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Introduccion Prologo
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La montana de Sandia Asi se llama.
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Overview of presentation Prologo

* Overview of Sandia’s activities in MEMS

 Case study 1: Mechanical shocks in Radio-Frequency MEMS
 Case study 2: Measurement of gas damping

« Sensors testing examples

 Actuator examples

« Conclusion

MEMS Examples
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Sandia conducts many research activities in Prologo
MEMS -

 MEMS realization requires the integration of
— Design with analysis
— Fabrication
— Packaging
— Testing

MEMS Examples http://mems.sandia.gov/ @ Sandia
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First step: Design with analysis Prologo

MEMS Examples
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Second step: Fabrication P%go
miely
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Third step: Packaging Prologo

[ =M
« Difference from electronics packaging: MEMS moves.
 High capability, small volume » Advanced packaging integrates MEMS
packaging solutions are necessary into microsystems.
to microsystems. :
y s PE lMIcmsystﬁm .._.H _' P é.rckaged
Optical sensor LTCC interposer A 32 layel' T IR : = CFi MICrOS_yStem
Yol 3-D package
16mgsug§fa ch
Electronics module
" = ;
Sl m Active

cooling built
into MCM
technology

» Advanced MCM Technology integrates high
density interconnection for maximum
performance in multi-chip modules.

« We apply thermal management through passive | T amee——
and active cooling technologies for high-power, \ N, T i
' low-volume applications. SEe

F -~ ) = :__- = n "
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Fourth step: Testing PF%?QO

 Testing includes Functional Testing and Reliability Testing.
« Example of Reliability Testing: SHIMMeR (Sandia High Volume Measurement of
Micromachine Reliability)

» Capable of testing a wide variety of device

types.
+ Optical and electrical inspection
« Can halt the actuation signal immediately
after a device has failed.

* The environments can be air or nitrogen,
controllable up to 65% RH and at ambient
temperature.

+ SHiMMeR Il has the added capability of
stress testing at higher temperatures
through the use of resistive strips under the
packages.

MEMS Examples

Page 8 @ ﬁandia |
. . . ationa
© 2009 Sandia National Laboratories Laboratories



Shock and Vibration responses are important in
MEMS

Prologo

» Stress

» Deflections
* Fracture
 Etc.

 Electrical « Static

« Functional testing  Mechanical < Dynamic + Tribology
* Optical - Vibration
* Etc « Shock

» The rest of this presentation will illustrate vibration and shock testing and modeling.

MEMS Examples
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Case study 1:
Mechanical Rebounds in Radio-
Frequency (RF) MEMS

H. Sumali et al / Sensors and Actiators A 134 §2007) 213-220

Static e

ELSEVIER Sensors and Actuators A 134 (2007) 213-220 o sitlibidum §k »
slseyiewcam o e . AN
—> ; £ My
Waveform design for pulse-and-hold electrostatic actuation in MEMS !r—a: 2 i
Hartono Sumali*, Jordan E. Massad, David A. Czaplewski, Christopher W. Dyck —"_L

Sandia National Laboratories, Albwegeergue, NM 87T85-1070, United States i
Received | March 20006; received in revised form 21 April 2006, accepted 27 April 2006 3-D FE Model 1-D Model
Available online 9 June 2006 Fig- 5. Equivalence between 3-1 FEM and 1-1) moded



Sandia RF MEMS Switch Rebotes

Mecéh‘l'c@s‘en
RF MEMS

A plate supported by four

Sori . :
prings Raised folded-cantilever springs.

Transmission » Electrostatic actuation
lines E\Evttabb drives plate toward
a substrate.

SE tab
SW fab » Actuated plate connects

transmission lines.
* Desired closing time: <

20 ps.

Electrostatic . :
 Fabricated in gold.

pad

Plate 100 pm

Dimples
under tabs

» Bottom of contact tabs 2.6 ym above transmission lines.
» Bottom of plate 3.9 um above resistor pad.

MEMS Examples .
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Intended Motion Rebotes

Mecanicos en
RF MEMS

Energized position: plate
down.

