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ABSTRACT i .
Nonlinear dynamic lumped models of -~ -~ cantilever cantilever

micromachined microwave  switches have been /]\ diaphragm

formulated and successfully applied to analyses of

transient characteristics and geometrical scaling. W, W

Parameter extraction through electrical V

measurements is summarized. The results are J/ @\

compared to transient quasi-2D simulations. "7~ F , : '
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Fig. 3: Plan view of Type Il switch

|. INTRODUCTION
The electrostatically-actuated micromachined
switch [1], which is shown in cross-section in Fig.1

at static equilibrium [2] as shown in Fig. 4. 3D finite
element simulations have been used to examine more
' detailed geometrical effects [3] but are computationally

rigid support rigid support expensive and mostly_limited to st_atic analyses. We
% o have formulated nonlinear dynamic lumped models

_q{\ top plate  § T which capture the effects of electrostatics, bending,

i) d, stretching, residual stress, inertia, squeeze film
dielectric Aoy, ¢ damping, Van der Waals forces, and contact. These

e T TpoopLoos models allow the designer to perform efficient transient

analyses, Ilumped parameter extraction, and
Fig. 1: Cross-section of micromachined switch

has great potential for microwave applications due to

its extremely low intermodulation distortion and spring
integrated circuit backend technology compatibility.
Figs. 2 and 3 show two different plan views of the movable plate

switch. The Type | switch consists of a center electrostati
force bottom

IO plate

Fig. 4: Spring-capacitor model

geometrical scaling studies. We compare the results
with quasi-2D analyses of the micromachined switch.

II. N ON-LINEAR DYNAMIC ONE-LUMP M ODEL
The Type | switch can be modeled as a rigid
Fig. 2: Plan view of Type | switch diaphragm supported by two cantilevers resulting in a

dianh db i h hsingle nonlinear spring-mass system. The geometrical
laphragm supported by two cantilevers whereas tgarameters are illustrated in Figs. 1, 2 and 3. The

Type Il switch has a center diaphragm narrower tha quation of motion of the diaphragm is
the edge supports.  In the past, the switch has been
modeled as a parallel plate capacitor and a linear spring

I:bend"' Fstretch+ Fstress+ Felectro (1)
d2
% i _ z
This work was supported by DARPA *Faamp* Fvpw * Feontact = me
contract # F30602-96-2-0308- P00001.
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where m is the mass of the diaphragm and the
cantilever, and is the displacement of the diaphragm.
The linear bending force of an end-loaded cantilever,
accurate up to rotations of 0.2 radians, is given by [4]

2x 3xEl
Fbend = _—32 (2)
LC
whereE is the plate modulus of elasticity, ahds the electrostatic
moment of inertia of the cantilever. The nonlinear force
force due to the stretching of the deflecting cantilever is
bottom electrode
2x 16hW_E(1-0) 3
Fstretch = oL3 z ®3) Fig. 5: Cantilever + Pin joint + Flexible beam
[
whereuv is Poisson’s ratio. Residual stress, , adds a ES L EC +F° ®)
stiffness force given by bend™ ™ streteh™ I stress
F _ 2x4hWo 4
stress ™ 3L, z ) + champ"' Fvow + F “contact
The electrostatic attraction set up by an applied 2
voltage,V, is described by —FYhend—F%tretch— Flstress = m dz
eAV? “dt?
I:electro = —d2 (5)
2l * K _%2 deend+ Fdstretch"’ Fdstress+ Fdelectro (9)
where ¢ is the permittivity of free space, is the 2
relative dielectric constant of the thin dielectric above d 7

. . + Fddamp+ FdVDW + chontact = md—2
the bottom plate, and is the area of the diaphragm. d

Squeeze-film damping is approximated as [5] where the superscripts and subscriptand d denote
2 cantilever and diaphragm respectively. The forces on
_ IJ.AWd dz . . . .
Faamp = 3 gt (6) the cantilever were described in Section I. However,
d; the effective area of the Van der Waals and contact

wherep is the viscosity. When the diaphragm comeéorces is very small since only the tip of the cantilever
into contact with the bottom dielectric layer, Van dercan touch the bottom dielectric. The forces on the
Waals and repulsive forces, as shown below, becom@aphragm, which is modeled as a center-loaded

important [6]: simply-supported beam are [4]:
K,A K,A a _ 48xEly
Fo o +F - _ @) Flbend = ——5— (24— %) (10)
VDW contact (d1—2)3 (dl—Z)lo Ld
K, determines the surface energy due to the Van der p ~ n4thE(1—u) 3
Waals attraction whereasK, determines the Fstretch = EETE (zg-z)" (11)

