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Abstract. This paper focuses on studying the different giysivolved in the operation of a novel capacifWEMS

(Micro-Electromechanical Systems) bulk-micromactiireccelerometer, using Finite Element Analysis (FEA

typical design for such sensors consists of a lgngmf mass connected to surrounding structureglbgtic beams.
The mass moves proportionally to the externallyliadpacceleration; the movable electrode is santhett between
two fixed plates and the displacement is measuyethé change in the differential capacitance. $tdisplacement
due to gravity, resonant frequencies, electrostédice, pull-in point and squeezed-film gas dampang taken into
account in a multiphysics approach. Moreover, agmaetric analysis is done by varying several pararsesuch as
gap, mass and beam’s dimensions, thickness angdrgasure and their effect on sensitivity and dycamsponse are
assessed. This study is part of the project Ac@lerfainded by FINEP, which objective is to establible full

development cycle (design, simulation, electronpeskaging and testing) of a MEMS capacitive acosteter for

applications in embedded systems such as airemafkets, and satellites.
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1. INTRODUCTION

Micro-Electro-Mechanical Systems (MEMS) is an eirapltechnology that allows one to design complexiahs
in a micrometer scale. Through the use of micratalion techniques, adapted from the semiconduaottuistry, the
integration of movable structures, sensors, actsadad electronics is accomplished, making possiblemplement
complete miniaturized systems (Madou, 2002). Bezdd&MS devices are manufactured using batch fafiwita
techniques, unprecedented levels of functionalélfability and sophistication can be placed imzaH silicon chip at a
relatively low cost.

Accelerometers are among the top sellers MEMS dswiowadays (Kaajakari, 2009), this is becausedneysed
in a wide range of applications: in the automotigustry, they are used as crash sensors for gidbployment and in
active suspension systems; in several consumeicapiphs, such as the latest generation of videmegaand cell
phones, they enable enhanced user interface; hreglormance accelerometers are used in the armstiydand in
aerospace applications for missile guidance, imlemfwvigation, unmanned vehicles, among others.

They are actually one of the simplest types of MES&&nsors, since they consist of little more thaaismic mass,
also known as proof mass, and flexible beams, wgrlkas springs. The external acceleration is tréatldo
displacement of its proof mass that can be meashyedarious detection schemes, some of the mosvast are
capacitive, piezoelectric, piezoresistive, resorami optical (Yazdi et al., 1998). Capacitive aeomineters have
become more popular due to the relatively easeabfidation, high sensitivity, good dc response anuise
performance, low temperature sensitivity and lowrpoconsumption (Luét al, 2007).

They are usually implemented by surface or bulkraritachining technology. The former generally use®mb-
like structure as sensing electrode, the thickmésthe deposited layer and hence the proof massnal, causing
limitations on the performance of the acceleronsgetén the other hand, in bulk micromachined deyide® to the
presence of a large proof mass, higher resolutioingaeater sensitivity is achievable.

This work describes a capacitive bulk-micromachiaedelerometer, which is fabricated using KOH efthe
device is modeled in a commercial finite elemerftveare and several physics involved in its operatiguch as static
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displacement due to gravity, resonant frequeneiestrostatic force, pull-in point and squeezedifgas damping, are
considered in the analysis. This study is part gf@ect, which objective is to establish the fdévelopment cycle
(design, simulation, electronics, packaging andirtgs of a MEMS capacitive accelerometer for apgiicns in
embedded systems such as aircraft, rockets, aaliteat

This paper is organized as follows. In Sectionh& basics of the capacitive accelerometer are pieseThe
computational model is discussed in details inisecB and the results are presented in sectiorninéllf, section 5
provides the concluding remarks and points to Ritievelopments.

2. THE CAPACITIVE ACCELEROMETER

A simple analogy to the z-axis accelerometer stidiethis paper is illustrated in Fig. 1. When agh is applied
over the structure, the two fixed plates and theahte mass form a differential capacitor with theng initial gapd.
The spring constarkt corresponds to the intrinsic stiffness of the be#mat connect the movable plate to the rest of the
structure.

