it recommended to find out
more about the dynamics of walking motion. What is the maximum speed? Is it possible to
move in different modes (e.g. walking and running)?

7.7.2 Electrostatic Actuators General

In principle it is possible to generate extreme large accelerations using electrostatic actuators.
To employ this to move objects with substantial mass, it is required to increase the actuator
volume by making higher structures. For example, with an 1 x 1 x 0.04 mm?® volume it is
possible to generate 6 mN and a 10 mm stroke, based on a 1 x 10°> Jm® energy density. After
transformation to fulfill the inertial matching condition (section 2.7), this is enough to
generate a 2 nm stroke, in combination with maximal 1.3 x 10° m / s* acceleration of a 1 mg
load.
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7.7.3 Fabrication

Higher structures. As mentioned in 7.7.2, creating higher structures to increase the actuator
volume is very much desirable. We refer to Keller et a. [9] and Hirano et al. [10] for
examples of new fabrication processes which have been developed to create higher structures.
Stress problems: In particular with the multi-layer surface micromachining process for the
shuffle motor, the stress in the layers induce significant bending of the substrate, which makes
it more difficult to handle the wafers, for example because clamping with a vacuum chuck
does not work properly. The stresses of all different layers should be characterized, and
strategies have to be devel oped to reduce the bending during fabrication.

Adherence silicon nitride to polysilicon: During fabrication it became clear that the interface
of polysilicon and silicon nitride layers is easily attacked by HF. To reduce this problem we
added a HF dip of the polysilicon surface prior to deposition of the silicon nitride, in order to
remove possibly present native oxide. This reduced but did not eliminate this problem. It
should be found out what is the cause. A possible cause could still be the formation of native
oxide, rapidly due to the high temperature encountered while loading the LPCVD tube before
deposition of the silicon nitride.
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A

Elastic adhesive contact of rough surfaces,
uniform height.

A.1Mode

In this appendix the influence of the surface roughness on the adhesion of elastic solids is
modelled.The interface which has been modelled consists of one flat and one rough surface.
The rough surface is described by identical spherical asperities with aradius R which all have
the same summit level. The other parameters describing the surfaces are the elasticity of the
material, the asperity density h, and the work of adhesion Dg needed to separate the two
materials.

Figure A.1: Rough surface in contact with aflat plane, with z the indentation of the asperities, z, the peak-valley
distance, a the contact radius, R the radius of the spherical asperities and Ch the linear asperity density.

For two rough surfaces the roughness is transfered to the one rough surface by calculating a
combined radius of the asperities R=R;//R,. Where R; and R, are the radii of the asperities of
surface one and surface two respectively. For the interaction of a single asperity with a flat
rigid plane the DMT (Derjaguin, Muller and Toporov) model is used [1]. The DMT theory is
valid for hard solids with a low surface energy and a small asperity radius [2].This is
discussed in chapter 4 in more detail. Following the DMT model the adhesion force of each
contacting asperity is given by 2p>DgR, independent of the indentation z. The distribution of
stresses in the region of contact is Hertzian [3, 4] and their integral equals the sum of the
adhesion force 2pDPR and the applied load P. Therefore, for each contacting asperity of
which the tip is elastically displaced a distance z, the contact radius a and the load P are now
given by:
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az =R:z (Al)

a3 Rl/223/2
RD D

P+2p xDgxR= (A.2)

For these equations to be used, z, should be large compared to the range of the adhesion
forces. The elastic properties of the two contacting surfaces are combined in the compliance D
according to

3 1- n12+1- nZ
T4 Ey E,

D )

In which E;, E; and ng, n, are the Y oung’s modulus and the Poisson’ s ratio of surface one and
two respectively. Eq. A.2 can be changed into a pressures balance by multiplication with the
asperity density h:

h xRY273/2
pload+2p>h>ong:T (A.3)

Where the load pressure pioo IS defined the load force P per asperity times the asperity
density, which is equal to the load force L divided by the apparent contact area A,. Equation
(A.3) can be solved for z to find the balance indentation:

p \2/3
e

D u
z= W(pm +2p h xDg "R)H (A4)

The real contact area formed is given by the contact area per asperity times the asperity
density times the apparent contact area:

A =h xA, >pa’ (A.5)

Using Eq. A.1, A4 and A.5 the following dimensionless expression for the relative red
contact area A, can be derived:

:22/3p 5/3h ><R4/3D2/3m2/3[ pload +1]2/3 (A6)

A= 2p h >Dg xR

> | >

The asperity density, radius of curvature and peak-valey height are related. From simple
geometry calculation (figure A.1) it followsfor zy < R:
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821
Substitution in (A.6) to eliminate h yields:

AT :% =2-7/3p5/3q*-2/3[M +1]2/3 :1.34q*-2/3[ ploed +1]2/3 (A8)

adh Pagh

Where g* is the dimensionless group which is analogue to the adhesion parameter as defined
by Fuller et al. [6] for surfaces which have a distributed summit level.

3/2

q* =ﬁ (A.9)

And the adhesive pressure is equal to:

D
Pecn = 2P R ><Dg><F%='O4—Z;‘JJ (A.10)

In figure A.2 the relative real contact area is plotted as a function of g* for the case that the
adhesive pressure dominates the load pressure (Pioad / Padgh=0).

Ar*

Figure A.2: Relative real contact area as afunction of q * for zero load.

Figure A.3 shows A* asafunction of p* = pjoad/ Pagh fOr three values of g*.
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A

Figure A.3: A* asafunction of p* = piead/ Pach fOr three values of g*.

The area of contact increases as p*2’3 (shifted due to the adhesion). Because the adhesive
pressure is independent of z this means that the area of contact increases as p|oad2’3. Thisis
caused by the Hertzian elastic deformation of the asperities which have identical summit level.
An amost linear relation between the area of contact and pioaq is found if the summit level is
Gaussian distributed [7]. The model presented here is only valid for spherical asperities for
which the standard deviation s of their summit level distribution is smaller than the
indentation z.
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B

Robust side-wall spacersfor stiction reduction

A new process has been developed to generate spacers that are grown partly underneath the
structures, in order to make robust spacers. The process is illustrated in fig. B.1. After the
structural layer has been etched by RIE (fig. B.14d), isotropic etching of the oxide is done in
5% BHF, for 3 minutes (fig. B.1b). The latera etch rate of the used SOIl-oxide is 2-3 nm/s,
which is higher than the expected 1 nm/s for thermal oxide. LPCVD silicon nitride (150 nm)
isgrown al around (fig. B.1c). Next, the silicon nitride is etched anistropically in RIE, leaving
it on the side-walls and underneath the structure (fig. B.1d). Finally the structure isreleased in
50% HF (fig. B.1e).

I

Figure B.1: Processing scheme for robust side-wall spacers, starting from a) patterned silicon structural layer, b)
isotropic thinning of sacrificial layer ¢) grow anti-stiction silicon nitride layer d) anisotropic silicon nitride etch €)
sacrificial layer etch.

The spacers obtained are extremely robust. By using a probe pen, structures can be pushed
down to the substrate. They could be moved easily across the surface. Even 2 nm small beams
could be released by simple touching. Without spacers, the same structures stuck heavily and
could not be released without damage. Spacers are especially useful for experimental devices:
beams that stick, can be freed easily, and testing can continue. From the initial experiments we
learned that side-wall spacers do not entirely eliminate stiction. Therefore, the detachment
length of cantilever beams with and without side-wall spacers has been measured. The stiction
of beams of three different widths, 12, 24 and 36 nm, has been measured. The cantilever
beams have been fabricated on a SOI wafer having a structural layer thickness of 4.5 nm and
an oxide layer thickness of 1.0 nm. Side wall spacers have been fabricated according to the
processing scheme shown in fig. B.1. Fig. B.2 shows close ups of the bottom side of a
fabricated beam.



146 Electrostatic Micro Walkers

Figure B.2: @) SEM-photograph of the bottom-side of a cantilever beam b) Close-up, the width of the spacersis
about 500 nm.