» De-energizing: Structural springs provide restoring force.

MEMS Examples
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Step Actuation and Bouncing Rebotes

Mecanicos en
RF MEMS
« Original actuation: step voltage 160 : : ; [ ——2
to close switch. 140 L‘,,j,.‘,f;,,w‘ MR i T — Actuation |
. . | \ H FA N
 Problem: switch bouncing .. | N R A N R >
caused >N b =
: @100 ™ : T ' 2 3
— Interruption of contact D | AR / i %
— Switch damage E: 80P~ f e . E_)
— Low life-cycle S 60 | RN AU N SN AU S 4
« Changing the height of the step & N ': 5
. . 2 40— B S e e 6 >
voltage did not reduce bouncing. £ o \ o
200 N M- o
NG \,\\ A " Aa —
L]} ":‘l | \WERAYA) \"4,’ ™YY (v\L_8 ()
ow‘ 77777777777 b LA S S S
‘ - RF Output
_20 I I I I I _10
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Time, pus

mmm)> Needs a closer look at the structural dynamics.

MEMS Examples
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Mechanical Dynamic Measurements

 Laser Doppler vibrometer (LDV) in
optical train of microscope.

* LDV measures out-of-plane motion of
the switch.

» Laser spot has ~2 ym diameter .

* Measures 110 points on the switch.

£
MEMS Examples
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Rebotes

Meca
eclzsrﬁbos' en
F MEMS

Mec
hani
iC
al Rebound
Prob
lem

2
e,
@
o
5
a
O
R
o)
£
o
c
=
o
o
<
i)
=
w

me
chani
nical rebou
nd

~—-Tab NE

= Tab NW.

Tab SW.

o
\\\\\\

......

o
o
—

it
Drart

.'AJ s b
s S,
FE LN
(ISR,

60

Time, us

et

2t d

LY

20

wr ¢
sjuawl
aoe
[dsig

AW .A ndy OA 8po

)\ ‘ebe
HOA uoljenjoy

n, - 1
, | P
“, | < ]
a,\ , [ tUI
, I , ,
, b--- , , , |
| | R , , , o
< | | , , - LL
, | | , P , ,
, , | | | I ,
, , | | | , — |
I | , , , , z ,
,\\\, , , , , H
| T , , , , r ,
| | __ , , , , o
| | , , , b 8 ,
| , Ik,l - , ,
, | | ,\\\\, ,
D | _— , , , ,
, , , | | i
, | | , ————— , ,
| T e e iy
| | ! ! | | , o
| | I , , , <.
| | , = ,
, | | ! 4= ; ,
o o e e S | | , ,
a4 | S , , , ,
, ,III, , , ,
fme 4 — — | \T,\\ ,
< | - - , | , | , o
, — | | | |
T | , , , ,
| , , - = | |
, | , , — - = !
heY | | | , , |
I | , , , , ,
L4 1 ,\\\, , ,
- | - = , | | , ,
> | | B , , , ,
s | | | , , , ,
& i | | , , , ,
| | , , ,
| | ,
| | | o
~ ~ ~ ~ , !
,

Time, us



Soft Landing Calculation

Rebotes
Mecanicos en
RF MEMS

Voltage V
N

Va
V, |
[Pulse
Coast Hold
t, b, Time ¢
0 — >
X,
Velocity =0
4
X[~
Plate !
travel x
MEMS Examples
Page 16
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 Zero velocity (zero kinetic energy)
desired at displacement x;,.