Figure 1 — Schematic of the accelerometer.
The resulting force acting on the movable platgiven by:

Fo = Foout Fo—F

ett, bot g etf to p_

F, @

where Ferhot and Feri0p @re the electrostatic force due to the top andoboelectrodes respectivelfy is the elastic
force andr, is the inertial force. Substituting the valuesdach component in Eq. (1) results in:
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R~ 7 TMa- 2
2d-2) 2(d+ 2

)

wheree is the dielectric constand is the area of the platég,is the applied voltagdy is the mass of the movable plate,
z is the vertical displacement ardis the external acceleration. As the external loadhe voltage increases, the
electrostatic forcd ot increases faster than the other forces and theabheplate will snap down, this is known as
pull-in point. Estimating this parameter is verypontant for a successful design of electrostatitsses and actuators.
A simple expression for the pull-in point (Kaajak&009) is obtained by deriving Eq. (2) to obtairmeasure of the
stiffness of the system:

%=£AV2( ! ~+ 1 3)—k ®)
oz d-2°  (d+ 2

If 0F,/0zbecomes positive the system is unstable: a smaltip® movemen®z results in positive force that
increases z even further. The pull-in point carcdleulated by finding whedf,/0z=0:

gsz( 1 ~+ 1 3j—k=0 (4)
(d-2° (d+ 2

The solution to Eq. (4) is found graphically foetdimensions used in our accelerometer, as plotted). 2.
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Figure 2 — Pull-in point is calculated graphically.

As can be noted from Fig. 2, the displacement efttovable mass is limited to 0.88um for the 2umugsga in our

design.

For simplicity the effect of damping was not accaanhfor in the previous analysis. Known as squeidne
damping, it is particularly important in MEMS besauhe effect of surface forces on microscale iig significant. For
a detailed review of the topic the reader is reféto Bao and Yang (2007).

The dimensions of the accelerometer studied atleisrpaper are presented in Tab. 1 and Fig. 3rdelaroof mass
(middle plate) is connected to surrounding strieguny elastic beams. The mass moves proportiotalliye applied
acceleration (input signal); the movable electriglsandwiched between two fixed plates and thelatigment is
measured by the change in capacitance (outputlksigree three silicon wafers used have (100) oatoh and silicon
oxide (in green) is used as insulation betweerayers. The middle layer is patterned using KOHisoh, which etchs
the monocrystalline silicon anisotropically, i.eith different etching rate, according to the otaion of the silicon's
crystal planes, resulting in a 54.74° wall angbzigban, 2006).

@)

Wm

e —

(b)

Figure 3 — Cross-section (a) and top view (b) efalbcelerometer.

Table 1. Geometric parameters of the accelerorseterlated.

Description Symbol Value[um]
Width of the seismic mass Wh, 2000
Thickness of the seismic mass m t 380
Length of the beam o 2820
Width of the beam \W 177
Thickness of the beam pt 55

3. COMPUTATIONAL APPROACH

The design presented in Fig. 3 is modeled in a ceroia finite element software. Two different mogletith
increasing level of details are developed. The igsa three dimension model including only struatumechanics
analysis and is applied to the study of static ldiggment due to gravity and resonance frequen@es to
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computational limitations, a less computationalkpensive 2D model is built to consider more comppeablems
| involving different physics, such as electrostatit squeezdilm damping. The two models are presented in &ig.

L,

(b)
Figure 4 — Model of the accelerometer in 3D (a) 2Bd(b).

The 3D model is discretized in 56,826 tetrahedtaiments, whereas the 2D model contains 48,620gmian
elements.

The material of the movable plate and beams isasiliwith the following properties: densigy= 2330 kg/m,
Young's modulu€ = 131 GPaand poisson rati@ = 0.27. Note that in contrast to the first model, theiagide the
device is included in 2D and it will be used in themping and electrostatic analysis presenteddtiose4. The values
used for the permittivity of the air is=8.85 pF/m the dynamic viscosity igp = 22.10° Pa.sand the mean free path is
A=70nm

For all structural mechanics analysis the beamaisped in its extreme. It should be mentioned thatlength of
the beam in the second model is adjusted to matcimechanical behavior of the 3D model.