The spacers have awidth of about 500 nm, due to the higher than expected lateral etch-rate of
the oxide. In order to obtain stiction, samples have been dried from IPA after the sacrificial
layer etching. Detachment |lengths have been measured using an optical microscope with the
interference contrast method. Ten cantilevers of each type have been measured upon. Table
B.1 shows the average detachment length:

Cantilever width Detachment length
(average, n=10)
[mm] [100 nm]
Without spacers | 12 1.2+0.2
24 1.2+0.2
36 1.2+0.2
With spacers 12 26+04
24 3.0+04
36 3.4+0.4

Table B.1: Measured detachment length for three different beam widths. Beams with and without side wall
spacers are compared.

A work of adhesion of 0.10 + 0.07 Jm? can be calculated for the cantilevers without spacers.
From the average detachment lengths, a reduction of 2 x 10%, 4 x 10" and 6 x 10" times for the
adhesion energy per unit length of the beam can be calculated using eg. (3.10). Thisis dlightly
larger than the reduction of the geometrical contact area due to the side wall spacers, which is
12, 24 and 36 times assuming atotal spacer width of 2 x 0.5 mm. The roughness of the spacers
as well as the adhesion energy of the silicon nitride to silicon might explain for the difference.
It can be concluded that the side-wall spacers help to reduce the contact area as expected.
They are an important aid in the reduction of stiction problems in test devices. Although the
contact area is reduced as much as 6 x 10' times for the widest beams, the critical length is
only increased by a factor 2.8. An additional increase by a factor of about 1.5 in the
detachment length should be feasible by making smaller spacers.
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C

Equilibrium and Stability of Peculiar Electrostatic
Configurations and Control Conditions

C.1 Stability of the gap-closing actuator loaded by a constant for ce
Figure C.1 shows the gap-closing actuator. Pull-in voltage and gap is calculated as a function
of a constant applied external force Fex = F.

— X
=W
—F, K

4
U

Figure C.1: Gap-closing actuator. The light gray area represents the actuator volume where the uniform electric
field is present. The moving plateis elastically suspended by a spring with stiffness k.

The energy function (2.12) applies:

1 leA
W' (x,U) =Ek(x- X,)? - E?UZ

Where eisthe permittivity, A isthe active electrode area, k is the suspension stiffness, x is the
position of the moving electrode, and X, = X when the spring is relaxed. The equilibrium point
at the onset of instability follows from Feq = TW /fix = F and kgr = TW %1% = 0, yielding:

Xpi = 213 (%o + F/K)

F 3

g K% *)
UZ="r—
r27 e xA

Figure C.2 shows the co-energy as afunction of x with U = Uy, for apositive F.
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W' (X)

0 05 2/3 1

Figure C.2: Co-energy as afunction of x with U = Uy, for apositive F. The equilibrium Fe; = W /qx = F at the
onset of instability is shown. The unstableregionis x < 2/3( xg+ F/K) where the stiffness

ket = TW /X% < 0.

C.2 Stability of a gap-closing actuator loaded by a higher order spring

Suspension of the moving electrode with a higher order support spring leads to a different
stable operation region and voltage. Assume that for n odd (1,3,5,..) the spring force is given
by Fs = k(x-X0)". The co-energy is given by:

1 L leA
W'(U,X):mk(x- Xo) 1. E?UZ

For n is even (2,4,6,..) the spring force is given by Fs = k(x-Xo)[x-Xo["* and the co-energy is
given by:

n+l 1@0\
- ==y?
2 X

1
W':—k|x- Xo
n+1

Note that the unit of the spring constant k is N/m". The pull-in voltage and gap can be
calculated from Feg = TW /x = 0 and kes = TW 2/ = 0 yielding:

Xpi = 2%/ (N+2) (C.1a)

8Xn+2k mn
2=—9 A
pi eA(n+ 2)2 (C b)
Eq. (C.1a) shows that the pull-in position X, changes from 2/3 Xy at n=1t0 2/4 X at n = 2 and
to 2/5 X at n = 3. The stable region of operation (between X, and Xo) increases with increasing
order of the spring.



Equilibrium and Sability of Peculiar Configurations and Conditions 149

C.3 Stability of a cantilever beam driven with fixed charge

Fig. C.3a shows the configuration of a cantilever beam facing a lower electrode. The variable
capacitance of this configuration can lead to instability for fixed charge. With fixed charge it
is meant that the transducer is charge controlled, with the charge changing slowly compared to
the mechanical response time. The free energy of the transducer consists of a mechanical
deformation energy and a electric energy stored in the capacitor. This can easily be calculated
if a constant shape is assumed. The deflection function can only change in amplitude. The
elastic deformation energy assuming the uniform load shape is a function of the tip deflection

y.

_48E>I
En=23513

(C.2)

Where EX isthe flexural rigidity of the beam, e isthe permittivity, w is the width of the beam
and | isthe length of the bending part of the cantilever. The capacitance between the beam and
the substrate is calculated by assuming a linear shape between the tip and the anchor of the
beam (fig. C.3b):

e’A g
C(y)y)=——In
) ==~

) O<y<g (C3
Where g is the initial gap size, e is the permittivity, and A is the active area of the capacitor
plates.

cantilever
anchor

substrate

b)

Figure C.3: @) Pull-down of a cantilever beam by electrostatic forces. U isthe applied voltage difference between
the beam and the substrate, g istheinitial gap spacing, | isthe length of the beam, t is the thickness, and y is the
tip deflection. b) The shaded region is the gap for which the capacitance is cal cul ated.

Tip deflection as afunction of the fixed charge g can be found from the free energy:
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2

q

W(a,y) =E.(y) + (C4)
2C(y)
In equilibrium the energy has an extremum:
™Wy) /Ty = 0. (C.5)

The system becomes unstable (pull-in) if the electrostatic pull-down force increases faster
than the restoring elastic force with increasing y, therefore at the edge of stability:

W/ y* = 0. (C.6)
Combination of equation (C.2-6) yields for the tip deflection at pull-in:
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Which gives y, = 0.711xg. Fig. C.4 shows the energy of the transducer as a function of the tip
deflection, for g = 0.9q, and for q = q. The transition from stable to unstable equilibrium
with increasing q can clearly be seen. At g = gy the minimum in the energy function
disappears an the transducer is marginal stable.

W(a, y) W(a, y)

0 1 0 071 1
y/g yl/g

a) b)
Figure C.4: The transducer energy as afunction of the tip-deflection for &) g = 0.9q, and b) g = q,. The
equilibrium state is where TW(q,y) / iy = 0. The curves clearly show the transition from stable equilibrium (a) to
the marginal stable equilibrium (b).

The instability is caused by the displacement of the charge towards the tip of the beam which
is closest to the lower electrode. This effect increases the e ectrostatic force, which on its turn
increases the deflection.



151

D

Processing Scheme of Laterally Driven Walking
Motors

Concept A (section 5.2): Steps 2 - 5 and 9-13 are omitted.
Concept B (section 5.3): Steps2 - 5, 9 - 13 and 23 - 27 are omitted.
Concept C (section 5.4): Full sequence.

