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Abstract—We present an accurate model of the switching mecha- v I R Vs
nism of MEMS switches. The model is based on a electro-mechanical ;’W\'_Q__L
analysis which takes into account the varying force and damping =
versus position (time). The model also calculates the switching cur- k/2 ty m, [ k/2 0
rent taking into account both the capacitance change and the voltage @ |  [WWW T Ww
change versus time. The model accurately predicts the switching time, 8 F, r
the switching current, the velocity versus position (and time) of the <
MEMS bridge, and the energy consumed in the switching process. It
is found that the current can be very large and the total switching en- =
ergy is larger than predicted by simple models due to the damping
underneath the MEMS bridge. Fig. 1

Coordinate system and simplified mechanical
model of a MEMS fixed-fixed beam switch.
I. INTRODUCTION

ICRO -mechanical series and shunt switches havend, for a fixed-fixed beam design with a force distributed

shown some very impressive results (insertion lossover the center third of the bridge lengthis given by:
and isolation) from 0.1 to 100 GHz [1], [2], [3], and
have been employed in low-loss phase shifters at 10 GHz, _ R2Ewt? (27 8o(1 —v)wt (27 B
35 GHz and 40-100 GHz. The electrical performance of B 49 l 49
MEMS switches are now well understood. A MEMS DC- ) ] . .
contact series switch is accurately modeled by a capacitandéhereE is the Young's modulusy is the Poisson’s ratias
in the up-state position, and a resistance in the down-staté the residual stress in the fixed-fixed beamy, andt are
position. A MEMS shunt capacitive switch is accurately the length, width and thickness of the beam, respectively.
modeled by a capacitance in the up-state position, and §|m|lar_equ_at|o_ns can be_denve(_j for cantllever_swnches [5_].
CLR model in the down-state position [1], [4]. The me- The swltchlng tw_ne is derived using the Newtqman dynamic
chanical analysis of MEMS switches has not followed a par£duation of motion and neglecting the damping underneath
allel approach, and the goal of this paper is to introduce ath® MEMS switch (or cantilever). Also, the applied force
accurate electro-mechanical model which predicts virtuallyS @ssumed to be constant and is given by the electrostatic
everything about the switching mechanism of RF MEMsforce due to a voltagé” on the MEMS bridge, and is [6]:
switches (with the possible exception of stiction and charge L e w12
trapping). F=-2""" (3)

2 g2
Il. SIMPLE MECHANICAL ANALYSIS The dynamic equation of motion becomes:

The MEMS switches are modeled using a simple fixed-

. . . . 2 2
fixed beam or a cantilever design. The pull-down voltage is ij thr=F = leowVZ‘V (4)
derived fromstatic calculation and is: dt 2 g
Sk wherem is the mass of the bridge (or modal mass), and
Vo =14/ mﬁ (1) is the displacement from the up-state position. The initial
o

conditions arez = 0 anddz/dt = 0 att = 0 (switch is at

wherek is the spring constant (or modal stiffness) of the rest), and the switching time is calculated for= g, and
MEMS bridge (or cantilever is the height of the MEMS 1S [6]:
bridge over the pull down electrode; is the width of the o 2T (5)

MEMS bridge, andV is the size of the pull down electrode. woVs V 2

The spring constant is dependent on the bridge geometry o ]
wherew, = 4/ is the mechanical resonant frequency of

This work was supported by NASA-Jet Propulsion Laboratory the bridge V; is the source (applied) voltage, aiglis the
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pull-down voltage given in Equation 1. The switching time is valid until the contact is achieved, and this is fo& t,.

is dependent on the applied voltage. The higher the applie@he switching time is very similar to the simple mechanical

voltage, the faster the switch. This analysis is accurate ifolution presented above fof = 50 V. The MEMS bridge

the applied voltage is larger than 243 speed {z/dt) is 2-3 m/s, forV; = 35-50 V, just before
The energy consumed in the switching process can bhitting the bottom electrode.