Furthermore, for simplicity, the angle resultingrfr the fabrication process using KOH is not congidan any
model.

4. RESULTS
4.1. Static displacement due to gravity and sensiity

First of all, the displacement of the proof mass tlua vertical acceleration of 1g (self-weightpédculated to be
56nm as shown in Fig. 5(a), which is much smal@mtthe 2um gap between the two plates. The dispiewt is
magnified by a factor of 10.000. Figure 5(b) diggléhe associated von Mises stress distributiargryt showing that
the material is in the elastic regime and well betbe yield strength of silicon, 7GPa (Kovacs, 19%ven if the
external acceleration is increased to the levaldinty 35g) where the displacement of the mass e=atie maximum
of 2um, the von Mises stress is still well below theld strength of material. As stated earlier endow clear in Fig.
5, the device is fixed by its rim.

Next, the influence of the geometry of the armthimvalue of the sensitivity of the acceleromesesvialuated. This
is a particularly important study for MEMS devi@sthey are inherently subjected to dimensionaatians due to the
fabrication process. In capacitive accelerometérssensitivity §) is defined as the relative change of capacitgece
unit of acceleration and is given by (Ramos, 1997):

_ 198G,

- f_f 417 gap ®)

wheref, is the first resonance frequency adg, is the active capacitance.
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Figure 5 — Static displacement (left) and von Miskeess (right) due to gravity.

Following the work done by Alvarez et al. (2009),parametric analysis with the thicknesg @nd the width ()
of the L-shaped beams varying respectively fron66Qm with steps of 2um and from 180-240pum with SER20um
was performed. The sensitivity response surfacedas a full quadratic regression model is ploitedrig. 6. The
polynomial function S' obtained is the following:

S =7.246- 0.15% - 0.014+ 9.621 T0¥ +

sensitivity (pF/g)

Figure 6 — Surface plot of sensitivity vs,&).

1.281746 %+

1.094°1¢°

240

(6)

The model has an adjusted & 0.997, that is, 99.7% of the variation is expdal by the model. The most important
linear effect is the thickness of the beams aniisaglue increases, the value of the sensitivigrdases. The second
order terms are at least two orders of magnitudalemthan the others. By analyzing Fig. 6, it asgible to say that
even in the worst case, whep=80um and x240um, the sensitivity still achieves values bigdpan 0.3pF/g, which

means that the design is sufficiently robust.

4.2. Resonant frequencies

Based on the 3D model, the first six resonanceufragies are calculated and the results are presentable 1.
The first two eigenmodes are presented in Fig. 7.

Table 1. Resonant frequencies for the accelerometer
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Figure 7 — First (left) and second (right) resorafiequencies.

Due to the highly symmetrical design, the second #nird eigenfrequencies, as well as the fourth &ftl,
correspond to the same vibration mode, the diffszein their pair of values is caused by numeriocahdation and
irregularities in the finite element mesh. It isntomentioning that from the fourth to the sixtB@aance frequency, the
result is an order of magnitude larger than previomes, which means that in normal operation theyls not affect
the device performance.

Furthermore, it is interesting to note that theueabf the first frequency is very close to the eahbtained
analytically:

f, :i‘ /L =2105,3 Hz @)
2\ M

wherek is the spring constant of the system formed by feeams and/ is the mass of the movable plate. The
agreement of the results validates the analytigpi@ach as a reasonable initial approximation.

4.3. Electrostatic analysis and pull-in point
As stated earlier, the electrostatic physics iy @mtluded in the 2D model. An electric potentiab¥ is applied to
the top and bottom electrodes, the proof massdsrgted (0V) and the beam is clamped in its extrefigure 8(a)

illustrates the electric potential distributiontire entire structure. Figure 8(b) is zoomed viewhef electric potential
distribution in the gap region.
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Figure 8 — Electric potential distribution.

