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CHAPTER 1

INTRODUCTION

The foundation of Micro-Elec o-Mechanical Systems (MEMS) technology dates back at

least to the early 1960s [1]. The field has given rise to many important applications,

particularly in inertial and pressure sensing. It is believed that the next innovative

implementation of MEMS technology will include applications in the optical signal

processing and computing field [2] where MEMS based micro optic devices inherently

offer s all s ze, high density, high speed, low power consumption and high reliability.

This emerging optical MEMS technology favors the electrostatic actuation mechanism,

based in part on the fact that the elastic properties of MEMS structural materials and the

electric field of the free space gap scale differently with decreasing device dimensions. It

is found that micron-sized gaps, which are frequently used in microactuator systems, can

generate electric fields higher than 10 6(V ) by application of only several volts bias

voltage. In Table 1.1, a comparison of different microactuation schemes is given to

support the MEMS community's current preference to use electrostatic actuation over

other mechanisms. In part, because of its better compatibility with existing IC

technology, as indicated in Table 1.1, electrostatic actuators are expected to become one

of the most common micro-mechanical components in developing complex optics-

oriented micro-systems.

Electrostatic actuator based micro mirrors are usually referred to as those

microscopic optical mirrors that display mechanical motion through a capacitor system in

response to an external bias voltage or current source. Generally, the principle of

operation in these systems can be described as: an electrostatic attractive force causes a
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mechanical rotation, translation or deformation of a mirror plate, controlling the power,

phase or direction of a light beam while it propagates through some medium or through

free space. "There is plenty of room at the bottom" [3]. As for optical MEMS (OMEMS)

devices, if the light wavelength that is being modulated or steered is much smaller than

the physical size of the micro mirror, the micro lever mirror displacement, as can be

actuated by electrostatic forces, will be sufficient for light modulation and steering

purposes. OMEMS are becoming important building blocks for the innovations of optical

signal processing and computing systems. For example, electrostatic actuator based

OMEMS switching fabric is a critical sub system in the all-optical network that is

currently being considered for dynamic traffic control of DWDM wavelengths [4]. Other

typical devices currently under research and development (R&D) are tunable optical

attenuators [5], optical filters [6], spatial light modulators [7], light valves [8],

interferometers and spectrometers [9] and micro displays [10], to name a few. R&D

efforts are currently being widely undertaken, both in academia and industry, and the fast

paced competitive atmosphere demands 1) a simple methodology for the design of the

electrostatically driven mirror systems [11], 2) a much larger, stable range of micromirror

operation before the so-called pull in instability occurs [12], and 3) a fast prototyping

method for the realization of proof of concept devices to demonstrate mirror designs.

Table 1.1 Comparison of typical microactuation mechanisms for optical MEMS
research and development
Actuation Mechanism Power 	 Force

consumption density
Switching
rate

Electronics
source

Standard IC
compatibility

Electromagnetic
Electrostatic

Low 	 Vledium
Low 	 Medium

ms-ms
ms-vs

High current
High voltage

Poor
Good

Thermal High 	 -ugh <ms Medium voltage Normal
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In general, the quasi-static modeling of an electrostatic actuator system demands

self-consistent computing in the coupled electrostatic and mechanical elastic energy

domains. Quasi-static characteristics can be obtained by finite element method (FEM)

[13-17], but the complex solid building and meshing processes require expert know-how,

and the final time-consuming computation demands enhanced hardware sources.

Furthermore, the FEM treatment is deficient in identifying dynamic properties, which are,

at present, alternatively treated by macromodeling the actuators using system level circuit

simulators [18,19]. In comparison to FEM methods, analytical approaches are efficient

for simple systems such as vertical piston-only and pure torsion actuators [20], but

because it has been traditionally implemented by balancing electrostatics force with

elastic restoring forces, it has been difficult to apply to complex actuator systems where

expressions for the force equations are not straightforward. Examples of such complex

systems include actuators with shaped electrodes, systems with built-in strain stiffening

and systems where the effects of fringing fields cannot be ignored. This force-balancing

approach is also awkward when applied to systems where both torsion and bending are

important. Also, is the approach is challenging when applied to systems with more than

one degree of freedom (DOF). For these reasons, the focus of the dissertation is on

applying capacitance-based theory for analytical modeling, avoiding the difficulties of

the force-balanced approach. The quasi-static properties of a wide range of simple and

complex systems are treated using capacitance-based equations, and the effectiveness of

the approach is verified using both software-based FEA simulations and, in some cases,

comparison with measured data using microfabricated structures.
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Figure 1.1 An ideal one-dimensional parallel-plate electrostatic actuator with linear
restoring force and graph showing actuator defection versus voltage [21].