 Voltage and F are zero after

lectrostatic

» Determine length of actuation pulse:

x(t,)=x,

Energy of spring-mass system
when m,, displaces x,

Work done on system by
FE

lectrostatic*

2
k, Fxh

2

* Solve for x,.
* |teratively solve Equation of Motion to find

i Sandia
time ta' @ National
Laboratories
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Soft-landing Waveform Based on Model Reboies

Mecénicos en
RF MEMS
150 ‘ ‘ | | T 10« Soft landing waveform generated
130 | R SR | Aoaton| from 1D effective model.
| | | 3 3 * 150V, 9.6 us pulse.
> 100 e bilad dog AR SR -30 _ « Coast for 4.7 ps.
o ool o, o £ « 85V hold voltage.
2 ‘ ] © « Infinite slope is not implementable:
<>D 70|} R I SEEEEEEEE _50%S — function generator time resolution is 50ns.
_5 i — amplifier slew rate < 1MV/s.
o S0y L 3+ Overshoot appeared to affect switch
2 1 1 O  bounce.
< 30 N 70
:1'1' 7%utput
10— R T e
il ol MW 1
-10 ! ! Wﬂ"#ﬂqﬁ r IM,!'\' -90
0 10 20 30 40 50
Time, us
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Rebotes

Soft Landing with Rectangular Waveform Moot b
RF MEMS

* Improvement over step waveform.

Displacements, ym

N
‘\w-\‘ A ——

T T
_2 . 5 I ‘I ‘I
0 20 40 60
Time, pus

* Response sensitive to timing.

*Pulse width
Start time of hold voltage

* Function generator resolution

prevents exact timing.
© 2009 Sandia National Laboratories
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3D Model with Rounded Waveform Rebotes

Mecanicos en
RF MEMS
0 [ . LDV Data (NE Tab)| . M.odel p.redlc.tlon compared_well
| ‘ | " | —— 3D Model with switch displacement with

rounded waveform.
» Provided experimental
validation of the model.
» Gas damping effect
— Is neglected in the model.

— Significant when squeezed gap
is small.

— May result in discrepancy.

— May increase tolerance to non-
zero landing speed.

Displacement (um)

0 2 4 6 8 10 12 14 16 18

Time (us)
MEMS Examples Sandia
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Rebotes

Conclusions on RF MEMS Rebounds Mol
ecanicos en
RF MEMS

» The high-fidelity 3-D finite element model captured mechanical dynamics of RF

MEMS switch, as shown by test data.
» The calibrated single-degree-of freedom model is effective in designing

waveform that resulted in zero-velocity contact.
» Experimental refinement was needed in ensuring soft landing.
> Integrated numerical-and-experimental technique is successful in eliminating

bouncing of the switch.

» The rounded waveform appears to result in softer landing and shorter closing
time coypared to the rectangular and trapezoidal waveform.

> If some low residual landing speed is
acceptable, then some variation in coast time

and hold voltage slope can be tolerated.
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Amor’g}r uacion

Q‘g»on

por gas

Case study 2:
Gas Damping in MEMS

HEmRAL OF METCAITHANICS AKD MICERNGINITRPG

dod: 10 V0BRSS L 3177171 1009

I Micromech. Micmeng. 17 (2007 2231-2240

Squeeze-film damping in the free
molecular regime: model validation and
measurement on a MEMS

Bao #i &l

' Hylest=2.223"8an)
=== Gallis I.anw',lrr&:
i Viel|oia 2004

Prasani meas

1 500

Aesiresn gt al

_E-uﬂ

Hartono Sumali

Samdin Natiomal Laboratiries, MS 070, PO Box 5800, Albuguergue, MM ET7IES, USA
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Amortiguacion

Gas damping is important in MEMS. de vibracion

por gas

Motivation:
* Many micro/nano devices need high Q factor. Examples abound in
« MEMS switches need high speed (high Q).
» Resonant cantilever sensors need high responses.
« MEMS gyroscopes.
« MEMS accelerometers need controlled damping.
* Damping can reduce Q from several hundred thousands to below ten.
* Squeeze-film damping determines the dynamics of plates moving a few microns
above the substrate.

« Continuum models are not known to be valid in rarefied (free molecule) regime.
* Molecular-dynamics-based models for predicting squeezed-film damping give
different results.

* So which model should one use?
» Need experimental validation!

» Published experimental data were obtained for squeeze-film damping on flexible
structures. Have been used to validate theory derived for rigid structures.

