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Abstract.

Capacitive and ohmic RF MEMS switches are based on micaedsstructures moving under electrostatic force in a
gaseous environment. Recent experimental measuremesisddint to a critical role of gas-phase effects on the ilifet of
RF MEMS switches. In this paper, we analyze rarefied flow &sfen the gas-damping behavior of typical capacitive sveisch
Several damping models based on Reynolds equation [7, 8mBbltzmann kinetic equation [9, 6] are applied to quantify
the effects of uncertainties in fabrication and operatiogditions on the impact velocity of switch contact surfafmevarious
switch configurations. Implications of rarefied flow effeatdhe gas damping for design and analysis of RF MEMS devices
are discussed. It has been demonstrated that althoughgtlidg models considered predict a similar damping quaditydr
and agree well for predictions of closing time, the modeffedby a factor of two and more in predicting the impact viétypc
and acceleration at contact. Implications of parameteexaimties on the key reliability-related parameters sasthe pull-in
voltage, closing time and impact velocity are also discdsse
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INTRODUCTION

One class of MEMS that is projected to have an amazing growtihe next decade is the radio-frequency (RF)
MEMS switches [1]. However, uncertainties in the relialilbf RF MEMS switches and tunable capacitors are still
a major hurdle on the road to widespread commercial adaptafithe RF-MEMS technology. Improved knowledge
of aging mechanisms and the fundamental physics of failimpacitive RF-MEMS is necessary for development
of reliable design practices for such systems. Common riaimechanisms in MEMS include both mechanical
(viscoelasticity, creep) and electrical (dielectric lagk, charging, and breakdown) degradation. In capacitiZz&=

the most commonly observed failure mode is stiction of thealmmembrane to the solid dielectric surface during
contact. It has been observed that the dynamics of switaingovhen the contact occurs has a significant impact
on the performance and lifetime. Additionally, the lifegnof capacitive MEMS switches strongly depends on gas
pressure [4]. Czarnecki et al.[3] have demonstrated thdeuthe same actuation, the switch tested at atmospheric
pressure had a lifetime of more than a million cycles whema200nbar and 20nbar the switches failed after
330,000 and 200 cycles, respectively. To accurately predicirtpact velocity and other dynamical parameters of
such switches, we develop high-fidelity simulations of gasging under various conditions and apply them to study
the stochastic dynamics of a single closing event of a typipacitive switch.

The choice of a physical model to describe adequately a gasdpends on the flow regime. A map of flow
regimes in terms of Knudsen and Mach numbers and applicablerging equations are shown in Figure 1a. The low-
speed flows can often be described by the Reynolds equatsimpdified form of the Navier-Stokes equations with
negligible convective terms. The Reynolds equation isrofteed to describe fluidic effects in microsystems with gas
confined in long gaps. However, the Reynolds and Navier<3tdlescription breaks down when the characteristic size
decreases and the flow transitions to rarefied regime. Themahn equation is a general form of the gas transport
equation based on the kinetic theory and can be reduced teMN&iokes equations in the near-continuum limit. The
challenge of selecting an adequate description for gas olgmpMEMS switches consists in the fact that the Knudsen
number varies during the switch operation. At one-atmosphé, the Knudsen number is typically in continuum
(Kn < 0.01) and slip flow (001 < Kn < 0.1) regimes for a typical switch in "Up-state" position capending
to the maximum static gap. As the gap between beam and thaelpuh electrode closes to "Down-state”, the
Knudsen number increases and results in free-molecular Hgure 1b shows the normalized pressure contours and
and streamlines fokn = 4.0 andKn = 0.04 from Boltzmann-ESBGK solution. The Boltzmann equatalthough



significantly more involved, offers a modeling frameworlatlis applicable for the entire range of Knudsen numbers
encountered during a switch actuation.
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FIGURE 1. (a) Map of flow regimes(b) Pressure contours and streamlineskor= 4.0,0.04

APPLICATION: ANALYSIS OF DYNAMICS OF A MEMS SWITCH

In this section we apply the gas damping models for analylsiypamics of a MEMS switch with experimentally
measured uncertainties in geometry and mechanical piepert

Device Fabrication and Uncertainty Measurements

The device structure is representative of a standard RF MEMScitive switch. The entire device is fabricated
onto an oxidized Silicon substrate. There are three eldes®f varying width underneath an electroplated Nickel
fixed-fixed beam (fixed on both ends). A diagram of the switahlmaseen in Figure 2. The mean, standard deviation,
coefficient of variation, skewness, and kurtosis for theagipental data are given in Table 1.
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FIGURE 2. (a) Schematic of the capacitive switch test structure (Coyrteardue PRISM Center/Peroulis groyj) Compar-
ison of quality factors for Mode 1

