NUMERICAL MODELING OF THE DEFLECTION OF AN ELECTRO-
STATICALLY ACTUATED CIRCULAR MEMBRANE MIRROR

by

Eric John Moog

A thesis submitted in partial fulfillment
of the requirements for the degree

of
Master of Science
n

Electrical Engineering

MONTANA STATE UNIVERSITY

Bozeman, Montana

July, 2011



(© Copyright
by
Eric John Moog
2011
All Rights Reserved



i
APPROVAL

of a thesis submitted by

Eric John Moog

This thesis has been read by each member of the thesis committee and has been
found to be satisfactory regarding content, English usage, format, citations, biblio-
graphic style, and consistency, and is ready for submission to The Graduate School.

Dr. Steven R. Shaw

Approved for the Department of Electrical and Computer Engineering

Dr. Robert C. Maher

Approved for The Graduate School

Dr. Carl A. Fox



111

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfullment of the requirements for a master’s
degree at Montana State University, [ agree that the Library shall make it available
to borrowers under rules of the Library.

If T have indicated my intention to copyright this thesis by including a copyright
notice page, copying is allowable only for scholarly purposes, consistent with “fair
use” as prescribed in the U.S. Copyright Law. Requests for permission for extended
quotation from or reproduction of this thesis in whole or in parts may be granted

only by the copyright holder.

Eric John Moog

July, 2011



v

DEDICATION

I dedicate this thesis to my loving and supportive mother, MaryAnn.



ACKNOWLEDGEMENTS

I would like to sincerely thank Dr. Steven Shaw for all of his support and
advice through the years. His simultaneous zeal and sharp sense of humor have
made my time under his direction both invaluably educational and also teriffic
fun! T also owe many thanks to: Dr. David Dickensheets, for helping to make
this research possible, and for all of his help throughout the project; Dr. Robert
Mabher, for his guidance; Sarah Lukes and Mohammad Moghimi, for developing
and providing the devices used in testing; Dr. Philip Himmer, for his work in
developing this device technology; and Peter Lindahl for his friendship along the

way.

Funding Acknowledgment

This work has been supported by the National Science Foundation through
award number DBI-0754608. Any findings, musings, conclusions expressed in

this document are those of the author and do not reflect the views or opinions

held by the NSF.



vi

TABLE OF CONTENTS

. INTRODUCGTTION ..t 1
Background ... 1
Proposed Contribution and Purpose.............ccooiiiiiiii 3
AsSUmMPtIons MAde.......oviuniit e 3
Organization of Thesis ..ot 4

. NUMERICAL MODELING ... ..ottt 6
Background ..o 6
Device DeSCIIPEION ..uvuuiiiiii e 6
Electrostatic Instability ..o 8
Finite Difference Method ..........oooiiiiiiii e 9
Numerical Approximation of Membrane ................c..cooiiiiiiiiii . 10

Output Equation ... 13
Boundary Conditions...........co.iiiiiiii e 13

. MODEL VALIDATION ...t 15

Steady State Validation ...........cooviiiiiiinii 15
Membrane Shape Validation..............cooiiiiiiiiiiiiiii e 15
Dynamic Validation ...........ooooiiiii 18
Model DYNAIMICS ..couuiiiiiii e 19
Measured DyNamiCs ........oouuiiiiiiie e 20

. EXAMINATION OF THE MODEL .........coiiiiiiiiiiiiie e 26
Time Domain SOIUIONS . ....oouuiiiiii e 26
Parabolic Optimization ... 27

. POSITION FEEDBACK TECHNIQUES ...t 34
OPtICaAl SENSINE .. ceviiiii i 34
Electronic SEnSINgG ... ....vviiniii e 35

Homodyne SEnSING .......couvuiiiiiii e 37
Heterodyne Sensing ..........c.ooiuiiiiiiiiii e 40
SYNCATONOUS SENSINE . ..evtiiii e 43
Multiple Channel Encoding............cooviiiiiiiiiinic e 48
On Relating Capacitance to Deflection ..............ccoocooi 48

. DISCUSSION ..o 52



vil

TABLE OF CONTENTS — CONTINUED

REFERENCES CITED ...ttt 54
APPENDICES ... oo 58
APPENDIX A: Matlab Source Code ...........cooviiiiiiiiiiiiiiiiiiiie e 59
APPENDIX B: Four Channel Homodyne Sensing PCB Layout ................... 67

APPENDIX C: Spice Schematics ..........ooiiuiiiiiiiiiiiiiiiiieiieeeee e 73



viil

LIST OF TABLES

Table Page
5.1 Exclusive OR (XOR) Truth Table .........cccocoovii 39
5.2 Ring Oscillator State Transition Table...............coooo . 40

5.3 D Latch Truth Table ..o e 41



Figure

2.1
2.2

2.3
2.4

2.5

3.1
3.2
3.3
3.4

3.5
3.6
3.7
3.8

3.9

3.10

1X

LIST OF FIGURES

Page
Deformable mirror with typical dimensions. ...............ccoooiiiiiiiin.L. 6
left : deformable membrane mirror mounted in DIPS8 package, the out-
line of the deformable area is indicated by the dashed circle center :
interferometric image of deflected membrane right : backplate elec-
trodes exposed following removal of membrane mirror. ........................... 7
Parallel plate linear model of deformable membrane mirror. .................... 8
Cross sectional illustration of deforming membrane mirror with param-
eters Of INTETeSt. .. oo 11
Circular deformable membrane - example discretization of continuous
membrane into twelve concentric annular parallel plate capacitors with
positions obeying the discrete membrane equation in polar coordinates.
Skt = k0 = Ok e oo 12
Numerical membrane models at 20 percent deflection ............................ 16
Numerical membrane models at 40 percent deflection ............................ 17
RMS error as a function of spatial model order. ...................cooooiiiinl. 17
Measured and simulated profile of single zone actuated two mm mem-
brane with a 25 um gap thickness. ... 18
Deflection as a function of applied voltage under closed-loop control....... 19

Magnitude and phase plots indicating changing dynamics with stroke. .... 20
Optical frequency response measurement SEtUP............coevvveiviiiniiinneinnn.n. 21

Perforated backplate exhibiting a single ring of 8 holes placed at .5 mm
2 Y6 111 L T PP PR PP 22

Frequency response of three mm membrane biased at 175 V with one
ring of 8 holes perforated into backplate. .................cooii 23

Perforated backplate exhibiting two rings of 8 holes placed at .5 mm
and 1 mm Tadii. ..oo.oii 24



Figure

3.11

3.12

3.13

4.1

4.2

4.3

4.4

4.5
4.6
4.7
4.8
4.9
4.10

5.1

5.2

5.3

LIST OF FIGURES - CONTINUED
Page

Frequency response of three mm membrane biased at 175 V with two
rings of 8 holes perforated into backplate. ..................o 24

Perforated backplate exhibiting two rings of 8 holes placed at .5 mm
and 1 mm radii and one ring of 72 holes placed at a 1.4 mm radius to
approximate a slot POTt. ... ... 25

Frequency response of three mm membrane biased at 175 V with two
rings of eight holes and ones slot of 72 holes perforated into backplate. ... 25

250V step response applied to a two mm membrane under open-loop
operation. Physical parameters are S, = 20um, R, = 1 mm, 0 = 2
pm, p = 1200 kg/m?3, Stress = 30 MPa, D = 4% 10" ...l 27

Capacitive output for 250V step response applied to a two mm mem-
brane under open-loop operation. .............ccocoiiiiiiiiiii 28

250V step response applied to a two mm membrane under closed-loop
operation. Physical parameters same as in 4.1..........cc.oooiiiiiiiniinins. 29

Parabolic Optimization Curves for a Membrane with a two mm Diam-

eter and 30 pm Gap Thickness. .........oooiiiiiiiiiiiii 30
Optimally Parabolic Deflection with 100 Volts on Center Electrode. ....... 31
Optimally Parabolic Deflection with 200 Volts on Center Electrode. ....... 31
Optimally Parabolic Deflection with 300 Volts on Center Electrode. ....... 32
Optimally Parabolic Deflection with 315 Volts on Center Electrode. ....... 32
Non-parabolic Deflection with Unifrom 315 Volt Actuation. ................... 33

Residual Parabolic Error as a Function of the Number of Actuation
Electrodes for a 2 mm Membrane Operated Near the Electrostatic
Instability Point. ... 33

[lustration of confocal Michelson interferometer (a) a typical interfer-
ence pattern for a deflected two mm diameter membrane (b).................. 35

Simulated device capacitance as a function of membrane (center) de-
flection for a 3 mm membrane. ..............ooiii 36

Homodyne capacitive position sensing circuit. ............ccoovviviiiiiinininann.. 39



