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Abstract

Sensors, actuators, transducers, microsystems and MEMS
(MicroElectroMechanical Systems) are some of the terms describing technologies that
interface information processing systems with the physical world. Electrostatically
actuated micromechanical devices are important building blocks in many of these
technologies. Arrays of these devices are used in video projection displays, fluid pumping
systems, optical communications systems, tunable lasers and microwave circuits.

Well-calibrated simulation tools are essential for propelling ideas from the
drawing board into production. This work characterizes a fabrication process — the
widely-used polysilicon MUMPs process — to facilitate the design of electrostatically
actuated micromechanical devices. The operating principles of a representative device —
a capacitive microwave switch — are characterized using a wide range of electrical and
optical measurements of test structures along with detailed electromechanical
simulations. Consistency in the extraction of material properties from measurements of
both pull-in voltage and buckling amplitude is demonstrated. Gold is identified as an
area-dependent source of nonuniformity in polysilicon thicknesses and stress. Effects of
stress gradients, substrate curvature, and film coverage are examined quantitatively.

Using well-characterized beams as in-situ surface probes, capacitance-voltage and
surface profile measurements reveal that compressible surface residue modifies the
effective electrical gap when the movable electrode contacts an underlying silicon nitride
layer. A compressible contact surface model used in simulations improves the fit to
measurements. In addition, the electric field across the nitride causes charge to build up
in the nitride, increasing the measured capacitance over time. The rate of charging
corresponds to charge injection through direct tunneling.

A novel actuator that can travel stably beyond one-third of the initial gap (a
trademark limitation of conventional actuators) is demonstrated. A “folded capacitor”
design, requiring only minimal modifications to the layout of conventional devices,
reduces the parasitic capacitances and modes of deformation that limit performance. This
device, useful for optical applications, can travel almost twice the conventional range

before succumbing to a tilting instability.
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Chapter 1  Introduction

1.1 Hello, World!

“Hello, world!” The ubiquitous words that pop up on the computer screen as the
first outputs of an introductory computer program. The computer screen, along with
keyboards and disk drives, has been the primary means for a computer or information
processing system to interact with humans and the physical world. Sensors, actuators,
transducers, microsystems and MEMS are some of the technologies that promise to
greatly improve such interaction, especially when large numbers of these devices are
assembled into interconnected systems, somewhat like the World Wide Web or VLSI
electronics. These systems can sense and create motion, reflect and direct light and
electromagnetic waves, and control chemical and biological fluid flow and interactions
[1], [2]. Paul Saffo of the Institute for the Future — a strategic planning organization —
calls sensors the “foundational technology of the next decade” [3]. The director of Sandia
National Laboratories’ micromachining program declares in Fortune magazine that “a
second silicon revolution is under way in the electronics world” [4]. Clearly, there is
potential for spectacular achievements. Figure 1-1 gives a flavor of what some of these
devices look like — the Scanning Electron Micrograph (SEM) on the top left is of a gear

system, the top right is of a hinged reflector that can pop off the surface of a silicon
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wafer, the bottom left is of an electrostatic motor, and the world’s smallest steam engine

is on the bottom right.

Figure 1-1. MEMS, microsystems, sensors, actuators, and transducers are some of the
technologies that interface computers and information processors with the physical world. The
fours SEMs (courtesy of Sandia National Laboratories and the Microelectronics Center of North
Carolina/Cronos Integrated Microsystems, Inc.) show examples of these microdevices. The top
left is a gear system (Sandia), the top right is a hinged reflector (Sandia), the bottom left is an
electrostatic motor (MCNC/Cronos), and the bottom right is a steam engine (Sandia).

How small really is “micro”? On the high end of the spectrum of everyday things
shown in Figure 1-2, in the meter range, stands a typical human being. On the lower end
are atoms and molecules that are fractions to several tens of nanometers. Further up are
integrated circuit technologies with critical dimensions from about one-tenth of a micron
to several microns. Protozoa and amoeba are roughly tens or hundreds of microns long,
comparable in size to the micromechanical devices studies in this thesis. Man-made

devices still lag far behind in complexity, however.
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nm pm mm m
Typical Characteristic Dimension

Figure 1-2. The scale of micromechanical devices compared to the rest of the world. The bars
indicate the ranges of typical characteristic dimensions of atoms and molecules, integrated
circuit technologies, amoeba and protozoa, micromachines, insects, and humans. The range of
lengths of the micromechanical devices studied in this thesis is shown by the lighter shaded
region of the range-indicator bar.

While the field of sensors, actuators, transducers, microsystems and MEMS
encompasses the domains of mechanics, electronics, heat transfer, optics, fluidics,
biology, chemistry, magnetics and more, this thesis focuses on coupled electromechanical
devices, an important building block that can be considered the granddaddy of the field.
Examples of electromechanical devices are two elements of a Deformable Mirror Display
from Texas Instruments shown in Figure 1-3 [5]. With proper voltage signals, large
arrays of these pixels reflect light at different angles to form projected images. One pixel
is interesting and useful but thousands of these devices working in concert can achieve
much more than might be imagined of a single device. Another interesting example of an
electromechanical application is a BEAD mesopump being developed at the Honeywell
Technology Center [6]. When a voltage is applied between the top and bottom of this

bellows-like pump, the diaphragm approaches the bottom electrode and squeezes the
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liquid out from the outlet in the center. Several of these pumps can be arranged in series

to generate higher pressures, or configured in parallel for higher throughput.

Mirror -10 deg

Mirror +10 deg

CMOS
Substrate

Landing Tip

Figure 1-3. Two elements of a Deformable Mirror Display (DMD) from Texas Instruments
(courtesy of Texas Instruments, Inc.).

The electrostatically actuated device that motivates this work is the
micromachined capacitive microwave switch developed at Raytheon (in a division
formerly of Texas Instruments) [7]-[9]. The device is shown in the Scanning Electron
Micrograph (SEM) of Figure 1-5. Representative drawings of the device operating as a
shunt switch are shown in Figure 1-6(a) and (b) to illustrate the operating principles more
clearly. The vertical scale is grossly exaggerated in this and all other drawings so that
geometric features can be seen more clearly. When the plate is up as in Figure 1-6(a), the
coupling capacitance between the deformable plate (top electrode) and transmission line
(bottom electrode) is small, and the microwave signal propagates unimpeded along the
transmission line at the bottom. When a dc voltage is applied between the top and bottom
electrodes, the applied voltage generates electrostatic forces that pull the top plate down

until it contacts the dielectric, creating a dielectric sandwich — a large capacitance. Thus

4
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the microwave signal is shunted to ground instead of continuing down the transmission
line. This micromechanical device has very desirable microwave characteristics,
primarily excellent linearity at very high — 100's of GHz — frequencies, and low static
power dissipation. Four operating domains are of interest for modeling and
characterization. The first is the microwave domain that is relatively mature with many
excellent commercial simulators available such as XFDTD [10] and Ansoft HFSS [11].
The second is the static electromechanical domain that is the main focus of this work.
The third domain is dynamic electromechanics that is more difficult to characterize and
simulate accurately. Dynamic operation is usually analyzed using simplified models.
Reliability is the fourth domain of interest, which is receiving ever more attention from
the research community [12]. One aspect of reliability — drift in performance over time

due to charging — is described in this thesis.

Diaphragm

Electrode
Inlet

Outlet

Electrostatic
Fields

Figure 1-4. BEAD mesopump developed at the Honeywell Technology Center (courtesy of
Computational Fluid Dynamics Research Corporation).
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Ground

Plane

Transmission
Line

Deformable
Plate

Figure 1-5. SEM of micromachined microwave switch by Raytheon (Courtesy Raytheon Systems
Company). Microwave signal propagates down coplanar transmission line. With the deformable
plate up, the signal propagates unimpeded. When a voltage is applied to pull the plate down,
the large capacitive coupling shunts the microwave signal to ground.

Deformable Plate

Transmission Lline

(a)



1.2: Outline of Thesis

Deformable Plate

Transmission Line

(b)

Figure 1-6. Drawing of micromachined microwave switch showing deformation characteristics in
more detail. The vertical scale is grossly exaggerated in this and most of the other drawings in
this thesis to show device details more clearly. (a) Initial state — microwave signal propagates
unimpeded. (b) Down/actuated state — microwave signal is shunted to ground.

1.2 Outline of Thesis

Computer design and simulation tools are essential in accelerating the field of
sensors, actuators, transducers, microsystems and MEMS towards fulfilling its promise of
becoming the “next big thing” [13]. Currently, such computer tools are not as widely
used as in the integrated circuit arena because designers are often skeptical of the
reliability and accuracy of computer simulations. The almost mind-boggling expansive
range of fabrication processes, physical domains and applications makes the task of
developing general purpose simulation tools very difficult.

Simulation tools are required at several stages in the design process including:

» systems level simulation using fast behavioral models

» device level simulation comprising 2-D or 3-D solutions of Partial Differential

Equations (PDES)
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* geometry generation from etching and deposition steps
This thesis looks primarily at device-level simulations.

All these modeling and simulation steps require varying degrees of user-
intervention and user-expertise although more and more sophistication is being built into
commercial simulation packages. This thesis tackles one corner of the modeling pie to
show in detail how, and how well, computer simulations work, and where they must be
used with caution. The general areas of modeling and characterization of
micromechanical devices are too broad to summarize in this introductory chapter,
therefore specific overviews and reviews of prior work are deferred to the beginnings of
each chapter.

Chapter 2 describes a range of computer models that simulate the behavior of
electrostatically actuated micromechanical devices. These models that trade off between
simulation speed and accuracy are tailored towards fixed-fixed beams. Mechanics,
electrostatics, damping, and contact are discussed, with particular attention given to
accuracy in modeling the electrostatics. Sources of error in the 2-D simulation model are
eliminated to obtain a good simulation basis for the characterization work in Chapters 4
and 5. The MUMPs fabrication process which underlies this thesis is introduced in
Chapter 3. Technigues for obtaining accurate measurements of geometry and thicknesses
in the face of overetch and the stress in PSG are explained. The design-dependent
influence of gold is described along with a model that captures the observed effects. The
scope of the calibration work is defined clearly, avoiding highly variable nonuniformities,
especially among cantilever beams.

The characterization of electromechanical beams up until the point of instability
or pull-in is presented in Chapter 4. Material properties are extracted using measurements
of both buckling amplitude and pull-in voltages. The expansion of PSG is shown to affect
beams with backfilled step-up anchors. Three distinct pull-in behaviors are identified.
Issues related to multiple mechanical discontinuities, stress gradients, substrate curvature,
and film coverage are discussed quantitatively. The well-calibrated simulation model is
then used to extrapolate the behavior of a benchmark verification problem. Chapter 5
discusses the details of contact electromechanics where contact surface compressibility,

and dielectric charging come into play. The fixed-fixed beam, well-characterized in
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Chapter 4, serves as an in-situ contact surface probe. Charge buildup in the nitride is
measured and shown to correspond to direct injection of carriers into the nitride.
Apparent compressibility of the contact surface is measured using a surface profiler and a
specially-designed test structure, and incorporated into the simulations of capacitance-
voltage characteristics.

Chapter 6 presents an electrostatic actuator that can travel beyond the limited
range of conventional actuators. The practical issues of parasitics, nonuniform
deformation, and tilting due to asymmetry are addressed. A “folded capacitor” design is
shown to mitigate most of the effects of parasitics. Limits in performance due to tilting
are analyzed. Conclusions, and opportunities for further investigation are presented in
Chapter 7.

The major contributions of this work are summarized in the list below. More
thorough descriptions are given at the end of each chapter, and in Section 7.1.

+»+ Simulation models and techniques
* Improved and verified the accuracy and range-of-applicability of the coupled

electromechanical simulation model for parameter extraction purposes.

« Metrology
* Measured thicknesses accurately in the presence of nonuniformities due to overetch and

PSG encapsulation.
+ Identified and modeled the design-dependent effects of gold on polysilicon layer
thicknesses and stress.

+»+ Characterization of pull-in
» Demonstrated consistency in the extraction of material properties from both pull-

in voltage and buckling amplitude measurements.

* Showed that the expansion of PSG increases the stress significantly in beams with
backfilled anchors.

» Identified, measured and simulated three distinct types of pull-in behavior,
including post-buckled behavior.

» Examined the effects of dimples and steps.

* Proposed a benchmark verification case to evaluate the accuracy of coupled

electromechanical simulators.



Chapter 1 Introduction

- Demonstrated that stress gradients do not affect fixed-fixed beams appreciably,
that buckling amplitude is affected by probe pressure, and that the coverage of
deposited films affects the behavior of composites.

+ Characterization of contact electromechanics
» Designed test structures to eliminate zipping in order to measure contact surface

properties accurately through capacitance-voltage measurements.

» Established, through surface profile and capacitance-voltage measurements, that
the contact surfaces between the nitride layer and polysilicon beams exhibit
apparent compressibility.

» Incorporated a compressible contact surface model into simulations that improves
the simulation fit to measurements.

» Utilized electrostatically actuated beams as electrometers to measure charge
buildup in dielectrics.

- ldentified charge injection through direct tunneling as a source of charging.

¢ Electrostatic actuator with extended travel
« Showed the effects of parasitic capacitances, both from layout and from

operation, on the performance of an electrostatic actuator that can travel beyond
the conventional range.

* Proposed and fabricated “folded capacitor” designs that are compact, limit
parasitics, and are straightforward to implement.

» Demonstrated the first devices incorporating series capacitor feedback.

« Showed, through measurements and simulation, that tilting due to asymmetry is a

fundamental limit to performance.
Using computer simulations in conjunction with careful physical measurements is

one of the best ways to understand device behavior and physical properties. The work in
the upcoming chapters is guided by this principle.

10
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2.1 Overview

The first step in performing a computer simulation of a device is determining
what physical effects are important, and which of these effects are coupled. This usually
determines the choice of the simulator that can be used. Then the geometry of the device
must be built and meshed. The geometry can either be crafted from purely geometric
operations resulting in boxy and sharp-angled shapes [14], or from process simulation
resulting in accurate geometries that capture the effects of conformal and nonconformal
deposition [15], [16]. Input parameters — loads, boundary conditions, and material
properties — are included next. Material properties should ideally be obtained from
characterization of simplified test structures as detailed in this thesis. Simulations of
device behavior can then be performed using traditional mechanical simulation tools such
as Abaqus [17], or multi-physics simulation tools such as MEMCAD [18], IntelliCAD
[19], Solidis [20], Ansys [21] and CFD-ACE+ [22]. These simulation tools use finite-
element, boundary-element, finite-difference, or finite-volume methods to solve PDEs.
The multi-physics tools MEMCAD and IntelliCAD are built upon the mechanical
simulation tool Abaqus. Simplified models are then extracted from the detailed device
simulations for use in higher-level systems design. System-level performance can be

analyzed using some flavor of the circuit simulator SPICE [23], or more general

11



Chapter 2 Simulation Models and Techniques

simulators such as Simulink [24], and Saber [25] which implements a version of the
VHDL-AMS modeling language standard. Hybrid device-system simulations, where
some inner workings of a device are simulated explicitly within a system-level

simulation, can be performed in SUGAR [26], Saber, or Working Model Motion [27].

Working Model Motion is particularly useful for multi-body contact simulations. Pseudo-

rigid-body concepts [28]-[29] can be used to model compliant structures within rigid-
body frameworks.

The goal of this work is to characterize a fabrication process, and calibrate and
configure a computer simulator to help a designer optimize device designs. More than
just extracting basic material parameters, this thesis shows what it takes to perform
accurate simulations, highlighting the effects of geometry, and pointing out interesting
new phenomena and potential pitfalls.

This chapter begins with an introduction to the fundamentals of electrostatically
actuated micromechanical devices. The details of physical and computer simulation
models used in this work are described next. While the models are general and suitable
for a wide range of electromechanical devices, this chapter tailors models from prior
work toward the simulation of electrostatically actuated micromechanical beams.
Improvements in accuracy, completeness, and simulation efficiency are incorporated. A
one degree-of-freedom (1-DOF) model offers quick yet accurate and scalable results
because it is physically-based. The effects of damping on chattering at contact are shown.
A 2-DOF model is introduced that offers better performance for devices with distinct
tethers and centerpieces. The electrostatic fringing field model [30]-[31] in quasi-2-D and
2-D Abaqus [32] simulations is augmented to include the effects of finite conductor
thickness. The accuracy of the parallel plate electrostatic approximation in 2-D is
confirmed by field solver results. Potential sources of error in the 2-D Abaqus model are
identified and eliminated so that the characterization work of Chapters 4 and 5 have a
solid simulation basis. Quasi-3-D and full 3-D simulations are shown for completeness.
The accuracy and applicability of the various simulation models are compared and

contrasted.

12



2.2: Coupled Electromechanical Behavior

2.2 Coupled Electromechanical Behavior

The simple one-dimensional (1-D) spring-mass-capacitor model of Figure 2-1(a)
illustrates the basic principles of an electrostatically actuated micromechanical device. It
consists of a movable top plate suspended by flexible tethers above a fixed bottom plate.
An applied voltage generates an electrostatic force that tries to pull these plates together.
As a result, the top plate moves downwards as shown in Figure 2-1(b). By controlling the
voltage, the plate can be positioned accurately within the gap or pulled all the way down
into contact with the bottom plate. While moving, the plate squeezes air out from
between the plates. This is a significant source of damping. At one-third of the initial gap,
the plate is at the threshold of instability. There is no static equilibrium position beyond
this point (until contact) because the increase in electrostatic forces due to further
displacement overwhelms the mechanical restoring forces. Positive feedback snaps the
movable plate down all the way to the bottom plate. Contact, adhesion, surface

topography and charging come into play at this point (Figure 2-1(c)).

Resistor
Movable
Electrode
\"
® ® ®
- - u I — u
% Squeeze Film 9 9%
Contact
Fixed Electrode
(@) (b) (©)

Figure 2-1. Simple spring-mass-capacitor model of an electrostatically actuated micromechanical
device. (a) Initial position. (b) Applied voltage generates electrostatic force that actuates the
movable electrode. Air is squeezed out from between the electrodes. At 1/3 of the initial gap,
the plate is at the threshold of pull-in. (¢) Plate makes contact with bottom as voltage is
increased further. A thin dielectric layer prevents fusing due to conductor-to-conductor contact.
Adhesion, charging, compression, and other surface effects come into play.
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An analysis using simple 1-D models for the mechanical and electrostatic forces
illustrates the fundamentals of static coupled electromechanical behavior. The mechanical
restoring force is given by (2-1) wheuds the displacement of the top plate &nd the

spring constant.

F —ku (2-1)

mechanical —

The electrostatic force is proportional to the square of the applied voNagend
inversely proportional to the square of the gap as shown in (2-2) wh&edhe initial

gap,A is the area of the plate arg is the permittivity of the gap. The thin dielectric

coating the bottom electrode is neglected for now.

. _ AgV?

. — 2-2
electrostaic 2(go _ u)z ( )

Equating the mechanical and electrostatic forces and solving for displacement as a

function of voltage produces the curve in Figure 2-2. It is shown in Figure 2-2 and
derived below that once the plate moves beyoq%, there is no stable static

equilibrium solution.

Normalized Gap

]
0.0 0 Voi
Voltage

Figure 2-2. Normalized gap as a function of applied voltage. As the deflection reaches 1/3 of the
initial gap, the system is at the threshold of instability or pull-in.
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At equilibrium, the total force on the top plate is zero i.e.

A V?
l:total = l:mechanical-i- l:electrostelic = —kU + WO_U)Z = O (2'3)
For stable equilibrium,
azut tal
— Wl 50 2-4
ou? (-4
whereU oy IS the potential energy, therefore requiring
a I:total
—2-< 0, 25
ou (2-5)

Taking the derivative and setting it to zero to obtain the threshold of instability results in

2
—ka eV ==0 (2-6)
(go - u)
whereby substituting (2-3) into (2-6) gives
S Ry (2-7)
g, u

Solving foru at the threshold of instability gives the desired conclusion for the maximum

stable displacement
- 9%
Upax = — - 2-8
max 3 ( )

Substituting this expression far back into (2-3) gives the voltage at this threshold,

3
Vpi = %_ (2-9)
27A¢,

known as the pull-in voltage/{;)
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(a) 1-DOF

(b) 2-DOF m (c) Quasi-2-D

(e) Quasi-3-D
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Figure 2-3. Collage of various computer simulation models. (a) 1-DOF model. (b) 2-DOF model.
(c) Quasi-2-D finite-difference model. (d) 2-D finite-element model. (e) Quasi-3-D finite-element
model. (f) Full 3-D finite-element-boundary-element model.

Building upon this simplest of 1-D models, computer simulation models of
varying detail and sophistication, shown in Figure 2-3, were used to understand and
characterize the behavior of electrostatically actuated micromechanical devices,
specifically microbeams. The first is the simple one degree-of-freedom (DOF) 1-D model
(Figure 2-3(a)) introduced in this section. The next is a two-DOF 1-D model (Figure
2-3(b)) which allows the tethers and centerpiece to have different properties and
somewhat more independent motion. The third model (Figure 2-3(c)) is a quasi-2-D
finite-difference model in which each node has a vertical displacement degree-of-
freedom. Figure 2-3(d) shows the 2-D Abaqus simulation model which is the workhorse
of this thesis. Each node in the mesh has vertical and horizontal displacement degrees-of-

freedom. A simple 3-D model consisting of beam and shell elements is shown in Figure
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2-3(e). Finally, a full 3-D simulation model is shown in Figure 2-3(f). Here, both the

solid mechanics and electrostatics are solved in the full three dimensions. In all the

previous models, the electrostatics are approximated by parallel plate models, which are

excellent for many micromachined structures that are wide, flat and have closely spaced

actuating electrodes. Each model is now described in more detail.

2.3 One-DOF 1-D Model

The equation of motion describing the displacementpf the center of an

electrostatically actuated beam (Figure 2-1) is

2
F +F +F + Fcontact = m% (2-1)

mechanical electrostéic damping

wherem is the effective mass of the beam, dhghysics> are the forces acting on the

beam.

Top Electrode

Bottom Electrode

Figure 2-1. Electrostatically actuated beam modeled with a single DOF. The initial gap is g, and
the dielectric thickness is g;. A resistor in series with the voltage source provides damping.

The mechanical force is made up of three components related to the deformation

of the beam. Assuming that the beam is loaded at the center, which is a good

approximation given that electrostatic forces tend to concentrate where the gap is

smallest, the first component is the linear bending force given by

mT'EhW
= =—""u.

6L° &2

I:bend ==
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E is the Young’s modulus of the bealmis the thickness of the beaWv,is the width, and

L is the length [33]. The bending force varies linearly with Young’s modulus and beam
width, and cubically with beam thickness and the inverse of beam length. In the case of
wider beams, as the width becomes many times the thickness, the Young’s modulus
should be modified to asymptotically approach the plate modulus

Eplate = 1_bear2 (2-3)

wherev is Poisson’s ratio. A wide plate is more resistant to bending than a slender beam.

Initial stress in the beam due to deposition conditions presents another linear force given
by

Fstress: - nzg\ljva u (2'4)

where o is the initial uniaxial stress (positive for tensile stress and negative for
compressive stress). This time, the force varies linearly with thickness and inversely with
beam length. The third mechanical restoring force is due to the stretching of the beam at
large displacements, similar to the restoring force in a stretched rubber band. This force,
also known as stress stiffening, varies cubically with displacement, with the other
dependencies on beam properties given by

m'EhW ,
=- u-.

= 2-5
stretch 8L3 ( )

The relative contributions of bending, stress and stretching for a particular beam are
shown in Figure 2-2 to provide an idea of when the different components are most
significant. The beam is 3Q@m long, 30um wide, and Zum thick. Young’s modulus is

140 GPa, and the beam has an initial uniaxial compressive stress of 6.16 MPa
(corresponding to an equivalent biaxial stress for a uniform film of 8 MPa). Bieg
reduces the total restoring force when the stress is compressive, the simulations are only

valid for

IF

stresJ

< |Fbend| (2-6)
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2.3: One-DOF 1-D Model

i.e. before buckling occurs. The critical buckling length can be obtained by equating (2-2)
and (2-4) and solving fdr. This gives exactly the same buckling criterion for fixed-fixed

beams as shown in Section 4.5.1 from an alternate derivation.

60 . . .

N
o

Stretching

Restoring Force (uN)
N
o

o

Initial Stress

0.0 0.5 1.0 1.5 2.0
Displacement (um)

Figure 2-2. Relative magnitudes of the components of restoring force due to bending, initial
stress, and stretching, as a function of displacement. Beam is loaded at the center.

The electrostatic force model utilizes a parallel plate approximation

O 9/ _
SOAVZ ga+go+% u
2
b
2+ % -5

where A is the effective area of the beam attracted by electrostatic forces,the

F

(2-7)

electrostéic

Moo

effective voltage between the electrodes, anahd b are form factors to account for
fringing fields. Only two fitting constants are actually required Aus kept explicitly

because it signifies the portion of the beam that is being attracted by the electrostatic

forces. % is the electrical thickness of the dielectric coating the bottom electrode. The
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form of (2-7) was derived from the analytic expression for the capacitance of an
infinitesimally thin beam over an infinite ground plane incorporating the effects of
fringing fields [30]. The adjustment factoasandb can further account for the fact that

the effective area of concentrated electrostatic forces decreases as the beam gets closer
and closer to the bottom.

With the additional non-linear mechanical force (2-5), and the form factors for
fringing effects, an exact analytic expression for the pull-in voltage is impossible to
derive although researchers have developed fitted expressions for specific ranges of beam
dimensions and properties [30], [34]. Due to the many approximations, this 1-DOF model
is suitable primarily for fast simulations of a few specific devices rather than for
parameter extraction and device characterization. After calibrating the model to the first
two data points obtained from quasi-2-D simulations (described in Section 2.5), the
model can be used to examine the parametric dependence of pull-in voltage. As shown in
Table 2-1, the predictive capability of the model is good because it is physically based.
Using the constantd = 0.39,a = 1, andb = 20 um produces results within 3% of the
guasi-2-D simulations.

In transient simulations, the speed of actuation is often determined primarily by
damping rather than by mechanical stiffness or inertia. For devices operated in air or

other gases, squeeze film damping, expressed as

3

Fdamping = _(gou_l_+)\)3% (2-8)
dominatesy is the viscosity of the gas wherehss a factor that accounts for slip flow
and is about twice the mean free path of the gas. This is a rough model which illustrates
general principles, but approximations such as effective lehgtlmit generality and
accuracy. This damping is a viscous force that increases as the beam moves downwards
and the gap becomes smaller. The model works for continuum gases and is valid for
small Reynolds numbers. The model was originally derived only for small displacements
[35], where the damping factor did not vary with displacement. However, comparisons

with 2-D finite-difference simulations of the isothermal Reynold’s equation [36]-[37]
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show that an instantaneous-gap-dependent model works well, even for large
displacements.

The resistor in series with the voltage source in Figure 2-1 presents another source
of damping. The time constariRC, to charge up the system increases as the beam
deflects because of the increase in capacitance — the electrostatically actuated system is a
voltage-controlled variable capacitor. The voltage, V, across the actuator with
capacitanceC, is

V.=V, - IR (2-9)
where
I :Cd—V +Vd—C. (2-10)
dt dt

Other interesting damping characteristics are discussed in Section 6.5.
Contact forces due to interatomic repulsion are modeled by a high-order inverse

power law [38]

KLA
Foontat = ~ 725 -
contact (go _ u)lO

Attractive forces such as Van der Waals and capillary forces can also be included. This is

(2-11)

the most approximate of all the models in this section because contact forces are very
difficult to measure accurately and repeatably. In micromechanical devices, the exact
equilibrium positions at contact are often determined more by residue and surface
roughness than by the forces of an atomically smooth surface.