Switch Dynamics Model
The equation of motion of the beam in one-dimension is [2]:

MX () + crX(t) + KX(t) = - £0A
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TABLE 1. Experimentally measured device uncertainties

data Meanpg) std(o) COV,% skewness kurtosis
Length,L (um) 50954 Q70 014 -0.35 225
Width, w (um) 12293 056 046 056 331
Gap-sizeg (um) 3.49 022 63 0.20 175
Thicknesst (um) 4.0 0.35 875 114 38
Effective Young's

Modulus,E(GPa) 29578 2893 978 —0.10 174
Fringing Field coefficienta 1.34 01513 - - -
Damping coefficientA 10.39 104 - - -

TABLE 2. Correlated variables

data mean std COV,% skewness kurtosis
Effective massM(ug) 1.10 010 895 004 30
Effective stiffnessK(N/m) 36852 10360 2811 061 354
Pull-in Voltage Vi (V) 12338 2116 1715 035 311

with initial conditionsX(0) = 0,X(0) = 0 where X is the displacement of the bearn,s the damping factor, V is
the actuation voltagey is the gap-sizely is the thickness of dielectric layer with relative pernvitly & = 8.5, & is

the permittivity of air andA = 3bgw is the total overlap area between the beam and three elestiddK, L, w and t
denote the effective mass, stiffness, length, width antkttéss of the beam respectively. This reduced order model
provides a good representation of the dynamics of switcmtertainties in the input quantities and the gas damping
models. The effective stiffness of a fixed-fixed beam withfdree evenly distributed about the center of the beam is

32Ew tg
85— 20(F 7+ AT 1L

K= 2

wherex = (L+b)/2) andbis the effective width of electrode calculatedm®s 3xbg+w. Given the effective stiffness,
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material, | is the moment of inertia given by3/12, and for the first mode of a fixed-fixed begnis 4.73004.
Therefore, the effective mass is

the resonant frequency of the device can be calculated ugirg \/% =p? wherep is the density of the

~ 1KpL?
= e ©)

By equating the applied electrostatic force with the meatamestoring force due to the stiffness of the beam, we

haveFe, = KX. Solving the equation for the voltage and settiig- Mg/g’ at point of instability, the pull-in voltage
for the switch can be found by Eq (4). The mean, standard tiemiecoefficient of variation, skewness, and kurtosis
for the correlated variables are given in Table 2.

8K
Vi =4 m(goﬂd/&)l5 (4)

Sensitivity Analysis

Using a first order Smolyak sparse grid [10], the responséserfor impact velocity and closing time were
calculated based on 11 samples generated from 5 input lestag, E, a, A. The response surfaces of impact velocity
and closing time had a fit & = 1 and 098 respectively and their equations are:

Vys = 18586—0.686+t+0.728+xg+ —0.011688< E+ 53.085%« a — 12.387« A (5)

trs = —189.144+ 20.343xt + 29,572+ g+ 0.089+ E — 14.93721x a + 1.915% A (6)



TABLE 3. Coefficients of variables in response surface.
Variable Impact Velocity /Vp,  Closing timetq gse/tcl 0se0

f —0.022 3806
§ 0.020 4827
E —0.0277 1218
ol 0.5709 ~0.937
A -1.024 09234

Converting this to a function of non-dimensional parameter t /to — 1 and so on, the coefficients are shown in
Table 3. The negative sign of the coefficient for A, E and t ifFguggests that the impact velocity decreases as the
thickness, Young’s Modulus and damping coefficient inoeed$ie higher the magnitude of a coefficient, the greater
is the sensitivity of output variable with respect to thaiuhparameter. Therefore, from the coefficients it can ba see
that the impact velocity is most sensitive to the damping ehadefficient and least sensitive to gap and the closing
time is most sensitive to geometric parameters g and t.

Results and Discussion

Effect of Gas Damping ModeThe effect of using different gas damping models in the dwitgnamics simulations
has been studied first. Here we compare three models: (i) @hbaded on unsteady Reynolds equation [7]; (ii) a
model based on a modified Reynolds equation with the firstrostip boundary conditions formulated from DSMC
simulations [8] (iii) compact model based on Boltzmann-E$Bsimulations [9]. As shown in Fig. 2b, overall good
gualitative agreement has been observed for quality fa¢fe p‘é"—f“’) predicted by the three models.