Figure

5.4

9.9
5.6

5.7
5.8
5.9
5.10
5.11
B.1
B.2
B.3
B4
B.5
B.6
B.7
B.8

C.1
C.2
C.3
C4

x1

LIST OF FIGURES — CONTINUED

Page
Signals of Single Oscillator Capacitive Position Sensing Circuit with
Duty Width Modulation. .............oooiiiiiii 40
Heterodyne Capacitive Position Sensing Circuit..............o.coooiiiiniinn. 41

Example Heterodyne Sensing Circuit Signal: Frequency Subtraction

by D-Latch. ... 42
Fractional Entrainment in Two ACT Logic Ring Oscillators................... 44
Synchronous Capacitive Sensing Circuit. ...........ccooeeiiiiiiiiiiiiin. 45
4 kHz Sinusoidal Excitation Voltage. ...........ccoooooiiiiiiiiiin, 49

Capacitance as a Function of Central Deflection of Membrane at 4 kHz. . 50

Capacitance as a Function of Central Deflection of Membrane at 40 kHz. 50

Top Layer of Four Channel Sensor: Sensing Circuitry ...............ccooeeeeane. 68
Second Layer of Four Channel Sensor: Power Plane............................... 69
Third Layer of Four Channel Sensor: Ground Plane .............................. 69
Bottom Layer of Four Channel Sensor: Amplifier Circuitry .................... 70
Top layer of completed printed circuit board ...................ooooi. 70

Populated top layer of printed circuit board showing sensing circuitry .... 71

Bottom layer of completed printed circuit board........................ooooennn. 71
Partially populated bottom layer of printed circuit board showing am-

plification CIrCUILTY ..ovvniiii i 72
Spice model of homodyne sensing circuit............coocooveiiiiiiii. 74
Spice model of front end of synchronous detector.......................... 75
Spice model of synchronous demodulator ...................coooiiiiiiiin 75

Spice model of differential amplifier .................coooiiiiiii 76



x1i

ABSTRACT

This thesis outlines a numerical modeling method to describe the deflection be-
havior and investigate control schemes for an electrostatically actuated deformable
membrane mirror, with application to focus control and aberration correction in micr-
electromechanical systems. The physics of the membrane are approximated using a
finite difference approach with parameters obtained from measurements of a physical
device. The model is validated by comparison of simulated and measured mirror
position under static and dynamic conditions. This thesis provides simulation results
for control schemes that would be difficult or potentially destructive if implemented
using real devices. We suggest that the model may be useful for the development of
future control strategies and in refining device design. Finally, a number of capacitive
sensing circuits are presented as position feedback mechanisms and the capabilities
and limitations of each are examined.



INTRODUCTION

Background

Micromachined deformable membrane mirrors are rapidly becoming critical com-
ponents in many adaptive optics (AO) applications ranging from astronomical ob-
servation [1] to dynamic focus control for in-vivo medical imaging [2, 3, 4]. These
Microelectromechanical systems (MEMS) consist of a thin reflective membrane sup-
ported above a cavity, at the bottom of which are situated one or more actuating
electrodes. When a potential is applied between these electrodes and the membrane,
an electrostatic attractive force is generated. This force deflects the membrane down-
ward into the cavity, or gap. The resulting deflection profile is determined by the
physical parameters of the device and by the pattern of the generated field. Light
incident upon the membrane is reflected and altered according to this surface profile.
By modulating the applied field between the electrodes, the focal properties of the
beam may be altered and aberration may be corrected for. A few variations upon
this basic design have been put forward, with some becoming commerically available
products. Such variations have typically been specifically designed for aberration
compensation wherein a relatively large number of electrodes must be patterned over
the bottom of the gap. Notably, a 37 electrode device developed by OKO Technologies
has gained popularity and been analyzed extensively; [5, 6, 7, 8, 9]. However, such
designs are poorly suited to focus control applications in which the desire is to con-
trol the curvature of the membrane while preserving radial symmetry. Further these
designs suffer from limited stroke and unnecessary complexity. This thesis will focus
on devices designed for focus control applications and that have concentric actuating

electrodes, such as those developed by Himmer, Lukes [10, 11].



Traditionally, AO applications for focus control involved translating lenses that
respond relatively slowly and are poorly suited to miniaturization. In contrast, MEMS
deformable mirrors are characterized by their rapid response, minute dimensions and
by their approximately parabolic deflection. This makes micro-machined deformable
membrane mirrors, in principle, an ideal AO element for focus control in miniatur-
ized systems. There are however, a number of serious control issues that limit their
performance, most importantly the electrostatic instability which limits the range of
stable open-loop deflection [12]. Further, at larger deflections, the spherical aberration
induced by the membrane itself and the changes in the membrane’s dynamics become
increasingly significant and must be addressed. Dickensheets et. al have shown that
to achieve the numerical aperture required for proposed in-vivo microscopy applica-
tion a deflection of at least 10 pum is required [13]. We hope to achieve deflections
of between 25 pym and 30 um which is beyond any result yet reported. Currently,
this deflection range has proven difficult to achieve using open-loop (OL) actuation
methods. This lead to the development of closed-loop (CL) control strategies that
make possible stable deflections beyond the electrostatic instability point [11]. The
process of designing a CL controller requires some knowledge of the system dynamics.
However, given the nonlinear nature of the actuation source, these dynamics change
considerably at large deflections. Thus, identifying the dynamic behavior beyond the
electrostatic instability can present a significant challenge.

To date, efforts involving CL voltage and charge control have increased the avail-
able membrane stroke beyond the electrostatic instability point [12], but have relied
on either parallel plate models or physical measurements during the development of
control strategies [14, 2]. Parallel plate models have limited utility since they fail
to account for the dynamics introduced by the bending motion of the membrane.

Further, adequate characterization of the dynamics by physical measurement beyond



the instability point necessitates operating the membrane near the boundary of in-
stability with a suboptimal controller, and thus involves the possibility of snap-down

and device failure.

Proposed Contribution and Purpose

A numerical model of the device is developed in this thesis to aid in identifica-
tion and design optimization to the end of improving CL performance. Numerical
modeling by the finite difference or finite element methods is a well accepted analysis
technique for predicting the behavior of deflecting membranes. However, previous
efforts have primarily concentrated on modeling the steady state deflection behavior
of existing membranes designed for aberration correction [5, 7, 9], or have focused
on modal analysis [15], both of which have limited utility when identifying dynamic
behavior. A finite difference time domain (FDTD) model is developed and analyzed
in this thesis. It is proposed that the model may be used in leiu of a physical device or
a parallel plate model for identifying the device dynamics in order to develop a more
appropriate control strategy. This model incorporates the full dynamics introduced
by the bending of the membrane and supports offline analysis without the need to

construct and identify a physical device, thereby expediting the design process.

Assumptions Made

For modeling simplicity a number of assumptions about the membrane are made
in this thesis, the first of which is that the device is perfectly circular and deforms in a
radially symmetric fashion. This is to say that a ray extending from the center of the

membrane to an arbitrary point on its perimeter completely describes it. Observed



deflection profiles obtained from interferometric imaging show that this assumption
is valid.

It is also assumed that the electric field lines between the membrane and actuating
electrodes are everywhere normally directed. Any effects due to fringing fields near
the edges of the membrane and at the boundaries between electrodes are ignored in
this thesis. These fringing fields are likely to play only a minor role in determining
the shape of the membrane as the gap is quite thin, typically 30 pm, compared to
the diameter of the device, a minimum of 1 mm.

The cylindrical cavity backing the membrane is open to the atmosphere through
a number of ports which allow air, displaced by the deflecting membrane, to flow out
of the gap. These ports may also constrict the flow of air during periods of rapid
transition. When this occurs the trapped and subsequently compressed volume of
gas imparts some pneumatic effect on the membrane. This pneumatic effect becomes
important as the frequency of the deflection increases. However, such pneumatic
effects are only modeled by a simple damping coefficient in this thesis.

Further, it is assumed that the membrane is thin enough to conform to a simple
membrane model without the introduction of plate effects. These effects become more

important as the localized curvature becomes increasingly strong.

Organization of Thesis

In the remainder of this thesis, a FDTD model of a MEMS deformable membrane
mirror is developed. This model is then validated under static and dynamic conditions
with data collected in the course of this thesis work as well as from outside sources

for similar device technologies.