One important quasi-static property of electrostatic actuators is the pull in

phenomenon. Due to the nonlinear electrostatic force, the electrostatic actuation

intrinsically exhibits a pull in phenomenon in which the elastic restoring force cannot

balance the electrostatic force, causing the movable electrode plate to collapse down into

the well to make mechanical contact with the substrate or counter electrode. Fig. 1.1

illustrates the mechanism of the pull in event by using a simple parallel plate actuator.

The range of motion for analog tuning is limited by this instability. "Leveraged bending"

and "strain stiffening" approaches have been introduced to extend the stable travel range

[21]. These methods are applied in the mechanical domain. In this thesis, two new travel

range methods are introduced, which are applied directly in the electrostatic domain.

Many alternative micro mirror device concepts are being considered for optical

applications [22, 23], making it necessary rapidly fabricate prototypes in order to quickly

verify these concepts. Bulk micromachining is desirable since it allows for the creation of

optically flat surfaces and the application of multiple stress isolation techniques. Single

crystal silicon substrates are desirable for any reasons related to the properties of silicon

including:

4
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1	 High ratio of modulus over volume density

2. Low defect density and high fracture strength

3. Good transparency at IR wavelengths

4. Standard CMOS compatibility

5. Optical coating compatibility

As can be seen in Fig. 1.2, which plots the dependence of light transmittance

versus light wavelength, for light wave manipulation at IR wavelengths, the lightly doped

silicon substrate is a good candidate as a transmission medium. Through the

implementation of commercially available ultra thin silicon wafers, the actuation voltage

of the bulk micromachined devices can be decreased to an acceptable level while, at the

same time, maintaining high enough switching speed. Deep reactive ion etching (DRIE)

enables the high aspect ratio vertical micromachining. At the same time, this method

leaves the optical surface of interest untouched by, for example, the wet etching

chemicals used in alternative approaches that are believed to roughen the mirror, and

hence deteriorate optical performance [24].

The above three topics have been studied at the Microelectronics Research Center

(MRC), at New Jersey Institute of Technology (NJIT), in the efforts to develop wafer-

bonded micro-mirror technology for device applications involving the modulation and

steering of IR light. This dissertation addresses these topics by 1) presenting a general

electrostatic microactuator design theory and methodology, 2) elaborating new

electrostatic travel range extension methods, and 3) investigating fast prototyping of

micro-mirror devices using ultra thin silicon wafer bonding and deep reactive etching

technologies.
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Figure 1.2 Light transmittance versus wavelength.

In this dissertation, the design methodology of mirror devices is discussed in

detail in Chapter 2. It includes:

(1) Introduction (section 2.1) --- A Theory for Quasi-static Descriptions of

Electrostatic Micro Actuators (section 2.1.1), Quasi-static Design Methodology and

Actuator Classification (section 2.1.2), and Pull in studies of non-deformable torsion

actuator systems (sections 2.1.3);

(2) Electrostatic methods of the travel range extension (section 2.2) --- series

capacitor method (section 2.2.1), charge injection method (section 2.2.2) and their

simulations (section 2.2.3 and section 2.2.4)

(3) Pull in analysis of a complicated actuator system (section 2.3) --- torsion

actuators with shaped electrodes (section 2.3.2), the effect of strain stiffening on system

pull in (section 2.3.3) and the effect of fringe field capacitance (section 2.3.4).

In Chapter 3, three state-of-the-art application systems are investigated: variable

optical attenuators (VOA), high angular torsion mirrors for the optical cross connect
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fabric (OXC), and an electrostatic tunable IR wavelength selector are designed using the

methodology. Finite element analysis simulation is used to verify mirror designs. Ultra

thin silicon wafer bonding technology, combined with the deep reactive etching (DRIE)

process, is employed for fast prototyping of the electrostatic micro mirrors.

Finally, as a demonstration that the actuator design approach developed in this

thesis can be applied to systems other than micromirrors, the approach is used to design

an innovative true mass flow sensor using an electrostatic resonant beam as the sensing

element. (sections 3.5.1-3.5.3).



CHAPTER 2

DESIGN METHODOLOGY

2.1 Introduction

In this section general capacitance-based differential equations are developed to describe

the quasi-static behavior of an arbitrary electrostatic micro actuator system. The

displacement and voltage parameters are then normalized with respect to their pull in

values, yielding a general, unitless structural equation that valid for a wide variety of

electrostatic actuators. Using this theory, a straightforward design approach is developed,

and is used to model a range of simple and complex actuators to determine specified pull

in solutions and actuation curves.