calculated as the sum of the electric and mechanical energy

in the MEMS bridge. The mechanical energy is the energy sk ~~ T ]

stored in the bridge spring and is given By, = kg?/2. 1 ]

The electrical energy is the energy stored in the MEMS ca- 20L V=35V 4

pacitor, and isF, = C4V2/2 (assuming”,; > C,). Using

these values, the energy required for a MEMS bridge with

k=6Nm,g =25um,Cyqy = 2pFandV; = 50V is

E =FE,+ FE, = 25n)andE, > E,. We will see

later that this estimate of the switching energy is inaccu- 3

rate, and that the damping mechanism must be included in — 0.5 V=3.6m/s V= 2-5% .

the switching energy computations.

V=50V 4

—
(91
T T T

Height [um]
S

I1l. M ECHANICAL ANALYSIS WITH INTERMEDIATE 0 10 20 30 40 50
ACCURACY Time [ps]
An intermediate mechanical analysis takes into account (a)
the varying force versus position (or time) as the MEMS 8 — T
bridge is being pulled down to the bottom electrode. The V=50V
analysis also takes into account the damping factor of the air s i
layer underneath the MEMS bridge. The dynamic equation = 6 ¢
of motion becomes: E [ 2
A2 d % 4 F 202 203 204 V=35V g
— +b—+kz=F.+F, 6 8
m—y tbo +kz + (6) § ; ]
1 w2 2r L I
L= — — @) | 447 439 441 i
2 (g+td/€7“ _Z)
wheret, is the dielectric thickness with a dielectric con- 0 e T EE—
¢ 0 10 20 30 40 50

stant ofe,., b is the damping coefficient and is dominated by
the squeeze-film damping under the bridgg,is the con-
tact force at the dielectric/metal interface. For two parallel (b)
platesp is given by [7]:

Time [us]

5 Fig. 2. Simulated (a) bridge height and (b) current versus
b ko N <w> ®) time for a step voltage of 35 V and 50 V.

C woQ

wherew, is the natural resonant frequency of the switc
Q is the quality factor of the oscillating bridge, apg;, is

h The solution of the MEMS bridge position versus time
"can be used to extract the switching current. The current is

the viscosity of air & 1.8 x 10~°kg/m?). The damping co- 9V€N by:

efficient ¢) for an arbitrary switch can be calculated from 7= dq = Cdl + V@ 9)
Eq. (8) and direct measurements of the spring constant (us- dt dt dt

ing an atomic force microscope) and the quality factor (ex- eowW

tracted from the small displacement frequency response). C= m (10)

Equation 6 is a non-linear differential equation, and its
solution can be obtained using a non-linear solver such aand z versust is given in Figure 2a. Notice that the peak
Mathematica [8]. Again, the boundary conditions are- switching current occurs just near the end of the switching
0 anddz/dt = 0 att = 0. Figure 2 presents the time- cycle where the bridge speed is the highest. The switching
domain solution for a MEMS gold bridge with= 0.8 um,  current is shown in Figure 2b. for the cases outlined above,
w = 60 pgm, l = 300 um, W = 100 um, &k = 6 N/m, andis4 mA {,; = 35 V) to 8 mA (Vs = 50 V), which is
g =25pum,V, =25VandV; = 35, 50 V. The solution  significant. The energy consumed in the switching process
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can be calculated as:
E:V/idt:Ec+Em+Ek+Ed (11)

where V; is the source voltage (30 or 50 Vi) is the
switching current,E., E,, are the mechanical and electri-
cal energy defined abové;, = %va and is the kinetic
energy of the MEMS bridge, anfl; is the energy dissi-
pated in the damping mechanism. R@r= 30 V and 50 V,

the switching energy is calculated to be 1.98 nJ and 4.1 nJ,
respectively. The energy stored in the capacitris 1.0 nJ

and 2.1 nJ for 35V and 50V, respectively, showing that the
kinetic energy and the damping energy account for 50% of
the total switching energy at the point of contact.