Next, a few examples of how this model may be of use in the design and optimiza-
tion of these devices are provided. For example, the model may be used to identify
the system dynamics beyond the snap-down instability. This is accomplished by first
controlling the membrane in a sub-optimal manner in order to extend the range of
stable deflection. Near the new CL instability point the membrane is identified by
traditional system identification techniques. Given the updated information about
the membrane, a more suitable sub-optimal controller may be developed, extending
the range of stable deflections further to enable identification at an even more ex-
treme deflection. The introduction of nonlinear elements in the feedback path is also
considered. Each feedback strategy considered in this thesis is based upon position
feedback.

Finally, in order to put the position feedback strategies considered in this thesis
into application, a method of sensing the membrane position is required. By the
parallel plate model the capacitance of the membrane should scale linearly with de-
flection. Thus, it is proposed that the capacitance of the membrane measured from the
actuating terminals may serve as an accurate means to measure membrane position.
A few of the circuit topologies put forward to meet this challenge in the course are
presented. The advantages and limitations of each of these designs are adressed as

well as the validity of directly relating capacitance to position.



NUMERICAL MODELING

Background

Numerical modeling is a widely accepted and utilized tool for the analysis and
development of MEMS devices including deformable membrane mirrors. Several ef-
forts have sought to model the deflection behavior of deformable membrane mirrors
by the finite element [5] and the finite difference methods [16, 9, 8, 17]. These efforts
have primarily focused on modal analysis and on modeling the deflection behavior of
multi-zonally actuated membranes for abberation compensation. These studies have
focused upon devices operated under open-loop conditions. For example, Vogel et al.

have addressed open-loop control via pulse shaping [8].

Device Description

zZA
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Figure 2.1: Deformable mirror with typical dimensions.

The devices modeled in this paper, Figure 2.1, are designed specifically for focus

control applications and consist of a thin epoxy membrane on the order of one or two



pm thick. The epoxy membrane is situated above a cylindrical backing cavity that
is bulk etched into the substrate below. It is metalized with either gold or aluminum
on the top surface to act as a reflective layer. A grid of concentric electrode rings
is patterned at the bottom of the gap. When a potential is applied between these
electrodes and the metalized membrane, an electric field is generated within the gap.
This results in an attractive electrostatic force that serves to deflect the membrane
into the gap. This device is described in further detail in [18, 19]. Alternately,
the concentric electrode pattern may be applied on the metalized top surface of the
membrane with a continuous counterelectrode placed below, as is the case for the
devices of [10], [11]. Both technologies result in the same deflection behavior and

are used interchangeably within this thesis. An overview of this device, its deflection

pattern and the concentric counterelectrodes is found in Figure 2.2.

Figure 2.2: left : deformable membrane mirror mounted in DIP8 package, the out-
line of the deformable area is indicated by the dashed circle center : interferometric
image of deflected membrane right : backplate electrodes exposed following removal
of membrane mirror.



Electrostatic Instability

The electrostatic force is proportional to the inverse square of the distance between
the membrane and the actuating electrodes. As the membrane nears the electrodes
and the distance grows small, the electrostatic force tends to become unbounded.
The force acting to restore the membrane to its resting state is relatively linear and is
generally modeled as such [12, 20, 21, 22, 8, 23, 11]. At some point critical point the
electrostatic actuating force overwhelms the linear restorative force and the membrane
is pulled completely into the gap. This point is known as the electrostatic instabil-
ity and is predicted to occur when deflection reaches 33 % of the gap thickness by
the parallel plate model [22]. For the deformable membrane, experimental evidence
has demonstrated that this instability point actually occurs when the center of the
membrane has reached 43 % of the gap thickness [11], suggesting that the parallel
plate model, Figure 2.3, is inadequate for predicting steady state deflection behavior

beyond small excursions.

/l / /S /S /S /S L /S L S S S

Figure 2.3: Parallel plate linear model of deformable membrane mirror.

The equation of motion describing this parallel plate model is
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Finite Difference Method

The Finite Difference Method (FDM) is a numerical method of approximating
solutions to differential equations by replacing the derivatives within the equation

with difference equations. Since the first derivative of a function, f(r), is defined as

() = lim flr) — i(r —n) (2.2)
or
o) =y L =0 0
then in the limit that 7 is small, we may make the approximation that
rin = L= £<T —n) (2.4)
and
Py~ LT =) (2.5)

n
Equations 2.4 and 2.5 are known as the backward and forward difference equations,
respectively.
Similarly, the second derivative of a function, f(r), is defined as
fertn)—f(r) _ f)—f(r—n)
f"(r) = lim & & . (2.6)

n—0 n

Again, in the limit that n is small it is reasonable to make the approximation

flr+n)—f(r)  fr)—f(r—n)
f'(r) ~ n n (2.7)
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or after simplifying

flrt+mn) =2f(r)+ f(r—mn)

n? '

7r) ~

This is known as the second difference equation.

Numerical Approximation of Membrane

To model the elastic motion of the deflecting membrane, a simple membrane

equation is employed [24]
0*S

TV2S(r) +p(r) = P o

(2.9)

where p is the density of the membrane material, 7' = ho is the in-plane tension, h is
the membrane thickness, and o is the residual stress; all in appropriate SI units. The

electrostatic pressure,

p(r) = 3 107, (2.10)

is a function of the localized charge on the membrane,

‘/bias
T Ta

A cross-sectional illustration of this membrane is provided in Figure 2.4 along
with the parameters of interest to this thesis. The charge at the bottom of the epoxy
membrane, (), is presumed to be zero and the charge, ()1, upon the metalized top
layer is a result of the potential difference applied between Vj;.s and V, by (2.11).
€l is the relative permittivity of the membrane material. The SU-8 epoxy that the
membrane is made from has a value of three [25]; this figure is used throughout. €2
represents the relative permittivity of the gap material which is assumed to be air with
a value of one. Fj is the electric field generated within the membrane material and

E5 the field within the gap. o is the thickness of the membrane, S is the deflection
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at some radius R from the center of the membrane, S, is the gap thickness, and R,

the membrane radius.

. Rk AZ Ro ,
Vbias Q1 . .
—_—— 1 1 /i—
\\\\( : : ////El :
-—';"\':"" BTy :"""""":y:';? """ :'/""'—
~~ ~—— — -
\\\ k *-—:—" 1 o ///
So \\___:___’/T
Q2 : €2
: E2
Vo

Figure 2.4: Cross sectional illustration of deforming membrane mirror with parame-
ters of interest.

To solve the problem numerically, the continuous membrane is approximated as
an array of concentric, annular parallel plate capacitors with displacements obeying
a discretized form of the membrane equation. An illustration of this approximation
is presented in Figure 2.5.

The first spatial partial derivative is approximated with the backwards difference

method (2.4),
ISk Sk — Sk

2.12
or Lo 7 (2.12)
and the second spatial derivative is approximated by (2.8) as,
0?8 Skr — 25k + Sk_
5 ¢ 2 Ro’“; b (2.13)
r (%)

(2.12) and (2.13) are then used to construct a discrete form of the laplacian operator,

which in cylindrical coordinates with radial symmetry, Sk g+ = Sk = Ske—, is [26]

0?2 Sk 1 0S5k

2 _
VS = or? k% or

(2.14)
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Figure 2.5: Circular deformable membrane - example discretization of continuous
membrane into twelve concentric annular parallel plate capacitors with positions
obeying the discrete membrane equation in polar coordinates. Sy g+ = Sk = Sk

The discrete membrane equation may then be written as

T 1 0S?
;VQSk + i 875' (2.15)

To model the damping on the membrane due to the displacement of air through

the constrictive ports a damping coefficient, D, is added to the model. The damping

effect on each parallel plate ring is assumed to be a function of the area of that ring,

Ay, where
R R
Ay =7=2[2 — 2.1
and also a function of the velocity of the ring, %. This results in an updated
membrane equation given by
T 1 0Sk 8_5,3

;V2Sk + ;pk — DAkW = 912 . (2.17)
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Finally, the entire model may be written in state space form as

95 0 I Sy, 0
328; - 95 + 1 Pk (2.18)
8t2k ;V —DAk ey 8_tk ;

where p,, is the electrostatic pressure acting on each plate. This form represents the

Output Equation

If the position of the membrane is to be determined by measuring the capacitance
from the actuating terminals, this total capacitance, Cy,i becomes the output vari-

able. This is the summation of each ring’s parallel plate capacitance which is given

by:
Ctotal = Z Ck = €9 Z k (219)
where
62Ak
= . 2.2
Ci S, — S (2:20)

Boundary Conditions

By the radial symmetry of the model, the equation is collapsed into a one dimen-
sional model extending from the center of the membrane to an arbitrary point at the
edge. The solution to one-half of the membrane cross-section may then be reflected
about the center to obtain the complete solution. At these two extreme locations,
boundary conditions are provided for the numerical model. For continuity about the
center of the membrane, the derivative is set to zero. The position of the membrane
at this point is free to take on the value determined by the membrane equation. This

is known as a Neumann or second-type boundary condition.



