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Abstract

This report is the result of the master’s thesis of Jarno Groenesteijn. Theoretical and practical
research has been done on a voltage step-up converter based on a comb-drive to investigate the
possibilities of this new kind of converter. An analytical analysis has been done to predict the
operation of a converter like this. The analytical description is used to make a computer model
to predict the mechanical and electrical behaviour of the converter. Eight different test structures
are designed and fabricated to test the operation of the converter and to improve the quality of
the computer model. Measurement on the mechanical behaviour of the comb-drives have been
combined with finite element simulations on the electrical behaviour of the comb-drives to find
an accurate computer model of the voltage step-up converter. Analysis has been done to find
the most important elements that reduce the performance of the converter and solutions to these
problems have been proposed.
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Chapter 1

Introduction

Electronic devices have become smaller and smaller in recent years and more, different kinds of
devices are integrated to form larger and more complete systems. Not only electronics are being
integrated, but an increasing amount of Micro Electro Mechanical Systems (MEMS) are being
developed to replace large macro systems and to make life easier. All the different electronic
devices and MEMS often need different supply voltages, so there is a growing need for small
voltage converters that can be integrated with MEMS. Several different kind of converters are
being researched. In MEMS, these converters could use variable parallel plate capacitors [1, 2, 3, 4]
or piezoelectric materials [5]. In CMOS, a charge pump can be used [6] or an inductor is needed [7].
Often the integrability of these converters are limited. Either because the production process is not
compatible with much other processes or there is a need for external components like capacitors
or inductors.

For his PhD research, Johan Engelen needs to actuate comb-drives at high voltages, while
only a low supply voltage is available. The converter that pumps up the low voltage to the high
voltage is preferably integrable with the comb-drives and should not need any external components.
A full list of electrical specifications is shown in Table 1.1, these specifications are based on the
measurements done on the IBM scanning table (see chapter 4.2). Most of the converters mentioned
above are not compatible with the used process and are usually to large and to powerful. A DC-
DC converter that is tailored specifically to drive a comb-drive would be the best solution. During
my thesis a voltage converter for this purpose is proposed. The specifications in the table are
the ultimate goal, but my thesis will focus on exploring the feasibility and possibilities of this
converter.

Description Specification
Input voltage 10 (V)
Output voltage 60 (V)

RMS output power 610~ (W)

RMS output current | 10-107% (A)
Load capacitance 310712 (F)
Load resistance 5-10° ()

Table 1.1: A list of the required specification for the step-up voltage converter to be able to actuate the
IBM scanning table.

A novel way to make a MEMS voltage converter is presented by Ghandour et al. in [8] who use
a MEMS variable capacitor to store the energy that is transferred from the input to the output of
the converter. While their theoretical analysis is based on a step-down converter, the principle is
also applicable to a step-up converter. The change in capacitance is realized by a combination of
electrostatic forces from the input voltage and mechanical forces from a spring. During my thesis
I will first investigate the theory behind the step-up converter after which this theory is applied

11



12 CHAPTER 1. INTRODUCTION

in simulations. Eight designs will be made using these simulations, these designs will then be
fabricated and eventually measurements are done to compare them to the simulations.

In chapter 2 the converter will first be analytically analysed. In chapter 3, simulations are
used to gain more insight in the working of the converter. The results of these simulations are
combined into eight different designs which are fabricated and on which measurements are done.
The results of these experiments can be found in chapter 4 and provide feedback at the theory in
section 3.3. Chapter 5 gives a discussion about the results of the simulations and measurements.
Finally chapter 6 concludes the findings and chapter 7 gives an overview of possible improvements
that could be investigated in the future.



Chapter 2

Theory

The main component in the converter is a variable capacitor. In this case, this will be a comb-drive
of which one comb is fixed to the bulk (the stator) and the other comb is attached by springs (the
translator). This allows the translator to move in one direction. Equation (2.1) shows, in short,
the principle of operation. The charge on a capacitance @ is equal to the capacitance C' multiplied
by the voltage V on the capacitance. This means that if the charge @ is constant, C'-V is constant
too. The voltage can then be up-converted by charging a large capacitor at a low voltage and then
decreasing the capacitance while keeping the charge constant. Equation (2.2) shows an equation
to calculate the capacitance of a capacitor, where C' is the capacitance, €; is the electric constant,
€, is the electrical permittivity of the material between the two sides of the capacitor, Area is the
effective area of the capacitor and ¢ is the gap between the two sides of the capacitor.[9]

Q=C-V (2.1)

eoerArea

g
The equation is slightly different for parallel plate capacitors and comb-drives. For a parallel
plate capacitor, Area is the overlapping area of plates (Areapp = width - length) and g is the
gap between the plates. For a comb-drive with straight fingers, Area is the effective area of the
overlapping parts of opposing fingers: Areacomp-drive = 2N hax. For the capacitance of a comb-drive
with straight fingers, this gives:

C= (2.2)

€o€rhx
g

Where N is the number of fingers, h is the height of each finger and z is the amount of overlap of the
fingers of opposing combs. g is the gap between the sides of opposing fingers. This approximation
is only valid when the influence of the electric field at the ends of the fingers can be neglected.
Simulations in section 3.2 show that for this model to be valid the minimum overlap has to be
larger then 0 ypm, while the maximum overlap can be 16 pm in the case that the fingers are 20 pm
long. This approximation is accurate enough for the analytical analysis, a more accurate model
will be used in the simulations in sections 3.2 and 3.3.

Equation (2.2) suggest that the capacitance can be decreased by decreasing the area or the
permittivity or by increasing the gap. Changing the permittivity can be done by sliding a material
between the plates of a capacitor, however, changing the area or the gap between the plates is
much easier to do. An easy way to decrease the area of the capacitor is by using a comb drive
capacitance and disengaging the combs. The gap can be increased by pulling the two plates of a
parallel plate capacitor apart. Ghandour et al. [8] discusses a DC-DC converter using a parallel
plate capacitor. Ghandour analysed a converter to convert the input voltage to a lower output
voltage using a parallel plate capacitor. While the principle idea is the same, the analysis in this
chapter is to convert the input voltage to a higher voltage using a comb-drive.

Ccomb—drivc =2N (23)

13



14 CHAPTER 2. THEORY

The comb-drive has two combs. One, the stator, is attached to the bulk and can not move.
The other comb, the translator, is attached to static parts by means of springs which allow it to
move in one direction. There is no need for an external actuator to change the capacitance. The
translator will move towards the stator when it is charged due to the electrostatic forces. The
translator will move away from the stator again due to the springs.

2.1 Theoretical Analysis

The electrical circuit that is used in the analysis is shown in Figure 2.1. The switches Switchl
and Switch2 regulate when the variable capacitor is charged and discharged. A physical model of
the system is shown in Figure 2.2, here using a parallel plate capacitor. One of the plates is fixed,
while the other is attached to the mass in a mass-spring system.

Switch1 Switch2

/. /.

p e Cuw 7/ o "
i - /| u — | Vs

Figure 2.1: Electrical circuit of a DC-DC converter with a variable capacitor.

Figure 2.2: Physical model of a DC-DC converter with a variable parallel plate capacitor [8]

First Cy,; is charged by turning Switchl on, Vi, causes a electrostatic force between the combs
and the combs will engage more, increasing the capacitance. When Switchl is turned off, the
charge on the capacitor stays constant while the comb keeps moving due to its inertia. While
the combs continue to move towards each other, the voltage on the capacitor will decrease, but
when the spring pulls them away from each other, the capacitance will decrease again and the
voltage will rise. When the voltage on the capacitor is at the required output voltage, Switch2 is
turned on so that the capacitor can be discharged, for instance to charge a (large) buffer capacitor.
The best performance is achieved when the mass-spring system is operated in resonance so that
the amplitude of the oscillation is largest. The operation can be further improved by placing the
converter in a vacuum which removes the damping caused by the air.

When the combs are at rest, the overlap of the fingers is xg while the instantaneous overlap
of the fingers is given by z(t). Using this, the electrostatic force under constant charge can be
derived from the electrical energy F as in Equation (2.4) [8]. The electrostatic force under constant
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voltage can be derived from the electrical co-energy E* as in Equation (2.5) [8].

Q? OF.(Q.7) Q9%
Ee ) = 5 F€ S =T T a9, - Oz 1
(Q x) 20 |constant Q ox constant Q 2 Ox constant Q ( )
cv? OB; (V. ) vzoc
EX(V,2) = —5— Feloonstams v = — ——5—— T2 (%)
2 constant V Ox constant V 2 Ox constant V

Combining these and equation (2.3) gives the electrostatic force on the combs of a comb-drive:

9Q?

Fe|constant Q = AN ehx? (26)
NehV?
Fe|constant vV = g (27)

The energy in the system can be stored as the kinetic energy T in the mass, the mechanical
potential energy Uy in the spring and as the electrical potential energy U, between the combs of
the comb-drive. This gives a total energy of:

E=T+U,+U. (2.8)

To maintain a steady state periodic oscillation of the comb-drive, the energy delivered to the
electromechanical system must be equal to the energy that it transmits. The amplitude of the
oscillation can be changed by supplying more (increased oscillation) or less (decreased oscillation)
energy.

A graphical representation of the conversion cycle is shown in Figure 2.3. Here, x; corresponds
to the situation where the combs are fully engaged (z(t) = Tmax) and Cy,, is largest. At this point
both switches are off and the charge is fixed. The combs will then disengage until the voltage on
Cyar 1s equal to Vg and x(t) = 9. Switch2 is turned on and Cy,, is discharged while Cy.,, keeps
decreasing. At x(t) = 3 = Zin, the movement of the comb reverses and Switch2 is turned off
again. When the combs are moving towards each other, Switchl can be turned on again when
z(t) = x4 > x3 and Cyy, is charged again till 2(¢t) = x5 = x1, when the overlap of the fingers is
largest.

X

Figure 2.3: A graphical representation of the conversion cycle. The moments of constant charge and
constant voltage are shown in relation to the overlap x of the fingers.

The energy that is received by the MEMS device from the input source during one cycle is
given in (2.9) and the transferred energy is given by (2.10).

ts
Ereceived = Vi / idt = (Ql - QQ)‘/in (29)

ta
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i3
Eiranstered = Vout/ wdt = (QZ - Ql)‘/:)ut (210)
to

Equation (2.9) is only valid if Vi, remains constant during the time the capacitor is charging.
(2.10) is only valid if V4,4 remains constant during discharge. This means that the equation is
only partly valid when the buffer capacitor is charging (then the voltage is rising during discharge),
but when the buffer capacitor is fully charged, the voltage is constant (assuming the converter can
transfer enough energy). From equation (2.9) and (2.10) can be concluded that Vi, would always
be equal to Vg, if these were the only changes in energy. To allow the output voltage to be higher
then the input voltage, a third component needs to be added to the equation:

Ereceived + Etransfered + Eremaining =0 (2'11)

(Ql - QS)‘/;II + (Q2 - Ql)vout + (Q3 - Q2)‘/;ntcrim =0 (212)

If Q3 # @2, Vour can have a different value from Vi, . The remaining energy Eremaining can be
disposed of by connecting the input of the comb-drive to the ground before it is connected to Vi
again. With the proper use of electronics, this energy might be re-used to make the converter
more efficient. This, however, will not be investigated since the focus of this thesis is investigating
the feasibility of a comb-drive step-up converter. The new conversion cycle is shown in Figure 2.4.
The first period is to transfer energy to the output, the second removes the remaining energy and
charges the comb-drive for the next transfer cycle.

X

Vs 0> X5 Qs

Figure 2.4: A graphical representation of the new conversion cycle which now takes two periods of the
movement of the comb-drive. The moments of constant charge and constant voltage are
shown in relation to the overlap x of the fingers.

2.1.1 Output voltage and current

The output voltage and output current are functions of the minimum and maximum capacitance
of the comb-drive. The maximum output voltage is equal to the voltage on the comb-drive when
Switch2 is opened. At that moment, the capacitance is equal to the minimum capacitance plus a
fraction « of the difference between the minimum and maximum capacitance:

2N eghmax

g

2N eghxmin
Ca:g = C'min = 640 -'157 (214)
g

Ca:z = C'min +a- (Cmax - CYmin) (215)

Cyy = Coy = Crnax = (2.13)
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The indices of the capacitances relate to the steps in Figure 2.4. N is the amount of fingers of
the comb-drive, h is the height of the fingers, xyax is the maximum overlap of the fingers, g is
the gap between the fingers and i, is the minimum overlap of the fingers. These equations are
only valid if equation (2.3) is valid. The capacitances C,, through C,, can be used to calculate
the output voltage:

Q1
out — 2.1

K ‘ Cmin + - (Cmax - Cmin) ( 6)
Q1 = Cax - Vi (2.17)

\% C T
A= out — max _ max 218
‘/i Cmin +a- (Cmax - CYmin) Tmin + @ - (xmax - xmin) ( )

The output current can be calculated from equation (2.10):
font = f - Queanstired = 25 - (@1 — Q) (2.19)
ou ransiere: P_|_ 1

= [ (Cuy — Coy) Vout (2.20)
= f ) ((Cmin +« (Cmax - Cmin)) - CVmin) ‘/;ut (221)
= f “Vout 2N60h e (mmax - mmin) (222)

Here f is the frequency at which the comb-drive is discharged to the output, which is equal to
];rfl. fres is the resonance frequency of the movement of the comb-drive and P is the amount of
periods of fies between the periods at which the comb-drive transfers energy to the output. In
other words: P is the amount of periods between the transfer periods.

Combining equations (2.18) and equation (2.22) gives a maximum output current of:

. 2Negh Tinax
=J- . max — Lmin) * . ‘/in 2.23
Lout f q (67 (-T a: x ) Tonin +a- (xmax _ .’L'min) ( )
2Negh max — “min
= f . €0 * Tmax z 1 z . VI (224)
g Tmax + (a - 1) Tmin

The converter only transfers power to the output when Switch2 is on. To be able to provide
a continuous output current, the output of the converter has to be stored in a buffer capacitance.
If « is larger then 0, but the required output current is lower then the calculated maximum gy,
the converter will keep charging the buffer capacitance until it reaches a higher voltage than A-Vj,.

Two types of comb-drives were already available for testing at the beginning of this project:
a large comb-drive from the IBM scanning table [10] (see section 4.2) and a set of smaller comb-
drives from the MEMS orchestra. The dimensions of these are given in Table 2.1. The last two
rows are the results when these parameters are used in equations (2.18) and (2.24), using an «
of 0.25. The values for the minimum and maximum overlap are taken from measurement at an
ambient pressure of 1 bar, the displacement would increase a lot at lower ambient pressures.
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Parameters IBM table | Orchestra
Vin (V) 10 10

N 698 100

h (nm) 400 50
Tmax (M) 30 15
Tmin (1m) 20 5

g (nm) 25 3

fres (Hz) 140 1100
Theoretical A 1.33 2
Theoretical iyt (nA) 92.2 1.62

Table 2.1: Physical parameters of the test structures and their theoretical output according to equations

(2.18) and (2.24)



Chapter 3

Device design

3.1 Introduction

This chapter presents the simulations that are done using the theory in the previous chapter.
These simulations lead to eight different designs. These designs are fabricated and tested and
eventually, the measurements give feedback to the simulations again. The simulations to make
the designs are presented in section 3.2. The fabrication process and several points of interests
connected to it are presented in section 3.4.

The feedback from the experiments are combined into an updated simulation model in section
3.3. Several simulation are done to explore the possibilities of the converter.

3.2 Simulation and design

To test the theory, a computer model was created to simulate the behaviour of the converter.
The simulation software that is used is 20Sim from Controllabs [11]. The software is capable of
simulating the behaviour of separate programmable building blocks and is designed to simulate
the behaviour of dynamic systems which interact in multiple physical domains, like the electrical,
mechanical or hydraulic domains. It offers 8 different numerical integration methods which can
be used to solve the model equations

A model in 20Sim can be made using bond graphs, iconic diagrams and signal blocks or a combi-
nation of these. A library of standard components in different domains is supplied which can be
used to build a model. Each of the components can be edited or new components can be created
to better suit the model.

The simulation results of the first model will be used to find the parameters for the designs
that will be made and tested (see section 3.4).

3.2.1 The Model

At first the model will be build using components supplied by the 20Sim library. These components
are mainly ideal components, meaning that a capacitor is only a capacitance and does not have any
of the parasitic properties (like leakage resistance and temperature dependence) a real capacitor
has. Some of the components in the model can not be approximated by one or more of these ideal
components, this is solved by taking a component from the library that is much alike the intended
component and then adjusting it so that it does have the correct behaviour. The model of the
system can be seen in Figure 3.1. A short description of each element is given below:

e SignalGenerator: Signal generation for the switches and voltage source (Appendix C.1);

19



20 CHAPTER 3. DEVICE DESIGN

J.I:I_[ SignalGensrator

+ ) Switch? Switch2
Vsowfoe ComBCrive
Chuffe
Ground
Mass FixedWord

Figure 3.1: Computer model in 20Sim of the DC-DC converter.

e CombDrive: Model of the comb-drive. It connects the electrical domain to the mechanical
domain and is derived from a capacitor (Appendix C.2);

e Switch: Switches that control where the charge can flow, they are controlled by SignalGen-
erator (Appendix C.3);

e Chbuffer: Buffer capacitance. The capacitance is 10pF. This is lower then the capacitance
used in section 4.4 to speed up the simulations (Appendix C.4);

e Vsource: Voltage source controlled by a signal from SignalGenerator (Appendix C.5);
e Mass: Model of the mass of the comb-drive (Appendix C.6);

e Spring: Spring which connects the comb-drive to the fixed world (Appendix C.7);

e Damper: Model of the dampening that the structure encounters (Appendix C.8).

The code used in each component can be found in Appendix C. Most of the code of the components
are unchanged from how they are supplied by 20-Sim except for filling in an appropriate value for
the parameters. The most important changes are made in the components SignalGenerator and
CombDrive. The SignalGenerator uses the global variable for the resonance frequency to make
a square wave which is used in the Modulated Voltage Source. It also makes two signals that
open and close the switches at the right time. The component CombDrive uses the equations
derived in the theory to couple the mechanical mass-spring-system to the electrical circuit. The
spring component calculates the spring constant and damping of a folded flexure spring and mass
of the comb-drive by using the resonance frequency, dimensions of the springs and a Q-factor.
Previous measurements on the MEMS orchestra chips showed a Q-factor of 25 for the comb-drives
in open air (around 1 bar), while this increases to around 800 in a vacuum (around 10 pbar). The
datasheet of the switches used in the actuation electronics (see section 4.4) provided resistance
values for the on and off state. When the switch is on, the resistance will be 902 . The off state
has a resistance of 3T{2 . These values were also used in the model.

The model of the system will be used to simulate the mechanical and electrical behaviour of
the comb-drives. The simulations starts at time ¢ = 0 where all capacitances are discharged and
the translator is at rest. Because the simulation of the model takes a lot of computing power, only
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the first 0.1s of operation is simulated. Any variable that is defined in the 20Sim components can
be given as output of the simulation.

3.2.2 Results

The first simulations were done using diodes instead of switches. The results of these simulations
showed that the movement of the comb-drive would decrease rapidly resulting in a low voltage am-
plification. Each time the the comb-drive discharges to the buffer capacitance a charge-equilibrium
is reached between the charge on the comb-drive and on the buffer. When there is more charge
on the buffer, more charge will remain on the comb-drive. If this charge is not removed, it acts
as a bias voltage on the comb-drive so that it will eventually converge to an equilibrium position
like when it would have been actuated with a DC-voltage instead of a square wave.

A diode in the place of Switch2 in Figure 3.1 would transfer the charge on the comb-drive to the
buffer capacitance at the moment the voltage was only a little bit higher then the buffer voltage.
Since the velocity of the moving comb-bank is reduced a lot when it is discharged, the maximum
displacement would be considerably less then when the discharge-moment was timed correctly.
This last also means that to obtain maximum voltage-amplification, the comb-drive would have
to be brought in resonance each time after it is discharged. To do so, Switchl was introduced.
This switch is on (conducting) during the periods that the comb-drive is resonating, when the
comb-drive has enough displacement for a good voltage-amplification, Switchl is turned off which
isolates the comb-drive and keeps the charge constant. When the comb-drive is near minimum
capacitance, Switch2 is set to conducting mode and the charge on the comb-drive is transferred to
the buffer capacitance. The simulations showed that this method reduces the output current, since
the charge is not transferred each period, but the displacement is a lot larger, which increases the
output voltage. A consequence of using switches is that they need to be actuated, which makes
the control electronics that are needed in the setup more complex.

Eight designs were made using these simulations. These designs had to be made on a Silicon-
on-Insulator wafer using the process discussed in section 3.4. As a result the minimum feature size
is 3um and the height of the device layer is 25 pm. Because the insulating layer on the SOI-wafer
was only 1pm thick, the electrostatic forces between the moving structures and the bulk could not
be neglected. This force increases with the area of the moving structures and the voltage between
them and the bulk. This means that the area of the moving comb and the voltage on it is limited.
First a base-design has been made which has 400 comb-fingers of 20 pm long, 3 pm wide and 25 pm
high. The gap between the fingers of opposite combs is 3 pm and they have an initial overlap of
2pum. What each parameter represents is shown in Figure 3.2. The height is the dimension
perpendicular to the view of the figure. The resulting comb-drive will have a moving comb of
which the pull-in voltage to the bulk is more then 10V (see section 3.4). Six other designs are
derived from this base design. The eighth design that was made is a parallel plate capacitor. An
overview of the parameters of the designs are shown in Table 3.1 where the parameters that are
different from the base design are shown in bold. The negative overlap at the SG-2 design means
that they are initially disengaged. The negative overlap of the parallel plate designs indicates
the gap between the plates. The design codes that are used in the table are made up out of 2
or 3 letters and a number, the letters are SF (Straight (uniform) Fingers), SG (Small Gap), TF
(Tapered Fingers), StF (Stepped Fingers), LF (Low Frequency) and PP (Parallel Plate). The
number indicates the initial overlap in pm. In the table, the designs with non-uniform fingers have
two values for the finger-width, these are the widths at the tip and at the base of the fingers.

3.2.3 Simulation of final designs

The initial comb-drive model uses an equation for the capacitance of the comb-drive that is only
valid when there is sufficient, but not too much, overlap between the fingers so that the capacitance
can be modelled as a parallel plate for each finger pair. A more accurate model is hard to find
analytically, but since only 8 different designs need to be modelled (of which 4 are technically
the same), it is possible to find the capacitance-displacement relation for each separate design by
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length|  |overlap

width gap

Figure 3.2: Explanation of the physical parameters of a comb-drive

Design Length ‘Width Height Overlap Gap Finger shape Description
(1m) (1m) (1m) (1m) (1m)

SF2 20 3 25 2 3 Straight Base Design
SFO 20 3 25 0 3 Straight Less initial overlap
SF6 20 3 25 6 3 Straight More initial overlap
SG-2 20 3 25 -2 1 Straight Very small gap
TF2 20 3-7 25 2 3 Tapered Tapered fingers
StF2 20 3-7 25 2 3 Stepped Stepped fingers
LF2 20 3 25 2 3 Straight Low resonance
PP 0 3 25 -3 3 Straight Parallel plate

Table 3.1: Physical parameters of the different designs, the values in bold are different from the base
design
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using a Finite Element model of the fingers. Comsol Multiphysics is a Finite Element simulation
program that has all the needed features to make an accurate model for each of the different
designs.[12] The relation between overlap and capacitance is equal for the designs with straight
fingers (SF0, SF2, SF6 and LF2), so only one model needs to be made for these. The model for
the the parallel plate design can be easily calculated analytically by equation (3.1). The effects
that are created by the edges of the plates are small enough for the equation to be valid. This
means that the capacitance can be calculated using:

Cpp = (3.1)

Where C' is the total capacitance, h the height of the device layer, w the total width of all the
branches and g the gap between the plates (the ’overlap’ in the 20Sim simulations).

The FEM models for the comb-drive designs are shown in Figure 3.3. The finger that is
electrically grounded is to the left in the figures ("CO1’) while the actuated finger is shown to the
right (’CO2’). The dimensions on the axis are in meters. The electrical potential is simulated
using an actuation voltage of 10V, an example of the results can be seen in Figure 3.4. The figure
shows the electrical potential. The blue colour at the left side indicates OV while the red colour
on the right side indicates 10V. The colours between this finger pair indicate the equipotential
lines in the air between the fingers, the lines are perpendicular to the top and bottom side of the
picture which is caused by a virtual repeating pattern (zero charge/symmetry boundary condition
in Comsol, n- D = 0: the normal component of the electric displacement is zero).
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(a) Comsol model for one fingerpair of the de- (b) Comsol model for one fingerpair of design SG
signs SF0, SF2, SF6 and LF2
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(c) Comsol model for one fingerpair of design (d) Comsol model for one fingerpair of design
TF2 StF2

Figure 3.3: Comsol models to simulate the capacitance per finger pair of each design.

Figure 3.4: Example of the resulting Comsol Simulation showing the electrical potential. The blue colour
indicates OV and red is 10V. In between are the equipotential lines caused by this finger pair
with 2 pm overlap.

The models were used to calculate the capacitance by integrating the charge on the relevant
boundaries in the simulation. This is done for a finger overlap of —20 pm to 19 pm with a step-size
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of 0.1pm. The capacitance is calculated from the charge by using equation (3.2). The result is
the capacitance per finger.
C = v (3.2)

Here, C' is the capacitance per finger, @ is the charge on the relevant boundaries in the simulation
and V is the voltage between the two combs in the simulation.