The three models are then used for prediction of dynamicsgifiglie switching event for the switch with mean
properties (as listed in Table 1. All simulations are stappédnen the switch gap reaches the surface roughness of
50nm. The predictions of displacement, velocity, acceleratbthe Nickel fixed-fixed beam using three models for
an ambient pressure &= latm are shown in Figures 3. For the actuation volt&ge= 147.5V, we can in general
observe that the profile for the switch gap from Reynold’sagun and Gallis-Torczynski match well updo=2.2um
and then tend to deviate. Towards the end, the velocity peofiom compact model and Reynold’s model have the
same shape (increasing trend with time) whereas the one@aliis-Torczynski model is significantly different. The
difference between the predictions of these three modeitributed to the different parameter ranges for which the
models have been generated. In particular, the Reynoldatieg model has a limited validity in terms of the range
of Knudsen numbers. The ESBGK model has been generated fiearange of Knudsen numbers (0.06350).
Additionally, all of the models were generated with the asption of the beam thickness being less than or equal to
the gap size. This assumption is not valid at the near-corggmon.
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FIGURE 3. Effect of various gas damping models: a)compact model (BSB4Bd b)Veijola’s model (RE) c) Gallis-Torczynski
model (RE/DSMC) on the impact velocity and closing time ofisWitch actuated at 143V.

Effect of ambient gas pressufégure 4 show the simulated variation of switch gap, veloaitd acceleration of the Ni
beam versus time at three different pressures (0.01 atmtrd.And 1atm) when the actuation voltag®/ef= 147.5V

is applied to the switch at hand. The compact model for dagigimised here. As seen in Figure 4a, higher pressures
result in higher switching times. For example an approxanat increase in switching time is observed when the




pressure is increased by 19dfrom 0.0latmto latm). The pressure effect is even more pronounced on the switch
impact velocity and acceleration at contact as shown inreidi,c. The impact velocity is increased by almost 6

when the pressure is decreased by 300
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FIGURE 4. Effect of ambient gas pressure on the impact velocity ansimiptime of a Nickel fixed-fixed beam actuated at 90%

pull-in bias of 1475 V

Effect of device-to-device variabilityFinally, we consider how the uncertainty in geometric pagtars and mechan-
ical properties affects the dynamics of such switches. &f@bkhows the mean, standard deviation, coefficient of
variation, skewness, and kurtosis for the output pdfs ddiolgp time and impact velocity from simulations on a device
sample size of 1000. Gaussian input pdfs of thickness, bwiép and effective Young’s Modulus were chosen with
the mean and standard deviation from table 1. Uniform inplis pvere chosen for the fringing field and damping
coefficientsa andA respectively. The coefficient of variation is as high as04® for closing time a¥/go = 147.5V

for given input coefficients of variation of.8%,8.75% and 98B6% for thickness, switch gap and Young’s modulus

respectively.
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FIGURE 5. Output pdf of closing time and impact velocity of a sample {\390) of switches activated at 154/ using Monte

Carlo and a ™ order response surface.
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Carlo and a ™ order response surface



TABLE 4. Uncertainty in output pdf of closing time and impact velgditr given
uncertainty irt,g,E, a andA

Quantity mean std COV,% skewness kurtosis
Actuation at 90% pull-in voltage (147.5 V)

Closing time(us) 2073 8268 3988 1323 441

Impact velocity(cm/s) 12895 1266 982 067 421
Actuation at 99% pull-in voltage (172.5 V)

Closing time(us) 130 5.05 3890 251 1255

Impact velocity(cm/s) 17301 1917 1106 061 417

CONCLUSIONS

In this paper we have demonstrated the influence of gas dgngmd device-to-device variability on the closing
time and impact velocity of capacitive RF MEMS switches. Anter of different gas damping models spanning
the range of continuum to rarefied gas flow are studied and pinedictions are discussed. It is found that although
both continuum models - based on the Reynolds equation -tenchtefied models - based on Boltzmann equation
- give similar predictions for the closing time, the impaetacity varies by more than a factor of two. Since gas
damping in typical RF MEMS switches near contact occurs m filee-molecular regime which is formally not
described by continuum flow theories, the rarefied flow mosedmployed to calculate the impact switch velocity
under uncertain condition. Specifically we consider a swfttoricated and characterized at Purdue university using
a typical fabrication process. The uncertainty in the ga¥® and thickness (8.8%) of the structure dominate the
uncertainty of its actuation voltage (17%). Response sad&f impact velocity and closing time to 5 input variables
were constructed using first order Smolyak sparse grid dlgar This sensitivity analysis showed that impact velpcit

is most sensitive to the damping model coefficient and thgirdptime is most sensitive to geometric parameters gap
and thickness of beam. A conservative approach of applyi@@0% actuation voltage is studied first. This case yields
an average impact velocity of 129 cm/sec. A more realistisraach of actuating the average switch with a voltage
that would result in successful actuation of 99% of the fadigd switches is considered next. This time the average
impact velocity is increased to 173 cm/sec. Since a highgaghvelocity results in higher damage at the contact
interface, these results underline the importance of adyetonsidering the process-induced switch variationghin
design process.
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