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ABSTRACT

In this paper, wefirst present an efficient physical level simulation
method for the dynamic analysis of electrostatic micro-electro-
mechanical systems (MEMS). Thismethod isthen used to analyze
MEMS dynamics. Stiffnesshardening or softening of MEM struc-
tures has been shown to depend both on the applied voltage and
the geometry. The existence of multiple resonant peaks in the fre-
quency response diagram has been presented. We have shown that
aDC hias along with an appropriate AC bias can give fast switch-
ing at a considerably less peak power requirement. Finally, are-
duced order model has been developed based on Karhunen-Loéve
decomposition for the dynamic simulation of MEMS. Reduced or-
der models are cheap in terms of memory and computational time
and are needed to perform fast and efficient system-level compos-
ite circuit and micro-mechanical simulations.

keywords: MEMS, dynamics, resonant frequency, switching
speed and power, reduced order modeling.

1. INTRODUCTION

The coupled electrical-mechanical nature of electrostatic MEMS[1]

gives rise to interesting dynamic characteristics of these devices
which can have significant impact in their applications as capaci-
tive switches, resonators, tunable capacitors, inductors and filters
[2]. In this paper, we first develop an efficient physical level sim-
ulation method for the dynamics analysis of MEMS and then an-
ayze the two important MEM dynamic parameters, namely, res-
onant frequency and switching speed. Resonant frequency of the
MEM device is an important parameter as it indirectly affects de-
sign parameters like Q-factor, the switching speed of the device
and effects of external noise. Switching speed is a mgjor limi-
tation of capacitive switches with respect to their applications in
radar systems and wireless communications. Experimental and
analytical works [3] have shown the bending of the frequency
response curve of MEM devices with increasing/decreasing volt-
agesin the context of resonant frequency studies. In this paper, we
show that resonant frequency can both decrease aswell asincrease
with increasing applied voltage, depending on the geometry of the
device. Most importantly, the existence of multiple peaks in the
frequency response curves have been presented, which can be a
important design concern. It has been shown that faster switch-
ing can be achieved for capacitive switches at a considerably less
peak power requirement by using a AC signa at half of the reso-
nant frequency of the structure along with aDC bias.

Low order dynamic models based on Karhunen-Loéve (KL)
method have been developed in [4], [5]. However, these models
are based on the one-dimensional beam equation and analytical

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. To copy
otherwise, to republish, to post on servers or to redistribute to lists,
requires prior specific permission and/or a fee.

ICCAD’03, November 11-13, 2003, San Jose, California, USA.

Copyright 2003 ACM 1-58113-762-1/03/0011 ...$5.00.

270

expression of the electrostatic force. In this paper, we present are-
duced order model based on KL decomposition, 2D linear elastic-
ity and a boundary integral formulation of the electrostatic force.
It does not use any analytical expressions and as aresult is very
genera in nature.

2. PHYSICAL LEVEL SIMULATION

Physical level analysis of electrostatic MEMS dynamics requires
a self-consistent solution of the coupled mechanical and electri-
cal equations at each time step. Figure 1 shows a typica MEM
device, a deformable cantilever beam over a fixed ground plane.
At agiven time instant (starting point of atime step), the applied
voltage between the cantilever beam and the ground plane induces
electrostatic charges distributed on the surface of the conductors.
These charges give rise to electrostatic forces, which act normal to
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Figure 1: A cantilever beam over a ground plane (a) applied volt-
age causes a charge distribution (b) the deformed structure with
charge redistribution

the surface of the conductors and deforms the cantilever beam fur-
ther from itsinitial position. When the beam deforms, the charge
redistributes on the surface of the conductors and, consequently,
the resultant electrostatic forces and the deformation of the beam
aso change. This process continues until a self-consistent final
state is reached for that time step.

