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SUMMARY. In the present paper, we analyze the mechanismidgat gas damping in micro-
electro-mechanical systems devices vibrating at highueegies through the linearized Boltzmann
equation based on a simplified kinetic model and diffusectfie boundary conditions.

1 INTRODUCTION

Radio frequency micro-electro-mechanical systems (RF MiEBlevices have been identified
as a technology that has the potential to provide a major étnpa existing RF architectures in
sensors and communications. Over the last decade, RF MEAMgifrg from 1 MHz to 60 GHz)
have become a key research area because they should enaisliatanmation and an integration
of RF components by reducing weight, cost, size and powsipdison, with applications to ultra
low-power wireless and adaptive/secure telecommuniegfid], [2], [3]. In particular, the develop-
ment of integrated silicon-based micromechanical resoaatith high frequencies and high quality
factors can have a great impact on the future of wireless aomization systems. Due to the high
stiffness of RF micromechanical resonators, the ratio efehergy lost by the air damping to the
stored energy is much smaller compared to that of the flexooale of lower frequency beam res-
onators. The high quality factors maintained by RF disk masors at atmospheric pressure indicate
the potential of these microdevices for several applicatand implementation in wireless systems
without the need for expensive vacuum packaging. So farllithea works where a mechanical
analysis of RF MEMS has been reported, it was stressed thae ttievices are able to maintain
high quality factors even at atmospheric pressure due forinech higher stiffness in comparison
to other types of resonators vibrating at low frequenciesleéd, when MEMS devices vibrate at
high frequencies also the gas damping mechanism changgsacednto that experienced by low
frequency MEMS. An important class of commercial microdegiis represented by silicon inertial
sensors and actuators produced by surface micromachinitg$ses, like accelerometers and gy-
roscopes. Such devices, working at a relatively low fregyeare normally operated at very low
pressure in order to minimize the damping due to the intdritdion of the gas (viscous damping).
This need can be overcome when MEMS devices vibrate atveklathigh frequencies, since gas
compressibility and inertial forces lead then to anothenpiag mechanism which is related to the
propagation of sound waves generated by high-frequendiedisry micro-structures. In this frame,
it is important to analyze not only the damping forces exkh single-component gases but also
those exerted by gas mixtures, since during the wafer bgmatincess a mixture of noble gases (like
Ar, Kr or Ne) and getterable gases (likg, O, or CO») is usually backfilled into the MEMS sensor
package to set its operating pressure ('backfilling protess

In the current investigation, by using the linearized Bolénn equation based on simplified
kinetic models, we prove that, for a single-component gasfanmixtures (like Ne-Ar) whose con-
stituents have comparable molecular mass, the sound wavpagating between the microdevice
walls induce a resonant/antiresonant response of thensystdée occurrence of an antiresonance



is particularly important since if the device is operatedsel to the corresponding frequency, the
damping due to the gas is considerably reduced. Compleifédyaht behaviour has been detected,
in the near-continuum regime, for disparate-mass gas neigticomposed of very heavy plus very
light molecules) like He-Xe.

2 PROBLEM FORMULATION

Let us consider a binary gaseous mixture confined betweefiatyinfinite, and parallel plates
located at’ = —d/2 andz’ = d/2. Both boundaries are held at the same constant temper@hse.
upper wall of the channel (located dt= d/2) is fixed while the lower one (located at= —d/2)
harmonically oscillates in the/-direction (normal to the wall itself) with angular frequsn.’ (the
corresponding period beirf = 27 /w’). The velocityU,, of the oscillating plate depends on tirtie
through the formulal;, (t') = U/ sin(w’t’), where it is assumed that the amplitudis very small
compared to the characteristic molecular velocity of thetare given byvy = +/2kT, /m, with &
being the Boltzmann constant, being the mean molecular mass of the mixture @pdeing the
equilibrium temperature of the mixture. Under these coodg, the Boltzmann equation modeling
the gaseous mixture motion inside the channel can be lireghiiy representing the distribution
function of each specieg?, as follows

[P = +h%), h*l << 1, (1)

whereh?® is the small perturbation with respect to the equilibriuatestandf$ is the Maxwellian
configuration given by
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with some common temperatufg and velocityv, (which can be assumed equal to zero without
loss of generality). In Eq. (2§ represents the equilibrium number density antldenotes the
molecular mass.