Residual charge can accumulate in electrostatically actuated devices containing
dielectrics, or electrically isolated nodes. Net residual charge can be modeled by a sheet
of charge between two voltage-driven plates as shown in Figure 2-3. According to Gauss’

law, the charge sheet modifies the electric field on each side of the sheet from simply

%1 to be

E,=—=£ and (2-12)



Chapter 2 Simulation Models and Techniques

\V + (dl _dz)p

E, = € 213
2 d. ( )

wherep is the areal charge density of the charge sheetcaadhe permittivity of the
region between the plates. Plate 1 in Figure 2-3 represents the actuated beam. In this case,

the electric field, and hence the electrostatic force on the beam, is simply shifted by a

voltage offset ofdzp which scales according to the amount of charge. Note that the shift

does not depend on the gap between the beam and charge sheet and is thus constant
throughout the entire beam regardless of the deformed shape of the beam. Therefore, the
only change required in the electrostatic force expression, (2-7), is

&

v Ly -%P (2-14)

Further influences and effects of residual charge are described in Sections 5.4 and 6.4.
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Figure 2-3. Effect of residual charge on the electrostatic field and potential distribution between
two conducting plates.
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The equation of motion incorporating all these expressions is simulated in Matlab
using stiff ordinary differential equation (ODE) solvers. The particular solver that works
best is a quasi-constant step size implementation of Numerical Differentiation Formulas
(NDF) in terms of backward differences [39]. Steady-state solutions are obtained from
guasi-static simulations using a very gradual voltage ramp to actuate the beam, and a
mild damping force to minimize transient effects. Unlike for simulations of transient
behavior, the damping force used for quasi-static simulations should not vary with the
instantaneous gap to prevent severe slowing down near contact.

Figure 2-1(a) shows an ON-OFF transient simulation using a viscosity 3% that of
atmospheric pressure air. The nominal system parameters shown on the first line of Table
2-1 are used. The approach to contact is slowed down by the rapid increase in damping
forces. The solution at contact is computationally intensive and requires a smooth
expression for the contact force to aid convergence. The small viscosity was used so that
results could be compared to the next example on the same time scale. If the dependence
of squeeze-film damping on instantaneous gap is removed, chattering at contact occurs as
shown in Figure 2-1(b). The viscosity used in this example was 10% that of air. Such
contact behavior is difficult to characterize because measuring chattering in real life is
very difficult. However, hard impacts are known to shatter micromechanical devices in

vacuum environments [40].

Table 2-1. V), of 1-DOF and 2-DOF models compared to quasi-2-D simulations

L E h Jo a, 1-DOF 1-D | 2-DOF 1-D Quasi-2-D
300 140 2 1.5 6.16 21.51 21.31 21.44
400 140 2 1.5 6.16 10.07 10.14 10.06
500 140 2 1.5 6.16 4.31 buckled 4.20
300 100 2 1.5 6.16 16.64 16.65 16.67
300 200 2 1.5 6.16 27.22 26.93 27.06
300 140 1.5 1.5 6.16 12.21 13.42 12.27
300 140 2 2.0 6.16 33.93 35.60 34.35
300 140 2 1.5 3.16 23.51 23.21 23.33

Variations from nominal case are in bold. L is beam length (in um), E is Young’s modulus (in
GPa), h is beam thickness (in um), go is the initial air gap (in um), and g, is the uniaxial
compressive stress (in MPa).
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Chapter 2 Simulation Models and Techniques

2.4 Two-DOF 1-D Model

To model inhomogenous devices — plates suspended by slender tethers, or beams
with distinct variations in cross-section — a two-DOF model, still in 1-D, is shown in
Figure 2-2. The beam is divided into two parts — a center-loaded portion called the
centerpiece, and cantilever-like tethers that are loaded at their tips by the centerpiece.
Assuming symmetry, only one-half needs to be modeled thus only 2 DOFs are required.

The equation of motion is modified to become

d®u,

I:ntmz-chanical_ I:ntw:echanical = m F (2'1)
for the motion of the tether, and
c c c c _ d 2Uc
l:mechanical-l_ l:electrostelic + I:damping + contact — mc dtz (2'2)

=
N

=
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=
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2.4: Two-DOF 1-D Model
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Figure 2-1. Transient simulation using 1-DOF model. 25 V is applied at t = 0 ps and then
removed at t = 30 ps. (a) This model uses an instantaneous-gap-dependent damping model
with a viscosity constant 3% that of air. The approach to contact is slowed down considerably
by the squeeze-film damping. (b) The viscosity constant is 10% of air, and the damping factor
remains constant as the gap changes. Chattering occurs upon contact.

for the motion of the centerpiece. The superscripts and subdcaiptic denote “tether”

and “centerpiece”, respectively. Note that the displacement of the centerpiece is
measured relative to the position of the tip of the tether. This two-lump model is
particularly good for designs where the tethers are flexible compared to the centerpiece
and should be modeled separately. It is assumed that the electrostatic forces on the tethers
are negligible compared to the mechanical forces transmitted by the centerpiece. The
mechanical forces are similar in form to those described in Section 2.3 with slight
modifications in the scaling constants. For the tethers, which are modeled as end-loaded
cantilevers with guided tips (vertical motion only with no rotation), the mechanical

restoring forces (total of both the tethers) are [33]
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Fbend == nAEt h‘:VVt ut ’ (2'3)
48.°
2
Fstress == 4 htVV[O-t ut 1 (2'4)
4L,
and
m*E.hW,
Fstretch == 64t-|_? : utg' (2'5)

These are essentially the same as the restoring forces of a fixed-fixed beam with twice the
length of the tethers. Additional analyses of the characteristics of various tethers,

including those with folded flexures can be found in [41].

Tether Centerpiece  Fixed boundary
N Lt >< LC > \A

1
//%/

—_— Pin joint l l

Figure 2-2. Two-DOF model of an electrostatically actuated device consisting of tethers and a
centerpiece. The centerpiece is connected to the tethers by a pin joint. Only one tether node is
required due to symmetry. The tethers are loaded only by the centerpiece and not by any other
loads. Centerpiece displacement is measured relative to tether position.

The centerpiece is modeled as a center-loaded beam with pin joint connections to

the tethers resulting in forces given by

—_ nAEChS/\/C u (2_6)
bend 2 4L[3: c’
mhW.o,
Fstress == uc ’ (2'7)
2L

C

and
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2.5: Quasi-2-D Model

stretch — 3 c
8L

F (2-8)

The forces on the centerpiece can also be modeled assuming fixed-fixed boundary
conditions, or distributed loading, depending on the structure and operation of the actual
device.

Comparisons to quasi-2-D simulations are shown in Table 2-1. The fit is good,
but not as good as the 1-DOF model for uniform beams because the partitioning between
the tethers and centerpiece is not well defined. That choice of partitioning ratio — the
centerpiece was assumed to be 56% of the beam with the tethers making up the rest of the
beam — is the only fitting factor of the 2-DOF model. The ffBlong beam buckled
because the pin joint boundary conditions of the centerpiece erroneously allow buckling

at shorter beam lengths than fixed boundary conditions.

2.5 Quasi-2-D Model

A natural extension of the two-lump model is the increasing of the number of
degrees of freedom resulting in the finite-difference quasi-2-D model shown in Figure
2-1. While the beam is discretized in 2-D space, each node in the finite-difference model
has only the vertical displacement degree of freedom — hence the name quasi-2-D —
which moves according to the same 1-DOF equation of motion given by (2-1). 2-D
simulations in Abaqus show that horizontal displacement is negligible for the typical
range of dimensions studied here. Horizontal motion is significant in cantilevers with
large stress gradients, however.

The dependence of the mechanical forces on beam properties is similar to that in
Section 2.3 except that the length parameter is not explicitly included. The bending force

is described by the Bernoulli-Euler beam equation

2 2
92 CERW 9 u% 1)

Foong = —
bend GXZH 12 axz

which is valid for only small rotations where the curvature of the beam can be
approximated by the second derivative of displacement, and does not account for shear.
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Chapter 2 Simulation Models and Techniques

This approximation is valid for the long dimensions and small range of travel of many
micromechanical devices. The component due to stress is given by

F...=hWo— (2-2)

stress 2
ox

where o is the uniaxial stress in the beam. This equation has the same restrictions as
(2-1). The stretching component is calculated by computing the stress due to the change

in beam length as given by

Foy = hwék %}1 P o’y

> (2-3)
12 [PX [ @BX

This equation has the same form as (2-2) with the term in the square brackets being the
computed strain, resulting in the term in the curly braces being the effective uniaxial
stress due to stretching. (2-1) is valid for beams with longitudinally varying properties
and cross sections but (2-2) and (2-3) are only valid for beams with uniform properties,
because longitudinal uniaxial stress is not uniform throughout the beam cross-section
otherwise. Hence, the quasi-2-D model is used mainly to simulate the behavior of long,

uniform beams.

u(x) T

Vertical

Transverse

Horizontal
(Longitudinal)

Figure 2-1. Quasi-2-D finite-difference model. Entire beam is discretized. Each node only has a
vertical degree of freedom.
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2.5: Quasi-2-D Model

The electrostatics model for the centerpiece is exactly the same as in the one-lump
case. If the centerpiece is rigid compared to the tethers, most of the deformation occurs at
the tethers. As such, the electromechanical system resembles a 1-D system more closely,
and the parallel plate approximation is more accurate. The same is true for the 1-D
approximations of the damping and contact models which are approximate curve fits
anyway.

The most common step-up boundary condition is the ideally fixed boundary

2
condition where the curvature (proportional %e;) at the boundary is fixed at zero.
X

Details of the first-order-accurate finite-difference implementation can be found in
Appendix A. A more sophisticated boundary condition includes the effects of compliance
by iteratively solving for the rotation at the boundary due to the moment induced by the
deformation of the beam [42]. Iterative solutions such as these are best left to dedicated
solvers such as Abaqus, which is described in the next section. A simpler method to
account for the compliance of step-up boundaries is to extend the beam length by an
additive offset [34]. Nevertheless, initial buckling of long beams with compressive stress
is difficult to simulate in this 2-D finite-difference formulation with whichever boundary
condition due to numerical instabilities.

The 1-D electrostatics, damping, contact and residual charge models of Section
2.3 can be easily converted into models for each node in the quasi-2-D model. Noting
that displacementy, is now a function of positiorx, and removing thé& (length) term
from (2-8) gives the damping force per unit length

3 B W2 du

o= 2-4
amping (go_U+/\)3 dt ( )

In a similar manner, dividing (2-11) through bygives the contact force per unit length

K.W
F =—__2" . 2-5
contact (go _ u)10 (2-5)

29



Chapter 2 Simulation Models and Techniques

Electrostatic force per unit length becomes

O 0,/ _,0
o ooegwvr O %7 % g
l:electrostelic - @4_ b (] (2-6)
o+, -] B :
10 T T T T T T T T T T
Actual
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Figure 2-2. Electric field configuration on sloping beam. The beam is 50 um long and has a 2-um
gap on the left tapering down to a 0.1-um gap on the right. That is the steepest slope
encountered in the electrostatically actuated devices studied. Reflective boundary conditions
are applied to the left and right boundaries to maintain vertical electric fields there. Analytic
curves using the staircase-like approximation (with many more panels than drawn here) match
simulation results very well indicating that the parallel plate approximation holds. The horizontal
fields are small compared to the vertical fields and have negligible effect on deflection.
Simulations were performed using the Matlab PDE Toolbox [43]

where the constants andb are modified to account for only 2-D fringing fields in the
transverse plane. An effective area approximation is no longer needed. A long beam
suspended above an infinite plate can be approximated by many horizontal-plate-to-
ground-plane capacitors connected in parallel along the length of the beam, creating a
staircase-like electrostatics model. This approximation is examined in two orthogonal

planes. Considering the longitudinal plane that spans the length of the beam first, the
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2.5: Quasi-2-D Model

electrostatic forces on the underside of a sloping beam are shown in Figure 2-2. The
beam is assumed to be infinitely wide. A simple parallel plate approximation for electric
field,

=— (2-7)

whereg is the gap at any position along the beam, matches the simulated results very
well, rendering form factors unnecessary to model electrostatic fields in this plane. The
horizontal electric field is small compared to the vertical field justifying the use of only
the vertical electrostatic force component on surfaces with slopes up to the steepness
shown. Furthermore, the horizontal forces do little to influence beam displacement.

Figure 2-3 shows the electric fields near an open end of a beam, such as at the tip
of a cantilever, and the converse situation of a beam overhanging a finite ground plane,
for several gap distances. The fringing fields near the tip of the beam are difficult to
model because they depend strongly on not just the gap, but on the thickness and angle of
the beam because of the forces on the vertical wall. Modeling fringing fields at corners is
more complex in 3-D but is necessary for cantilevers. Cantilever beams are studied in
less detail in this thesis for that reason, and for other reasons described in Section 3.6.
The electrostatic forces on the underside of a beam that extends beyond a finite ground
plane drop off very quickly beyond the edge of the ground plane, with the abruptness
increasing with decreasing gap. As such, simulations of devices over finite ground planes
should have electrostatic loads applied only to the portions of the beam directly above the
bottom electrodes. Such a situation is shown in Figure 4-1.

To account for fringing fields in the other orthogonal plane i.e. on the cross
section of a beam as shown in the inset of Figure 2-4, electrostatic simulations in Raphael
[44] were performed. The simulated capacitance and electrostatic force qma\8idle
by 24um-thick beam as a function of the gap between the beam and ground plane are
plotted in Figure 2-4. The capacitance and force on a very thin beam are also plotted to
indicate the contribution due to finite plate thickness, which was neglected in prior work.
The fitting parameters in (2-6) were adjusted to match the simulated vatuesl-006

andb = 31.6um. As a result, the electrostatics model for fixed-fixed beams is excellent.
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Chapter 2 Simulation Models and Techniques

The accuracy of fields near step-ups is not important because the forces and deflection
are smallest there.

The equations of motion from each node result in a system of coupled ODEs that
can be solved using Matlab’s ODE integrators [39] to produce both quasi-static and
transient solutions. The damping model in the system helps improve simulation speed by
reducing the occurrence of high-frequency vibrations. As for the 1-D case, instantaneous-
gap-independent damping is used for quasi-static solutions. The finite-difference
discretization of a beam produces a stiff system of ODEs [45] which is computationally
expensive to solve. Symmetry can be exploited to solve for only one-half of the beam.
Care must be taken to ensure that the symmetry boundary condition is correctly enforced
at the center as shown in Figure 2-1. The two centermost points are mirrored about the
axis of symmetry to allow the finite-difference computation of the forces described by
(2-1), (2-2) and (2-3). If an alternate boundary condition is used where a node is placed
directly on the axis of symmetry, only half the total load (electrostatic forces, damping
etc.) should be applied to that node.
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Figure 2-3. Electric field configuration near the edges of a beam/cantilever and a finite ground
electrode. (a) Electrostatic potential contours from Matlab PDE Toolbox simulations. (b) Vertical
electric field variation along the underside of the beam, parameterized by the gap (in pm)
between the beam and ground. The field drops off very quickly at the edge of the ground
electrode, with the abruptness increasing with smaller gaps. The electric fields increase rapidly
towards the tip of the beam, especially for smaller gaps.

The stiffness matrix of a system of ODEs generated by a finite-difference
discretization is usually diagonally dominant, allowing for sparse matrix techniques that
greatly speed up computation. In this case, however, the stretching term (2-3) depends on
the global solution, not just on the nearest neighbors, thus destroying the sparsity of the
matrix. Nevertheless, numerical experiments show that forcing the solver to assume a
diagonally dominant matrix with a bandwidth of 5 gives results that are very close to the
results assuming a fully populated matrix. Both quasi-static and transient simulations up
until pull-in are very efficient, faster than the relaxation coupling algorithm used in
previous work, which could only obtain steady-state solutions [30], [34]. However, due to
the positive feedback nature of pull-in, the ODE integrators get mired in the divergent
behavior of the system beyond pull-in and take some time to arrive at the subsequent in-

contact solution. The extreme behavior of the contact forces — large changes in force over
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a small displacement range — also bogs down the simulator. Since transient contact
behavior is difficult to measure and characterize, only static contact solutions in 2-D are
discussed in this thesis. These solutions are most easily obtained using the simulation

model described in the next section.

<30 um—

ﬂ \L J/ \eam

1.20 Ground

1.25

—— 2-pm-thick Beam
77" 0.01-pm-thick Beam

1.15
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0.0 0.5 1.0 1.5 2.0
Effective Gap Between Beam and Ground Plane (um)

Figure 2-4. Simulated 2-D fringing effects of a 30-um-wide beam suspended above a ground
plane, as a function of gap. The deviation from an ideal parallel plate capacitor model (without
fringing fields) increases as the gap increases. The contribution due to the finite thickness of the

beam is also shown.

2.6 Abaqus 2-D Model

Accuracy can be further improved by utilizing the commercial finite-element
package Abaqus [17] to solve the mechanical portion of the coupled electromechanical
system. A simple 2-D simulation model is shown in Figure 2-2. The beam can have
topography more complicated than can be captured in any of the previous simulation
models, incorporating step-ups and other mechanical discontinuities explicitly,
precluding the need for ad hoc mechanical form factors. The Abagus model captures all

the mechanics accurately, including the effects of stress stiffening or stretching, finite
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2.6: Abaqus 2-D Model

deformation, large rotations, stress gradients, buckling, stress relaxation and compliant
step-ups simply as a matter of course. This model supports the analysis of post-buckled

structures in Chapter 4.

Fixed Boundary

Axis of Symmetry

' Mirrored Nodes

Figure 2-1. Symmetry boundary condition for quasi-2-D system. The two centermost nodes are
reflected about the axis of symmetry. The spacing between all the nodes is constant.
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Figure 2-2. 2-D Abaqus model of a beam, capturing the geometry of the anchor step-up.
Quadrilateral and triangular elements are used. Symmetry is exploited requiring that only one-
half of the beam be modeled.

The model uses 2-D reduced-integration quadratic elements, with plane strain
elements for the portion of the step-up anchor which adheres to the bottom surface, and
plane stress elements for everything else. Residual stress in the system is quantified in

terms of a thermal expansion coefficieat, The resultant uniaxial stress, is simply

35



Chapter 2 Simulation Models and Techniques

aE if the temperature change is unity. The resultant biaxial residual stress in a uniformly

deposited film constrained in the horizontal plane is

aE

abiaxial = 1_V ' (2'1)

This allows the system to be ramped up gradually to the correct initial stress state before
an electrostatic load is applied. Incorporating a large residual stress as an initial condition
in a single step can introduce error in simulations — underestimating the initial
deflection, or deforming the beam into an incorrect buckling mode. In pre-buckled
beams, compliant step-up boundaries cause the final stress state to vary according to
beam length because of longitudinal stress relaxation.

The plane stress elements of the beam enforce the assumption that all the
transverse stresses perpendicular to the plane of the beam shown in Figure 2-2 relax. 3-D
simulations using brick (3-D quadratic) elements validate this assumption, showing that
for 300um-long, 2um-thick and 30am-wide beams, most of the transverse stress
relaxes within 1Qum of the anchors. Buckling amplitudes in 2-D simulations are also
verified by 3-D simulations. To further validate the 2-D model, 3-D pressure-loading
simulations of fixed-fixed beams with initial biaxial stress, which relaxes to primarily
uniaxial stress in these beams, were performed. Fon-ghick and 30am-wide beams
of various lengths, 2-D models using plane stress elements are more compliant than 3-D
models by less than 1% if the step-up anchors are included. The error is slightly higher
for beams with perfectly clamped boundary conditions. The match is also especially good
for the larger deformations encountered in the contact simulations of the Chapter 5. Since
the match is good, the plate-effect adjustment factor suggested by Gupta [34] is not used.
Interface elements are used to model contact between the beam and the underlying
surface. Complex surface conditions including compressibility can be modeled. More
details are given in Section 5.3.2.
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Planes of Symmetry

Transverse

Longitudinal

Anchor

Figure 2-3. 3-D simulation of stress relaxation of a 300-um-long, 30-um-wide and 2-pum-thick
beam including step-up anchor. Contours of transverse stress show that all the transverse
stress relaxes except within 10 um of the step-up, and in the anchor itself, which is constrained
to the substrate. Quadratic brick elements are used throughout the model, and symmetry is
exploited, requiring simulation of only one quarter of the fixed-fixed beam.

Electrostatic forces described by (2-6) are applied to the bottom surfaces of the
beam as user-defined pressure loads [17], [32]. The pressure load is always normal to the
surface of the underside of the beam and, hence, is slightly closer to reality in large
rotation deformation cases than the vertical-only electrostatic fields used previously.
Nevertheless, the results shown in Figure 2-2 indicate that lateral electric fields are small
compared to vertical fields and have little effect. Using an analytic expression for the
electrostatic force allows Abaqus to use gradient methods to find the equilibrium
electromechanical solution instead of having to rely on slower relaxation methods. In
addition, a numerical electrostatics solution tends to deteriorate if the mesh is kept
unchanged as the gaps between the voltage-driven elements close. In fact, at the very
small gaps encountered in the contact problems of Chapter 5, the analytic approximation
is more reliable than numerical solutions.

Only static simulations were performed because transient contact simulations
encountered convergence difficulties due to the acceleration induced by the positive
feedback in the unstable pull-in regime. It is important to prevent Abaqus from checking

for the convergence rate near pull-in. Otherwise, the nonlinear solver will abort the
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simulation when the solution appears to diverge in the unstable positive feedback regime
before finally reaching the correct in-contact solution. In addition, the divergent behavior
precludes automatic step sizing. Thus the precision o¥/ghsimulations is simply the
minimum step size used (0.1 V steps are used throughout this thesis unless noted
otherwise). For accurate resolution of pull-in voltages, the actuation voltage should be
ramped up gradually, with finer steps closer to the expected pull-in voltage. Further
simulation details — element types, solver parameters and boundary conditions — can be

found in Appendix B.

2.7 Quasi-3-D Model

Extending the Abaqus model of the previous section into three dimensions gives
the quasi-3-D model shown in Figure 2-1. The electrostatic forces on the faces of the
mechanical structures are still approximated by parallel plate models, hence the name
guasi-3-D. Fringing fields in 3-D are more difficult to characterize, generalize and model
than in 2-D. In addition, it is difficult to apply electrostatic pressure loads within Abaqus
that vary depending on whether the load is located near the edge of a plate or beam where
fringing effects are largest, or near the center where the parallel plate approximation is
very good. This method is most useful for simulating the behavior of 3-D structures
where good 3-D mechanical accuracy is required but electrostatic fringing fields are not
very significant. For example, devices comprising tethers with various flexures can be

modeled.

2.8 Full 3-D Model

The full 3-D model of a vertical electrostatically actuated device generated in
IntelliCAD [19] is shown in Figure 2-2. In theory, the model can be generated
automatically from a layout but in practice, many manual adjustments are needed to
obtain the correct geometry and appropriate mesh. In all the previous models, parallel
plate electrostatic approximations were used, and for good reason. The parallel plate
approximation is extremely fast and very accurate for the vertical electrostatically
actuated devices studied in this thesis. The approximation is poor, however, for devices

with pointed 3-D features such as the tips of cantilevers or comb fingers. In 3-D coupled
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2.8: Full 3-D Model

electromechanical simulations, the electrostatics computation usually takes much longer
than the mechanical simulation, even using accelerated boundary-element techniques
[46]. As noted in Section 2.6, the electrostatics solution tends to deteriorate if the
boundary-element surface mesh is kept unchanged as the gaps between the actuated
elements close. Coupling between the electrostatics and mechanics is usually done using
relaxation methods because gradients are expensive to compute numerically — such
gradient methods are more efficient only near pull-in where relaxation methods approach

the converged solution very slowly [47]-[49].

Fixed

i

Centerpiece

Teth
(Shell Elements) ether

(Beam Elements)

/!

Contact Surface

Figure 2-1. Quasi-3-D model in Abaqus. Beam elements are used for the tethers whereas shell
elements are used to model the centerpiece. Electrostatic loads are applied to the underside of
the centerpiece. A rigid contact surface is used, instead of interface elements, to handle
contact. Van Mises stress contours are shown.
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Silicon Substrate

Figure 2-2. Full 3-D IntelliCAD model of a beam suspended above two bias electrodes (see
Chapter 4 for more details). Vertical dimension is scaled up for clarity. Quadratic brick elements
are used throughout. Electrostatic forces are applied to all exterior surfaces.

2.9 Comparisons Among Simulation Methods

Comparisons of stati®/, between the 1-D simulation models and quasi-2-D
model for fixed-fixed beams were presented in Table 2-1. Figure 2-1(a) and (b) now
compares the accuracies of a 2-D Abaqus simulation, a quasi-2-D simulation performed
in Matlab, and a 3-D simulation done in IntelliCAD. The system again consists of a beam
3004um-long, 30pm-wide and 24m-thick, suspended 18m above a ground plane. The
ends of the beam are ideally clamped. The beam has a Young’s modulus of 140 GPa and
an effective initial compressive biaxial stress of 8 MPa. A contact surface is placed 0.5
um above the ground plane leaving arth travel gap. Capacitances from the quasi-2-D

and 2-D simulations are computed using

C:MEE+2_9+§ME§% (2-1)
gg d d gm

for capacitance per unit length [50] where

g=go+%—u (2-2)
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and the constants andd are 1.004 and 75.Am, respectively. These constants were
obtained by fitting to Raphael simulations using pn2-thick beam cross section (see
Figure 2-4).

The results of the 2-D Abaqus simulation are shown as the solid lines in the
displacement-voltage curve of Figure 2-1(a), and the capacitance-voltage curve of Figure
2-1(b). The computed pull-in voltage is 21.7 V. Convergence studies indicate that even a
single layer of just 15 reduced-integration quadratic plane stress elements is sufficient to
model one-half of the beam accurately. The quasi-2-D model is slightly more compliant
than the Abaqus model, giving a pull-in voltage of 21.4 V. The quasi-2-D results are
shown as the dotted lines which are almost entirely overlaid by the solid lines of the 2-D
Abaqus simulation. Half the beam was simulated using 300 nodes.

The beam mesh in IntelliCAD consists of 803 x 1 quadratic brick elements.

This model is slightly stiffer than the 2-D Abaqus model, giving a pull-in voltage
somewhere between 21.8 and 22 V. The longitudinal mesh density for the mechanical
model in IntelliCAD is the same as that used in the Abaqus model. The mesh for
electrostatics on the underside of the beam and on the top of the ground plane were
manually refined to obtain the necessary accuracy. The final electrostatics mesh consists
of triangular surfaces with edge lengths oftd and 7.5um on the beam and ground
plane, respectively. The contact capacitances are lower than in the 2-D simulations,
possibly due to the deterioration of the electrostatics solution at small gaps. The
IntelliCAD computation consumes well over two orders of magnitude more time (about
30 minutes per data point on a SUN UltraSparc 2 with 1 GB main memory) than the
Abaqus simulation, especially near pull-in and beyond, with most of the time spent in the
electrostatics solutions. Very little transverse bending is observed in 3-D confirming that
the problem is essentially two-dimensional i.e. the beam hardly deforms along the
direction of the width of the beam. Hence electrostatic forces along the width can be
lumped together, as in the 2-D models, assuming that the beam is rigid in that direction
even though the forces are non-uniform and concentrated towards the edges of the beam.