2.1. Governing Equations and Algorithm

The mechanical deformation of the MEM structure due to the
electrostatic forces is obtained by performing 2-D geometrically
non-linear analysis of the micro-structure. The transient govern-
ing equations for an elastic body using a Lagrangian description
aregiven by [6]
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where p and c are the material density and material damping fac-
tor. F isthe deformation gradient, u, U and U are the displacement,
velocity and acceleration vectors, respectively, N is the unit out-
ward normal vector in the initial configuration, S is the second
Piola-Kirchhoff stress, G is the prescribed displacement, Gy and
Vy aretheinitial displacement and velocity, respectively, H isthe
electrostatic pressure acting on the surface of the structures and P
is the first Piola-Kirchhoff stress tensor. A Newmark scheme [7]
with an implicit trapezoidal rule is used for solving the dynamic
problem of the nonlinear elastic domain. Numerical discretization
is done using the Finite Cloud Method (see [8] for details).

The 2D governing equation for electrostatic analysis can be
written in a Lagrangian boundary integral form as [9]
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where ¢ is the dielectric constant of the medium, P and Q are the
source and field points in the initial configuration corresponding
to the source and field points p and q in the deformed configura-
tion and G is the Green’s function. In two dimensions, G(p,q) =
—In|p—q|/2r, where |p— q] is the distance between the source
point p and the field point g. Cy is the total charge of the sys-
tem and C is an unknown variable which can be used to com-
pute the potentia at infinity. T(Q) is the tangential unit vector
at field point Q and C(Q) is the Green deformation tensor. The
need to update the geometry of the structures in the conventional
approach presents severa difficulties (see [9] for details) and has
been eliminated by the Lagrangian representation. The electro-

Algorithm 1 A procedure for self-consistent dynamic analysis
of coupled electromechanical devices by using a Lagrangian ap-
proach for both mechanical and electrostatic analysis
1. Initidizeu = u® and u = °
2. Compute V - (FS)?, [FO = F(u®),S% = S(u%)]
3. Compute U - Egn. (1)
4. Begin atime step
repeat
a Compute T(Q) and C(Q) fromu
a Compute J(Q) - Egn. (8)
b. Do electrostatic analysis on undeformed geometry for
J(Q) to compute surface charge density - Eqns. (6-7)
¢. Compute electrostatic pressure H.
€. Do mechanical analysis on undeformed geometry to com-
pute structural displacements u - Egns. (1-5)
until a self-consistent final stage is reached
5. Update G and U
6. End of atime step
7. Repeat 4-6 for al time steps

static pressure can be computed from the surface charge density by
the relation H = P.JF~TN where P is the electrostatic pressure
normal to the surface given by P. = ‘2’—2 and J = det(F). Bound-
ary Cloud Method is used for the numerical discretization of the
electrostatic boundary integral equations (see [9] for details). The
various steps for solving the governing eguations to do adynamic
analysis of MEM devicesisgiven in Algorithm 1.

3. RESULTS AND ANALYSIS OF MEMS DYNAMICS

Figure 2 shows the dynamic pull-in of an undamped (c =0) S
cantilever beam (80pm long, 10um wide and 0.5um thick) with
an initial gap between the beam and the ground electrode 0.7um.
The Young's modulus is 169GPa, mass density of 2231kg/n® and
Poisson’sratio of 0.3. A time step of 0.1pswas used. Thedynamic
pull-in voltage was found to be 2.12V which matches very well
with the reported datain [10] based on linear elasticity.
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Figure 2: Dynamic pull-in analysis of a cantilever beam.

Proper understanding of the dynamic characteristics of elec-
trostatic MEMS is of utmost importance for the design of elec-
trostatic MEMS based devices. Based on literature study [2] ,
the four main MEMS dynamic parameters are namely - resonant
frequency, switching speed, Q-factor and phase shift. In this pa-
per, we analyze the two most important parameters - resonant fre-
quency and switching speed.