14

Conversely, at the interface between the outer boundary of the membrane and
the edge of the substrate supporting it, the position is fixed and the slope is free to
be determined by the solution to the membrane equation. At this point, a Dirichlet
or first-type boundary condition is applied. A true Dirichlet boundary condition
however, only places a constraint upon the position of the membrane, without any
constraint as to its curvature. In reality, given the finite stiffness of the membrane
material, the membrane may not bend with an arbitrary curvature but will instead
be subjected to some plate effects that also influence the shape of the membrane near
the outer ring. The overall effect of this non-ideality is likely to be small given the
small deflections of the membrane when compared to its radius. This effect is further
minimized if the interface is hinged, and the predicted deflection profile becomes
closer to the actual. An excellent comparison of clamped membrane bending behavior
near this boundary condition is provided in [10] for various residual stresses in the
membrane material.

Steady state solutions for the membrane deflection may then be obtained by simply
setting the time derivatives of the equation to zero. Alternately, time domain behavior
may be simulated for any given actuation waveform by solving for the deflection profile

without constraint on the time derivatives of the equation.
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MODEL VALIDATION

The numerical model is compared with the measured performance of a physical
device for agreement. Steady state validations include comparing the shape of the
predicted deflection profile to measurements of a physical device and also comparing
the deflection trends as a function of applied voltage. Dynamic validation is also
addressed by comparing the frequency response predicted for the membrane by the
model with data obtained from physical devices in the course of this thesis work as

well as from outside sources.

Steady State Validation

The model is first compared to a physical device under a steady state condition.

This is the state when the membrane has come to a stable resting deflection and all

. . M M 2
of its time derivatives, —%St’“ , aaf;k

, approach zero.

Membrane Shape Validation

Accurately modeling the shape of the membrane is critical as the shape has a direct
impact upon the capacitance measured at the actuating terminals. In this section
the shape predicted by the model is compared to interferometric measurements of a
physical membrane. Single zone and a number of multi zoned actuation scenarios are
presented.

First, to evaluate the discretized approximation of the membrane deflection the
shape predicted by the model is compared to that predicted by the integral solution

to the membrane equation. A comparison of the integral solution of the membrane
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equation to a solution of the discrete form at 20 percent deflection is provided in

Figure 3.1.
= Static Validation of FDM Model to Integral Solution
8 02 T T T T T T T T
k] —— Integral Solution
& - - - Numerical Solution
50.1F .
£
[
3
X 0 | | | | | | | | |
a o0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
5 Membrane Radius [m] 10-3
x 10 X
5 T T
5
(O]
S
L
_5 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Membrane Radius [m] X 10-3

Figure 3.1: Numerical membrane models at 20 percent deflection

Figure 3.2 represents the same test at 40 percent deflection. The RMS error
between the discrete deflection and the integral solution is presented in Figure 3.3
for the 20 percent deflection case. From this figure it was determined that an order
of 60 provides an RMS error, below 1073, which was deemed to be sufficient for the
purposes of this thesis. This order is used throghout and was found to produce good
results with reasonable computation times.

Figure 3.4 is a measurement based validation of the shape of a membrane deflected
by a single electrode zone to near the electrostatic instability. The data was obtained
by interferometric imaging of a backside patterned membrane two mm in diameter.
Agreement between measurement and model is quite good which suggests that the

physical membrane is well described by the simple membrane equation.
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The deflection behavior of the membrane as a function of voltage, Figure 3.5, also

corresponds well to predicted and observed solution curves. The solutions shown in

this figure are extended beyond the electrostatic instability by augmenting the system

Static Validation of FDM Model to Integral Solution
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Figure 3.3: RMS error as a function of spatial model order.
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Figure 3.4: Measured and simulated profile of single zone actuated two mm membrane
with a 25 pm gap thickness.

with an appropriately designed lead-lag type controller. The maximum observed
deflection with this capacitive feedback stabilizing controller was 84%, which is further
than the limits that have been achieved in practice using a similar control design. In

[11], Lukes et. al achieved a stable deflection of 61% of the gap thickness.

Dynamic Validation

The full dynamic behavior predicted by the model may be captured by evaluating
the magnitude and phase of the capacitance response resulting from a small signal
actuating voltage. These dynamics are validated against those measured of a physical

device in this section.



19

—_

o)

S

kS

§‘Q8f |
S

® 0.6} 1
©

o)

[

€ 0.4 1
[0

O

©

[0)

NQ.2r |
©

£

[e]

Z O | L I

0 50 200 250

100 150
Applied Voltage [Vdc]

Figure 3.5: Deflection as a function of applied voltage under closed-loop control

Model Dynamics

The dynamic behavior of the model is measured by first augmenting the system
with a small signal actuating voltage superimposed upon the biasing potential. The
system is then solved by one of the usual methods. Typically the ODE23T algorithm,
which is an implementation of the trapezoidal rule using a free interpolant, is used.
This method is well suited to the application as it provides sufficient accuracy with
rapid computation times and since the problem is only moderately stiff. The solution
to the time evolution of the membrane shape is then converted into a time varying
capacitance by (2.19). Finally, the relative magnitude and phase of the capacitance
signal are compared to the actuation signal and recorded. This same test was per-
formed under three different biasing conditions; 50, 100 and 150 V. The simulated
membrane was two mm in diameter with a 30 um gap, had a residual stress of 30
MPa and the damping coefficient was set to 1el0. Results are presented in Figure

3.6, and seem to indicate a second-order type system as is expected by the parallel
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Figure 3.6: Magnitude and phase plots indicating changing dynamics with stroke.

plate model and observed experimentally in [10]. The nonlinear electrostatic force
becomes increasingly strong as the membrane approaches its actuating electrode, and
so the observed increase in magnitude is to be expected. Also, the bandwidth or knee
position of the response seems to lower in frequency and become less “sharp” with in-
creasing stroke. This indicates that the poles of the second-order linear approximation

are separating and is suspected to be due to electrostatic spring softening.

Measured Dynamics

A laser source and a photodetector were used to measure the frequency response
of a physical membrane with a 3 mm diameter, a 25 pum gap and residual stress of
20 MPa. This was achieved by shining a collimated beam onto the device at a small
angle away from the normal. Some portion of the light is reflected off of the mirrored

surface and is then incident on a photodetector diode through an aperture. As the
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membrane deflects and changes the focus of the beam, more or less light makes it
through the aperture and is incident on the photodiode resulting in a change in the
measured voltage. The membrane is deflected to some operating point and a small
sinusoidal perturbation is applied to the membrane. This results in small changes to
the deflection and thus the observed output voltage across the diode. By measuring
the magnitude and phase of this response with respect to the applied signal the
magnitude and phase response of the system are determined.

The transfer function from membrane deflection to the voltage measured across
the photodiode is expected to be only weakly nonlinear, since the diode is operating in
the linear photoconductive mode and only small excursions are made to the nonlinear
membrane. Thus, a small-signal linear approximation is assumed to be valid. Figure
3.7 illustrates the experimental setup used to perform this test.

Aperture Photodetector

Figure 3.7: Optical frequency response measurement setup.

Figures 3.9 - 3.13 represent measured and simulated dynamic responses for three
membranes that are identical except for their damping characteristics. The variable
damping is achieved by using different air hole patterns perforated into the backplate
of the device. This air venting technique has proven to be much less restrictive than

the radial channels used in previous devices. In simulation the different damping
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conditions are modeled by altering the damping coefficient, D, in (2.18). The damping
coefficient is matched to the measured response by hand. The physical parameters
used for these tests are S, = 30um, R, = 1 mm, o = 2um, p = 1200 kg/m?, and the
residual stress in the membrane is 30 MPa.

The first test case is depicted in Figure 3.9 is for a three mm membrane with
a lightly perforated backplate. Figure 3.8 presents the perforation pattern which
consists of a ring of 8 holes patterned into the bottom of the gap at a .5 mm radius.
The holes are each 50 um diameter. The response appears overdamped with a -3 dB
corner frequency of approximately 5 kHz. The damping coefficient was determined
to be ~ 101!,
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Figure 3.8: Perforated backplate exhibiting a single ring of 8 holes placed at .5 mm
radius.