To be able to use the results of the Comsol simulations in 20Sim, a polynomial fit was made
in MatLab using the simulated capacitance. The coefficients of this fit are shown in Table A.1
in Appendix A. The capacitance can be calculated from these by equation (3.3), where z is the
overlap of the fingers. To find the order of the polynom that was to be used, a sweep was done
using the SFO design. Table 3.2 shows the error of the fit compared to the simulated value which
was calculated using equation (3.4). The mean error is obtained by using the Matlab commando
mean (Error) and the maximum error is obtained using max (Error). From this can be seen that
the maximum error of a 10th order polynomial fit is still 15%. Since this maximum error is reached
at the far reaches of the range in overlap and the mean error is less then 3%, this is considered to
be accurate enough for the purpose it is used for.

Cholysit = P11+ P10-z" + P9-2°+ P8-2°+ P7-2*+ P6-2°+ P5-2%+ P4-2"+ P32+ P22 + P1-2"°

(3.3)
Csi - (]
Error — ‘ simulated ﬁt| (34)
Csimulatcd
Order 1 2 3 4 5 6 7 8 9 10

Mean error 0.3488 | 0.1568 | 0.1509 | 0.1555 | 0.1141 | 0.0754 | 0.0626 | 0.0548 | 0.0405 | 0.0291
Max error 7.3134 | 1.0698 | 0.8124 | 0.6085 | 1.1994 | 0.4925 | 0.0656 | 0.2745 | 0.3489 | 0.1512

Table 3.2: Mean and maximum error at different orders of the polynomial fit to the capacitance of the
SFO0 design

The results of the simulations and their fits are shown in Figures B.1 through B.4 in Appendix
B. The MatLab code that was used for these simulations can be seen in Appendix D. The model is
build using build_struct.m while the actual simulation in Comsol and some of the data processing
in MatLab is done using find_cap.m. The polynomial fit is found in getpolyfit.m, which is also
used to plot the results. The figures show a very accurate fit to the simulated capacitance.

Now that a more accurate relation is found between the overlap and the capacitance, the
20Sim model can be updated. The capacitance is calculated using (3.3). The electrostatic force
is calculated as in equations (2.4) and (2.5). Equations (3.5) and (3.6) show how this can be done
using the capacitance in the simulation.

1
Flg=—"2 = ¢ = -dCdx1 (3.5)

0 (—2) 2 2

“\2) _VPoC VIO e (3.6)
or 2 Ox 2

In the 20Sim code, the derivative of the capacitance with respect to the overlap is calculated for

a constant charge by:

dCdx1 = (1/capacitance - 1/capacitancel)/dx

for a constant voltage, it is calculated by:

dCdx = (capacitance-capacitancel)/dx

Here capacitance is the capacitance at a certain overlap and capacitancel is the capacitance at

Fl, =
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overlap-dx. dx is set to Inm. The code in Appendix C.2 is already updated with the polynomial
approximation.

Figure 3.5 shows the simulation results from 20Sim for the SFO design. The first 0.1s of
operation was simulated for each design. This means that at the beginning of the simulation, all
the capacitances were discharged and the translator was at rest at its initial position. The comb-
drive is then actuated at its resonance frequency with a square wave. The switches are operated
in such a way that every 11th period is a transfer period. The 10 periods in between are used
to bring the comb-drive back in resonance after a transfer period. The simulations are done with
a = 0.1 and the resonance had a quality factor of 25 to 795. The darkest colour in each graphs
shows the results for a g-factor of 25, each lighter step means an increment of 110 to the g-factor.
Figures B.5 through B.11 in Appendix B show the simulation results from 20Sim for the other
seven designs. The x-axes in these figures give the elapsed time in seconds. The figures show five
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Figure 3.5: 20Sim simulation results of design SFO when the first 0.1s of operation is simulated. (This
is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)

graphs:

e Vcombdrive (Brown line): This graph shows the voltage that is on the comb-drive. There
are peaks at a regular interval. These indicate the increase in voltage when the charge on
the comb-drive is constant during the transfer period and the combs move away from each
other;

e capacitance (Red line): The capacitance of the comb-drive. This is calculated from the
overlap of the fingers using the polynomial fit from the Comsol simulations;

e Vout (Blue line): The output voltage on the buffer capacitance;

e Amplification (Black line): This graph shows the ratio between the capacitances when
Switchl closes and when Switch2 opens. This is the voltage amplification of the converter.
See equation (2.18);
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e Tout (Green line): This graph shows the time averaged current that goes into the buffer
capacitance and is the available output current of the converter.

Another effect that can be seen in the figures is that the capacitance change decreases after a
while during the simulations with high quality factor. This can be explained by the fact that the
movement of the combs slowly decreases when the comb-drive is not fully discharged to the buffer.
The large displacement of the combs is caused by a square wave, the remaining charge on the
comb-drive leaves a voltage on the comb-drive. The voltage step of the next period of the square
wave will not be 10V like in the beginning, but (10 — Viemaining). A lower voltage step results in
a lower impulse to the velocity of the comb and thus in a lower displacement.

The effect of this can be seen in Table 3.3. It shows the amplification of the designs for the
different simulated quality factors. Two different amplifications are given: the maximum value of
the simulation and the end value of the simulation. As a result of the decrease in displacement
when the output voltage increases, the comb-drive will never reach its maximum amplification
unless the buffer capacitance is emptied between each transfer period, reducing the output voltage
to 0. The data in the table shows that the difference between maximum amplification and the
amplification after 0.1s decreases a lot at lower Q.

The results above were made using o = 0.1. The value of « has a lot of impact in the maximum
amplification. This is shown in Table 3.4 and is illustrated by Figure 3.6. The figure shows the
results for the TF2 design for values of « from 0.10 to 0.45 in steps of 0.05 (darker colour means
higher «). It can be seen that a not only has an influence on the amplification, but also on the
displacement (and through that, the capacitance).

Table 3.4 shows the maximum amplification and available output current when the quality
factor is set to 795. The last row of the table shows the a at which the amplification or current
is largest. An value for a of 0.5 or higher means Switch2 turns on before Switchl is off and will
not result in any amplification. The table shows that in nearly all cases an « of 0.1 is preferable
for both amplification as output current.
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Figure 3.6: 20Sim simulation results of design TF2 when « is varied from 0.1 to 0.45. The graphs is
created using a low accuracy simulation, see chapter 3.2.4 for more detail.



SIMULATION AND DESIGN 27

3.2.

*380ySIY ST JUSIIND
10 uoryesyrdure oy} YOIYM e © U} SOAIS MOI Jse[ 9y ], "0 SulkIea pue ¢g. = () SuIsn suolpenwis 9y} 03 Surpiodde juarmd ndjno pue uorpesydury :§ ¢ 9[qe],

aro 01°0 010 010 010 010 01°0 010 020 010 020 01°0 S10 010 TR0 010 || Xel
6—0LVOT | TOT | _OT€0T | 00T | 6_0TLGT | 00T | ¢_01G0Z | 10T | ¢_OT-0T | 00T | ¢_0106C | 90T | 4_OL'CET | 10T | ¢_OL86T | 00T || G¥0
6-0T'€0'T | PO'T | ¢—0T°GO'T | 00T | 6-0T-69'T | €0°T | ¢-01°92°C | ¥O'T | g_0T'SE'T | 80T | ¢_0TCT'E | LT | _OL'IGC | ¥O'T | _OT-ITT | €0°T || 0F0
6-0TC0T | €T'T | ¢-0T-TT'T | 00T | -0T-98°T | 60T | ¢-0TF¢C | €T'T | g_OTTF'T | 90T | ¢-OTFF'E | €LT | ¢OT-I8C | €T'T | ¢-01-28C | OT'T || S€0
60T TOT | 62T | ¢-01°92°T | 00T | 6_0T:60C | 18T | ¢_01C6C | 82T | _OT'6F'T | ST'T | ¢_OTI8E | €LC | _OLFIE | G8'T | _016¥C | V&1 || 0€0
01-0T'I6'6 | 69T | ¢—0T-CF'T | 00T | 6-0T-9%C | TF'T | ¢_0T68°€ | 9T | 01691 | 68T | ¢_0T08F | 8% | ¢_01:09°€ | 18T | -01¢9C | L¥'T || S20
01-0T89°6 | GT'C | 0T8T | 00T | _0T-00€ | 9L'T | ¢_0T-98°€ | G0C | ¢_OT'G6'T | TCT | ¢_OLTGF | ST9 | ¢_O1'6L€ | 98T | ¢_01-LLT | L67T || 020
01-0T'I¥6 | 22'¢ | ¢_0T'89'T | L&T | 6-0169°¢ | 68T | _OTLTF | 28T | ¢_0T6LT | ¥0C | -0192F | 899 | q_01:98°¢ | aL'e | 4_018L% | 90¢ || ¢r0
01-0T-LT'6 | 89% | - 0T-0L'T | 20T | g-0TL0F% | 10¥% | -OT%8¥ | 62F | - 0T¥ST | 08°€ | 4-01-EE | L99 | - 0T'FLE | 8C'S | 0119 | 8TF || 010

I v I v I v I v I v i v i v I v 0

g1 dd 2 A8 oL z-Ds 948 zds 04S

"90URUOSAI 91} JO 1090%] Ajrrenb oy Surdrea pue [-() = © SuUIsn SUOIJR[NWIS o} 0} SUIpIiodoe uoljesyrdury :g°¢ a[qel,

8SV | LV¥ | LO0C | 89°0 | TO¥ | €0°€ | 6% | L6'C | O8°C | LV'T | L9°9 | €CF | 8¢'G | L&V | 8TV | ¢I'€ G6L
8Y'V | €€F | L0'C | €40 | 00% | €8°C | €&V | 96'€ | G€'€ | CG'T | 819 | IT'¥V | €8F | 98°€ | L8E | €6'C G89
VeV | ¥ | 80°C | SL°0 | G8°€ | 66°C | 8T'F | €8°€ | 19'C | 19T | L9°G | GL'€ | €9F | GT'V | €L°€ | 9L°C GLG
STV | 60 | 80'C | 08°0 | 6S°¢€ | LT'€ | Te¥ | 89°€ | ¢¢'C | CL'T | T0°G | €V°€ | 6% | OT'V | 9€°€ | 69°C qov
¥8'€ | 9L°€ | 60°C | €60 | CE'E€ | 68C | LOV | €9€ | 0CC | V8T | ¢I'V | €0°€ | LOV | 6€°€ | 86'C | ¥4'C gee
6¢'¢ | €¢°¢ | OT'c | 80'T | TT'€ | ¢6'C | 19'€ | 0¢°€ | ¥I'C | €6'T | OT'€ | 659°C | 1¢°€ | 16'C | ¢9C | 0€C Ve
Ge'c | €€C | ¥I'c | 6€°1T | 99°C | 09°C | L9°C | 8¥'C | L6'T | 06T | 00C | 88T | 8'C | 61'C | ¥6'T | €81 gel
0¢'T | 0¢'T | ST'¢ | 80'¢ | O€'T | 66T | G¢'T | §¢'T | O¢'T | O¢'T | 9T'T | GT'T | O¢'T | 61°T | ST'T | ¥I'T 14
Xewl | pUe® | XeW | pus | Xew | pPUS | XeW | pUS | Xew | pud | Xew | pUd | XBW | pu8 | Xew | pud O
cdT dd cAIS cdL ¢-O8 948 cds 04S




28 CHAPTER 3. DEVICE DESIGN

Figure 3.7 shows one transfer period of the SFO design. The brown line at the top shows the
voltage on the comb-drive. The second (red) line shows the capacitance of the comb-drive which
is calculated using the polynomial fit of the overlap which is shown as the third line in blue. The
lower three graphs are the signals that come from the SignalGenerator. Signal ToSwitchl is the
signal to Switchl, signal ToSwitch2 is the signal to Switch2 and the bottom one is Vi, . The
voltage on the comb-drive is equal to Vi, when ToSwitchl is high. When ToSwitchl changes to
0, the combs moves towards each other for a short while (the overlap increases), which can also
be seen by an increase in capacitance and a decrease in Vcombdrive. After that, the two combs
move away from each other and the overlap decreases together with the capacitance. This can
also be seen by an increase in Vcombdrive. The charge on the comb-drive is partly transferred
to the buffer capacitance when ToSwitch2 is changed to 1. Vcombdrive is then reduced to the
voltage on the buffer, which is in this case already slightly higher then V;, . However, it is not as
high as the highest value of Vcombdrive, which means that the buffer is not yet fully charged. At
the end of the transfer period, ToSwitch2 is returned to 0 and ToSwitchl becomes high again at
the next period which will bring the comb-drive back in resonance.
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Figure 3.7: 20Sim simulation results of a transfer period of the SFO design during the charging of the
buffer capacitor. «=0.1 and Q=795. The graphs is created at a lower accuracy, see chapter
3.2.4 for more detail.

3.2.4 20Sim

20Sim turned out to be a very diverse program which made it easy to make and adjust the computer
model of the comb-drive. However, several problems occurred during the course of the simula-
tions. The simulation engine usually did its work well, but the graphical user-interface (GUI) of
the simulator was not very stable. As it turned out, 20Sim had problems plotting large amounts
of simulation data. Attempting to plot a lot data points resulted in an error message or caused
20Sim to crash. Exporting the raw simulation data, without plotting, to do the data processing
using a different a different program, for instance MatLab, frequently resulted in a crash or one of
many error messages and could not reliably used to visualise the simulation results. Increasing the
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maximum step-size of the simulations reduced the amount of data points and if it was increased
enough, the data could be plotted. However, this resulted in simulations with a lower accuracy
which caused some glitches in the graphs. An accurate simulation could be done if only a few
output values were selected but not plotted, but in this case, the simulation results were a set of
numbers and no data was given about what happened during the simulation, only what the state
of the selected parameters were at the end of the simulation.

By combining the above, the tables in sections 3.2 and 3.3 could be filled with accurate simu-
lation data, while the figures in these sections were made at a lower accuracy. This means that
some of the figures will show strange unexplained glitches and that the values of the parameters
might be slightly different from the values in the tables. Care was taken that any strange simu-
lation artefacts in the figures were not present in the accurate simulations and that the shape of
the graphs in the figures is comparable to that of the accurate simulations.

When a figure is made using low accuracy simulations, this is mentioned in the caption. These
figures are mainly the figures that are the results of a parameter sweep.

3.3 Simulations of the updated model

During the simulations and during the experiments in chapter 4, it became clear that the converter
suffered from several parasitic effects which were not sufficiently modelled. A more accurate model
is presented below.

3.3.1 The Model

Most notably of these parasitic impedances are the leakage currents through the comb-drive and
buffer capacitance and the capacitances in the switches and the capacitance of the stator and bulk
parallel to the comb-drive. To see the effects of these parasitics, the model that is used in 20Sim
needs to be updated. The resulting model is shown in Figure 3.8. Parallel to the buffer capacitor,
there is a leakage resistor which combines the leakage through the capacitor and through the
opamp which is used to buffer the output from the measurement devices. Parallel to the comb-
drive there is a resistor and a capacitor. The origin of these are in the silicon-dioxide between
the device layer and the bulk of the SOI-wafer. The bulk of the wafer and the moving structures
are grounded to prevent the moving structures to snap to the bulk, as a result, there will be a
voltage difference between the stators of the comb-drives and the bulk when they are actuated.
The shown resistor is the resistance of the oxide, the capacitor is the parallel-plate capacitance of
the stator and the bulk. The capacitance is parallel to the comb-drive and thus it can be modelled
as an increase in capacitance of the comb-drive:

C(MEMS = Ccomb—drive + C(stator (37)

This immediately shows that the influence of the stator capacitance is very large since the max-
imum amplification depends on the ratio between Cypms max and Cuvems,min. The value of the
oxide resistor and the stator capacitor can be calculated using the area of the stator which is
determined in chapter 4.5. In our case, the stator capacitance is a factor 10-100 larger than the
capacitance of the comb-drive, depending on the design.

Capacitances have been added to the model for the switches to more accurately represent
the electronic switches. The resistance of the switch model used in chapter 3.2 already had a
value according to the datasheet of the used switches, but the parasitic capacitances had not been
added. The resulting switch model when they are added can be seen in Figure 3.9. The updated
code can be found in Appendix C.3. The used simulation method in 20Sim can not simulate two
parallel capacitors. Resistors of 1€ have been added between the capacitors in the switch model
and the ports with which it will be connected in the converter model. The model of the switches
only includes the off-capacitances of the MOSFETSs that make up the output stage and, does not
include other parameters like charge injection when it is switched. Making a complete model of
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Figure 3.8: Updated 20Sim model with parasitic impedances included.

the switch would be bejond the scope of this project. The capacitances of the switches are parallel
to the comb-drive, so the total capacitance of the part between the switches will be:

Ctotal = Ccomb—drivc + Cstator + CSwitchl,s + CSWitchZ,d (38)

Here Ceomb-drive 18 the capacitance of the comb-drive, which is on the order of 0.1-1pF, Cgator is the
capacitance between the stator and the bulk and is 16-40pF. Csyitcn1,s is the source capacitance
of Switchl and Cgyitch2,q4 is the drain capacitance of Switch2. Each has a value of 5pF.

input
pl * L | * p2
A As
— o Rswitch s ——

I

Figure 3.9: Updated 20Sim model of the switches. The resistors of 12 at the outputs are there to allow
20Sim to connect the switches to the comb-drive.

3.3.2 Results

The measurements done in section 4.3 show that the Q-factor in vacuum that was being used in
the simulations was to low. A quality factor of 3200 is more accurate and the simulations done
in the remaining of this section will use Q=3200, unless said otherwise. a was set to 0.1. The
results below show the results for the SFO design. The precise results of the other designs will be
different from this, but the influence of the parasitic impedances will be the same.

Table 3.5 shows the results when the updated model is used to simulate the first 0.1s of the
operation of the SFO design. From left to right, first each parasitic is added alone. After that,
the results are shown when all parasitics are added and the two columns at the right show the
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no only only only only all only | only

parasitics Rleakage Roxide Cstator Cswitch parasitics R C

Vout (V) 31.6 28.7 31.6 10.1 10.1 10.0 41.7 | 10.0
Amplification 4.16 3.59 4.16 0.98 0.97 0.99 3.82 | 0.99
Amax 4.16 3.65 4.16 1.03 1.06 1.02 4.18 | 1.02
Tout (nA) 3.16 2.87 3.16 1.01 1.52 1.51 4.17 | 1.51
Tout,max (nA) 62.8 620 82.8 60.0 68.5 90.6 40.6 | 90.6

Table 3.5: Simulation results of the first 0.1s of operation of the SF0 design. Each column gives the
results when different parasitics are added.

simulated results when only the resistive parasitics or capacitive parasitics are added. The re-
sults in the table clearly show that the resistive parasitics do not have a large influence on the
amplification. The resistance of the oxide reduces the amplification and current slightly, but the
leakage through the buffer capacitance even increases the amplification slightly. When any of the
capacitive parasitics are added, the amplification drops to around 1. The output current at the
end of the 0.1s is reduced by 50%. The maximum output current of the converter increases a lot
when the parasitic capacitances are added because a lot more charge can be stored between the
switches. At the beginning of the simulation, most of this charge is transferred to the buffer which
results in a high current when Switch2 opens for the first time.

Table 3.6 shows the maximum amplification during the simulations of the first 0.1s of operation
when all the parasitics are added and when only the resistive parasitics are present. Figure 3.10

Design only resistive all
parasitics parasitics

SFO 3.79 1.02
SF2 4.85 1.03
SF6 8.96 1.04
SG-2 2.70 1.00
TF2 4.32 1.02
StF2 3.28 1.02
PP 2.06 1.02
LF2 4.99 1.02

Table 3.6: Maximum amplification in the simulation during the first 0.1s of operation with and without
capacitive parasitics.

shows the simulation results of the SFO design when the parallel capacitance that combines the
capacitances in the stator and in the switches is increased from 107 to 10~° in 7 logarithmic
steps (the light lines being a low capacitance and the darker lines being a higher capacitance),
the maximum amplification in the first 0.1s is shown in Table 3.7. When the capacitance is in
the order of magnitude of the capacitance of the comb-drive, the amplification is still notable,
but when it is higher, the amplification is reduced to around 1. The other designs show the same
behaviour. The stator capacitance is calculated using the area of the stator as given by CleWin
and a electrical permittivity of 3.9 for the silicon-dioxide. The capacitances are given in Table
3.8. It shows that the stator capacitance is about 10-100 times larger than the capacitance of the
comb-drive.

Comparison to measured movements

During the measurements to find the resonance frequency, the displacement of the translator was
measured too. This data is used to see if the simulated displacement is accurate. Figure 3.11
shows the used model. The source resistor is a resistor of 1€2 which is added to make the model
a circuit that is valid for 20Sim. The oxide resistor and stator capacitance are included in the
model. Table 3.9 shows the comparison of the measured overlap and the simulated overlap. In the
simulations, the resonance frequency and quality factor that were measured in section 4.3 were
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Figure 3.10: Simulations results of the SFO design when the stator capacitance is increased from 10~'°
to 107%. The graphs is created at a lower accuracy, see chapter 3.2.4 for more detail.

Amplification | Cygewms
4.07 110~ 15
3.95 1.10—14
3.13 1-10—13
1.53 1.10—12
1.06 1.10—11
1.01 1-10—10
1.00 1-1079

Table 3.7: Simulations results of the SF0O design when the parasitic capacitance is increased from 10~'°
to 107°.

FF DC

SFO || 18.6pF | 29.6pF
SF2 || 18.7pF | 29.3pF
SF6 || 18.7pF | 29.4pF
SG-2 || 21.1pF | 26.3pF
TF2 || 26.9pF | 37.5pF
StF2 || 25.7pF | 35.4pF
PP 24.4pF | 37.3pF
LF2 || 16.8pF | 40.9pF

Table 3.8: Capacitance between the stator and the bulk of the chips
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used. Except for one design, the simulated maximum overlap is within 1.6 pm of the measured
maximum overlap. No clear cause has been found for the difference.

Figure 3.11: 20Sim model used to find the displacement for the comparison in table 3.9.

1
L1

Rsource

Voltage Source

|

f

Mass

fm =

FixedWorld

—Ff

Chip | Design Measured Resonance | Quality Simulated Difference
max overlap | frequency factor max overlap
pm (Hz) pm pum
FF3 SF2 6.74 9800 66 6.72 0.02
FF4 SFO0 4.78 8250 60 3.24 1.54
FF4 SF2 7.35 8260 58 6.31 1.04
FF4 SF6 11.6 8200 62 12.0 -0.42
FF4 SG-2 5.91 7950 90 4.79 1.12
FF4 TF2 7.71 8030 48 6.11 1.60
FF4 StF2 9.06 7880 46 5.78 3.28
DC3 | SFO 4.38 9100 74 3.78 0.60
DC3 | SF2 6.61 9260 66 6.73 -0.12
DC3 | SF6 11.0 9180 58 11.7 -0.78

Table 3.9: Comparison between measurements and simulation of the maximum overlap when actuated

with a sine wave.

3.4 Fabrication

The designs for the test-chips are made using CleWin [13]. Several Matlab scripts were available
to make masks for comb-drives in CleWin. The scripts have been modified to generate masks
for the structures designed in section 3.2. The process that is used to etch the comb-drives free
is described in section 3.4.6. A cross-section of the silicon-on-insulator wafer after processing is
shown in Figure 3.12. The stator and translator of the comb-drives are shown at the top. The
bulk and remaining oxide are at the bottom.

Stator

Stator

T ranslato% %

T Oxide

Bulk

Oxzde

Figure 3.12: Cross-section of the SOI-wafer after processing. The different parts of the structures are
indicated.
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3.4.1 Design overview

To obtain high performance of the test-structures, they need to have a lot of relative capacitance
change, a high absolute capacitance and a high resonance frequency. The high relative capacitance
change will result in a high output voltage. The high absolute capacitance means that a lot of
charge is transferred per period and a high resonance frequency means that the transfer will occur
often, both resulting in a high output current.

However, the designs need to stay within the limitations of the process. Chip-area is limited
and the moving structure can stick to the bulk underneath if it becomes to large. Two different
chips designs will be processed, each chip has 6600 pm x 6600 pm available area. Each chip design
will be fabricated several times.

The results from the simulations in 20-Sim (see section 3.2) are combined into a base-design
which, according to the simulations, has a voltage amplification factor of over 5 in vacuum. Each
of the other designs are based on that one, with only a few adjustments. Nearly the complete
mask is generated by MatLab scripts. The scripts can be found in Appendix E. All the necessary
variables can be set in one file: Set_Comb_variables.m, descriptions of all the variables are given
in Table 3.10. When a dimension is specified (width, length, etc), the direction is given in the
fourth column. Here, the x-axis is horizontal, the y-axis is vertical and the z-axis is out-of-plane.

All the different designs are shown in Table 3.11. The variables that are different from the
base design are printed in bold.

3.4.2 Spring Designs

An important part of the designs are the springs which connect the moving parts to the static
parts. To get as much design-freedom, two kind of springs are used. The first type is a folded
flexure (FF) spring. Figure 3.13 shows a design with folded flexure springs. The second type uses
double cantilever (DC) springs, see Figure 3.14. The folded flexure spring has as advantage that

Figure 3.13: Example of a comb-drive with folded flexure springs. The springs are encircled in red.

it has a linear spring constant over a large displacement, however, the stiffness in the z-direction
is rather low due to the large total length of the beams. The cantilever springs have a higher
stiffness in z-direction, but there is a larger chance that the structure might twist. To reduce this
effect, the beams are attached to the moving parts at different x location. Since both types of
springs have its advantages and disadvantages, both versions will be used to test which one works
best.

Except for FF-LF2 and DC-LF2, all the designs are designed to have a resonance frequency
of 10kHz. This frequency is a trade-off between a high frequency for more transfer periods and a
large mass as a result of a high number of (long) fingers. The desired spring constant is calculated
from the dimensions of the moving parts (and the resulting mass) and the resonance frequency.
Equation (3.9) shows the relation between the three variables.