equilibrium distance from the surface. These numbers )
depend very strongly on the microstructure of the Fd _ TThWyo(1-v) (12)
surface. stessT AL (7=2)
The one lump model can model the Type |
switch quite accurately since most of the deformationy. Q uasi-2D SmuLATION

occurs in the narrower cantilever supports rather than Instead of describing the deflection of the

in the diaphragm. switch with just one or two lumps, we can consider the
cantilever and diaphragm together as a flexible beam

lI. N ON-LINEAR DYNAMIC TWO-LUMP MODEL with fixed end supports and discretize it into a number

In the Type Il switch, significant deformation of segments, each of which obeys the equation of
occurs in both the diaphragm and cantilever supportsnotion, Eq. 1. In the distributed case, the mechanical

This switch can be modeled as cantilevers supporting frces (per unit length) on each segment are given by
flexible beam through pin joints as shown in Fig. 5.[7]

The equation of motion of the two-spring-two-mass
system is
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on-off response of a Type | micromachined switch

Foend = —aiEE a_zﬁ (13) simulated using the one-lump model, and a Type Il
X0 ox°O switch using the two-lump model. Since it is relatively

2 easy to control the resistance and applied voltage,
Fetress = —hW(1— u)c— (14) parameter extraction can be accomplished by a least-
ox’ squares fitting of the simulated transient characteristics

to actual measurements with varyiRgand Vg, Fig.
Lodo 200x0 2 9 shows the turn-on timé,,, as a function of applied

wherex is the horizontal coordinat# is the width of voltage for different values of viscosity. Fig. 10 shows
each discrete segment, ahgh, = Ly + 2L The ton to be a weak function of plate modulus, E. The
’ t — C*

electrostatic, damping, Van der Waals and contact
forces are all similar in form to Egs. 5-7, substituting
width for area, A, since the forces in Egs. 8 and 9 are
per unit length. This quasi-2D model assumes that all
forces, and hence all motion, are vertical.

The quasi-2D model allows us to model
stiction effects by examining how the Van der Waals
force causes the diaphragm to peel off the bottom
dielectric rather than lift off as a whole when the
switch is turned off.

Forewen = -NWE(1- u)[ hol gzt ]"_Z (15)

Switching Threshold (volts)

We can refine the one-lump and two-lump oy 0 O
models by fitting the force-displacement relationships Fig. 7: Variation of switching threshold as
in Egs. 2-4 and 10-12 -- nominally either linear or a function of diaphragm radius for Type |
cubic -- to actual force-displacement characteristics switches (other parameters held constant)

extracted from quasi-2D simulations. The effective
length of the cantilever in the two-lump model -- the
length from the fixed end to the point where the
curvature of the deformed structure changes sign -- can
be extracted from quasi-2D simulations also. For large-
scale simulation in a VLSI circuit with an array of
switches, the lumped models are more efficient
computationally.

45 __one lump model for Type | switch

- ap -~ two lump model for Type Il switch

©

of diaphragm center (microns)
>
N o

V. SIMULATION RESULTS
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Fig. 8: Transient S|mulat|on using one lump

and two lump models

+ Micromachined  circuit resistance also has the beneficial effect of
Q Switch damping out oscillations when the diaphragm hits the

app, thin dielectric thus allowing the switch to settle

— quickly. This resistance has negligible impact on turn-

on characteristics, but should be removed from the

| circuit when the switch is to be turned off.

After material parameters have been

Fig. 6: Actuating circuit for parameter extraction determined, the model can be used for scaling studies

to optimize the geometry of the device. Figs. 11
Fig. 6 shows the micromachined switch through 13 show how,, andty; change as functions
embedded in an actuating circuit. Switching thresholty geometrical parameters such as cantilever length,

voltages are plotted as a function of diaphragm radiihjckness, and diaphragm size. The trade-offs between
for Type | switches in Fig. 7. This compares well Wltht o andt, are evident.

measured data shown in [1]. Fig. 8 shows the transient " The accuracy of the lumped models can be
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enhanced by including form factors which can account ‘ ‘ ‘ ‘
for fringing fields, and distributed rather than “
concentrated loads and masses. ‘ ’
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Fig. 12: Variation of ty, and tyg with film
thickness,h, in Type Il switch
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Fig. 13: Variation of t,, and tyg with
diaphragm diameter, Wy, in Type | switch
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Fig. 10: Variation of t,, with E for various Vp, REFERENCES
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