Then, the system of linearized Boltzmann equations basadonplified kinetic model of BGK-
type after the projection reads ([4]):
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where all variables have been rescaled as follaws:t’ /6, z = 2’/ (v$61) with v} = /2kTo/m?,
and®., = 01/62 = vo/1v1. The values of collision frequencies, v» are determined by imposing
that the linearized BGK model reproduces the linearizetherge rates for the viscous stress tensors
prescribed by Boltzmann equations. Skipping calculatietails, such a constraint yields
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wheren?® (s = 1,2) are the viscosity coefficients of the two specigs,, = m!/m? is the mass
ratio andN12 = n}/ng is the equilibrium concentration ratio. Furthermore, theféicientsI'!, I'?
appearing in Egs. (3)-(6) are given by
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whereA; (5) ~ 0.422 and A2 (5) ~ 0.436 are the dimensionless collision cross sections reported in
[5]. In Egs. (3)-(6), the reduced unknown distribution ftians H* and¥* are defined as
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and the macroscopic perturbed dengityvelocity v and temperature® as
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Notice that, one can reduce to the case of a single monatansitigat is, the equations for the pair
(H*, ¥t) coincide with the ones fofH?2, ¥?)) if My, = 1,T! = I'? and©;, = 1, hence only if
ng = ng and the two gases share even the same viscosity .

Assuming the diffuse scattering of gaseous particles on Wwatls (i.e., the reemitted molecules
are diffused with a Maxwellian distribution described b thall properties), the linearized bound-
ary conditions read as [4]
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whereé = d/(v}6:) is the dimensionless distance between the channel wallsshsasvthe rar-
efaction parameter of the species= 1, while U,, is the dimensionless wall velocity given by
Uy (t) = Up sin(wt) with U,, = U., /v}, Uy = U /v, w = 01w, T = 27 /w = T" /6. The time-
dependent problem described by Egs. (3)-(6), with boundangitions given by Egs. (20)-(25),
has been numerically solved by a deterministic finite-déffece method presented in detail in [4].

In order to investigate more deeply the influence of the patars peculiar to a binary gaseous
mixture, such as the molecular mass rafld,», and the macroscopic collision frequencies ratio,
O12, on the sound wave propagation, it is convenient to derivgstem of integral equations for
the macroscopic fields of interest. Since the vibrationeflower wall of the microchannel are
generated by a time-harmonic forcing (of frequengywe introduce the following expressiéh, =
Up e'“t in Egs. (20) and (21) and then we look for solutions of Eqs-(63)under the form

H(z,c.,t) = H(2,¢.) et s =1,2

Vs (z,c.,t) = U¥(z,c.) et s=1,2.

By integrating the resulting equations along the trajeéetoof the molecules, we obtain an explicit
expression for the distribution functioftg®, ¥*, which should be inserted in the definitions (14)-
(19). Thus, the integral equations for the bulk velocitiéth® gas components (which are the



macroscopic fields of interest in view of our subsequenticenations) read [6]:
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wherey = (1 4+ iw), ¥ = (012 + iw)/v/Mi2, and the symbol¥; (i = 1,...,4) stand for
expressions involving products of the Abramowitz funcid@i) [6] defined by
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Beyond the macroscopic fields given by Eqgs. (14)-(19), ah&rrguantity of interest in the
present problem is the perturbation of the global normakstP. . (this is the quantity that is mea-
sured experimentally) evaluatedzat —4§/2, since it gives the force exerted by the gaseous mixture
on the moving wall of the channel. In the frame of our lineedizanalysis, the normal compo-
nent of the stress tensor of the mixture is defined in termb@ftngle component parameters as
P., = P}, + P2 where
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The normal stress time-dependence is of the following knfmsm
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where|P,.| is the amplitude and the phase. In general, the amplitude of the time-dependent
macroscopic fields is extracted from our numerical resudtsaf the vertical distance between a
maximum and the nearest minimum appearing in the tempooal&on of the macroscopic quantity.

3 RESULTS AND DISCUSSION

The results presented here refer to the noble gaseous msxtdiHe-Xe (that is, helium with
molecular mass:! = 4.0026 au and xenon with molecular mass®> = 131.29 au) and Ne-Ar (that
is, neon with molecular mass! = 20.179 au and argon with molecular mass? = 39.948 au).
For a single component gas, it has been pointed out in [7pthate a certain frequency of oscillation
of the lower wall of the channel, the sound waves propagdiirayugh the gas are trapped in the gaps
between the moving elements and the fixed boundaries of ttr@davice. In particular, Desvillettes
and LorenzaniZ012) found a scaling law (valid for all Knudsen numbers) thatdicts a resonant
response of the system when the dimensionless distancedrtiive channel walls (measured in
units of the oscillation period of the moving platé)— % takes a well-defined fixed value. In [7],
the values ofl. corresponding to the main resonances have been analytitsilved: L, ~ 0.21
(antiresonance)l,,. ~ 0.48 (resonance). Physically, the origin of this phenomenonkmitraced
back to the constructive interference (resonance) or weste interference (antiresonance) occur-
ring between the incident and reflected sound waves. Cameliipg to a resonant response of the
system, the amplitude d?,, atz = —§/2 reaches its maximum value (resonance) or its minimum
value (antiresonance). The occurrence of an antiresonapegticularly important since if the de-
vice is operated close to the corresponding frequency, dingpthg due to the gas is considerably
reduced.

