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Abstract

Automatic layout generation of electrostatic comb drive folded-flexure microresonators from

user-supplied specifications is demonstrated. The microresonator is parameterized in terms of the

physical dimensions of the device (e.g, length of the beams in the folded-flexure). With these

dimensi/~ns and the applied voltage as the design variables, the design problem is formulated as a

formal non-linearly constrained numerical optimization problem. Analytical models are derived

for microresonator performance characteristics in terms of these design variables. These models

are employed in the constraints which ensure proper functioning of the microresonator as well as

meeting user specifications. A good resonator design requires that the other vibration modes of the

structure do not interfere with the preferred mode of oscillation. Hence, there are constraints which

require that the resonance frequency in the preferred direction is sufficiently lower than the fre-

quencies of other vibration modes of the structure. The synthesis module includes models for three

translational modes, three rotational modes, and vibration modes of the comb drive and the folded

flexure beams. Microresonator layouts are generated for 5 frequencies using 4 different objective

functions - each objective function driving the optimization to a different part of the design space.

The objective functions used are minimize area, minimize voltage, minimize a normalized sum of

area and voltage, and maximize displacement at resonance. When the out-of-plane mode separa-

tion constraints are also introduced, the structural thickness is also made a design variable, since,

otherwise, these constraints cannot be met. These synthesis results are evaluated in three ways.

First, the trends in the variations of the dimensions of the device with changes in preferred-mode

resonance frequency for the same objective function are qualitatively reasoned. Further, changes in

the relative dimensions with different objective functions for the same preferred-mode resonance

frequency are also explained. Then, the accuracy of the physical models in the synthesis module is

evaluated by comparison with FEM simulation results. Lastly, measurements are made on fabri-

cated microresonators.
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Chapter 1. Introduction

1.1 Synthesis of MicroElectroMechanical Systems (MEMS)

MEMS design involves the use of different device topologies in a creative way and sizing

these topologies to meet the requirements on performance. There are essentially two steps: one, to

develop an interconnection of springs, masses and actuators to perform the desired function and

second, to assign appropriate values to these components so that the performance of the device is

satisfactory. In general, there are a number of design variables (we have identified 15 for the

microresonator) and complex trade-offs between different performance specifications. Therefore,

it is difficult to design MEMS by hand. Currently, MEMS design is done with the aid of an equa-

tions-based spreadsheet or finite element analysis (FEA) to evaluate the designs. This requires

many iterations by the designer with different values assigned to the device dimensions or other

design variables in each iteration. The design procedure is, therefore, time-consuming. FEA can-

not evaluate all the performance metrics of interest, or may be restricted to certain specific

domains (like only mechanical analyses or only electrostatic analyses). The performance specifica-

tions and the design variables themselves are not restricted to discrete values and can take on a

continuum of values. This makes pre-compiled cell libraries (like digital cell libraries) ineffective

as a good design aid. In designing complex/arrayed MEMS which make use of a number of similar

devices, it is tedious to individually design each cell.

A layout synthesis tool generates device layouts directly from high-level specifications. This

involves appropriate assignment of values to the design variables followed by device-layout gener-

ation. Prior work on layout synthesis has addressed the parameterized layout generation of

microresonators [1][2]. Optimal design techniques have been reported for simple MEMS geome-

tries [3]. However, there is no full-fledged synthesis tool for MEMS.

The goal of this work is to develop the prototype of a synthesis tool using the microresonator

as a vehicle. The tool will relieve the designer of the task of sizing the design, thus, allowing him
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FIGURE 1. Layout of the lateral folded-flexure comb drive mieroresonator. The black areas are the
places where the 2 gm polysilicon structure is anchored to the bottom layer. The rest of the structure
is suspended 2 ~tm above the bottom layer.

to concentrate on system-level design issues and on innovative device topologies. Different parts

of the work detailed in this thesis have been published over the past two years [4][5][6][7][8].

1.2 Folded-Flexure comb drive Microresonator

The folded-flexure electrostatic comb drive micromechanical resonator shown in Figure 1

was first introduced by Tang [9]. This device has been well-researched and is commonly used for

MEMS process characterization. The microresonator consists of a movable central shuttle mass

which is suspended by folded-flexure springs on either side. The other ends of the folded-flexure

springs are fixed to the lower layer. The microresonator can be thought of, as a spring-mass-

damper system, the damping being provided by the air below and above the movable part. By

applying a voltage across the fixed and movable comb fingers, an electrostatic force is produced

which sets the mass into motion in the x-direction. The microresonator has been used in building

filters, oscillators [10] and in resonant positioning systems [11].

A simplified sequence of MUMPS [12], used to fabricate this device is shown in Figure 2.

Layers of silicon nitride and polysilicon are deposited on a silicon substrate. Following this a 2

~tm-thick phosphosilicate glass (PSG) layer (which serves as the sacrificial layer) is deposited.