O 1. Start with <100> p-type wafer, 5-10 Qcm thickness 380 pm.
- Check flatness: Dektak 50 mm scan, amplitude < 15 um.
O 2. Standard wafer cleaning (SWC):
- Fuming nitric acid, beaker 1,t = 5.
- Fuming nitric acid, beaker 2= 5.
- DI quick dump rinse (QDR).
- Bolling nitric acid 70%f = 15’.
- QDR.
Spin drying.
O 3. Photollthography mask ORKS
- Dry bake ,T=120C,t=5".
- Spray HMDS, wait 10", spin 4000 RPMz= 30”.
- Immediately apply S1813, spin 4000 RPiM, 30”.
- Prebakea =20, T=90°C.
- Exposet = 6”7, Contact modepnz = 1.0 - 1.5 bar.
- Develop Shipley 351,= 1’ (fresh developer, 1:5), QDR, spin dry.
- Check using fluorescence microscope.
Postbake = 30, T = 120°C.
O 4. EtchURKSand roughen wafer, RIE:
- p=0,P=75W,T = 1CC, APC = off, no shower head, styros electrode, 50 sccm
SF6 , 15 sccm § (etch rate= 0,5 ... Jum/min),t=1".
O 5. Strip photoresist (check for remains):
- O, plasma 120WT =150 °Ct = 15,
O 6. SWC.
O 7. Grow SiO2, 2.3um, by wet oxidation oven 3:
- H20, N 1 I/min, T = 1150°C, t = 900'.
O 8. LPCVD polySi, 5.3um:
- p=250 mT,T =590°C, SiH, 50 sccm{ = 16 hr.
O 9. Deposit PECVD oxide 04om:
- p =650 mT,P=60W LF,T=300°C, 200 sccm SikN,, 710 sccm BO,t = 18".
O 10. Photolithography mask DOPE:
- Dry bake ,T =120°C, 5'.
- Spray HMDS, wait = 10", spin 4000 RPM,= 30".
Immediately apply S1813, spin 4000 RPiV, 30”.
- Prebakea =20, T=90°C.
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- Expose 6”, mask 1, contact mogRy = 1.0 - 1.5 bar.
- Develop Shipley 351,= 1'(fresh developer, 1:5), QDR, spin dry.
- Check using fluorescence microscope.
- Postbake = 30', T = 120°C.
O 11. Pattern oxide:
- BHF (1:7 “standard Si@etch”)t =5,
- QDR.
O 12. Strip photoresist (check for remains):
- O plasma 120WT =150 °Ct = 15,
13. SWC
14. Boron doping, solid source, 4Xsquare.*
- Activate Boron source.
- SWC
- Remove native oxide: 1% HE= 60”.
- Boron deposition + drive-in diffusion, 1 houiisz 1100 °C. NB: load wafers
quickly.
O 15. Etch BOs:
- BHF,t=60'.
- QDR, spin drying.
- Check sheet resistance4 Q/ ).
O 16. PECVD SiQ@, 1.2um.
- p=650mT, 60 W LF, 200 sccm SiH/10 sccm KO, T = 300°C,t = 40'.
O 17. Post-anneal:
- 3 hours,T=1100°C, 1 |/min B ramp viat = 30’ T = 800°C.
O 18. Standard wafer cleaning (SWC):
- Fuming nitric acid, beaker 1= 5.
- Fuming nitric acid, beaker 2= 5'.
- DI quick dump rinse (QDR).
- Boliling nitric acid 70%f = 15,
- QDR.
- Spin drying.
O 19. Photolithography mask STRUC:
- Dry bake ,T=120C,t=5".
- Spray HMDS, wait 10", spin 4000 RPMz= 30”.
- Immediately apply S1813, spin 4000 RPiV, 30”.
- Prebakea =20, T=90°C.
- Exposet =6".
- Develop Shipley 351,= 1’, QDR, spin dry.
- Check using fluorescence microscope.
- Postbake = 30’, T =90°C.
O 20. RIE SiQ mask.
- 20 mT, 50 W, styros electrode,10 sccm GHF= 10 °Ct = 40'.
O 21. Strip photoresist:
- O, plasma 120W, 150 °C= 20'.
O 22. Etch polysilicon:
p =100 mT,P =100 W, silicon electrode, 30 sccmgSEO sccm @ 7 sccm CHE; T
=10°C,t = 2" stepst = 1’ steps once the polysilicon is removed from the wafer edge.
Remove and expose to air the samplet fol.0’ between steps. Total etch time appr.
t=10.
O 23. Strip FC on sidewalls:

OO
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- OplasmaP = 120W, T=150°C,t = 20'.
O 24. Strip SiO2 mask in RIE
- p=20mT,P=50W,T = 10°C, styros electrode, 10 sccm CHFE3,30'.
O 25. HF dip and underetch for anti-stiction structures:
- 1% HF,t=60".
O 26. LPCVD silicon nitride, low stress, 160 nm.
- p=200 mT,T =850°C, 70 sccm DCS, 18 sccm NH = 20"
O 27. RIE SiN..
- p=10mT,P=75W,T=2#& C, 5 sccm @ 25 sccm CHE; styros electrodd,= 4’
(almost double time because of narrow gaps).
O 28. Sacrificial layer etching:
- 50% HF,t = 4’30” (underetch 1@um around holes, with 23m thermal oxide).
- Dilute with IPA,t = 2"
- Dilute with IPA,t = 2'.
- Transfer to IPAL, wait = 10'.
- Transfer to IPA2, wait = 10'.
- Transfer to cyclohexane, wait 15'.

- Freeze-drying (-8C) under dry nitrogen flow, warm up to room temperature before

removing.
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b)

Figure D.1: a) Mask for etching of the polysilicon in concept C. b) The gray fields indicate the undoped
regions.

Figure D.2: Concept C, uni-directional motor with two-stage 50x displacement meter.
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Processing Sequence of the Shuffle M otor

OO0 O
wh  F

O 4.

O 5.

O6

OO0 O
©ow N

O 10.

O 1L

O 12
O 13.

O 14

Use p- or n-type, <100>, 5-10 Wem wafers:

- Check flatness: Dektak: 10 mm/5 cm, amplitude < 10 mm.
Activate Boron Source.(12 hours before usage).

SWC (Standard Wafer Cleaning):

- Fuming nitric acid, beaker 1,t=5'.

Fuming nitric acid, beaker 2,t=5'.

DI quick dump rinse (QDR).

Boiling nitric acid 70%, t = 15'.

- QDR.

- Spindrying.

LPCVD Silicon Nitride, low stress, 1.0 nm:

- p=200mT, T=850 °C, 70 sccm DCS, 18 sccm NH3, t = 120'.
LPCVD PoalySilicon, 0.5 mm:

- p=250mT, T=590 °C, 50 sccm SiH4, t =90'.

Boron doping, solid source, 40 Wsquare.*

- SWC

- Remove native oxide: 1% HF, t = 60".
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- Boron deposition + drive-in diffusion, t = 1 hours, T = 1100 °C. NB: load wafers

quickly to avoid oxidation.
Strip B2Os:
BHF (1:7),t = 60'.
Check sheet resistance ( prometrix at ICE) 40 Wsquare.
Photolithography Polysilicon Rails (mask 1).
Dry bake, T=120°C,t=5".
- Spray HMDS, wait 10", spin 4000 RPM, t = 30".
- Immediately apply S1818, spin 4000 RPM t = 30”.
- Prebaket=20", T=90°C.
- Exposet =8, Contact mode, pn2 » 1.0 - 1.5 bar.
- Develop Shipley 351, t = 1’ (fresh developer, 1:5), QDR, spin dry.
- Check using fluorescence microscope.
- Postbaket=30", T =120 °C.
RIE Polysilicon rails:

- p=100mT, P =100 W, Styros electrode with 6" silicon wafer, 30 sccm SFs, 7

sccm CHF3, 10sccem O,, T=10°C,t=1'30"".
O,-plasmastrip:
Op-plasma, P=120 W, T=150°C, t = 15'.
SWC
Remove native oxide:
5% HF, t = 2. (Make new solution with 50% HF)
LPCVD silicon nitride, low stress, 0.5 nm:
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O 15.
O 16.
O 17.
O 18.
O 19.
O 20.
O 21.
O 22.

O 23.

O 24.

O 25.
O 26.

O 27.

O 28.

O 29.
O 30.

O 31.

O 32.

O 33.

O 34.

O 35.

O 36.

O 37.

O 38.
O 39.

P =200 mT, T =850 °C, 70 sccm DCS, 18 sccm NH3, t = 60'.

Photolithography Rail contact holes (mask 2):

S1818, spint =30, exposet =8, Developt=1".

RIE SizN4 Rail contact holes:

- p=10mT,P=75W, 5 sccm Oy, 25 sccm CHF;, styros electrode, t = 7°30’".

Plasma strip photoresist:

- Oyplasma, P=120W, T =150°C,t=15".

Activate Boron Source (12 hours before usage)

SWC

PECVD SO, Sacrificial layer 1, 2.4 nm.

P =650 mT, P = 60W LF, 200 sccm SiHg4, 710 sccm N,O, T =300 °C, t = 84".

De-gas TEOS before PolySi layer is deposited:

Anneal t = 30", T =800°C, N, environment.

LPCVD Polysilicon Actuator plate, 0.5 nm:

p =250 mT, T =590 °C, 50 sccm SiH,, t = 100'.

Solid Source Boron Doping (SSDROB):

- SWC

- Remove native oxide: 1% HF, 60”.

- Boron deposition + drive-in diffusion, t = 1 hours, T = 1100 °C. NB: load wafers
quickly to avoid oxidation.

Strip B2Os:

BHF (1:7),t=60".