Figure 3.11 demonstrates the response of a moderately perforated device that has
two rings of 8 50 um holes positioned at .5 mm and 1 mm radii which is presented in
Figure 3.10. The damping coefficient is decreased in the simulation and matched to

the response of the measured device again by a trial and error method. This time the
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Frequency response of three mm membrane with one ring of 8 holes
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Figure 3.9: Frequency response of three mm membrane biased at 175 V with one ring
of 8 holes perforated into backplate.

damping coefficient was found to be ~ 4 * 10'°. The frequency response is extended
slightly and appears to be closer to a critically damped condition than the first case.
Finally, Figure 3.13 represents the measured and simulated frequency response for
a device with two rings of 8 holes each placed at .5 mm and 1 mm. An approximation
of a slot has also been patterned into the backplate near the perimeter that consists
of a ring of 72 holes placed at a 1.4 mm radius. Again, each hole has a diameter of
50 pm. An illustration of the perforated backplate is shown in Figure 3.12 The affect
this slot has on the damping is much more significant than the incremental difference
between the one and two ring cases. This is likely due to the fact that a much larger
number of holes has been added for this test. The response has become underdamped
and exhibits some peaking around 10 kHz. The damping coefficient was determined

to be &~ 1.15 % 1019,
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Figure 3.10: Perforated backplate exhibiting two rings of 8 holes placed at .5 mm and
1 mm radii.
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Figure 3.11: Frequency response of three mm membrane biased at 175 V with two
rings of 8 holes perforated into backplate.
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Overall these results indicate agreement with the expected second order linear

approximation and the effect of decreasing the damping is as expected.
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Figure 3.12: Perforated backplate exhibiting two rings of 8 holes placed at .5 mm and
1 mm radii and one ring of 72 holes placed at a 1.4 mm radius to approximate a slot

port.
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Figure 3.13: Frequency response of three mm membrane biased at 175 V with two
rings of eight holes and ones slot of 72 holes perforated into backplate.
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EXAMINATION OF THE MODEL

Time Domain Solutions

The time domain behavior of the membrane in a numerical environment can pro-
vide design insights that would otherwise be unavailable. As a demonstration of
functionality, the step response under OL and CL conditions is simulated. Figure 4.1
represents a two mm diameter membrane subjected to a 250 volt step under open
loop operation. The vertical axis represents the deflection as a function of radius
(diagonal axis projected out of page) and time (horizontal axis). Figure 4.2 repre-
sents the capacitance that results from this deflection. The response indicates a time
constant of about 150 us, which corresponds to a three dB bandwidth of about 6.5
kHz.

Figure 4.3 shows the time evolution of the membrane subjected to a step response
under CL conditions resulting in 250 V across the membrane. The membrane has
been controlled with a lead-lag type compensator with the zero placed at three kHz
and a pole at 30 kHz with a gain of 1% 10* V/F. The closed loop step response
indicates a steady state deflection of 60 percent, which is 3 u past the electrostatic
instability point. It also indicates that the membrane response has been accelerated,
with a closed loop time constant of about 70 us or three dB bandwidth of 14 kHz. This
demonstrates a few of the advantages of closed-loop control over open-loop actuation

methods and that the numerical model can be used for control purposes.
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Open Loop Step - 250V
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Figure 4.1: 250V step response applied to a two mm membrane under open-loop
operation. Physical parameters are S, = 20um, R, = 1 mm, o = 2 um, p = 1200
kg/m3, Stress = 30 MPa, D = 4 % 101°

Parabolic Optimization

Under single-zoned actuation the membrane profile becomes more conical and
less parabolic as the excursion increases, resulting in spherical abberation. In order
to mitigate this effect, additional concentric electrodes may be added towards the
perimetry of the device. As the membrane deflects and begins to lose its parabolic
shape, the potential on this outer actuation zone is increased accordingly to compen-
sate. The desired result is that the outer edge of the membrane is deflected more
strongly than under single-zoned actuation and thus the overall shape becomes more
parabolic and less conical, reducing the induced spherical abberation. The optimal
number of electrode regions required to meet some target aberration, and the desired

potentials at these electrodes is non-obvious. By modeling the deflection behavior
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Figure 4.2: Capacitive output for 250V step response applied to a two mm membrane
under open-loop operation.

numerically, optimization techniques may be easily applied to determine both the
optimal potentials applied to the electrodes in order to minimize abberation, and
also the number of electrode regions required to meet a target abberation figure.

A penalty equation is composed that compares the steady state deflection of the
membrane to a best fit parabola with weighting by area. This penalty equation is
minimized by means of the FSOLVE routine within Matlab, which solves a system
of equations by minimizing an error function by the Newton method. The result is
a predicted voltage trajectory for the outer zones to follow based upon the potential
applied to the central zone. These voltage functions could be easily stored in a look-up
table and used to drive the outermost zones while closed-loop control is implemented
on the center electrode. The result is an optimally parabolic deflection given the

spacing of the actuating electrodes.
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Closed Loop Step - 250V
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Figure 4.3: 250V step response applied to a two mm membrane under closed-loop
operation. Physical parameters same as in 4.1

Figure 4.4 shows such an optimization for a three zone membrane. The electrode
radii are equally spaced and a parabolic optimization routine was performed at five
volt increments up to the electrostatic instability point. The membrane is two mm
in diameter with a 30 um gap thickness. The optimal outer electrode voltages begin
to diverge significantly form that of the center electrode around 200 volts, which
corresponds to a displacement of about five percent of the available deflection.

Figures 4.5, 4.6, 4.7, 4.8 are simulations of membrane deflection and residual error
from parabolic at the optimal voltages prescribed by Figure 4.4 with center electrode
potentials of 100, 200, 300, and 315 volts respectively.

Figure 4.9 represents the deflection of the same membrane near the electrostatic

instability with a uniform potential of 315 volts applied to each electrode. The results
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Figure 4.4: Parabolic Optimization Curves for a Membrane with a two mm Diameter
and 30 pm Gap Thickness.

indicate that the parabolic error is 100 percent greater at points along the membrane
surface in this case.

Finally, Figure 4.10 represents the residual parabolic error in a membrane near
snap-down with evenly spaced electrodes and with voltages upon these electrodes
optimized by the process described above. Different curves correspond to different
number of electrodes. As expected, the membrane may be made more parabolic by

the inclusion of additional actuating electrodes.
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Figure 4.5: Optimally Parabolic Deflection with 100 Volts on Center Electrode.
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Figure 4.6: Optimally Parabolic Deflection with 200 Volts on Center Electrode.
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Parabolic Optimization: Vcenter=300, Vmid=322.1, Vouter=373.3
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Figure 4.7: Optimally Parabolic Deflection with 300 Volts on Center Electrode.
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Figure 4.9: Non-parabolic Deflection with Unifrom 315 Volt Actuation.
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Figure 4.10: Residual Parabolic Error as a Function of the Number of Actuation
Electrodes for a 2 mm Membrane Operated Near the Electrostatic Instability Point.
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POSITION FEEDBACK TECHNIQUES

One critical task associated with closed-loop position control of deformable mem-
brane mirrors is accurately measuring the position of the membrane in real time. This
chapter will address optical and electronic sensing strategies. Optical sensing involves
using light to gauge depth by making use of interference effects of light, and electronic
sensing involves relating the changes in membrane position to observable changes at
the actuating electrode terminals, namely a change in capacitance. This position

measurement is the signal used for identification and feedback control purposes.

Optical Sensing

Optical position sensing is based on the principle of interferometry, which is illus-
trated in Figure 5.1(a). First, light from a coherent source is passed through a beam
splitter. One of the resultant beams is reflected back into the beam splitter by a fixed
mirror. This is known as the reference arm. The second beam is passed through a
microscope objective onto the membrane mirror, which again reflects the light back
through the beam splitter via the objective. As the two beam converge, they interfere
with one another and form a fringe pattern composed of zones of constructive and
destructive interference. Finally, this pattern is captured with a CCD. Figure 5.1(b)
shows a typical interference pattern obtained from a deflected membrane mirror in
this manner. The device is a 2mm membrane with a 11xm gap thickness that has been
deflected under closed loop control to 7.3um or about two thirds of the gap thickness
[19]. The process of optical position sensing such the one described in Figure 3.7 relies
on an additional light source to measure the deflection of the device, and outside of the

small signal regime has a great deal of nonlinearity. The increased optical complexity
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Figure 5.1: Illustration of confocal Michelson interferometer (a) a typical interference
pattern for a deflected two mm diameter membrane (b).

leads to increased cost as well as difficulties with miniaturization and the nonlinearity
makes this a less than ideal sensing strategy. As such, a different sensing technique

was desired.

Electronic Sensing

Another method of estimating the position of the membrane within the gap is
to measure the capacitance of the device from its electrical actuating terminals and
then to refer this measurement back to the position of the membrane. By the parallel
plate model the capacitance is linearly related to the position of the membrane. In
practice the bending motion of the membrane results in some nonlinear behavior
in this regard, but the effect is relatively small. Figure 5.2 represents a three mm

membrane deflected over 70 % of its gap and the resulting capacitance measured at
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the terminals showing some small nonlinear behavior represented by the curvature
of the line. This figure also illustrates the total capacitance change that may be
expected for a three mm device over its full operating range, which is about 6 pF. It
is proposed in this thesis that a measurement of the device capacitance may function
as an effective position measurement.