In figures 1-3, we report the profiles of the global normalsstr@mplitude at the oscillating wall,
obtained by numerical integration of Eqgs. (3)-(6), as a fiomcof the periodrl’, for three different
values of the rarefaction parameterWe have included in these pictures the results of numerical
calculations for the mixtures He-Xe and Ne-Ar with the sam@anconcentrations(;2 = 1), as
well as those corresponding to a single component gas. €3dglH3 reveal that, in the near-free
molecular flow regimed = 0.1) and in the transitional regiory (= 1), the resonant response
of the system occurs also for both gas mixtures considefdtb(ayh the scaling law found for a
single component gas does not hold any longer), while, im#@a-continuum regime (= 10), the
propagation of sound waves in the disparate-mass He-Xeaimigibes not show up any resonance.
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Figure 1: Amplitude of the normal stress tenggt at the oscillating wall versus.
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Figure 2: Amplitude of the normal stress ten$gt at the oscillating wall versus.

In order to inspect more deeply the physical processes gwing both gas mixtures, we report
in figures 4-5 the velocity profile of the mixture componergsaafunction of the distance across
the gap of the channel (at different stages during a periasaiflation). We have included in these
pictures the results of numerical calculations for the omies He-Xe and Ne-Ar with the same molar
concentrations12 = 1), for 6 = 10, when the period” matches the main resonant response of
the system. In the pictures 4-5, the lightest component ¢l @aixture has been labelled with the
superscripf, while the heaviest one with the superscéipt

In the case of the Ne-Ar mixture, both species have the sanceosopic velocity which takes
the form of a standing wave, as it happens for a single gas wahiesonant response of the system
occurs. On the contrary, for the He-Xe mixture, two diffariarced-sound modes are simultane-
ously present: a fast and a slow wave. The slow wave is a dastpedllike mode primarily carried
by the Xe, while the fast wave should be associated to thedt#gponent of the mixture. The fast
wave in He is not analogous to a sound wave in a pure monatamsicsincer. does not take any
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longer the form of a standing wave, whate¥eone chooses.

In spite of the complex form assumed by the integral equat{@f)-(27), some qualitative prop-
erties on the behaviour of the two species of the mixturesbeadeduced. In the near-continuum
regime ¢ > 10), for mixtures like Ne-Ar, whose constituents have compkranolecular mass such
thaty ~ 4, ©152 ~ 1, M2 ~ 1, the macroscopic profiles of the two species are symmetric by
interchanging the superscriptand2 (as the numerical results reported in Fig. 5 show). In this
case, Eq. (26) reduces to the equation for the velocity fiéla single-component gas [7], since

1,1 1,2 |2t m 1 2T M 2
the terms £I'' v;) and (' vZ) cancel out as well as the terms.[Tle) 7+ and TS| ™

All the remarks done in [7] on the appearance of resonanu®sonances will continue to apply,
except that now, for a mixture, the phenomenon of constrefiestructive interference will involve
incident and reflected waves associated to two species(8iegrofiles of-! andv? are symmet-

ric). Therefore, the location of the main resonance (aswinance) will be different from that found
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for a single gas. On the contrary, for disparate-mass gature like He-Xe, with®, << 1,
Mz << 1,7y # 7, the fieldv? approaches zero rapidly as functionzofsince the Abramowitz
functions involved depend only oh (whose real and imaginary parts are higher than thosg.of
In this case, since? is a rapidly damped profile, the terms (! vl) and (! v2) in Eq. (26) do
not cancel out and the velocity field of the lightest spegiksliffers in this respect from that of a
single-component gas (Eq67) in [7]). WhenT'! — 0, that is forN;, >> 1, Eq. (26) reduces
to the equation for the velocity field of a single-componesd gnd the resonant phenomenon can
be observed, in the near-continuum regime, also for a dispanass gas mixture. This is shown
in Fig. 6, where we report the profile of the global normal stramplitude at the oscillating walll
as a function of the period, for the He-Xe mixture, wheV;, = 9. The corresponding velocity
profiles of the mixture components, obtained for a pefiaratching the main resonant response of
the system, have been included in Fig. 7.
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