Objective:

MEKASI;rOVIide experimental validation to squeezed-film damping models for rigid plates.
xamples

Page 23 @ ﬁan_dia |
. . . ationa
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Squeezed fluid damps oscillation. Amortiguacion

de vibracion
por gas

Plate oscillates at fequency .

ﬂ)scillating \ %
plate ‘) %
________ ]l-___-__-______ =
’ . | :: g"
| . S
i Y h
Substr e __________________ “yh
//b>,/

»
«

/ Gas gap %65 170 175 .
K X / Time. us Time

The squeezed fluid between the plate and the substrate creates damping forces on the plate.

For sensors, rigid plate parallel to substrate, moving up and down, is preferred over
MEMS Examples flexible plates. [H. Seidel et al. 1990 Sensors and Actuators, 21 312-315.]

Page 24 Sandia
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Amortiguacion

Knudsen number determines damping regime

de vibracion
por gas
*Knudsen number K, = 1.016 mean free path/(gap size).
s (4 A EVISCOSty, Pas
. u |2RT R = universal gas constant, J/(mol.K)
Mean free path 3 == |—— T' = temperature, K
m —
m m,=molecular mass, kg/mol
«Continuum models, eg. Are based on spatial derivatives.

*Do they apply when the gap is comparable to, or smaller than the mean free path?

_ 7 Many researchers say no. Molecular-
el S dynamics-based models are needed.

s s “ .- i : - :
e = We need experimental data.

http://www.phas.ucalgary.ca/~annlisen/teaching/
Phys223/PHYS223-LECT34.html

MEMS Examples .
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Published molecular models still could not Amoriigiagion

) de vibracion
explain published measured damping. por gas
m' AR o4 m o e e e g )
. Free-space damping model [R.G Christian 1966 Vacuum, 16 175]
10' o
o 10 ' A Adapted to squeeze-film gap [M Bao et al
] y > 2002 J. Micromech. Microeng. 12 341-346.]
Elo’ l' ‘ ]
- L 3 > -<1 1 -
3  Data measured on N MD-simulation-based model
o, . film devi [J D N [S. Hutcherson and W. Ye 2004 J.
squecze-1im deviee |J.D. ' Micromech. Microeng. 14 1726-1733.]
Zook et al 1992 Sensors and s
4,35 51-59 ¢ ,
1o* pctuators 4, 35 51-59] BN » Hutcherson and Ye’s (HY) model
) appears to be closest to Zook’s data.
R T T T T ST * However, Zook’s data have a different
AN Fuomer; slope than all models.

» Zook’s geometry and test conditions

Figure 6. Qualiy factor results: (a) “" vensus quality factor, are not well known or modeled.

(51 Knudsen number versus quality
We need
« A model that is validated by measured data.

e Measurement data with better characterized test device and conditions.
©



“Molecular” models could not be validated with Amortiguacion

available data. Try continuum models

de vibracion
por gas

» Forces on moving plate from gas layer
can be obtained from the linearized

Reynolds equation

Ph’ vz(ﬁj_ﬁ(ﬁj _ 2(5)
12u \P) at\P) at\h

P =ambient pressure, Pa
h = gap size, m

p = viscosity, Pa s
P

t

= pressure at (x,y), Pa
=time, S

« Assumptions in the continuum models:

*Blech’s model <

Assumptions:

1. Rigid plate

2.Small gap

3. Small displacement

4.Small pressure variation

5. Isothermal process

6. Small molecular mean free path

(7. On edges, pressure is assumed to be

*Andrews et al.’s limit

*Veijola’s model «

ambient pressure.
8. Inertia of fluid is neglected)

A

(9. Zero Knudsen number limit of Blech’s)

Ereefrom 7 and 8.