Table 2-1 summarizes some of the pros and cons of the various simulation

models, especially with the goals of this thesis in mind.
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Figure 2-1. Comparison among Abaqus 2-D, Matlab quasi-2-D, and IntelliCAD 3-D simulations
for a simple nominal system. (a) Displacement as a function of voltage. (b) Change in
capacitance as a function of voltage.
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Table 2-1. Comparison of simulation models

Method Pros Cons

One-DOF 1-D e Very fast * Coarse approximations

« Many physical effects/models can
be simulated together

* Reasonable predictive power when
well-calibrated

e Static and transient simulations

Two-DOF 1-D « Improved accuracy over one-DOF | «  Still coarse approximations
model for devices with distinct
tethers and centerpieces

Quasi-2-D  Fast e For uniform beams only
» Good accuracy for long, uniform e Contact simulations difficult
beams e Cannot simulate buckling

e Integrated into Matlab environment
e Static and transient simulations

Abaqus 2-D » Reasonably fast »  Static only
e Great mechanical accuracy for e Mainly for extruded 2-D
extruded 2-D profiles profiles
e Can incorporate complex contact
conditions
Abaqus quasi-3-D | « Reasonably fast, especially as far | =  Static only
as 3-D simulations go e Electrostatic fringing fields are
»  Great 3-D mechanical accuracy complicated to incorporate
Full 3-D e Solves true 3-D electrostatics e Very slow
* Most general ¢ Electrostatics solution can

deteriorate with deformation
e Transient simulations are only
just becoming available

2.10 Summary

Computer simulation models spanning 1-D to 3-D, tailored particularly towards
electrostatically actuated micromechanical beams, were compared and contrasted.
Improvements in simulation efficiency, and model accuracy, especially in electrostatics,
were incorporated. An engineer or designer must decide on the tradeoffs between
accuracy and simulation speed when choosing among the different models. Simplified
models with only 1 or 2 DOFs are often sufficient for design because the performance of
the final product is usually determined by fabrication process parameters which can be
highly variable. These models are also suitable for simulating the system performance of
several interconnected devices. More accurate models, with improvements mainly in
geometrical accuracy, are appropriate for the fine-tuning of designs and for checking for

subtleties that might have been obscured by model approximations. These models should
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also be used for parameter extraction to obtain better parameter accuracy and to limit the
need for rather ad hoc form factors. Possible sources of error in 2-D simulations were
carefully identified and eliminated to obtain a good simulation basis for parameter

extraction and the investigation of physical phenomena later in this thesis.
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3.1 Overview

Process technologies and the range of applications in micromechanics are
developing so rapidly that it is difficult for materials characterization work to keep up. In
fact, it is a very challenging task even to comprehensively characterize the widely used
MUMPs (Multi User MEMS Processes) [51] surface micromachined polysilicon process
which is the backbone process of this thesis. Metals are more suitable than the polysilicon
of MUMPs for electrical switching applications such as the capacitive microwave switch
because of their much higher electrical conductivity. Nevertheless, this thesis investigates
polysilicon because the main goals are to characterize coupled electromechanical
behavior, and to address the large audience of polysilicon users, by far the largest
community in MEMS.

Extracted material parameters vary widely from researcher to researcher, and
from extraction method to extraction method [52], often due to a lack of rigor in making
measurements of geometry and thicknesses. In addition, the simulation material
parameter set is often incomplete, assuming uniformity where it is lacking, leading to
discrepancies between measurements and simulations. After introducing a comprehensive
characterization methodology, this chapter describes the MUMPs surface

micromachining process. Then the details of making accurate geometrical measurements
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in the presence of overetch are presented. Although NIST has been interested in
providing guidelines for determining the thickness of micromachined structures,
especially released layers [53], no comprehensive study has been performed to identify
and quantify sources of overetch and nonuniformity in thicknesses. The presence of gold
is shown to affect the final thicknesses of layers by affecting the electrochemistry of the
HF release etch. As a consequence, the stress of released polysilicon structures is also
modified. Several other interesting phenomena and nonuniformities, especially among

cantilever beams, are reported.

3.2 Facts of Life

The calibration steps shown in Figure 3-1 consist of identifying relevant
simulation model parameters, designing suitable test structures, extracting parameters
using detailed yet fast simulations, and finally extrapolating the behavior of an actual
complex device. The calibration procedure starts with a designer who has a nascent idea
for a device. The critical parameters such as thicknesses, geometry or shape, and material
properties that determine the performance of this device are then identified. The set of
critical parameters usually is application- and process-specific because it is impossible in
practice to define and characterize a universal parameter set. Test structures that isolate
these critical parameters to allow accurate and straightforward measurements and
parameter extraction are then designed and fabricated. The parameters are stored in a
detailed simulation model which can then be used to design or extrapolate the
performance of an actual device. A well-calibrated simulation model, preferably in the
form of an input deck template, an example of which is given in Appendix B, serves as
an unambiguous and comprehensive repository of geometrical and material property
information. Finally the physical device is fabricated, measured and compared to
simulations. This thesis demonstrates that if the procedures are followed conscientiously,

the final simulation accuracy can be within 2% of the measurements.
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PHYSICAL

DEVICE
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SIMULATION
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Figure 3-1. Steps required for a consistent calibration cycle: device parameter identification; test
structure design; parameter extraction or simulation model calibration; extrapolation/design.

Extrapolation
Parameter

I[dentification

This procedure is straightforward but often engineers and researchers stop at
various points in the cycle. Either they perform parameter extraction without
demonstrating consistency in the design and extrapolation step, or perform simulations
without using calibrated parameters, just hoping to be lucky. All the steps must flow
consistently to be confident that we know what is really going on. The use of rather ad
hoc and often cryptic parametric adjustments and simplifying assumptions should be
avoided because they can lead to inaccurate simulations and even obscure subtle physical
phenomena. Buckling, for example, is difficult to characterize using models with an
additive offset to account for step-up compliance [34].

This paper targets vertical electrostatically actuated micromechanical beams
fabricated in MUMPs although the extracted properties can be used to simulate other
devices. However, one must be cautious whenever simulating different modes of
actuation or regimes of operation, or devices with dimensions beyond the range of the
calibration. Uniformity and extensibility of material and geometrical properties cannot
always be assumed. For example, the performance of a device that is actuated vertically

such as a microwave switch will depend on a different set of critical parameters than a
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device that is actuated laterally such as a comb drive. Material anisotropy and
multicrystalline behavior, rather than polycrystalline behavior, might also be factors.

Measurements in this chapter and the next show possible nonuniformities in material
properties with variations in width, length, and underlying materials.

Figure 3-2 is a schematic drawing that shows some other major reasons why
computer simulations might not match experimental measurements. Disregarding easily
avoidable errors in measurements and simulations, a primary source of discrepancies is
conscious modeling approximations, such as ignoring the effects of compliant boundary
conditions, etch holes, or stress variations through the film thickness (commonly known
as stress gradients) for the sake of simplicity. Some effects of boundary conditions were
analyzed theoretically in [54] whereas the effects of etch holes were discussed in [55],
[56]. More effects of boundary condition geometry on beam behavior are discussed in the
next chapter whereas stress gradients are examined and shown to be relatively
unimportant to the class of MUMPs devices studied in this thesis. A second source of
discrepancies is unanticipated anomalies such as nonuniformities in material properties
due to gold connections, and the effects of surface residue and asperities — two effects
which this work uncovers. Finally, device performance can drift over time due to factors
such as fatigue or charge buildup whereas simulation results usually do not unless time-
dependent properties are included explicitly.

Stress Gradient

Etch Hole

Condition Effects

Figure 3-2. Sources of discrepancies between simulations and measurements: boundary
conditions, etch holes, direction of actuation, protrusions, gold etc.
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3.3 MUMPs

The Multi User MEMS Processes (MUMPSs) of the Microelectronics Center of
North Carolina (now Cronos Integrated Microsystems, Inc.) is a widely-used foundry
process for prototyping and developing sensors, actuators and microelectromechanical
devices. It is a three layer — two are released — polysilicon surface micromachining
process based on the process developed at the Berkeley Sensor and Actuator Center
(BSAC) of the University of California [57]. A thorough description of the process
parameters and design rules can be found in the MUMPs handbook [51]. In this section,
the effects of etching and deposition on the final thicknesses of films, and the topography
of devices are highlighted.

In MUMPs, a nominally 0.sm film of silicon nitride is first deposited on a
heavily-doped silicon substrate as shown in Figure 3-1(a). The nitride serves as a
dielectric isolation layer. The first layer of polysilicon, Q&-thick, named POLYO is
then deposited via LPCVD and patterned using Reactive lon Etching (RIE) as shown in
Figure 3-1(b). This patterning step thins down (by about Ar@3[58]) and roughens
exposed areas of silicon nitridejugn of conformal PhosphoSilicate Glass (PSG) is put
down next as the first sacrificial layer. Portions of the PSG are then etched so that
polysilicon deposited subsequently can be anchored to the nitride or POLYO layers
(Figure 3-1(c)). This anchor etch overetches about In@®f nitride and about 0.04m
of POLYO. A shorter, well-controlled PSG etch of about Quib creates dimples, and
also increases the roughness of the surface of the PSG. Figure 3-1(d) shows the first
structural layer, 2am of conformal polysilicon (POLY1), being subsequently deposited
and patterned. This is the structural layer that will be examined closely in this thesis. In
addition to the topography of the step-up anchors, the conformal polysilicon layer can
have steps over POLYO pads, and steps down into dimples. Another sacrificial PSG layer
and another polysilicon layer (POLY?2) are deposited and patterned after this but are not
shown in the figures. Gold is the final layer, deposited for probing, electrical routing and
to provide highly reflective surfaces (Figure 3-1(e)). At the end, the sacrificial PSG layers
are etched away in an HF solution releasing the POLY1 and POLY2 layers, leaving
freestanding beams anchored to the nitride, POLYO or POLY1 layers (Figure 3-1(f)).
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This is the final result — an electrostatically actuated beam with complex topographical

features.

Nitride

Silicon Substrate

(@)

(b)

N -

(d)
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Nitride

Silicon Substrate

(f)

Figure 3-1. Cross-sections at various junctures during the MUMPs process showing
nonuniformities in film thicknesses due to overetch. (a) Nitride deposited on silicon substrate.
(b) POLYO deposited and patterned. (¢) Sacrificial PSG deposited and patterned. (d) POLY1
deposited and patterned. (e) Gold deposited and patterned. (f) PSG etched away to release
POLY1 structures.

3.4 Device Parameters

The geometric properties of interest in this thesis are the thicknesses of the
POLYO, POLY1, nitride and sacrificial PSG layers, and the depth of the dimple and the
shape of the step-up anchors and other steps. The material properties of interest are
Young’s modulus E), initial stress ¢) and stress gradient, and Poisson’s ratioThe
geometrical measurements are described here whereas the material properties are
extracted in the subsequent chapters. Accurate measurements of true final thicknesses are

challenging because of overetching, and can be significantly different from
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measurements of blanket films deposited on a silicon wafer. Since the goal of this thesis
is to demonstrate a very accurate calibration and extrapolation methodology, and to
uncover and understand physical phenomena, all of the measurements were made on a
single die on the MUMPs 29 run unless noted otherwise. This eliminates run-to-run or
even die-to-die variations and focuses on deterministic accuracy rather than statistical
bounds. Measurements made on other dies are used only to highlight specific
independent phenomena. Please refer to Appendix C for an overview of the devices and
measurements of dies from the various MUMPs runs used in this thesis.

Figure 3-1 is the layout of a set of devices designed to facilitate accurate
measurements of geometric parameters. The average of thickness measurements at
several sites on a single die on the MUMPs 29 run are shown in Table 3-1. The electrical
thickness of the nitridedeecticas 1S determined from the capacitance between a
polysilicon pad and the substrate using

— EOA

electrical — C

d (3-1)

where A is the area of the polysilicon pad afidis the measured capacitance. This
parallel plate approximation is excellent for the very small electrical gaps encountered
here. The capacitance between a POLYO pad and the silicon substrate was measured with
an HP 4275A LCR meter using a sensing signal of 50 mV at 100 kHz. The thickness
under the POLYO is an upper bound since the nitride everywhere else has been thinned
down during the patterning of the POLYO. Similarly, the capacitance between a POLY1
pad and the silicon substrate was measured. This pad was deposited directly on the nitride
in a region where the sacrificial PSG was etched away before the POLY1 was deposited.
The nitride under the POLY1 pad is significantly thinner than anywhere else because the
anchor etch of the PSG overetches the nitride significantly. The capacitance was
measured as the voltage bias was swept from —35V to +35V to investigate if polysilicon
depletion or changes in dielectric polarizability are significant issues. There were no
measurable variations in capacitance throughout that voltage range for both the POLYO
and POLY1 capacitors. In Chapter 1, the possible effects of unpassivated surfaces on
capacitance measurements are investigated. As can be seen in Figure 3-1(f), the thickness

of the nitride under the actuated or released portion of the POLY1 beam is impossible to
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measure accurately using fixed, immovable structures because of overetch. In Chapter 5,
measurements using actuated plates and beams are shown. These measurements are

influenced heavily by contact surface conditions, however.

Contact-Surface
with Dimple

Contact-Surface i \ Dimple Mask

.................................................. ;

Trench Fill on Nitride

3-D Corner Topography

POLY1 Pad

Untethered
POLY1

Trench Fill
on POLYO

\
/ v Thickness/Height

Thickness/Height
POLYO Pad Measurements on Measurements on

POLYO Nitride

Figure 3-1. Layout of structures used to measure thicknesses and shape. The cross-sectional
profile of the thickness/height measurement site indicated by the dotted line is drawn in Figure
3-2. The contact-surface test structures are tethered at the center to eliminate zipping for
measurements in Section 5.3.2. Untethered POLY1 beams also eliminate zipping but uneven
probe pressure can affect the accuracy of capacitance measurements. Capacitance
measurements of POLYO and POLY1 pads provide the electrical thickness of the underlying
silicon nitride. Trench fill arrays are used to investigate the effects of conformal deposition in
trenches with sloping sidewalls.
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Table 3-1. Measured geometry

Layer Thickness (um)
POLYO (with gold) 0.52
POLYO (without gold) 0.53
POLY1 (without gold) 1.97
Dimple depth 0.67
Sacrificial PSG 1.79
Nitride under POLYO (electrical) 0.077
Nitride under POLY1 (electrical) 0.065
Step-up sidewall thickness 2.10
Step-up sidewall angle 76°

The thickness of the POLYO layer was measured using a Zygo NewView 200
white-light interferometer or surface profiler which, from experience, has a repeatable
accuracy of about 0.0um [59]. Surface roughness, vibrations, and variability in
reflectance limit the repeatability of measurements at different sites on the same device.
With careful nulling and leveling, measurements at exactly the same site are repeatable to
a precision of 0.00m. The interferometer was calibrated to a step height standard to
ensure absolute accuracy [60]. Since the interferometer can only image the top surfaces
of structures, all the thickness and height measurements have to be made with respect to
known surface reference levels in the vicinity. Measurements of POLYO which use the
nitride layer — which is nearly transparent — as the reference require enough light to
illuminate the nitride surface so that the reflected light can be processed by the
interferometer.

The POLY1 thickness, PSG thickness, and dimple depth are determined from
interferometric measurements of the cross section shown in Figure 3-2, using the POLYO
surface as the reference level. The POLY1 thickness measured here is a lower bound of
the actual thickness of a released POLY1 beam because of the overetch (abpot 0.04
or less) of the underlying POLYO due to the PSG anchor etch. This discrepancy is offset
in part by the slight etching of the underside of a POLY1 beam during the HF release,
and by surface roughness which adds more to optical thickness than to structural rigidity
[61]. The thickness of a released POLY1 beam that was pegged to the silicon nitride after
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being pulled-in was also measured and found to be (@@3higher than the prior
alternate measurement. This is an upper bound because surface residue can add to the
true thickness. The average of those two POLY1 measurements is shown in Table 3-1.

The dimple depth is easily measured as shown in Figure 3-2. The thickness of the
gap is determined by subtracting the thickness of POLY1, measured earlier, from the
thickness of a POLY1-sacrificial gap stack. The thickness of a POLY1-sacrificial gap
stack is actually slightly lower (by about 0.0t ) than a POLY1-PSG stack, as shown
schematically in Figure 3-2, because the encapsulated PSG is compressively stressed and
expands against the POLY1. This expansion also influences the behavior of backfilled

step-up anchor structures as shown in the next chapter.

Dimple

Figure 3-2. Cross section of structure indicated by the heavy dotted line in Figure 3-1, showing
thickness measurements sites, with POLYO as the reference level for the Zygo surface profiler.
Overetch affects the accuracy of the measurements. The expansion of the encapsulated PSG
causes the POLY1+PSG stack to be higher than the POLY1+Gap stack.

6um Sum 4pm 3um 2um

Figure 3-3. SEM of an array of trenches. The 2- and 3-um trenches are completely filled by the
conformal polysilicon whereas the larger ones are not.
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STEP-UP
ANCHOR

. Sidewall } ,
. Thickness* !

Thickness

Figure 3-4. SEM of anchor step-up showing sloping sidewalls due to the overetch of the PSG,
curved geometry due to conformal deposition, and the POLY1 thickness measurement site with
POLYO as the reference. The lack of a surrounding enclosure lip around the anchor trench
results in the etched trough in the foreground.

POLY1 was deposited in anchor trenches of various sizes to determine the trench
filling properties of polysilicon and the effect of overetch on the shape of the anchor. The
trenches in the SEM of Figure 3-3 are nominally 2, 3, 4, 5 apoh &vide and are on
POLYO. The 2- and 3m trenches were filled up but thep#sr trench was not filled
completely even though the thickness of the conformal polysilicon is nominaihy. 2

This is due to overetching of the PSG which results in sloping sidewalls and an increase
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in the opening of the trench by about ArG on each side. These features are shown more
clearly in the closeup SEM of a step-up anchor (Figure 3-4). Figure 3-5 shows the shape
of conformal polysilicon deposited into a dimple and over a POLYO layer. The dimple
sidewall is angled just like the step-up anchor. The step over POLYO is rather gradual

because the conformal POLY1 is itself deposited over a conformal layer of PSG.

Step over
POLYO

POLY1 Beam

POLYO Pad

Figure 3-5. SEM of a dimple with angled sidewalls, and a gradual step over POLYO.

3.5 Effects of Gold

Observations of several MUMPs dies under an optical microscope reveal that
POLYO lines connected to gold are darker than POLYO lines that have no gold
connections. The gold connections are f®-by 100um bonding pads, not entire
coatings over the POLYO lines. The shorter the POLYO lines, the darker the lines.
Differences in shading have also been observed among lines of different characteristic

impedances [40]. Surface profile measurements show that the POLYO lines with gold are
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also slightly thinner than the lines without gold. The facts that gold is the last layer
deposited, and that the POLYO is encapsulated by PSG until the HF release etch indicate
that gold influences the HF etch, which in turn affects the properties of polysilicon. The
gold-polysilicon-HF system sets up an electrochemical circuit which increases the etch
rate of polysilicon surfaces connected to gold pads [62]. After a 2.5 minute HF etch, the
nominally 0.5pm-thick POLYO lines with gold were 0.01 to 0.Qgh thinner than lines
without gold. Consequently, the gap between a POLY1 line and an underlying POLYO
layer would be 0.01 to 0.Q2n larger than the gap between a POLY1 line and the surface

of the silicon nitride because of this overetch of POLYO0. Presumably, POLY1 beams
with gold connections are also overetched, and on both the exposed top and bottom
surfaces. The exact difference in final thickness due to gold connections is more difficult
to determine among freestanding beams because thickness measurements are hampered
by surface residue.

This overetching also affects the stress state of ostensibly similar POLY1
cantilevers and fixed-fixed beams. The interferometric image of Figure 3-1 shows that a
cantilever connected to gold behaves differently from structures without gold. The layout
of these three 30@m cantilevers, fabricated in MUMPs 27 and released in a 2.5 minute
HF etch, is shown in the inset of Figure 3-1 where only the center beam is connected to
gold. To reiterate, gold is deposited only on POLYO which is in turn connected to the
anchor of the POLY1 beam, not deposited on the released portion of the beam. The
center beam curls up more than the two beams alongside it.

The average stress (which is compressive) also increases causing the center beam
of a three-beam array to buckle higher that the neighboring beams as shown in the
interferometric image of Figure 3-2. These three [Ifixed-fixed beams are connected
to gold in the same configuration as the three cantilevers. The increase in buckling
amplitude from 0.9um to 1.55um can be attributed to an increase in average stress and
a slight reduction in beam thickness. Assuming that the reduction in thickness of the
POLY1 beam is only about 0.03m, the connection to gold increases the average
uniaxial compressive stress of the beam from 4.9 MPa to 5.9 MPa. The extraction of

average stress from buckling amplitude measurements is detailed in the next chapter.

58



3.5: Effects of Gold

_ LAYOUT_

A I

Not connected to

reforonce 9014 pad
POLY1 Connected to
A.00000
LT
Z4.00000
Tip

<

Q?O;

a7

Figure 3-1. Interferometric image of three 300-um-long cantilevers. The center cantilever is
connected to a gold pad as shown in the inset layout. That center cantilever curls up more than
the other two.

Figure 3-3 shows a proposed through-thickness stress profile that captures the
gold-related effects. The stress profile must produce beams that meet the following four
conditions:

» Cantilever beams are initially quite flat

* All modifications in behavior are due to etching of surfaces

* The final fixed-fixed beams have increased average stress

» The final cantilever beams curl up
The profile has an overall compressive average. The moment due to the highly tensile
bottom surface is counterbalanced by the gradient of the rest of the beam. Such a highly
tensile surface layer of only a few tens of nanometers can be due to crystallite
coalescence [63]. When the top and bottom surfaces, which are more tensile than the
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average, are overetched away, the average stress increases. The removal of the bottom
surface layer also causes cantilevers to curl up due to the stress gradient of the bulk of the
beam. The stress profile can only be approximated because the exact amount of overetch
of the top and bottom surfaces is difficult to determine.

LAYOUT
e=E=ey 570527
POLYO N Connected to
N LT
N
L = 3 30000
POLYL™ | =
Beams ||:=|§
=
=
A
Gold
Pad a— Q
S &
Q@ N7

Not connected to
gold pad

Figure 3-2. Interferometric image of three 700-um-long fixed-fixed beams, with the center beam
connected to a gold pad as shown in the inset layout. That center beam buckles higher than the
other two beside it.

Since the influence of gold depends on the ratio of the area of exposed polysilicon
surfaces to the area of the gold pad, the influence of gold causes a design-dependent
variation in material properties. A beam in an array would have different properties than
a lone beam. A short beam would have slightly higher compressive stress than a longer
beam. To avoid such beam-to-beam variations in stress or thickness, most of the

calibration work in the subsequent chapters is on structures without gold connections.
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Figure 3-3. Proposed through-thickness stress profile leading to observed behavior of beams
before and after the top and bottom surface layers are overetched.

3.6 Additional Nonuniformities

The behavior of the beams also shows a dependence on their widths. Figure 3-1 is
an interferometric image of an array of cantilevers of similar lengths but of varying
widths, fabricated in MUMPs 25 and released in a 2.5 minute HF etch with critical-point
drying. The beams, all without connections to gold, curl down, each with different
degrees of curvature, with the exception of the anomaloysmt@®de beam which
actually curls up. Figure 3-2 shows the longitudinal profiles of the cantilevers more
clearly. All the beams have overall downwards deflections due to rotations at the step-up
boundaries. The 50- and A-wide beams appear to curl down near the anchor before
curling up slightly near the suspended tips.

In addition, each of the beams exhibits variations in height along its width as
shown in the cross-sectional profile of Figure 3-1. The top surfaces of the narrower
beams (3Qitm-wide or less) are rounded. This roundedness is probably due to uneven
etching of the surface during the patterning or release etch rather than due to stress-
induced bending. Bending in such a deformation mode — widthwise curling without

significant curling along the length — cannot be simulated using isotropic stress gradients.
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The wide beams show saddle-like height variations along their widths with rounded
ridges near each edge. It is possible that the two ridges of the wider beams coalesce into

one mound in the case of the narrower beams.

Height

Anchor
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Width

Figure 3-1. Interferometric image of 440-um-long cantilevers of various widths, showing different
degrees of curling, and height variations across the width. Corresponding lengthwise profiles
are shown in Figure 3-2. Beams were fabricated in MUMPs 25 and do not have gold
connections.
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Figure 3-2. Profile of 440-um-long cantilevers of various widths (as labeled in figure). The beams
all have different degrees of curvature, with the 10-um-wide beam differing from the norm and
curling upwards. The overall downward deflection of all the beams is due to rotation at the step-
ups. Beams were fabricated in MUMPs 25 run.

Variations due to width among fixed-fixed beams is less pronounced — only the 5
and 10pm beams stand out as being different in Figure 3-3 which plots the profile of
7804um-long beams. Since the source of such widthwise variations is unclear, only 30-
um-wide beams are used for the calibration to minimize the effects of non-ideal cross-
sections while avoiding the saddle-like height variations. The narrower the beams, the
more susceptible the behavior of the beams are to small deviations in the cross-section

from an ideal rectangular shape, as evidenced by the large measurement scatter in [64].
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Figure 3-3. Profile of 780-um-long fixed-fixed beams of various widths (as labeled in the inset).
The 5- and 10-pm-wide beams buckle more than the other beams. The rest of the beams
behave quite similarly. The inset is a closeup of the centers of the beams. Beams were
fabricated in MUMPs 25 and do not have gold connections.

Cantilever beams are more difficult to characterize than fixed-fixed beams
because they exhibit more variability. Among|8@-wide cantilevers of various lengths,
each with a connection to a gold pad, the radii of curvature varies as shown in Figure 3-4.
The shorter beams curl up more, presumably because the overetch due to the effect of
gold is more significant. Figure 3-1 shows that cantilevers without connections to gold do
not have uniform curvature throughout the length of the beam. Cantilevers were not used
for parameter extraction because of the lack of uniformity among devices — each unique

profile has to be characterized individually.
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Figure 3-4. 30-um-wide cantilevers of various lengths (as labeled in figure) showing different radii
of curvature. The beams were fabricated in MUMPs 27 and have connections to gold pads.

The SEM of a POLY1 step over a POLYO pad (Figure 3-2) reveals another
interesting feature — a protrusion on the underside of the POLY1. This is probably due to
notching in the sacrificial PSG on which the POLY1 was deposited. This sharp protrusion
has a significant effect on electrostatic fields and affects electrostatic actuation. This
defect was found on only a few beams on a particular die. Such defective structures were

avoided.

3.7 Summary

This chapter covered the ground work necessary to obtain good geometrical
measurements and defined the scope of characterization to avoid phenomena that is
highly variable and difficult to quantify. Methods to obtain the true thickness after
overetch, or at least to determine the bounds, were discussed. The effects of gold on
thickness and stress that are design and area dependent were presented. A stress profile

that explains the observed modifications in behavior due to increased etch rates was
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proposed. The presence of gold, and presumably other noble metals such as platinum and
copper, will cause single devices to behave differently from arrays of similar structures.
Variations in beam profiles with width and length, particularly severe for cantilever
beams, were also presented. With that foundation, the next chapter describes a very
detailed and careful characterization methodology that produces a well-calibrated and

verified simulation model.
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Figure 3-1. Cantilevers fabricated in MUMPs 29. The beams connected to gold curl up more. The

300- and 400-um-long beams have different curvatures. The beams without gold connections
do not have uniform curvatures throughout the length of the beams.

POLY1 Beam Protrusion

Figure 3-2. SEM of a protrusion at the bottom of a POLY1 beam stepping over POLYO pad.
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4.1 Overview

Using the geometrical dimensions determined in the previous chapter, the
characterization procedure continues on to the extraction of material properties,
specifically the elastic properties Young’'s modulus and residual stress. This work unifies
two different parameter extraction methods to generate a consistent simulation model
calibrated to the MUMPs process. After a brief introduction to parameter extraction
methodologies, this chapter describes the design of the test structures used in this study.
The characteristics of the 2-D Abaqus simulation model that captures measured behavior
accurately over a wide range of beam dimensions are then detailed. Boundary conditions
are discussed, particularly the effect of encapsulated PSG in backfilled anchors.
Compressive residual stress is extracted first, from measurements and simulations of
buckling amplitude, before Young's Modulus is extracted from pull-in voltages. The
effects of multiple mechanical discontinuities are discussed subsequently. After some
comments on the precision and consistency of these parameter extraction methods, a
benchmark verification problem for coupled electromechanical simulators, with a
demonstrated accuracy of better than 2%, is presented. Finally, secondary influences on
fixed-fixed beam behavior such as stress gradients, substrate curvature and film coverage

are investigated quantitatively.
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4.2 Parameter Extraction Methods for Silicon

Accurate material property information is crucial to the design of high
performance micromechanical devices. Researchers of polysilicon and single-crystal
silicon, in particular, have been:

* measuring the vibrations and resonant frequencies of beams and comb drives

[65], [66]
» observing the effects of stress on rotating or buckling structures [64], [67]-
[69]

» probing beams with mechanical profilers [70], [71]

* measuring displacements under electrostatic forces [30], [34], [72]

» exciting films with ultrasonic surface waves [73]

» performing load-deflection measurements [74]

» performing traditional tensile tests [75]-[76]

* measuring wafer curvature [77]
to determine material properties, primarily Young’s modulus and residual stress. Ideally,
if all the methods are consistent, one researcher should be able to make the different
measurements required by the different methods all on the same die and come up with a
unique and universal set of parameters for a single analytic or computational model. This
is hindered by the need for specialized measurement equipment, and by the difficulty in
fitting all the different test structures onto a single die. In addition, comparisons among
the different methods are difficult because each calibration method utilizes a model with
its own set of assumptions, requirements, and uncertainties which can be difficult to
qguantify. Until full 3-D computations become fast and accurate, parameter extraction
methods will have to rely on simplified models. Modeling approximations which are
essential to making parameter extraction tractable lead to uncertainties in extracted
parameters which are often significant enough to preclude authoritative comparisons
among calibration results.