0 frow = 1/ 2 (3.9)
m
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Variable Needed Type Direction | Unit Description
Name for
length Both Set y m Length of the fingers
overlap Both Set y m Amount of overlap between opposite fingers
gap Both Set X m Gap between opposite fingers
tipthickness Both Set X m Thickness of the tip of the fingers
basethickness Both Set X m Thickness of the base of the fingers
shape(1) Both Set Shape of the left side of the fingers
shape(2) Both Set Shape of the other side of the fingers
Shape #1 = Straight fingers
Shape #2 = Tapered fingers
Shape #3 = Maximum-force [14]
Shape #4 = Stepped fingers
N Both Set Amount of fingers
Vmax Both Set \% Maximum applied voltage, needed for force calculations
Y _steps Both Set y Amount of vector points on the y-axis of the fingers
banks Both Set Amount of banks
spring_width Both Set y and x m Width of the beams of the springs
fres Both Set Hz Desired resonance frequency
perfwire Both Set y and x m Width of the wires on a perforated block
perfperiod Both Set y and x m Period of the perforation
anchor_size Both Set y and x m Size of the anchors of the springs
bumpsize Both Set y and x m Size of the safety bumps
bumpgap Both Calculated y m Gap between moving parts and bumps
statortrunk FF Set X m Width of the trunk of the stator
statorbranch FF Set y m Width of the branches of the stator
spacer FF Set y and x m Space between drive and stator
drivebranch FF Set y m Width of the branches of the drive
drivebase FF Set y m Width of the base of the drive
truss FF Set X m Width of the truss of the springs
N2 FF Calculated Number of fingers per bank (rounded off)
N1 FF Calculated Number of fingers at upper branch
bankx FF Calculated X m Length of the branches
drivex FF Calculated b'e m Length of the base of the drive
drivey FF Calculated y m Length of the sides of the drive
bankbase DC Set y m Width of the banks
statorbase DC Set y m Width of the base of the stator
bankspacer DC Set y and x m Space between drive and stator
massspacer DC Set y m Extra room on the drive for springs
massx DC Set X m Width of the drive
N2 DC Calculated y Number of fingers per bank (rounded off)
massy DC Calculated y m Length of the drive
bankx DC Calculated X m Length of the banks

Table 3.10: Description of all the variables that can be set in the scripts for each design. FF in the
second column means the variable is needed for the structures with Folded-Flexure springs.
DC means they are needed for the structures with the Double Cantilever springs and Both
means they are needed for both.

Figure 3.14: Example of a comb-drive with double cantilever springs. The springs are encircled in red.
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Overlap Shape
Variable Base Small large Small Tapered Stepped Spring Parallel
Name Design overlap overlap gap fingers fingers constant plate
Design code SF2 SFO SF6 SG-2 TF2 StF2 LF2 PP
length 20-107° 20-107° 20-107° 20-10° 20-107° 20-10° 20-107° 0-10°6
overlap 2.10-6 0.-10-96 6-107¢ | —2.10°6 2.10-6 2.10-6 2.10-6 -3.10°96
gap 3.10-6 3.10°6 3.10°6 1-10°6 1-10°6 3.10°6 3-10-6 3.10°6
tipthickness 3-10~6 3.10°6 3.10°6 3.10°6 3.10~6 3.10°6 3-10~6 3.10°6
basethickness 3.10~6 3.10°6 3.10°6 3.10°6 7-10-6 7.-10°6 3.10°6 3.10°6
shape(1) 1 1 1 1 2 4 1 5
shape(2) 1 1 1 1 2 4 1 5
N 400 400 400 400 400 400 400 800
Vmax 10 10 10 10 10 10 10 10
Y _steps 5 5 5 5 5 50 5 5
banks 6 6 6 6 6 6 6 6
spring_width 3.10~6 3.10°6 3.10°6 3.10°6 3.10~6 3.10°6 3.10~6 3.10°6
fres 10000 10000 10000 10000 10000 10000 2000 10000
perfwire 3.10~6 3.10°6 3.10°6 3.10°6 3.10~6 3.10°6 3.10~6 3.10°6
perfperiod 8.1076 8.10-6 8-10-6 8.10-6 8.1076 8.10-6 8.1076 8-10-6
anchor_size 100-10-% | 100-10=% | 100-10-¢ | 100-10=¢ | 100-10~% | 100-10=6 | 100-10=¢ | 10010~
bumpsize 50106 50-10—6 50106 5010~ 50106 50-10—6 50106 50-10—6
statortrunk 100-10=% | 100-10=6 | 100-10=% | 100-10~% | 100-10=% | 100-10=6 | 100-10~% | 10010~
statorbranch | 50-10—6 50-106 50106 5010~ 50106 50106 50106 50106
spacer 30-10—6 30-10—6 30-10—6 30-10—6 30-10-6 30-10~6 30-10-6 30-10°6
drivebranch 50-10—6 50-106 50-10—6 50106 50-10—6 50-10—6 50-10—6 50-10~6
drivebase 100-10=% | 100-10=% | 100-10-% | 100-10=%¢ | 100-10=% | 100-10=6 | 10010~ | 100.10-F
truss 20-10—6 20-10—6 20-10—6 20-10-6 20-10—6 20-10—6 20-10—6 20-10—6
bankbase 50106 50-106 50106 5010~ 50106 50106 50106 50106
statorbase 100-10=% | 100-10=% | 100-10=% | 100-10=% | 100-10=% | 100-10=6 | 100-10=¢ | 100 10~
bankspacer 30-10—6 30-10~6 30-10—6 30-10~6 30-10~6 30-106 30-10—6 30-106
massspacer 150-10=% | 150-10=% | 150-10=% | 150-10=%¢ | 150-10=% | 150-10=6 | 15010~ | 150.10—F
massx 100-10=% | 100-10=6 | 100-10=% | 100-10~% | 100-10=% | 100-10=6 | 100-10=% | 100 10~

Table 3.11: Parameters that were used in the MatLab scripts to make the different designs. The param-

eters that are different from the base design are written in bold.
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Where fies is the resonance frequency, m is the mass of the translator and £, is the spring constant
in y-direction.

This spring constant is then used to calculate the required length of the springs. Equation
(3.10) shows the spring constant in the y-direction of the folded flexure springs [9] and equation
(3.11) shows the spring constant in the y-direction of the cantilever springs.[15]

b3
b3

Here FE is the Young’s Modulus of silicon (164GPa [9]), & is the height of the spring, b is the width
of the spring and L is the length of the spring.

3.4.3 Snap-in to the bulk

The translator and the bulk form a parallel plate capacitor with a rather large area. When a
voltage difference between the two plates occurs, an electrostatic force tries to pull them together.
The larger the area of the translator, the higher the force. The electrostatic force is given by:

2 2
Fezv—a—cz—v—% (3.12)
2 dg 2 g2
Where F, is the electrostatic force, V is the voltage between the translator and bulk, C' is the
capacitance, g is the gap between the translator and bulk and A is the area of the translator.
The springs that try to keep the plates away from each other are the ones that attach the
translator to the rest of the wafer. However, the spring-constant k., has to be calculated differently
since the shape of the springs are different in z and y direction. The mechanical force of the springs
on the plate is given by:
Fn,=k.z (3.13)

Where F,, is the mechanical force of the spring, k. is the spring constant in out-of-plane (z)
direction and z is the displacement of the spring. As a rule of thumb, snap-in occurs when
Jsnap-in = %gmax~[16}

Fe Z _Fm (314)
V2eA
Where:
Z = Gmax — g (3.16)
This gives:
V2 eA
—7972 > —k.Gmax — ¢ (3'17)
Vanap-in = 2 ﬁk‘zz (3.18)
P €A
gmax92 - 93
=%/ T k. 3.19
i (3.19)

(3.20)
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Together with g = % Jmax, this gives:

8g§1ax kZ

‘/sna -in = - 3.21
P 27 €A ( )

Where gnax is the distance between the translator and the bulk, which equals the oxide thickness:
1pm. The other factors that determine the snap-in voltage are the spring constant and the area of
the translator. The out-of-plane spring constant of the double cantilever springs is equal to that
of four parallel cantilever springs and is given by:

4Ewh?
kDC,z == T (322)

Where kpc , is the out-of-plane spring constant, E is the Young’s modulus of silicon, h is the
height of the spring (25pm), w is the width of the springs (3pm) and L is the length of the
cantilevers. Since the resonance frequency of the comb-drives is fixed by setting a certain length
of the springs, the length has to be calculated from the intended resonance frequency (equation
(3.9)), the mass of the translator and the spring constant in y-direction (equation (3.11)):

 4ERD?

L 2
. (3.23)
3Ehb?

BET=IENT] (3:24)

res

Where the mass can be calculated using the area A of the translator, the height h of the device
layer, the mass density p of silicon and the perforation factor PF which is the ratio between hole
and wire in the grid of the translator (see section 3.4.6):

M = AhpPF (3.25)

When equation (3.22), (3.24) and (3.25) are substituted in equation (3.20), this gives:

8 Ewh?4r2f2 AhpPFg3

res

27 4Fhw3eAPF (3.26)

[8 h3r2pgs
= fres : ﬁ w‘Q? (327)

(3.28)

VDC,snap-in =

A similar analysis can be done for the folded-flexure springs. In the z-direction, the folded-
flexure springs are clamped-clamped springs with twice the length of the folded-flexure spring.
The spring-constant can be calculated using: [9]

2FEwh3
krp.=2- 0L (3.29)
with
L'=2-1 (3.30)

Assuming the truss of the folded-flexure spring does not influence the spring constant in z-direction.
This results in a snap-in voltage given by:

8 4-4Bwg3h3n? f2 ApPF (3.31)
27 8 - 2Fhw3cAPF '

[ 8 h312pg3
= fres : ﬁ w2e - (3.32)

VFF,snap—in =
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Since the holes in the translator are much larger than the gap between the translator and bulk,
it is assumed that Acgective = Atransiator - PF. Where Aggective 18 the effective area that is used to
calculate the capacitance and Atansiator = A 18 the actual area of the translator as calculated by
CleWin. The perforation factor PF of the grid is calculated by:

PP — 2 - perfwire - perfp'eriod — perfx'zvire - perfwire (3.33)
perfperiod - perfperiod

The values of perfwire and perfperiod are given in Table 3.11 and result in PF = 0.609375. Figure
3.15 shows the grid of the translator. PF' gives the ratio between black and white on the translator.

Fingers

Figure 3.15: Part of the mask of the translator showing the grid needed to etch the translator free from
the bulk. The perforation factor PF is the ratio between black and white on the translator.

From equations (3.27) and (3.32) it becomes clear that the snap-in voltage for both types of
springs is only dependant on a few variables: the thickness h of the device layer, the width w of
the springs and the resonance frequency fes. When these values are entered into the equations,
the snap-in voltage is

Venap-in = fres - 0.001156 = 11.56V (3.34)

for all the designs with a resonance frequency of 10kHz. The LF2 designs have a snap-in voltage of
Venap-in = 2.312V. Both the translator and the bulk are grounded, but since there are still several
resistances in the path between translator and bulk, a voltage difference can still occur. However,
it is unlikely it is higher than the calculated snap-in voltages.

3.4.4 The different mask designs
Change in overlap

The first set of designs change the overlap of the fingers. Design 1 through 3 (SF0, SF2 and SF6)
have an overlap of Opum, 2pum and 6 pm respectively. Design SF2 is also the base-design from
which the others are derived. The different designs are shown in Figure 3.16 through 3.18. The
left figure is a close-up of a few fingers of the comb-drive. The middle figure shows the design with
folded-flexure springs and the right figure shows the DC designs.

Design SF0 has a smaller initial overlap (0 pm) then the base design, this means that the fingers
will be completely disengaged when the capacitance is lowest. However, a smaller force will be
available to pull the fingers in, so the maximum overlap will be smaller then the base design too.
Disengaged fingers mean a very low capacitance, so the ratio between maximum and minimum
capacitance can still be very large, but the output current will be low. Design SF2 is the base
design. The initial overlap is 2pum. Design SF6 has a larger initial overlap (6 pm). This means
that the fingers might not disengage completely, so the minimum capacitance will be relatively
large. However, the average capacitance will also be relatively large, so the output current of the
converter can be high.
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[TTTT] 5
LI ==

(a) Detailed view of (b) Maskdesign FF-SF0O (c) Maskdesign DC-SFO
the fingers of Design
SFO0

Figure 3.16: Maskdesign SFO: different overlap

(a) Detailed view of (b) Maskdesign FF-SF2 (c) Maskdesign DC-SF2
the fingers of Design
SF2

Figure 3.17: Maskdesign SF2: different overlap

(a) Detailed view of (b) Maskdesign FF-SF6 (c) Maskdesign DC-SF6
the fingers of Design
SF6

Figure 3.18: Design SF6: different overlap
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Small gap

The minimum feature size of the process is 3um, so it is not possible to make a very small
gap between the fingers. To work around this limitation, Design SG-2 has been made, which
has initially disengaged fingers (by 2um), but when they engage, the gap will be 1pum. When
disengaged, the capacitance will be very low and when the fingers are engaged, the capacitance
will be very high. The FF design is shown in Figure 3.19(b) and the DC design is shown in Figure
3.19(c).

LI

(a) Detailed view of (b) Maskdesign FF-SG-2 (c) Maskdesign DC-SG-2
the fingers of Design
SG-2

Figure 3.19: Maskdesign SG-2: small gap

Change in finger-shape

The designs above all have straight fingers. By changing the shape of the fingers, the electrostatic
force and the capacitance can be tuned. Design TF2 has tapered fingers while Design StF2 has
fingers with a step in them. The electrostatic force of the tapered fingers increases gradually when
the fingers are more engaged. The stepped fingers have a small capacitance when only the tip of
the fingers overlap, but the gap decreases a lot when the tips reach the thick part of the fingers
and it decreases even more when the thick parts overlap. Since the capacitance is proportional to

ﬁ, the capacitance increases with each step. The designs can be seen in Figures 3.20 and 3.21.

W 170

(a) Detailed view of (b) Maskdesign FF-TF2 (c) Maskdesign DC-TF2
the fingers of Design
TF2

Figure 3.20: Maskdesign TF2: tapered fingers

Lower spring constant

The force that is needed to displace the moving parts is proportional with the spring constant. By
decreasing the spring constant, the displacement of the moving parts should increase, and with
it the ratio between minimum and maximum capacitance. However, a lower spring constant also
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(a) Detailed view of (b) Maskdesign FF-StF2 (c) Maskdesign DC-StF2
the fingers of Design
StF2

Figure 3.21: Maskdesign StF2: stepped fingers

means that the pull-in voltage towards the bulk decreases and, if the mass remains constant, also
that the resonance frequency and thus the output current, decreases. One design is designed for
a resonance frequency of 2kHz. The mass of the translator is equal to that of design SF2, so a
lower resonance frequency can only be achieved by lowering the spring constant. In this case that
is done by increasing the length of the springs. The design can be seen in Figure 3.22.

(a) Detailed view of (b) Maskdesign FF-LF2 (c) Maskdesign DC-LF2
the fingers of Design
LF2

Figure 3.22: Maskdesign LF2: Low spring constant

Parallel plate capacitor

The last design is a parallel plate capacitor. Since the process only guarantees controlled movement
in a horizontal direction, the plates have to be made perpendicular to the surface. This can be
done by making a comb-drive with a finger-length of O pm. The gap between the plates is set to
the minimum feature size: 3um. Since this design does not need chip area for fingers, the banks
can be made larger than those of the other designs. The size of the banks has been increased from
an equivalent of 400 fingers, to the equivalent of 800 fingers.

The design of the parallel plate drive is shown in Figure 3.23.

) Detailed view of (b) Maskdesign FF-PP ) Maskdesign DC-PP
the fingers of Design
PP

Figure 3.23: Maskdesign PP: parallel plate drive
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3.4.5 Final Designs

The final designs of the complete chips are shown in Figure 3.24 and 3.25 for the FF and DC
structures respectively. To protect the structures, small bumps are placed close to the moving
parts so that the fingers of the comb-drive can never hit the opposite bank. Large blocks are
placed close to the springs to reduce the etching from the side.

Figure 3.24: Overview of the final design with the folded flexure springs.

3.4.6 Processing

The designs were fabricated using a single mask process. The designs as they are shown in the
figures above function as a mask for a Deep Reactive Ion Etch (DRIE) process. The black parts
of the mask remain, while the white parts are etched away so that only silicon dioxide remains.
The mask is then removed and a vapour HF process is used to etch the exposed oxide layer. The
process causes a few micrometer under-etch which is used to release small structures (like the
springs) or the structures that are patterned with a grid with a low enough perforation factor
(like the moving masses of the comb-drives). A graphical representation of the process is shown
in Table 3.12.

3.4.7 Results

Ten chips with the double-cantilever designs and twelve chips with the folded-flexure designs were
fabricated. Some photo’s of the double-cantilever chips are shown in Figure 3.27. The left figure
shows the complete DC2 chip. The photo was taken under a msall angle, due to this and the grid
in the translators, different colours of light reflect in different direction, resulting in a nice colour
spectrum. Figures 3.27(b) and 3.27(c) show the TF2 and SF2 designs respectively.

Inspection of the springs and fingers of the comb-drives showed that the sharp corners are rounded.
However, this was expected and the result is still close to the mask. Figure 3.26 shows a photo
of a part of the FF5-SF0 design. The black lines on the photo are the outlines of the used mask.
The holes in the translator are slightly larger then on the mask and the fingers have rounded tips,
but no significant differences can be seen. The other chips showed similar results.
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Figure 3.25: Overview of the final design with the double cantilever springs.

Silicon-On-Insulator wafer
[ T
Mask for DRIE process
TE BT
DRIE to remove parts of the device layer
Remove the mask
Stator Stator
U Translator {} {}
I RlT
R oxide { 1}
I Oxide
Vapour HF etch to remove oxide and release structures B Bu

Table 3.12: The process used to fabricate the designs
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Figure 3.26: Photo of the FF5-SFO0 design after fabrication. The outline of the mask design is drawn
over it.

(a) Photo of the DC2 chip which was (b) Photo of the DC-TF2 design. (c) Photo of the DC-LF2 design.
held under an angle under a micro- The photo was taken with a micro- The photo was taken with a micro-
scope. The grids on the translators scope. scope.

reflect different colours light differ-

ently.

Figure 3.27: Photo’s taken of the DC2 chip after it was fabricated.

The influence of the grid on the reflection of light is shown in Figure 3.28. On both the mask
of the FF chip as on the mask of the DC chip a lightning bolt was made. The mask of this bolt is
shown in the left figure. The periodicity of the lines that made up the inner part of the lightning
bolt was increasing from top to bottom, while it was decreasing in the outer part of the lightning
bolt. The result can be seen in the photo on the right in the figure. This picture had to be taken
under a small angle to bring out the full spectrum of colours.

Figure 3.29 shows some photo’s of the folded-flexure chips. The left photo is a photo of the
complete chip when it is held under an angle. Like in figure 3.27(a), the grids on the translators
are clearly visible. Figure 3.29(b) and 3.29(c) show the SG-2 and SF2 design respectively.
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(a) Picture of the lightning bolt (b) Photo of the lightning bolt
on the FF mask design. on the FF2 chip.

Figure 3.28: Pictures of the lightning bolt on the chip. The difference between the inner and outer part
of the lightning bolt can clearly be seen.

(a) Photo of the FF2 chip which was (b) Photo of the FF-SG-2 design. (¢) Photo of the FF-LF2 design.
held under an angle under a micro- The photo was taken with a micro- The photo was taken with a micro-
scope. The grids on the translators scope. scope.

reflect different colours light differ-

ently.

Figure 3.29: Photo’s taken of the FF2 chip after it was fabricated.



Chapter 4

Experiments

4.1 Introduction

The final goal of the converter is to actuate the IBM scanning table. Section 4.2 shows the
measurements that are done to find the required output specifications for the converter.

While the designs were being fabricated in the MESA+ cleanroom, the electronics for the
actuation were made. Details on the setup are given in section 4.4. For maximum displacement,
the structures need to be actuated at their resonance frequency. How the resonance frequency
and Q-factor of each design is found is described in section 4.3. During these measurements the
structures were actuated using a sine wave.

Parasitic impedances turned out to have a major influence in the performance of the converter.
Chapter 4.5 show the measurements that have been done to investigate the leakage currents.

4.2 Output specifications

To find the input impedance of the IBM scanning table, the comb-drives will be actuated with a
sine-wave of different frequencies. These frequencies will be sufficiently higher then the resonance
frequency of 140Hz so that the mechanical properties of the comb-drives will not interfere with
the electrical characterization.

The setup in Figure 4.1 will be used. The elements outside the red lines are the internal
impedances of the oscilloscope that was used (Tektronix TDS3014B). Rscope is specified by the
manufacturer to be 1M, Cycope is specified to be 13pF. The measurement resistor Rpcas Was
measured to be 21.1M).

Scope channel 2 Rcomb Scope
Cscope |, channel 1
il IV'” Ccomb - Cscope
1 e i
Rscope Rmeas |Rscope

Figure 4.1: Electrical circuit of the measurement setup

To find the capacitance of the comb-drives, the phase change between the signals on the two
scopes was measured. The resistance of the comb-drive was calculated by calculating the current
through the measurement resistor and the scope, see (4.4).

Rcomb = ?Comb (41)

Tmeas

47
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VUcomb = Uscope2 — Uscopel (42)
beens = VUscopel _ Uscopel * (Rmeas + Rscope) (43)
Rmcas//Rscopc Rmcas : Rscopc
Substituting (4.2) and (4.3) in (4.1) gives:
Rcomb _ Uscope; - Usc}:pel _ (UscopeQ - Uscopel)(Rmeas : Rscope) (44)
Vscopel ' (Rmeas+Rscope ) VUscopel (Rimcas + Rscope)

Rmeas'Rscope

The capacitance of the comb-drives can be calculated theoretically and from the measurements.
The fingers have the stepped shape described in [14], but since they are not engaged enough to
reach the step, the capacitance can be approached by the parallel plate capacitor equation, adapted
for comb-drives:
eohx

g

Here N is the amount of finger pairs (698 in this case), h is the height of the fingers (400 pym), x
is the overlap of the fingers (25 pm) and g is the gap between the fingers (also 25 um). This gives
a total capacitance of the comb-drive of 4.9pF. To find the capacitance through measurements,
the phase shift caused by the comb-drive has to be measured, this can be done automatically by
the used oscilloscope. Using the equivalent impedances for the comb-drive (equation (4.6)) and
for the measurement resistor with scope (equation (4.8)), the phase change can be calculated by
equation (4.9) and (4.11).

C=2N

(4.5)

Rcomb o Rcomb . chombRgomb
] - 2012 2 —J 22 ) (46)
1+ chcombRcomb 14+w CC R, 1+w Cc R

omb” “comb omb” “comb

Zcomb = Ccomb//Rcomb =

Rimecas Rscope

Rmeas+ Rscope
chas = Rmcas//Rscopc//Cscopc == £ (47)

, JE——
1+ jwCiscope Rpne Rocone

2
Rmeas Rscope UJO RmeaSRscope
RmeastRscope SCOPC \ Rmeas+ Rscope

Zmeas = R R P} _.j
2,12 meas Bscope
1+ w*Ceope (Rmeas+Rscope)

2
2,12 Rmeas Rscope
1 + w Cscope (Rmeas +Rscope )

2
wCcomb R

comb
140202 Room

pom—eemt | = arctan (—wCeomblcomb)  (4.9)
1+w2C2 | R2

comb

%(Zcomb)
R

Ocomb = arctan (
( Comb)

) = arctan

Rmeas Bscope
Rmeas+Rscope

Rmeas Rscope ) 2
Rmeas+ Rscope

3 Zm 1+w2cs2<:0 e
$scope = arctan (;(eas)) = arctan | — - (4.10)

Rmeas Rscope ) 2
(chas) wCscope (m

Rmeas Rscope ) 2
Rmeas+Rscope

14+w2C2

scope

Wc’scopeRmeasRscope
Rmeas + Rscope
The capacitance of the comb-drives can then be calculated using equation (4.12):

¢scope = arctan (_ > = Gcomb + ¢measured (411)

tan <¢measured - d)scope)
7WRcomb

Coomb = (4.12)

The results of the measurements can be seen in Table A.2 in Appendix A, the peak-to-peak
voltage of the sine-wave was 59.8V. The rms power is calculated by Puns = 12 - Reomb- From this
can be concluded that the comb-drive has a leakage resistance of about 5M() and a capacitance of
about 3pF. The DC-DC converter needs to be able to supply approximately 10 pA continuously

at ‘/Y(,ut = 50V.
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4.3 Mechanical behaviour of the converter

The Polytec MSA400 vibrometer [17] was used to determine the resonance frequency and quality
factor of the designs. The electrical output of the vibrometer applies a sine wave to the structure
and optically records the movement of the structure. The Polytec software is capable of analysing
the images and extract the movement of the comb-drives from it. By repeating this for sine
waves of different frequencies, a bode-plot can be made. An example of the results is shown in
Figure 4.2. The magnitude of the movement and the phase in comparison to the driving signal are
displayed and can be exported for further analysis. The camera in the vibrometer has a limited
framerate. To be able to capture pictures from small and fast movements, it uses stroboscopic
video microscopy. As a result, a measurement of 1 period is actually taken over many periods.

f

AN

R S —

b n'ML"L-.rL','M',.J'H‘L:»LW: A

Figure 4.2: Example of a bodeplot made from the measurements with the Polytec vibrometer

The first measurements were done at approximately 1 bar, these measurements give a good
idea of what the resonance frequency is. The measurements were then repeated at a lower ambient
pressure and higher accuracy. The measurements at vacuum were done with an ambient pressure
between 1076 and 107° bar. Since the displacement is much larger at lower pressure, the actuation
voltage is reduced during these measurements. A total of 12 chips with the Folded Flexure designs
(coded as 'FF’ and a number) and 10 chips with the Cantilever-designs (coded as 'DC’ and a
number) were made, however, the measurements take a long time, so not all chips have been
tested. Due to imperfections in the process, nearly every chip had at least a few non-functioning
designs. Table 4.1 shows the resonance frequencies of the working designs. The chips and designs
that are not displayed were either not tested or not functioning. Only a few designs were fully
tested in vacuum. The Quality factor @ of the resonance is calculated by:

fmeasured
Q= B (4.13)
Where BW is the bandwidth of the resonance peak of the displacement.