Check sheet resistance (prometrix) 40 Wisquare.

Photolithography Actuator plate (mask 3):

S1818, spint =30, exposet =8, developt=1'.

RIE Polysilicon Actuator plate, 0.5 nm:

p =100 mT, P =100 W, Styros electrode with 6 inch silicon load wafer, 30 sccm Sk,

7 sccm CHF3, 10sccm O,, T=10°C, t=1'30"".

Plasma strip photoresist:

O,-plasma, P =120 W, t =15, T =150°C

SWC

Photolithography Sacrificial Oxide Layer 1 (mask 4):

S1828, Spint=30"", Exposet=12"", Developt=1'10".

RIE SIO, Sacrificia layer 1, 1.9 nm:

p=20mT, P=50W, styros electrode, 10 sccm CHF3;, T=10°C, t=60".

Etch sacrificial SIO, layer 1, 0.5 nm:

BHF (1.7),t=14".

Strip photoresist:

O,-plasma, P =120 W, t =15, T = 150°C.

SWC

TEOS Sacrificial layer 2, 0.5 nm:

p =400 mT, 50 sccm TEOS, tube T = 700 °C, bubbler T =60 °C, t =65 (130 minutes

/ mm).

Photolithography Anti Sticking bumps (mask 5):

S1818, Spint =30, Exposet =8, Developt=1".

1% HF Anti sticking Bumps 150 nm, t =4'15"" (35 nm/ minute)

SWC (resist strip)

Photolithography Frame/Actuator-plate contact holes (mask 6):

S1828, Spint=30"", Exposet=12"", Developt=1'10"".
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O 40. Etch contact holesin SiOy, 0.5 mm:
BHF (1:7),t=4".
O 41. SWC (resist strip)
O 42. De-gas TEOS before thick PolySi layer:
Anneal a T =800°C, N, environment, t =30"".
O 43. Activate Boron Source.(12 hours before usage)
O 44. Remove native oxide:
1% HF, t = 45" (very critical step)
O 35. LPCVD Palysilicon, 4.0 nm:
p=250mT, T =590 °C, 50 sccm SiH,4, t = 800'.
O 36. Solid Source Boron Doping (SSDROB) NB: Load wafers quickly to avoid native
oxide formation:
Boron deposition + Drivein diffusion + Annealing T = 1100 °C, 1 hour.
O 37. Strip B,Os:
BHF (1:7),t=60".
O 38. Check sheet resistance; 0.5 nm: (prometrix at ICE, 5 W/square)
O 39. SwWC
O 40. PECVD SO, 1.2 mm:
p =650 mT, P = 60W LF, 200 sccm SiH4, 710 sccm NoO, T=300 °C, t =41".
O 41. Post anneal to spread Boron:
T =1100 °C, 3 hours (N2), heat upviat =30 a T =800 °C.
O 42. Photolithography Frame (mask 7):
Critical in removing resist at large height step, eventually use repair mask (mask 8) to
expose critical regionstwice, S1818, Spint=30"", Exposet=8", Developt=1".
O 43. RIESO,, 1.2 mm:
p=20mT, P=50W, styros electrode, 10 sccm CHF3;, T=10°C,t= 40'.
O 44. Strip photoresist:
Oz-plasma, T =150°C, P =120 W.
O 45. Check if al resist isremoved (focus at steps).
O 46. Break wafersin 4 quarters
O 47. RIE Polysilicon Actuator Frame:
Processin steps of t = 2" untill silicon disappears, theninstep of t=30"".
p =100 mT, P =100 W, Styros electrode with 6 inch silicon load wafer, 30 sccm Sk,
7 sccm CHF3, 10 sccm O,, T = 10 °C.
O 48. SWC
O 49. Remove sacrificia layer 1 and 2 and freeze drying samples:
50% HF, t=25".
Freeze drying:
- t=20 IsoPropanol 1
- t=20 IsoPropanol 2
- t=20 Cyclohexane
- Freeze drying -5 [°C] under dry N, flow.
- Postbaket=30", T =120 °C.
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Pull-in calculation of clamp suspension, section 5.4

The clamp-shoe as well as its suspension are electrically connected to the clamp actuator
stator electrode. Therefore they are at a different voltage than the substrate, and pull-in to the
substrate can occur. Figure F.1 shows a top view of the clamp suspension. The gray parts are
free-standing. The suspension consists of four beams, indicated by their lengths |, 1o, I3, l4.
For calculation of the pull-in voltage to the substrate, all electrostatic forces acting on beam 4,
as well as the clamp shoe are added, and concentrated at the tip of beam 4 (force F4 in fig.
F.2). The resulting pull-in voltage will therefore be an underestimate. we first calculate the z-
stiffness.

anchor
-
z
X

1 2
4

[rm——
~

ls clamp shoe

Figure F.1: Top view of the clamp suspension. The gray parts are the freestanding conductive parts of the clamp,
which are at a different voltage than the substrate. Part 1,2 and 4 (indicated with their lengths |, 1,5, |4) are 2 mm
wide springs. Spring 4 gives the clamp shoe the freedom to move in y-direction, springs 1 and 2 to move in x-
direction. The wide beam 3 is assumed to berigid.

Fa

Figure F.2: front view (y-direction) of the clamp suspension. The amount of torsion of spring 1 and 2 is given by
the angle a. The clamp shoe moves downward due to (&) torsion of spring 1 and 2, (b) common downward
bending of these springs, and (c) bending of spring 4. The total tip deflection at the end of the suspension is
represented bij z,. The forces F1, F, exerted by springs 1 and 2 , F4 exerted by the electrostatic forces, and the
moments M;, M, exerted by springs 1 and 2, are indicated. The tip deflections of spring 1 and 2 are represented
by z; and z.. The height of the structure is represented by t.
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Fig. F.2 shows afront view (y-direction) of the clamp suspension. The clamp shoe (connected
to the tip of spring 4) can move downward due to a) torsion of spring 1 and 2 with angle a, (b)
common downward bending of these springs, and (c) bending of spring 4. In static
equilibrium the following equations apply. Torque balance with respect to tip of spring 1.

M, +M,- (I;+1,)F, +F,%4,=0 (F.1)

In which My and M, are the moments exerted by springs 1and 2 on beam 3, and F; is the force
exerted by spring 2 on beam 3. Force balance:

F,=F +F, (F.2)
Geometry:
z,=z+a, (F.3)

With z and z the tip deflections of spring 1 and 2 respectively. Bending stiffness:

% = 3E|;' a (Springl) (F43)
1
Fo 3By (Spring2) (F.4b)
z, L
3E>|
R ’3 h (Spring 4) (F.4c)
z, l

Where E isthe Young's modulus and 1, Ix2 are the moments of inertia of spring 1 and 2 with
respect to the x-axis:

_w 3

" and |, ="
12 12

Where wy, are the widths of spring 1 and 2, and t is the height of the springs. ly4 is the
moment of inertia of spring 4 with respect to the y-axis:

3
w, ¥

12

With w, the width of spring 4. Torsional stiffness:
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(Spring 1) (F.58)

(Spring 2) (F.5b)

With 1. » the polar moments of inertia of spring 1,2 for torsion around the y-axis:

w, >t W, St
lez {2 >(W12+t2) and Ixzz= fz >(W22+t2)

And G isthe shear modulus of elasticity:

E
2(1+n)

With n the Poisson’ s ratio. Combination of (F.2), (F.3) and (F.4ab) yields:

1 F, ;]

Z2 3 >(
(1+ :ijlg) 3Exlxl

x1°7'2

+a ;) (F.6a)

Define the constants H, K and D:
z, =H X F, XK +a xD) (F.6b)

The torque balance can be rewritten as:

a[ e + S22, 1, 41,) - 2,20, (72
1 2 2
Define the constants A, B and C:
a>C=F, xA+z,>B (F.70)

Eq. (F.6, F.7) can be used to express a as afunction of Fy:

+ 5
a=f, ATBKOH (F.8)
C- B>DH
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The suspension deflection at the clamp shoe attachment point is given by:

|3
z,=z,+ad, +F,x—"— (F.9)
4 47 g 3E><|y4

Combination of eq. (F.6b),(F.8) and (F.9) yields z; as a function of F4 only. The stiffness k4
can now be expressed by:

F 1
k =-—%2= =
* gz, (H>(C><K+D><A))+(| VA+B><K><H)+ 12
C- BXDxH “'C-BXDH’ 3EAH,, (F.10)
-1
C,+C,+Cy,

Where ¢, is the compliance due to ztrandation of spring 2, c, the compliance due to torsion
of spring land 2, and ¢,y the compliance due to bending of spring 4. The pull-in voltage is
derived in the same way as in section 3.5 and 5.2:

3
Ui: Exki
V27 exA

Where k is the stiffness of the spring supporting the moving electrode, with active area A. The
initial gap between the electrodes (with the spring relaxed) is represented by g. For k we take
ky, the z-stiffness of the suspension. The electrode area used equals 374 nm?, which is the
sum of the bottom area of the clamp shoe, and the bottom area of spring 4. The initial gap is
determined by the thickness of the sacrificial silicon oxide, which is 2.3 nm. With these
values the pull-in voltage Uy = 67 V.
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Calculation of the measured friction vs. load from the
measur ed voltages (section 4.4)

The total load consists of the clamp force L plus the interfacial adhesive load. The
measurements have been carried out under the condition L > 0, as the clamp voltage is chosen
above the level that is necessary to make initial contact. Fig. G.2a shows the measured pull-
voltage squared as a function of the applied clamp voltages squared. The measurements
indicate that there is a close to linear relation between the load L and the F+. Eq. (4.14) can
therefore be used, and the adhesive load is accounted for in aterm F.., the apparent adhesion
forceat L = 0, and aterm proportiona to L, which is accounted for in the friction coefficient
ma The clamp force L consists of the generated electrostatic clamp force minus the elastic
deformation force of the clamp actuator suspension and the drive beam connected to the pull
actuator:
L=F

dec ~ F (Gl)

spring
Fsping €quals 7 = 2 N, calculated from the stiffness of the suspension and the pull connection
beam, times the initial gap between the shoe and the rigid wall. To calculate the clamp force,
we need to know the electrostatic clamp force Fgec. This force can be calculated from the
voltage applied on the clamp actuator, Vaamp, according to F,_ =a,,,, ¥z, Where agamp is

clamp !
the conversion factor from actuator voltage to force [N/V?] which depends on the actuator
geometry as follows:

ag,, = e xAy _ exA, (GZ)
o 2>(dcl - 9)2 2><dc2 + 9)2

Where A, = 1.5 x 10* (nm)? is the forward clamp actuator area, A, = 1.4 x 10* (nm)? isthe
backward clamp actuator area, d;; = 3.6 = 0.2 nm is the forward initia gap of the clamp
actuator, d., = 5.2 £ 0.2 nm is the backward initial gap of the clamp actuator and g =1.4 £ 0.2
mm istheinitial gap between the shoe and the shuittle (fig. G.1). The gaps have been measured
from SEM photographs. Due to the uncertainty in the gap sizes, the conversion factor has a
significant uncertainty: agamp = (1.4 % 0.5) x 10° N/VZ,



164 Electrostatic Micro Walkers

O
de

dcl 3
- mE N []

clamp actuator

pull actuator

wall

Figure G.1: Layout of the friction meter. The grey elements are fixed to the substrate, the black elements have
been released. d, is the forward initial gap of the clamp actuator, d., is the backward initial gap of the clamp
actuator, dy; is the forward initial gap of the pull actuator, dy, is the backward initial gap of the pull actuator and
g istheinitial gap between the shoe and the shuittle.

The friction measurement is started with the shoe is clamped to the shuttle while the pull
actuator isin rest. Therefore the spring force of the suspension of the pull actuator is zero, and

for the pull force as a function of the applied pull voltage we can writeF,,, =a , %%, , where

apul IS the conversion factor from actuator voltage to force [N/V?] which depends on the
actuator geometry as follows:

e e
A = Aél - AEZ (G.3)
2>dp1 2>dp2

Ay = 7.5 x 10° nm? s the active forward pull actuator area, Ay, = 7.0 x 10° nm? is the active
backward pull actuator area, dy; = 2.7 £ 0.2 mm is the forward initial gap of the pull actuator
and dy2 = 6.2 + 0.2 nm is the backward initial gap of the pull actuator. Due to the uncertainty
in the gap sizes, the conversion factor has a significant uncertainty: apu = (3.8 £ 0.8) x 10°
N/V2. Pull-voltages larger than 22V have been used, in order to obtain the clearly visible pull-
in of the pull actuator. Using the conversions factors and eg. (G.1), the voltages have been
converted to forces. Four curves have been derived for combinations of smallest and largest
Fspring @nd smallest and largest m, al under the condition L > O (fig. G.2b). The values of the
apparent zero load adhesion force, and the friction coefficient are listed in table G.1.
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2000 A
Vzpull [Vz]
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a) b)

Figure G.2a) The measured pull voltages squared at the onset of dip, as afunction of the applied clamp voltage
squared. The measurements have been carried out at a relative humidity of the air of 35+5%. b) The measured
static friction force as a function of the clamp force, for four extremes: Smallest and largest Fgying in combination
with smallest and largest friction coefficients, all under the condition L > 0.

1. Smallest m,, smallest Fying Mma=043 |F.=0.7n\

2. Smallest m, and largest Foyingfor L>0 | ma=043 | F,’=3.38nN
3. Largest Feping, and largest maforL>0 | m,=0.64 |F,=3.37nN
4. Smallest Feying, and largest mafor L >0 | ma=0.97 | F2=223nN

Table G.1: Measured apparent zero load adhesion forces F. and friction coefficients m, for the four extreme
CUrVes.

From table G.1 it can be concluded that me,= 0.7 £ 0.3. A significant friction force a zero
load was found, corresponding with an apparent adhesion force
F = F (L=0) / mea= 2.0+ 1.3 1N.
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H

Model of the electr o-mechanical energy conversion of the
later al motor concept A (section 5.2)

A simple expression for the generated force can be found from an energy model of the
transducer. This model only contains the electrical energy stored in the gap, the mechanical
deformation energy is neglected. Fig. H.1 shows the definitions of variables.

Figure H.1: Definitions of model variables. L is the length of the drive beam, a is the attached length, L - aisthe
unattached length, d; is the size of the air gap between the fixed end of the drive beam and the side-wall of the
dider, d, is the thickness of the silicon nitride insulator (for the electrical model the silicon nitride on the drive
beam is virtually transferred to the shuttle), b projected length of the beam onto the side-wall of the dider, sisthe
position aong the shuttle edge starting at the tip of the beam, x is the displacement of the beam tip by
contraction, and F; is the external force exerted on the shuttle to maintain balance

Fig. H.1 shows the definitions of the variablesin the energy model. L is the length of the drive
beam, a is the attached length, L - a is the unattached length, d; is the size of the air gap
between the fixed end of the drive beam and the side-wall of the dlider, d; is the thickness of
the silicon nitride insulator, b projected length of the beam onto the side-wall of the dlider, sis
the position along the shuttle edge starting at the tip of the beam, x is the displacement of the
beam tip by contraction, and Fe: iS the external force exerted on the shuttle to maintain
balance. For reasons of simplicity the insulator of both the beam and the side-wall have been
added into one layer. The force Fe: under voltage control can be calculated from the
derivative of the Legendre transformed energy function W (x, U). If only the electrical energy
is accounted for, the expression for the force becomes:
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- WxU)_ 1,1 2= 1,1 27 02
Fee = i ﬂX[ZC(a(X))U ] ﬂa[ZC(a(X))U I (H.1)

Where the minus sign has been added because the force is pointing towards —x. The capacity
C(a) of the gap between the beam and the shuittle is calculated by assuming a small ratio
di/ (b-a). This implies that the capacitance between the oblique part of the beam and the
shuttle can be calculated by integration with respect to s of infinitesimal parallel plate
elements with an area tds, with t the thickness of the polysilicon (in the direction
perpendicular to the paper). The total capacitance is the sum of the capacitance of the attached
and the unattached part of the beam:

C(a):elxt)(b_ a)ln1+ez >d1|+e2>¢>a

(H.2)
d, e>d,| d,

Where e is the permittivity of the air, and & is the permittivity of the insulator. The relation
between a and x follows from simple geometry calculation. The contraction x of the beam is
given by:

&  d2 a a., d?0 d? d?
x:L>§1/1-—1-—-1/1-—2-—1*@—1 e
g 12 L ( L) ng 2(L-a) 2L

(di<<Landdi<<(L-a) (H.3)
For the (realistic) dimensions L = 400 nm, d; = 10 mm and a = 100 mm, a contraction X = 42
nm follows from eq. (H.3). For calculating the produced force, it is necessary to derive da /
dx:

da/dx =1/ (dx/ da) @2(L —a)*/ dy? (H.4)

Combination with eg. (H.2) yields:

_(L- a)2>{e2>¢_ e %

F
“df d, d

In+ 82791y 2 (H.5)
el >d2
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Lateral pull-in and pull-down of the drive beams of the
later al motor concept A (section 5.2)

Pull-down towards the substrate can be calculated using eg. 3.19. For the beam composed of a
silicon-silicon nitride sandwich eg. (3.19) changes into:

gn3 >¢3 >(E1 + EZ &)
W,

U, =1/0.22 L 1.1
; T (L2

Where L is the length of the drive beam, t its thickness (height), E; the Y oung's modulus of
the poly silicon, E; the Y oung’s modulus of the silicon nitride, w; is half the width of the poly
silicon part of the beam, and w, is the width of the silicon nitride at the side-walls (see fig.
I.1). For the lateral pull-in we follow a similar procedure as in paragraph 3.5.1. The difference
is that initially the electrodes are non-parallel. Figure 1.1 shows the definitions used in the
pull-in calculation. The deflection with respect to the initial position is y(r), y(L) is the tip
deflection, g is theinitial gap at the tip, d; is the air gap width at the base of the drive beam,
v(r) is the local distance between the drive beam and the shuttle. It is assumed that d; << L,
and therefore L is used for the length as well as the projection of the length. For the
capacitance we assume a linear deflection profile (like in fig. 3.9). The capacity is determined
by the capacitance of the silicon nitride layer in series with the capacitance of the air gap. Due
to the small thickness of the silicon nitride and its higher permittivity the capacitance of this
layer can be neglected. The expression for the capacitance becomes.

_ewd | d |
CMWL = xn‘dl_ vl (1.2

Mechanically, for the deformation we assume the shape with a concentrated load at the tip of
the beam. Thisyields for the mechanical deformation energy:

45E
W =——vy°(L 1.3
= V) (13)

Where El isthe flexura rigidity of the silicon-silicon nitride sandwich:
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.
3

3
1

El =

AE, - E2>+MXEZ (1.4)

Figure 1.1 Definitions of the variables used in the pull-in analysis. The deflection with respect to the initia
position is y(r), y(L) is the tip deflection, g is the initial gap at the tip, d; is the air gap width at the base of the
drive beam, v(r) is the local distance between the drive beam and the shuttle. w; is half the width of the poly
silicon part of the beam, and w; is the width of the silicon nitride at the side-walls of the drive beam. It is
assumed that d; << L, and therefore L is used for the length of the beam as well as the projection of the length.

Following the procedure of section 3.5 we derive an implicit equation for the pull-in tip
position Vpi(L):

d, 1 1 u

D) Wiz * 2U=
di- v(L)" wv(L)®x(d; - v(L)) 2v(L)X(d;- v(L)"q

U I
g° Xv(L) d1+g)gv(|_)3><|

2 2

_ g 9 1
= 2w X, v 2 v

n(

Once the pull-in tip position is known, the pull-in voltage can easily be derived by substitution
in W (v(L)) / Tv(L) = 0:

El xg°
U, = [3xcx—o— 1.5
o e, Xt xL* (5

Where c is a dimensionless constant depending on the geometry:

v(L)-d; +g

g° g an( %
2Xv(L)x(d; - v(L))) 2v(L)® " "d;- V(L)

c=

)
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J

Stiffness Calculations for the L ever, concept C
(section 5.4)

J.1 Input Stiffness of the L ever

In order to show the feasibility of the implementation of a lever in MEMS in combination
with electrostatic actuation, we calculate the input stiffness of alever with elastic joints

moving N = Sltat(t)r g
electrode _~ electrode
~
ine——— — J\l
- \\ .
] elastic

suspension — joints
spring S| BN §=

anchors\/ T{j\ﬁ out

7 drive’beam

Figure J.1: Lay-out of the propulsion actuator with alever. The light gray parts are released, and are on the same
potential as the substrate. The dark gray parts are fixed to the substrate by insulating silicon oxide. The three
elagtic joints are indicated by J;, J,, J.

Fig. J.1 shows the lay-out of an actuator with lever. The definition is of variables used is done
in fig. J.2. By choosing the joint lengths |; and |3 large enough, the stiffness in the y-direction
of joint 2 is largest, and it can therefore be assumed that the center of rotation is located
halfway in joint 2. This implies that the transformation ratio Dxoyt : DXin = low / L. The
displacement of the lever beam in the y-direction is determined by the displacement y, of the
tip of joint 2, induced by the moment exerted by the lever beam. For small deflections, and
neglecting the influence of tensile forces in the joints (in the x-direction) linear elastic theory
[1], can be applied. For small deflection the following kinematic relations apply:

=0, 2=0, Gs=-0, Y3=Y2+ QPWiever, Y1 =Y2- 0L, and =Xt (J.1)

Where q ; is the tip rotation of joint j, positive when tip displacement is in the positive y-
direction.



172 Electrostatic Micro Walkers

| y1
Kin <«
Fine— A
v]
—>
X
L
Xouh
anchor % 3 Fout
v

Figure J.2: Definitions of variables for the stiffness analysis of the lever.

Neglecting shear deformation (pure bending condition [Timoshenko]), the following
relations for the joints apply:

(4)|1>q1 B 6>y1(y2’q)))E)|1

M1=Mi(Y2, 01, 9)= 12 (J.29)

Ma(Yz2, O3, 0) = (4579, - 6>)|/3(y2,q))>E 'l (J.2b)
3

M (@)= (120)

Y, = % (J.2d)

Where |; = t>wj3 / 12 isthe moment of inertia of joint j. The moments are taken positive when
deflecting the tip upward. Equilibrium is analyzed by the balance of moments acting on the
beam, with respect to the tip of joint 2:

M2 = Fink + M3z - M1 - Foubout (J.3)
Where L is the total length of the lever beam. Combination of eg. (J.1-J.3) with the relation
Xin = q L the effective stiffness at the input side of the lever due to the bending stiffness of the

joints equals:

k :ﬂFin =(4|1' 3"2)’E’|1+ E-l, +(4|3+3|2+6vvlever)>E>|3
"X, > M2 L2l 1> M2

(1.4)

Here we have neglected the g2 term in the expression for yi(y»,q).
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J.2 Output Stiffness of the Lever

Bending stiffness of the lever beam
The generated deflection can be lost by bending of the lever beam. The bending stiffness
measured at the input is given by:

3E:|
Koin = Tb (J.59)
The stiffness can be transformed to the output, yielding:
Exl, (L-1,)?
kb — 3 X b y( out) (J5b)

L° 12,
Tensile stiffness of the joints
The lengths of joints should be taken not too long, as the output stiffness Fout / Xout (With Xin, =
constant), could become too small. The effective tensile stiffness of the three joints measured
at the output is given by:

kt = |2 (L_ll )2 = |2 ¥ (LE_ )lt ) y I (JG)
out + out +1/ kt3 out "1 + out 2 + 3
>k,  L?%, L% xw, L% >w, W,

Total output stiffness
The total effective output stiffnessis given by:

1 1
kK =(—+>2)1 J.7
out (kb k) (J.7)

t

J.3Literature

[1] .M. Gere, and S.P. Timoshenko,” Mechanics of Materials’, 3rd ed., Chapman & Hall, London, 1991.
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Summary

The Micro Walker project ,which is reported in this thesis, focuses on the development of
linear micro-motors with a large dynamic range (reach : resolution). The key question for this
project is if it is possible to implement walking motion in MEMS, and what can be the
performance of linear micromotors employing waking motion. From their potentia
application in data storage guiding specifications are derived: An output acceleration of a1l
mg load larger than 100 m / s%, 10 nm resolution, reach larger than 10 nm, a driving voltage
below 30 V and a maximum linear size smaller than 1 mm.