Van Drieenhuizen et al. [78] in their review of techniques to measure stress in
thin films conclude that rotation or buckling structures are the most suitable. Other

techniques are hampered by stress gradients, damping effects and cumbersome
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measurement setups. However, the test structures suggested in that publication are still
geometrically complicated. In one effort to compare and possibly standardize the
characterization of MUMPs polysilicon, researchers at four institutions used different
techniques to measure Young’s modulus [52]. Sharpe et al. [75] and Knauss et al. [61]
used tensions tests whereas Johnson et al. [70] and Brown et al. [65] performed flexural
experiments. Measurements were made on dies from the same MUMPs run located close
together on the wafer to minimize processing variations. Ultimately, because of
uncertainty in modeling assumptions, no convincing conclusions could be reached about
the variations in the extracted Young's modulus (from 132 GPa to 174 GPa). Issues of
geometry, boundary conditions and metrology were not addressed thoroughly and
uniformly. Thicknesses were measured only to within @ in some cases. The
geometries of some of the test specimens were quite involved, with numerous
perforations, notches and narrow comb fingers, necessitating many modeling
approximations.

This work unifies two different parameter extraction methods for MUMPs, to
generate a consistent and comprehensive simulation model tailored towards the design of
micromachined switches. This characterization expands in significant detail, accuracy
and scope the suggestions of Zou et al. [72], who also compared results from pull-in
voltage and buckling beam measurements, but relied on less-precise models and
measurements. In this chapter, the simulation model is calibrated to optical (displacement
and buckling amplitude) and electrical (pull-in voltage) measurements concurrently, not
independently as in [34] and [64], thus increasing confidence in the extracted parameters.
The voltage and displacement measurements are very precise offering good resolution in
the extracted parameters as shown in Section 4.7. The detailed 2-D simulation model,
which is the model that offers the best compromise between speed and accuracy at this
time, captures the behavior of electrostatically actuated beams of a wide range of

dimensions and topographies.
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Beam

Dielectric

Voltage
Source

(@) Nominal Substrate

(b) Buckled

(c) Deflected

(d) Pulled-in

Figure 4-1. Test structures for materials characterization. The beams are essentially extrusions
of 2-D profiles. (a) Initially flat. (b) Buckled due to as-deposited compressive stress. (c)
Deflected under electrostatic actuation. (d) Pulled-in.
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4.3 Design of Test Structures

A typical electrostatically actuated beam test structure fabricated in MUMPs is
shown in Figure 4-1(a). The test structures are designed to be simple — essentially
extrusions of 2-D profiles, in order to match simulations better. The principal set of test
structures consists of relatively simple beams without any discontinuities except at the
anchors. A critical assumption is that the only parameter or property that varies from
device to device, among a given set of devices, is beam length — every other parameter is
uniform. No gold pads were connected to the beams to prevent area-dependent
nonuniformities as explained in the previous chapter.

The beams are designed to be flat when released as shown in Figure 4-1(a).
However, after deposition and anneal, the polysilicon remains slightly compressive and
hence wants to expand when the sacrificial PSG is etched away. Hence, beams beyond a
certain threshold beam length buckle due to this stress as shown in Figure 4-1(b). This is
similar to what happens when a beam is heated up and allowed to expand. When a
voltage is applied between the beam and silicon substrate, electrostatic forces distributed
along the underside of the beam pull the beam towards the silicon substrate (Figure
4-1(c)). As the beam deflects, the gap between the beam and substrate gets smaller which
in turn increases the electrostatic forces. Eventually, this positive feedback mechanism
overwhelms the mechanical restoring force and the beam collapses onto the nitride
(Figure 4-1(d)). A dielectric sandwich is created by the beam, dielectric and substrate.

Three types of step-up boundary conditions are shown in Figure 4-1. The first one
(Figure 4-1(a)) is used for calibration in this thesis because it is essentially an extruded 2-
D profile that can be simulated very accurately. This design actually violates standard
design rules which require that the anchor trench be completely enclosed by the POLY1
layer as shown in Figure 4-1(b). Obeying the design rules, however, can result in
ambiguity in the definition of beam lengths especially if the enclosure lip is wider than
the beam as in [30] and [34]. The third design, which encapsulates PSG (Figure 4-1(c)),
will be detailed later in this chapter. To minimize the effects of variations related to width
as described in the previous chapter, onlyuB0wide beams are used in this calibration.

In addition to the flat beams, beams with multiple mechanical discontinuities (steps) were
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fabricated and measured to quantify the effects of these additional discontinuities.. The

cross-sections of these beams are shown in Figure 4-2(a) and (b).

Anchor Trench POLY1 Beam

€))
\\
Start of Beam
Enclosure Lip
POLY1 Beam
(b)
AN
N
Start of Beam?
Backfilled Trench
POLY1 Beam
(©

N

Encapsulated PSG

Figure 4-1. Longitudinal cut-away views through the center of the beam of commonly used step-
up boundary conditions. (a) Extruded 2-D profile. Violates design rules. (b) Anchor with POLY1
enclosure lip around trench. Obeys design rules but can cause ambiguity in definition of beam
length if enclosure lip is wider than beam. (c) Anchor with backfilled trenches and encapsulated
PSG to increase the stiffness of the step-up.

The layout shown in Figure 4-3 of several elements of a test structure array show
reference levels and tick marks fashioned of POLYO. The tick marks are at eyary 50
along the length of the beam, with a large mark indicating the center of the beam.
Polysilicon makes a better reference level for Zygo measurements. It is much easier to

consistently image the surface of polysilicon compared to nitride which has poor
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reflectivity. This improves the reliability and repeatability of measurements. The tick
marks allow measurements of the height of the beam at specific locations along the
length of the beam, most commonly at the center of the beam. It is important to be able to
make widthwise measurements across the beam rather than just lengthwise measurements
because some of the longer beams can extend beyond the range of view of a given
microscope objective. Furthermore, interferometric measurements from short cross-
sections are less susceptible to the effects of vibrations or misalignments that can show

up in large scanned images.

Step over POLYO

POLY1 Beam /
(@)
. POLYQ_Pad
Nitride
Silicon Substrate

Dimplei

\ (b)

POLY1 Beam

Nitride
Silicon Substrate

H<— Center Feature —>
Spacing Length

Figure 4-2. Profile of (a) beam over POLYO pad, and (b) beam with dimple.

Two of every test structure were fabricated on a single chip for redundancy. The
average of the two measurements are used unless one measurement is clearly erroneous.
The MUMPs 29 dies were released in a short 1.5 minute HF etch and subsequently
treated by the supercritical carbon dioxide drying process. All measurements discussed

were on a single die on this MUMPs 29 run unless noted otherwise.
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Tick Marksi

Widthwise Measurement Lengthwise Measurement

Figure 4-3. Layout of typical test structures. The beams are surrounded by POLYO structures that
serve as reference levels for the Zygo surface profiler. Tick marks are placed every 50 pm, with
a wider mark indicating the beam center. This allows accurate widthwise as well as lengthwise
measurements.

4.4 Abaqus 2-D Model

A 2-D Abaqus [17] simulation model is shown in Figure 4-1, highlighting the
geometry of the step-up anchors and other mechanical discontinuities which correspond
to the SEMs of Figure 3-4 and Figure 3-5. The rounded edge of the top of the step-up due
to conformal deposition, and the sloping edge of the bottom of the step-up and dimple
due to overetch are modeled. Currently, full 3-D simulations consume enormous
computing resources, taking two to three orders of magnitude more time than 2-D
simulations, making them infeasible for parameter extraction procedures which require
the solutions of many variations of a given system of materials and parameters. 2-D
models offer the best tradeoff between accuracy and speed at this moment. The input
deck for the 2-D model, an example of which can be found in Appendix B, serves as an
unambiguous repository of geometrical and material property information to be used by
design engineers. As mentioned in Section 2.6, the Abaqus model captures all the
mechanics accurately, incorporating the effects of stress stiffening, large rotations and
compliant step-ups, making this extraction methodology wider in scope and more precise
than others using quasi-2-D finite-difference models [30], [34] or analytic models [64],
[72]. Furthermore, this model supports the analysis and simulations of post-buckled
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4 .5: Calibration to Flat Beams

structures, and contact. Stress gradients can be included but are neglected here because

they have negligible impact, as detailed in Section 4.9.1

Step over Electrostatic Forces
Anchor _sm—r———— T TS DMP€
IIII I I I I I/IIIIIIIIIIIIIIIIPIIII\! l ! II II III I L
1 | AWl | | X
—H 7
POLYO Pad / Symmetry/

Figure 4-1. 2-D Abaqus model of a beam, capturing the essential features of the step-up anchor,
the step over POLYO, and the dimple. Electrostatic forces are applied to the region of the beam
directly above the POLYO pad.

Electrostatic forces are applied to the bottom surfaces of the beam as user-defined
loads as described in Section 2.5. For beams actuated by applying a voltage between the
beam and silicon substrate, the electrostatic load is applied to the entire underside of the
released portion of the beam. For beams actuated over POLYO pads, the electrostatic
force is applied only to the portion of the underside that is directly above the POLYO pad
as explained in Section 2.5 and shown in Figure 4-1. Poisson’s ratio is assumed to be
0.23. The variation in fixed-fixed beam behavior as Poisson’s ratio was varied between

0.15 and 0.35 was simulated and found to be negligible.

45 Calibration to Flat Beams

The fixed-fixed beams with no additional discontinuities besides the step-up
anchors are characterized first. These beams will be referred to as “flat beams” from now

on.

4.5.1 Buckling Amplitude
The POLY1 layer in MUMPs is deposited slightly compressive. As a result,

beams fabricated in POLY1 tend to deform to relieve some of that stress. Equation (4-1)

is an analytical expression for the buckling amplitude (displacement of the beam center)

_ [4al® Kk,
Umax— n’2 _gt . (4-1)

75

of fixed-fixed beams




Chapter 4 Characterization of Pull-in

k is a constant that depends on boundary conditwmrssthe initial (pre-buckled) straih,

is beam length, andis beam thicknes& varies from 4 for beams with ideally clamped
ends to 1 for beams with pinned boundary conditions. Equation (4-1) was derived
assuming sinusoidal or cosinusoidal first buckling modes only, with all additional strain
beyond the critical buckling strain contributing to buckling amplitude [79], [80]. The
critical beam length for buckling is the value lobeyond which the term in the square
root of (4-1) is positive, giving a real number t@f. This critical length is the same as
that derived using a slightly different approach in Section 2.3.

In contrast to the ideal case where deflection occurs only beyond a threshold
buckling beam length, beams with step-up anchors begin to bow even at shorter lengths.
This is shown in Figure 4-1 where the measured transition from the pre-buckled to the
post-buckled state is not abrupt. Since the buckling amplitude depends strongly on initial
strain but not at all on Young’s modulus, the strain parameter can be extracted by fitting

Abaqus simulations to the measured buckling amplitudes for various beams.
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Figure 4-1. Measured and simulated buckling amplitudes of fixed-fixed beams of various lengths.
The dotted lines are solutions from (4-1) for ideally pinned and ideally fixed boundary
conditions.
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The buckling amplitude measurements were made with the Zygo profiler using
POLYO as the reference level. Using a strainof 3.40<10° in the Abaqus model gives
the best fit to the measured data. The excellent fit capturing the gradual transition from
the pre-buckled to the post-buckled state indicates that the other two parameters critical
to buckling amplitude — boundary conditions and beam thickness — are modeled
accurately from interferometric measurements and SEMs. For comparison, the analytic
expression (4-1) gives the two dotted lineskier4 (ideally fixed ends) ankl= 1 (pinned
ends) using the extracted strain value. The step-up anchor closely resembles an ideally
fixed boundary condition.

Beams with boundary conditions that have the POLY1 enclosure of the anchor as
required by design rules (Figure 4-1(b)) behave quite similarly to beams that are strictly
two-dimensional extrusions (Figure 4-1(a)). However, if the enclosure lip is much wider
than the beam, the effective 2-D length of the beam would be rather ambiguous. Beams
with backfilled anchors (Figure 4-1(c)) buckle downwards instead of upwards, and with
larger amplitudes than beams with conventional stepups (Figure 4-1(a)). These anchors
were proposed to reduce the compliance of the step-up [81]-[82]. However, the pressure
exerted at the anchor by the encapsulated PSG forces the beam downwards as shown in
the simulation model of Figure 4-2. A good fit to measurements, shown in Figure 4-3, is
obtained using a compressive strain o&2@® for the trapped PSG. In comparison, the
strain in the POLY1 layer for this particular MUMPs run (MUMPs 25) is only>4La®
The strain value is only approximate because the simulation model is in 2-D whereas in
reality the PSG is boxed in on all sides in 3-D. It is also difficult to accurately base this
step-up anchor model on a SEM as lateral dimensions are difficult to determine to better
than 0.05um. As noted earlier, this highly compressive PSG also forces the top surface
of the POLY1 encapsulating it to rise about QU4 higher than the surface of a POLY1
layer without PSG underneath. The Young’s modulus for the polysilicon and PSG were

assumed to be 140 GPa and 70 GPa, respectively, for the simulation.
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Backfilled Trenches POLY1 Beam

Encapsulated PSG
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Figure 4-2. 2-D Abaqus model for backfilled anchor. The PSG expands against the POLY1
encapsulation and forces the beam to deflect downwards.
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Figure 4-3. Buckling amplitude of beams with backfilled step-up anchors. Measurements were
made on dies from MUMPs 25. Beams have connections to gold.

4.5.2 Pull-in Voltage

The next calibration is to pull-in voltages — the voltage required to pull a beam
down beyond the point of instability onto the underlying layer. Figure 4-1 shows pull-in
voltage as a function of beam length on a log-log scale for beams up {orb&fhg.
Measurements were made using 3 different methods, all requiring electrical connections

to the beam and substrate as shown in Figure 4-1(a). Electrical measurements must be
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taken with care to avoid affecting substrate curvature and hence buckling amplitudes as
described further in Section 4.9.2. The first measurement method utilizes an HP4275A
LCR meter to apply a bias voltage and to sense the capacitance between the beam and
substrate. At pull-in, the beam contacts the nitride and creates a large capacitance which
is easily detected as an abrupt transition on a capacitance-voltage plot as shown in Figure
4-2. The second method is to actuate the beam with a voltage source (Tektronix PS5010
Programmable Power Supply) under the Zygo interferometer and observe the changes in
optical fringes at the pull-in transition. The third technique employs an HP4155A
Semiconductor Parameter Analyzer to source a small constant 20-pA current and sense
the voltage on the beam. The current charges up the beam-substrate capacitor and
increases the voltage on the beam. At pull-in, the capacitance increase abruptly and the
voltage of the beam has to decrease momentarily due to charge conservation. All three
methods give very similar results, with no systematic differences. The latter two
measurement methods confirm that the 50 mV ac signal from the LCR meter does not
cause resonance excitation that might affect the accuracy of the measurements.
Measurements were made using both positive and negative bias voltages to
determine the effects of remnant or residual charge which offset voltage measurements as
introduced in Section 2.3. Theoretically, the positive and negéiiseshould be of the
same magnitude in the absence of remnant charge since the electrostatic force is
proportional to the square of the applied voltage. Taking the average of the positive and
negative measurements showed that the offset is less than 0.2 V for all the beams and
hence is not a significant source of error. A more thorough description of residual charge
is given in Section 5.2.2.

79



Chapter 4 Characterization of Pull-in

40 -
o Measured

—— Simulated

30}
25}

N
o
T

Pull-in Voltage (V)
= = =
o N Ul

[0}
T

(o]

260 300 340 380 420 460 500
Beam Length (um)

Figure 4-1. Log-log plot of the pull-in voltages of beams up to 520 um long. The slope of the plot
at any beam length is an indicator of the relative contribution of residual stress and bending
stiffness to the overall stiffness of the beam.

The pull-in voltages decrease with increasing beam length. The magnitude of the
slope at any point on the log-log curve provides an easy measure of the relative
contributions of stress and bending stiffness to the overall stiffness of the beam. Semi-
analytic expressions [30], [34], and numerical experiments/foas a function of the
lengths of fixed-fixed beams show that the magnitude of the slope should be two for
stress-free beams dominated by bending stiffness, less than two for beams in tension and
larger than two for beams in compression. This assumes ideally clamped boundary
conditions. The more the slope deviates from two, the larger the influence of residual
stress on the beam’s overall stiffness. Hence, the slopes at the longer beams lengths are
larger for these compressively stressed beams because the behavior of longer beams tend
to be more heavily dominated by residual stress. For these measurements, the slope is
2.17 at 28Qum whereas the slope is 3.16 at %00. Since the curve on the log-log plot is

practically straight, only two parameters can be extracted with any confidence/from
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measurements, and only two measurements are needed if measurement noise is not a
factor.
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Figure 4-2. Capacitance-voltage (C-V) measurement of a fixed-fixed beam, showing positive and
negative pull-in voltage measurements, and the offset voltage due to accumulated charge. The

offset shown here is large because the beam is in contact with the nitride for a significant time
as the voltage is swept from —35 V to +35 V and back to —-35 V.

For beams longer than 6@, the pull-in voltage begins to rise with beam length
as shown in the linear plot of Figure 4-3. The curve of buckling amplitude as a function
of beam length also plotted in the same figure indicates why this happens. As the
buckling becomes significant, the initial gap increases thus requiring higher voltages to
pull the beam down since electrostatic forces are inversely proportional to the square of
the gap. A Young’s modulus of 140 GPa and an expansion coeffidienf,3.45<10°
produce the simulated curves shown in Figure 4-1 and Figure 4-3. The simulation fit is
excellent, with the kink at 620m captured accurately. This value tors consistent with
that determined from buckling amplitudes alone. The resultant uniaxial compressive
stress in a beam due to this expansion coefficient and Young’s modulus is 4.8 MPa and

the resultant biaxial stress is 6.3 MPa. The extracted Young’s modulus is similar to what
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was obtained by Sharpe et al., Knauss et al., and Brown et al. in the MUMPs round robin

publication [52] but lower than that obtained by Johnson et al. [52] and Gupta [34].
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Figure 4-3. Pull-in voltages (left axis) of flat beams as a function of beam length, on a linear
scale. Post-buckled behavior is captured by the simulation model. The behavior of beams in the
three regions are elucidated in Figure 4-4. A plot of buckling amplitudes (right axis) is
superposed. Young’'s modulus and strain were chosen to fit both the V),; and buckling amplitude
measurements well.

The three types of pull-in behavior corresponding to the three regions in Figure
4-3 are shown in Figure 4-4. Both displacement-voltage measurements and simulations
are shown. A short beam in Region | will deflect continuously with increasing voltage
until the gap decreases to about |® (half the initial gap) then snap down to the nitride
dielectric. The beam can travel more than the one-third of the gap predicted from simple
theoretical calculations because of stress-stiffening. A longer beam in Region Il that has
an initial buckling displacement deflects continuously then snaps down to a stable state
below the zero-displacement position. From there, it continues to deflect with increasing
voltage before finally snapping down again, this time contacting the underlying nitride.
After the first snap-through, the fact that buckling increased the initial gap is not

significant anymore; hence thgi-length behavior continues along the same trajectory as
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4.6: Calibration to Beams with Multiple Discontinuities

in Region I. This two-step pull-in does not occur for longer beams in Region Ill because
there is no stable state below zero-displacement at the transition voltage, so the beams
snap down all the way to the nitride. In contrast to beams in the first two regions, beams
exhibiting this third type of behavior have pull-in voltages that increase with beam length
because the gap throughout actuation is affected by the initial buckling amplitude. With
the additional dependence of effective gap on initial stress, the pull-in voltages of these
post-buckled beams are more sensitive to initial stress than the pull-in voltages of shorter
beams. The slightly poorer simulation fit in Region Il and Ill could be due to changes in

substrate curvature due to probe pressure as discussed further in Section 4.9.2.
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Figure 4-4. The distinct pull-in behaviors of beams in the three regions demarcated in Figure 4-3.

4.6 Calibration to Beams with Multiple Discontinuities

Beams fabricated out of conformal polysilicon can have dimples, and steps over
POLYO layers. Test structures with electrical connections as shown in Figure 4-2(a) and
(b) were measured to examine the effects of these discontinuities. Once again, pull-in

voltages and buckling amplitudes of beams of various lengths were measured. The pull-in
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voltages of beams with dimples were measured using the HP4275A LCR meter whereas
the pull-in voltages of beams over POLYO were measured using the HP4155A
Semiconductor Parameter Analyzer. When pull-in occurs for beams over POLYO, direct
conductor-to-conductor contact is made and dc current will flow. This is usually a
destructive measurement since fusing often occurs. Setting current compliance either on
the HP4155A or by using a large resistor in series does not prevent fusing because the
large current loops form at the contact surface between the beam and the POLYO layer.
The capacitor discharges locally at the contact surface when pull-in occurs, not through
the external electrical circuit. On the other hand, pull-in can be difficult to determine if
the beam discharges when it contacts the POLYO pad and then pops back up. Therefore,
the HP4155A measurements were confirmed by measurements on the second set of
devices on the same die using a voltage source to actuate the beams under the Zygo. That
way, the deflection of the beam can be observed continually until the first instance of
pull-in instability.

V,i and buckling amplitude are plotted as functions of beam length for beams over
POLYO in Figure 4-1 and for beams with dimples in Figure 4-2. The POLYO or dimple
features are spaced 20n from each anchor. The beams over POLYO behave quite
similarly to flat beams. The total effective gap is slightly smaller due to the absence of
the nitride dielectric, resulting in marginally lower pull-in voltages. The transition in
buckling amplitudes from the pre-buckled to post-buckled states is more gradual and
begins earlier because of the increased compliance due to the additional step
discontinuities. The amplitudes for longer beams are also slightly smaller. The same three
regions of pull-in behavior are observed. The simul&lgd agree closely with measured
values but the simulated buckling amplitudes are slightly higher. The simulation model
could not fit the measured buckling amplitudes even if the compliance of the step over
POLYO were modified arbitrarily. Since that step is the only modification to the previous
simulation model for flat beams, this seems to indicate that the stress state of the beams
over POLYO pads are lower than beams over nitride by almost 0.3 MPa (uniaxial stress),
possibly due to some processing-related effect.
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Figure 4-1. V,; (left axis) and buckling amplitude (right axis) as a function of beam length, for

POLY1 beams over POLYO. Simulated values for flat beams are indicated by the dotted lines
for comparison.

On the other hand, the characteristics of beams with dimples deviate rather
significantly from those of flat beams. The dimples cause the beams to buckle
downwards systematically instead of upwards. Therefore, the post-buckled pull-in
voltages do not rise with beam length but instead go to zero once the beams buckle into
contact with the nitride. Similar to the beams over POLYO, the transition from pre-
buckled to post-buckled states is more gradual and occurs earlier than for flat beams. The
Vpi's are lower compared to flat beams of similar length because the effective gap is
smaller by the dimple depth. The measured dimple depth of in64Avas used in
simulations and gave a reasonably good fit as shown in Figure 4-2. A depth ih®.68
gives a slightly better simulation fit, decreasing Wg for the 220pm beam, for
example, from 31.1 V to 30.7 V which is closer to the measured value of 30.4 V. It is
possible that the dimple etch of the PSG creates a rough PSG surface which then

becomes the mold that creates some asperities on the underside of the POLY1 beam.
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These asperities or small, sharp protrusions can reduce the effective electrical gap

between the POLY1 beam and the silicon nitride surface.
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Figure 4-2. V,; (left axis) and buckling amplitude (right axis) as a function of beam length for
beams with dimples. Simulated values for flat beams are indicated by the dotted lines.

Pull-in voltages of beams with shorter center features — POLYO pads or dimples
(see Figure 4-2) — and thus with discontinuities closer to the beam center were measured
to obtain the curves of Figure 4-3 and Figure 4-1. The pull-in voltages of beams over
POLYO and beams with dimples increase as the center feature decreases in length. The
good simulation fit oV, shows that the parallel plate electrostatic approximation is still
adequate, even in the presence of perturbations due to discontinuities that are close to the
region of highest electric fields near the beam center.

The buckling amplitude of 60@m beams — with dimples, and over POLYO —
vary as the discontinuity is moved from close to the anchor to close to the center. The
magnitude of the buckling peaks when the discontinuities are half-way between the

anchors and beam center i.e. when the center feature ign800ng. The simulation
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model captures the trend well although the simulated magnitudes are larger in the case of

the beams over POLYO, and smaller for the beams with dimples.
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Figure 4-3. Pull-in voltage of 380-um-long beams with dimples, and beams over POLYO as a
function of the center-feature length.

4.7 Precision and Consistency

4.7.1 Contours in E-oSpace

Contours in initial (undeformed state) uniaxial compressive sttg@ss(Young’s
modulus E) space (Figure 4-2(a) and (b)) display the accuracy of the extracted
parameters graphically. These are contours of the differences between simulated and
measured values V,'s or buckling amplitudes. In Figure 4-2(a), every pair of values of
E ando within thex0.1 V contour gives simulation results with#0.1 V of the measured

V,i for a 280pm beam. This is an open-ended region, however, so the two paraketers

ando are not well-defined.
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Figure 4-1. Buckling amplitude of 600-um-long beams over POLYO (left axis), and beams with
dimples (right axis), as a function of the center-feature length.
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Figure 4-2. Contours in Young’'s modulus-uniaxial stress space of the difference between
measured and simulated values. (a) V,; contours [+ 0.1, 0.2, 0.5, 1.0 V] for 280-pm-long beam.
(b) V, contours for 460-um-long beam. The shaded trapezoidal regions are the regions of
overlap between the contours for the 280-um and 460-um beams. The darker trapezoid is the
overlap of the 0.1 V contours whereas the lighter trapezoid is the overlap of the +0.2 V
contours. The shaded horizontal bar indicates the precision of the extracted value of
compressive stress corresponding to a measurement resolution of £0.10 um in the buckling
amplitude of a 700-um beam.

The shaded regions of overlap in Figure 4-2(b) are obtained by superposing the
set of contours for a 460m beam with the contours for the 286 beam to obtain the
regions inE-o space which give simulation results witht9.1 V or £0.2 V of the
measuredvy,; for both beams, and actually for the entire range of beam dimensions.
Assuming a resolution iW,; of +0.1 V, the uncertainty ik is +1.8 GPa, and0.23 MPa
in 0. If measurement repeatability is poor, due to charging effects for example, and the
resolution is onlyt0.2 V, the uncertainty increases#8.6 GPa irE and+0.45 MPa ino.