Figure 4.3 shows the bode plot of the displacement measurement of the DC7-PP design in
open air. The vertical line at 7300Hz is the cursor placed at the resonance frequency. During
these measurements, the comb-drive was actuated using a sine wave with an amplitude of 5V and
an offset of 5V. The frequency of the sine wave is increased by 50Hz between each measurement.
To decrease the measurement time, most measurements were first done with large frequency steps
between the measurements so that the resonance frequency could be estimated. After that, a more
accurate set of measurements was done to find the exact location of the resonance frequency. This
can clearly be seen in Figure 4.4 which shows the bode plot of the measurements on the FF3-SF2
design. First a set of measurements was done from 5kHz to 11kHz with steps of 500Hz. After
this, a more accurate measurement was done from 9.5kHz to 10kHz in steps of, in this case, 10Hz.
The cursor is again placed on the resonance frequency at 9800Hz. Figure 4.5 shows one set of
measurements which is used to make the bode plot. The plot shows the displacement during one
period of the measurement done at 9800Hz. The camera in the vibrometer takes sixteen shots
of the comb-drive each at a different phase. The software then analyses each image to find the
displacement of the translator. A sine wave is fitted to this data to find the amplitude of the
displacement.



o0 CHAPTER 4. EXPERIMENTS

—sstetosern
.,
o,

A St ooy st

Figure 4.3: Bodeplot of the measuremeed displacement of the DC7-PP design when actuated with a sine
wave by the Polytec vibrometer.
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Figure 4.4: Bodeplot of the measuremeed displacement of the FF3-SF2 design when actuated with a
sine wave by the Polytec vibrometer.
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Figure 4.5: Measured displacement of the FF3-SF2 design when it is actuated with a sine wave by the
Polytec vibrometer at 9800Hz. A sine wave is fitted to this data to find the amplitude of
the displacement which is used in the bodeplot.
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Chip | Design | Resonance frequency (Hz) ‘ Quality factor
open air vacuum open air | vacuum
DC3 SFO 9100 9153 74 3774
FF2 SFO 9120 78
FF4 SFO 8250 60
FF5 SF0 9040 64
DC3 SE2 9260 66
FF3 SF2 9800 66
FF4 SE2 8260 8300 58
DC3 SE6 9180 58
FF4 SF6 8200 8250 62
FF4 SG-2 7950 8060 90
FF2 TF2 8850 54
FF4 TF2 8030 8095 48 2958
FF4 StF2 7880 46
DC3 PP 6750 3.54
DC5 PP 6200 4.01
DC6 PP 7400 3.32
DCr7 PP 7300 3.64
DC10 PP 6700 2.32
FF6 PP 8500 8917 4.70 4182
FF11 PP 9000 4.82
DC3 LF2 1870 13

Table 4.1: Resonance frequencies and Q-factor of the measured chips and designs

Figure 4.6 shows the displacement of the FF4-SF2 design when it is actuated at its resonance
frequency while the ambient pressure is changed. It is clear that the pressure is of great influence
to the displacement. While the pressure is lower then 0.5mbar, the displacement is limited by
the safety bumps on the chips, when the pressure is higher, the displacement decreases rapidly.
Measurements done on other designs showed the same.

4.4 Actuation electronics

4.4.1 Introduction

The simulations use two switches to regulate where the charge is going. These switches need an
input signal that is synchronized with the square wave of the input voltage. The fabricated designs
will have a very low output current. No more then a few nano ampere, which means that the
measurement equipment has to have a very low leakage current to make sure it does not interfere
with the operation of the converter.

4.4.2 Parasitic impedances

The electrical model of the resonance converter is given in Figure 4.7. Figure 4.8 shows the model
with the parasitic resistances and capacitances, the parasitics are shown in red. An opamp is used
to buffer the output to the measurement equipment. Figure 4.9 shows the same with the parasitics
ordered together.

The switches

There are several ways to implement the switches that are shown. The easiest method would be
to use diodes, but simulation showed that this would not work (see 3.2). Other ways to implement
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Figure 4.6: Measured displacement of the FF4-SF2 design when it is actuated with a sine wave by the
Polytec vibrometer at 8260Hz. The measurement is repeated at different ambient pressure.
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Figure 4.7: Electrical circuit of a DC-DC converter with a variable capacitor
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Figure 4.8: Electrical circuit of a DC-DC converter with the parasitic impedances
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Figure 4.9: Equivalent circuit to Figure 4.8 with the leakage resistors grouped together
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them is using mechanical MEMS switches or by using transistors. For the testing setup, an IC
chip was selected with 4 switches which use CMOS transistors (Vishay DG212B). According to the
datasheet, the typical leakage resistance of each switch when closed is 3 -10'2€). The capacitances
between source/drain and ground of each switch are typically 5pF.

The buffer capacitance

The leakage resistance of most capacitors is lower then 10'°Q which would result in a leakage
current of at least 0.1nA at 10V for the capacitor alone. A polypropene film capacitor was found
with a leakage resistance of at least 5 - 10''€). The capacitance is 100pF +5%.

Measuring devices

To see if the converter is actually converting to a higher voltage then the input, a measurement
device has to be attached. To reduce the leakage current through the measurement devices, an
opamp is used. A feedback loop was added to get an amplification of 1. The opamp used is
an LMC6482, which has an input current of 50fA and an input capacitance of typically 3pF.
The maximum output current is £30mA which should be sufficient for any measurement device
(oscilloscope, voltage meter, etcetera).

4.4.3 The Micro Controller

To generate the right signals and make sure the timing of them is correct, a micro controller is
used. The microcontroller that was used is an ATmega32. An external clock of 14.7456MHz is
supplied to the microcontroller. The language used to program the microcontroller is C and the
final code for the signal generation is given in Appendix F.1. The ATmega32 can only supply
output voltages up to 5V. This is enough to turn the switches on and off, but the voltage of the
square wave needs to be higher. The opamp that is used to buffer the output for the measurement
devices has two opamps on the chip, so the second one can be used to amplify the square wave
from the microcontroller. The feedback-loop was made variable so the voltage of the square wave
could be set to any voltage between 5.6V and 17V.

The code that is used first generates an array with entries that represent the output. A timed
interrupt is generated at appropriate moments, when this happens, the next entry in the array is
transferred to the output port. The length of the array is determined by several factors. Each
period of the square wave is divided into a number of steps. The square wave is used to oscillate the
comb-drive for a certain amount of periods and then a transfer period occurs in which the charge
on the comb-drive is transferred to the buffer capacitance. For instance, when there are 10 steps
per period and there are 5 periods between transfer periods, the array would have 10- (5 + 1) = 60
entries. 10 steps per period means that an interrupt has to be generated at 10000 - 10 = 100kHz.
This interrupt is generated after a fixed amount of clock cycles. In this case, this would be
14735600 — 147.456. This number can only be an integer, so the interrupt-frequency can only be
set with a certain accuracy. The stepsize is equal to 14714457600 — 14714458600 ~ 678Hz for the interrupts,
which results in a stepsize of % = 67.8Hz for the resonance frequency. Since the bandwidth of
the devices is lower then this, especially when operating in vacuum, the actuation frequency has
to be fine-tuned. By changing the amount of steps per period, it could be tuned to within several
hertz of the intended frequency. A photo of the circuit board that held the electronics is shown
in Figure 4.10.

4.4.4 Packaging

To protect the samples and to make it easier to attach the samples to the electronics, the chips
need to be packaged. A package was available which had 44 connections. It could be mounted
on a set of printed circuit boards (PCBs) which were made during a previous project. During
the measurements, the chips had to be placed in a vacuum chamber with connections to the
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Figure 4.10: Photo of the electronics used to actuate the converter. The large IC at the lower right is
the microcontroller. The IC at the lower left contains the switches. The IC at the top
left is the opamp. The big wheel above it is the variable resistor for the feedback of the
amplification of the input voltage.

outside. To be able to do this and easily change chips, an interface was made which could easily
be connected at the inside of the vacuum chamber. Two photo’s of the chips, PCB and interface
is shown in Figure 4.11. Figure 4.12(a) and Figure 4.12(b) respectively show photo’s of the FF
and DC chips on their PCB.

Figure 4.11: Photo’s of the chips on their PCB with the interface to connect them inside the vacuum
chamber. The pins visible in the foreground can be used to attach the connectors of the
vacuum chamber.

4.4.5 Results

To test if the actuation electronics were able to actuate the comb-drives, the movement of the
combs were measured, again using the Polytec Vibrometer. During the test, the measurement
setup would continuously actuate the comb-drive with a square wave at a frequency which was
as close to the resonance frequency as possible with the used setup. The vibrometer can not do
measurements using an external trigger. This means that for each measurement, the measure-
frequency of the vibrometer had to be tweaked so it had the same period as the actuation from
the microcontroller.

The result was a time-measurement from the vibrometer that looked like the one in Figure 4.13.
The figure shows the movement of the translator over five periods when the FF4-SF2 design is
actuated by the microcontroller while it is in an ambient pressure of 1.4 pbar. Figures 4.14 and 4.15
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o ! LA 8007 oo p4eogd:
(a) Photo of the PCB for the DC3 chip. (b) Photo of the PCB for the FF3 chip.

Figure 4.12: Photo’s of the PCBs with the chips. The chips are connected to the interface by the yellow
wires and by wires underneath the PCB.

show the translator when it is furthest from respectively closest to the stator. The cursor shows
where in time the photo was taken. The displacement in Figure 4.14 is —15.5 pm, which means the
‘overlap’ of the fingers is —15.5+ 2 = —13.5pm because the initial overlap is 2 pm. In Figure 4.15,
the overlap is 17.3 pm. The noise on the measured displacement is caused by a small phase-drift
between the actuation signals from the microcontroller and the measurements from the vibrometer
and inaccuracies during the image analysis. According to the simulations, the displacement would
be reduced after each transfer period, this can not be seen in these measurements. The reason of
this difference is that the simulations were only done for a 0.1s and even after that short time, the
simulations already show a smaller decrease in movement than at the start of the simulation. The
measurements were done when the comb-drive was already actuated for several minutes. This
time was needed to find the right measurement period on the vibrometer. To simulate several
minutes of the operation of a design would cost too much computing power. In Figure 4.16, the
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Figure 4.13: Measurement results from the vibrometer when the FF4-SF2 design is actuated by the
microcontroller at an ambient pressure of 1.4 pbar.

e

measurement data of the FF4-SF2 design are combined with the signals from the microcontroller.
The phase-difference between the measured displacement and the actuation signals was measured
using a oscilloscope and compensated for in the figure.

Table A.3 in Appendix A shows the output voltages that were measured using the actuation
electronics and several different comb-drives. Two different measurements were done. The mea-
surement on FF4-TF2 varied the time when Switch2 opens, but it always closed at the last step
of the transfer period. During the measurements on FF4-SG-2 and FF6-PP, Switch2 was only
open for one step during the transfer period. The measured output voltage did not change when
Switch2 was opened or closed at a different moment. The measured output voltages are all slightly
higher then the input voltage, but this is because the opamp-buffer has a transfer of slightly higher
then 1.00.
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Figure 4.14: The FF4-SF2 design when its translator is displaced furthest from the stator. The 'overlap’
is —13.5um. The graph underneath the photo shows the displacement. The vertical line
(the cursor) shows when the photo was taken.
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Figure 4.15: The FF4-SF2 design when its translator is displaced closest to the stator. The ’overlap’ is
17.3 um. The graph underneath the photo shows the displacement. The vertical line (the
cursor) shows when the photo was taken.
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Figure 4.16: The displacement of the FF4-SF2 design measured by the vibrometer and the signals from
the microcontroller that are used to actuate it.
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4.5 Leakage and parasitics

The total leakage resistance is calculated from the measured RC-time of the discharging of the
system. First, all the capacitances need to be charged to a certain voltage, then the discharge-time
can be measured. The resistance is calculated using equation (4.15).

chharged - Vdischarged —1_ e*m (414)
Vcharged
1
Rleakage = v v (415)
—In (1 _ Venharged— discharged) . Chotal
Veharged t

Where Rjeakage is the total equivalent leakage resistance seen from the buffer capacitance, Veharged
is the voltage to which the system is charged, Viischarged is the voltage to which the system has
discharged after ¢ seconds. Ciota is the equivalent capacitance of all the capacitances in the system.
From Figure 4.9, the total capacitance is given by:

1 1
Crotal = —7 T + Chuffer + — - (4.16)

Chbiode Cswitehl +Ceomb-drive +Cswitch2 +Cstator Copamp,in Coscilloscope

Here Ciotal is the total capacitance in the system, Cpjoqe is the capacitance of the diode (8pF),
Cswitcn1 and Csyitcn2 are the total capacitances of the switches (10pF), Ceomb-drive is the capaci-
tance of the comb-drive (0.1-1pF), Cstator is the capacitance between the stator of a comb-drive
and the bulk (16-41pF), Chuger is the buffer capacitor (100pF), Copamp.in is the input capacitance
of the opamp (3pF) and Coscilloscope 1S the input capacitance of the oscilloscope (13pF). This
equation assumes that the capacitances of the wires and contacts are negligible. This then gives
Chotal ~ 106.4 - 107'2F. This value is mainly dependant on the buffer capacitance of 100pF.

The charging of the system is done by supplying a Vi, and turning both switches to the
conducting state. During the period it discharges, the switches are turned off. The results of
the measurements are shown in Table A.4 in Appendix A. The comb-drive that was used during
the measurements is FF4-SF2 (see section 3.4). The measurements were done using different Vi,
. To investigate the influence of Switchl, the measurements were done while Vi, was on during
discharge and while it was off during discharge. The influence of the comb-drive was investigated
by repeating the measurements without a comb-drive connected in the circuit. This shows that
the leakage current is about a factor 10 higher when the comb-drive is connected. The influence of
Switchl is not large on the complete leakage current when the comb-drive is not connected, when
a comb-drive is connected, the leakage current increases with 20-30%. To get a more accurate
indication of the leakage current through the comb-drive, the current has been measured using a
picoAmpere meter. To measure the current, both switches are turned on, while Vi, is constantly
high. The input voltage was varied from 5V to 15V. Table A.5 in Appendix A show the leakage
resistance that is calculated from the currents. In some cases, the measured current was extremely
high (>1mA) which indicates a short-circuit and were not used in the results. The last column
of the table shows the theoretical resistance of the silicon-dioxide, which is calculated using a
resistivity of 1014 [18] and an oxide thickness of 1pm. None of the properties of the oxide have
been directly measured. The manufacturer specifies a wet oxidation process and an oxide thickness
of 1+ 0.1pm. The resistivity might have been lowered because some of the doping in the device
layer and bulk have migrated into the oxide. The area that was used is the area of the static parts
of the designs. The area is determined for each stator from the masks using CleWin and ignores
the undercut due to the release step during fabrication. The values that are used are shown in
Table 4.2. For the FF6 chip, the measured resistance is a factor 50-100 lower then the theoretical
value, but for the other two chips the difference is only a factor of 2-4. Since the actual quality
of the buried oxide in unknown, the leakage of these two chips is most likely only from the oxide.
The difference between measured and calculated resistance of the designs on the FF6 chip might
be caused by impurities or dirt on the wafer.

Table 4.2 also shows the resistance and capacitance calculated from the area and the measured
resistance.
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Chip | Design | Stator Area Roxide Roxide Cstator
(calculated) | (measured) | (calculated)
(cm?) (To) (TQ) (oF)
FF6 | SFO 0.005392254 1.85 0.02 18.6
FF6 | SF2 0.005417956 1.85 0.02 18.7
FF6 | SF6 0.00542872 1.84 0.02 18.7
FF6 | SG-2 0.006107476 1.64 1.67-107° 21.1
FF6 | TF2 0.007787347 1.28 0.02 26.9
FF6 | StF2 0.007432477 1.35 0.03 25.7
FF6 | PP 0.007078421 1.41 0.02 244
FF6 | LF2 0.004879099 2.05 0.02 16.8
FF4 | SFO 0.005392254 1.85 3.07-107° 18.6
FF4 | SF2 0.005417956 1.85 1.47-1074 18.7
FF4 | SF6 0.00542872 1.84 0.81 18.7
FF4 | SG-2 0.006107476 1.64 1.74-107° 211
FF4 | TF2 0.007787347 1.28 0.76 26.9
FF4 | StF2 0.007432477 1.35 2.36 - 107 25.7
FF4 | PP 0.007078421 1.41 0.55 244
FF4 | LF2 0.004879099 2.05 0.77 16.8
DC3 | SFO 0.008577221 1.17 0.85 29.6
DC3 | SF2 0.008490946 1.18 0.33 29.3
DC3 | SF6 0.008530533 1.17 0.51 29.4
DC3 | SG-2 0.007614287 1.31 0.43 26.3
DC3 | TF2 0.010867071 0.92 0.55 37.5
DC3 | StF2 0.010252487 0.98 3.07-10710 354
DC3 | PP 0.010793145 0.93 1.30-107° 37.3
DC3 | LF2 0.011861809 0.84 0.18 40.9

Table 4.2: Area of the stators, determined from the masks by CleWin. The area is used to calculate the

resistance and capacitance.
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Discussion

The simulations in section 3.2 show that a comb-drive can be used to convert the input voltage to
a higher output voltage. Earlier measurements on other comb-drive structures showed a quality
factor of the mechanical resonance of 25 in open air and 800 in vacuum. When these settings are
used, the simulation results indicate that a voltage amplification in vacuum of nearly seven can be
reached with one of the designs with an output current of a few nA. The equations in chapter 2
showed that the amplification and output current can be changed by changing the moments when
the comb-drive is charged and discharged.

Section 4.3 shows the measurements of the mechanical behaviour of the fabricated designs. The
results presented in Table 4.1 show that the resonance frequencies of the structures are up to
38% lower then designed for. This is caused by the etch process. During etching, the springs
were attached from the sides and that gave them a tapered shape. This shape resulted in a lower
stiffness and thus a lower resonance frequency. Previous experience showed that the tapering can
be reduced if the device layer is not etched away close to the springs. This was done during the
mask design, but as it turned out, it did not protect the springs well enough against etching.
The measurements also showed the influence of the ambient pressure. The displacement of the
translator is reduced to a few pm when the ambient pressure is higher then 0.5mbar. Below this
pressure, the displacement is limited by the safety bumps that were placed during the mask design
to prevent the combs from snapping to each other.

Two different spring designs were used to test which one would give the results. Neither the
folded-flexure springs, nor the double-cantilever springs showed any notable advantage over the
other type of springs. Both type of springs allowed for a large displacement at low ambient pres-
sure. Even for the chips with the same type of springs, the resonance frequency and quality factor
varied to much from chip to chip to be able to give a decisive conclusion.

Section 4.4 shows the electronics that are used to actuate the converter and which can be used
to measure the output voltage. Several different PCB’s were used to bond the chips and connect
them to the electronics. The setup showed that it could actuate the comb-drives as intended.
Measurements with the vibrometer showed large displacement, even at high ambient pressure.
However, the electrical measurement equipment did not measure any notable voltage amplification,
no matter how the two switches are operated. Several possible causes were investigated. Section
4.5 shows measurements of the leakage currents through the buffer capacitance and through the
MEMS chips. The leakage current through the stators of the designs can be easily measured and
theoretically calculated. When these values are compared, they show that the measured current
is only 2 times higher then the theoretical current when only the current through the thermally
grown silicon dioxide is considered. The small difference between these currents suggest that most
of the leakage current through the chips is because of this. The different might be caused by
impurities in the oxide or contaminations on the chip.

Other sources of leakage current are the buffer capacitor, the opamp at the output of the converter
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and the switches. The total equivalent leakage resistance of these is measured to be around 27T .
The measurements show that the leakage currents are only 1-100pA, while, according to the sim-
ulations, the converter should be able to deliver much more then that, which means that the
converter is not working due to another reason.

Section 3.3 shows the results when the parasitic resistances are added to the simulations. When
also the parasitic capacitance of the stator and the switches are added, it becomes clear why
the converter had no voltage amplification. The capacitance between stator and bulk is paral-
lel to the comb-drive. The source/drain capacitances in the electronic switches are between the
source/drain and the ground, which means that they too are parallel to the comb-drive. For the
total capacitance between the switches this gives:

Ctotal - Ccomb—drivc + Cstator + CSwitchl + CSwitchQ (51)

Here Ceomp-drive 18 the capacitance of the comb-drive, which is in the order of 0.1-1pF, Cgiator 18
the capacitance between the stator and the bulk and is 16-40pF. Cswitchn1 and Cswitchz are the
capacitances of the two switches that are located at the connection to the comb-drive and are 5pF
each. The maximum reachable amplification, A, ax, of the converter is given by:

C
Amax = Cr::: (52)
The parasitic capacitances are constant, and together equation (5.1) and (5.2) give:
o CVcomb—drive,max + Cstator + CvSwitchl + CSwitChQ
A= (5.3)
Ccomb—drive,min + Cstator + CSwitchl + CSwitchQ
_ Cstator T Cswitch1 + CSwitch2 Ccomb—drive,max
Ccomb—drive,min + Cstator + C'Switchl + CSwitCh2 Cvcomb—drive,min + Cstator + CSwitchl + CSwitchQ
(5.4)
-1+ C'comb—drive,max (55)
C1(:omb—d1vive,min + Cstator + CSWitchl + CSwitchQ
~ 1.0 (5.6)

When it is considered that the parasitic capacitances are several orders of magnitude larger then
the capacitance of the comb-drive. In these equations, different C give the capacitance of the
different parts of the converter between the switches. This result is also shown in section 3.3 when
the parasitic capacitances are added to the simulations. During the analysis in section 3.3, the
capacitances of the switches and the stator are used. Other sources of parasitic capacitances are
the wires, connectors and circuit board. The exact size of these other parasitic capacitances have
not been measured and they were not added in the simulations.

During the measurements, the quality factor of the mechanical resonance was measured too.
The results showed that the g-factor measured earlier using different comb-drive structures and
used in the earlier simulations were to low. For resonance in open air, the g-factor could easily be
doubled to fit the measurements and in vacuum, the g-factor should be increased by a factor 4.
There are two major differences between the measurements: the structures are now different and
the 'vacuum-pressure’ is lower.

When the measured resonance frequencies and g-factors are used in the simulation, the simu-
lated displacement is within 1.6 pm of the measured displacement for all designs except one. This
indicates that, for the mechanical behaviour, the simulation are an accurate fit to the reality.
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Conclusion

The analytical analysis in chapter 2 show that voltage amplification is possible with the use of a
variable capacitor. However, this analysis is based on an ideal situation where there is no charge
leakage or other losses. Simulations have been done using this ideal situation and eight different
structures have been designed according to this theory. The process that is used to fabricate the
designed structures has several limits. Most importantly are the minimum feature size of 3 pm and
a maximum area the moving parts could have before they would snap to the bulk. When these
limits are taken into account, a voltage amplification of nearly 7 can be reached with an output
current of a few nano-ampere.
Several things could be concluded from these initial analysis and simulations:

e The amplification depends on the ratio between the capacitance at the moment the comb-
drive is being charged and the capacitance at the moment the comb-drive is discharged.
Maximizing this ratio will increase the amplification;

e The maximum output current depends on the absolute difference between those capacitance
values and on the resonance frequency. To increase it, the difference and frequency should
be maximized;

e When the required output current is lower then the calculated maximum current, the buffer
capacitance keeps charging up and will reach a higher voltage;

The measurements done in chapter 4 show that there are several different sources of parasitics
in the system. The most important of these is the capacitance between the stator and the bulk
of the wafer. Other sources of parasitics are the leakage current through the oxide and buffer
capacitance and the capacitances of the electrical switches. Adding the leakage currents to the
simulations decreases the output current and voltage amplification by a few %, but adding the
different parasitic capacitances reduce the voltage amplification to 1.

Of the fabricated chips that were tested, most devices were able to move. Even though care
was taken that the moving parts of the structures would not be too big, some still stuck to the
bulk. Of those that did not have these problems, the measured movement was approximately what
the simulations predicted. The resonance frequencies of the structures were mostly 10-20% lower
then what they were designed for due to the tapering of the springs. At low pressure, the displace-
ment and the quality factor of the resonance increased. The displacement was only a few pm at
an ambient pressure higher then 0.5mbar with a quality factor lower then 50. When the ambient
pressure decreased below 0.5mbar, the quality factor increased to well over 1000. The maximum
displacement could not be fully measured since it was physically limited by safety bumps that
were placed there to prevent snap-in of the combs.

The chips were designed using two different spring designs to see which one worked best: folded-
flexure springs and double cantilever springs. During the measurements, no important difference
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was observed in the physical behaviour of both types of springs.

Even though the mechanical behaviour was as expected, the measurement setup did not result
in a notable amplification of the input voltage. This turned out to be mainly due to parasitic
capacitances in the chip and measurement setup.

The theory and simulations that are presented show that the principle of operation is valid
and that comb-drives can be used in a voltage converter once the indicated parasitic capacitances
are in the same order of magnitude (or smaller) as the capacitance of the comb-drive. This means
that most of the problems that occurred can be solved by decreasing the parasitic capacitances
or increasing the capacitance of the comb-drive. The converter was originally intended to be a
voltage source for the IBM scanning table. Due to the parasitic impedances, none of the required
specifications are reached. However, when the parasitic capacitances of the switches and the
stator are solved, for instance by the solutions process proposed in chapter 7, simulations show
that the voltage amplification can easily be reached. The required output current can be reached
by enlarging the capacitance, for instance by increasing the number of fingers, decreasing the gap
between the fingers or by increasing the height of the fingers.