11 Capacitance vs. Deflection
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Figure 5.2: Simulated device capacitance as a function of membrane (center) deflec-
tion for a 3 mm membrane.

For this measurement to be useful for closed-loop control beyond the open-loop
instability point, the measurement bandwidth must be considerably higher that the
mechanical bandwidth of the device being controlled. This guarantees that should
the membrane begin to become unstable that it can be actuated back into stability
faster before it can snap down. The typical mechanical response of membranes such
as those discussed in this thesis begin to drop off precipitously between 1-10kHz.
Control theory would suggest that a measurement bandwidth of 10-100kHz would be

required for closed-loop control. An analytical description of this requirement is that
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if the membrane were about to become unstable, a controller must be able to adjust
the actuation before the instability occurs.

Advantages of this technique are that the mirror is free to be utilized in application
without the need for it to be simultaneously incorporated into an interferometer.
This technique is also free from the limitations imposed by the processing required

to convert an interference pattern into a position measurement.

Homodyne Sensing

The first proposed method of measuring the capacitance of the device relies on the
variable detuning or ”pulling” of an electronic oscillator by the changing capacitance
of the device. This oscillator could be either a harmonic oscillator in which the
capacitance of the device is used in place of a fixed capacitor in a tank circuit, or a
relaxation oscillator detuned from its free-running-frequency (FRF) by the addition
of the device capacitance to one of its nodes.

Due to the high potentials required to deflect the membrane, using the device
capacitance as part of a tank circuit in a harmonic oscillator is somewhat inconve-
nient. For this reason we chose to detune a three inverter ring oscillator by playing
the device capacitance off of the output impedance of an inverter gate. As the ca-
pacitance of the device increases, more charge movement is required to achieve the
transition voltage of the next inverter in the ring. Since the output impedance of the
driving inverter is unchanging, the transition time increases. This results in an overall
decrease in the frequency of the oscillator which may be sensed directly. However,
the frequency is determined not only by the transition time of the inverter driving
the device capacitance but also by the transitions of the other inverters in the ring.
This means that about two thirds of the sensitivity of the detector is lost due to these

other transition times when sensing the frequency of the oscillator alone.
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Figure 5.3 illustrates a capacitive sensor based on a three inverter ring oscillator.
Vihias TEPresents the actuating potential that is applied to the device capacitor, Cyu
through the current-limiting protection resistance R,. The high voltage blocking
capacitor, C}, protects the low voltage sensing circuitry from the high actuating po-
tentials on the membrane, while simultaneously AC coupling the oscillator to the
device capacitance. The resistance R, represents the output resistance of InvC', and
additional resistance may be added in series at this point to detune the FRF of the
oscillator further.

Numerous logic families were considered for this application including the LS,
HC, ACT families. The use of a programmable logic controller, Atmel 22v10, was
also considered and implemented. Ultimately the ACT technology was chosen for
further study due to its rapid transition time and low output impedance. These
characteristics allow for a faster FRF. A fast FRF means that a smaller blocking
capacitor, C, may be used. This capacitor appears to be in parallel with the device
capacitance, C'pyr, from the actuation terminals and thus limits the bandwidth of
the system.

To improve the sensitivity of this detector, a circuit is developed that is sensitive
only to the transition times associated with the inverter driving the device capaci-
tance. During these transition periods, the input and output logic states of the driving
inverter (/mvC' as shown in 5.3) are the same, so by the addition of an exclusive-or
(XOR) gate between the input and output of INVC, these transition times may be
isolated. The truth table for an XOR gate is provided in Table 5.1, illustrating that
the output of this gate is logic low only when its inputs are equivalent.

This time period corresponds to the time spent charging and discharging the device

capacitance as is illustrated by Table 5.2.
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Figure 5.3: Homodyne capacitive position sensing circuit.

Table 5.1: Exclusive OR (XOR) Truth Table

Inputy Inputy  Output
0 0 0
0 1 1
1 0 1
1 1 0

Vo

The waveforms for each node of the oscillator and the resultant negative-going

duty width modulated output are presented in Figure 5.4. This output signal may

then be easily demodulated by the simple addition of a low pass filter, represented in

Figure 5.4 by Ry, and Cj,.

Though this circuit offers a relatively simple implementation of a capacitive sensor

using only logic components, it is plagued by a number of issues which limit its

performance. Among these issues is the fact that changing load (device) capacitance

is not the only factor which affects the transition time of the inverters in the ring.

Changes in the power supply for these devices as well as changes in temperature both

affect the transition times of the logic gates as well. Thus, significant fluctuations

in either of these parameters (and perhaps others which have yet to be identified)
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Table 5.2: Ring Oscillator State Transition Table
State OutA OutB OutC XOR

0 1 0 1

charging Cpyr--

_ o O O

1
1
1
0
0

—_ == 0 O
O = = O

discharging Cpyr--

OutB —

] UL UL

t)

Figure 5.4: Signals of Single Oscillator Capacitive Position Sensing Circuit with Duty
Width Modulation.

may erroneously be attributed to membrane motion. To minimize any measurement
drift introduced by these effects, precision supply rails and temperature control are

required, adding to the complexity of the system.

Heterodyne Sensing

An alternate capacitive sensing strategy makes use of the same principle of a

detuned oscillator as described in the previous section and illustrated by Invla — ¢
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in Figure 5.5, but also incorporates a second oscillator,represented by Inv2a — c,

operating in close proximity.

Rp Cb Rsl

InvlB InvlC

InvlA

Fvar

@ Cdut

Rs2

Fref

Cd
J_ INnV2A  Inv2B  |nv2C

Vo

Rlp
Clp

v

Figure 5.5: Heterodyne Capacitive Position Sensing Circuit.

The FRF of this second oscillator, f,.r, is determined by the detuning capacitance,

C, and any series resistance Rgo, but is unmodified in principle by the changing device

capacitance. The reference oscillator is however equally affected by fluctuations in

supply rails and by temperature, assuming any temperature gradient between the

oscillators is negligible. The variable frequency, fyq is then mixed with f,..; by

means of a D-latch to produce f,q — fref by connecting one signal to the D terminal

and one to the clock source. The truth table for a D-latch is provided in Table 5.3,

and signals demonstrating this mixing strategy illustrated in Figure 5.6.

Table 5.3: D Latch Truth Table

D Clock Qnewt

0o 1 0

T 1 1

r else Qprev
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»

>
t

Figure 5.6: Example Heterodyne Sensing Circuit Signal: Frequency Subtraction by
D-Latch.

The result is that any fluctuations imposed upon the oscillators will be common
mode rejected by this process, and the resulting difference frequency then represents
the capacitance measurement.

This difference frequency is demodulated into an analog voltage signal by means
of a CMOS switch, a flying capacitor C, and a precision voltage source V,..;. The
LTC1043C was chosen as a switch for its fast transition time and low resistance.
Each time the flying capacitor is connected to the reference source, it is charged to
that voltage. When the capacitor is then switched to its other state, the charge it
has stored is transferred to the low pass output filter represented by Cj, and R;,. By
using the difference frequency resulting from the Q output of the D latch to toggle the
switch, the resultant demodulated voltage at the output of the filter will be linearly
related to this frequency.

Phase locking was identified as a significant issue associated with operating two
or more oscillators in close physical proximity to one another. This is especially true

if the oscillators are operated near the same frequency. Through various modes of
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parasitic “communication” the oscillators will tend to lock onto precisely the same
frequency, thus destroying the measurement. To mitigate this effect, the oscillators
were detuned away from one another in frequency space. Further, it was found that
phase locking can occur not just at a 1:1 frequency ratio, but, indeed, seems to occur
to some degree at nearly every K:L ratio, where KL are integers (rational numbers).

To illustrate this effect, two 3-inverter oscillators of the ACT logic family where
constructed on separate, independently decoupled logic chips in close proximity (j one
cm). One oscillator was detuned with a fixed 20 pF capacitor and the other with a
0-20 pF single-turn variable capacitor. The ratio of the two oscillators was recorded
by means of an BNC Model 1105 frequency counter. As the variable capacitance
was manually moved through its full range, fractional entrainment was observed at
a number of rational ratios. The result of this test is represented in Figure 5.7.
As expected, there is a very strong tendency for the oscillators to tend towards a
one to one ratio, represented by the deep troughs at the right of the figure. This
fractional entrainment tendency seems to become increasingly severe as the sum of L
and K becomes smaller, for example 4/3 (1.333) is a stronger entrainment than 13/9
(1.444).