The precision of the extracted parameters is limited by the repeatability of the
measurements and the accuracy of the other parameters in the simulation model. This is
guantified further in Section 4.7.2.
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Chapter 4 Characterization of Pull-in

The horizontal shaded contour, 0.38 MPa wide, in Figure 4-2(b) comes from the
calibration to the buckling amplitude of a 706y beam. The contour, which indicates the
range of stress values that produces simulated amplitudes widhl® um of that
measured, is horizontal because the buckling amplitude does not depend at all on
Young’s modulus. The region of overlap between the buckling amplitude contour for the
7004um beam and th¥,; contour for the 28@um beam overlaps the shaded trapezoidal
regions, verifying the consistency of the two extraction methods. Another set of contours
in E-0 space can be obtained from fitting simulations to the capacitance-voltage
measurements of the next chapter, offering more redundancy among extraction methods.
The C-V measurements are more sensitive to Young's modulus thanVpthe
measurements, potentially offering better resolution in extracted parameters. However, as
will be shown Chapter 5, this C-V measurement is beset by many uncertainties. This is a
general problem that arises when attempting to reconcile various extraction
methodologies. Each distinct measurement method brings its own unknowns, resulting in
an underconstrained system in which there are, in mathematical terms, more unknowns
than equations. Redundancy is limited to only a few variables or parameters —
independent verification of all extracted parameters is difficult. The ideal of having a
single research group fabricate, measure and characterize all the test structures is still

difficult to achieve.

4.7.2 Corner Checking

To understand the dependence of pull-in voltage and buckling amplitude on the
measured and extracted parameters, simulations were performed using parameters within
the ranges of uncertainty in measurements or extraction as given in Table 4-1. The
resolution inE ando was obtained assuming a resolutiot@f2 V inV,; measurements,
and a resolution 0£0.10 um in buckling amplitude. The resolution in geometry was
determined from experience with the repeatability of the measurements. The high and
low corners invj; for a 280pm beam and the variations in buckling amplitude for a 700-
um beam due to these uncertainties are shown in Table 4-1. Using the worst-case corner
parameters, th¥, can be 1.45 V larger or 1.55 V smaller than the nominal value of

35.05 V whereas the buckling amplitude can be Opmllarger or 0.133um smaller
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than the nominal 1.29im. The precision of the simulat&g;'s, which is the step size

used in the Abaqus simulations, is 0.05 V. The range of uncertaint; inan be
narrowed if the covariance between the extracted Young's modulus and residual stress is
accounted for. Instead of defining the resolutiorEcénd o by the smallest bounding
rectangle of the overlap space in Figure 4-2(b), the resolution can be defined by the exact
shaded parallelograms. This covariance information, however, is difficult to incorporate

into most simulation systems.

Table 4-1. Variation of V,;and buckling amplitude within the precision of simulation parameters

Parameter Nominal | Precision Vi Vi Buckling Buckling
Value + ) (+) Amplitude | Amplitude
(&) (+)

POLY1 thickness 1.97 um 0.01 um 3475V | 35.30V 1.310 um 1.271 uym
Initial air gap 1.79 um 0.01 um 3475V | 3530V 1.291 pym 1.291 pym
Nitride thickness 0.077 um | 0.005 um | 3490V | 35.20V 1.291 um 1.291 uym
Step-up sidewall 76° 3° 35.05V | 3495V 1.288 um 1.295 um
angle
Step-up sidewall 2.10 um 0.10 um 3495V | 35.10V 1.289 um 1.293 pm
thickness
Young’s modulus 140 GPa 3.6 GPa 3450V | 35,55V 1.291 pm 1.291 pm
Uniaxial 483 MPa | 0.19MPa | 35.15V | 34.90V 1.185 pm 1.389 um
compressive stress

The - (or +) values correspond to subtracting (or adding) the precision from the nominal value.
Nominal V,;is 35.05 V, and nominal buckling amplitude is 1.291 um.

4.8 Extrapolation to Dual-Bias-Electrode Devices

The simulation model characterized in the previous section is now used to predict
the behavior of more-complex dual-bias-electrode structures shown in Figure 4-1. Figure
4-2 is a 3-D solid model of the device, generated using a geometry generation program
that incorporates the effects of conformal deposition and sloped sidewall etches [15].
Four probes are needed to measure the performance of the device as shown in Figure 4-1
— two to control the bias electrodes, and two to measure the capacitance between the
beam and silicon substrate. An HP4155A applies a constant bias voltage to one electrode
and a slow voltage ramp to the other electrode whereas the HP4275A monitors the
capacitance. The two instruments share a common ground connection. The measurements
of Figure 4-3 are oY, at one electrode as a function of the voltaggs applied to the

other bias electrode. As the bias voltage is increased, the voltage required to pull the
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Chapter 4 Characterization of Pull-in

dimple down decreases. The devices measured were designed with bias electrodes close
enough to the center of the beam such that pull-in is still abrupt despite the fact that the
center of the beam is being leveraged downwards by the electrodes [83]. This makes it
easier to detect the abrupt change in capacitance as the beam snaps down onto the nitride.
By having two bias electrodes, multiple precise pull-in voltage measurements can be used
to characterize a single device. The dimple at the center of the beam prevents conductor-
to-conductor contact between the POLY1l beam and POLYO electrodes. Dielectric
charging, which is covered in detail in Chapter 5, is avoided because there is no applied
electric field across exposed (not covered by POLYO) regions of silicon nitride/,The

VS. Vpias CUrves for devices with left and right electrodes of equal length are symmetric
about theVy,; = Vpias line. By swapping the bias and pull-in connections, the integrity of

the devices can be verified by checking symmetry.

) POLY1 Beam
Dimple

\
\

Nitride

Bias Electrode

/

| A

Bias Electrode

Bias Voltage Silicon Substrate

Pull-in Voltage

-\
-,

Figure 4-1. More-complex dual-bias-electrode structure with features such as dimples and steps
over POLYO that were well characterized in the previous sections. The voltage on the right bias
electrode required to pull the dimple down to the nitride surface is measured as a function of the
voltage applied to the left bias electrode.
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(Pull-in)
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Figure 4-2. 3-D solid model of dual-bias-electrode structure.

The extrapolated behavior matches the measurements well. For curves such as
these with segments that are primarily vertical, error norms should be calculated along
the directions normal to the curves, as shown in Figure 4-3, rather than simply taking the
differences between the measured and simulated pull-in voltages at a particular bias
voltage. Using this normal-direction error metric, the simulations match the measured
values to within 2%. To ensure that the simulation results are reliable for large bias
voltages and smaW,;'s (less than 15 V), the bias on the pull-in electrode needs to be
ramped up very gradually from O V in steps of 0.5 V or less to prevent the beam from

pulling-in prematurely.
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Figure 4-3. Measurements of dual-bias-electrode structures of different dimensions. Error
between simulated and measured values are determined in the direction normal to the curve.
Extrapolated simulations match measurements to within 2%. The labels indicate the lengths of
the structural features: <total beam length> [<left electrode> <dimple> <right electrode>]. An

additional 40 um due to the spacings between each feature makes the numbers in the square
bracket add up to the total beam length.

These comprehensive calibration procedures using simple test structures have
produced simulation model parameters that predict the behavior of more complex devices
very accurately. Therefore, the geometrical parameters in Table 3-1 and the efracted
and o along with the measurement data in Figure 4-3 can serve as verification test cases
to evaluate the accuracy of coupled electromechanical simulators. This can form a more
meaningful tutorial example that encourages the understanding of mesh convergence and
geometrical accuracy issues. For the most part, simulators have been compared on the
basis of speed alone since accurate and verified benchmarks are not readily available.

With those model parameters, we ran full 3-D simulations using the commercial
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electromechanical simulator IntelliCAD. The geometry shown in Figure 4-4, generated
automatically by the software, has sharp, right-angled edges instead of smooth rounded
steps. The simulated pull-in voltages using this coarse model are slightly higher than

those measured, or those simulated using the 2-D model.

POLY1 beam Bias Electrodes

AL

Dimple Silicon Substrate

Figure 4-4. IntelliCAD model of dual-bias-electrode structure.

4.9 Secondary Effects

The excellent match of the simulation results to measurements indicates that the
system of materials is very well characterized for the range of dimensions and actuation
studied in this chapter. A few physical effects were mentioned along the way that affect
beam behavior but their analyses were deferred until this section because the effects are
small on the characterized devices. These effects are interesting in their own right and
will affect the behavior of devices fabricated in other materials systems, or even other

types of devices fabricated in MUMPSs such as cantilevers or comb drives.

4.9.1 Stress Gradient

The stress in a polysilicon beam varies throughout its thickness and will cause a
freestanding cantilever to curl upwards or downwards [84]. In the MUMPs dies
measured, the degree of curling varies from cantilever to cantilever as shown in the Zygo

profiles of Figure 3-2, Figure 3-4, and Figure 3-1. If the stress variation is uniform for all
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beams, the profiles of cantilever beams of various lengths and widths should all lie on the

same circle. As shown in Figure 3-4, each cantilever appears to have a different stress
gradient. Furthermore, Figure 3-1 shows that some beams do not even have consistent
curvatures throughout their lengths.

This section investigates the effects of stress gradients on fixed-fixed beams. The
stress profile in a beam can be arbitrary [85]-[86], [87]-[88], such as the nonlinear profile
proposed to explain the effects of gold on beam behavior in Section 3.5. In Abaqus, stress
due to deposition is modeled by thermal stress. A stress gradient is imposed by either
varying the effective temperature or the expansion coefficient through the thickness. In
this section, the temperature was varied continuously from the top surface to the bottom
surface as shown by the contours in Figure 4-1. The temperature contours are assumed to
follow the conformal profile and are always parallel to the outer surfaces. The beam is
1.97 um thick and suspended 1.7#n above a ground plane (dimensions are similar to

those measured in the previous section). Young’s modulus is 140 GPa.

: Top Surface

Temperature
Contours

Bottom Surface

Figure 4-1. Profile of simulated beam near the step-up, showing temperature variation through
the beam that gives rise to a stress gradient. Contours follow the conformal shape of the beam
and are parallel to the outer surfaces. The nodes on the vertical dotted line can be fixed to
eliminate the effect of the step-up in simulations. The stress states nearer the top surface
occupy a larger portion of the shaded region and, hence, affect beam behavior more than the
stress states nearer the bottom surface.
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Figure 4-2. The deflection (left axis) of the tip of a 200-um-long cantilever as a function of stress

gradient. The corresponding buckling amplitude variation (right axis) of a 700-um-long fixed-
fixed beam is also shown. The insets show the direction of curling of cantilevers corresponding

to the sign of the stress gradient.

The displacement of the tips of a 2@+long cantilever as a function of stress
gradient is plotted in Figure 4-2 along with the corresponding variation of the buckling
amplitude of a 70Qum-long fixed-fixed beam. The average uniaxial stress is kept
constant at 4.83 MPa. The influence of stress gradients on the behavior of fixed-fixed
beams is small unless the stress gradients are large. The change in buckling amplitude
only becomes significant once the stress gradient is large enough to cause significant
curling i.e. a deflection of several microns of the tip of the cantilever. Since such curling
is not observed in MUMPs cantilevers, it can be safely assumed that the influence of

stress gradients on the buckling amplitude of fixed-fixed beams is negligible.
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Figure 4-3. Normalized deflection magnitudes of 300-um-long fixed-fixed beams under pressure
loads in the upwards and downwards directions. The simulated deflections — both with and
without step-ups — are normalized to the deflection of beams with zero stress gradient. Initial
bowing is nulled out. The insets show the direction of curling of cantilevers corresponding to the
sign of the stress gradient.

In the same way, the stiffness — determined from upwards and downwards
pressure loading simulations — of a 308@- beam is examined as a function of stress
gradient. The magnitudes of the simulated deflections are normalized to the downwards
deflection of a beam with uniform stress (no stress gradient) as shown in Figure 4-3. The
initial unloaded deflection or bow of the beams are nulled out. Once again, the influence
of the stress gradient only becomes meaningful when the stress gradient is large. The
effect is especially small if the step-up anchor is eliminated. Without the step-up, the
magnitude of the upwards deflection decreases as the stress gradient becomes more
positive whereas the magnitude of the downwards deflection increases. There is a small
asymmetry, or preferred direction of deflection, imposed by the stress gradient. With a
step-up, the stress variation in the step-up alters the overall stress state of the beam,
causing both upwards and downwards deflections to decrease as the stress gradient

becomes more positive. As shown by the shaded region in Figure 4-1, the stress states
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nearer the top surface occupy larger regions than the states nearer the bottom and, hence,
have greater influence on the overall stiffness of the beam. Therefore as the stress
gradient becomes more positive (top layer becomes more tensile), the overall average
stress becomes less compressive causing the beam to become stiffer. Thus both upwards
and downwards deflections are smaller in magnitude. There is a constant offset between
the upwards and downwards deflection magnitudes indicating a preferred downwards

direction of deflection due to the step-up.

4.9.2 Substrate Curvature

Pressure due to micropositioned probes alter the curvature of the silicon die and
can change the buckling amplitude of beams as shown in Figure 4-1. As such, the probes
must be positioned with the minimum amount of pressure required to make electrical
contact. This is easier to do under the Zygo profiler because probe contact is easily
detected from changes in fringe patterns, and the change in buckling amplitude can also
be measured. Probe pressure control is more difficult under the optical microscope at the
probe station setup for the HP4275A and HP4155A.

______
,,,,,
~.,

Radius of
Curvature

Probe Tip !
Substrate

Beam

Measurement Platform

Figure 4-1. Schematic of a measurement setup. The pressure from the probes modifies the
curvature of the substrate. The surface of the measurement platform is usually somewhat
compressible, especially if the dies are placed in Gel-Pak containers. The curvatures are
grossly exaggerated to show qualitative behavior clearly.
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Figure 4-2. Variation in buckling amplitude (right axis) and pull-in voltage (left axis) of a 700-pum-
long beam as the substrate curvature is varied. Substrate is initially flat. Kinks in V,; curve are
due to the limited precision of V,/s obtained from the simulation. The inset curves indicate the
sign of substrate curvature.

Figure 4-2 shows how the buckling amplitude and pull-in voltage of gu#00-
beam changes as the substrate curvature varies. The buckling amplitude varies linearly
with the inverse of the radius of substrate curvature. The effect of substrate curvature is
modeled in Abaqus by displacing the anchor nodes in Figure 4-3 according to the degree
of curvature. The electrical gap is also varied appropriately. The vertical displacement,

imposed at each node is approximated from the equation of a large circle
u= rEL— cost (4-1)
O rc

wherer is the radius of the circle (radius of curvature) and the distance of the node
from the center of the beam. The center of the beam is vertically inline with the center of
the circle. The substrate can have an arbitrary initial curvature. An initially flat substrate
will have to curl up to a radius of curvature of about 2 m (or inverse radius of ).®Hm

induce a 0.1@um increase in the buckling amplitude of the {00-beam, which in turn
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increases the pull-in voltage by about 0.35 V. Such increases in buckling amplitude were
observed for dies which were probed while on soft Gel-Pak trays. This could account for
the slightly higher measured pull-in voltages in Section 4.5.2 compared to simulated

results.
Displaced (Curved Substrate)
E— T . { — | | [ [ l [

Original (Flat)

Figure 4-3. Displaced mesh to account for changes in curvature of the substrate. All bottom
nodes lie on a circle.

4.9.3 Deposition Coverage

A layer of material deposited on a fixed-fixed beam or a diaphragm alters the
properties of the system. If the deposited material covers the entire surface of the beam
and extends all the way to the fixed boundaries, then the effects due to the additional
material are simple additive and essentially independent of the underlying beam. If,
however, the deposited material does not cover the entire surface of the beam, the
material interacts with the beam and can cause unexpected results. Figure 4-1 shows the
simulation model for a film deposited on a beam. The deposited film does not extend all
the way to the clamped boundaries but is like an island on the beam. Figure 4-2 shows
how the normalized upward and downward deflection magnitudes of the resulting system
under pressure loading varies with deposition coverage. Unlike in the previous section,
the initial deflections due to compressive stress are not nulled out because, here, the total
deflection is the parameter of interest. Coverage, which is symmetric about the center of
the beam, is measured as a percentage of the total beam lengthumkiéizk 400pm-
long beam has an initial tensile stress of 10 MPa. Authithick film with a tensile or
compressive stress of 10 MPa is deposited.

When a tensile film covers the entire beam and is clamped at the edges (100%
coverage), it simply increases the total stiffness of the system as expected, and the
normalized displacement is less than one. When the film covers only a portion of the
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beam, the downward stiffness of the bilayer system is actually reduced (larger
displacements) even though a highly tensile film was added to the system. This is
because the film creates a localized region with a stress gradient that favors downwards
displacement similar to the effects shown in Section 4.9.1. There is a preferred
downwards deflection direction. This phenomena required that a stress sensor built to
monitor thin film deposition be redesigned to eliminate the effect of incomplete coverage
and ensure that the deposited films cover the entire underlying diaphragm [89]. When a
compressive film is deposited, the converse happens. The compressive film interacts with
the underlying beam creating a stress gradient that prefers upwards deflections. Hence the
magnitudes of the upwards deflections increase with coverage whereas the magnitudes of
the downwards deflections decrease. When coverage is 100%, the additional thickness
causes the system to be stiffer than the original even though the additional film was

compressively stressed.

Fixed

/ Boundary

< Deposited Film

v

Beam Center

v

Beam

N

Figure 4-1. Simulation model of a thin film covering a percentage of an underlying beam. Only
half the beam is simulated. The beam is 400 um long and 2 um thick whereas the film is 0.1 pm
thick. The beam has an initial uniaxial tensile stress of 10 MPa. The deposited film has an initial
tensile stress of 10 MPa. Both the film and beam have a Young’s modulus of 100 GPa. The
deformation is exaggerated to show the effects more clearly.
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Figure 4-2. Upward and downward displacement magnitudes, normalized to the displacements of
the original system with no additional films, as a function of film coverage. Geometry of the
system is shown in Figure 4-1. Initial, unloaded deflection due to compressive stress is not
nulled out.

4.10 Summary

The two main elastic properties of interest in polysilicon — Young’s modulus and
residual stress — were extracted from measurements of buckling amplitude and pull-in
voltages. Three distinct boundary conditions were analyzed; the behavior of backfilled
anchors was shown to be strongly influenced by stress in encapsulated PSG. Mechanical
discontinuities were examined carefully. Consistency among extraction methods was
demonstrated, and the precision illustrated graphically and through tabulated corner
checking. The characterization methodology was verified by extrapolating the behavior
of more-complex dual-bias-electrode structures. The well-calibrated model along with the
measured data can serve as a verification test case to evaluate coupled electromechanical
simulators. Finally, three interesting influences on beam behavior — stress gradients,
substrate curvature, and deposition coverage — were investigated via computer

simulations. The effects of stress gradients on fixed-fixed beams are minimal unless the
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gradients are large enough to cause significant curling of cantilevers. Substrate curvature,
which can be altered by probe pressure, causes measurable changes in buckling
amplitude and henc¥. Deposition coverage must be considered when analyzing the

overall stiffness of a composite system.

104



Chapter 5 Characterization of Contact

Electromechanics

5.1 Overview

Beyond the pull-in voltage, the electrostatically actuated beam contacts the
underlying silicon nitride layer creating a dielectric sandwich consisting of the beam,
silicon nitride and silicon substrate. When the beam is in contact with the nitride, the
capacitance between the beam and substrate is relatively large and changes considerably
with changes in applied voltage. Measurements of capacitance as a function of voltage
provide insight into contact mode behavior — a mode of operation important to capacitive
microwave switches [9].

Fundamental capacitance-voltage characteristics are introduced in this chapter
followed by a detailed analysis of the contact surface. The well-characterized flat beams
of Chapter 4 are used as in-situ contact surface probes. There has been no prior work
systematically addressing the effects of contact surfaces and dielectric charging on
capacitance measurements. Simulations in 3-D of contact electromechanics were
performed by Gilbert et al. [90] but no comparisons to measurements were made. Hung
designed a variable capacitor based on contact electromechanical principles that avoided

issues related to complex contact surface phenomena and dielectric charging [91]. The
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effects of surface properties on conductor-to-conductor contact were analyzed in [92] and
[93] whereas the phenomena of adhesion and friction have been studied in [94]-[95].
Effects of charge accumulation were alluded to in [9] and [34] but no quantitative
descriptions were given. In this chapter, a compressible contact surface model captures
effects indicated by C-V measurements. The electromechanical structures are strongly
influenced by charge in the nitride, causing drift in voltage measurements, and both
short-term and long-term reliability concerns. This drift or offset is exploited to monitor

charge buildup over time which is modeled by a charge trapping model.

5.2 Capacitance-Voltage Characteristics

5.2.1 Theoretical Description

Figure 5-1 shows the behavior of an electromechanical system as a function of
voltage applied between the beam and silicon substrate. At each stage or voltage range,
the left diagram illustrates the shape of the beam and the region of the capacitance-
voltage curve, indicated by the dot, corresponding to the beam position. The diagram on
the right is a schematic plot of the total energy of the electromechanical system as a
function of the displacement of a “quarter point” midway between the support post and
center of the beam (see beam in Figure 5-1(a)). The circle on the energy curve indicates
the position at static equilibrium. The contributions to the total energy of the system
come from the mechanical restoring forces, the electrostatic forces, and the repulsive
forces of contact. Only flat beams are studied in this chapter.

The capacitance of the system in the initial position is nulled out. At this starting
point shown in Figure 5-1(a), the beam is in a minimum energy region at zero
displacement. As the voltage increases, the beam deflects downwards and the capacitance
increases slightly as shown in Figure 5-1(b). Another local energy minimum begins to
form. There are two stable states at this applied voltage — one as shown by the beam
position in Figure 5-1(b) and the other in-contact position shown in Figure 5-1(e). If the
beam in the position of Figure 5-1(b) were pushed down mechanically, it would jump to
the stable in-contact position of Figure 5-1(e). This is the basis of the measurement
technique used in this chapter to minimize adhesion and charging effects. Moving from

Figure 5-1(b) to Figure 5-1(c), a further voltage increase brings the system beyond the
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pull-in threshold, where the beam snaps down abruptly and the capacitance increases
dramatically. The beam is now in contact with the silicon nitride creating a dielectric
sandwich along with the silicon substrate. Hysteresis is present because of the pull-in
instability of this electromechanical system. The barrier between the two local energy
minima in Figure 5-1(b) disappears at this point. As the voltage increases further, more of
the beam comes into contact with the nitride, increasing the capacitance further as shown
in Figure 5-1(d). This phenomenon is known as “zip up”. Now as the voltage is
decreased, the quarter-point moves away from the dielectric surface as shown in the
energy diagram of Figure 5-1(e). The beam “peels off” and the system traverses the other
branch of the hysteretic C-V curve. The other local energy minimum corresponding to the
not-in-contact equilibrium position begins to form again. Adhesion of the beam to the
nitride surface due to capillary forces can be significant here. These forces hold back the
beam somewhat and can even prevent peeling off. When the voltage is reduced back
towards zero, the beam continues to peel off until it pops back up to the initial state of
Figure 5-1(a).

5.2.2 Measurements

Typical high-frequency small-signal C-V measurements, using an HP4275A LCR
meter, of a cantilever and a fixed-fixed beam are shown in Figure 5-2(a) and Figure
5-2(b), respectively. The general shapes of the C-V curves match the theoretical
hysteretic curves of Figure 5-1. The initighfpied = 0) capacitance is subtracted from all

other measured capacitances.
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Figure 5-1. Beam deformation, capacitance-voltage (C-V) relationship, and energy diagram for
electrostatically actuated beam. Position of dot on C-V curve corresponds to illustrated beam
deformation. The “quarter-point” is located halfway between the beam center and beam anchor
as shown in (a). The circle on the energy diagram indicates the equilibrium displacement. (a)
Initial position. (b) Beam deflected by electrostatic force. Two stable solutions exist at this
voltage — one in contact and one not. The gray arrow in the C-V plot shows that the beam can
be bumped mechanically to position shown in (e). (c) Pulled-in. Capacitance increases abruptly.
(d) Zipping up. Capacitance continues to increase with voltage. (e) Peeling off. Two solutions
exist at this voltage as in (b).

There is a plateau in the peel-off portion of the cantilever C-V curve where most
of the cantilever beam snaps off the nitride surface leaving only the tip touching, as

shown schematically in the inset of Figure 5-2(a). This phenomenon during peel-off has
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been replicated in simulations. The same deformation mode has been observed in
measurements during the pull-in transition but has not been observed in simulations.
Electrostatic fringing fields, friction and adhesion at the tip of the cantilever may not
have been adequately modeled. In addition, the nonlinear solver in Abaqus might tend to
skip this equilibrium solution and step right through to the lower-energy in-contact
solution. Measurements under the Zygo profiler show that this tip-pull-in state is not
stable and will transition to the flattened-out state after several seconds with the voltage
held constant. Due to the inadequate accuracy of the electric field models for the tip of a
cantilever, and to nonuniformities mentioned in Section 3.6, cantilever beams were not

used for parameter extraction.
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Figure 5-2. Typical measured C-V curves. Beams were fabricated in MUMPs 22. (a) Cantilever
beam 130 pum long. Only the tip is in contact with the nitride in the regions indicated by the
pointers. (b) Fixed-fixed beam 340 um long. Offset voltage is due largely to charging during the
voltage sweep.

Adhesion, which holds the beam down somewhat during peel-off, causes the
capacitance during peel off to be larger than the corresponding capacitance during zip up
as can be seen in Figure 5-2(a) and (b). Accumulated charge in the nitride, and possibly
also on the surfaces of the polysilicon beam and nitride, shifts the mea4|seand
offsets the C-V curves along the voltage axis as shown in Figure 5-2(b). Assuming a

sheet of charge in the nitride, the offset voltage was shown in Section 2.3 to be

V=22 (5-1)

offset —
n

where pis the areal charge densitis the distance of the charge sheet from the silicon
nitride-silicon substrate interface, aadis the permittivity of the nitride. To quantify this

charge, V,'s were measured by applying both positive and negative voltages.

Theoretically, the positive and negatiVig’'s should be of the same magnitude in the
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absence of remnant charge since the electrostatic force is proportional to the square of the
applied voltage. The measured differences between the magnitudes were less than 0.4 V
after allowing more than 5 min between measurements. The voltage offsets are one-half

of those differences. Assuming that all the charge is on the top surface of the pitsde,

about 18° e cm? wheree is the charge of an electron. This is roughly the same as the
density of trapped charges in the thin-oxide layer of an MOS capacitor. Thus, fixed
charge is not a major problem; eaghand C-V measurement can be adjusted by a small,
fixed measured offset.
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Figure 5-3. Measured and simulated C-V of several beams of different lengths fabricated in

MUMPs 29. The general trend is captured by the simulation but the magnitudes are somewhat
off.

Mobile charge, however, seriously distorts the measurements. The voltage offset
shown in Figure 5-2(b) is rather large (about 2 V) because of charge accumulation during
the voltage sweep starting from —35 V. The electric field across the nitride is high during
most of the sweep because the beam is in contact with the nitride. For pull-in voltage
measurements, however, the sweep starts with the beam in the initial (up) position at 0 V

so the electric field is small until pull-in, and hence does not contribute appreciably to
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5.3: Contact Surfaces

mobile charge before pull-in. The magnitudes/gfs measured in quick succession i.e.
less than one minute between measurements are progressively either lower or higher.
This indicates that charge is being accumulated in the nitride or on the surfaces with each
measurement while the beam is in contact with the nitride, hence modifying the voltage
required to pull the beam in. The further the charge is away from the silicon nitride-
silicon substrate interface, the more influence it has as shown by Equation (5-1). There is
no systematic indicator of why successWg would increase for a particular beam but
decrease for another. It is possible that for this type of measurement, where contact is
made and broken several times, most of the charge accumulation occurs at the surfaces of
the nitride and polysilicon beam that come into contact. Such surface charge is quickly
neutralized when the conductive beam comes into contact with the nitride and is held
there, as for the measurements in Section 5.4. As such, the mechanisms for charge
buildup that affects pull-in measurements could be different from that affecting in-contact
measurements characterized later in this chapter.

