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Abstract: Electrostatic micro-electro-mechanical system (MEMSa special branch with
a wide range of applications in sensing and actgatlevices in MEMS. This paper
provides a survey and analysis of the electrostatice of importance in MEMS, its
physical model, scaling effect, stability, nonlingaand reliability in detail. It is necessary
to understand the effects of electrostatic foreceIEMS and then many phenomena of
practical importance, such as pull-in instabilitydathe effects of effective stiffness,
dielectric charging, stress gradient, temperaturéhe pull-in voltage, nonlinear dynamic
effects and reliability due to electrostatic foraescurred in MEMS can be explained
scientifically, and consequently the great potémidMEMS technology could be explored
effectively and utilized optimally. A simplified pallel-plate capacitor model is proposed
to investigate the resonance response, inherefinearity, stiffness softened effect and
coupled nonlinear effect of the typical electrastdly actuated MEMS devices. Many
failure modes and mechanisms and various methodgemmniques, including materials
selection, reasonable design and extending theatiaiie travel range used to analyze and
reduce the failures are discussed in the electroslilg actuated MEMS devices.
Numerical simulations and discussions indicate that effects of instability, nonlinear
characteristics and reliability subjected to elestatic forces cannot be ignored and are in
need of further investigation.
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1. Introduction

Although electrostatic forces have found many aapions, they are seldom considered for the
actuation of macro-scale structures unless verly kigtages are involved [1,2]. Electrostatic forces
may offer distinct advantages over more familiaguation forces at size scales approaching microns
[3]. The electrostatic principle is common in thensing and actuating MEMS devices and there are
many MEMS structures subjected to electrostaticefe2,4].

Electrostatic MEMS is an important branch with alairange of applications including sensing
devices and actuating devices in MEMS [5]. For epl@mnthe sensing devices such as capacitive
accelerometers [6] and capacitive sensors [7] &lelywused. In MEMS, electrostatic forces are often
used to actuate microstructures, including switcf&8], micro-grippers [10], micro-relays [11],
electrostatic motors [12,13], etc. Furthermorectetestatic forces are extensively used both indine
and rotary motors [12-14]. For an electrostaticroyvi@ctuator with liner motion, it has been proposed
parallel, quad, and comb types of actuators. Estdtic micro-motors are classified as top-drivees
drive, and wobble types [12,14-15], etc. Other eplas of electrostatic micro-actuators are
electrostatic film actuator, insect type micro roland air levitated electrostatic actuator sysfg4j.

The use of electrostatic actuation in MEMS is ativ@ because of the quite efficient, high energy
densities and large forces available for MEMS dewitn micro-scale [16]. Moreover, electrostatic
actuators have advantages of inherent simplicittheir design, fast response, the ability to aahiev
rotary motion, and low power consumption. The feditibn of electrostatic actuators is compatible
with integrated circuit (IC) processes in conttasbther actuators [2]. In addition, the most sesbd
commercialized examples are the electrostaticallyaded inkjet head applied in inkjet printers #mel
digital micro mirror array applied in optical scamrand digital light projectors [4].

Unfortunately, microstructures undergo large defaiiom when subject to electrostatic actuation
and the interaction between a nonlinear electriodtatce and the coupled effects from differentrgge
fields which may cause pull-in instability and ta#s (stiction, wear, dielectric changing and
breakdown etc.) in many electrostatically actudf#tMS devices. As a consequence of the popularity
and utility of electrostatic MEMS, many aspectseffiects subject to electrostatic forces in MEMS
devices have been investigated in recent yearedraters have studied the pull-in instability [10];2
characteristics of the displacement during actua{i6,21-23], shape and location of electrodes
[24-26], dynamic response and optimization of tleeteostatic force [9,27], nonlinear dynamics, chao
and bifurcation of the electrostatically actuatggtems and analysis methods (FEM, FDM and FCM,
etc.) for evaluating the nonlinear electrostaticcés [28-32], simulation software and systems
(ANSYS, ABAQUS, COULOMB, MEMCAD system and Macronadetc.) to simulate the dynamic
behaviors [31,33-35], influence of bonding paramset@pplied voltage, temperature, etc.) on the
electrostatic force [36], inherent nonlinear aniffreiss softened effects [4,28], failure modes and
mechanisms, materials selection and reasonabl@mjestc. in the aspects concerning reliability
[15,17,37-42] in MEMS. Without an understandingtbé effects of electrostatic forces in MEMS,
many phenomena of practical importance, such aaliitigy, nonlinearity and reliability in MEMS
cannot be explained scientifically, and consequyethtt great potential of MEMS technology could
neither be explored effectively nor utilized optlipa Therefore, it is important and necessary to
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investigate the dynamic characteristics of thetsdstatic force and its nonlinear effects on MEMS
devices in micro-scale.

