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Abstract — A compact model for a capacitive RF
MEM switch with damping is presented. The damping
model is based on analytic expressions for flow resis-
tances due to the rarefied air flow in the gap and in the
perforation holes. The complete switch model is con-
structed of elements resulting from the discretization of
the beam deflection equation and has been implemented
as a nonlinear electrical equivalent circuit. The model
reproduces the beam displacement accurately. Compar-
ison with measured transient on/off capacitance charac-
teristics shows very good agreement.

1. INTRODUCTION

The switching characteristics of a capacitive RF
MEM switch are an important issue in several applica-
tions. The prediction of the switching times requires
an accurate analysis of the whele switch structure, the
dynamics of the mechanical structure, and the air flow.
For accurate results when the device is switched on, it
ts necessary to include a realistic deflection profile of
the bridge in the model.

A simple mode] af a capacitive MEM switch has been
presented in [1]. It roughly imitates the device dynam-
ics, but its parameters cannot be directly derived from
the device structure. In [2], a switch model is pre-
sented, but a constant deflection profile is assumed.

A model for the static behaviour of a RF MEM
switch is presented in [3]. It is based on a nounlin-
ear electrical equivalent circuit model approach. The
model has been constructed of elementary compo-
nent models for beam deflection, electrostatic actua-
tion force, gap capacitance, and mechanical contact.

In this paper, a novel nonlinear damper element is
introduced and the switch model of [3] is augmented
with this model. This damping model includes the
nonlinear damping and spring forces due to the gas
flow in the air gap and through the perforation holes.

Since the gap is very small in the studied device,
and becomes even smaller when an actuation voltage
is applied, it is essential to have the gas rarefaction
modelled correctly, although the switch operates at at-
mospheric pressure. At 1 atm, the Knudsen number is
0.14 for a gap of 0.5 um, predicting a reduction in the
damping force due to rarefaction by at least 1.9.

II. STRUCTURE AND QPERATION OF THE SWITCH

Figure 1 shows the structure of the RF switch stud-
ied. The bridge has been perforated to reduce the
damping due to the air flow. When an actuation volt-
age is applied across the bridge and the bottom plate,
the bridge will bend down increasing the capacitance
of the switch. When the voltage is removed, the spring
forces will return the bridge back to its initial position.
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Fig. 1. Structure and the operation principle of the capacitive
RF MEM switch. The switch is off when no DC voltage is applied
(small capacitance). When a voltage larger than the pull-down
voltage is applied, the brigde bends down and hits the dielectric
layer (larger capacitance).

During the operation of the switch, the gas in the air
gap will be squeezed into the perforation holes. This
viscous flow is the cause of damping in the structure.

ITI. Swrrcn MODEL
The differential equation modelling the motion of the
bridge is
%z 8z - 8% 8%z
hllied hind e — = 1
Matz +76t +EI”8$4 +hbwb56m2 g(z, 2z}, (1)

where z is the displacement, M is the mass of the beam,
7 is the damping term due to the gas flow (not a con-
stant term), E is the effective Young's modulus, I, is
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the moment of inertia, S is the stress in the beam, Ay
and wp are the height and width of the bridge, respec-
tively, and ¢z, z) is the distributed load due to the
electrostatic actuating force and the mechanical con-
tact force.

A. Static Model
We have constructed a model for a RF MEM switch

from elementary finite difference sections [3]. These -

sections consist of elements that model beam deflec-
tion, electrostatic actuation force, gap capacitance and
mechanical contact force. The deflection model in-
cludes the contribution of both the static residual stress
and the dynamic stress due to the elongation of the de-
flected beam. '
Figure 2 shows how the switch model has been
constructed. All but the two first and two last
sections that implement the clamped-clamped beam
boundary conditions are identical. The novel damper
clements (PGD) are also shown in the figure.
With this model, measured static capacitance-voltage-
characteristics have been reproduced accurately (3].
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Fig. 2. Block diagram of the switch model. Each section
contains a model for beam deflection (BE)}, mecharical con-
tact (NC), gas damper (PGD), and electromechanical transducer
(NTR) with electrostatic actuation force and cap capacitance.
The capacitances of the sections are connected in parallel.