In order to avoid charge build up, especially at high voltages aljgvand to
avoid adhesion effects, capacitance measurements were made quickly as the beams were
Zipping up instead of when the beams were peeling off. It is assumed that adhesion is a
very short-ranged force which has no effect until surfaces are in contact, and therefore
does not influence the zipping up process where electrostatic forces dominate. While
holding the voltage steady at a value well below pull-in but still high enough to hold the
beam down once the beam contacts the nitride surface, contact is induced by pushing the
center of the beam down carefully with a probe tip. The transition from the state in Figure
5-1(b) to the state in Figure 5-1(e) is effected mechanically. The voltage is then ramped
up while capacitance is measured. This zipping-up measurement takes about 10 seconds;

results are shown in Figure 5-3.

5.3 Contact Surfaces

5.3.1 Rigid Contact Surface

Simulated C-V curves in Figure 5-3 were generated using the simulation model
calibrated in the previous chapter, and assuming a perfectly rigid contact surface between
the beam and silicon nitride. The thickness of the nitride was determined from
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capacitance measurements of POLYO0 pads deposited on the nitride. The simulated curves
exhibit the same trends as the measured curves but the capacitance values are a little off.
Since the beams and simulation model were well-characterized in the previous chapters,
they can be used with confidence to investigate more involved contact electromechanical
phenomena.

The simulated capacitances of the 3@0-beam are slightly lower than those
measured at high voltages whereas the simulated values of themdd8am are higher
all around. A single set of simulation parameters, repeated here for convenience in Table
5-1, could not fit the measuragl;'s and the C-V curves for the four beams, even if all the
parameters were varied arbitrarily. Reducing the most influential parameter — the nitride
thickness — would reduce all the capacitances, improving the fit for tham4team to
the detriment of the fit for the 320m beam. No value of nitride thickness fits all four

beams well. Investigations to determine an accurate effective nitride thickness follow.
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Figure 5-1. (a) Surface profile measurements of a 440-um-long beam, showing zip-up as the
applied voltage increases. (b) Close-up of the portion of the beam in contact with the nitride
(indicated by the dotted-line box in (a)). The beam moves further downward as the applied
voltage is increased. The shape of the roughness is repeatable from measurement to
measurement, indicating that the measurement resolution is above the noise floor. The height is
referenced to the anchors of the beam.

Table 5-1. Simulation model parameters

Parameter Nominal Value
POLY1 thickness 1.97 pm
Initial gap 1.79 pm
Nitride thickness (electrical) 0.077 pm
Step-up sidewall angle 76°
Step-up sidewall thickness 2.10 um
Young’s modulus 140 GPa
Uniaxial compressive stress 4.83 MPa
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5.3.2 Compressible Contact Surface

Surface profile measurements of the zipping up of adeng beam are
shown in Figure 5-1(a) with a close-up of the portion of the beam in contact with the
nitride in Figure 5-1(b). The portion of the beam in contact with the nitride moves
downwards as the voltage is increased. This indicates some compressibility of the contact
surface and hence variability in the effective gap of the silicon nitride. The higher the
voltage, the larger the force that the beam applies to the contact surface and hence the
deeper the penetration into the surface. The travel range is almost 20 nm from 10 V to 30
V, beyond which the beam does not travel much more. Unfortunately, capacitance and
surface profile measurements could not be made simultaneously because the LCR meter
and the Zygo profiler are located in different rooms. The excellent repeatability of the
roughness of the measurements indicate that the measurement resolution is above the
noise floor. Each profile measurement, each made at exactly the same site, was carefully
leveled to consistent reference points so that the profiles could be compared directly.

Measurements of a test structure consisting of a POLY1 beam suspended above
the silicon nitride surface by POLY2 tethers, as shown in Figure 5-1, provide another
perspective into the source of these discrepancies between measurements and
simulations. Variations of this contact surface test structure include the square plates and
untethered structures shown in Figure 3-1. A small voltage is required to pull the 400-
um-long by 30pm-wide beam down to the nitride. Since the mechanical restoring forces
of the thin POLY?2 tethers are smaller than the surface adhesion forces, the POLY1 plate
remains on the nitride even when the applied voltage is reduced back to zero. The
capacitance is then measured using the HP4275A LCR meter. The bias voltage is swept
from —35V to +35V and back to —35V again. As Figure 5-2 shows, after adjusting for the
voltage offset, the capacitance increases as the magnitude of the applied voltage
increases. This effect is not expected in theory because the entire beam, which is tethered
at the center, should be resting on the nitride and no additional zipping should occur. Any
initial curling of the plate due to small stress gradients should be flattened out by an
applied voltage of less than 10 V because the electrostatic forces are very large when the

plate is on the nitride and the electrical gap is small. Surface profile measurements show
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that the POLY1 beam on the nitride is already uniformly flat to within udleven

without any applied voltage.

POLY1 Beam POLY2 Tethers

Nitride Silicon Substrate

Figure 5-1. Test structure to measure contact surface properties. POLY1 beam is suspended by
POLY?2 tethers at the middle to eliminate zipping effects.

Assuming that in the absence of zipping, compressibility of the contact surface
causes the variation of capacitance, the effective electrical gap between the POLY1 plate
and silicon substrate as a function of applied voltage can be computed from the C-V
curve, assuming an ideal parallel plate capacitor model. This is shown in Figure 5-3.
Fringing fields are negligible at such small gaps. After adjusting for the voltage offset,
the effective gap decreases from 100 nm to 91 nm, a change of about 9 nm, as the
magnitude of the bias voltage is ramped up from 0 V to 35 V. This calculation assumes
that the entire POLY1 plate remains completely flat and does not tilt or bend while
moving closer towards the silicon substrate at higher voltages. The compression range is
smaller than that shown in Figure 5-1(b). This could be because a flat plate cannot
penetrate as deeply as can the center portion of a beam that is being leveraged
downwards. The computed gap is larger than the gap computed from POLYO pad

capacitance measurements. This issue is addressed further later in this section.
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Figure 5-2. Capacitance—voltage measurement of the test structure shown in Figure 5-1.
Adjusting for the voltage offset, capacitance increases with increasing magnitude of the applied
voltage. The voltage sweep starts from —35 V and goes to +35 V before going back to —35 V as
indicated by the arrows.

The illustrative closeup of the surface shown in Figure 5-4 suggests what might
be going on. Surface residue — water molecules and microscopic dust — together with
asperities increase the effective gap between the polysilicon beam and silicon nitride
surface and, hence, with the silicon substrate. As the voltage is increased, the residue
compresses and the effective gap decreases. Since polysilicon is a hard material, the
asperities themselves are unlikely to deform but the regions between the highest
asperities can deflect closer towards the substrate. The surface roughness on the
underside of POLY1 depends on the roughness of the PSG on which it is deposited,
which in turn depends on the roughness of the silicon nitride. The nitride surface was
roughened by the RIE etch that removed the POLYO layer. The final HF release etch can
also contribute to surface roughness by overetching the POLY1 beam especially at grain
boundaries [61], [74], [96]. Atomic Force Microscope (AFM) measurements of the

underside of a polysilicon layer reveal roughness on the order of 20 nm [94]. Since the
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deformation is assumed to occur between the highest asperities, the peak roughness value
is of most interest and not the rms roughness. It is difficult to image movable residue

such as dust and microscopic water droplets with an AFM, however.
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Figure 5-3. Gap-voltage plot derived from C-V measurement of Figure 5-2 assuming ideal
parallel-plate capacitor model. The stiffness profile of Figure 5-7 corresponds to the shaded
portion of this plot.

The contribution of electronic effects to the measured C-V characteristic is
investigated via Medici [97] simulations. The high frequency C-V characteristics of a
polysilicon-nitride-silicon capacitor (Figure 5-5) is shown in Figure 5-6. The three curves
are of cases where the capacitor system consists of:

1. only the beam, nitride and substrate

2. the beam, surface layer, nitride and substrate

3. the beam with a connection to a p-well, surface layer, nitride, and substrate
As noted in Section 3.4, the capacitance between the silicon substrate and a POLY1 pad
deposited directly on the nitride surface does not change as the bias voltage is swept from

—35 V to +35 V. This corresponds to the first curve of the simulation which is almost flat.
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The curve would be flatter if the doping density of the polysilicon were increased from
the conservatively low>8L.0'® cmi® used in the simulations. If a thin (0.f8n), more-

lightly doped (510" cm®) surface layer is included in the system, that surface layer can
deplete leading to lower capacitances as indicated by the second dotted line. Such a
surface layer could possibly occur in the unpassivated surface of the beam after the HF
release etch. Unlike the measured C-V characteristic, this curve is not roughly symmetric
aboutVappied = 0. If the beam is connected to a p-well, the well can supply charge to the
inversion layer producing the third curve. Although this curve resembles the measured C-
V curve of Figure 5-2, this scenario is unlikely because the p-well will have to be
connected to the portion of the beam that is in contact with the nitride. No p-type dopants
were introduced into the system during fabrication. Hence the observed variation of

capacitance with voltage must be due, at least primarily, to mechanical effects.

Beam

Asperity
Nitride Residue
Substrate

Figure 5-4. Closeup of surface showing residue and asperities. Effective stiffness of contact
surface is due to the averaged hardness of distributed particles on the surface, not to the
hardness of any particular material.
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POLY1 Beam P-Well

Surface

Nitride — Layer

Silicon Substrate

Figure 5-5. Polysilicon-nitride-silicon capacitor. An unpassivated surface layer could behave like
a more lightly doped region, contributing to depletion effects shown in Figure 5-6. The location
of the p-well is shown only schematically, and could be located anywhere near the region of the
POLY1 beam that is in contact with the nitride.

1. No surface layer
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Figure 5-6. Capacitance-voltage characteristic of polysilicon-nitride-silicon capacitor. The nitride
is 0.6 um thick with a relative permittivity of 7.5. The polysilicon is doped n-type with a density of

5x10" cm™. The surface layer, if present, has an n-type dopant density of 5x10™ cm™. The p-
well, if present, has p-type dopants of density 5x10'® cm™.

Whatever the mechanisms behind this compressible behavior, the effects can be

incorporated into the Abaqus simulation model as “softened” or compressible contact
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surface behavior. The gap-voltage relationship of Figure 5-3 can be manipulated into a
stiffness profile for the contact surface as shown in Figure 5-7 using the equation that
describes electrostatic pressuRe,as a function of applied voltag¥, and effective
electrical gapg,

— EOVZ

P }
29°

(5-1)

Surface stiffness or reaction pressure is plotted as a function of the effective electrical
gap. In the simulations, as the beam approaches the “true” rigid contact surface, which is
the surface of the silicon nitride, the reaction forces increase, eventually stopping further
penetration. For comparison, atmospheric pressure is on the orded@f Ra. This

surface reaction pressure does not describe the hardness of any particular material but is
the effective hardness of a surface speckled with residue and asperities, much like the
stiffness of a bed surface is the hardness of an array of steel coils distributed under the

surface and not the hardness of steel itself.
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Figure 5-7. Compressible contact surface profile (surface stiffness vs. effective electrical gap)
derived from C-V measurements.
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The surface profile used in subsequent simulations is similar to that shown in
Figure 5-7 but modified to obtain the best simulation fit to the measured C-V curves. The
general shape of the profile is maintained but the effective gap shifted lower. The
compressible surface model is easily incorporated into the Abaqus simulation and
generates the C-V curves of Figure 5-8. The fit is much better in the lower voltage range
(< 20 V) which is where most of the compression occurs. However, the spacing between
the measured C-V curves for the various beams is smaller than the spacing in the

simulations.
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Figure 5-8. Simulated C-V of beams using compressible contact surface model. The fit is
improved at the lower voltages. At higher voltages, the simulated spacing between the
capacitance of the beams is larger than that measured.

The simulated profiles of the 320n, 360pum, 400pum and 44Q04m-long beams
at 34 V are shown in Figure 5-9, with the anchor step-ups aligned horizontally but the
vertical displacements offset slightly. The profiles of all the beams near the step-ups are
very similar (the profiles would overlap if not for the vertical offsets added) implying that
the difference in capacitance between two beams at any given voltage is simply the

capacitance due to the difference in length i.e.
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AC = EQNAL . (5-2)

9

W is the width of the beamiL is the difference in beam lengths, ands the electrical
thickness of the nitride. As a result, the spacing between the simulated C-V curves for
any two beams is constant with voltage after 20 V. The thickness of the nitride computed
from C-V measurements using (5-2) is approximately 0 087which is in the ballpark

of that shown in Figure 5-3. Using this value for nitride thickness produces the simulated
curves of Figure 5-10. The fit is poor except that the simulated spacing between the C-V
curves matches the measurements. Assuming that (5-2) provides an independent measure
of the effective gap for capacitance at high voltages (> 20 V), this suggests that the
effective gap for capacitance is larger than the effective gap for electrostatic force. This
could be due to a parasitic series capacitance near the surface layer that effectively
reduces the magnitudes of all the measured capacitances.
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Figure 5-9. Profiles of the left halves of four beams of different lengths, at the same applied
voltage (34 V). The profiles, which would otherwise all overlap, are offset vertically from one
another. The profiles near the step-ups are exactly the same, indicating that differences in
capacitance between beams at any voltage are directly proportional to the differences in beam
lengths only.
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Figure 5-10. Simulated C-V using the larger nitride thickness which fits the measured spacing
between the capacitance curves at high voltages. However, the overall slope of the curves are
too gradual.

5.4 Dielectric Charging

The effects of mobile charge were introduced in Section 5.2.2 as causing pull-in
voltages measured in quick succession to be progressively lower or higher. Another
related effect is the increase in capacitance as a function of time as the beam is in contact
with the nitride at a constant voltage, as shown in Figure 5-1. The curves forpan340-
beam at three different applied voltages are shown. The measurements were made using a
100-kHz 50-mVrms sensing signal from the HP4275A LCR meter, but the measurements
show no dependence on signal amplitude or frequency. Charge builds up over time in the
nitride when the beam is in contact with the nitride surface. The polarity of the charge is
opposite to that on the beam thus attracting more of the beam into contact i.e. increasing
zipping, thus, increasing the capacitance of the system as illustrated in Figure 5-2.
Continued zipping over time is shown in the measured profile of ud@6beam with a

constant 16 V applied (Figure 5-3).
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Figure 5-1. Measured capacitance increases over time at constant applied voltages. The beam is
340 um long and fabricated in MUMPs 29.

The dependence of memory on polarity indicates that the continued deformation
with time is due to electronic effects rather than mechanical creep. In an experiment to
confirm this, +35 V was applied to the beam for about a minute causing the capacitance
to increase. The capacitance was measured, and then the voltage removed to allow the
beam to pop back up. When +35 V is applied again, the measured capacitance is close to
the final capacitance measured previously, but if —35 V is applied, the measured
capacitance is much lower. This can be explained by shielding due to accumulated
charge. No such polarity dependence is expected if the deformation over time is due
entirely to mechanical phenomena. If mechanical creep is the cause, applying the same
electrostatic force by using different polarities should produce the same capacitance. Note
that the electrostatic force is always attractive and proportional to the square of the
applied voltage. Capacitance always increases with time in contrast td/pthe
measurements which can increase or decrease. This suggests that two different types of

charge accumulation occur — accumulation at surfaces, which is highly variable, and
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accumulation in the bulk of the nitride, which is governed by charge injection as will be

shown later.

Beam

5 © 006 6

Nitride Silicon Substrate Charge

Figure 5-2. Charge buildup in the nitride increases the attractive force on the beam and
increases zipping.
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Figure 5-3. Measured profile of a 360-um-long beam with a constant 16 V applied. The beam
Zips up more as time passes.
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Chapter 5 Characterization of Contact Electromechanics

Ordinarily, determining the charge stored on the plates of a capacitor requires
knowledge of both the capacitance and voltage across that capacitor. For this contact-
electromechanical capacitor, however, the high-frequency small-signal capacitance has a
one-to-one correspondence to the charge on the polysilicon beam, which in turn depends
on the charge on the silicon substrate and nitride dielectric. The shape of the beam, and
thus the capacitance of the system, depends on the charge on the polysilicon beam. The
system functions as an electrometer. A more mathematical description can be found in
[98]. Hence, the charge on the polysilicon beam can be determined from measurements
of capacitance alone regardless of the applied voltage. It is important to note that the
beam charge can change even when the applied voltage is held constant if charge
accumulates in the dielectric. Knowing the charge on the polysilicon beam, charge in the

nitride dielectric can be determined.
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Figure 5-4. (a) Measured capacitance as a function of voltage for a 340-um-long beam. (b)
Charge vs. capacitance curve derived from (a).

Using the “push down” measurement technique described in Section 5.2.2, the C-
V measurements of a 340n-long beam (Figure 5-4(a)) are assumed to be free from the
influence of accumulated nitride charge. If dielectric charge can thus be neglected, the
charge on the polysilicon beam at any voltage is simply the product of the capacitance
and applied voltage. Therefore, beam charge can be computed as a function of voltage,
and then as a function of capacitance (Figure 5-4(b)). The charge-voltage relationship
only holds if dielectric charge is negligible. Assuming this is true, the resultant charge-
capacitance relationship can then be used even in the presence of dielectric charge
because capacitance is a unique function of beam charge. The capacitance measurements
of Figure 5-1 are converted using the charge-capacitance relationship into the beam
charge data shown in Figure 5-5. Since the charge-capacitance curve is obtained directly
from data with no smoothing, all irregularities in beam behavior are faithfully preserved

in the data transformation.
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The increase in beam charge is directly proportional to the buildup of charge in
the nitride dielectric — the contact electromechanical capacitor functions as a charge
monitor. The effective voltage of the force acting on the beam is plotted in Figure 5-6.
The voltage can drift by one to two volts over the course of a few minutes. The initial
voltages are not exactly the applied voltages because of remnant charge in the nitride
after several repeated charging measurements with both positive and negative voltages
applied.

Ooooo

O Measured
Simulated

Charge on Beam (pCoulombs)

1 2 5 10 20 50 100 200 500
Time (seconds)

Figure 5-5. Charge buildup as a function of time. The curve fit comes from integrating (5-1),
which describes charge accumulation through direct tunneling into the nitride.
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Figure 5-6. Effective voltage of electrostatic forces acting on beams as a function of time,
parameterized by applied voltage. Charge buildup increases the attractive force and hence the
effective voltage on the beam. The initial (time = 10 s) voltages are not exactly the applied
voltages due to remnant charge in the system after repeated charging measurements with both

positive and negative voltages applied.

The charge buildup can be modeled by a charge generation equation

wherek is a scaling parameteA is the area of the beam that is in contact with the
dielectric,t is time, andy is a time constant. This equation describes the charge transfer
rate by direct tunneling between either the conduction or valence bands of the silicon
substrate into trap states in the nitride [99]. The energy band diagram of Figure 5-7
illustrates one possible tunneling process. Charge buildup is assumed to occur directly
under the area of the beam that is in contact with the nitride, which is roughly
proportional to the measured small-signal capacitance. The net charge is of polarity

opposite to that of the polysilicon beam because the potential barrier to tunneling is

el

kAG——=-2k

0
U
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Chapter 5 Characterization of Contact Electromechanics

smaller on the silicon substrate-silicon nitride side compared to the silicon nitride-
polysilicon beam side due to the finite air gap on the beam side, even after contact. The
charging rate depends on charging history, remnant charge and applied electric field, and
also on material properties such as stoichiometry and interface conditions. The
integration constant resulting from integrating (5-1) quantifies the initial charge in the
system including the remnant charge after repeated prolonged applied electric fields. It
cannot be determined from these measurements whether the mobile species are electrons
or holes. The time constants for (5-1) extracted from measurements of two beams at three
different voltages are shown in Table 5-1. No general trends can be inferred from these
constants since the same initial conditions of the system after repeated measurements

cannot be reproduced, and the measurement data is very noisy.

Nitride

Substrate (-)

Figure 5-7. Energy band diagram describing direct tunneling of electrons from the valence band
of the substrate into trap states in the nitride.

5.5 Summary

Well-characterized polysilicon beams were used as in-situ probes to understand
contact electromechanical phenomena. Compressible surface behavior was demonstrated
and measured using the Zygo surface profiler and test structures that eliminate zipping.
The apparent compressible behavior was then incorporated into the Abaqus simulation

model. The simulation fit to measurements improved at low voltages but the
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discrepancies at higher voltages suggest that there could be additional series capacitance.
Charge buildup over time was characterized using the beams as electrometers, and shown
to correspond to charge injection through direct tunneling. The observed bipolar drift in
pull-in voltages imply that another mechanism for charge accumulation exists, primarily
at contact surfaces. All these surface effects are not easily nor precisely controllable,
however, making them difficult to exploit in designs. As such, most electromechanical

devices either avoid contact issues altogether or attempt to minimize the effects.

Table 5-1. Time constants of charge buildup

Beam Length Applied Voltage Time constant
(um) (V) (seconds)
340 12 190
340 14 80
340 16 60
360 12 55
360 14 60
360 16 80

133






Chapter 6 Electrostatic Actuator with Extended

Travel

6.1 Overview

Micromechanical electrostatic actuators typically have a travel range limited to
one-third to one-half of the initial gap. A method or mechanism to extend that travel
range, preferably to the extent of the entire initial gap, is highly desirable, especially for
optical applications. Such a method will increase the tunable range of an optical device
such as a micromechanically-tuned laser [100]. This method will also enable the
continuous analog control of a positioner instead of the limited on-off behavior that
avoids teetering near the threshold of instability.

Several methods have been suggested that extend the usable range of electrostatic
actuators, including closed-loop voltage control [101], series feedback capacitance [102]-
[103] and “leveraged bending” [83]. Leveraged bending is the simplest method of the
three, requiring that the electrostatic force be applied between the fulcrum (typically the
anchor) and the segment of the beam that should be deflected. This is similar to the
design of the dual-bias-electrode structure of Section 4.8 except that the electrodes are
moved further away from the center of the beam to allow the center of the beam to touch

down before pull-in occurs. Mechanical advantage and increased device area are traded
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Chapter 6 Electrostatic Actuator with Extended Travel

off for the increased range of motion. The closed-loop controller is much more
complicated — requiring accurate and fast monitoring of the position of the movable
element, and feedback control circuitry to stabilize the system in the unstable regime. No
fabricated devices have been demonstrated to date. The series feedback capacitance
method employs a capacitor in series with the electrostatic actuator to extend the
effective electrical gap of the actuator. That way, the movable element can travel up to
one-third of the new effective gap, which is larger than the entire initial gap of the
original actuator. The concept is simple and the resultant device is compact — not any
larger than a conventional device — but the practical design issues, neglected by Seeger et
al., require attention.

In this chapter, the realistic design issues involved in designing a full-gap
positioner are presented along with measurements of fabricated devices and analyses of
their performance. After introducing the theory of operation of the device, the effects of
parasitic capacitances, both from layout and from operation, are discussed. Over-
stabilization is shown to improve dynamic or transient performance. A “folded capacitor”
structure is introduced that limits parasitics, is easy to fabricate in MUMPs, and does not
take up much more die area than a conventional device. The first measurements of an
electrostatic actuator incorporating a series capacitor are presented. The actuator can
travel beyond the conventional limit but is ultimately limited by tilting instabilities. This
instability is analyzed further and shown to be a fundamental limit to performance. The
idea for incorporating a series capacitor into an electrostatic actuator originated,
independently of [102], albeit later, from measurements of POLY1 devices actuated over
POLYO pads. The goal was to exploit the capacitive coupling among devices in an array

that was causing spurious actuation.

6.2 Series Capacitor Feedback

Figure 6-1(a) is a schematic of a conventional electrostatically actuated
micromechanical actuator. The movable electrode moves under voltage control up to one-
third of the initial gap. If actuated beyond that threshold, the movable electrode snaps
down onto the bottom electrode. If the goal is to achieve a travel rarge tben the

initial gap can be extended t@g@as shown in Figure 6-1(b) to have a stable region of up
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6.2: Series Capacitor Feedback

to go. This design, however, is not very satisfactory because it requires a large gap that
can be difficult to fabricate. Noting that this configuration is actually two capacitors in
series, the additional @, gap can be replaced with an equivalent series capacitor as
shown in Figure 6-1(c). The electric field configuration is maintained; hence, the
movable plate can traverse the entigegap stably. The voltage required to actuate the
movable plate increases with the addition of the series capacitor because the total initial
effective electrical gap is three times as large as the original. The expressigna®ia
function of initial gap, (2-9), shows that this translates into a pull-in voBigtmes the
original V. Since the additional gap must be at least twice the original gap for stable full-

gap travel, the equivalent series capacitance must be less than one-half the initial

capacitance of the original actuatas,. The idea is simple, but the challenge is to

maintain the simplicity in the face of nonidealities.

Movable g
(@) Electrode (©)
[ L

Original c ]/
j’:’ Actuator  ° JO
............ ,
v, 7N V,
D =@
Electrode 29, Series
Capacitor
e

Figure 6-1. Electrostatic micromechanical actuator. (a) Conventional actuator with limited range
of travel. (b) Actuator with extended gap and, hence, extended range of travel. (c) Actuator with
series capacitor that is equivalent to design in (b). The series capacitor and original actuator
form a voltage divider that provides negative feedback to stabilize the system.

The original actuator and series capacitor form a voltage divider circuit. As the
movable electrode approaches the fixed electrode, the capacitance of the actuator
increases, thus decreasing the fractignof the total applied voltag¥,, that is imposed

across the actuator according to
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6 J ! 1 1

Conventional Limit of Travel

Total Applied Voltage, V,

Normalized Voltage
w

: Voltage Across Variable Capacitor, V,

0 0.2 0.4 0.6 0.8 1.0
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Figure 6-2. Voltage (normalized to original pull-in voltage) across variable capacitor (original
actuator) and total applied voltage (also normalized) as a function of the displacement
(normalized to the initial gap go). Series capacitor is one-half the original actuator capacitance.
Actuator can travel the entire gap stably.

V,=— 3y

a (6-1)
Co*C

where ¢y is the variable capacitance of the original actuator ends the series
capacitance. When the movable electrode goes beyond one-third of the original gap, the
rapid increase in capacitance provides the negative feedback necessary to stabilize the
actuator so it can traverse the entire gap stably. Figure 6-2 shows how the voltage across
the actuator changes as the total applied voltage is increased, assuming a linear
mechanical restoring force. Initiallyyp increases withV, with the rate of increase
decreasing asp increases, as indicated by (6-1). Beyond one-third of the initial gap
whereVy equals the originaly;, Vo actually starts to decrease simgencreases rapidly in

this region, thus providing negative feedback. As the movable plate approaches the fixed

plate, the capacitan@g goes towards infinity and, goes towards zero. The electrostatic
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force remains finite, however, since the electrostatic force is inversely proportional to the
square of the gap which also goes towards zero. At all times, the mechanical and
electrostatic forces are balanced and the system is stable.

6.3 Parasitic Capacitances

6.3.1 Parasitics from Layout

The cross section of a typical electrostatically actuated device fabricated in
MUMPs is shown in Figure 6-Xy andc; are the intrinsic or desired device capacitances
whereas,;, Coxandcyzare parasiticsc,, andc,z are typically large because the dielectric
layer is electrically thin. Depending on whether the substrate is left floating or grounded,
the parasitic capacitances can be in parallel with either c;. The configuration of
Figure 6-1(c) can be generalized to the circuit of Figure 6-2 which includes parasitic
capacitances. Here; includes parasitics formerly in parallel with the desired series
capacitancecs; is not important to static behavior since it is driven directly by the voltage

source but it will affect dynamics.

POLY1 Beam

— G POLYO0 Pad

C i
C

p2

Silicon Substrate Nitride

Figure 6-1. Cross section of a typical electrostatically actuated device designed for MUMPSs.
Large parasitic capacitances are connected to the POLYO pad.
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Intrinsic
Device Parasitics
R
VO CO C2
C3__
— Floating Node
Vi G (High Impedance)

Figure 6-2. Circuit of actuator with series capacitor, augmented by parasitic capacitances in
parallel and in series with the variable capacitor.