IV. ACCURATE ELECTRO-MECHANICAL ANALYSIS

The accurate electro-mechanical analysis follows the
same approach as the intermediate analysis above, with the
following changes:

« The damping factor is allowed to change versus position
(time)

« A contact force,F, is taken in the analysis which simu-
lates the attractive and repulsive forces between the metal
bridge and the dielectric layer.

« The switching current versus position (or time) is used
with the bias resistor (20¢K) to calculate the voltage drop
from the power supply to the MEMS bridge, and to result
in a true value of the bias voltage versus position (or time)
applied to the MEMS bridge.

The above analysis results in two simultaneous non-
linear differential equations when included in the dynamic
equation of motion. Again, they are solved using Mathe-
matica.

d?z 2\~5dz
mﬁ + b<12 — gj) E + kZ = Fe +Fc (12)
dv dcC
=V,—it)R=V,— (C— + V= 13
1% i(t)R =V, (Cdt+th)R (13)

The solutions for the case outlined in Section Ill are
shown in Figure 3 fol/;, = 35 V andV,; = 50 V. Also
shown are the switching currents and the voltage on the
MEMS switch versus time. Note that the applied voltage
decreases before the end of the switching cycle due to the
voltage drop in the 20R resistor.
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The energy delivered by the source and consumed in thﬁig. 3. Simulated (a) bridge height and (b) current and (c)

capacitor voltage versus time for a step voltage of 35V
and 50 V.

switching process can be calculated as:

E:Vs/i(t)dt:Ee-l-Em-l-ER-i-Ek-f—Ed (14)

where Er = R [i(t)%dt is the energy dissipated in the 1.19 nJ and 2.20 nJ, respectively (Fig. 4. The reduction in
resistor. ForV; = 35V and 50 V, the total energy used is the bridge speed is due to the bias resistor which results in
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a reduced voltage on the MEMS switch at the end of the

switching cycle.

- V=50V

TABLE |
ENERGY BALANCE FOR AMEMS GOLD BRIDGE WITH
t=0.8 uM, w =60 uM, I = 300 uM, W = 100 uM,
k=6N/M,g=25uM, Q=0.3,V, =25V AND V, = 35,
50 V. ENERGY IS IN NJ.

s [ i | VIVl R[] E_ Ep BEn B FEq
i o N 1 35 0 197 0 059 0.99 0.37
i 1 50 0 410 0 135 205 0.68
= 3F - 35 20k 119 0.13 0.34 037 0.73
ES Ext+Ec+ Ep 50 20k 220 0.28 0.74 0.62 0.54
[Sa]

before the membrane contacts the dielectric layer.

V. CONCLUSION

This paper presents an accurate model of the switching
energy in MEMS electrostatic switches. The switching en-
ergy is quite low (2-4 nJ). However, the speed of the switch
at impact is high (2-4 m/s) and this can affect the switch
reliability. Also, the currents involved are substantial and
should be taken into account in the design of the DC switch-
ing networks. The presence of high impedance bias lines
slows down the switch, and reduces the total and kinetic

O L
23 2235 22.4
Time [us]
@)
T T T T T T T
V=50V Er = Ri%dr 1
- R=20kQ .
= 3t [viar ]
& [1]
g 2r
m

Ey+E .+ E, + Ep 2]

(3]

0 L
223 22.35

Time [us] [4]
(b) -

Fig. 4. Simulated energy versus time for (a) no bias resis-
tance and (b) a bias resistance of 20 k
. [6]

Table | presents the energy balance at the point of contact
in the switching process for the MEMS bridge described!”
above. The potential energy stored in the stretched mem-
brane,E}, is very small (19 pJ) and is not included in Ta- [8]
ble I. Also, the damping component contributes to the en-
ergy balance and accounts for 16-25% of the total switching
energy. The dominant effect of an increased damping factor
(conversely a decreaség) is the dramatic decrease in the
switching time forl; = 1.2-1.5V/,.

The presence of the 20 %bias lines reduces the kinetic
energy (and velocity) of the MEMS switch at the point of
contact by causing the voltage across the switch to drop
when there is a rapid change in capacitance, as occurs just

_ energy of the switch at the moment of contact.
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