Chapter 7

Recommendations

From the previous chapters, it is clear that the fabricated designs did not function properly.
However, most of the problems that were found at least partly resulted from the production
process that was available. Several improvements to the current designs and to the production
process are proposed in section 7.1. Section 7.2 proposes a few alternative methods to use a
variable capacitance in MEMS to achieve voltage amplification.

7.1 Improvements on current design

The main problem in the current designs is that the capacitance of the comb-drive is extremely
low. Because of this, parasitic capacitances have a relatively large influence and the charge that
can be transferred (and thus the output current) is also very small.

The fabrication process that was available had several limits that caused these problems.
Because the Oxide layer of the used Silicon-on-Insulator wafer was only 1nm, the snap-in voltage
between the moving parts and the bulk was in the same order of magnitude as the input voltage
for the designs from section 3.2. This thin layer also caused a large parasitic capacitance parallel
to the comb-drive and it also allowed a relatively large leakage current from the stator to the
bulk. In short: everything would be better if the bulk was not there. This would however have
the result that complex methods need to be used to electrically isolate different parts of the chips
while keeping the different parts from falling out.

7.1.1 Back-etch

The influence of the bulk on the performance of the converter can be minimized by removing parts
of it. This can be done in several ways. To use a wafer that is made completely of silicon is not
a very good option, since it is hard to electrically separate different parts and to keep the moving
parts from falling out of the chip. What can be done is to use a back-etch to remove the bulk
underneath the moving parts. This has several advantages:

e No snap-in to the bulk, so no limit on the area of the moving parts which means that the
fingers can be made longer and that a comb-drive can have much more fingers;

e No snap-in to the bulk, so the input voltage can be applied to the moving parts, eliminating
the large parallel plate capacitance between the stator and the bulk since both can be
grounded. Simulations in section 3.3 show that eliminating the stator capacitance and
switch capacitances would increase the amplification to 9 for the SF6 design;

e No need for small holes in the moving parts to allow the vaporised HF to etch underneath
it. This means that the available area can be used more efficiently and the capacitance of
the comb-drive could be larger for the same chip area.
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Another advantage of applying Vi, to the translator (and taking Vo, from it) is that the movement
of the comb-drive can be used in a mechanical switch to discharge the comb-drive to the buffer
capacitance. A contact can be made in the path of the moving comb so that it makes contact when
the overlap (or more accurately, the disengagement) is sufficient for the required amplification.

7.1.2 The wafer

The used Silicon-on-Insulator wafer had a device layer of 25pm, an oxide layer of 1pm and a
bulk of 380 pm. The capacitance of the comb-drives are linearly dependant on their height, here,
this means that it was limited by the thickness of the device layer. Doubling the height of the
comb-drive by using different SOI-wafers doubles the capacitance and doubles the charge that can
be transferred per period. The maximum improvement that can be reached this way is limited by
the maximum aspect ratio that can be reached while etching. The aspect ratio of the process that
is used now was % ~ 8, which was limited by the used SOI wafer and the minimum feature size of
3um. Using the same process, an aspect ratio of 16 can be reached [14]. With careful tweaking of
the etch process, aspect ratios of over 100 can be reached [19]. However, the process discussed by
Thevenoud et al. is specified on making high aspect ratio trenches and might not offer sufficient
possibilities to make comb-drives. The capacitance of a comb-drive with straight fingers can be
rewritten to:

Creomb-drive = 2Nex - Aspect Ratio (7.1)

where AspectRatio = 229" This means that increasing the height has as much influence as

decreasing the gap betw(gé% the fingers. Decreasing the gap between the fingers has as added
advantage that it uses the available chip area more efficiently because a larger capacitance would
fit on a smaller area.

The capacitance between the bulk and the device layer is inversely proportional to the thick-
ness of the oxide layer and the resistance between the device layer and the bulk is proportional
to the thickness of the oxide layer. Increasing the thickness of the oxide layer would reduce the
influence of both parasitic impedances. However, since the stator capacitance of the current de-
signs is 10-100 times larger than the comb-drive capacitance, this might not have much influence
on the performance.

7.1.3 The electronics

When the electronics that were to actuate the converter were made, emphasis was on reducing
the leakage current. As a result, the leakage currents are very low. The actuation setup is not
optimized for low parasitic capacitances and, aside from the switches, the influence of these have
not been investigated. The used wires, connectors, circuit board and electronics each introduce
capacitances which can reduce the operation of the converter. These capacitances can be reduced
by using a setup that is specifically made to either reduce the parasitic capacitances or cancel
their effects.

7.1.4 Other improvements

Most of the comb-drives that were designed had straight fingers. The performance of the converter
depends on the change of capacitance of the comb-drive. Straight fingers are not the most optimal
shape to achieve this. Two designs with different finger shapes were introduced, but due to the
other problems, the effect of these shapes could not be observed. Increasing the amount of fingers
increases the influence of the finger shape. The used shapes were taken from literature, but no
research had been done to see which shape would result in the highest ratio between minimum
and maximum capacitance. The main problem during this project was that the capacitance of the
comb-drive was far to small compared to the parasitic capacitances in the system. A finger-shape
should be chosen that leads to a high maximum capacitance. For instance by using the fingers of
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the TF2 or StF2 model or finding a way to make the gap between the fingers very small, like the
SG-2 model.

7.2 Other options

During the project, comb-drives which used in-plain movement were used as a variable capacitor.
Variable capacitors can be made in many different ways and a comb-drive might not be the best
method to achieve voltage amplification.

A different approach could be to make a parallel plate capacitor using the device layer and the
bulk of a SOI wafer. If a part of the device layer is etched free, it can move out-of-plain. The size
of the stator capacitance of the designs fabricated during this project shows that a relatively small
area already has a large capacitance. The process described in chapter 3.4 can be used to free a
part of the device layer from the bulk by under-etching the oxide between the device layer and the
bulk. If the under-etch can be controlled well enough, small bumps of the oxide can be left behind
to protect the plates from snap-in. The total area that is taken by the combs of the SF0O design is
1300 m x 500 pm = 0.65 mm?. Using equation (2.2) and an oxide layer thickness of 1jm would
result in a parallel plate capacitor of 575pF as minimum capacitance of the converter. When the
oxide bumps are 0.1 pm high, the gap between the device layer and bulk can be reduced by a factor
10, resulting in an capacitance of 575 - 10 = 5750pF. Using a = 0.1, fres = 2000 and P = 1 in
equation (2.18) give an voltage amplification of 5.3 while equation (2.22) gives a maximum output
current of 27.2 nA! Both the amplification and maximum output current would increase when the
oxide thickness would increase.

Unfortunately, these are maximum ratings. To etch the plate free, holes have to be etched in
it so that the oxide underneath can be etched in the vapour HF step. These holes will reduce the
capacitance if they are not small enough [20]. Another problem that occurs in a configuration
like this is squeeze-film damping. This will reduce the maximum movement of the plate and the
resonance frequency.

7.3 Conclusion

The performance of the proposed designs can be improved by using a more suitable fabrication
process and by using a different wafer. The designs can be further improved by researching better
finger shapes and by using methods to increase the capacitance of the comb-drive. For instance
by increasing the number of fingers or by increasing the possible maximum overlap.

There are also other options to use a variable capacitor to make a step-up voltage converter.
One example is to use the device layer and the bulk of a SOI-wafer as a parallel plate capacitor.
Other options using a parallel plate capacitor are given in literature: [1, 2, 3, 4].
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Appendix A

Tables

A.1 Device Design
Overlap Shape
Variable Base Small large Small Tapered Stepped Spring
Name Design overlap overlap gap fingers fingers constant
Design SF2 SFO SF6 SG-2 TF2 StF2 LF2
P1 1.3663e33 1.36631e33 1.36631e33 3.34646e33 1.298e33 1.27e33 1.36631e33
P2 2.3907e28 2.39067e28 2.39067e28 3.58892e28 2.16482e28 4.89e27 2.39067¢28
P3 -1.0506e24 -1.05015e24 | -1.05015e24 | -3.25762e24 | -1.03856e24 | -9.94e23 | -1.05015e24
P4 -1.6634e19 -1.66343e19 | -1.66343e19 | -2.92854e19 | -1.54244e19 4.26e18 -1.66343e19
P5 3.2077el4 3.20773el4 3.20773el4 1.22785el5 3.3151el4 3.60e14 3.20773el4
P6 4318799174 4318799174 4318799174 8752847032 4301176487 | -3.81e09 | 4318799174
p7 -51679.8394 | -51679.8394 | -51679.8394 | -231957.859 | -45033.9476 | -8.69e04 | -51679.8394
P8 -0.53254789 | -0.53254789 | -0.53254789 | -1.19733059 | -0.28680505 | 8.66e-01 | -0.53254789
P9 7.4969¢-06 7.49685e-06 | 7.49685e-06 | 3.09953e-05 | 1.06589e-05 | 2.09e-05 | 7.49685e-06
P10 1.2274e-10 1.22743e-10 1.22743e-10 3.17696e-10 1.40346e-10 1.47e-10 1.22743e-10
P11 7.1961e-16 7.19609e-16 | 7.19609e-16 | 1.04432e-15 | 7.61338e-16 | 7.35e-16 | 7.19609e-16
Table A.1:

Coefficients of the polynomial fit of the capacitance per finger-pair, simulated using Comsol

Multiphysics.

A.2 Experiements
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freq Q phase phase Vmeas Imeas Rcomb Prms Ccomb

(Hz) (rad/s) (deg) (rad) V) A) (D) (W) (F)
1,00E+4-03 6,28 E+03 41,33 7,21E-01 7,082 7,42E-06 7,11E+06 1,96 E-04 2,30E-11
2,00E+03 | 1,26E+04 24.5 4,28E-01 8,68 9,09E-06 | 5,62E4+06 | 2,32E-04 | 9,32E-12
3,00E+403 | 1,88E+404 | 16,97 | 2,96E-01 9,161 9,59E-06 | 5,28E+406 | 2,43E-04 | 5,84E-12
4,00E403 | 2,51E404 | 13,14 | 2,29E-01 9,33 9,77E-06 | 5,16E4+06 | 2,47TE-04 | 4,53E-12
5,00E403 | 3,14E+04 | 10,2 | 1,78E-01 | 9,44 | 9,89E-06 | 5,09E4+06 | 2,49E-04 | 3,83E-12
6,00E4+03 | 3,77E+404 8,38 1,46E-01 9,48 9,93E-06 | 5,07E406 | 2,50E-04 | 3,46E-12
7,00E+03 | 4,40E404 7,68 1,34E-01 9,52 9,97E-06 | 5,04E406 | 2,51E-04 | 3,31E-12
8,00E+403 | 5,03E404 6,18 1,08E-01 9,52 9,97E-06 | 5,04E4+06 | 2,51E-04 | 3,10E-12
9,00E403 | 5,65E4+04 5,51 9,62E-02 9,56 1,00E-05 | 5,02E+06 | 2,52E-04 | 3,02E-12
1,00E+04 | 6,28 E+04 5,19 9,06E-02 9,562 1,00E-05 | 5,02E+06 | 2,52E-04 | 2,97E-12
1,10E+04 | 6,91E+04 4,75 8,29E-02 9,598 1,01E-05 | 4,99E+06 | 2,52E-04 | 2,94E-12
1,20E4+04 | 7,54E404 | 4,32 | 7,54E-02 | 9,601 | 1,01E-05 | 4,99E4+06 | 2,52E-04 | 2,89E-12
1,30E+04 | 8,17TE+04 4,21 7,35E-02 9,596 1,01E-05 | 5,00E+06 | 2,52E-04 | 2,88E-12
1,40E+04 | 8,80E+04 3,59 6,27E-02 10,03 1,05E-05 | 4,74E+06 | 2,61E-04 | 2,97E-12
1,50E+04 | 9,42E+04 3,15 5,50E-02 10,08 1,06E-05 | 4,71E+06 | 2,62E-04 | 2,95E-12
1,60E4+04 | 1,01E+05 3,17 5,53E-02 10,08 1,06E-05 | 4,71E+06 | 2,62E-04 | 2,96E-12
1,70E+04 1,07E+405 3,06 5,34E-02 10,12 1,06 E-05 4,69E+06 2,63E-04 2 97E-12
1,80E+04 | 1,13E405 2,98 5,20E-02 10,11 1,06E-05 | 4,69E4+06 | 2,63E-04 | 2,96E-12
1,90E+04 | 1,19E+05 2,83 4,94E-02 10,14 1,06E-05 | 4,68E+06 | 2,64E-04 | 2,96E-12
2,00E+04 | 1,26E+05 2,81 4,90E-02 10,16 1,06E-05 | 4,67TE+06 | 2,64E-04 | 2,97E-12

Table A.2: Measurement results when the IBM scanning table is actuated by a sine wave. The resistance
and capacitance is calculated using equation (4.4) and (4.12).
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Chip | Design | Switch2 open | Switch2 close | Steps | Vout (V)
FF4 TF2 0 26 26 6.19
FF4 TF2 1 26 26 11.1
FF4 TF2 2 26 26 12
FF4 TF2 3 26 26 12
FF4 TF2 4 26 26 12
FF4 TF2 5 26 26 12
FF4 TF2 6 26 26 12
FF4 TF2 7 26 26 12
FF4 TF2 8 26 26 12
FF4 TF2 9 26 26 12
FF4 TF2 10 26 26 12
FF4 TF2 11 26 26 12.2
FF4 TF2 12 26 26 12.2
FF4 TF2 13 26 26 12.3
FF4 TF2 14 26 26 12.3
FF4 TF2 15 26 26 12.3
FF4 TF2 16 26 26 12.3
FF4 TF2 17 26 26 12.2
FF4 TF2 18 26 26 12.2
FF4 TF2 19 26 26 12.2
FF4 TF2 20 26 26 12.2
FF4 TF2 21 26 26 12.2
FF4 TF2 22 26 26 12.2
FF4 TF2 23 26 26 12.2
FF4 TF2 24 26 26 12.2
FF4 SG-2 0 0 15 1.59
FF4 SG-2 1 2 15 10.24
FF4 SG-2 2 3 15 10.24
FF4 SG-2 4 5 15 10.24
FF4 SG-2 5 6 15 10.25
FF4 SG-2 7 8 15 10.25
FF4 SG-2 8 9 15 10.29
FF4 SG-2 10 11 15 10.29
FF4 SG-2 11 12 15 10.29
FF4 SG-2 13 14 15 10.29
FF4 SG-2 14 15 15 10.29
FF6 PP 0 0 19 10.14
FF6 PP 1 2 19 10
FF6 PP 3 4 19 10.03
FF6 PP 5 6 19 10.04
FF6 PP 7 8 19 10.03
FF6 PP 9 10 19 10.03
FF6 PP 10 11 19 10.03
FF6 PP 12 13 19 10.03
FF6 PP 14 15 19 10.03
FF6 PP 16 17 19 10.03
FF6 PP 18 19 19 10.03

Table A.3: Measurement of the output voltage when the timing of Switch2 is changed. The measure-
ments with FF4-TF2 had Vi, = 12V, the other had Vi, = 10. The third column shows at
which step in the transfer period Switch 2 would open and the fourth column shows when
it closes again. The fifth column shows the total steps the microcontroller took during the
transfer period.
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Connected V}n VI ‘/Charged Vdischarged t diSChal"ged Rleakage Ileakage
Design (V) V) V) (s) (%) () (A)
FF4-SF2 on | 7.50 7.56 3.36 8.70 55.6 1.03-10™ [ 7.35-10" 11
FF4-SF2 on | 10.10 | 10.10 5.36 8.70 46.9 1.32-10" | 7.68-10" 11
FF4-SF2 on | 12.50 | 12.40 9.36 8.70 24.5 2.96-10' | 4.18-10~11
FF4-SF2 on | 15.10 | 15.10 10.40 8.70 31.1 2.24-10'" | 6.75- 107!
FF4-SF2 on | 17.70 | 17.60 13.60 8.70 22.7 3.23-10' | 5.44.10~11
FF4-SF2 off | 7.50 7.48 2.76 8.70 63.1 8.36-10'° | 8.95-10~ 11
FF4-SF2 off | 10.10 | 10.10 4.60 8.70 54.5 1.06 - 10 | 9.53- 10~ 11
FF4-SF2 off | 12.00 | 11.80 5.44 8.70 53.9 1.08-10' | 1.10-1010
FF4-SF2 off | 15.60 | 15.40 9.32 8.70 39.5 1.66 - 101 | 9.28 - 101!
FF4-SF2 off | 1820 | 18.20 11.40 8.70 37.4 1.78 - 10" | 1.02- 10710
none on | 7.60 7.30 7.20 8.70 1.37 6.04-1012 | 1.21-10712
none on | 10.10 | 10.10 9.94 8.70 1.58 5.22-10'2 | 1.93-10"12
none on | 12.50 | 12.70 12.40 8.70 2.36 3.49-10'2 | 3.64-10712
none on | 15.00 | 15.00 14.50 8.70 3.33 2.46-10'2 | 6.10- 10712
none on | 17.60 | 17.60 16.30 8.70 7.39 1.09-10"2 | 1.62-10~11
none off | 7.60 7.60 7.42 8.70 2.37 3.48 1012 | 2.18-10712
none off | 10.00 9.86 9.6 8.70 2.64 3.12-10'2 | 3.16-10~ 12
none off | 12.20 12 11.8 8.70 1.67 4.96-10'2 | 2.42-.10712
none off | 15.20 | 15.10 14.50 8.70 3.97 2.06-10'2 | 7.34-10712
none off | 17.40 | 17.20 16.20 8.70 5.81 1.39-10'2 | 1.24-10~ 11

Table A.4: Measurement results for the leakage resistance
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Appendix B

Figures

B.1 Device Design
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Comsol result of SF0
Fit to the Comsol result
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Figure B.1: Capacitance of the Comsol model for SF0, SF2, SF6 and LF2 together with the fitted
polynom

(0]
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Design
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Figure B.2: Capacitance of the Comsol model for SG-2 together with the fitted polynom
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Figure B.3: Capacitance of the Comsol model for TF2 together with the fitted polynom



B.1. DEVICE DESIGN 7

Design
x10™ StF2
T

T T
— Comsol result of StF2
— Fit to the Comsol result

Capacitance
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Figure B.4: Capacitance of the Comsol model for StF2 together with the fitted polynom
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Figure B.5: 20Sim simulation results of design SF2 when the first 0.1s of operation is simulated (This
is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)
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Figure B.6: 20Sim simulation results of design SF6 when the first 0.1s of operation is simulated (This
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is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)
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Figure B.7: 20Sim simulation results of design SG-2 when the first 0.1s of operation is simulated (This

is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)
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Figure B.8: 20Sim simulation results of design TF2 when the first 0.1s of operation is simulated (This
is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)
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Figure B.9: 20Sim simulation results of design StF2 when the first 0.1s of operation is simulated (This
is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)
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Figure B.10: 20Sim simulation results of design PP when the first 0.1s of operation is simulated. Only
the result for Q=795 is shown (see chapter 3.2.4)
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Figure B.11: 20Sim simulation results of design LF2 when the first 0.1s of operation is simulated (This
is a plot of a simulation using a low accuracy, see chapter 3.2.4 for more detail)



Appendix C

20-Sim code

C.1 SignalGenerator

1 parameters

2

3 real StopTime = 0.99;

4

5 integer OscillatePeriods = 10;

6 variables

7

8 real global fres;

9 real timer;

10 real global timer2;

11 real timing;

12 integer OP;

13 real global Outl;

14 real global Out2;

15 real global alpha;

16 1initialequations

17 OP = round(OscillatePeriods);

18 timing = OP/fres + 1/(2.001xfres);
19 equations

20 timer = time — floor(time » fres / (OP+1)) (OP+1)/fres;
21 timer2 = time — floor (time * fres)/fres;
22 if timer < timing then

23 ToSwitchl = 1;

24 Outl = 1;

25 ToSwitch2 = 0;

26 Out2 = 0;

27 else

28 ToSwitchl = 0;

29 Outl = 0;

30 if timer2 > (l—alpha)/fres then
31 if timer2 < StopTime/fres then
32 ToSwitch2 = 1;

33 out2 = 1;

34 else

35 ToSwitch2 = 0;

36 out2 = 0;

37 end;

38 else

39 ToSwitch2 = 0;

40 Qut2 = 0;

41 end;

42 end;

43 if timer2 < 1/ (2xfres) then

44 ToSwitch3 = 10;

81




82

45 else

46 ToSwitch3 = 0;
47 end;

APPENDIX C. 20-SIM CODE

C.2 Comb-Drive
C.2.1 Version 1

1 parameters

2 integer global design = 7; // variables
3 real global alpha = 0.1; //

4 real global Qfactor = 25; //

5

6 integer Number_of_Fingers = 400

7 real h = 2.5e—5; //

8 real g = 3e—6; //

9 real dx = le—9; //

10 variables

11 real Felec; //

12

13 real overlap {m};

14 real overlapl; at overlap—dx
15 real overlap2;

16 real overlap3;

17 real global capacitance {F}; Jfele
18 real capacitancel; ap—dx
19 real dCdx;

20 real dCdxl;

21 real global Vcombdrive;

22 real interesting x {m}; aceme
23 real interesting Q;

24 real FconstQ {N};

25 real FconstV {N};

26 // Calculate the

27 //

28 //

29 //

30 // max_A 1is n
31 real Amplification;

32 real max_A;

33 real max-cap;

34 real min_cap;

35 // for

36 real max-Al;

37 real tempcapl;

38 real tempcap?2;

39 real Amplificationl;

40

41

42 real global Outl;

43 real global Out2;

44 real global timer2;

45 integer direction;

46 real CO;

47 real QO0;

48 integer Nj;

49 real P[11,8];

50 real xstart[8];

51 real x0;

52 real frequencies([8];

53 real global fres {Hz};

54 real maxoverlap;

55 1initialequations

56 maxoverlap = 0;




C.2. COMB-DRIVE

57 xstart[1:8] = [0; 2e—6; 6e—6; —2e—6; 2e—6; 2e—6; —3e—6; 2e—6];
58 frequencies[1:8] = [led; led; led; led; led; led; led; 2e3];
59 alphadesign[1:8] = [0.3; 0.25; 0.35; 0.2; 0.45; 0.2; 0.45; 0.45];
60 x0 = xstart[design];

61 fres = frequencies[design];

62 P[11,1:4] = [1.36631e33,1.36631e33,1.36631e33,3.34646e331;

63 P[11,5:8] = [1.298e33,1.27e33,0,1.36631e33];

64 P[10,1:4] = [2.39067e28,2.39067e28,2.39067e28,3.58892e28];

65 P[10,5:8] = [2.16482e28,4.89e27,0,2.39067e28];

66 P[9,1:4] = [—1.05015e24,—1.05015e24,—1.05015e24,—3.25762e24];
67 P[9,5:8] = [—1.03856e24,—9.94e23,0,—1.05015e247];

68 P[8,1:4] = [—1.66343e19,—1.66343e19,—1.66343e19,—2.92854e19];
69 P[8,5:8] = [—1.54244e19,4.26e18,0,—1.66343e191];

70 P[7,1:4] = [3.20773el14,3.20773el14,3.20773e14,1.22785el15];

71 P[7,5:8] = [3.3151el4,3.60e14,0,3.20773el41];

72 P[6,1:4] = [4318799174,4318799174,4318799174,8752847032];

73 P[6,5:8] = [4301176487,—3.81e09,0,43187991741;

74 P[5,1:4] = [—51679.83944,—-51679.83944,—-51679.83944,—-231957.859];
75 P[5,5:8] = [—45033.94758,—8.69e04,0,—-51679.839447];

76 P[4,1:4] = [—0.532547891,—0.532547891,—0.532547891,—1.1973305851];
77 P[4,5:8] = [—0.286805046,8.66e—01,0,—0.5325478917];

78 P[3,1:4] = [7.49685e—06,7.49685e—06,7.49685e—06,3.09953e—05];
79 P[3,5:8] = [1.06589e—05,2.09e—05,0,7.49685e—06];

80 P[2,1:4] = [1.22743e—10,1.22743e—10,1.22743e—10,3.17696e—101;
81 P[2,5:8] = [1.40346e—10,1.47e—10,0,1.22743e—10];

82 P[1,1:4] = [7.19609e—16,7.19609e—16,7.19609e—16,1.04432e—15];
83 P[1,5:8] = [7.61338e—16,7.35e—16,0,7.19609e—16];

84

85 direction = 1;

86 Amplification = O;

87 Amplificationl = 0;

88 max-A = 0;

89 max_-Al = 0;

90 max-cap = le—15;

91 min_cap = le—12;

92 tempcapl = le—12;

93 tempcap2 = le—15;

94 N = round(Number_of_Fingers);

95 CO = (2 » N « epsilon.0 * h » x0)/g;

96 Q0 = 10 = CO = 2/3;

97 code

98 if Outl == 0 then

99 if timer2 < 1/ (2+xfres) then

100 max_-cap = capacitance;

101 direction = 0;

102 else

103 if timer2 > (l—alpha)/fres then

104 if direction == 0 then

105 min_cap = capacitance;

106 Amplification = max-cap/min_cap;

107 max_ A = max ([Amplification; max_A]);

108 direction = 1;

109 end;

110 end;

111 end;

112 end;

113 equations

114 x = int (mechanicPort.v); Displacemen >f the moving

115 Q = int (electricPort.i,Q0); Charge ) the coml irive

116

117 overlap = x0—x;