The expressions describing the static behavior of the actuator in the presence of a

series feedback capacitor and parasitic capacitors can now be derived. Let

1 c O 1 andc, U 1 (6-1)

Go—U’ Nng, mg

c, U

whereq is the desired travel rangeijs displacement, and andn are positive constants.
The voltage acrosy is determined by the capacitive voltage divider in Figure 6-2 to be
V=8 v
Co+C +G,
m(go - U) V .
(m+n)g, —u)+mng, *

(6-2)

The sum of the electrostatic and mechanical forces gives the total equilibrium force on

the movable electrode

A O m(g, - u)

2(90 - u)2 E(m+ n)(go - u)+ mng)v

a

F =-ku+

2
0
0 =0. (6-3)
O

Following the method in Section 2.2, differentiating this expression with respadbto

determine the point at which the equilibrium solution becomes unstable gives
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_ gy m+n+mn
Upgy = o ————— (6-4)
3 m+n

as the maximum stable displacement of the movable electrode as a functiandh.

In the limit asm - o (nO parasitic capacitor in parallel with),

u

max

R g_; (1+n) (6-5)

implying that n should be larger than 2 for full gap travel ( - g,) as noted

previously. As n — oo(infinitely small series capacitor for maximum feedback and

stability),

U — g_;(1+ m) (6-6)

max

implying thatc, must be no larger tha%‘l if full gap travel is to be achieved. Thus, the

electrostatic positioner must have well-controlled capacitances and parasitics.

6.3.2 Parasitics from Deformation

Another source of “parasitics” arises from the deformation of a beam in 2-D.
When the beam in Figure 6-1 deforms, the displacement of the of the center portion is
largest whereas the portions near the step-up supports hardly move at all. This 2-D
nonuniform displacement is a subtle but significant source of parasitic capacitance in
parallel with the intrinsic device. The 2-D beam/capacitor can be modeled as the sum of
two 1-D capacitances — a variable capacitor in parallel with a fixed capacitor as shown in
Figure 6-1. The total capacitance can be expressed as

1-9 . a
9o —U Qo

c=c,+c, U (6-1)

wherecy andc, represent the same elements as in Figure 6-2¢q @né proper fraction
that increases as the center displacement, increases. The larger the vatyi¢haf more

significant the effect of the parasitic fixed capacitance.
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Figure 6-1. Ideal 2-D beam with nonuniform displacement and its 2-lump equivalent (variable +
fixed capacitor).

Figure 6-2(a) shows the normalized simulated capacitances of several 2-D 400-
pum-long electrostatically actuated beams. These beamspemettiick and are suspended
2-um above a ground plane — the nominal dimensions of a MUMPs device. The Young's
modulus is 140 GPa whereas the uniaxial residual stress is a compressive 6 MPa. The 2-
D capacitances are normalized to the capacitance of an ideal 1-D parallel plate capacitor,
whose gap is equal to the distance between the center of the 2-D beam and ground plane.
As shown, the capacitances of the 2-D devices are only fractions of the 1-D device as the
center of the beam approaches the ground plane. If the length of the fixed bottom
electrode under the 2-D beam is reduced (as a percentage of the beam length), the 2-D
device approaches 1-D-like behavior because the deformation is more uniform over the
more limited center region.

g is computed from the capacitance-displacement curves of Figure 6-2(a) using
(6-1) and plotted in Figure 6-2(b) as a function of center displacennengnd
parameterized by bottom electrode length. The shorter the bottom electrode, the more 1-
D-like the behavior of the system, and hence the smaller the vaiLig ofcreases as the
displacement increases because the diminishing gap amplifies the lack of flatness of the

deformed beam. According to (6-1), the ratio of the variable capacitance to the fixed

mg

: Co -
capacitance; 2, is
C:

. Equating this with the same ratio obtained from (6-1) gives

in terms ofg,
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m= ]'__q, (6-2)
q

which when inserted in (6-6) gives

c
I

(6-3)

max

®le

Plotting g :%in Figure 6-2(b) gives the maximumallowed for the desired range of

motion, u. The displacement at the intersection of this line with the pregausurves
indicates the maximum achievable stable travel. Beyond th&t, too large i.e. the
parasitic is too large for effective stabilization. This assumes that the mechanical
restoring force as used in (6-3) is still linear with displacement which is not true in real
life due to stress-stiffening effects. Nonlinear stress-stiffening actually increases the
range of stable travel, even without capacitive stabilization, to about one-half of the
initial gap as shown in Section 4.5.2, up from the one-third of the linear case. Thus, all
the 2-D devices shown in Figure 6-2 are stable up to abmut 4f displacement. Beyond

that, capacitive feedback can stabilize the device until the increasing displacement causes
g to increase to the limit indicated by the dotted line. For example, for the device with a
bottom electrode that is 30% of the upper electrode length, capacitive feedback will allow
stable travel up to 1.8m or 90% of the 2¢#m gap. This, according to (6-6), assumes an
infinitely-small series feedback capacitor — a larger capacitor will reduce the stable travel
range. Clearly, 2-D-like behavior must be avoided.

Referring back to the 1-D case shown in Figure 6-1(b), inserting a floating
conductor into the gap at the dotted line does not perturb the electric field lines. When a
2-D beam deforms non-uniformly, however, the beam center moves the most,
concentrating electrostatic forces near the center. Inserting a floating conductor into the
gap in this case will distort the electric field lines since the conductor will enforce a flat,
horizontal equipotential which did not previously exist. The series capacitor no longer
extends the gap effectively and thus the efficacy of capacitive feedback is limited.

Designs to maintain 1-D-like behavior are discussed later in this chapter.
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Figure 6-2. (a) Capacitance of 400-um-long beams as a function of displacement, normalized to
the capacitance of a 1-D device with displacement equal to the displacement of the beam
center. The labels indicate the length of the bottom actuating electrode as a fraction of the
upper beam length. (b) g-fraction as a function of displacement, computed from the
capacitances in (a). Capacitive feedback is ineffective for displacements with g-fractions above
the dotted line.
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6.4 Residual Charge

Residual charge can accumulate in electrostatically actuated devices containing
electrically isolated nodes such as the node between the original actuator and the series

capacitor (Figure 6-2). Such charge was shown in Section 2.3 to shift the electrostatic

forces by a voltage offset egZ—pwhich scales according to the amount of charge. This

causes the displacement of the positioner to drift over time if charge accumulates. A
high-impedance switch that can reset the voltage of the floating node from time to time is
very desirable.

If charge lies on a plate that is free to move in an electric field, the effect is more
complicated. Figure 6-1 shows one such configuration where a movable precharged
floating conductor, like an electret foil, is inserted between two voltage-driven plates.
The electrostatic force on the floating conductor — the product of charge on the conductor
and the average of the electric fields on both sides of the conductor — is now

. p -u 1
F = PEE-— %L -= 6-1
electrostaic p |1 £ dl 2 % ( )

The first thing to note is that unless the floating conductor is precharged, the net
electrostatic force on the conductor is zero. Secondly, in contrast to (2-2), this force is
linear with voltage and displacement. By equating the electrostatic and linear mechanical

forces, we find the equilibrium displacement to be
Va_p, 1
_d, egmd, 2

u= K o . (6-2)

o ed,

Here, the charge scales not just the voltage offset but the displacement as well. Since the
inverse square behavior of (2-2) is absent, there is no abrupt pull-in effect, and actuation
is always stable, potentially allowing for stable and linear electrostatic actuation. The
main design issues are imparting a precharge to the floating node and then maintaining its

electrical isolation. Parasitic capacitances affect linearity and the stable range of travel.
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This design is practically impossible in MUMPs but might be achievable in SOI-based

(Silicon On Insulator) micromachining processes.

Fixed Electrode !

/ :

Movable Precharged
Floating Electrode

Fixed Electrode i

Figure 6-1. Movable precharged plate in an electric field. Displacement is linear with voltage in
the absence of parasitics.

N N

6.5 Dynamics

A good positioner or actuator should be well-damped so that rise times are fast,
settling times are short and overshoots are small. The efficacy of two common damping
mechanisms for micromechanical devices — resistive damping and compressible squeeze
film damping — on stabilized electrostatic positioners are studied here using 1-D
simulations. The simulation models are not calibrated to actual devices but serve to
illustrate major damping characteristics. For conventional actuators, the only dynamic
responses of interest are pull-in and release times since these devices are usually operated
in ON-OFF modes. For analog positioners, the dynamic response from one position to
another throughout the gap is of interest.

A resistor inserted in series with the voltage source in Figure 6-2 will help damp
out oscillatory behavior by dissipating energy when current flows from the capacitor
towards the voltage source during one-half of each oscillation cycle [104]. Figure 6-1(a)
is an example of the damped step responses of an ideal, 1-D, critically stabilized
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i
positioner €, = C—2°). The resistor damps out oscillations reasonably well for steps down

fromu = 0, especially for the larger steps>0.59p). The size of the resistor was chosen

so that the overshoot for the= 0.9 g, step would not cause the movable electrode to
make contact with, and possibly stick to, the bottom electrode. The resistor performs
poorly in damping out the oscillations stepping back up fuom0.99g, to u = 0.15g,. In

fact, resistive damping alone can never damp out all the oscillations stepping back up all
the way tou = O because the capacitors quickly discharge fully, leaving no voltage to
drive current through the damping resistor. Hence, resistive damping — simple and easy to
adjust — is attractive primarily for operating the positioner inutthe.5g, range.

Compressible squeeze film damping acts whenever the positioner is operated in
air or other gases. It is more difficult to adjust — damping forces depend on air pressure
and the geometry of the device. Figure 6-1(b) shows the performance of the positioner
under squeeze film damping forces modeled by (2-8). In general, the larger steps (to
0.759go0) are overdamped, with the approachute 0.9gy being almost asymptotic. This
slow approach is probably overestimated by the simulation because (2-8) neglects the
transition from spring-like behavior to incompressible viscous damping at lower
actuation speeds [105]. The damping at small deflections i.eure@rl5g, is generally
better than can be achieved with resistive damping because it works for both halves of
every oscillation cycle. Under either resistive or squeeze film damping, the oscillations
are difficult to damp out near= 0. Increasing the damping forces will increase the rise

time tou = 0.9 g significantly, especially for the squeeze film damping case. Over-
stabilizing the positioner i.e. making <<% improves the rise time for the larger steps

while leaving settling times and overshoots roughly unchanged as shown in Figure

. ch. ... . .
6-1(c). Decreasing;, to E"ln this example, provides a more constant electrostatic
driving force that is less dependent on the actuator gap, especiailp@soachesp,
thus reducing asymptotic behavior. In the critically-stabilized case, the electrostatic force
and the gap are more strongly interdependent and hence both approach steady state
asymptotically.
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Figure 6-1. Simulated transient damping characteristics (step response) of electrostatic actuator
with extended travel. (a) Resistive damping. (b) Compressible squeeze film damping. (c) Over-
stabilized actuator with compressible squeeze film damping.

6.6 Folded Capacitor Design

Fabricating a device based on a straightforward implementation of the actuator

with series feedback capacitor as shown in Figure 6-1(a) would require a dielectric spacer

many times the thickness of the travel gap to maintain the pF(éﬁaatio. This device
G

cannot be realized in MUMPs. The desired configuration is Figure 6-1(d) where the
series capacitor is alongside the original actuator, not stacked underneath it. The series
capacitor is connected to the actuator by flexible tethers. Figure 6-1(b) and (c)
conceptualize the transformation of the initial three conductor stack (Figure 6-1(a)) into
the equivalent two layer design more suitable for surface micromachining. First, the
floating conductor/electrode is extended, as shown in Figure 6-1(b), so that the moving
elements and the series capacitor can eventually be placed side by side. The electric field
configuration is maintained because the floating electrode is an equipotential. Next, the
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Chapter 6 Electrostatic Actuator with Extended Travel

left-hand side is folded over the floating electrode creating the “folded capacitor”
configuration of Figure 6-1(c). By doing so, the original actuator is now alongside the
series capacitor thus requiring only two conductive layers instead of the original three
layer stack, while maintaining low parasitic capacitances. The actuated part must now be
put back on top to be free to move. To get to the final configuration, the electrical
connections are maintained while the mechanical elements on the left-hand side are
swapped. The electrostatic force configuration on the movable electrode in Figure 6-1(d)
is exactly the same as that in the initial design of Figure 6-1(a). No additional parasitics
were introduced, and this two-conductive-layer configuration can be translated directly
into a MUMPs design.

Floating Movable

Electrode Electrode Movable  Tethers pad
/ | g Centerpiece / j
O M O e \E] L

: o Lo> P "~ spacer T
/ SUbstmd

Fixed Spacer
Electrode

(a) (b) (©) (d)

Figure 6-1. Transformation of three-conductor stack into side-by-side configuration. (a) Original,
straightforward three-conductor stack. (b) Floating electrode is elongated to separate variable
capacitor from series capacitor. (c) The left-hand side is folded over to place the capacitors
side-by-side. (d) The movable portion is flipped back on top to get the final two-conductive-layer
configuration.

Profiles of two designs fabricated in MUMPs are shown in Figure 6-2(a) and (b).
The essential elements of the designs are labeled corresponding to Figure 6-1(d). The
profiles match the simple 1-D schematic of Figure 6-1(d) closely, with the main
difference being that the actual physical device has tethers on each side of the centerpiece
to help maintain balance and symmetry. The device consists of a nominally rigid
centerpiece fabricated in POLY1 suspended by tethers of either POLY1 or POLY2.
These designs are not much different from a conventional actuator shown in Figure 6-1,
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6.6: Folded Capacitor Design

except for the addition of dielectric spacers under the tether anchors. The gap between the

POLY1 centerpiece and POLYO pad was reduced with a dimple etch as shown in Figure

6-2(a) to increase, and hence relax the constraints on achieving the desired capacitance

ratio, —%. Small series capacitors;, are difficult to design in the MUMPs process
G

because the dielectrics are electrically thin.

Tethers Centerpiece Pad
(Floating)

Substrate Dielectric Spacer
(a)
Centerpiece
Tethers (Floating)

Pad

PSG Spacer\

Air Gap

Substrate

(b)

Figure 6-2. Cross sections of folded capacitor structures. (a) Structure using the nitride layer as
the dielectric spacer. Centerpiece and tethers are made from POLY1. (b) PSG forms the
dielectric spacer after a controlled HF etch. The tethers, made from POLY2, are shielded from
the substrate electrode by the centerpiece, thus reducing parasitics.
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Chapter 6 Electrostatic Actuator with Extended Travel

In the Figure 6-2(a) design, the series capacitor is formed by the POLYO pad
under the anchor and silicon substrate, sandwiching the nitride. The actuator capacitance,

C,, is between the POLY1 centerpiece and POLYO pad directly beneath it. The tethers

are formed in POLY1 and have parasitics associated with nonuniform deformation
similar to that described in Section 6.3.2. For the design of Figure 6-2(b), a controlled HF
etch of the sacrificial PSG creates dielectric spacers, which form the series capacitors and
electrically-isolate the tethers and centerpiece, leaving them floating. The actuator
capacitance is between the centerpiece and the silicon substrate. The POLY2 tethers are
shielded from the substrate by the POLY1 centerpiece thus reducing associated parasitics.

Top views and 3-D views of these two designs along with yet another design are
shown in the Zygo interferometric images of Figure 6-3. In all cases, the movable
centerpieces are large compared to the areas of the series capacitors due to the constraints
of the thin MUMPs dielectrics. The centerpieces range fronud#® 140um to 260um

x 260um. In Figure 6-3(a), the series capacitors at the anchors are very small, only 23-

um by 25um, because the nitride is electrically thin. The capacitance ra%fasfor

these devices range from 1.5 to 8.1. A ratio larger than 2 is required for full-gap travel.
The tethers are designed with flexures for maximum compliance to compensate for the
increase in actuation voltage due to the addition of the series capacitor. The flexures also
provide stress relief to prevent buckling. POLY2 rails are deposited on the POLY1
centerpieces to help maintain flathess during actuation that is essential to the proper
operation of these devices.

The structure in Figure 6-3(b) uses PSG as the dielectric spacer for the series
capacitors, and POLY2 as tethers. The series capacitors have larger area than those in
Figure 6-3(a) because the PSG is thicker than the nitride. This design requires careful
control of the PSG etch in HF. The undercut of PSG in HF is roughiyr3per minute.

Proper release of the 30n-wide beams studied in the previous chapters requires an etch
time of at least 1 minute, preferably 1.5 minutes. Thus the smallest PSG spacer that can
be fabricated is 6@um x 604um. Square POLY1 pads with edges of| 86 or 110um

were designed to form the series capacitors. The capacitances of these series capacitors

were computed assuming some mixture of air and PSG dielectrics under the POLY1 pads
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6.6: Folded Capacitor Design

resulting from an undercut of exactly @t (1 minute etch) or 46m (1.5 minute etch).

For example, the capacitance of a 140 x 110um series capacitor after a 1.5 minute

etch is
c = Epsch + EA (6-1)
Opsc Opsc
where
A =(110-2x45F pn??, (6-2)
A =110 um*- A, (6-3)

and g is the thickness of the PSG (geometrical, not electrical, thickness). The relative
permittivity of PSG is about 4. The capacitance ratios for this range of devices were
designed to be between 1.3 and 7.2.

In yet another effort to minimize the series capacitance, a structure with only a
single anchor was designed (Figure 6-3(c)). The movable element, still labeled the
centerpiece, surrounds a single series capacitor in the center. This essentially halves the
total series capacitance allowing greater feedback stability. The tethers are made from
POLY2. Such techniques and efforts to create the proper capacitance ratios would not be
necessary in an optimized process with the desired dielectric thicknesses. A thicker
dielectric layer would make smaller series capacitances easier to fabricate and, hence,
allow smaller centerpieces or larger anchors.

The performance of the design of Figure 6-3(b) was simulated in Abaqus (Figure
6-4) using beam elements for the tethers and shell elements for the centerpiece. The
POLY?2 stiffener frame was not modeled explicitly. The effects of capacitive feedback
could not be included in the Abaqus simulation because global solutions, necessary for
computing voltages on floating conductors, are not available in user-defined subroutines;
therefore, the results are of direct actuation of just the original conventional actuator. At a
deflection close to one-third of the initial gap ofid, the centerpiece was flat to within
0.02 um. This variation was further reduced when the simulated centerpiece thickness
was increased from @m to 3um to mimic the effect of a POLY2 stiffener frame. This

suggests that the desirable 1-D-like behavior can be achieved.
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Figure 6-3. Interferometric views of three folded-capacitor designs. The images on the left are top
views whereas the images on the right are 3-D views. Interferometry only provides the shape of
the top surface so the sacrificial gap and other underlying structures are not visible. (a) POLY1
is used for both the centerpiece and tethers. Nitride forms the spacer. (b) POLY2 forms the
tethers, which are shielded from the bottom electrode to minimize parasitics. PSG forms the
spacer. (c) Only one anchor/spacer is used in order to minimize the series capacitance. PSG
forms the spacer and POLY2 forms the tethers.
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140pm

Tethers

Figure 6-4. Abaqus quasi-3-D model of a POLY1 plate with POLY2 tethers. Plate remains quite
flat under electrostatic actuation.

6.7 Performance

The performance of several permutations of folded capacitor structures fabricated
in the MUMPs 29 run were analyzed under the Zygo interferometer. After a 1 minute HF
etch, most of the large centerpieces were still not released because the HF could not
undercut the PSG through the arrays @in3x 3 um etch holes. Thus, dies released in a
1.5 minute etch were used; but even then, some dies had unreleased parts. Measurements
of the device shown in Figure 6-3(a) are shown in Figure 6-1. The first curve actually
shows the performance of a conventional actuator. The measurement was made on
exactly the same structure except that the electrical probes bypassed the series capacitor.
One probe was positioned at the top center of an anchor/series capacitor, making sure that
the rest of the structure was not perturbed. The plot of the normalized displacement of
the centerpiece as a function of voltage shows that the actuator travels up until the
theoretical limit then collapses to the bottom. The measurements match theory because

the mechanical stiffness of the slender tethers is linear with displacement. The actuator
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Chapter 6 Electrostatic Actuator with Extended Travel

with the series capacitor can go beyond the theoretical limit, almost twice the
conventional range, before collapsing. The increase in actuation voltage confirms that the
fundamental principles of capacitive voltage division and negative feedback are

operational.

o
)
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©
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Figure 6-1. Measured displacement-voltage characteristic of a conventional actuator, and an
actuator with extended travel. Both measurements were made on the same device — the
measurements of a conventional actuator were obtained by bypassing the series capacitance
with the probes. Displacement shown is that of the center of the centerpiece.

Further analyses reveal that pull-in still occurs, even though the designed
capacitance ratio is sufficient, because tilting occurs. 1-D-like behavior should be
maintained at all times for proper operation but asymmetry in the device causes tilting to
occur as shown in Figure 6-2. As the centerpiece deflects beyond the conventional
theoretical limit, any asymmetries are amplified. When one side of the plate deflects
more than the other, the capacitance change due to this tilting is insufficient to adjust the
voltage of the plate to maintain stability. Electrostatic forces concentrate on that side of

the plate causing positive feedback, which snaps that side down. This tilting was
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observed on all the other folded capacitor designs at travel ranges close to that shown in

Figure 6-1.

Axis of Torsion

This Side Down

Figure 6-2. Surface profile of a folded capacitor device tilted at pull-in. A preferred axis of torsion
exists, spanning the two anchors.
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Figure 6-3. Rigid-body model of actuator with series capacitor. The torsional degree of freedom
is introduced to analyze effects of asymmetry between the right and left tethers.
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Chapter 6 Electrostatic Actuator with Extended Travel

6.8 Tilting

This phenomenon was analyzed in 2-D using rigid body simulations. The model

consists of a rigid centerpiece suspended by tethers at the ends as shown in Figure 6-3.
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Figure 6-1. Normalized displacement of the centerpiece as a function of applied voltage, showing
the range of travel that can be achieved. The displacement shown is the maximum
displacement, which is of the right-hand side of the centerpiece. The labels are the original-to-
series capacitance ratios. At close to a normalized deflection of 0.6, asymmetry causes the
devices to tilt and snap down. The ranges of travel do not seem to depend on the ratio of the
capacitances.

The equations of motion that describe the centerpiece are

2 2+
md Uzc = -k u, —kgug + WAXE,V Z 1 - (6-1)
t £ —u(x)]
X A [gO
for the vertical displacement of the center, and
d?e L L WaxeV? 2 x
I k.u, — 5 Kgug + ———— (6-2)

a2z~ 2

2.2 Jg,-uGf
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6.8: Tilting

for the rotation of the centerpiece. The centerpiece is discretized into small segments of
length Ax. Damping terms are added to help quasi-static simulations converge quickly.
For the centerpiecen is the masg, is the moment of inertidyV is the width, and. is the
length.k_ andkg are the stiffnesses of the left and right tethers, respectively. Asymmetry
is introduced by increasing the relative stiffness of the left tether. The stiffnesses of the
tethers are roughly those of 2Qf-long and 3Qim-wide polysilicon beams.

Thicknesses, stress and other properties used are nominal MUMPs parameters.
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Figure 6-2. Normalized displacement of centerpiece as a function of voltage for devices with
different degrees of asymmetry. The four labeled curves correspond to the cases where the
tether on the left-hand side is stiffer by 10, 1, 0.1 or 0.01%. The displacement shown is the
maximum displacement, which is of the right-hand side of the centerpiece. For asymmetries
resolvable by the simulation tolerance, the device tilts and pulls-in close to a normalized
displacement of 0.6. The capacitance ratio is 5 in all cases.

Figure 6-1 shows the quasi-static simulated displacement of an actuator with a

series capacitor, as a function of voltage, and parameterized by capacitanc%L ratio

With perfect symmetry, the actuator can travel the entire gap stably for any capacitance

ratio more than or equal to 2. With the introduction of a 0.1% asymmetry, the device tilts
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and pulls-in after deflecting close to 60% of the initial gap. This is very close to the
measured range of travel. The effect of the degree of asymmetry is investigated in Figure
6-2. 2 was fixed at 5. Here, all asymmetries that are resolvable within the tolerance of
G

the simulation cause tilting at about 60% of the initial gap. This range of travel does not
seem to depend on the ratio of the capacitances, or the degree of asymmetry (within the
tolerance of the simulation), potentially indicating a fundamental limit to the performance
of this technology. The profile of the centerpiece as the actuation voltage is increased is
shown in Figure 6-3. The left tether is 10% stiffer than the right tether causing the right
side to move down more than the left side. At about 43.54 V, the system becomes

unstable and the right side of the centerpiece tilts and pulls-in.

Normalized Displacement

1-0 1 (]
-L/2 -L/4 0 L/4 L/2
Position

Figure 6-3. Profile of centerpiece as the actuation voltage is increased. The left tether is 10%
stiffer than the right tether. Labels are of applied voltage. The last three profiles are essentially
at the same voltage, indicating a sharp descent due to tilting.

160



6.9: Summary

6.9 Summary

This chapter discussed the practical and realistic design requirements for an
actuator with an extended range of travel. The effects of parasitic capacitances from
layout and from nonuniform deformation were discussed. Residual charge causes voltage
drift, but can also be exploited to create a linear electrostatic actuator. Analyses of
dynamic performance show that over-stabilization can mitigate asymptotic slow down at
large deflections close to contact. Three “folded capacitor” designs that attempt to meet
these practical design challenges were fabricated. Extended travel, almost twice the
conventional range, was achieved but ultimately limited by tilting instabilities. These
were the first measurements of devices incorporating series capacitors. Simulation
analyses show that such tilting due to asymmetries might pose a fundamental limit to the
performance of this technology. Designs using long, slender beams instead of wide plates
might be more tilt resistant. An optimized fabrication process that provides good
electrical isolation of nodes will allow more design flexibility. Such designs can be
smaller than devices based on other extended-travel technologies, making them attractive

for applications that require high fill-factors such as micromirror arrays.

161






Chapter 7 Conclusions

7.1 Contributions

Computer simulators are powerful tools that can help in the design of
electromechanical devices, and aid in the understanding of material and device behavior.
A wide range of simulation models was used in this thesis, with the appropriate models
chosen to describe and characterize phenomena ranging from buckling to pull-in to
charging to tilting.

Chapter 2 presented contributions towards improving the accuracy and
applicability of 1-D models in simulating electrostatically actuated beams. The accuracy
of electrostatic fringing fields in 2-D models was augmented by including the effects of
finite beam thickness. Quasi-2-D simulations utilized time integrators to produce quasi-
static solutions instead of relying on slower relaxation methods. The 2-D mechanical
model in Abaqus was tailored to capture geometry and contact accurately. All 2-D
assumptions and approximations were validated to obtain a good simulation basis for the
characterization work in Chapters 4 and 5. Practical simulation know-how on issues such
as convergence and boundary conditions was also conveyed. The strengths and
weaknesses of the various simulation models, ranging from 1-D to 3-D, were compared

and contrasted.
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A comprehensive calibration methodology was introduced in Chapter 3.
Techniques to measure geometry and true thicknesses accounting for effects of overetch,
gold and stress in PSG were described. Important geometrical features that influence
device performance were pointed out. Gold was shown to influence the electrochemistry
of the HF release etch and, consequently, affect the thicknesses and stress states of
polysilicon structures. This effect is dependent on the area of gold relative to the rest of
the polysilicon structure and, hence, affects single devices differently than arrays. A
through-thickness stress profile was proposed to describe the observed behavior.
Variations with width and length, and other nonuniformities, especially among
cantilevers, were discussed to define a well-characterized scope for calibration.

A thorough analysis of the electrostatic pull-in behavior of beams was the subject
of Chapter 4. Post-buckled behavior, the effects of mechanical discontinuities, and three
step-up anchor designs were examined. The expansion of PSG was shown to cause
backfilled anchors to be highly stressed and beams to buckle downwards. Young’s
modulus and residual stress were extracted from measurements of both buckling
amplitude and pull-in voltages, leading to more confidence in the extracted parameters.
Three distinct types of pull-in behavior were highlighted. The simulation model
parameters along with measurements of dual-bias-electrode structures were proposed as
benchmark verification cases to evaluate coupled electromechanical simulators. The
chapter closed with a quantitative description of the influences of stress gradients,
substrate curvature and multi-layers. It was demonstrated that stress gradients do not
affect fixed-fixed beams appreciably, that buckling amplitude is affected by probe
pressure, and that the coverage of deposited films needs to be considered carefully.