MEMS Examples
Page 27
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Blech’s model was derived for continuum A”;"”i?’“a‘??‘?”
e vibracion

regime, low Knudsen number. por gas

3 2 2 2
 Blech’s damping coefficient |c*"(w)= 7668‘1_3[’ wy _m +n (a/ bz)
b e mPn \m? +n2(a/b)2 +o’/n*

= plate width, m

= plate length, m

= gap height, m

= ambient pressure, Pa
= viscosity, Pa s

2
* Depends on the squeeze number 5 _1» H(ij (0’)
h P

m

 For low squeeze numbers, o <<’

e = NS SR

= frequency, rad/s

CAmﬁﬂm::(l42(ab)2ﬁl/h3

(Andrews et al’s model).

 Blech’s typical applicable range: u = 1.82(10)7Pa.s; a = 144um; h = 4.5 um.
in atmosphere P=9.3(10)*Pa: o <1 for

»/(27m) < T0kHz

MEMS E | . . . .
Page 28 xampies Andrews, M., Harris, 1., Turner, G., 1993, “A comparison of squeeze-film theory with measurements Sandia
© 2009 Sandia Nati on a microstructure”, Sensors and Actuators A, 36, p 79-87. I.Naal}:)orgallries



Veijola’s model accounts for fluid inertia. Amorligiagion

de vibracion
por gas

» Taking into account rarefaction and the inertia of the gas flowing in and out of the gap,
Veijola (2004) modified Reynolds equation into

h = gap size, m
o ( ph’ op L9 0 ph LAY p 8ph p = pressure at (x,y), Pa

ox\ 12u " ox ) oy\12u~" oy ot ¢t =tme,s
U =viscosity, Pas
p = density, kg/m?

« If the gap oscillation is &(¢) = e, exp(jwt), then the damping force -

. . a =width, m
complex amplitude is Veii _ _ ’
F (a)) = jowe, CD(a)) b =length, m

e, =amplitude, m

Mo X 7 h(mn) i :

1 C = n, =1 for isothermal,
CD(CO) = Z Z 0.G,, + joC " 64abn P (= ¢,/c, for adiabatic).
m=1,3,... n=1,3,... JoC,, P = ambient pressure, Pa
x°n’(mn)’ (m*  n® p = viscosity, Pas
_ Z 14+ 6K, ™ 768uab \ a’ +b_2 @ = frequency, rad/s
s A ‘o 27r2phz(1 +10K, +30KS2) p = gas mass density, kg/m?
96 6w (1 +6K, ) Knudsen number
K,=1.016 A/h
A =mean free path, m

:\D/I; Veijola, T., 2004, “Compact models for squeezed-film dampers with inertial and rarefied gas effects”, Journal of @ Sandia

Mi hani d Mi J ing, 14, p 1109-1118. National
© Micromechanics and Microengineering p L



Gallis and Torczynski’s (GT) model combines ~ Amertiguacion

de vibracion

Reynolds equation with molecular dynamics. por gas

Is a Direct Simulation Monte Carlo (DSMC) method.
Instead of the trivial boundary conditions at the plate edges, GT introduced

12uU 6A

P-p =77G(ﬁ'Vp)+C[T)[H%_J1

G

DSMC simulations were used to determine correlations for the gas-damping parameters

0.634+1.572(A/G) _ 1+8.834(A/G)  0.445+11.20(A/G)
1= 1 0537(AG)  * T 1+5.118(AG) 1+5.510(A/G)
A=27%)
G = gas film (gap) thickness. A/G is modified Knudsen number o« 0<A/G<1

o = accommodation coefficient. (For this test device a = 1).

Sumali H, Torczynski JR, Epp DS and Gallis MA 2007 Experimental Validation

';"E'V'S?’ Exammes of a Squeeze-Film Damping Model Based on Molecular Gas Dynamics Proc. Sandia
age . . . . . .
© 29009 Sandia National L%@Qrgté’rgé/lE International Design Engineering Technical Conference. @ 'L\Iaalﬂlorgal)ries



Present measurement was done on an
oscillating plate.

* Structure is electro-plated Au. Folded-cantilever springs

 Thickness around 5.7 pum.
* Substrate 1s alumina.

Plate width
154.3 pm

A =29717(um)?
a =154.3 um

Air gap between plate and substrate/ "

Mean thickness = 4.1 pum.