The linear micromotors to made in the project, are based on variable capacitance electrostatic
actuation and surface micromachining fabrication technology. Electrostatic motors have
aready been made in the 18" century. The first known variable capacitance motor has been
built by Zipernowski in 1889. Different propulsion principles for linear micromotors have
been found in literature: Inertial drive, elastic inertial drive, impact drive, traveling field
surface drive, scratch drive, zigzag drive, transformation of rotary into linearly motion, and
walking motion. The latter principleisimplemented in the project.

Controlled friction in clamp feet is necessary for walking. Therefore, microtribology is one of
the main topics in this thesis. The focus is on shearing friction in eastic adhesive contacts.
Questions to be answered in the project have been collected in section 1.6.

Equilibrium and stability of conservative electrostatic transducers is studied by means of the
energy stored in the electrical and mechanical buffers. States of stable equilibrium are found
by minimization of a generalized potential with respect to the unconstraint state variables.
Electrostatic actuators can become unstable if the effective actuator stiffness becomes
negative. This can occur for both fixed charge and fixed voltage. An actuator model has been
made that expresses the electrostatic force as the product of the energy density and the active
area, which is the derivative of the volume containing the electric field, with respect to the
direction of movement. From literature a maximum allowable electric field 2 x 108 V/imina
2 mm gap in air has been found, limited by breakdown. This corresponds with an energy
density of 2 x 10° Jm?>. The energy density is in the same order as can be obtained in magnetic
actuators, and which is alowed in commercial PZT piezoelectric actuators. The maximum
attainable electrostatic force using surface micromachining design rules, is 0.1 mN with a
driving voltage of 30V for both the gap-closing and the comb-drive actuator. This force is
large enough to meet our demands, however the stroke of 2 nm is too small. Using walking
motion we try to increase the stroke.

Due to the flatness of the surfaces in surface micromachining, large adhesion forces between
fabricated structures and the substrate are encountered. Four major adhesion mechanisms have
been analysed: Capillary forces, Hydrogen-bridging, electrostatic forces and van der Waals
forces. Once contact is made adhesion forces can be stronger than the restoring elastic forces
and even short, thick beams will continue to stick to the substrate. Contact, resulting from
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drying liquid after release etching, has been successfully reduced. In order to make a fail-safe
devices stiction during their operational life-time should be anticipated. Electrostatic forces
can cause pull-down of short, stiff structures aready at moderate voltages. In particular
applications, contact between moving parts is even desired. In order to avoid in-use stiction,
adhesion forces should therefore be minimized. This is possible by coating the contacting
surfaces with low adhesive materials, by using bumps and side-wall spacers and by increasing
the surface roughness at the interface. Capillary condensation should also be taken into
account as this can lead to large increases of the effective contact area of roughened surfaces.
The stiction reduction by means of robust side-wall spacers has been measured for the first
time, yielding a stiction reduction which is slightly larger than the reduction of the geometrical
contact area.

Reduction and control of friction is an important issue in MEMS. Using the Greenwood and
Williamson elastic contact model, the dependence of static friction on the surface topography
is analyzed. Static friction in shearing mode is assumed to be proportional to the real contact
area. The real contact area is almost proportiona to the load. The mean elastic contact
pressure is amost independent of the load. The effect of adhesion is included using Maugis
expansion of the Greenwood and Williamson model. Analysis of low loaded conditions
reveals that the statistical models fail, as there can be atoo small number of contact points. In
particular the adhesive load is underestimated in this case. A discrete contact model is
introduced to calculate the friction under low loading conditions, when the number of contact
points istoo small to use the statistical models. The transition from elastic to plastic contact is
analyzed. With increasing roughness the friction coefficient decreases to a lower limit, until
the friction coefficient of the plastic contact is reached. Static friction in a polysilicon side-
driven friction meter is characterized, and related to the surface topography. The measured
friction vs. load fits well the relation found using the discrete contact model with three contact
points.

Three different laterally driven motors have been developed and tested. The first design
(concept A) uses drive beams which attach to the shuttle, and generate motion by contraction
of the drive beams due to bending. Electrostatic forces are generated by applying a voltage
difference between the drive beams and the shuttle. The experiments show that it is hard to
generate a high enough clamping force. The second design (B) therefore uses separated clamp
and propulsion actuators, which yields more freedom in the generation of clamp and
propulsion forces. Using this design static friction in the clamps as a function of the clamp
force has been measured. The experiment shows that there is friction with zero applied clamp
force. This is caused by adhesion, which has to be added to the externally applied load. The
adhesion in is the order of 1 N, small enough to be overcome by the switchable electrostatic
forces in the clamp actuators. Walking motion has been successfully generated with this
design. The third design (concept C) is based on the second. The difference is that it has been
tried to include levers to increase the propulsion force. The most difficult issue in this concept
is how to increase the clamp force, and still be able to close the initial 1-2 mm gap between the
clamp shoe and the shuttle. Three different solutions have been proposed for the clamping.
The one which has been implemented uses a voltage difference between the clamp shoe and
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the shuttle (across the side-wall insulator layers) to generate the clamp force. It turned out that
this force becomes smaller than required, probably due to an effective air gap caused by
surface roughness, which remains during clamping. Walking experiments with this concept
have failed, due to the fact that the impact of the incoming second clamp disturbs the
clamping of the first, and the displacement generated in the first step is lost.
Recommendations are made to improve concept C. The focus should be on improving the
clamps, possibly by employing a pre-clamp spring.

The shuffle motor is a linear electrostatic walking motor, employing a mechanical
transformation to obtain an amplification of forces and reduction of the step size. The motor is
normally driven in order to maximize the active electrode area. The motor consists of three
polysilicon and two silicon nitride layers and has been fabricated using surface
micromachining. An energy model has been made to calculate the step size and the driving
voltage as afunction of the load force and the motor geometry. In theory the actuator is able
to deliver upto 1 mN at 30V driving voltage. Tests show an effective step size of about 85 nm
and a produced force of 43 nN at 40V driving voltage. The smaller than expected force is
caused by weak clamping, which is the consequence of the modulated AC-voltage drive. The
AC-voltage drive was introduced to reduce electrostatic stiction by charging of the silicon
nitride insulating layer covering the bottom electrodes. A recommendation is made for a new
design of the clamps.
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Samenvatting

Het project dat wordt beschreven in dit proefschrift richt zich op de ontwikkeling van lineaire
micromotoren met een groot dynamisch bereik (slag : resolutie). The sleutelvraag in dit
project is of het mogelijk is om een loopbeweging te readliseren in MEMS (Micro Electro
Mechanische Systemen), en wat de prestaties kunnen zijn van lineaire motoren die een
loopbeweging maken. Voor de mogelijke toepassing in data-opslagsystemen zijn de volgende
specificaties afgeleid voor de motoren: een versnelling aan de uitgang van meer dan 100
m/ %, een 10 nm resolutie, een aandrijfspanning van minder dan 30 V en afmetingen kleiner
dan een millimeter. De lineaire micromotoren die worden gemaakt in het project, maken
gebruik van elektrostatische actuatie via variérende capaciteiten, en worden gemaakt met
behulp van surface micromachining. Elektrostatische motoren werden reeds in de 18de eeuw
gemaakt. Zover bekend werd de eerste variable capaciteit motor gebouwd in 1889 door
Zipernowski. In de literatuur zijn verschillende aandrijf principes gevonden voor lineare
micromotoren: Inertie aandrijving, elastische inertie aandrijving, botsings aandrijving,
aandrijving d.m.v. lopende el ektrische velden, scratch-drive, zigzag aandrijving, omzetten van
roterende in translerende beweging, en lopen. Dit laatste principe is geimplementeerd in dit
project. Om te kunnen lopen is het nodig om wrijving in klemvoeten te kunnen controleren.
Daarom is microtribologie een van de belangrijkste onderwerpen in dit proefschrift. We
concentreren ons op wrijving door afschuiving in elastische adhesieve contacten. Vragen die
beantwoord worden in de loop van het onderzoek zijn verzameld in sectie 1.6. Evenwicht en
stabiliteit van conservatieve elektrostatische transducenten wordt bestudeerd door middel van
de energie die is opgeslagen in de elektrische en mechanische buffers. Toestanden van stabiel
evenwicht worden gevonden door de gegeneraliseerde potentiaal te minimaliseren voor
variatie van de vrije toestandsvariabelen. Elektostati sche actuatoren kunnen uinstabiel worden
as de effectieve actuatorstijfheid negatief wordt. Dit kan zowel bij lading- as bij
spanningsturing plaatsvinden. Een actuatormodel is opgesteld dat de gegenereerde kracht als
functie van de elektrische energiedichtheid en het actieve oppervlakte uitdrukt. Het actieve
opperviakte is de afgeleide van het volume dat het veld bevat naar de verplaatsing. In de
literatuur een maximale veldsterkte van 2 x 10® V/m in een 2 nm luchtspleet is gevonden,
begrensd bij doorslag. Dit correspondeerd met een energiedichtheid van 2 x 10° Jm?®. Deze
energiedichtheid is even groot als welke mogelijk zijn in magnetische actuatoren en welke
toegestaan zijn in commerciéel verkrijgbare PZT piézoel ektrische actuatoren. Uitgaande van
surface micromachinining ontwerpregels een maximale kracht van 0.1 mN is mogelijk met
een aandrijfspanning van 30 V voor zowel de comb-drive als de gap-closing elektrostatische
actuatoren. Deze kracht is groot genoeg, echter de bijbehorende slag van 2 nm is te klein.
Door middel van lopen wordt getracht de slag te vergroten.