The primary modes by which this effect is thought to occur are through the
common power supply, through parasitic capacitances between the oscillators. This
phase locking tendency applies both to heterodyne sensing strategy as well as to
multiple homodyne sensing circuits used to measure the various zones of a multizonal

device.

Synchronous Sensing

Finally, a synchronous excitation and demodulation sensing scheme was devised

for measuring the device capacitance. The excitation signal is applied to the actuating
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Fractional Entrainment Trends of Two Ring Oscillators
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Figure 5.7: Fractional Entrainment in Two ACT Logic Ring Oscillators.

electrode of the membrane and consists of a both a slow biasing component and a
fast excitation component. The biasing signal serves as a command input to the
membrane, resulting in some desired excursion as determined by the controller. The
excitation component is selected to be fast with respect to the mechanical bandwidth
of the membrane. As a result the excitation signal will not affect the deflection of the
membrane which would adversely affect optical performance.

The biasing voltage results in no steady state current through the device and the
series connected sensing resistance, except through parallel leakage resistance. This
leakage resistance was measured for a number of devices and was found to be >10
MSQ for each.

The current resulting from the applied excitation is synchronously measured by
way of a sensing resistance. From its magnitude and phase with respect to the applied
signal, the complex impedance of the membrane may be determined. This complex

impedance may then be converted into a measure of the membrane capacitance and
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therefore the membrane’s position within the gap. Figure 5.8 illustrates the basic

components of the synchronous detection scheme just described.

Rp
() L AW
Follower R R
RIp
—0 Vo
Rg
\V Clp
%{ Optional !
|
Comparator ! Invert
= |

Figure 5.8: Synchronous Capacitive Sensing Circuit.

The sources Vgi,s, and Vye represent the DC and AC components of the excitation
signal respectively. The sum of these sources, Vo = Viies + Vac is applied to the
terminals of the membrane, C'pyr, through a current-limiting protection resistance,
R, as in previous sensing techniques. The DC component is blocked by the device
capacitance and produces no measurable voltage drop across the sensing resistance,
R,. However, the AC component of the signal results in a time-varying current, /.,
which in turn produces a time varying potential, V;, across R,.

Since the current through the device capacitance is given by

d‘/total
Ica =C s 5.1
p = Cour—, (5.1)

and the voltage measured across the sensing resistor, Ry, is

Vg = LeapRy, (5.2)
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then the voltage resulting from the capacitor current is

d‘/;otal

‘/g = CDUTRg dt

The total rate of voltage change due to both sources is

d‘/;fotal o dVAC + dVBias

dt dt dt
where
dVac
= AACWACCOS(WACt),
dt
and
dVBias
= ABiasWBiasCOS(WRiast);
o BiasWB (WhBiast)
and where
Vac = Aaccos(wact),
and
VBias = ABiasCOS(WBiast)-
And so
AViota
; tt L= Agcwaccos(wact) + ApiasWBiasCOS(Wpiast)-
Finally,

Vy = CpurRy(Aacwaccos(wact) + ABiaswBiasCOS(Whiast)),

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

is the equation describing the output voltage measured across R, as a function of the

AC and DC components of the excitation signal.

To accurately measure the effect of the AC excitation upon the resulting current

through the device, we must supress the terms in 5.10 that result from any changes

to the biasing condition and pick out the terms due only to the AC excitation. By



47

properly selecting the magnitude and frequency of the excitation, the magnitude of
Ajcwac can be made to dominate over Apg;uswpries. This tradeoff can be optimized
by increasing either the magnitude, Asc, or frequency, wsc. In this thesis the re-
quirements upon the magnitude and frequency of the biasing signal are assumed to
be largely fixed by the physical parameters of the device under test.

The high input impedance voltage following amplifier, Follower, translates the
voltage measured across R, to its output and the rest of the circuit while maintaining
a high impedance at the node between Cpyr and R,. This amplifier is placed in close
proximity to the device as a preamplifier and also used as a cable driver, sending a
copy of the measured voltage to the demodulation circuitry.

A lock-in amplifier is chosen as a demodulation scheme in order to further isolate
the desired excitation from any spurious signals that may be introduced by the biasing
conditions, and also from noise. The lock-in amplifier consists of a zero-crossing
detector and an optionally inverting amplifier. The zero-crossing amplifier detects
the crossings of the zero-mean excitation signal, V4¢, and produces a zero-mean
square wave output. This square wave is used as a control signal to toggle whether
the optionally inverting amplifier has a gain of one or a gain of negative one at a 50 %
duty cycle. The result is that any signal which is not synchronous with the excitation
experiences an amplifier with an average gain of zero. Any synchronous signal however
experiences a gain of one while positive, for example, and a gain of negative one while
negative. The result is that synchronous signals are rectified and passed through to
the output while non-synchronous signals are attenuated. The exceptionally narrow
bandwidth of the lock in amplifier makes it possible to recover the very small signal
excitation signal applied to the terminals. Initial results indicate resolution on the
order of hundreds of femtofarads which corresponds to a spatial resolution of tens of

nanometers.
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Multiple Channel Encoding

It is possible to detect the capacitance of multiple actuation zones of the same
device by exciting each zone with a separate, asynchronous source and synchronously
demodulating each as described above. However, one may also make use of two sources
at the same frequency but seperated in phase by ninety degrees, thus reducing the
number of independent sources required and simplifying the implementation. The
signal presented to one channel, Ex. sin(wact), is rectified by the lock-in amplifier
sensitive to the zero-crossings of sin(wact) while the corresponding quadrature signal,
cos(wact) is nulled by the amplifier. The converse is also true for the second channel,
and thus good channel separation can be achieved. Further, even harmonics of the
fundamental may also be used for actuation of other channels. These harmonics
will be blocked by the lock-in amplifier of the fundamental and vice-versa, providing

channel separation.

On Relating Capacitance to Deflection

The total capacitance of the device serves as a useful and easily instrumented
metric for determining the position of the membrane within its cylindrical backing
cavity, or gap. There may be, however, a certain amount of error in relating this
measurement to the position of the membrane. This is due to the fact that the
capacitance measured at the electrical terminals is the aggregate sum of the parallel
plate capacitance over the entire membrane, and does not reveal information about
the position of the membrane at any specific radius from the center. As a result,
one can imagine that there exist certain membrane shapes may result in the same
measured terminal capacitance. Typically when the membrane is actuated slowly its

shape follows a well-defined and repeatable trajectory, but as the speed of actuation
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increases and begins to excite resonant behavior in the membrane, much more com-
plicated deflection shapes result. This leads to an increase in the possibility of error
in position relation from capacitive measurement.

As an illustration, the model is subjected to a 200 Vpp, 4 kHz excitation signal,
Figure 5.9 multiplied by a 150 Vdc step function. The physical parameters are S, =
30um, R, = 1 mm, ¢ = 2.25um, p = 1200 kg/m3, and the residual stress in the

membrane is 35 MPa. The capacitance of the membrane is represented in Figure 5.10

250 n ” n

2001 1

150 1

1001

Command Voltage [V]

(&)

o
T
-
-
-

O0 1 2 3 4 5

Time [sec] x 107

Figure 5.9: 4 kHz Sinusoidal Excitation Voltage.

by the vertical axis and the deflection at the center of the membrane placed on the
horizontal axis. The repeatable trajectory of the function suggests that the shape
of the membrane at this frequency is subject to little hysteresis. However, when the
same test is performed at a frequency just beyond the first resonant mode of the

membrane, 40 kHz, the result, as displayed in Figure 5.11, is quite different.
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Figure 5.10: Capacitance as a Function of Central Deflection of Membrane at 4 kHz.
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Figure 5.11: Capacitance as a Function of Central Deflection of Membrane at 40 kHz.

Clearly, as the bending motion of the membrane alters from the steady state

predicted trajectory, hysteresis is induced resulting in sensor error at high frequency
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excitations. The error associated with projecting the deflection from a measure of

the capacitance is represented by the width of the loops in 5.11.
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DISCUSSION

This thesis demonstrates a technique for numerically modeling of the deflection
behavior of a MEMS deformable membrane mirror by the FDTD method. Results
indicate that this technique may be useful for identifying the nonlinear behavior of
the membrane under open-loop and closed-loop conditions without the error incurred
by a linear parallel plate model. The numerical nature of the model also allows for
identification and control simulation without the hazards associated with operating
a physical device beyond the instability point with a suboptimal controller.