118 Safety buffer for parallel plate capacito:

119 if design == 7 then

120 if overlap > —le—6 then

121 overlap = —le—6;

122 mechanicPort.v = 0;

123 end;




overlapl = overlap—dx;
capacitance

capacitancel =
else

if overlap > 19e—6 then
overlap = 19e—6;
mechanicPort.v = 0;

end;

overlap2 = overlap—2e—6;

overlap3 = overlap—2e—6—dx;

capacitance = N« (P[1l,design]

+ P[3,design]xoverlap2”2
+ P[5,design] xoverlap2”4
+ P[7,design]xoverlap2”6
+ P[9,design] xoverlap2”8

APPENDIX C. 20-SIM CODE

—800+epsilon_0+h* (3e—6+3e—6) /overlap;
—800xepsilon_Oxh* (3e—6+3e—6) /overlapl;

P[2,design]xoverlap2”1
P[4,design]xoverlap2”3
P[6,design] xoverlap2”5
P[8,design]xoverlap2”7

+
+
+
+
+ P[10,design] xoverlap2”9

+ P[11,design]*overlap2”10);
capacitancel N% (P[1l,design] + P[2,design]~*overlap3”1
+ P[3,design]xoverlap3”2 + P[4,design]*overlap3”3

+ P[5,design]*overlap3”4 + P[6,design]*overlap3”5
+ P[7,design] xroverlap3”6 + P[8,design]~*overlap3”7
+ P[9,design]xoverlap3”8 + P[10,design]~*overlap3”9
+ P[1l1l,design]xoverlap3710);

end;

maxoverlap = max([maxoverlap; overlapl]);

dCdx = (capacitance—capacitancel) /dx;

dCdx1l = (1/capacitancel — 1/capacitance) /dx;

FconstQ = Q*xQxdCdx1/2;

FconstV = electricPort.u*electricPort.uxdCdx/2;

Felec = if electricPort.i < le—16 then FconstQ else FconstV end;

Vcombdrive = Q/capacitance;
electricPort.u = Vcombdrive;
mechanicPort.F = Felec;

.2.2 Version 2:

including stator capacitance

parameters
integer global design = 1;
real alpha = 0.1;
real global Qfactor = 3200;
integer Number_of_Fingers = 400;
real h = 2.5e-5;
real g = 3e—6;
real dx = le—9;
variables

real Felec;

real
real
real
real
real
real
real
real
real
real
real
real
real

overlap {m};
overlapl;
overlap?2;
overlap3;

global capacitance {F};
capacitancel;
dcdx;

dCdx1;

global Vcombdrive;
interesting x {m};
interesting Q;
FconstQ {N};
FconstV {N};
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27
28
29
30
31
32
33
34
35
36
37
38
39
40

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

Amplification;

real
real max_A;
real max-cap;
real min_cap;
real global Outl;
real global Out2;
real global timer2;
integer direction;
real CO;
real QO0;
integer N; t of £ re
real P[11,8]; ffici
real xstart[8];
real x0;
real frequencies([8];
real global fres {Hz};
real designareal8];
real global area;
real Coxide;

initialequations
InterestingStuff[l:6] = 0;
xstart[1:8] = [0; 2e—6; 6e—6; —2e—06; 2e—6; 2e—6; —3e—6; 2e—06];
frequencies[1:8] = [led; led; led; led; led; led; led; 2e3];
alphadesign[1:8] = [0.3; 0.25; 0.35; 0.2; 0.45; 0.2; 0.45; 0.45];
designarea[l:4] = [0.005392; 0.005418; 0.005429; 0.006107];
designarea([5:8] = [0.007787; 0.007432; 0.007078; 0.0048791;
x0 = xstart[design];
fres = frequencies[design];
area = designarea(design];
Coxide = 10e—12+8.85e—12 * 3.9 * (area/10000) / le—6;
P[11,1:4] = [1.36631e33,1.36631e33,1.36631e33,3.34646e331];
P[11,5:8] = [1.298e33,1.27e33,0,1.36631e33];
P[10,1:4] = [2.39067e28,2.39067e28,2.39067e28,3.58892e28];
P[10,5:8] = [2.16482e28,4.89e27,0,2.39067e28];
P[9,1:4] = [—1.05015e24,—1.05015e24,—1.05015e24,—3.25762e24];
P[9,5:8] = [—1.03856e24,—9.94e23,0,—1.05015e247];
P[8,1:4] = [—1.66343e19,—1.66343e19,—1.66343e19,—2.92854e19];
P[8,5:8] = [—1.54244e19,4.26e18,0,—1.66343e191];
P[7,1:4] = [3.20773el14,3.20773e14,3.20773el14,1.22785el15];
P[7,5:8] = [3.3151el4,3.60e14,0,3.20773el41];
P[6,1:4] = [4318799174,4318799174,4318799174,8752847032];
P[6,5:8] = [4301176487,—3.81e09,0,43187991741;
P[5,1:4] = [—51679.83944,—-51679.83944,—-51679.83944,—-231957.859];
P[5,5:8] = [—45033.94758,—8.69e04,0,—-51679.839447];
P[4,1:4] = [—0.532547891,—0.532547891,—0.532547891,—1.1973305851;
P[4,5:8] = [—0.286805046,8.66e—01,0,—0.5325478917;
P[3,1:4] = [7.49685e—06,7.49685e—06,7.49685e—06,3.09953e—051];
P[3,5:8] = [1.06589e—05,2.09e—05,0,7.49685e—06];
P[2,1:4] = [1.22743e—10,1.22743e—10,1.22743e—10,3.17696e—101;
P[2,5:8] = [1.40346e—10,1.47e—10,0,1.22743e—10];
P[1,1:4] = [7.19609e—16,7.19609e—16,7.19609e—16,1.04432e—15];
P[1,5:8] = [7.61338e—16,7.35e—16,0,7.19609e—16];
direction = 1;
Amplification = O;
max_ A = 0;
max.-cap = le—15;
min_cap = le—12;
N = round (Number_of_Fingers);
CO = (2 » N * epsilon.0 * h » x0)/g;
Q0 = 10 = CO x 2/3;

code
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94 if Outl == 0 then

95 if timer2 < 1/(2+fres) then

96 max-cap = capacitance;

97 direction = 0;

98 else

99 if timer2 > (l—alpha)/fres then

100 if direction == 0 then

101 min_cap = capacitance;

102 Amplification = max-cap/min_cap;

103 InterestingStuff[4] = Amplification;

104 max-A = max ([Amplification; max-A]l);

105 InterestingStuff[5] = max_A;

106 direction = 1;

107 end;

108 end;

109 end;

110 end;

111 equations

112 x = int (mechanicPort.v); Displacemen £ the moving comb
113 Q = int (electricPort.i,Q0); the

114

115 overlap = x0—x;

116 Safety buffer for parallel plate capacito:

117 if design == 7 then

118 if overlap > —le—6 then

119 overlap = —le—6;

120 mechanicPort.v = 0;

121 end;

122 overlapl = overlap—dx;

123 capacitance = Coxide—800xepsilon_Oxhx (3e—6+3e—6)/overlap;
124 InterestingStuff[2] = capacitance;

125 capacitancel = Coxide—800xepsilon_Oxhx (3e—6+3e—6)/overlapl;
126 else

127 For the Comb—drives

128 if overlap > 19e—6 then

129 overlap = 19e—6;

130 mechanicPort.v = 0;

131 end;

132 overlap2 = overlap—2e—6;

133 overlap3 = overlap—2e—6—dx;

134 capacitance = Nx (P[1l,design] + P[2,design]~*overlap2”1
135 + P[3,design]xoverlap2”2 + P[4,design]*overlap2”3
136 + P[5,design] xoverlap2”4 + P[6,design]*overlap2”5
137 + P[7,design]xoverlap2”6 + P[8,design]~*overlap2”7
138 + P[9,design]xoverlap2”8 + P[10,design]~*overlap2”9
139 + P[1l1l,design]xoverlap2”10);

140 capacitancel = Nx (P[1l,design] + P[2,design]*overlap3”1
141 + P[3,design] xoverlap3”2 + P[4,design]*overlap3”3
142 + P[5,design]xoverlap3”4 + P[6,design]*overlap3”5
143 + P[7,design] xoverlap3”6 + P[8,design]*overlap3”7
144 + P[9,design] xoverlap3”8 + P[10,design]*overlap3”9
145 + P[11l,design]*overlap3”10);

146 end;

147

148 dCdx = (capacitance—capacitancel) /dx;

149 dCdxl = (l/capacitancel — 1/capacitance)/dx;

150 FconstQ = QxQ*dCdx1/2;

151 FconstV = electricPort.u*electricPort.uxdCdx/2;

152 Felec = if electricPort.i < le—16 then FconstQ else FconstV end;
153

154 V out:

155 Vcombdrive = Q/capacitance;

156 InterestingStuff[l] = Vcombdrive;

157 electricPort.u = Vcombdrive;

158 mechanicPort.F = Felec;

159 if time>le—6 then

160 IS = InterestingStuff[blaatcounter];
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PGl end;
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C.3 Switches

C.3.1 Version 1: Initial model (resistor only)

parameters
real Ron = 9
real Roff =
real vt = 0.

1
2 0 {ohm};
3

4

5 variables

6

7

8

9

0.
3.0el2 {ohm};
5i

real R {ohm};

equations
R = if input > vt then Ron else Roff end;
p.u =R % p.i;

C.3.2 Version 2: Variable resistors and capacitors

Variable Resistor

1 parameters

2 real Ron = 90.0 {ohm};

3 real Roff = 1.0e99;

4 real vt = 0.5;
variables

5
6 real R {ohm};

7 equations

8 R = if input > vt then Ron else Roff end;
9 p.u =R % p.i;

Drain and Source capacitor

1 parameters

2 real C = 5.0e—12 {F};
3 equations

4 p.i = C % ddt(p.u);

C.4 Cbuffer

parameters

1
2

3

4 real C = 10.0e—12 {F};
5 variables

6 real global Vout {V};

7 real Iout {a};

8

9

equations
Vout = int(1/C » p.1i);
10 p.u = Vout;
11 if time > 0 then
12 Iout = (Vout=*C)/time;
13 else
14 Tout = 0;

15 end;
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C.5 Vsource

1 variables

2 real hidden current {A};
3 equations

4 p.u = u;

5 current = p.i;

C.6 Mass

1 variables

2 real global mass;

3 real interesting x {m};
4 real a {m/s2};

5 equations

6 a = p.F / mass;

7 p.v = int (a);

8 x = int (p.v);

C.7 Spring

1 parameters

2 real YM = 1.69el1;

3 real w = 3e—6;

4 real h = 2.5e-5;

5 real L = 1.59%9e—4;

6 real global Qfactor;

7 variables

8 real global mass {kg};

9 real x {m};

10 real k;

11 real f0;

12 real global fres;

13 real global DF;

14 1initialequations

15 k = (2xYMxhxw"3)/(L"3);
16 f0 = fres/ (sqrt(l1—(1/(2+«Qfactor))));
17 mass = 1/ ((£f0x2xpi) "2/k);
18 DF = sqrt (mass=*k)/Qfactor;
19 equations

20 x = int (p.v);

21 p.F =k x x;

C.8 Damper

1 variables
2 real global DF;
3 equations
4 p.F = DF x p.v;

C.9 Rleakage

APPENDIX C. 20-SIM CODE




C.10. ROXIDE
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parameters

real R = 2el2 {ohm};
equations

p.u =R * p.i;

C.10 Roxide

variables

real global area;

real R;
initialequations

R = leldxle—4/area;
equations

p.u =R % p.i;
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Appendix D

MatLab code for Comsol

D.1 find_cap

12 clear all

13 close all

14 y_start=—20e—6;

15 y-step = 0.le—6;

16 y-stop = 19e—6;

17 y-steps = y._start:y_step:y_stop;
18 charge = zeros(l,length(y_steps));

20 Voltage = 10;
21 thickness = 25e—6;

30 designs = [1,2,3,4,5,6,8];

31 designcode = {' SFO',' SF2',' SF6',' SG—2',' TF2',' StF2','

33 flclear fem

36 clear vrsn
37 vrsn.name
38 vrsn.ext =
39 vrsn.major =
40 vrsn.build
41 vrsn.rcs =
42 vrsn.date S e:
43 fem.version = vrsn;

44 save('temp.mat'");

45 for j = 1l:length(designs)
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for

APPENDIX D. MATLAB CODE FOR COMSOL

close all
delete ('temp2.mat');

save ('temp2.mat', ') ;
clear all
load('temp.mat');

load ('tern

designnr = designs(3j);

disp(['Simulating design# ' num2str(designnr)]);

filename = ['sim_-final' num2str (designnr) '_fit'];

[Background, Top_-Finger,Bottom_Fingers_temp, boundaries, int boundaries] =
build-struct (designnr) ;

i=l:1length(y_steps)

p2.mat');

clear Bottom_Fingers
[Bottom-Fingers] = geomcopy ({Bottom_-Fingers_temp});
Bottom Fingers=move (Bottom_Fingers, [0, y_steps (i)]);

clear s
s.objs={Background, Top-Finger, Bottom_Fingers};
s.name={'R6", 'COL", 'CO2"};

S.tagS:{'Backq:ound', 'Top-Fing

, 'BottcHLFinqers'};

fem.draw=struct ('s',s);
fem.geom=geomcsg (fem) ;

fem.mesh=meshinit (fem,
'hauto', 5,

'report', 'off'");

clear appl

appl.mode.class = 'EmElectrostatics';
appl.module = 'MEMS';

appl.sshape = 2;

appl.border = 'on';

appl.assignsuffix = '_emes';

clear bnd

bnd.v0 = {0,10,0};

bnd.type = {'V0','V', 'nD0"'};
bnd.name = {'Ground', 'V+', 'Zero charge/Symmetry'};
bnd.ind = boundaries;
appl.bnd = bnd;

clear equ

equ.epsilonr = {1,4.5};
equ.d = thickness;

equ.ind = [1,2,1,2];
appl.equ = equ;

fem.appl{1l} = appl;
fem.frame = {'ref'};
fem.border = 1;

clear units;
units.basesystem = 'SI';
fem.units = units;

clear ode

clear units;
units.basesystem = 'SI';
ode.units = units;
fem.ode=ode;

fem=multiphysics (fem) ;




D.2. BUILD_STRUCT

113 fem.xmesh=meshextend (fem, ...

114 'report', 'off');

115

116

117 fem.sol=femstatic (fem,

118 'f,;o,cz,)mp',{'V'},

119 "outcomp', {'V'},

120 'blocksize', 'auto',

121 'maxiter',1000, ...

122 'report', 'off');

123

124

125 charge (i) =thickness*postint (fem, 'nD_emes"',

126 'unit', 'C/m"',

127 ' COV ', 'off"',

128 ', int_boundaries,

129 'edim',1);

130 disp ([ 'Charge per fingerpair at ' num2str(y_steps(i)xleb)
131 'um overlap on design# ' num2str (designnr)
132 ': ' num2str (charge(i)) 'C'1);
133 end

134 Capacitance = charge/Voltage;

135 clear p s

136 [p s] = polyfit (y_steps,Capacitance,10);

137 CapFit = zeros(l,length(y_steps));

138 for i = l:length(y_steps)

139 for j = O:length(p)—1

140 CapFit (i) = CapFit (i) + p(end—j)~*y_steps (i) J;
141 end

142 end

145 plot (y_steps.xle6,Capacitance);

146 hold all

147 plot (y_steps.xle6,CapFit);

148 clear 11

149 11 = strcat('Comsol result of',designcode (designnr));
150 legend (11, 'Fit to the C
151 xlabel ('overlap \mum' )
152 ylabel ('Capacitance');
153 title(['Design ' designcode(designnr)]);
154 print ('—dpng', [filename '.png'l);

155 xlswrite([filename '.xls'], p);

156 save([filename '.mat']l);

157 hold off

158 end

msol result');

S
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D.2 build struct

© 0 N e U A W N e

=
= o

12 function [Background, Top_.-Finger,Bottom_Fingers, ind, int_boundaries]
13 build_struct ( type )
14
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16 2:

17 3: straight

18 ¢ 4: straigh , 11

19 3 : tar £

20 ¢ 6: stepped fingers

21 : par olat

22 8: straight fingers

23 clear Background Top-Finger Bottom.Fingers

24 gap = 3e—6;

25 t_tip = 3e—6;

26 t_base = 7e—6;

27 length = 20e—6;

28 overlap = 2e—6;

29 switch type

30 case{4}

31 gap = le—6;

32 case{6}

33 gap = gap + (t_-base—t_tip)/2;

34 otherwise

35 ¢ not

36 end

37 period = t_tip/2+gap+t_tip/4;

38 width = 2% t_tip/2 + 2xgap + t_-tip;

39 top-fingerl = rect2(t_-tip,length, 'base', 'center', 'pos’', ...

40 [0,1length/2]);

41 bottom_fingerl =rect2(t_-tip/2,length, 'base', 'center', 'pos', ...
42 [-period,—length/2]);

43 bottom_finger2 =rect2(t_-tip/2,length, 'base', 'center', 'pos', ...
44 [period,—length/2]);

45 top-base = rect2(width,10e—6, 'base', 'center', "pos', ...

46 [0,length+5e—6]);

a7 bottom-base = rect2(width,10e—6, 'base', 'center', 'pos', ...

48 [0, —1length—5e—6]);

49 gl4 = rect2(width, 4xlength+20e—6, 'base', 'corner', 'pos', ...

50 [-width/2, —3xlength—10e—6]);

51 gl5 = geomcomp ({top-fingerl, top-base}, 'ns',{'R1", 'R5"'}, 'sf', ...
52 'R1+R5', 'edge', 'all');

53 glé = geomcomp ({bottom,fingerl, bottom_-finger2, bottom,base}, 'ns',...
54 {'R2','R3"','R4"'}, 'sf', "R2+R3+R4"', 'edge"', 'all');

55 switch type

56 case{5}

57 Tapered fingers

58 gg=geomedit (gl6) ;

59 gg{5}=beziercurve2 ([— (t-tip/2+gap— (t-base—t_tip)/2), ...
60 —(t_-tip/2+gap) ], [—length, 0], [1,1]);

61 gl9=geomedit (gl6, gqg) ;

62 gg=geomedit (gl9);

63 gg (15 ={[1};

64 gg{8}=beziercurve2 ([ (t-tip/2+gap—(t-base—t_tip)/2), ...
65 (t-tip/2+gap)], [—length, 0], [1,1]);

66 g20=geomedit (gl9,q9qg);

67 gg=geomedit (g20);

68 gg (171 ={11};

69 g2l=geomedit (g20,g99g) ;

70 gg=geomedit (glb);

71 gg{4}=beziercurve2 ([—t_-tip/2,—t_base/2], [0, length], [1,1]);
72 g22=geomedit (gl5,gg);

73 gg=geomedit (g22);

74 gg ([51)={[1};

75 gg{7}=beziercurve2 ([t_tip/2,t_base/2], [0,length], [1,1]);
76 g23=geomedit (g22,g9g) ;

77 gg=geomedit (g23);

78 gg (17 ={11};

79 g24=geomedit (g23,99) ;

80 [Background] = geomcopy ({gl4});

81 [Top-Finger] = geomcopy ({g24});

82 [Bottom_Fingers] = geomcopy ({g21});




111

GETPOLYFIT

ind = [3,3,3,2,3,3,2,3,1,1,2,1,2,1,1,2,1,2,3,3,3,3,3];
int_boundaries = [7,11,13,16,18];
case{6}

top_sides = rect2(t_base,length—overlap, 'bac
[0, length— (length—overlap) /2]);

bottom.sidel = rect2(t_base/2,length—overlap, 'base’
'pos', [-width/2,—1length]);

bottom.side2 = rect2(t_-base/2,length—overlap, 'base', 'corner', ...
'pos', [width/2—t_base/2,—length]);

Top-Finger = geomcomp ({gl5,top-sides}, 'ns',{'R1",'R5"}, 'sf', ...
'R1+R5', 'edge', 'all'");

Bottom.Fingers = geomcomp({g16,bottom,sidel, bottonpsideZ},...
'ns',{'R1','R2', 'R5'}, 'sf', '"R1I+R2+R5"', 'edge', 'all’);

geomcopy ({gl4}) ;

3,3,3,2,3,1,1,2,2,2,2,1,1,1,1,1,1,1,1,2,2,2,2,3, ...

31;

12,13,14,15,24,25,26,27];

[Background] =
ind = [3,3,3,2,3,

3,3,3
int_boundaries =
case{7}

4
I3I
8,

otherwise

[Background] = geomcopy ({gl4});

[Top-Finger] = geomcopy ({gl5});

[Bottom.-Fingers] = geomcopy ({gl6});

ind = [3,3,3,2,3,3,2,3,1,1,2,2,1,1,1,1,2,2,3,3,3,3,3];
int_boundaries = [7,11,12,17,18];

end
end
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D.

3 getpolyfit

clear all
close all
load('temp.mat');
for a = 1:10
maxa(a) = 0;
maxerror(a) = 0;
clear error
designnr = 1;
disp(['Calculating N=' num2str(a) ]);

load('sim_finall fit.mat");
clear filename
filename = ['sim_final_fit N=' num2str(a)];
clear p s
[p s] = polyfit (y_steps,Capacitance,a);
CapFit = zeros(l,length(y_steps));
for i = l:length(y_steps)
for j = O:length(p)—1
CapFit (1) = CapFit (i) + p(end—j)*y-steps (i) J;
[y(i), a(i)] = polyval(p,y-steps(i),s);
end
end
plot (y_steps.*xle6,Capacitance);
hold all
plot (y_steps.xle6,CapFit) ;
clear 11
11 = strcat('Comsol result of',designcode (designnr));
legend (11, 'Fit to the Comsol result');
xlabel ('overlap \mgm');
ylabel ('C

acitance');
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

end

APPENDIX D. MATLAB CODE FOR COMSOL

titlestring = ['Design ' designcode (designnr) ', N=' num2str(a)];
title(titlestring);

print ('—d , [filename '.png'l);

hold off

x1lswrite([filename '.x1s'], p);

delete([filename '.mat']);

save ([filename '.mat']);

for i=1:length (Capacitance)
error = abs ((Capacitance (i)—CapFit (1)) /Capacitance(i));

maxerror (a) = max (maxerror (a),error);
end
meanerror (a) = mean (error);
meana (a) = mean (a/y);
for i = l:length(a)

maxa (a) = max (maxa(a), a(i)/y(i));
end

disp ([ 'normalised mean (a)=' num2str (meana(a))]);
disp(['normalised max(a)="' num2str (maxa(a))]);
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MatLab code for CleWin

E.1 Build Comb Bank

© 0 N U oA W N e

= e
o= O

13 function [ ] = Build_Comb_Bank ( bank_number, rotation,

14

16
17

18

19

20

21 filepath = which('Builc b_Bank.m');

22 filepath = filepath(l:length(filepath)—18);

23 debug_filename = [filepath '\dump Build.mat'];

24 1if exist (debug_-filename, 'file')==

25 save (debug_-filename, 'debug_filename');

26 end

27 delete([filepath '"\x.mat']);

28 delete([filepath '\dump_».mat']);

29 delete([filepath '\comb variables.mat']);

30 if nargin < 3

31 Type = 'FE''";

32 end

33

34 rotation = 2+pixrotation/360;

35

36 if stremp (Type, 'FE')

37 Set_Comb_variables (bank_number, 'FF');

38 cleDrawDat = function_Build_FF ( bank_number);
39 else

40 Set_Comb_variables (bank_number, 'DC');

41 cleDrawDat = function_Build.DC( bank_number);
42 end

43

44

45 cleDrawbDat = cleRotate(cleDrawDat, [0,0,rotation]);

97

Type)
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46
47
48
49
50

APPENDIX E. MATLAB CODE FOR CLEWIN
cleDraw (cleDrawDat) ;
clear Dat_x

save (debug_-filename, '—append');
end

E.2 function Build DC

N

© o N o wu

function [ cleDrawDat ] = function_Build._DC( bank_number )

bank_number = the comb—drive selected in Set_Comb_variables.m

— Calculate dimensions of the mass
— Length of the mass
— Length of the banks
— Height (device layer thickness)
— Width (according to perforation)
— Calculate springs variables (length, k, etc)
— Double cantilever (a total of 4) so:
— ky = 4% (Eh(b"3)/L"3)
b = width of the beams of the spring
height of the beams
L = length of spring in x—direction
— kz = 2 Ebh/L
= height of the beams of the spring
= 2 times width of the beams
L = total length of the spring beams (from mass to fixed point)
— Make mass (perforated)
- Make springs
— Each side of the mass
— 2— double cantilevers per side
— Make moving part of the comb drives
— Several banks per mass
— N fingers per comb—drive (N2 per bank)
— 2 sides per finger
— Y_steps steps per side
- Make static part of the comb—drives
— Make blocks to £ill up space and function as physical breaks (to do)

jon
Il

filepath which ('Build Comb Bank.m');
filepath = filepath(l:length(filepath)—18);
debug_filename = [filepath '\dump Build.mat'];
if exist (debug-filename, 'file')==0

save (debug_-filename, 'debug_filename');
end
var-filename = [filepath '\comb.variables.mat'l];
load (var_filename) ;

debugvars{bank_number}.loc = 0;
save (debug_-filename, 'debugvars');




E.2. FUNCTION_BUILD_DC

61 % rho is in kg/m~3, so the dimens
62 Mass.x = CV.massx;
63 Mass.y = CV.massy;

64 Mass.z = constants.z;

65 the perforation leaves a lot open, so the mass is reduced

66 Mass.Density = (2+«CV.perfwirexCV.perfperiod — CV.perfwirexCV.perfwire)/
67 (CV.perfperiodxCV.perfperiod);

68 Mass.Mass = Mass.xxMass.yxMass.z*constants.rhoSixMass.Density;
69 Mass.Banks = 2%CV.banks*CV.bankbasexCV.bankx*Mass.zx*