Door de vlakheid van opperviakten in surface micromachining kunnen er grote
adhesiekrachten optreden tussen de gefabriceerde structuren en het substraat. Vier belangrijke
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adhesie-mechanismen zijn bestudeerd: Capillaire krachten, waterstof-bruggen, el ektrostatische
krachten en van der Waals krachten. Zodra contact optreedt kunnen adhesiekrachten groter
zijn dan de tegenwerkende elastische krachten en zelfs korte, dikke balkjes kunnen blijven
plakken aan het substraat. Contact ten gevolge van capillaire krachten bij het drogen na het
vrij etsen is met succes verminderd. Om fout-vrije devices te maken moet er op stictie in de
operationel e periode geanticipeerd worden. Bijvoorbeeld omdat elektrostatische krachten zelfs
korte, stijve structuren bij middelmatige spanningen al naar het substraat kunnen trekken. Ook
zijn er toepassingen waarbij contact tussen bewegende delen nodig is. Om stictie in deze
gevallen te voorkomen dienen de adhesiekrachten geminimaliseerd te worden. Dit is kan door
de contacterende oppervlakken te coaten met een laag adhesieve film, door bobbeltjes aan te
brengen, door middel van randen die de oppervlakken uit elkaar houden (side-wall spacers),
en door de opperviakte ruwheid te vergroten. Ook moet rekening worden gehouden met
capillaire condensatie, omdat dit tot vergroting van het effectieve contactopperviak kan leiden.
Voor het eerst is de effectiviteit van side-wall spacers gemeten. De stictie vermindering is iets
groter dan op grond van de reductie van het geometrische (schijnbare) contact opperviak
verwacht werd.

Het reduceren en controleren van wrijving is een belangrijk issue in MEMS. Met behulp van
het Greenwood & Williamson elastische contactmodel, is de afhankelijkheid van de statische
wrijving van de oppervlakte topografie geanalyseerd. We nemen aan dat in de af schuif-modus
De statische wrijving proportioneel met het werkelijke contactopperviak is. Het werkelijke
contactoppervlak is op zijn beurt bijna proportioneel met de aangebrachte belasting. The
gemiddelde elastische contactdruk is vrijwel onafhankelijk van de belasting. Het effect van
adhesie kan door Maugis uitbreiding van de Greenwood& Williamson theorie in rekening
worden gebracht. Uit de analyse van omstandigheden van lage belasting blijkt dat hier de
statistische contactmodellen falen, doordat er onder deze omstandigheden een te klein aantal
contactpunten kan zijn. In het bijzonder wordt onderdeze omstandigheden de adhesieve
belasting onderschat. Om wrijving bij lage belasting te kunnen beschrijven hebben we daarom
een discreet contactmodel ingevoerd. De overgang van elastisch naar plastisch contact is
geanalyseerd. Bij afschuiven neemt met toenemende opperviakte ruwheid de
wrijvingscoefficient af totdat een ondergrens, de wrijvingscoefficient voor plastisch contact is
bereikt. Statische wrijving in een poly-silicium zijwaarts aangedreven wrijvingssensor is
gemeten, en gerelateerd aan oppervlakteruwheid. De gemeten relatie tussen wrijving en
belasting voldoet goed aan de berekening met het discrete contactmodel met drie
contactpunten.

Er zijn drie lateraal aangedreven motoren ontwikkeld en getest. Concept A maakt gebruik van
aandrijfbalken die aanliggen tegen de shuttle, en die een verplaatsing genereren door middel
van een contractie ten gevolge van buiging. Elektrostatische krachten worden gegenereerd
door een spanningsverschil aan te leggen tussen de shuttle en de aandrijfbalken. De
experimenten laten zien dat het moeilijk is om een voldoende grote klemkracht op te wekken.
Concept B maakt gebruik van aparte klem -en aandrijfactuatoren, zodat er meer vrijheid is om
de klem -en aandrijfkracht apart te optimaliseren. Met dit ontwerp de wrijving in de klemmen
als een functie van de klemkracht is gemeten. De experimenten laten zien dat er wrijvings is
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zonder dat er een klemkracht wordt aangebracht. Dit wordt veroorzagkt door de
adhesiekrachten in de klem, die opgeteld moeten worden bij de extern aangebrachte
klemkracht. The adhesie isin de grootte orde van 1 n\N, klein genoeg om te worden overheerst
bij de schakelbare elektrostatische klemkrachten. Met dit ontwerp is met succes een
loopbeweging gegenereerd.. Het derde ontwerp(concept C) is gebaseerd op het tweede. Het
verschil is dat er hefbomen zijn geimplementeerd om de aandrijfkracht te vergroten. Het
grootste probleem met dit concept is hoe de klemkracht te vergroten en tevensin staat te zijn
om deinitiéle 1-2 mm opening tussen de klemschoen en de shuttle te sluiten. Drie oplossingen
zijn voorgesteld voor het klemmen. De oplossing die geimplementeerd is, maakt gebruik van
een spanningsverschil tussen de klemschoen en de shuttle (over een isolator op de zijwanden),
om de klemkracht op te wekken. Het is gebleken dat deze klemkracht kleiner is dan vereist,
waarschijnlijk door een effectieve luchtlaag in de klem ten gevolge van oppervlakte ruwheid
en/of niet-parallelliteit van de zijwanden. Loopexperimenten met dit concept zijn mislukt,
doordat de botsing van de tweede klem met de shuttle het klemmen van de eerste verstoord,
en de verplaatsing van de eerste stap verloren gaat. Er zijn aanbevelingen gedaan om concept
C te verbeteren. Hierbij moet geconcentreerd worden op verbetering van de klemmen,
mogelijkerwijs door een voorspan-veer toe te passen.

De shuffle motor is een lineaire electrostatische lopende motor, die gebruik maakt van een
hefboom om de kracht te vergroten en de stapgrootte te verkleinen. De motor wordt loodrecht
op het substraat aangedreven om het actieve elektrode opperviek te maximaliseren. De motor
is opgebouwd uit drie lagen poly-silicium en twee lagen silicium-nitride en is gemaakt met
behulp van surface micromachining. Een energiemodel is opgesteld om de stapgrootte en de
benodigde aandrijfspanning a's functie van de belastingskracht en de motor geometrie uit te
rekenen. In theorie de actuator kan 1 mN opwekken bij 30V aandrijfspanning. Experimenteel
is een effectieve stapgrootte van 85 nm en een gegenereerde kracht van 43 niN bij 40V
aandrijfspanning. De kleiner dan verwachte kracht wordt veroorzaskt door gebrekkig
klemmen, wat wordt veroorzaakt door de gemoduleerde AC-aandrijfspanning. Deze AC-
spanning is geintroduceerd om de electrostati sche stictie te verminderen die het gevolg is van
oplading van de silicium-nitride isolator die de onder-electrodes afdekt. Een aanbeveling is
gedaan voor een nieuw klemontwerp.
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