Cuts are made in the PSG layer where the structural layer requires to contact the bottom polysili-

con layer. A 2 ~tm-thick polysilicon layer is deposited on top of this PSG layer and patterned to the
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FIGURE 2. Abbreviated process flow for MCNC’s Multi-User MEMS Process service (MUMPS).
(a) Cross-sectional view. (b) Top view (layout)

desired shape. The underlying PSG is then released by wet etching using hydrofluoric acid (HF)

leaving the structural polysilicon suspended 2 gm above the bottom layer and fixed to the bottom

layer at the regions where the contact cuts were made in the PSG layer.

1.3 Report Outline

In Chapter 2, the equations describing the behavior of the microresonator are derived. Fol-

lowing this, the synthesis approach is described in Chapter 3. In Chapter 4, the synthesis results

are evaluated by comparing the predicted behavior to finite element analyses and experimental

measurements. Finally, in Chapter 5, the work done is summarized and future directions for syn-

thesis are suggested.



Chapter 2. Lumped Element Modeling

2.1 Introduction

In order to evaluate the performance of a design we need models for the device behavior. The

general approach we have taken in modeling the resonator is to represent distributed elements like

plate masses and folded-flexure springs by a single lumped element having equivalent effective

properties (like mass, stiffness, etc.) The entire device can then be regarded as an interconnection

of these lumped elements and the device behavior can be easily expressed in terms of the proper-

ties of these lumped elements. This is analogous to modeling a transmission line as a simple rt-

connected R-L-C network with effective values for the R, L and C (not just the total resistance of

the line substituted for R).

We have modeled the microresonator as a spring-mass-damper system in the x-direction.

Physics-based models for the effective spring stiffness of the folded-flexure suspensions, the effec-

tive masses of the shuttle mass, comb drives and the folded-flexure, and the viscous air damping

are used in the synthesis tool. The microresonator structure can also have other modes of vibration.

These modes are modeled as spring-mass systems as described in Section 2.2.

The models for the electrostatic comb drive force and the electrostatic instability force/torque

(which may arise due to an offset of the movable comb fingers away from their equilibrium central

position) are described in Section 2.3.

2.2 Modeling the Oscillation Modes of the Microresonator

The preferred direction of motion of the microresonator is the x-direction. However, the

microresonator structure can vibrate in other modes. We have modeled eight modes of vibration of

the microresonator: These modes are the three translation modes along x, y and z, three rotational

modes about x, y and z, and oscillation modes due the movement of the folded-flexure beams and

the comb drive.



Each oscillation mode is described by a lumped second-order equation of motion. For any

generalized displacement ~, we can write:

Fe, ~ = m~’~+B~ +k~ (1)

where Fe,~ is the external force (in the x-mode this force is generated by the comb drives), rn; is the

effective mass, B~ is the damping coefficient, and k; is the spring constant. Now, for example, the

x-mode frequency is given by cox = 2rcfx = kx~ . The other modes are modeled similarly.

Linear equations for the spring constants are derived using energy methods [13]. A force (or

moment) is applied to the free end(s) of the spring in the direction of interest, and the displacement

is calculated symbolically (as a function of the design variables and the applied force). In these

calculations different boundary conditions are applied for the different modes of deformation of

the spring.

When forces (moments) are applied at the end-points of the flexure, the total energy of defor-

mation, U, is calculated as:

beam i = 1

where, Li is the length of the i’th beam in the flexure, Mi is the bending moment transmitted

through beam i, E is the Young’s modulus of the material of the beam (polysilicon, in our case) and

I i is the moment of inertia of beam i, about the relevant axis, Ti is the torsion transmitted through

beam i, G is the shear modulus, Ji is the torsion constant of beam i, and ~ is the variable along the

length of the beam. The bending moment and the torsion is a linear function of the forces and

moments applied to the end-points of the flexure. The displacement of an end-point of the flexure

in any direction ~ is given as:



where, F~ is the force applied in that direction at that end-point [14]. Similarly, angular displace-

ments can be related to applied moments.

Our aim here is to obtain the displacement in the direction of interest as a function of the

applied force in that direction. Applying the boundary conditions, we obtain a set of linear equa-

tions in terms of the applied forces and moments and the unknown displacement. Solving the set of

equations yields a linear relationship between the displacement and applied force in the direction

of interest [ 13]. The constant of proportionality gives the spring constant as a function of the phys-

ical dimensions of the flexure.

The effect of spring mass on resonance frequency is incorporated in effective masses for each

lateral mode. Effective mass for each mode of interest is calculated by normalizing the total maxi-

mum kinetic energy of the spring by the maximum shuttle velocity, Vmax.

meff = Z L--~i "10 t V max. ) d~
(4)

beam i = 1

where mi and Li are the mass and length of the i’th beam in the flexure. Analytic expressions for

velocities, vi, along the flexure’s beams are approximated from static deformation shapes, and are

found from the spring constant derivations.

2.2.1 Models for x-translation Mode

The spring constant of the folded-flexure in the x-direction is [ 13]:

2Etw 3_ 2
2 2

Lt + 14~LtLb + 360t Lbb= (5)kxLb3 4L~ + 41 o~LtL b + 36c~2L~

where E is the Young’s modulus of polysilicon, t is the polysilicon thickness, and c~ = (wt/wb)3.