Contact electromechanical phenomena were the issues addressed in Chapter 5.
Well-characterized beams were used as in-situ surface probes to monitor charge buildup
in the nitride, and apparent compressibility of the contact surface. Zygo profile
measurements and test structures that eliminate zipping confirm compressible surface
behavior. Electronic effects were investigated and subsequently discounted. However, a
discrepancy between simulations and measurements at high voltages suggest the presence
of additional series capacitance. Despite ambiguity in the mechanisms behind the
compressible contact surface behavior, their effects on capacitance-voltage measurements
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can be captured in simulations using a “softened” contact profile. Charge buildup over
time was shown to correspond to charge injection through direct tunneling into the
nitride. The observed drift in pull-in voltages implies that another mechanism for charge
accumulation exists, primarily at contact surfaces.

The practical design issues of an electrostatic actuator that can travel beyond the
trademark limitation of conventional actuators were presented in Chapter 6. Sources of
parasitics, from layout and from 2-D non-uniform deformation, were discussed along
with three “folded capacitor” designs that minimize their deleterious effects. The designs
are straightforward to implement in MUMPs. The effects of residual charge were
analyzed, and a linear electrostatic actuator proposed. Transient simulations showed that
over-stabilization improves actuation speeds at deflections close to contact. Extended
travel was achieved but ultimately limited by tilting instabilities. Simulations of
asymmetries suggest that tilting could fundamentally limit the performance of this

technology.

7.2 Suggestions for Future Work

The goal is always to progress towards the ultimate objective of characterizing a
full three-dimensional model valid over a wide range of dimensions and actuation
regimes. In practice, however, calibration work needs to be driven by real device
applications, with detailed work usually viable only for widely-used foundry processes
such as MUMPs. In this thesis, effects due to gold connections, width-wise variations,
and other nonuniformities were described but not thoroughly quantified. The influence of
gold and other noble metals on the electrochemistry of the HF release etch, and
subsequently on the properties of polysilicon, need further study. Cantilever-like
structures — comb drive fingers, for example — should also be examined further. These
devices are more susceptible to variations in material properties, especially stress
gradients and, hence, demonstrate more nonuniformities among ostensibly similar
devices. Cantilevers of different widths and lengths behave quite differently. Accurate
and general electrostatic models in 2-D and 3-D are always desirable due to the high cost
of solving electrostatics problems in 3-D. Accurate models for the tip of a cantilever will

allow accurate characterization of electrostatically actuated cantilever beams. The use of
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well-characterized structures as in-situ probes can be extended to investigate other
surface phenomena such as adhesion and friction. Careful control and monitoring of
surfaces is needed to improve the repeatability of contact surface measurements.
Installing an LCR meter near the Zygo surface profiler will allow some direct
corroboration between optical and capacitance measurements. Finally, the electrostatic
actuator with extended travel can be redesigned with better symmetry to avoid tilting.
More analyses are required to uncover why tilting always occurs at around the same
point. The design should be ported over to fabrication processes, such as SOI processes,
that allow for high impedance nodes, potentially enabling the fabrication of a linear

electrostatic actuator.

7.3 Take Home Message

As stated at the beginning of this thesis, the foundation of this work is the belief
that accurate computer simulations in conjunction with careful physical measurements is
one of the best ways to understand device behavior and physical properties. Only with
good confidence in the accuracy of the simulations could subtle phenomena such as
surface compressibility be uncovered. Sources of error in models must be identified and
avoided to understand what is really being examined. Simulation just for simulation’s
sake, without careful calibration, has limited use. The characterization of fabrication
processes is very important but will always remain incomplete due to the expansive range
of processes, physical domains, and applications. Nevertheless, consistency among
device behavior, test structure measurements, and computer simulations must be the goal.
Only then will computer simulation tools gain credibility and contribute towards the
growth of the field of sensors, actuators, transducers, microsystems and MEMS. The
continued miniaturization and multiplicity of micromachined devices will greatly
improve the interactivity and performance of computers and other appliances of the

future.
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Appendix A Matlab Quasi-2-D Scripts

These are the Matlab scripts to simulate the behavior of an electrostatically
actuated beam. They run on Matlab version 5.0 and higher. Comments are sprinkled
liberally throughout the script. “quasi2d.m” is the main program and requires an
additional function file “quasi2d_outfun.m” to produce text and graphics output during

the simulation.

quasi2d.m
function [outl,out2,0ut3] = quasi2d(t,temp,flag,p1,p2)

% quasi2d.m

%

% Solve the distributed ODE describing beam actuation
% using the Matlab ODE integrators

%

% Only solve for one-half of beam

% Assume dw/dx = d2w/dx2 = 0 at center

%

% Equation is:

%

% Fbend + Fstress + Fstretch + Felec - Fvisc =m a

%

% Finite-difference approximation

%

% State vector is [wdot w] where wdot and w are vectors
% usage:>>[t,w]=0de23s('quasi2d',[0 200])

% all units are MKS
format long g

format compact
global vpi Ic we yy ss thth gap0 gapl N g0 width disc e fraction
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Ic=400*1e-6; %length of beam

wc=30e-6; %width of beam

yy=140e9; %Young's modulus

ss=-6.16e6; %residual stress

thth=2.0e-6; %thickness of beam
gap0=1.0e-6; %gap between beam and nitride
gap1=0.5e-6; %thickness of nitride

t0=0; tstep=1; tf=1000; % time range

% Constants

e=8.854e-12; %free space constant

k=1; %effective dielectric constant of nitride

N=100; %number of discretization points

disc=lc./(2*N+1); % finite-difference discretization size of beam

% Distributed parameters

pts=ones(1,N+4); %include boundaries

nu=0.23.*pts; %Poisson's ratio

y=yy./(1-0*nu."2).*pts; %plane strain Elasticity (E/(1-nu”2)) of beam
sigma=ss.*pts; %residual stress

g0=(gap0+gapl/k).*pts; %effective electrical gap
th=thth.*pts; %Thickness of beam
width=wc.*pts; %Width of beam

m=th*2330; %mass
i=(th.~3)/12; %moment of inertia per unit width

if nargin < 3 | isempty(flag)
% Return "dy/dt = F(t,y)"

% expand to include 4 boundary condition points

w=temp(N+1:2*N);

w=[w(1) 0 w' w(N) w(N-1)]; %ideal clamped + symmetry

%ow=[w(1) O w' 0 w(N)]; %ideal clamped-clamped BC

%w=[1*w(1) 0 w' 0 1*w(N)]; %compliant clamped-clamped BC (?)
%w=[1*w(1) 0 w' 2*w(N)-w(N-1) 4*w(N)-4*w(N-1)+w(N-2)]; %cantilever BC (?)

n=1.8e-5.*(width.”2)./((gap0-w+0.1e-6)."3);%squeeze film damping coefficient
%n=2000;

dwdx=(w-[w(3:N+4) w(N) w(N-1)])./(2*disc); %central differencing
dwdx=[-dwdx(2) dwdx(1:N+3)];

%compute elongation

strain=sum (0.5 .* dwdx(3:N+2).”2 .* disc) .* ones(1,N+4);
nstr=strain./sum(disc./(y(3:N+2).*width(3:N+2).*th(3:N+2)));
nres=sigma.*width.*th;

%force due to stress and stretching Fn = d/dx (N dw/dx)
Fn = (nres+nstr) .* dwdx;

Fn = (Fn-[Fn(3:N+4) Fn(N) Fn(N-1)])./(2*disc);

Fn = [0 Fn(1:N+3)];

%force due to bending Fb = d2/dx2 (E | d2w/dx2)
aaa=diff(w,2)./(disc"2);

d2wdx2 = [aaa(2) aaa aaa(N+1)];

Fb = - [0 diff(y .* i .* width .* d2wdx2,2)./(disc"2) 0];

% voltage source
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v=1*; %steady-state ramp
%v=30; %step
%v=14*sin(2*pi*10000*t); Y%sinusoidal

tempdot = 1 ./ (m .* width) .* ( ...

+Fb ...

+Fn ..

+ e.*v.A2.* width .* (1.006 + 0.95 .* (g0-w)./width)./(2 * (g0-w)."2) ...
- n.* width .*[0 0 temp(1:N)' 0 0] ...
)i

wdot(1:N)=tempdot(3:3+N-1); %acceleration
wdot(N+1:2*N)=temp(1:N); %velocity

outl = wdot’;

else
switch(flag)
case 'init' % Return default [tspan,y0,options].
%  outl = [tO:tstep:tf];
outl = [tO tf];
out2 = zeros(1,2*N);
out3 = odeset('reltol',1e-3,'abstol',[1e-4*ones(1,N) 1e-8*ones(1,N)]....
‘outputfcn’,'quasi2d_outfun','jpattern’,'on’,'refine’,1);

case 'jacobian’ % Return matrix J(t,y) = dF/dy.
outl =[];
case 'jpattern’ % Return sparsity pattern matrix S.

% Generate sparse matrix

%  spas=zeros(2*N,2*N);
spas(1:N,N+1:2*N) = spdiags(ones(N,N),-2:2,N,N);
spas(N+1:2*N,1:N) = spdiags(ones(N,1),0,N,N);
spas(1:N,1:N) = spdiags(ones(N,1),0,N,N);
%spy(spas); Yoview Jacobian matrix sparsity
outl = spas;

case 'events' % Return event vector and information.
outl =[];
out2 = [J;
out3 =[J;

otherwise
error([Unknown flag " flag "™.");
end
end
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quasi2d_outfun.m

function status = outfun(t,w,flag)

% quasi2d_outfun.m

%

% Output function for ODE solver
global gap0 gapl N width disc e wd g0
if nargin < 3 | isempty(flag)

I=length(t);

%plot only the latest time and position
time=t(l)

w=w(,l);
max_defl=max(w(N+1:2*N))
max_vel=max(w(1:N));

min_vel=min(w(1:N));

status = 0;

if min((g0-max_defl)./g0)<0.05, status=1, end; %termination criterion for sim.

plot([1:N]*disc,g0(3:N+2)"-w(N+1:2*N),'0-");

axis([0 (N)*disc -0.1*(gapO+gapl) 1.2*(gapO+gapl)]); hold off;

title('Gap vs Position’)

%plot(t,max(w");
drawnow;
%(disp(‘press key');pause

else
switch(flag)
case 'init' % outfun(tspan,wO,'init’)

clc;clf
disp(initialize");

case 'done’ % outfun([],[],'done’)
disp(‘done");
fprintf(\n\n");

end
end
return;
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This is the Abaqus input deck for the dual-bias-electrode structure described in
Section 4.8. Comments are included in the deck. This file works under Abaqus 5.6 and

5.7-1.

*heading

beam loaded with electrostatic force
refined mesh
*node

xekkxkikxkk define all nodes
*** phottom level
1000, -25, 0.00
1016, -1.60, 0.00
1020, -1.0, 0.00
1024, 0, 0.00
1034, 9.0, 0.00
1036, 10.0, 0.00
1076, 135.0, 0.00
1078, 136.0, 0.00
1088, 145, 0.00
1090, 145.75, 0.00
1130, 174.25, 0.00
1132, 175, 0.00
1142, 184.0, 0.00
1144, 185.0, 0.00
1184, 340.0, 0.00
1186, 341.0, 0.00
1196, 350, 0.00
1200, 351.0, 0.00
1204, 351.60, 0.00
1220, 375, 0.00
*** dimple level
3000, -25, 1.12
3016, -1.60, 1.12
3020, -1.0,1.12
3024,0.3,1.12
3034,9.0,1.12
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3036, 10.0, 1.12
3076, 135.0, 1.12
3078, 136.0, 1.12
3088, 145, 1.12
3090, 145.75, 1.12
3130, 174.25, 1.12
3132, 175,1.12
3142,184.0, 1.12
3144, 185.0, 1.12
3184, 340.0, 1.12
3186, 341.0, 1.12
3196, 349.7, 1.12
3200, 351.0, 1.12
3204, 351.60, 1.12
3220, 375, 1.12
*** gap level

4000, -25, 1.79
4016, -1.64, 1.79
4020, -1.0, 1.79
4024, 0.5, 1.79
4034, 9.0, 1.79
4036, 10.0, 1.79
4076, 135.0, 1.79
4078, 136.0, 1.79
4088, 144.8, 1.79
4090, 145.75, 1.79
4130, 174.25, 1.79
4132, 175.2,1.79
4142, 184.0, 1.79
4144, 185.0, 1.79
4184, 340.0, 1.79
4186, 341.0, 1.79
4196, 349.5, 1.79
4200, 351.0, 1.79
4204, 351.64, 1.79
4220, 375, 1.79
*** gap + polyO level
5000, -25, 2.32
5016, -1.60, 2.32
5020, -0.7, 2.32
5024, 0.5, 2.32
5034, 9.0, 2.32
5036, 10.0, 2.32
5076, 135.0, 2.32
5078, 136.0, 2.32
5088, 145, 2.32
5090, 145.75, 2.32
5130, 174.25, 2.32
5132, 175, 2.32
5142, 184.0, 2.32
5144, 185.0, 2.32
5184, 340.0, 2.32
5186, 341.0, 2.32
5196, 349.5, 2.32
5200, 350.7, 2.32
5204, 351.60, 2.32
5220, 375, 2.32
*** gap + polyl - dimple level
6000, -25, 3.09
6016, -1.60, 3.09
6020, -0.7, 3.09
6024, 0.5, 3.09
6034, 9.0, 3.09
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6036, 10.0, 3.09
6076, 135.0, 3.09
6078, 136.0, 3.09
6088, 145, 3.09
6090, 145.75, 3.09
6130, 174.25, 3.09
6132, 175, 3.09
6142, 184.0, 3.09
6144, 185.0, 3.09
6184, 340.0, 3.09
6186, 341.0, 3.09
6196, 349.5, 3.09
6200, 350.7, 3.09
6204, 351.60, 3.09
6220, 375, 3.09
*** gap + polyl level
7000, -25, 3.76
7016, -1.60, 3.72
7020, -0.3, 3.72
7024, 0.5, 3.76
7034, 8.5, 3.76
7036, 9.5, 3.76
7076, 135.5, 3.76
7078, 136.5, 3.76
7088, 145, 3.76
7090, 145.75, 3.76
7130, 174.25, 3.76
7132, 175, 3.76
7142, 183.5, 3.76
7144, 184.5, 3.76
7184, 340.5, 3.76
7186, 341.5, 3.76
7196, 349.5, 3.76
7200, 350.3, 3.72
7204, 351.60, 3.72
7220, 375, 3.76

*** gap + polyO + polyl level

8000, -25, 4.29
8016, -1.60, 4.29
8020, -0.3, 4.29
8024, 0.5, 4.29
8034, 8.5, 4.29
8036, 9.5, 4.29
8076, 135.5, 4.29
8078, 136.5, 4.29
8088, 145, 4.29
8090, 145.75, 4.29
8130, 174.25, 4.29
8132, 175, 4.29
8142, 1835, 4.29
8144, 184.5, 4.29
8184, 340.5, 4.29
8186, 341.5, 4.29
8196, 3495, 4.29
8200, 350.3, 4.29
8204, 351.60, 4.29
8220, 375, 4.29

*

*** define node sets at each level

*ngen, nset=I1
1000,1016,1
1016,1020,1
1020,1024,1
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1024,1034,1
1034,1036,1
1036,1076,1
1076,1078,1
1078,1088,1
1088,1090,1
1090,1130,1
1130,1132,1
1132,1142,1
1142,1144,1
1144,1184,1
1184,1186,1
1186,1196,1
1196,1200,1
1200,1204,1
1204,1220,1
*ngen, nset=I3
3000,3016,1
3016,3020,1
3020,3024,1
3024,3034,1
3034,3036,1
3036,3076,1
3076,3078,1
3078,3088,1
3088,3090,1
3090,3130,1
3130,3132,1
3132,3142,1
3142,3144,1
3144,3184,1
3184,3186,1
3186,3196,1
3196,3200,1
3200,3204,1
3204,3220,1
*ngen, nset=l4
4000,4016,1
4016,4020,1
4020,4024,1
4024,4034,1
4034,4036,1
4036,4076,1
4076,4078,1
4078,4088,1
4088,4090,1
4090,4130,1
4130,4132,1
4132,4142,1
4142,4144,1
4144,4184,1
4184,4186,1
4186,4196,1
4196,4200,1
4200,4204,1
4204,4220,1
*ngen, nset=15
5000,5016,1
5016,5020,1
5020,5024,1
5024,5034,1
5034,5036,1
5036,5076,1
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5076,5078,1
5078,5088,1
5088,5090,1
5090,5130,1
5130,5132,1
5132,5142,1
5142,5144,1
5144,5184,1
5184,5186,1
5186,5196,1
5196,5200,1
5200,5204,1
5204,5220,1
*ngen, nset=16
6000,6016,1
6016,6020,1
6020,6024,1
6024,6034,1
6034,6036,1
6036,6076,1
6076,6078,1
6078,6088,1
6088,6090,1
6090,6130,1
6130,6132,1
6132,6142,1
6142,6144,1
6144,6184,1
6184,6186,1
6186,6196,1
6196,6200,1
6200,6204,1
6204,6220,1
*ngen, nset=I7
7000,7016,1
7016,7020,1
7020,7024,1
7024,7034,1
7034,7036,1
7036,7076,1
7076,7078,1
7078,7088,1
7088,7090,1
7090,7130,1
7130,7132,1
7132,7142,1
7142,7144,1
7144,7184,1
7184,7186,1
7186,7196,1
7196,7200,1
7200,7204,1
7204,7220,1
*ngen, nset=I8
8000,8016,1
8016,8020,1
8020,8024,1
8024,8034,1
8034,8036,1
8036,8076,1
8076,8078,1
8078,8088,1
8088,8090,1
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8090,8130,1
8130,8132,1
8132,8142,1
8142,8144,1
8144,8184,1
8184,8186,1
8186,8196,1
8196,8200,1
8200,8204,1
8204,8220,1

* * * * *

*** fill in the nodes

*nfill, nset=beam

11, 13, 4, 500

13,14, 2, 500

14,15, 2, 500

15, 16, 2, 500

16,17, 2, 500

17,18, 2, 500

*** create elements

*** alement numbers correspond to lower left node numbers

*** prick elements first

*element, type=cpe8r, elset=beam
1000,1000,1002,2002,2000,1001,1502,2001,1500

*elgen,elset=el

1000,12,2,2

*elcopy,element shift=1000, old set=e1, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e1l, shift nodes=2000, new set=beam
*kkkk

*element, type=cps8r, elset=beam
4020,4020,4022,5022,5020,4021,4522,5021,4520

*elgen,elset=e2

4020,7,2,2

*elcopy,element shift=1000, old set=e2, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e2, shift nodes=2000, new set=beam
*kkkk

*element, type=cps8r, elset=beam
5036,5036,5038,6038,6036,5037,5538,6037,5536

*elgen,elset=e3

5036,20,2,2

*elcopy,element shift=1000, old set=e3, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e3, shift nodes=2000, new set=beam
*kkkk

*element, type=cps8r, elset=beam
4078,4078,4080,5080,5078,4079,4580,5079,4578

*elgen,elset=e4

4078,5,2,2

*elcopy,element shift=1000, old set=e4, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e4, shift nodes=2000, new set=beam
*kkkk

*element, type=cps8r, elset=beam
3088,3088,3090,4090,4088,3089,3590,4089,3588

*elgen,elset=e5

3088,22,2,2

*elcopy,element shift=1000, old set=e5, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e5, shift nodes=2000, new set=beam
*kkkk

*element, type=cps8r, elset=beam
4132,4132,4134,5134,5132,4133,4634,5133,4632

*elgen,elset=e6

4132,5,2,2

*elcopy,element shift=1000, old set=e6, shift nodes=1000, new set=beam
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*elcopy,element shift=2000, old set=e6, shift nodes=2000, new set=beam

*kkkk

*element, type=cps8r, elset=beam
5144,5144,5146,6146,6144,5145,5646,6145,5644
*elgen,elset=e7

5144,20,2,2

*elcopy,element shift=1000, old set=e7, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e7, shift nodes=2000, new set=beam

K*kkkk

*element, type=cps8r, elset=beam
4186,4186,4188,5188,5186,4187,4688,5187,4686
*elgen,elset=e8

4186,7,2,2

*elcopy,element shift=1000, old set=e8, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e8, shift nodes=2000, new set=beam

K*kkkk

*element, type=cpe8r, elset=beam
1196,1196,1198,2198,2196,1197,1698,2197,1696
*elgen,elset=e9

1196,12,2,2

*elcopy,element shift=1000, old set=e9, shift nodes=1000, new set=beam
*elcopy,element shift=2000, old set=e9, shift nodes=2000, new set=beam

*rrexxexx odds and ends (connectors)
*element,type=cps6,elset=beam
5016,5016,5018,6018,5017,5518,5517
5018,5018,5020,6020,5019,5520,5519
6018,6018,6020,7020,6019,6520,6519
4034,4034,5036,5034,4535,5035,4534
7034,7034,7036,8036,7035,7536,7535
4076,5076,4078,5078,4577,4578,5077
7076,7076,7078,8076,7077,7577,7576
6088,6088,6090,7088,6089,6589,6588
6130,6130,6132,7132,6131,6632,6631
4142,4142,5144,5142,4643,5143,4642
7142,7142,7144,8144,7143,7644,7643
7184,7184,7186,8184,7185,7685,7684
4184,5184,4186,5186,4685,4686,5185
6200,6200,6202,7200,6201,6701,6700
5202,5202,5204,6202,5203,5703,5702
*element,type=cps8r,elset=beam
4016,4016,4018,5018,5016,4017,4518,5017,4516
4018,4018,4020,5020,5018,4019,4520,5019,4518
5018,5018,5020,6020,6018,5019,5520,6019,5518
5034,5034,5036,6036,6034,5035,5536,6035,5534
6034,6034,6036,7036,7034,6035,6536,7035,6534
5076,5076,5078,6078,6076,5077,5578,6077,5576
6076,6076,6078,7078,7076,6077,6578,7077,6576
6142,6142,6144,7144,7142,6143,6644,7143,6642
5142,5142,5144,6144,6142,5143,5644,6143,5642
5184,5184,5186,6186,6184,5185,5686,6185,5684
6184,6184,6186,7186,7184,6185,6686,7185,6684
5200,5200,5202,6202,6200,5201,5702,6201,5700
4200,4200,4202,5202,5200,4201,4702,5201,4700
4202,4202,4204,5204,5202,4203,4704,5203,4702

*elset,elset=beam
beam,el,e2,e3,e4,e5,e6,e7,e8,e9
*elset,elset=center,generate
3088,3132,2
*elset,elset=elecl,generate
5036,5074,2
*elset,elset=elec2,generate
5144,5182,2
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*solid section, elset=beam, material=poly
30

*material, name=poly

*elastic, type=isotropic

**xx noly properties

140e9, 0.23

*expansion

3.45e-05

* * * *

*rxxexk interface / gap element method
*element,type=inter2,elset=gaps
1036,1036,1037,5036,5037
1078,1078,1079,4078,4079
1088,1088,1089,3088,3089
1133,1133,1134,4133,4134
1145,1145,1146,5145,5146
*elgen,elset=gaps
1036,20,2,1
1078,5,2,1
1088,23,2,1
1133,5,2,1
1145,20,2,1
*interface,elset=gaps
**xx interface properties
30
*surface behavior, no separation
**surface behavior, softened, tabular
**0, -0.020
**].2e5, -0.015
**2 5e5, -0.010
**4 5e5, -0.002
**13e5, +0.005
**20e5, +0.007
**50e5, +0.009
**+* anchor node for contact surface
**node
**40000, 0,0
*ekkkk contact surface method
**rigid surface, type=segments, name=bsurf, ref node=40000
**start, 0, 0
**line, 300, 0
**surface definition, name=asurf
**center
**contact pair, small sliding, interaction=simple
**asurf,bsurf
**surface interaction,name=simple
*nset,nset=bottom,generate
1000,1220,1
*nset,nset=monitor
3088,3110,3132
*boundary
bottom,encastre
*restart,write,frequency=1
*preprint, echo=no, model=yes, history=no, contact=no
*nset,nset=beam,elset=beam
*rrx glectrostatic pressure routine
**xx forces are per unit length
*user subroutines
subroutine dload (f,kstep,kinc,time,noel,npt,layer,kspt,
1 coords,jlityp)
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c
include 'aba_param.inc'
c
dimension time(2), coords(3)
c

voltage=time(2)
c voltage steps
if (voltage .gt. 100 ) then
voltage =200 - voltage
end if
if (coords(1) .It. 160) then
voltage = time(2) * 20
if (voltage .gt. 38) then
voltage= 38
end if
end if
c take TOTAL time; go back down after v=maxvolt
gap=coords(2)-0.53
¢ make sure electrostatic force does not go to infinity
if (gap .It. 0.1) then
gap=0.1
end if
¢ must multiply by width of beam if using beam elements
¢ force computation
f=-8.854e-12*(voltage)**2/(2*(gap*1e-6)**2)
1 *1*(1.006+0.95*gap/30)
return
end
*step,nlgeom,inc=50
allow initial stress state due to temperature
*static,direct
.0001,0.001
*controls, parameters=time incrementation
30,30,20,30,20,20,200
*temperature
beam,1
*monitor,node=3110,dof=2
*el print, frequency=0, totals=yes, elset=beam
s11
*node print, nset=monitor, frequency=10
u
*end step
*step,inc=500
ramp up
*static,direct
**xx yoltage ramp
2,20
*controls, parameters=time incrementation
60,60,20,60,20,20,200
*dload
elecl,plnu,1
elec2,plnu,1
**print,residual=no
*el print, frequency=0
*node print, nset=monitor
u
*restart,write,frequency=1
*end step

*step,inc=500
ramp up
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*static,direct

*++k yoltage ramp

0.1,2

*controls, parameters=time incrementation
60,60,20,60,20,20,200
*dload

elecl,plnu,1
elec2,plnu,1
**print,residual=no

*el print, frequency=0
*node print, nset=monitor
u
*restart,write,frequency=1
*end step
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Run

Date
Received

Release

Structures and Devices

19

8/1997

2.5 min
HF

30-pm-wide beams with enclosed anchors

Various switch geometries — centerpiece geometry,
tether flexures, etch-hole patterns

POLYO0-POLY1-POLY2 sandwich structures

POLY?2 designs

All single devices have gold connections

22

2/1998

2.5 min
HF

Arrays (10 beams each) of fixed-fixed beams and
cantilevers of various lengths and widths

Single beams placed next to arrays

Pull-in structures with various interesting
geometries

Ladder of beams of different lengths, with single
actuation electrode

All with gold connections

25

8/1998

2.5 min
HF +
CO,

drying

Arrays of beams of different lengths with 3 different
step-ups — no enclosure lip, backfilled anchor,
with enclosure lip

Pitch, width, and orientation variations

Square spirals

Tilting and laterally actuated electrostatic devices

Thickness measurement structures

Arrays have no gold connections; individual beams
do

Bondwire pads around die

26

10/1998

5 min
HF +

Arrays of beams widely-spaced apart
Arrays to examine effect of pitch
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CO, POLY1 beams over POLYO (no gold connections)
drying | POLY1 beams with dimples
Most devices with gold connections
Untethered test structures
Thickness measurement structures

27 12/1998 | 2.5 min | Extended array of fixed-fixed beams with no-

HF + enclosure and backfilled step-up anchors
CO; Arrays of beams over POLYO0, and beams with
drying dimples

Effect of pitch and gold connections
Buckling structures with varied geometries
Dual-bias-electrode structures

Folded capacitor structures

Thickness measurement structures

29 4/1999 1,15 | Arrays of fixed-fixed beams, beams over POLYO

min HF and beams with dimples, all with no-enclosure

+ CO» step-ups

drying | Center-tethered test structures

Several folded capacitor designs, including those
with POLY2 tethers

POLY1-POLY2 “linear” actuator

Dual-bias-electrode structures

Thickness measurement structures

Release-etch measurement structures
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MUMPs 29 Die Layout
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