B. Model for Perforated Gas Damper

Mechanical losses in the bending bridge are low and
the damping is dominated by the air flow. Here, it is
assumed that the bridge has been perforated to reduce
the damping due to air. In this case, we assume that
the net horizontal flow under the bridge is zero: the gas
flows entirely into the perforation holes from between
the plates and the damping problem then reduces to
a local flow problem in the vicinity of a single hole.

Small pressure differences at the channel ends and a
laminar flow are assumed.

Here, the validity of the model is limited to the
regime where the gas inertia can be ignored. The mea-
sure of the validity is that the medified Reynolds num-
ber Re = ph*w/n <« 1, where h is the gap displace-
ment, 7 is the viscosity coeficient, and p is the density
of the gas. In the structure of interest, Re < 1 for
switching frequencies below 5 MHz.

C. Flow In the Gap

Flow from the air gap into the holes has been mod-
elled by Skvor [4]. He assumes that the flow to each
of the holes (radius +} enters from & cylindrical volume
with radius r, and height h, see Fig. 3. Parameter
r« has been determined according to [4], leading to a
value of 2r, = 1.13b where b is the distance between
the centers of the holes. According to this model, the
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Fig. 3. The flow regimes around one perforation hole. It is
assumed that the gas flows into each perforation hole from a
cylindrical volume with a radius of rx, and upwards through the
perforation hole with a radius of r.

mechanical impedance R, of a single hole is

27 Dopnprd (1 re 3 1l ‘) @)

Rs = Qp,ch(Dch)hs 2 T8

r
3T 8t 22 B
where h = d + 2 is the gap displacement, @, qn is the
Poiseuille flow rate for the rectangular duct with a high
aspect ratio. It is a function of the inverse Knudsen
number Dy, = /7/(2Kq,cn) = V7h/(2)), where the
Knudsen number is Ky ¢, = A/h and A is the mean free
path of the gas, inversely proportional to pressure. In
the continuum damping regime @Qp cn(Den) = Den/6.
An approximation for Qp,ch is [5]
D 1396
Qpen(D) = 7 + Foiee (3)

The compressibility of the gas is modelled with a

mechanical impedance

1 (4r2 - r?)P,

4
Jwly jwh (4)

Zs =

where P, is the pressure.
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D. Flow Through the Perforation Holes

The vertical flow in the capillaries, formed by the
perforation holes, is modelled with the flow resistance
of a channel having a circular cross-section. The me-
chanical flow resistance for a long channel with circular
cross-section (with radius r) is [3]

Dy
D) (©)
where [ is the channel length (thickness of the bridge),
and (p b is the Poiseuille flow rate, dependent on
the inverse Knudsen number Dy, = +/7/(2K,w) =
v /(2X), where the Knudsen number is K4 = Afr.
-In the continuum damping regime Qp 16{Dsb) = Dy /4.
An approximation for the flow rate Qg4 is [5]
178D+ 1.
26D
E. Flow in the Intermediate Region

R:=2

Qpan(D) = 2 +1.485 ®)

Analytic models for the flow beiween the surfaces
and in the capillary exist, but the flow behaviour in
the intermediate regime is too complicated to be ana-
lytically modelled. Here, this regime is approximated
with elongations of the other flow channels.

Simple analytic expressions for effective elongation
in rectangular and circular flow channels have been
presented [5]. Here, the elongation of the channel fow
under the bridge is modelled by increasing the radius
rx in Eq. (2) by

Af'x = hALch(Dch, (T‘x - T)/h),
where the formula for the relative elongation is [5]

8 1+2471p—0652
ALy(D, L) = 37 1 Y 05D-05[—0.238" (8)

The elongation of the capillary is modelled with a
relative elongation ALy, that depends on the inverse
Knudsen number and the relative channel length I/r.
The elongation is

(7)