The steady state deflection predicted by the discrete membrane model was com-
pared to the integral solution of the membrane equation as well as to the deflection
measured of a physical device under single and multi-zonal actuation. The results
show that a simple membrane model accurately predicts the deflection behavior of
the thin membrane device and that the discrete formulation of the model provides
a close approximation. The model has also demonstrated utility in the design of
MEMS deformable mirrors by providing insight into how many zones may be re-
quired to achieve a desired level of parabolic optimality. Optimization techniques
may be easily applied to the numerical model and used to determine optimal device
parameters or actuation techniques. In this thesis the voltages required to achieve
optimally parabolic deflection for a multi-zonally actuated device were determined by
applying such optimization routines. Further, the minimum residual parabolic error
was analyzed as a function of the number of radial electrode zones.

To control the membrane beyond its electrostatic instability, the dynamic behavior
of the device must be known throughout the range of its stroke. Due to the increased
tension in the membrane and the nonlinear nature of the actuating force, as the

membrane deflects towards the actuating electrode these dynamics are subject to
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change which suggests that a controller must be either robust to such changes or
be able to adapt to them in real time. In this thesis the dynamic behavior of the
membrane has been modeled in the time domain and used to determine the frequency
response at a variety of biasing deflections. Simulated results indicate that the poles
of the second order linear approximation of the membrane begin to slow significantly
and separate in a non-obvious fashion as the stroke increases. These results are in close
agreement with the measured open-loop frequency response of several devices with
various damping conditions. Though only open-loop characterization is presented in
this thesis, the membrane may be identified beyond the instability point by closing
the loop and then separating the membrane dynamics from those of the controller
during analysis.

Finally, to realize position feedback control in application the location of the mem-
brane within the gap must be measured with good fidelity. This thesis has put forward
a number of techniques that may be used to infer this position by measuring the device
capacitance. Phase locking was observed with the homodyne and heterodyne sensing
strategies put forward and ultimately led to the development of a synchronous sens-
ing scheme similar to that used by an impedance analyzer. Although not extensively
investigated in this thesis, initial results show that the sensitivity and bandwidth of
this technique is sufficient to provide a good feedback signal not corrupted by the

phase locking nonlinearity:.
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APPENDIX A

MATLAB SOURCE CODE
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function [C,X] = MM_SS_OL(Vin,Xinitialize)
% MM_SS_OL - Open Loop Membrane Model at Steady State
%
% syntax:
%[C, X] = MM_SS_OL(Vin)
% C = Capacitance [units=F]
% X = Profile Vector (of length 2N)[units=m]
% Vin = Input Voltage Vector (of length N) [units=V]
%
% all other parameters of the simulation performed
% in this function are entered manually in "hard_code’
%
% This function computes the steady state deflection and

% resulting capacitance measured at the terminals

%Declare global parameters%

global N; Y%number of spatial divisions [#]%
global Xo; %Rest gap thickness [m]%

global Ro; %Radius of Membrane [m]%

global epsl; %Permittivity of membrane [F/m]%

global eps2; %Permittivity of gap [F/m]%

global Kdamp; %Damping constant [arbitrary units]%
global Sigma;  %thickness of membrane [m]%

global Tens; %Tension in membrane [N]%

global d; %Density of membrane [Kg/mexp2|%
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global delR; %ring width [m]%
global Co; %rest capacitnace [F]%

global Area;

%%

%some initial business to take care of%
Y%populate parameters from hard_code section%
hard_code

%find spacing of divisions%
delR=RoN;

%find area of each division%
Area=area();

%initalize shape to zero deflection%
Xinit=0%ones(N,1);

%find initial (resting) capacitance%

Co=capacitance(zeros(N,1));

%%
% Working Code goes here

V=voltage_vector_even([Vin]);
X=ShapeFinder(Xinitialize,V);

C=capacitance(X);
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return;

%end working code

%%

%% %Functions Section %%
function [X] = ShapeFinder(Xinit,V)

%Setup options for shape Fsolve%

options2=optimset(’Display’,’iter’,"TolFun’,1e-6,"TolX’,1e-6,’MaxFunEvals’,1e3);
%Fsolve for steady state membrane solution%
[X,Fval] = fsolve(@membrane_equation,Xinit,options2)

end %function ”ShapeFinder”
%%

function [Area] = areal()

for k = 1I:N
Area(k)=pi*((k*delR)exp2-((k-1)*delR )exp2);
end %Area For

end %function ”area”

%%

function [Y] = membrane_equation(X)

Y=((Tens).*laplacian(X)+pressure(X,V));
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end %function ”membrane_equation”

%%

function [P] = pressure(X,V)

%this function computes the electrostatic pressure
%experienced by the membrane

P=zeros(N,1);

Q=zeros(N,1);

for k=1:N
QUO=V()/(((Xo-X(K)) /eps2)-+ (Sigma/eps1));
P(K)=((1/2)*Q(K)exp2) feps;
P(k)=(V(k).exp2.*epsl)./(2.%(Xo-X(k)).exp2);
end %for

end %function ”pressure”

%%

function [Lap| = laplacian(X)

%this function generates the discrete laplacian
%of X in cylindrical coordinates

A(1,1)=-2;

A(1,2)=2;

for i=2:N-1

A, i-1:41) = [1-1/(2*(i-1)) -2 14+(1/(2*(i-1)))};



end %for
A(N,N) = -2;

— b
const=(1/(2*(delR).exp2));
%Solve for Laplacian of X
Lap=const.*(A*X+b);
end %function ”laplacian”

%%

function [D] = damping(dX)

for k=1:N

%calculate damping at R(k) for all k%
D(k)=Kdamp*Area(k)*dX(k);

end %for

D=D’;

end %function ”damping”

%%

function [C] = capacitance(X)
%set initial capacitance to zero
C=0;

%determine permittivity

Epsprime=1/(1/eps2+1/epsl);

64
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%sum up parallel plate capacitances
for k = I:N
C=C+(Area(k)*Epsprime)/(Xo-X(k));
end %for

end %function ”capacitance”

%%

function [] = hard_code()

Y%manually Set device and simulation parameters here%
N = 180; %number of spatial divisions [#]

Xo = 21e-6; %gap thickness [m)]

Ro = 1le-3; %radius of membrane [m]

Stress = 80e6;

Tens = 5.96*Stress*pi*Roexp2; %built-in membrane tension [N]
epsl = 8*8.85¢e-12; %premittivity of membrane [F/m]
eps2 = 1*8.85e-12; %permittivity of gap [F/m]
Kdamp= 1el7; %damping coeff *!larb units!*

Sigma= 3e-6; %membrane thickness [m]

d = 1200*Sigma; %density of membrane [kg/mexp2]

end %function ”hard_code”

9%
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function [Vout] = voltage_vector_even(Velectrode)

%Create evenly spaced voltage vector from vector of voltages%
%check if N/length(Velectrode) is divisible

if rem(N,length(Velectrode))==0;

for j=1:length(Velectrode)

for k=1:N/length(Velectrode)

Vout((k-N/length(Velectrode))-+j*N /length(Velectrode))=Velectrode(j);
end %for

end %for

else

disp(’3rror!’)

disp(’For even spacing the number of spatial divisions’)

disp('must be evenly divisible by the number of electrodes’)

end %if else

end %function even_voltage_vector

%% %
%End Functions Section

%% %

end %Shape_Finder



67

APPENDIX B

FOUR CHANNEL HOMODYNE SENSING PCB LAYOUT
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In a multi-zonally actuated device, it is desired to independently measure the
position of the membrane above each electrode. Prototyping techniques proved in-
convenient when attempting to incorporate several devices in close proximity while
maintaining channel isolation. As such, a printed circuit board consisting of four
homodyne sensing circuits was developed. Instrumentation preamplifiers and cable
driving amplifiers for each channel were incorporated into this board design as well.

A four layer board was chosen for this application. The sensing circuits were all
placed on the top layer and the amplifiers on the bottom, such that the ground and
power layers in between them act as isolation. Figures B.1, B.2, B.3, B.4 show the

individual board layers in the final design of this multichannel sensor.

x

*

Figure B.1: Top Layer of Four Channel Sensor: Sensing Circuitry
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Figure B.3: Third Layer of Four Channel Sensor: Ground Plane
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Figure B.5: Top layer of completed printed circuit board
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Figure B.7: Bottom layer of completed printed circuit board
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Figure B.8: Partially populated bottom layer of printed circuit board showing ampli-
fication circuitry
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APPENDIX C

SPICE SCHEMATICS
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The following spice schematics were generated with Orcad pSpice Capture and

were used for simulation of sensor operation.
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Figure C.1: Spice model of homodyne sensing circuit
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Figure C.3:

Spice model of synchronous demodulator
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Figure C.4: Spice

model of differential amplifier