70 constants.rhoSi*Mass.Density;

71 Mass.Total = Mass.MasstMass.Banks;

72 Mass.Area = Mass.xx*Mass.y + ... Area of the mass

73 2xCV.banks*CV.bankbasexCV.bankx; ¢ Arca of the bank

74 Mass.Area = Mass.Area * Mass.Density;
75 CV.k = (2xpixCV.fres) 2xMass.Total;

77 % location of bank i: maxy—ix (space needed per bank)

78 temp = (0.5xCV.massy—CV.massspacer)—CV.bankbase— (2xCV.length—CV.overlap)—
79 0.5%«CV.bankbase;

80 temp2 = (CV.lengthx2—CV.overlap) + CV.bankspacer + 2xCV.bankbase;

81 Bank_Start_-X = 0.5xCV.massx+0.5xCV.bankx—CV.perfwire;

82 for i = 0:CV.banks—1

83 Bank_Start_Y (i+l) = temp—ixtemp2;
84 end

85 clear temp temp2

86 debugvars{bank_number}.loc = 1;

87 save (debug_-filename, 'debugvars');
88 save (var-filename, 'CV', '—append'); Update the variables

92 <$Space the fingers need (y—direction)

93 comb_space = 2xCV.length — CV.overlap;

94 \‘3173"‘L . 21 DankKk neeq:

95 bank_space = 2xCV.bankbase + comb_space + CV.bankspacer;

96 Stator.y = 0.5+ (CV.massy—2xCV.massspacer) ;

97 2%Outside of the stator bank:

98 Stator.xl = CV.bankx + CV.bankspacer + CV.statorbase + 0.5+ CV.massx;
99 $Inside of the stator bank:

100 Stator.x2 = CV.bankx + CV.bankspacer + 0.5% CV.massx;

102 Stator.x3 = CV.bankspacer + 0.5+ CV.massx;

104 Stator.y-bank_top(l) = Stator.y+CV.bankbase;
105 Stator.y_-bank_bottom(l) = Stator.y_-bank_top(l)—2xCV.bankbase;
106 for i = 1:CV.banks

107 Stator.y_bank_top (i+l) = Stator.y—ixbank_space;

108 Stator.y-bank_bottom(i+l) = Stator.y-bank_top (i+l)—CV.bankbase;
109 end

110

111 Stuff for the fingers

112 if CV.length > 0

113 Ysteps = 0:CV.length/CV.Y_steps:CV.length;

114 Yreversesteps = Ysteps(end:—1:1);

115 x_step = CV.finger_width;

116 finger_left = function_Finger_Points (CV.shape(l),—1,Ysteps);
117 finger_right = function_Finger_Points (CV.shape(2),1,Yreversesteps);
118 finger_x_points = [finger_left(:,1);finger_right(:,1)]+

119 0.5xCV.massx+CV.bankspacer+0.5xCV.basethickness;

120 finger_y-points = [finger_-left (:,2);finger_-right(:,2)1];

121 end

122 debugvars{bank._number}.loc = 2;
123 save (debug_filename, 'debugvars');
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_ AN etAant « (SD r T ) )

Spring.Width = CV.spring-width;
temp = 4xconstants.ExMass.z* (Spring.Width"3)/CV.k;
Spring.Length = nthroot (temp, 3);

clear temp

CV.spring_-length = Spring.Length;

Spring.Startx = [Bank_-Start_X+0.5xCV.bankx; 0.5+«CV.massx;
0.5%xCV.massx; Bank_Start_X+0.5xCV.bankx];
Spring.Starty = [Bank_-Start_Y(1l); 0.5%CV.massy—5e—6;

—0.5%CV.massy+5e—6; Bank_Start_Y (CV.banks)];

CV.kz = constants.E*Spring.Width* (Mass.z"3)/(Spring.Length”3);

CV.Vpullin = sqrt((8/27)«CV.kzx* (constants.oxidethickness”3)/
(constants.realepsilonO«Mass.Area));

CV.vpullin2 = (pi*CV.fres/Spring.Width) *
sqrt ((8/27) *Mass.z"3+xconstants.rhoSixconstants.oxidethickness”3/
(constants.realepsilon0));

save (var_filename, 'CV', "—append'); <2Update the variables

debugvars{bank-number}.loc = 3;

save (debug_filename, 'debugvars');

Dat-massbox = function_-PerfBox(0,0,CV.massx,CV.massy); C he
Dat_Freemass = cleGroup (Dat_-massbox);
for i = 1:CV.banks
MaKe eachn bank (one on 1Cn o siae)
Dat_bankl = function_PerfBox (Bank_Start_X,Bank_Start_Y (i),CV.bankx,
CV.bankbase) ;
Dat_bank2 = function_PerfBox(—Bank_Start_X,Bank_Start.Y (i),CV.bankx,
CV.bankbase) ;
Dat_Freemass = cleGroup (Dat_Freemass, Dat_bankl, Dat_bank2);
clear Dat_-bankl Dat_bank2
end
debugvars{bank_-number}.loc = 4;
save (debug_filename, 'debugvars');
Dat_Spring = function.DC_Build_Spring(1l,CV.spring.length, Spring.Startx(1l),
Spring.Starty(l));
for i = 2:4
Dat_Spring = cleGroup (Dat_Spring, function_.DC_Build_-Spring(i,
CV.spring_length, Spring.Startx (i), Spring.Starty(i)));
end
debugvars{bank.number}.loc = 5;
save (debug_-filename, 'debugvars');

Dat_statorboxl = cleBox([Stator.xl;Stator.y_-bank_top(2)]*M,
[Stator.x2; Stator.y-bank_bottom (CV.banks)]x*M);
Dat_statorbox2 = cleBox([—Stator.xl;Stator.y_bank_top (1) ]*M,
[-Stator.x2; Stator.y-bank_bottom(CV.banks) ]=*M);
Dat_Statorbox = cleGroup (Dat_statorboxl, Dat_statorbox2);
for i = 1:CV.banks

Dat_bankl = cleBox([Stator.x2;Stator.y_-bank_top (i) ]+*M,
[Stator.x3; Stator.y-bank_bottom (i) ]*M);

Dat bank2 = cleBox([—Stator.x2;Stator.y_bank_top (i) ]xM,
[-Stator.x3; Stator.y-bank_bottom(i)]=xM);

Dat_Statorbox = cleGroup (Dat_Statorbox, Dat_bankl, Dat_bank2);

clear Dat_bankl Dat_bank2

end

if CV.length > 0
for i = 0:CV.N2—1
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for j = 0:CV.banks—1

X0 = finger_x_points+ixx_step;

Dat_statfingerl = clePolygon ([XO,
finger_y_points+Stator.y_-bank_bottom (j+1)]xM);

Dat_statfinger2 = clePolygon([—XO0,
finger_y_points+Stator.y_-bank bottom (j+1)]xM);

Dat-movfingerl = clePolygon ([X0+0.5xx_step,

—finger_y_points+Stator.y_-bank_bottom (j+1)—comb_space]*M) ;

Dat-movfinger2 = clePolygon([— (X0+0.5*«x_step),

—finger_y_points+Stator.y_bank_bottom (j+1)—comb_space]*M) ;

Dat_Statorbox = cleGroup(Dat_Statorbox, Dat_statfingerl,
Dat_statfinger2);
Dat_Freemass = cleGroup (Dat_Freemass, Dat_movfingerl,
Dat-movfinger2);
clear Dat_statfingerl Dat_statfinger2
clear Datmovfingerl Dat.movfinger2
end
end
end
debugvars{bank_number}.loc = 6;
save (debug_-filename, 'debugvars');

if CV.length == 0

tempsize = 0.5xCV.bumpsize;

Ysteps = O:tempsize/25:tempsize;

Yreversesteps = Ysteps(end:—1:1);

pointsl = function_Finger_Points (5, —1, Yreversesteps, 2e—6, tempsize);

points2 = function_-Finger_Points (5, 1, Ysteps, 2e—6, tempsize);

bump_x_point = [pointsl(:,1);points2(:,1)];

bump.y-point = —[pointsl(:,2);points2(:,2)];

bump_x_points = [bump_x_point (:)];

bump-y-points = [bump.y-point (:)];

for i=1:4-—-1
bump_x_points = [bump_x_points (:);bump_x_point (:)+ixtempsize];
bump_y_points = [bump_y_points (:);bump_y_point (:)];

end

bump.y_-points = bump.-y-points—0.5xCV.massy—CV.bumpgap—tempsize;
bumpwidth = max (bump_x_points)—min (bump_x_points);
bump-x_-points = bump-x_-points—0.5*bumpwidth+0.5*tempsize;
bottombump_x0 = min (bump_x_points);

bottombump-x1 = max (bump-x_points);

bottombump_y0 = min (bump_y_-points);

bottombump.-yl = bottombump.-y0—CV.bumpsize;

Dat_bumps2 = clePolygon ([bump_-x_points*M,—bump_y_-pointsxM]);
Dat_-bumps3 = cleBox ([bottombump-x0,bottombump-y0]*M, [bottombump-x1,
bottombump_yl]*M) ;
Dat_bumps4 = cleBox([bottombump-x0,—bottombump-y0]*M, [bottombump-x1,
—bottombump_y1l] M) ;
Dat_Bump = cleGroup (Dat_-bumps2, Dat-bumps3, Dat-bumps4);
else
Dat_bumpl = cleBox (0, (0.5xCV.massy+CV.bumpgap+0.5%xCV.bumpsize) M,
CV.bumpsizexM, CV.bumpsizexM);
Dat_bump2 = cleBox(0,— (0.5*xCV.massy+CV.bumpgap+0.5+«CV.bumpsize) *xM,
CV.bumpsizexM, CV.bumpsizexM);
Dat_Bump = cleGroup (Dat_bumpl, Dat_bump2);
end

Dat-textl = cleTextPrintf (—Stator.x1xM, Stator.y-bank_top(1l)=*M,O0,
[false false],0.07,[''" num2str (bank_number)] );
Dat_Text = Dat_textl;

101
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cleDrawDat = cleGroup (Dat_Freemass, Dat_Spring, Dat_Statorbox,
Dat_Bump, Dat_-Text);

if nargout < 1
cleDraw (cleDrawDat) ;

end

clear Dat_x

debugvars{bank_number}.loc = 7;
save (debug_-filename, '—append');
end

E.3 function Build FF

function [ cleDrawDat ] = function_Build._FF ( bank_number )

bank_number = the comb—drive selected in Set_Comb_variables.m
— Calculate dimensions of the mass
— Length of the mass
— Length of the banks
— Height (device layer thickness)
— Width (according to perforation)
— Calculate springs variables (length, k, etc)
— Double cantilever (a total of 4) so:
— ky = 4% (Eh(b"3)/L"3)
b = width of the beams of the spring
height of the beams
length of spring in x—direction
— kz = 2 Ebh/L
b = height of the beams of the spring
h = 2 times width of the beams
L = total length of the spring beams (from mass to fixed point)
— Make mass (perforated)
— Make springs
— Each side of the mass
— 2— double cantilevers per side
— Make moving part of the comb drives
— Several banks per mass
— N fingers per comb—drive (N2 per bank)
— 2 sides per finger
— Y_steps steps per side
- Make static part of the comb—drives
— Make blocks to £ill up space and function as physical breaks (to do)

= o
[l

filepath = which('Build_Comb_Bank.m');
filepath = filepath(l:length(filepath)—18);
debug-filename = [filepath '\dump Build.mat'];

if exist (debug-filename, 'file')==

save (debug_filename, 'debug_filename');
end
var_filename = [filepath '\camb,var;
load (var_filename) ;
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53 debugvars{bank_number}.loc = 0;

54 save (debug_filename, 'debugvars');

55

56

57 M = leb6; t fact f t
58

60 the perforation leat a lot open, so the mass is reduced

61 Mass.Density = (2+«CV.perfwirexCV.perfperiod — CV.perfwirexCV.perfwire)/
62 (CV.perfperiod*«CV.perfperiod);

63

64 Mass.Area_base = CV.drivebase*CV.drivex;

65 Mass.Area_sides = 2%CV.driveyxCV.drivebranch;

66 Mass.Area_branch = 2% (CV.banks—1) x CV.bankx x CV.drivebranch;
67 Mass.Area_Total = Mass.Area_base + Mass.Area_sides + Mass.Area_branch;
68 Mass.Area = Mass.Area_Total x Mass.Density;

70 Mass.Mass = Mass.Area % constants.rhoSi % constants.z;

72 Mass.base_x0 = 0;

73 Mass.base_.y0 = 0.5 » CV.drivebase;

74 Mass.side_x0 = 0.5xCV.statortrunk + CV.spacer + CV.bankx +
75 0.5 » CV.drivebranch — 0.5xCV.perfwire;

76 Mass.side_.y0 = —0.5 * CV.drivey;

77

78 comb_space = CV.lengthx2—CV.overlap;

79

80 Mass.bank_.y0 = (Mass.base_y0—0.5xCV.drivebranch);
81 for i = 1:CV.banks—1

82 Mass.banky (i) = Mass.bank_.y0—i* (comb_space + CV.spacer +
83 CV.drivebranch + CV.statorbranch);
84 end

85 Mass.branch_-x0 = CV.spacer + 0.5 % CV.bankx + 0.5 % CV.statortrunk;
86 save (var_filename, 'Mass','—append');

59 > Calculate the vari . For +
91 Spring.Width = CV.spring.width;

92 CV.k = (2xpixCV.fres) 2xMass.Mass;

93 temp = 2+constants.Exconstants.z* (Spring.Width"3)/CV.k;
94 Spring.Length = nthroot (temp, 3);

95 clear temp

96 CV.spring-length = Spring.Length;

98 $kz = 4Ebh"3/(2xL) "3

99 CV.kz = 4xconstants.ExSpring.Widthx (constants.z"3)/ ((2xSpring.Length) "3);
100 CV.Vpullin = sqrt((8/27)*CV.kzx (constants.oxidethickness”3)/

101 (constants.realepsilonO*Mass.Area));

102 save (var_filename, 'CV', '—append'); SUpdate the variables

103

104

105 > Calculate ariables for the comb—dri

106 Variables for the stator

107 bank_space = CV.statorbranch + CV.drivebranch + comb_space + CV.spacer;
108 Stator.y0 = —0.5xCV.drivey—comb_space—0.5xCV.statorbranch;

109 Stator.x0 = 0; ¢ Center of the truni

110 Stator.xl = 0.5xCV.statortrunk; Je of t
111 Stator.x2 = Stator.xl + CV.bankx; 3 outside of
112 Stator.bank_x0 = 0.5%xCV.bankx;

113 Stator.bank.y0 = —comb_space;

114 for i = 0:CV.banks—1

115 Stator.y-bank_top (i+l) = Stator.bank.y0 — ixbank_space;

116 Stator.y_-bank_bottom(i+l) = Stator.y_bank_top (i+l) — CV.statorbranch;
117 end

118 save (var_filename, 'Stator', '—append’);
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119

121 x_step = CV.finger_width;
122 if CV.length > 0

123 Ysteps = 0:CV.length/CV.Y_steps:CV.length;

124 Yreversesteps = Ysteps(end:—1:1);

125 finger_left = function_Finger_Points (CV.shape(l),—1,Ysteps);
126 finger_.right = function_Finger_Points (CV.shape(2),1,Yreversesteps);
127 finger_-x0 = 0.5+«CV.statortrunk+CV.spacer;

128 finger_x_points = [finger_left (:,1);finger_right(:,1)];

129 finger_y-points = [finger_left (:,2);finger_right(:,2)1];

130 end;

131

132

133  topbump_-x0 = —CV.bumpsize;

134 topbump_y0 = Mass.base_y0+0.5+«CV.drivebase+CV.bumpgap;

135 topbump_x1l = CV.bumpsize;

136 topbump-yl = topbump.y0+CV.bumpsize;

137 bottombump_x0 = Mass.side_x0+0.5+xCV.drivebranch;

138 bottombump-y0 = Mass.side_y0—0.5+«CV.drivey—CV.bumpgap—CV.perfwire;
139 bottombump_x1 = bottombump_x0—CV.bumpsize;

140 bottombump-yl = bottombump-y0—CV.bumpsize;

141 if CV.length == 0

142 bottombump-x0 = Mass.side_x0—0.5xCV.drivebranch;

143 Ysteps = 0:1le—6:25e—6;

144 Yreversesteps = Ysteps(end:—1:1);

145 pointsl = function_-Finger_Points (5, —1, Yreversesteps, 2e—6,
146 0.5xCV.bumpsize) ;

147 points2 function_.Finger_Points (5, 1, Ysteps, 2e—6, 0.5%CV.bumpsize);
148 bump_x_points = [pointsl(:,1);points2(:,1)1;

149 bump.-y_-points = —[pointsl(:,2);points2(:,2)];

150 bump_-x_points = [bump-x_-points (:);bump_-x_points (:)+25e—6;

151 bump_x_points (:)+50e—6]+bottombump_x0;

152 bump-y-points = [bump-y-points(:);bump.-y-points(:);

153 bump_y_points (:)]+bottombump.y0—0.5+CV.bumpsize;

154 bottombump-x0 = min (bump-x_points);

155 bottombump_x1 = max (bump_x_points);

156 bottombump-y0 = min (bump.-y-points);

157 bottombump.yl = bottombump_y0—CV.bumpsize;

158 end

159

160

161 Dat_massbox = function_PerfBox (Mass.base_x0,Mass.base_y0,

162 CV.drivex,CV.drivebase);

163 Dat_spacerboxl = function_PerfBox (Mass.side_x0,Mass.side_y0,

164 CV.drivebranch+CV.perfwire,CV.drivey+2+«CV.perfwire);

165 Dat_spacerbox2 = function_PerfBox(—Mass.side_x0,Mass.side.y0,

166 CV.drivebranch+CV.perfwire,CV.drivey+2+«CV.perfwire);

167 Dat_Freemass = cleGroup (Dat_.massbox, Dat_spacerboxl, Dat_spacerbox2);
168 for i = 1:CV.banks—1

169

170 Dat-bankl = function_PerfBox (Mass.branch_x0,Mass.banky(i),CV.bankx,
171 CV.drivebranch) ;

172 Dat_-bank2 = function_PerfBox(—Mass.branch_x0,Mass.banky(i),CV.bankx,
173 CV.drivebranch) ;

174 Dat_Freemass = cleGroup (Dat_-Freemass, Dat_bankl, Dat_bank2);
175 clear Dat_-bankl Dat_bank2

176 end

177

178

179 1if CV.length ==

180 Dat_bumpsl = cleBox ([topbump_x0,topbump_y0+10e—6]+M,

181 [topbump_x1, topbump_-y1l+10e—6]+*M) ;

182 Dat-bumps2 = clePolygon ([ (bump_-x_points) *M, bump-y-points*M]) ;
183 Dat_bumps3 = clePolygon([— (bump_x_points)*M, bump_y_points*M]);
184 Dat_-bumps4 = cleBox ([bottombump-x0,bottombump-y0]*M,

185 [bottombump_x1, bottombump_y1l] M) ;
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190

201

Dat_bumps5 = cleBox([—bottombump-x0,bottombump_y0]*M,
[~bottombump_-x1,bottombump-yl]*M) ;

Dat_Bumps = cleGroup (Dat_bumpsl, Dat_bumps2, Dat_bumps3,
Dat_-bumps4, Dat_bumpsb);

else

end

Dat._

Dat_bumpsl = cleBox ([topbump-x0, topbump_y0]*M,
[topbump_x1, topbump_y1l]«*M) ;

Dat_bumps2 = cleBox ([bottombump-x0,bottombump_-y0]*M,
[bottombump-x1, bottombump-y1l]*M) ;

Dat_bumps3 = cleBox([—bottombump.-x0,bottombump_y0]*M,
[-bottombump_x1, bottombump-y1l] M) ;

Dat_Bumps = cleGroup (Dat_bumpsl, Dat_bumps2, Dat_bumps3);

Spring = function_ FF_Build_Spring();

Dat_statortrunk = cleBox(Stator.x0xM, Stator.y0xM,
(CV.drivey+CV.statorbranch) «M, CV.statortrunkxM);

Dat_Statorbox = cleGroup (Dat_statortrunk);

for i = 1:CV.banks

Dat-bankl = cleBox([Stator.xl;Stator.y-bank_top (i) ]*M,
[Stator.x2;Stator.y bank_bottom (i) ]*M);
Dat_-bank2 = cleBox([—Stator.xl;Stator.y-bank_top (i) ]xM,
[-Stator.x2;Stator.y_-bank_ bottom (i) ]*M);
Dat_Statorbox = cleGroup(Dat_-Statorbox, Dat-bankl, Dat_-bank2);
clear Dat_bankl Dat_bank2
end

if CV.length > 0

X0 = —0.5%(CV.N1) = x_step;
for i = 0:CV.N1-1
Dat_-movfingers = clePolygon ([X0+finger_x_points+(i+0.5)*x_step,

finger_y_points+Mass.base_y0—0.5xCV.drivebase] *M) ;
Dat_statfingers = clePolygon([X0O+finger_x_points+ (i) *x_step,
—finger_y_points+Mass.base_y0—0.5xCV.drivebase—comb_space] *M) ;
Dat_Freemass = cleGroup (Dat_-Freemass, Dat_movfingers);
Dat.-Statorbox = cleGroup (Dat-Statorbox, Dat_statfingers);
clear Dat_movfingers Dat_statfingers
end
Dat.statfingers = clePolygon ([X0+finger_x_points+(CV.N1)=xx_step,
—finger_y_points+Mass.base_.y0—0.5xCV.drivebase—comb_space] *M) ;
Dat_Statorbox = cleGroup (Dat_Statorbox, Dat_statfingers);
clear Dat_statfingers
for i = 0:CV.N2-1
for j = 1:CV.banks—1

X0 = finger_x_points+isx_step+finger_x0+0.5xCV.basethickness;
Y0 = finger_.y-points+Mass.banky (j)—0.5xCV.drivebranch;
Dat_.movfingerl = clePolygon ([X0,Y0]xM);

Dat_-movfinger2 = clePolygon([—X0,Y0]*M);

YO = —finger_y_points+Stator.y-bank_top (j+1);
Dat._statfingerl = clePolygon ([X0—0.5+«CV.finger_-width,YO0]*M) ;
Dat_statfinger2 = clePolygon([—(X0—0.5xCV.finger_width),Y0]xM);

Dat_Statorbox = cleGroup (Dat_Statorbox, Dat_statfingerl,
Dat_statfinger2);

Dat_Freemass = cleGroup (Dat_Freemass, Dat_movfingerl,
Dat-movfinger2);

clear Dat_statfingerl Dat_statfinger2

clear Datmovfingerl Dat.movfinger2

clear X0 YO

end
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end
end
TextX = —Stator.x2;
TextY = (Stator.y-bank_bottom(CV.banks)—138e—6);
Dat_textl = cleTextPrintf (TextXxM, TextY¥Y«M,O0, [false false],0.07,
["" num2str (bank_number)] );

Dat_-Text = cleGroup (Dat_textl);

cleDrawDat = cleGroup (Dat_-Freemass, Dat-Bumps, Dat_-Spring,
Dat_Statorbox, Dat_Text);

if nargout < 1
cleDraw (cleDrawDat) ;

end

end

E.4 function DC _Build Spring
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27
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30
31
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33
34
35
36
37
38
39
40
41
42
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44

function [ cleDrawDat ] = function.DC_Build-Spring(i,L,StartX, StartY)

Function to make a double folded spring on either side of the mass
i = spring number

L = length of the spring

StartX = starting point on the x—axis

StartY = starting point on the y—axis

(x,y)=(0,0) is at the middle point of the mass

filepath which ('Build Comb Bank.m');
filepath = filepath(l:length(filepath)—18);

var_-filename = [filepath '\comé,variab 15
load (var_filename) ;
debug_-filename = [filepath ‘\dump,SCTirq.wat'];
if exist (debug_filename, 'file')

save (debug_-filename, 'debug_filename');
end
M = leb;

Spring.L = L;

Spring.StartX = StartX;
Spring.Start¥Y = StartyY;
Spring.Anchor_Size = CV.anchor_size;
Spring.tl = CV.spring-width;

p0 = round([Spring.StartX—2e—6, Spring.StartY—0.5+«Spring.tl]xM);
pl = round([Spring.StartX+Spring.L+2e—6, Spring.Start¥+0.5+«Spring.tl]*M);
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46
47
48
49
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52
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54
55
56
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58
59
60
61
62

p2 = round([Spring.StartX+Spring.L, Spring.StartY—0.5xSpring.Anchor_Size]xM);

p3 = round([Spring.StartX+Spring.L+Spring.Anchor_Size,
Spring.StartY¥+0.5+Spring.Anchor_Size]*M);

load (debug-filename, 'SpringDebug');

SpringDebug{i} = Spring;
clear Spring L StartX StartyY
save (debug_filename, '—append') ;

oL w the springs

beam = cleBox (p0,pl);

anchor = cleBox (p2,p3);

cleDrawDat = cleGroup (beam, anchor);
if nargout < 1,

f > out

cleDraw (cleDrawDat)
end;

end

E.5 function FF _Build _Spring

© W N e U A W N =

function [ cleDrawDat ] = function_.FF_Build_-Spring/()
at

5}

filepath = which('Build Comb_Bank.m');

filepath = filepath(l:length(filepath)—18);
debug-filename = [filepath '\dump_Spring.mat'];

All the input variables are taken from comb_variables.mat

var_-filename = [filepath '\comb.variables.mat'];
load (var_filename) ;
M=1le6; ¢ m to um

Spring.L = CV.spring_length;
Spring.Spring-Anchor_Size = CV.anchor.size;
Spring.tl = CV.spring.width;