3.1. Resonant Frequency

Figure 3 shows the variation in the resonant frequency with the
applied voltage for a 80um by 10pm by 0.5um fixed-fixed beam
for different gaps. The resonant frequency of the MEM structure
changes with the applied voltage as the electrical forces act like
a non-linear negative spring. Generally, the resonant frequency
decreases with the increase in the applied voltage due to “ spring-
softening” of the beam by the electrical forces as seen for the case
with a gap of 0.7um. However, when non-linearity comesin (due
to large deformation), the resonant frequency is found to increase
for the fixed-fixed beam cases with gaps 2.0um and 4.0pm. In
these cases, the spring-hardening effect due to mechanical forces
islarger than the spring-softening effect of the electrical forces.
Figure 4 show the frequency response curve of a 80um by
10pum by 1.0pm fixed-fixed beam with a gap of 0.7um with ama-
terial damping factor ¢ = 2p for different voltages. From Fig-
ure 4 it can be seen that as the AC peak voltage is increased, the
nature of the frequency response curve changes. Two peaks in
the amplitude occur instead of a single peak. The primary peak
occurs near the resonant frequency of the beam which is around
1300KHz due to the constant DC voltage. The AC component of
the signal gives rise to the secondary peak. Since the electrostatic
force may be regarded as proportional to the sguare of the voltage
V2, aresonance is expected near % fres Where fres is the resonant
frequency and that matches with the secondary peak which is at
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Figure 3: Resonant Frequency vs Voltage for a fixed-fixed
beam for different gaps.

roughly 650KHz. The existence of multiple resonant peaksin the
frequency response curves can be a important design concern as
the application of frequencies near resonant frequencies are often
unstable states of the device.
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Figure 4. Freguency response curves for different DC bias
and AC signals.

3.2. Switching Speed

Switching can be of two types in electrostatic MEMS- switch
down and switch up. Switch down is equivalent to pull-in in elec-
trostatic MEM switches. The time taken by the switch to pull-in
under an applied voltage is called switch down time. For switch-
down under a DC or an AC signal, the switching speed increase
with theincrease in the applied voltage as larger voltage givesrise
to larger electrostatic force which in turn gives rise to larger ac-
celeration and hence faster pull-in [11] . Our simulations further
show that as the frequency of an applied AC signal nears half of
the resonant frequency (650KH2), the switching speed increases
and it can be used to enhance switching speed. Operating near
resonant frequency in the case of switch-down is acceptable asthe
structure does not vibrate but just collapses as shown in Figures 2.
Thegeneralized circuit for the MEM device consists of apower
source (applied voltage V), a capacitor (the switch) and a resis-
tance (the Silicon beam acting as the capacitive switch) in series.

272

The capacitance C and the resistance R of the beam can easily
calculated for both deformed/undeformed states [12] . The gov-
erning equation for the MEM circuit is [12]

dv de
dat a Var }
where\c or visthe voltage drop across the capacitive switch and
VR is the voltage drop across the resistance. i is the current, q is
the charge on the capacitor and t istime. The power (P) consumed
at any instant of time is given by P = Vi. Equation (9) is solved
numerically at each timeinstant and the instantaneous power com-
puted during the dynamic simulations. Figure 5 shows the peak
power consumption for different signals and switching times for
the undamped 80pum by 10pum by 1.0pm fixed-fixed beam with a
gap of 0.7um. It can be seen that a AC signal with a frequency
close to half of the resonant frequency and a DC bias gives faster
switching at a considerably less (almost 40 percent) peak power
reguirement than a pure DC bias. Resonance plays a key rolein
this reduction of peak power consumption.
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Figure 5: Peak Power requirement for various signal types.

4. REDUCED ORDER MODELING IN MEMS
DYNAMICS

An efficient reduced order model (ROM) has been developed for
simulating MEM S dynamics based on KL decomposition. Phys-
ical level simulation becomes very expensive and impractical for
repeated simulation of complex MEM devices needed in any de-
sign process. ROMs are aso needed to perform fast and efficient
system-level composite circuit and micro-mechanical simulations.