Next, a parametric study is performed by varying éfxternal acceleration acting on the movable stradrom 1g
to 10g, in order to assess the changes in the itapee (Fig. 9) and the variation of the gap (Bi@).
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Figure 9 — Variation of the capacitance in the ugesen) and lower (blue) sets of electrodes.
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Figure 10 — Variation of the bottom gap with théeeral acceleration.

Both capacitances are of the order of tens of gh @s expected, they show opposed patterns Gltiars.

The study is run up to 10g but starting at 8.45g dbftware starts to present problems of convemyamal the
solution is finalized, which can be explained bg ttigh non-linearity associated with the pull-ifeef. Examining Fig.
10, the instability happens at approximately 0.85and thus coincides with the pull-in point cal¢ethanalytically in
section 2. Once again, the agreement of the twoegalalidates the analytical approach as a reakormaitial
approach.

4.4. Squeeze film damping

For MEMS devices based on proof mass, the film daghdue to the presence of air inside the devicaisty is a
major issue, since this effect dominates the dagpfrthe system and thus substantially affectféguency response.
To study the system response to this phenomentmeadependent analysis is performed in the 2D ggonusing a
built-in thin film model.

Figure 11 shows the oscillatory behavior of thetesyswhen subjected to an external accelerationgoinlthe
vertical direction at t = 0s. A parametric analysisying the internal pressure from 3Pa to ambpeassure (10Pa) is
performed. Figure 12 shows the intensity of the piam forces (N) in the upper {f) and lower (k) faces of the
movable plate when the internal pressure is 300Pa.
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Figure 11 — Squeeze film damping for differentintd pressures.
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Figure 12 — Damping forces acting on the movingsanas

For an internal pressure of 3Pa the system islasmiy and for internal pressure bigger thafiPEOthe system takes
a long time (more than 30ms) to reach steady stdtieh corresponds to a displacement of approxitp&enm for 1g.
Both patterns are not desirable in the operaticacoélerometers.

From Fig. 11, one can say that the optimal respoinse would occur with an internal pressure of 10MOPa.
Thus, a new parametric analysis is performed, tthie varying the internal pressure with steps cdR# starting at
400Pa (Fig. 13).

Based on the two parametric studies, it is posdiblesay that the optimal value for the internal sgige is
somewhere between 300-500 Pa.

Finally, the influence of the air damping in thesfiresonance frequency is evaluated by perforraifiggquency
domain analysis. The resulting Bode plots are shiowiig.14 for two different scenarios. The firginsiders only the
intrinsic material damping given by Rayleigh mo@#hmping facto& = 0.1) and the second considering air damping
with internal pressure of 500Pa. In both casessthey swept from 1 to 28z.
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Figure 13 — Second study using a smaller pressumger
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Figure 14 — Bode plots for (a) intrinsic matedamping and (b) air damping.

By observing the plots from Fig. 14 it is possitdeconclude that the presence of the air shiftedfitist resonance
frequency to approximately 4 kHz. However, thisr@ase does not mean performance improvement shee t
bandwidth (flat frequency range) actually decrea3dm shape of the curve obtained in this anaigsi®nsistent with
that seen in Bao & Yang (2007).
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5. CONCLUSIONS

In this study, a capacitive bulk-micromachining elecometer has been analyzed using the finite elemethod.
Several important parameters such as displaceméht warying input accelerations, response timeoomasce
frequencies and pull-in point were calculated. Thast two show very good agreement with simple &y
calculations. In short, the results confirm that tievice is applicable to its intended use in edbddsystems such as
aircrafts, rockets, and satellites.

More detailed models, considering the angles resulfrom the KOH etch and more complex multiphysics
interactions are the next planned steps. Thisrefjuire more computational resources but should gi/a better idea
of the accelerometer in real operational conditions

In parallel to this study, other parts of the depehent cycle of the micro-accelerometer are betrsiclered by the
AcelerAD project team, such as analytical modetduiding static mechanical analysis and dampingridabon and
optimization.
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