.5%xCV

¢ Top of the upper am a to the
Beams.y2 = Mass.base_y0+0.5%Spring.tl;
> Top of the upper beam attached to an ai

Beams.yl = Beams.y2 + 0.5xCV.drivey;

5 Top of the lower beam a ed to the dr
Beams.y3 = Mass.banky (CV.banks—1);

o) O an ar

a




108 APPENDIX E. MATLAB CODE FOR CLEWIN

45 Beams.y4 = Beams.y3 — 0.5xCV.drivey;

46
47 Beams.y-top = [Beams.yl, Beams.y2, Beams.y3, Beams.y4];

48 Beams.y-bottom = Beams.y-top — Spring.tl;

49

50

51 Anchor.x0 = Beams.x0;

52 Anchor.xl = Anchor.x0—Spring.Spring_Anchor_Size;

53 Anchor.ytop = [Beams.y-top(1l)+0.5+«Spring.Spring-Anchor._Size—0.5*Spring.tl,
54 Beams.y-top (4)+0.5%xSpring.Spring_Anchor_Size—0.5*Spring.tl];

55 Anchor.ybottom = Anchor.ytop — Spring.Spring-Anchor_Size;

56

57

58 Truss.x = Beams.xl + 0.5xCV.truss;

59 Truss.w = CV.truss;

60 Truss.y = Beams.y_top(l)— (Beams.y_top(l)—Beams.y_bottom(4))/2;
61 Truss.h = Beams.y_-top(l)—Beams.y_-bottom(4);

62 Truss.x0 = Beams.xl + CV.truss;

63 Truss.xl

64 Truss.yO

Beams.x1;
Beams.y_-top (1);

65 Truss.yl = Beams.y_bottom(4);

66

67

68

69 Dat_anchorl = cleBox ([Anchor.x0,Anchor.ytop(1l)]xM,
70 [Anchor.x1l,Anchor.ybottom (1) ] «M) ;

71 Dat.anchor2 = cleBox ([Anchor.x0,Anchor.ytop(2)]xM,
72 [Anchor.x1l,Anchor.ybottom(2) ] «M) ;

73 Dat_anchor3 = cleBox([—Anchor.x0,Anchor.ytop(1l)]*M,
74 [-Anchor.x1,Anchor.ybottom(1l) ]*M);

75 Dat_anchor4 = cleBox([—Anchor.x0,Anchor.ytop(2)]x*M,
76 [-Anchor.x1l,Anchor.ybottom(2) ] M) ;

77 Dat_Spring = cleGroup (Dat_anchorl, Dat_anchor2, Dat_anchor3, Dat_anchord);

79 for i = 1:4

80 Dat_-beaml = cleBox([Beams.x0,Beams.y-top (i) ]~*M,

81 [Beams.x1l,Beams.y bottom (i) ]*M);

82 Dat_beam2 = cleBox([—Beams.x0,Beams.y_-top (i) ]*M,

83 [-Beams.x1,Beams.y_bottom (i) ]*M);

84 Dat_Spring = cleGroup (Dat_Spring,Dat_-beaml, Dat_beam2);

85 clear Dat_beaml Dat_beam2

86 end

87

88 Dat_trussl = function PerfBox([Truss.x0,Truss.y0], [Truss.x1l,Truss.yl]);
89 Dat_truss2 = function_PerfBox([—Truss.x0,Truss.y0], [-Truss.xl,Truss.yl]);

90 Dat_Spring = cleGroup (Dat_Spring, Dat_trussl, Dat_truss2);

92 cleDrawDat = Dat-Spring;
93 SpringSave = Spring;
94 clear Dat._x

95 save (debug_filename,
96 end

'—append') ;

E.6 function Finger_ Points

© 0 N o U A W N e
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13 function [ return_points ] = function_Finger_Points (shape, side, Y, tip, base)
14

15

16

17

18

19

20

21

22

23

24

25

26 filepath = which('Build.Comb_Bank.m');

27 filepath = filepath(l:length(filepath)—18);

28 debug.-filename = [filepath '\dump_Shape.mat'];

29

30

31 if nargin < 4

32 var_filename = [filepath '\c<:>r.b,variak:;es.mat'];
33 load (var_filename) ;

34 L = CV.length;

35 tl = CV.basethickness;

36 t2 = CV.tipthickness;

37 k = CV.k;

38 N = CV.N;

39 gap = CV.gap;

40 overlap = CV.overlap;

41 BW = constants.z;

42 else

43 L = max(Y);

44 tl = base;

45 t2 = tip;

46 end

47

48 switch shape

49 case {2}

50

51 tapered.a_x = (tl1-t2)/2;

52 return_points = [sign(side)* (0.5xt2 +(Y/L)~*tapered-a_x); (Y — L)1"';
53 case {3}

54

55 Vmax = CV.Vmax;

56 FavailO = realepsilon0+«NxVmax+Vmax+h/gap;
57 return_points = [( sign(side) x (0.5xtl +
58 (gap—realepsilonO+h*N*Vmax+Vmax./ (k* (Y—overlap)+Favail0))));
59 (Y = 1L)1";

60 case {4}

61

62 for i = l:length (Y)

63

64 if Y(i) > CV.overlap

65 points (i) = 0.5xtl;

66 else

67 points (i) = 0.5xt2;

68 end

69 end

70 return_points = [sign(side) * points ; (Y — L)1"';
71 case {5}

72

73 tapered.a_x = (tl-t2)/2;

74 for i = l:length (Y)

75 if Y(i) > t2

76 return_points (i, :)=[sign(side) * (Y (i) /L) *tapered.a_x;

109




110

77 (Y (1)
78
79
80
81

82

- L)'
else
return_points (i,
end
end

:) = [sign(side) x (0.5%t2)

83 otherwise
84
85
86
87

88

return_points * 0.5%tl » ones(size(Y))

= [sign(side)
end

end

’

’

APPENDIX E. MATLAB CODE FOR CLEWIN

(Y (i) — L) 1;

(Y = L)1';

E.7 function_Lightning

1 function [ cleDrawDat ] = function_-Lightning( w, h )
2

3

4

6

7 ymax = 0;

8 ymin = h;

9 xmax = 0;

10 xXmin = wj;

11 ysavel = h;

12 ysaveZ = h;

13 filepath = which('Build_Comb_Bank.m'");
14 filepath = filepath(l:length(filepath)—18);
15

16

17y = h;

18 wirewidth = 3;

19

20

21 y0 = h;

22 yl = y0 — 1/3%h;

23 y2 = y0 — 1/2%h;

24

25 xstep.width = 1/6 * w;

26 dxldy = ((1/2—1/3)xw)/ (y0—yl);

27 dx2dy = ((1/2—1/6)xw)/ (y1—0);

28 dx3dy = (w—dxldyx* (y0—y2)—1/6%w)/(y2—0);
29

30 outer_bolt = w/15;

31 border_width = 2;

32 inner_bolt = outer_bolt+border_width;
33

34 x1_.1 = w—1/3%w;

35 x1.2 = w;

36 x2.1 = w — (1/2+1/6) *w;

37 x2.2 = w — (yO0—yl)xdxldy;

38 x3.1 = x2_.1 — (yl—y2)*dx2dy;

39 xX3.2 = x2_.2 — (yl—y2)*dxldy — 1/6*w;
40

41 steps = ceil (abs (ymin—ymax)/ (3+3.5));
42 steps2 = 0;

43 stepsize = 1/steps;

44

45 gap-width = 3:stepsize:4;

46

a7

48 cleDrawDat = cleBox([x1.1,y0],[x1_2,y0—gap-width(1)]);

49
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51 y =y — (gap-width(l)+wire_width);

52 for i = 2:steps

53 if (v < y2 && y > 0)

54

55 x1l = x3_.1—dx2dy~* (y2—y);

56 x2 = x3_.2—dx3dy~* (y2—y);

57 end

58 if (y < yl && y > y2)

59

60 x1l = x2_1—dx2dy~* (yl—=y);

61 x2 = x2_2—dxldy~* (yl-y);

62 end

63 if (y < y0O && y > yl)

64

65 x1l = x1_1—dxldy~* (y0—y);

66 x2 = x1_2—dxldy=* (yO—y);

67 end

68 if ((x2—x1) < (2*«inner_bolt))

69 Dat_-line = cleBox([x1l, y],[x2, y—gap-width(i)]);

70 else

71 steps2 = steps2+l;

72 ymin = min(y,ymin);

73 ymax = max(y,ymax);

74

75 Dat_linel = cleBox([x1l, y], [xl+outer_bolt, y—gap-width(i)]);
76 Dat-line2 = cleBox([x2, vy], [x2—outer_bolt, y—gap-width(i)]);
77 Dat_line3 = cleBox([xl+inner bolt, y], [x2—inner_bolt,
78 y—(7—gap-width(i))]);

79 Dat_line = cleGroup(Dat_linel, Dat_line2, Dat_line3);
80 end

81 y = y—(wirewidth+gap-width (1)) ;

82 cleDrawDat = cleGroup (cleDrawDat, Dat_line);

83 end

84

85

86 if nargout < 1

87 cleDraw (cleDrawDat) ;

88 end

89

90 end

E.8 function PerfBox

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15 function [ cleDrawDat ] = function_PerfBox(x, y, b, h)
16

17 Make a perforated mass (so it can be etched free)
18 When 4 parameters are supplied:

19 x = center—point on the x—axis

20 y = center—point on the y—axis
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21 b = width of the box

22 h = length of the mass

23 When 2 parameters are supplied:

24 X = [x,y] coordinates of one corner

25 y = [x,y] coordinates of the opposite corner

26

27 M = leb;

28

20 filepath = which('Build.Comb_Bank.m');

30 filepath = filepath(l:length(filepath)—18);

31 var_-filename = [filepath '\::om'o:«'ar" ables.mat'];
32 load(var_filename);

33 debug-filename = [filepath ‘\dL;mc,Per:box .mat'];
34 if exist (debug_filename, 'file')==

35 save (debug_-filename, 'debug_filename');

36 end

37

38 perfperiod = CV.perfperiod;
39 perfwire = CV.perfwire;

42 if (nargin < 3)

43 x0 = min(x(1),vy(1));
44 y0 = min(x(2),y(2));
45 xl = max(x(1),y(1));
46 vyl = max(x(2),y(2));
a7

48 x = (x1+x0)/2;

49 y = (yl+y0)/2;

50 b = (x1—x0);

51 h = (yl—y0);

52 end

54 X=[(—b/2+perfwire/2:perfperiod: (b/2—perfwire/2) —perfperiod) b/2—perfwire/2]«M;
55 Y=[(—h/2+perfwire/2:perfperiod: (h/2—perfwire/2) —perfperiod) h/2—perfwire/2]*M;

56
57 horizontal = cleBox(x*M,y*M, perfwirexM, bxM);
58 horgroup = cleTranslate (horizontal, [0xY ; Y]);
59

60 vertical = cleBox(x*M, y*M, hxM, perfwirexM);
61 vertgroup = cleTranslate(vertical, 0xX1);
62

63 cleDrawDat = cleGroup (horgroup, vertgroup);

64 save (debug_filename, '—append');

65 1if nargout < 1,

66

67

68 cleDraw (cleDrawDat)

69 end;

E.9 Set_Comb_variables

N
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13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

46
47
48
49
50
51

53
54
55
56
57
58

60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4

76
77
78
79

function [ ] = Set_Comb_variables (bank_number, Type)

Variables to be set for each comb—drive
Variables needed for both designs:

Comb.length Length of the fingers (m)
Comb.overlap Amount of overlap between opposite fingers (m)
Comb.gap Gap between opposite fingers (m)

Comb.tipthickness Thickness of the tip of the fingers (m)
Comb.basethickness Thickness of the base of the fingers (m)
Comb.shape (1) Shape of the left side of the fingers
Comb. shape (2) Shape of the other side of the fingers

Shape #1 = Straight fingers

Shape #2 = Tapered fingers

Shape #3 = Maximum—force (Johan)

Shape #4 = Stepped fingers

Comb.N Amount of fingers

Comb . Vmax Maximum applied voltage, needed for force calculations
Comb.Y_steps Amount of vector points on the y—axis of the fingers
Comb.banks Amount of banks

Comb.spring_width Width of the beams of the springs (m)

Comb. fres Desired resonance frequency (Hz)

Comb.perfwire Width of the wires on a perforated block (m)
Comb.perfperiod Period of the perforation (m)

Comb.anchor_size Size of the anchors of the springs (m)

Comb.bumpsize Size of the safety bumps (m)

Comb . bumpgap Gap between moving parts and bumps (m)

Variables only needed for the Folded—Flexure designs:

Comb.statortrunk Width (x—direction) of the trunk of the stator (m)
Comb.statorbranch Width (y—direction) of the branches of the stator (m)
Comb.spacer Space between drive and stator (m)
Comb.drivebranch Width (y—direction) of the branches of the drive (m)
Comb.drivebase Width (y—direction) of the base of the drive (m)
Comb.truss Width (x—direction) of the truss of the springs (m)

Calculated variables:

Comb . N2 Number of fingers per bank (rounded off)

Comb.N1 Number of fingers at upper branch

Comb.N Corrected number of fingers

Comb .bankx Length (x—direction) of the branches (m)

Comb.drivex Length (x—direction) of the base of the drive (m)

Comb.drivey Length (y—direction) of the sides of the drive (m)

Variables only needed for the double—clamped cantilever designs

Comb.bankbase Width (y—direction) of the banks (m)
Comb.statorbase Width (y—direction) of the base of the stator (m)
Comb.bankspacer Space between drive and stator (m)
Comb.massspacer Extra room on the drive for springs (m)
Comb.massx Width (x—direction) of the drive (m)

Calculated variables:

Comb . N2 Number of fingers per bank (rounded off)

Comb.N Corrected number of fingers

Comb.massy Length (y—direction) of the drive (m)

Comb .bankx Length (x—direction) of the banks (m)
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so ¢ 400
81 Comb.
82 Comb.overlap = 2e—6;
83 Comb.gap = 3e—6;

84 Comb.tipthickness =
85 Comb.basethickness

86 Comb.shape(l) = 1;
87 Comb.shape(2) = 1;
88 Comb.N = 400; 3
89 Comb.Vmax = 10;

90 Comb.Y_steps = 5;
o1 if stremp (Type, 'FE')

93 i ves
94 Comb.banks = 5;
95 else

99 end

100 Comb.spring.width =
101 Comb.fres = 10000;

102 Comb.statortrunk = 100e—6;
103 Comb.statorbranch = 50e—6;
104 Comb.spacer = 30e—6;

105 Comb.drivebranch = 50e—6;
106 Comb.drivebase = 100e—6;
107 Comb.bankbase = 50e—6;

108 Comb.statorbase = 100e—6;
109 Comb.bankspacer = 30e—6;
110 Comb.massspacer = 150e—6;

111 Comb.massx = 100e—6;

112 Comb.perfwire = 3e—6;

113 Comb.perfperiod = 8e—6;
114 Comb.truss = 20e—6; 1
115 Comb.anchor_size = 100e—6;
116 Comb.bumpsize = 50e—6;

117 < ap = —6;

119 filepath which ('Build._Comb_Bank.m");
120 filepath = filepath(l:length(filepath)—18);

121 debug-filename = [filepath '\dump.Debug.mat'];

122 var_filename = [filepath '\comb,variables.mat‘];

123 datestring = datestr (now, 'yyyy-—mm—dd HH.MM.SS'");

124 backup-filename = [filepath '\Variables,Backup [" datestring '] .mat'];
125 delete(var_filename);

126

127 55 C

128 constants.E = 169e9;

120 constants.z = 25e—6; n, ght of

130 constants.realepsilonO = 8.854e—12;

131 constants.min_feature_size = 3e—6;
132 constants.rhoSi = 2329.0; &{kg+m~
133 constants.oxidethickness = le—6; $ m,

140 Comb_Variable{i} = Comb;
141 Comb_Variable{i}.overlap = 0e—6;
o 2 o1 = 2

143 1=2;
144 Comb_Variable{i} = Comb;
145 Comb_Variable{i}.overlap = 2e—6;

ap




E.9. SET_COMB_VARIABLES

147  1=3;

148 Comb_Variable{i} = Comb;

149 Comb_Variable{i}.overlap = 6e—6;

150

151 rsion 2

152 T £ e 1, t t \% o

153 er.lar —< s gar L

154 1=4;

155 Comb_Variable{i} = Comb;

156 Comb_Variable{i}.gap = le—6;

157 Comb_Variable{i}.overlap = —2e—6;

158

159 — 1 i

160 T finger

161 B k 1, 1r =

162 1 = 5;

163 Comb_Variable{i} = Comb;

164 Comb_Variable{i}.tipthickness = 3e—6;

165 Comb_Variable{i}.basethickness = 7e—6;

166 Comb_Variable{i}.shape(l) = 2;

167 Comb_Variable{i}.shape(2) = 2;

168 Comb_Variable{i}.overlap = 2e—6;

169 Comb_Variable{i}.gap = le—6;

170

171 4

172 , 1 rlap = 1, i rlap =
173 B =

174 1 = 6;

175 Comb_Variable{i} = Comb;

176 Comb_Variable{i}.overlap = 2e—6;

177 Comb_Variable{i}.tipthickness = 3e—6;

178 Comb_Variable{i}.basethickness = 7e—6;

179 Comb_Variable{i}.shape(l) = 4;

180 Comb_Variable{i}.shape (2) = 4;

181 Comb_Variable{i}.Y_steps = 50;

182 Comb_Variable{i}.gap = 3e—6;

183

184

185 Parallel plate caj t

186 1 = 7;

187 Comb_Variable{i} = Comb;

188 Comb_Variable{i}.length = 0;

189 Comb_Variable{i}.overlap = —3e—6;

190 Comb_Variable{i}.N = 800;

191 Comb_Variable{i}.banks = 6;

192

193 rsi

194 % Different Fres

195 1 = 8;

196 Comb_Variable{i} = Comb;

197 Comb_Variable{i}.fres = 2000;

198

199 %% Save variables

200 Number_of_Comb_Banks = i;

201 Some variable e cal ated f the ones that are e
202 3 1 1 T iffer f 1 r ir
203 C t

204 for

205 Comb_Variable{a}.finger_-width = Comb_Variable{a}.basethickness +
206 Comb_Variable{a}.tipthickness + 2 * Comb._Variable{a}.gap;
207 if stremp (Type, 'FE')

208 Ll=Comb_Variable{a}.length x2—Comb_Variable{a}.overlap;
209 Nl=round ((Comb_Variable{a}.statortrunk+2+Comb_Variable{a}.spacer)/
210 Comb-Variable{a}.finger_width);

211 Comb_Variable{a}.N2=round((Comb_-Variable{a}.N—N1)/

212 (2xComb_Variable{a}.banks));

213 Comb_Variable{a}.N1=N1+2xComb_Variable{a}.N2;

115




116

250

253
254
255

257
258
259
260
261
262

264
265
266
267
268
269

271
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Comb_Variable{a}.N=2«Comb_Variable{a}.N2x...
(Comb_Variable{a}.banks—1)+Comb_Variable{a}.N1;

Kl=(Comb_Variable{a}.N2+1)«Comb_Variable{a}.finger_width;

L2=ceil ( (Kl+Comb_Variable{a}.spacer—Comb_Variable{a}.perfwire)/
Comb_Variable{a}.perfperiod);

Comb-Variable{a}.bankx=L2+Comb_Variable{a}.perfperiod+
Comb_Variable{a}.perfwire;

Comb-Variable{a}.drivex=Comb.-Variable{a}.statortrunk+
2xComb_Variable{a}.spacer+2+Comb_Variable{a}.bankx+
2xComb_Variable{a}.drivebranch;

Comb_Variable{a}.drivey=(Comb_Variable{a}.banks—1) »*
(Comb_Variable{a}.spacer+Ll+Comb_Variable{a}.statorbranch+
Comb_Variable{a}.drivebranch)+Comb_Variable{a}.drivebranch;

else

Ll=Comb_Variable{a}.length *2—Comb_Variable{a}.gap;

Comb_Variable{a}.N2=round (Comb_Variable{a}.N/
(2xComb_Variable{a}.banks));

Comb_Variable{a}.N=2xComb.Variable{a}.N2xComb_Variable{a}.banks;

Kl=Comb.Variable{a}.N2xComb_Variable{a}.finger_width;

Comb_Variable{a}.massy=Comb_Variable{a}.banks x
(Ll+Comb_Variable{a}.bankspacer+2+«Comb_-Variable{a}.bankbase) +
Comb_Variable{a}.bankbase+2+Comb_Variable{a}.massspacer;

L2=ceil ((Kl+Comb_-Variable{a}.bankspacer— ...
Comb_Variable{a}.perfwire)/Comb.-Variable{a}.perfperiod);

Comb_Variable{a}.bankx=L2+Comb_Variable{a}.perfperiod+
Comb-Variable{a}.perfwire;

end
clear L1 L2 N1 K1

Comb_Variable{a}.bumpgap = Comb._Variable{a}.length —
Comb-Variable{a}.overlap—2e—6;

if Comb_Variable{a}.length > 0
tempgap = Comb_Variable{a}.gap +
(Comb_Variable{a}.basethickness—Comb_Variable{a}.tipthickness);
Comb_Variable{a}.C0 = Comb_Variable{a}.N * constants.z x
Comb,Variable{a}.overlap * constants.realepsilonO/tempgap;
Comb_Variable{a}.F0 = Comb_Variable{a}.N % constants.z x
constants.realepsilon0 % Comb_Variable{a}.Vmax"2/tempgap;
clear tempgap
else
Comb_Variable{a}.bumpgap = —Comb_Variable{a}.overlap—le—6;
A = Comb-Variable{a}.bankx % constants.z;
Comb_Variable{a}.CO = constants.realepsilon0 * A /
(—Comb_Variable{a}.overlap);
Comb-Variable{a}.F0 = Comb_Variable{a}.Vmax 2x*
constants.realepsilon0+A/ (2% (—Comb_Variable{a}.overlap)"2);
clear A
end
end
save (backup_filename);
CV = Comb.Variable{bank_number};

clear i L1 L2 K1 K2 Comb_Variable
delete (var_filename) ;
save (var_filename) ;
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MicroController code

F.1 Main

#include <avr/io.h>
#include <avr/interrupt.h>
#include <math.h>

#define Steps 24
#define OscPer 1
#define countEnd Steps* (OscPer+1l)

© 0 N U oA W N e

= e
o= O

#define SwitchlBit 0
#define Switch2Bit 1

15 #define SquareWaveBit 6
16

==
oW

17
18

19

20 void initSequence ( void );

21 void initTimer0 ( woid );

22

23

24 unsigned long Fcrystal = 14745600;
25 unsigned int Fres = 8300;

26 unsigned int temp = 0;

27 float S2_open = 0.75;

28 float S2_close = 0.9;

29 float Ftemp = O;

30 float Ffinal = 0;

31 unsigned char Fmult = 0;

32 unsigned int Steps2 = 0;

33 unsigned int Sl_close_count = 0;
34 unsigned int S2_open._count = 0;
35 unsigned int S2_close_count = 0;
36 unsigned int Sl_open_count = 0;

37 unsigned char Outl = OxFF;

38 unsigned char Out2 = 0b11111100;

39

40

41 unsigned char SegNormal[ (OscPer+l) xSteps];

42 unsigned char varNormal = 0;
43 unsigned char varTransfer = 0;
44 unsigned int counter = 0;
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48 ISR(TIMERO_COMP._vect )

49 {

50 counter++;

51

52

53 if (counter == countEnd)
54 {

55 counter = 0;

56 }

57 if (counter < 2000)
58 {

59 PORTC = Outl;
60 } else {

61 PORTC = Out2;

62 }

65 int main (void)

67
68 DDRC = OxFF;

69 PORTC = OxFF;
70

71 initSequence () ;
72 initTimer0 () ;
73

74 while (1) {

76 }
7}

79 void initSequence ( void )

so {

81 char offset = 0;

82 Ftemp = Fcrystal/Fres;

83 Fmult = round(Ftemp/Steps);

84 temp = countEnd;

85 Ffinal = Fcrystal/Fmult;

86 Steps2 = round(Steps/2);

87 Sl_close_count = Steps2-—1;

88 S2_open_count = floor (S2_openx*Steps);

89 S2_close_count = Steps—1;

90 if (floor(S2_closexSteps)< S2_.close_count)
91 {

92 S2_close_count = floor(S2_closexSteps);
93 }

94 while (Steps—2<S2_open_count)

95 {

96 S2_open_count = S2_open_count—1;

97 }

98 if (S2_close_count—1 > S2_open_count)

99 {
101 }

102 S2_open_count = Stepsx*0.7;

103 S2_close_count = Stepsx0.8;

104 Sl_close_count = Steps=*0.4;

105 Sl_open_count = S2_close_count+l;
106 for (int j=0; j<(OscPer+l); j++)
107 {

108 offset = jxSteps;

109 for (int i=0;i<Steps; i++)
110 {

111 varNormal = 0;

112 varTransfer = 0;
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ransrer ‘:

if (i<Steps2)

{

varNormal |= (l<<SquareWaveBit);
varTransfer |= (1I<<SquareWaveBit) ;

}

varNormal |= (1<<SwitchlBit);
varNormal |= (0<<Switch2Bit);
if (i<Sl_close_count)// |

{

\/ ~

varTransfer |= (1<<SwitchlBit);

if (i>S2_open_count && i<S2_close_count)

{
}

if (j<OscPer)

varTransfer |= (1<<Switch2Bit); // Swit:

SeqNormal [i+toffset] = varNormal;
} else {
SegNormal [i+offset] = varTransfer;

}

}

void initTimer0 (void)

Y A

) | -BV (CS00) ;
)|-BV (CS01

TCCRO =

OCRO = Fmult;
TIMSK = _BV (OCIEO);
sei();
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