4.1. Basis Generation

Thekey ideain aROM model isto express the unknownsin terms
of afew global basis functions. For the dynamic simulation of
MEM devices, the unknowns are the x and y displacements and
surface charge density (which gives rise to the electrostatic pres-
sure). The globa functions are generated from snapshots taken
from afew full simulations of the dynamics. For our method, the
displacement basis functions are generated from the full simula-
tion of just linear dynamics of the beam. 50 snapshots (rns) are
taken from the linear dynamic simulation of the undamped 80um
by 10um by 1.0pm fixed-fixed beam for an applied pressure of



500K Pa at the bottom surface. Since the snapshots need to satisfy
homogeneous boundary conditions [13] , the steady state S(x,y)
for the applied pressure is removed from the snapshots U(x, y,t)
to get Ut(X, yat)

Ut(X7y7t) U(X’yat)_s(xay)'

Here, U(x,y,t) is either the x or the y-displacements. It has been
proved in [4] that the basis functions (g (x,y)) are simply the col-
umn vectors of the matrix L which is obtained by doing a singular
value decomposition (SVD) of the snapshots ensemble matrix Uy

(10)

[th] — LART (12)
where Uy is the matrix containi ng the snapshot informations:
[GE:I = [Ut (X7 Y, tl)7 Ut (Xa Y, t2)7 sreey Ut(X7 Y, tns)} (12)

The basis functions for the charge density are obtained by the dy-
namic simulation of the considered fixed-fixed beam with a gap
of 0.7um for a 20V DC signal. For the boundary integral equa-
tion, there are no non-homogeneous boundary conditions and we
do not subtract any steady part. Other than that, the electrical basis
(bi(x,y)) is generated in the same manner as the mechanical basis
(ai(x,y)) using Equation (11) where Ut(x,y,t) is the ensemble of
snapshots of charge densitiesinstead of displacement now.

4.2. Results of Reduced Order Models

Using the basis functions generated in section 4.1, we simulate the
dynamics of the same device. The unknowns are expressed as a
linear combination of global basis functions and a multiple of the
steady statein case of the displacements, i.e,,

q
D ai(t)ai(xy) +kS(xy)
i=1

EOxyt) = L BB (Y

D(xy;t) (13)

(14)

where D(X,y,t) isthe x or y displacement and E(x,,t) isthe sur-
face charge density. & and b; are vectors denoting the ith global
basisfunction for displacement and surface charge density. gand r
are the number of mechanical and electrical basis functions used,

k= %) is the ratio of the applied pressure at an time instant to
the pressure used to generate the mechanical basis. o; and B; are
the unknown parameters that need to be determined at atime in-
stant. The derivatives of the unknowns are expressed in terms of
the derivatives of the basis function vectors g and b;. We use col-
location (i.e., satisfy the governing equations at each point in the
domain) and the overdetermined system is solved by the method
of normal equations. Figure 6 compares the displacement at the
center of the fixed-fixed beam given by the ROM with full simu-
lation for a 10V DC signal. We can see that for small deforma-
tion, linear analysis is exact and hence can be effectively used as
it is much faster than non-linear analysis. The ROM simulations
match pretty well with the full simulations and it is found that 3
electrical and mechanical basis functions are more than sufficient
for efficiently capturing the process. The smulation time for the
ROM was half of the full simulation time. As we go to complex
devices, the difference will be more significant.
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Figure 6: ROM vsfull smulation for 10V DC signal.

5. CONCLUSIONS

We have presented an efficient physical level simulation method
for the dynamic simulation of MEMS. The hardening and the soft-
ening phenomena of the MEM devices has been found to depend
both on the applied electric field and geometry. The frequency re-
sponse curves of MEM devices can exhibit multiple peaks depend-
ing on the applied voltage and can be aimportant design concern.
Fast switching at low power can be achieved by a DC biased AC
signal close to the half of resonant frequency. A ROM has been
developed for MEM dynamics simulations based on KL decom-
position which can be efficiently used for repeated simulations of
aMEM device.
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