Anchored to substrate

 Assumed width @ and length b, of _
where ab = true plate area. " = i
20— . g
— 2o (/
%,90 b N\“‘*—«.:
40
-60 \“\vm‘\ i/
MEMS Examples 80
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Measurement uses LDV and vacuum chamber. A”;‘;”V‘%“rggggg
por gas

 Substrate (base) was shaken
with piezoelectric actuator.

« Scanning Laser Doppler
Vibrometer (LDV) measures
velocities at base and at
several points on MEMS
under test.

Microscope
Laser beam

Vacuum

PZT actuator chamber

(shaker)

MEMS Examples

Sandia
(lz)ag(‘)aongandia National Laboratories @ National .
Laboratories



Experimental modal analysis gives natural
frequency, damping and mode shapes.

Measured deﬂection shape, first mode.

Higher modes are not considered.

* Tests were repeated at different air pressures from atmospheric (640 Torr)

to near-vacuum (<1 milliTorr).
MEMS Examples
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Non-squeeze-film damping is estimated from
zero-pressure asymptote.

Amortiguacion
de vibracion
por gas

-3

X 10
Z T
® Meas. total
~~ ~Linear fit .
1.5~ Non sgz. film -
¥ Squeeze film Priad
-
.n‘p”
0.5r +
'
+
+ T
0 4= 1 L 1
0 20 40 60

Pressure. Pa

* To obtain squeeze-film damping from
measured total damping, subtract
NSFD from total measured damping.

MEMS Examples
Page 34
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80

» At low pressures, Non-Squeeze-Film Damping
(NSFD) is the dominant damping.

 Linear-fit total measured damping at a few lowest-
pressures. The zero-pressure intercept is NSFD.

-1 T T T T T rTrTrrg T LI | T TTTT T TTTT
10 f ° Measured total o *
- Mon sgueeze film - ¢ ]
t Sgueeze film
-2
10 F 4 3
2
N L -3- o @
10 g o—ao o ° - .
+
+
-4 +
10 F + E
.
-
1] 1 2 3 4 5
10 10 10 10 10 10

Freczire Fa



Some models predict measured data very well.

Amortiguacion
de vibracion
por gas

164.5e

10

Pressure, Pa

1

16989

1548

|

3 [T

*

Andrews et al

; "Baoetal.
[| = = "HY(est=£.233*Bao)
| — — ~ Gallis & Torczynski

Yeijola 2004

Present m

eas,

548

548 1,548

a0

3200

10

-1
10

0
10

1
10

Knudsen Mumber KS

Sel

§0ed

Se5

"Minikes A, Bucher I and Avivi G Damping of a micro-resonator torsion mirror in
Lrareﬁed gas ambient Journal of Micromechanics and Microengineering 15 1762-9

AU UL S LA UL YU A AR U AL

Blech model was developed
for low Knudsen numbers.
Andrews et al’s limit 1s
accurate at low K..
Literature! showed Bao et al’s
model to be more accurate
after modification.

HY curve in graph was
estimated, not from
Hutcherson-Ye’s
computationally extensive
model.

Gallis-Torczynski and
Veijola’s models agree well
with test data.

Sandia
National
Laboratories



Thus, the test data suggest the following Amoriguagion

de vibracion
conclusions: por gas
110*_314'8?3 P e 5 e On rigid plates with width ~150 pm,
e oscillating around 4.1 pm above the
L Jsg substrate, squeezed air film can cause large
] damping.
-3 .
10 7500 » Non-molecular models are not necessarily
. ]
3 N . less accurate than current molecular-based
! 4 Andrews et al LN 45e1
©+ Bao et al, R = E models.
sf|Z Mlesmacabeo) RN NG « For the conditions tested here, in atmospheric
10 H ——~Gallis & Torczynski T \,\ ~45ed . . .
Veljola 2004 AN air the simplest model mentioned by Andrews
]| . ..F’.r.?f“':”t.m?"?“‘?'.....n UV 3585 et al. is as good as any more sophisticated
-2 -
1a 10 10 1a 10 10
Knudsen Mumber K, models. CAndreWS = 042A2‘U / h3

* In the high squeeze number regime (low pressures or high frequencies), Veijola’s model
appears to match experimental data accurately.