Al = TAL“,(D“,,I/T), (9)
where the formula for the relative elongation is [5]
3 1+ 1.7D-9858
ALy(D L) =T 1% (10)

"8 1+ 0.688D~0-8%8,~0.125"

IV. ELECTRICAL EQUIVALENT CIRCUIT
IMPLEMENTATION

The switch model has been constructed from ele-
ments that are built with electrical components, ac-
cording to the inverse equivalencies [1}, [6]. This ap-
proach uses node voltages to model velocities and dis-
placements and controlled current sources to model ac-
tuation forces. Figure 2 shows the block diagram of the

model, where nv[i| and nz[i] are the internal velocity
and displacement nodes of elements i, and nU+ and
nU- are the external capacitance nodes.

Figure 4 shows the equivalent circuit for a single
damper element. Since inverse equivalencies are used,
a gyrator is needed to transform the impedance circuit
on the right-hand side of the figure into an admittance.
The nonlinear resistance is Ren = Rs/(Np V) where an
effective radius ry + Ary, is used instead of ry, Np is

“the number of perforation holes, and N is the number
of elements. The compressibility effect in Eq. (4} is
modelled with capacitor Con = L/ (N N).
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Fig. 4. Equivalent circuit element that models the mechanical
admittance of the gas damper. The model contains the damping
resistance due to the flow into the capillary Rgy,, through the
capillary Ry, and the model for the gas compressibility Cy,-
Nonlinear components Ry, and O, are controlled by the dis-
placement uz.

N

The flow resistance R,y in the gap and the compress-
ibility Cp, both depend on the displacement voltage u,.
In the gap flow model, also the elongation Ar, and the
inverse Knudsen numbers Dy, depend also on z.

The perforation hole resistance R, = BRy/(NpV)
is implemented as a constant resistance, since Dy, does
not depend on the displacement z. In Eq. (5), the
channel length [+ Al is used instead of |. Coefficient B
is utilized to scale the value of the capillary’s resistance:

G

B pr

+1 (11)
The model has been implemented and simulated
with the circuit simulation and design tool APLAC [7].

V. EXPERIMENTAL

Several capacitive MEM switches have been designed
and fabricated. The structural material was gold; a
silicon nitride dielectric layer isolates the suspended
electrode from the bottom electrode. In addition, the
process contains a third metal layer which is used as
structural material in anchoring and to form coils. Dy-
namic on/off characteristics of a manufactured switch
have been measured. The measurement setup is shown
in Fig. 5. The capacitance as a function of time was
measured using a self-made one-port vector network
analyzer that operates at 836 MHz.
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Fig. 5. Capacitance measurement setup for the MEM switch.
A bias tee ig used to separate the pulse voltage source from the
network analyzer.

The static air gap height d = 0.5 um. The dimen-
sions of the switch are the same as documented in [3].
The parameters in the dynamic model used here are ex-
actly the same as in the CV characteristics simulations
documented in [3]. Only the damper parameters have
been added here, and no adjustments of the parameters
have been made. The radius of the perforation holes is
‘2um and the ratio of the perforated area is 1/9. Air
parameters at 1 atm have been used (A, = 65 nm, and
Tair = 18.5-107% Nm/s?). In the transient simulation,
the beam was divided into N = 100 sections. Figure 6
shows the measured and simulated switch capacitance
as a function of time when an actuation voltage pulse
is applied to the switch.
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Fig. 6. Measured (—0O—) and simulated ( ) switch capaci-
tance as a function of time when the DC voltage is switched on
and off with an external actuation voltage of 3V at a rate of
400 Hz.

VI. CONCLUSIONS
A circuit simulation model for a capacitive RF MEM
switch was presented. A nonlinear damping model was

derived for a perforated beam, and it was included in
the static switch model. The damper model is based

on analytic expressions for flow resistances due to the
rarefied air flow into and through the perforation holes,
and in the intermediate region [5]. Comparison with
measured transient on/off capacitance characteristics
shows very good agreement. The model presented is
applicable also in simulating similarly constructed tun-
able capacitors.
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