2.1.1 A Theory for Quasi-static Descriptions of Electrostatic Micro Actuator

Electrostatic micro actuators are those microscopic variable capacitor systems that exhibit

mechanical motion in response to an applied external electrical bias source. There have

been numerous articles on quasi-static modeling for many kinds of electrostatic actuators

[25-31]. Usually theoretical modeling has been accomplished by balancing the elastic

restoring force with the attractive electrical force to construct a structural equation and

obtain a pull in solution. For example, the maximum fractional travel range before pull

in is calculated to be 0.33 and 0.44 for the parallel rigid plate capacitor system and the

full plate torsion actuator system, respectively [25, 26]. For the purpose of obtaining

larger travel range, incorporation of a series capacitor circuit has been recently reported

by Chan et al. [27]. Actuations using various electrode shapes [28] and sizes [29], and

8
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actuations involving strain stiffening [30] and residual stresses [31] have also been

investigated.

An electrostatic actuator can be modeled as a variable capacitor suspended by

elastic springs as shown in Fig. 2.1. To elucidate the theory in a succinct manner, the

equations are derived under the assumption that the spring stiffness matrix has only non-

zero diagonal elements that are constants and independent of the actuated structure strain.

Springs

X2

Ar3i, 	 X I
Fixed ends

Figure 2.1 A sketch of model of a 3D electrostatic actuator system

Applying the energy conservation law to the electro-mechanical system and

equation in the force domain as:

ac ac ac1v2vc,
2	 21 ax(i) 	 axo) 	 ax(k)

where C is the actuator capacitance of the system, and e

a structural

K (1) 	0	 0

0	 K ( ' ) 	0	 (1)

0	 0	 K(k)

and x( are orthogonal spring

2 = {X (i) (i) (k)

differentiating with respect to displacement components, x(i), results in

stiffness and displacement components, respectively. Multiplying by x on both sides of
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Eq. (1) and differentiating with respect to x (1) , yields the pull in equation of the structure:

(i)
=x PIN

0 	 (2)

Hence the pull in voltage can be derived as:

The above three equations govern the quasi-static behavior of electrostatic micro

actuators, from which displacement dependence on applied bias voltage can be obtained

by Eq. (1) and pull in displacement and voltage can be obtained by Eqs. (2) and (3),

respectively.

The static characteristics of an arbitrary electrostatic micro actuator are

determined by the 1st and 2nd derivatives of the overall capacitance of the actuator

system with respect to displacement. Therefore, the design of an actuator system is

actually a design of the derivatives of the system capacitance. From the pull in equations,

it can also be concluded that pull in displacement has no spring stiffness dependence, and

the stiffness only contributes to the pull in voltage. This is true for actuator problems

without strain stiffening and residual stress effects. Those equations are also valid for

actuator systems with multiple capacitors. When using them, one needs to plug in overall

capacitance instead of the single variable capacitance. The capacitance-based equations

imply an electrostatic method for the purpose of large travel range actuator design, which

will be addressed later in section 2.2.

In real applications, the actuator system is usually engineered to be a one degree



where, A is defined as A x dxr 1 dC

L x dx

V
, and U =

VPIN
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of freedom (1 DOF) system, so assume a 1 DOF actuator system and rewrite Eq. (1) at

the pull in point as:

2
i

xPIN VP IN

Its combination with the general structural equation cancels out spring parameters

and yields a two-parameter unitless equation:

A • U 2 = 1 , 	 (5)

1 dC

1 dC

2 dx
PIN (4)

The unitless structural equation, Eq. (5), is valid for 1 DOF electrostatic actuator

systems. If an analytical approximation can be found for the capacitance, the actuation

curve can be obtained using the design flow shown in Fig. 2. This enables actuator

designers to obtain characteristics of an electrostatic micro actuator quickly without

going through exhaustive force analysis. As an example, consider a parallel rigid plate

capacitor	 oE Aor system where the capacitance expression is simply C = 	 . Solving the
(D — x)

8KD3
pull in equations leads to X pIN = - D and VP/N — 	  . Here, A is the plate area, D

3	 27E0A

and x are the initial and biased gap depth, respectively, and K is the spring constant.

Defining X = 	 x , the unitless electro-mechanical response equation is obtained as
X PIN

2U = X • ( 
3
	X)
	

(6)
X

The two normalized parameters, voltage and displacement, are deliberately