MEMS Examples
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Sensor Testing Examples

APPLIED PHYSICS LETTERS 92, 114102 (2008)

Highly sensitive mass detection and identification using vibration
localization in coupled microcantilever arrays

Matthew Spletzer,’ Arvind Raman,’® Hartono Sumali,? and John P. Sullivan®

'Schoot of Mechanical Engineering and the Birck Nanotechnology Center, Purdue University,

West Lafayette, Indiana 47907, USA

“Applied Mechanics Development Department, Sandia National Laborataries, Albuguergue, New Mexico
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Laser Doppler Vibrometer measures the Ejey
vibrations of an AFM cantilever probe

Measured with laser Doppler vibrometry, in
a vacuum chamber.
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An array of micro cantilevers is capable of

measuring 10 picogram of mass.
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Vibration mode shape of
array without mass.

Vibration mode shape of
array with 10 picogram (10-14
kg) mass attached.
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A comb-drive actuator can drive many kinds of

MmIrrors.
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. . Ejemplos de
The actuation system is robust. o
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» Radio Frequency MEMS

Narrow-gap Polysilicon RF MEMS Resonators
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A polysilicon MEMS resonator process has been developed at Sandia for the fabrication of high-Q oscillator
references and intermediate frequency (IF) filters. This process can achieve electrode-to-resonator gaps less than
100 nm, which is needed to reduce the impedance of capacitively transduced devices. While high frequency
resonators can be implemented in this process, it is best suited for fabricating resonators below 200 MHz because
the impedance levels are significantly lower at these frequencies. Advantages of these polysilicon resonators
when compared to microfabricated piezoelectric resonators include much higher Q (> 60,000), low drift, tunability,

and low vibration sensitivity. These properties make polysilicon presonators ideal for implementing miniature
oscillators and IF filter banks for RF MEMS applications.

MEMS Examples .
Page 44 ﬁan_dla |

, , . ationa
© 2009 Sandia National Laboratories http://mems.sandia.gov/about/rf-mems.html Laboratories



Microsystems = MEMS > Samples = Pricing

SAMPLES™ Program =

Price List

Cost Subjact bo Change without Netice

MEMS Courses
EaciGiig For the SUMMIT  Froe8ee Sig BB ADs Yieg

Includes course <D

MEMS Software Tools
Sandia MEMS Design Tool Suite $£10000

Includes the following: Sandia Advanced MEMS Design Tools, 20 Process Visualizer, 30 Wisualizer, 30 Madeler Generator, $tandard Components
Library

Fabrication

£11,200/design Module
£17,200/design Module

SUMMIT W Agile Prototyping, US Institutions {100 unreleased modules)
SUMMIT W Agile Prototyping, Non-US Institutions (100 unreleased modules)
(shared reticule) Partnering available for qualifying organizations, Please contact memsinfo@sandia.gow for information,

HF Release & Dry - One Batch (approximately 50 modules) £1500

Release service includes supercritical drying [(CO2)

WSAMS Coating £400/batch {approx, 50 dig)

Custom post processing £Case by Case

MEMS Packaging

Parts designed with standard pad frarmes, Alurminur Metal and packaged in 24-pin or 48-pin DIP packages
Double or Single SUMMIT Module

FPackaging Set up Fee (incudes cost of 30 packaged parts) £32000

MEMS Testing

$Case by Case
$Case by Case

$Case by Case

MNote: Prices are subject to change, Check this site for current pricing. As a National Laboratory, Sandia strives to ensure that all participanis have ﬁan-dla |
equal opportunities to realize the unique benefits available through our technology programs, We must recaover the actual cost of performing work . _a_tlona .
for clients, but do not charge far the research and development programs that produced the technology, http://mems.sandia.gov/s tishogatdries



