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Abstract

This papesshows a methodolodpr theyield prediction ofMicro ElectroMechanical
Systemg MEMS). Variationsof process propertieduring the production of MEM@re
considered irsystem simulatio® Yield predictionbased on the distributiofunctions
provided bystatistical analysis packag8#\E J2748s demonstrated on a capacity based
accelerometer system.
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1 Introduction

The fabrication of MEMS underliesnanufacturing process variationdike geometry
dimension wariationsof structured.e. due to under etching, material property variation i.e.

due to doping/temper temperature variatja@ts. So theyield depends on the nominathe

optimali design within itgparametetolerance rangeand distribution functia Today there

is a strong demand on decreasing structure sizescof-systems likeMEMS. Due to this the
tolerance range of the fabrication process decreases too. The production has to become more
accurate. The tolerance range of each prosesgshas b be welldefined Running a Monte

Carlo simulation of the complete MEMS withealistic variations of the parameters
consideringheir distributions helpso determine the yield of the production.

2 The MEMS model

An accelerometewas chosensademonstratdior the methodologyFigurel shows a scheme
of a typicalsingleaxis airbag sensorA seismic mass m isonnectedthrough a meander
spring to the housing and so builds a sprimgssdamper system. @hductive platesare
attachedd thesubstrateon one sideWith the counter plates dhe other sidattached tdahe
movable massthey build capacitors. These capacitaisange capacitanccording to the
position of the seismic mass in nbmear relation toan external acceleraticappliedto the
device The resulting charggin capacitancas detected and processed ymeconnected
electronics.



For multi-domain or mechatronisimulations the hardware description language VHDL
AMS (Very high speed Hardware Description Languagenalog and Mixed Signal) is best
suited. With VHDL-AMS, it is not only possible to model and simulate time discrete systems
but also to model and simulate systems with time continuous behavior; mixed signal circuits
like ADC, DAC, PLL or systems of multipldomains like MEMS, MOEMS, MST, uLab.
Furthermorethe language offers constructs to handle discontinuities, like they often occur in
mechatronic systemsSo this language was chosen for implementing the model of the
accelerometer.

The SAE J2748 distributiofunctions which arealsoimplemented in VHDEAMS, are used

to provideparametewnariations with definedgtochasticsystemfunctionsfor the geometrical
dimensions of the ME S structureand its material propertieBurthermore, the same method
can be apled to the parameters of the electrical circuit for considering their variaitions
system simulation.
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Figurel: accelerometer schemeaxis

2.1 Basic physical effect implementation

The accelerometer is meldd with the basic physical effect approach, i.e. those basic
physical effects like the inertiaf masgsin translational moved baes the spring effect of a
beamor the electrestatic attraction effect between two conductive plaées modeledin
VHDL-AMS and made available in the library EMBLEMecha To build the model of the
complete MEMS devicethe effect models have to bennected tgether(seeFigure?2). For

this, strict port compatibility has to be usédo r hrdugeh oitand A ac rsees s 0
Tablel).

var



Type of variable electrical network rotational translational

"through' variable current i torque T force F

"acros$ variable voltage v anglee displacement x

Tablel: Variable types of the implemented pdids each domain

The implemented effects are:

e The nertia effect ofa translational moved mas$his effectmodel is instantiated 5
times: for the seismic mass arat themovable and stationary fingers of each of the
two capacitorsEquation (1shows theequationto calculate the mass of a cubic body
from the geometrical dimensions and material constdegsiation (2) shows the
resulting nertia force of a translamal moved masdVith: length | width w, depth d
specific weightp, mass/hole ratio.r

r

mzl*w*d* *x_ 1
P (1)

f=m*a=m*# (2)

e The pring effectequationto calculate the spring constant of a meander beam from the
geometrical anensions and material constdfihod (elastic modulus of theneander
beans) is shown in equation (3). Equation (4) is the corresponding equation for the

resultingspring force.
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e The damping constant d can be determined by the reciprocal value of the quality factor
Q, equatiam (5). Q itself can be calculated with the resonance frequency fO and the
bandwidth B, which can be captured by measuremdiis. campingforce can be

calculated with the equatioB)( d is the damping constant.

1_8
Q - fo (5)

f=d*v=d*# (6)



e The @pacity of the asymmetrical comb structwan be calculated with help of
equation 7) and the geometry dimensioretch depth dgap, gap, overlaplengtho
of the facing finges and the number of comb fingers n and material pararfretative
permittivity of the materiad, ).

1 1
C=n*d*o*¢ + (7)
gap—-x gap +X

e The electrostati@attractionforce of the asymmetrical comdrive can be calculated
with help of the geometrical dimensions and materaistantgetch depth dgap,
gap, overlap length o of the facing finges and thenumber of comb fingers n and
material parameterdlative permittivity of the material ) and applied voltage ¥ee
equation §).

1 a a 2X ’
f ==*n*d*o*¢*V2(gap, + gap,) gah, — gap, (8)
2 gap, * gap, + (gap, — gap,) * x
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Figure2: accelerometer schemeaxis



2.2 Applying the distributions

The variation of the MEMSstructurs geometryelements inx,y-direction isapplied with
Normal (Gaussian) distribution amdifferent tolerancs. Since thedesign of the chosen
MEMS structure is insensitivie thickness variation of the structst@o distibution function

is appliedhere For simplification the material parameters specific weightthe dielectric

c 0 n s t amdtheeldstic modulus of the beaBoq are supposed to heell controllable in
the process andre consideredonstant in this simulationThe Normal distribution function
of the SAE J2748 packages is appliedtbe@ paramets in the accelerometer architecture,
which are then passed to the effect model instances through the generic maps.

3 Monte Carlo simulation

The above described model is used to determine the resdmetmgorof the MEMS device.

For this the accelerometamodel isinstantiatedin a simpletestbenchand a small signal

Monte Carlo analysis was initializeBligure 3 shows the small signal Monte Carlo analysis

with 50 random runs. With this simulatiahis possible taletect if theprocesse@dcceleratas

perform in an acceptable range or not. For each of the random runs it is possible to extract the
applieddevice parameter®r further design optimizationd his helps significantly twalue
thefabrication process fan expectedigld or if a design optimization becomes necessary

Figure3: Monte Carlo analysis