The geometrical layout parameters Lt, Lb, wt and wb are as shown in Figure 3.



FIGURE 3. Dimensions of the microresonator elements. (a) shuttle mass, (b) folded-flexure, 
comb drive with N movable ’rotor’ fingers, (d) close-up view of comb fingers.

In order to calculate the effective mass accurately, it is not only necessary to take into account

the velocities of the beams in the folded-flexure in the x-direction, but also the velocities of the

truss beams in the y-direction. With this, the net effective mass of the microresonator in the x-

direction (mx) can be written as:

mx = mshuttle + mr, elf + rob, eff (6)

2 2 2 138348c~3LtL2 + 622080¢4L~
mbeams 832Lt4 + 16121ocL{Lb + 92706o~ LtLb +

- (7)mb, eff 140
(4L~ +41c~LtL b + 36c¢2Lb2)2

mtruss (57L~+ 1020~L~Lb
2 4 2 4 2 3 3- + 4644~ Lt Lb + 1120Lt Lb + 17920~Lt Lb + (8)mt, eff 280

224 3 5 4 6 242 ~6 2"2"291840a LtL b +161280~ LtL b +90720~ Lb)/[Lb( t +41~LtLb +~ ~ ~b) ]

where mshuttle is the shuttle mass, mt, effis the effective mass of all tress sections, mb, effis the effec-

tive mass of all the long beams, mtruss is the total mass of all tress sections, mbeams is the total mass

of all the long beams.

Viscous air damping dominates the energy dissipation mechanisms in microresonators at

atmospheric pressure. The total damping force in the x-direction is mainly composed of the forces

due to Couette flow below the resonator, Stokes flow above the resonator, and air flow in the gap

between comb fingers. The expression for the damping coefficient is [15]:



Bx bt[(As 0.5At 0.5Ab)(~ ~)+A’}S]= + + + (9)

where g is the viscosity of air, d is the fixed spacer gap between the ground plane and the bottom

surface of the comb fingers, 8 is the penetration depth of airflow above the structure, g is the gap

between comb fingers, and As, At, Ab, and Ac are layout areas for the shuttle, truss beams, flexure

beams, and comb finger sidewalls, respectively. It has been suggested [15] that, for calculating the

viscous damping force, small cross-section elements (like comb fingers) should be weighted thrice

as much as large plate masses to take into account edge and finite-size effects. Instead of weighting

the damping force on different elements differently, the same phenomena are modeled in this work

by extending each device dimension by 4 Bm. The damping factors of the modes of vibrations

other than the x-direction are not modeled.

2.2.2 Models for the y-translation Mode

The spring stiffness of the folded-flexure in y-direction is [13]:

2Etw~ 8L~ + 8otLtLb + o~2L~
ky, - 3 ~ o (10)flexure

4L[ + IO~LtLb + 51x2L~Lt

However, this model does not take into account the compression of the beams. The spring stiffness

due to compression alone is given by Hooke’s law as:

2Etwb
k y, beamcomp -- Lb (1 1)

The effective spring constant in the y-direction is given as a combination of the two springs:

ky, flexure" ky, beamcomp
(12)ky, eff = ky, flexure + ky, beamcomp

The effective mass in the y-direction is given as:

my = m shuttl e + rot, yeff + rob, yeff (13)



222
mb, yeff=mbeams (~+((3L4bo~2(2Lt+~Lb)2)/14L~(4L~+IOotLtLb+5C~Lb))) (14)

222 17828~3LtL~+4077c~4L;)
mtrus s (3328Lt4 + 16064c~L~Lb + 26868o~ LtLb +- (15)mt, yeff 1120 222

[(4Lff+ lOotLtLb + 5O~ Lb) 

where mt, yeffis the effective mass of all truss sections, mb, yeff is the effective mass of all the long

beams in the y-direction of motion.

2.2.3 Models for the z-translation Mode

The spring stiffness in the z-translation mode is derived in [13] and is not listed here for the

sake of brevity. The effective mass in the z-direction is:

1 12
mz = mshuttl e + ~m + -~mbeams (16)

2.2.4 Models for the Rotation-about-z Mode

X

~xA = 0 fiYB = 0
~YA = 0 mBz = 0

f~x= O

FIGURE 4. Forces and moments applied on the free ends of a half folded-flexure (with y-axis of
symmetry) for in-plane rotation. Boundary conditions to calculate the spring constant in the
rotation-about-z mode are also shown.

To calculate the spring stiffness of the folded-flexure in the rotation-about-z mode, a moment

mAz is applied to the half folded-flexure, as shown in Figure 4 [16]. This moment produces reac-

tion forces fAx, fAy, ft~x, ft~y and a reaction moment mBz. From symmetry considerations, mt~z and fBx

have to be zero. This leaves us with 3 unknowns, fAx, fAy andfBy. In this mode the flexure move-