In this paper, a detailed review and analysis @f ithportant electrostatic force in MEMS, its
physical model, scaling effect, stability, nonlinedynamics and reliability are depicted. It has the
following structure. In section 2, the physical rebs described for the analysis of electrostaircds
usually applied in MEMS. In section 3, the scaleftect on the electrostatic force in micro-scale is
probed. In section 4, pull-in instability is inviegtted, the effects of the effective stiffness |atitric
charging, stress gradient and temperature on thenpwoltage are discussed and several methods to
extend the controllable travel range are suggestesection 5, the nonlinear dynamic behaviors of a
system under the effects of inherent nonlinearstyffness softened and their coupled nonlinear
characteristics are studied. Different kinds ofui@ modes and mechanisms and methods to reduce the
failures in electrostatically actuated MEMS deviesgs discussed in detail in section 6. Finally, the
paper is ended in section 7 with conclusions.

2. Physical model

Electrostatic forces may exist between electricaliyarged insulator plates or between charged
insulator and conductive plates [2]. For many silibased microstructures in MEMS, the surface area
of the microstructure is much larger than the distabetween the two plates. When the electrostatic
force between the two plates needs to be calcyléitedplates can be considered to be infinite and
regarded as a one-dimensional model. The physicaleimused to analyze the electrostatic force is
shown in Fig. 1. Plate 1 represents the anodecapacitor while plate 2 is regarded as the cathibde.
an electrostatic potential difference exists betwi® two plates, a uniform electrostatic field e
in the vacuum region between them. As a resulthef dlectrostatic field, space charge layers are
generated at the two inside surfaces of the plates space charge has a given charge distributign

from the surface to the inner of the plates.

Plate 1 Vo T
o Positive charge
® D ® @
00 600 ePe’e%o B
0t Attractive forceI i d
P50 0cPPO L0 6 FO65
Negative charge

Plate 2

Figure 1. A physical model for analyzing the electrostaticce.

It can be considered that both plate 1 and plasee2n-type semiconductors [43]. If the surface

electrostatic field is not very strong and the temagure is not very low, the quantum effect can be
neglected. (z) obeys the classic Boltzmann distribution [43],shu
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(z)=q{rg G- W) leTc 1 R edV ¥/ ki 1} (1)

Where q is the elementary charge, and p, are the equilibrium densities of holes and elexro
respectivelyy, is the electrostatic potential at the pamtv, -V, is the potential difference between
point z and the inside of the semiconductor platek,js the Boltzmann constant angd is the
temperature in Kelvin.

At the surface of one plate, one-dimensional Poigspation can be given by

v _ (2

dz

(@)

or
Where , and , are the permittivity of vacuum and the relativernpigtivity of the material,
respectively. The electrostatic field can then beimed [43]

-1/2 1/2

Ef(Z)=\/§ ks% o KTy ey q\, - \6)_ 1- vz w (V- Y) 1 (3)
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After the electrostatic field is found, the elestatic force can be easily calculated by
F. =3 oAE/ (4)

WhereE, is the electrostatic fielda is the surface area of the plates.

3. Scaling effect

It is useful to understand how forces scale indesign of micro-sensors and micro-actuators [14,
44-45]. To explain the scaling effects on elecabsally actuated MEMS devices, Trimmer’s analysis
of the scaling of a simple parallel plate capacitan be followed [44]. The size of the system is
represented by a single scale parametewhich describes the linear scaling of the systerd the
choice of it for a system is arbitrary. Howevet,dianensions of the system are equally scaled diown
size asL is decreased it is chosen. Table 1 shows the dimensions of seV@res in micro-scale
[14,45]. As shown in Table 1, each force has diférdimension, and is affected differently by
miniaturization.

Electrostatic forces become significant in micrar@din and have numerous potential applications
in MEMS. The exact form of the scaling of electatit forces depends upon how tige field changes

with size. Generally speaking, the breakdown dlefigld E, of the insulator increases as the system
becomes smaller. For the constant electric figld=(L°]) the electrostatic force scales[&g. When
E, scales agL *?], then the electrostatic force has the even bst@ng of F =[L] .

Since electrostatic forces are generated betweengproaching objects, there is no application for
the conventional actuator except for the micro-atttuin MEMS [14]. In MEMS, electrostatic forces
influence the objects effectively when they apploaach other gradually. Because of that and the
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scaling effect, an electrostatic micro-actuatorsistable for actuation and is easy to miniaturize.
However, the issue of using the electrostatic fas¢he driving force is that high voltage is nektte
generate it.

Electrostatic forcer, can be obtained from Equation (4) and is represkemy the following

formulation listed in Table 1.

1 &
K =3 0A¥ (5)

WhereV is the applied voltaged is the distance of gap between the two plates.eDsion of
Equation (5) can be represented by

2 2
[Fl= 2 At = 2w ol =2 e (6)

[L]

N~
N

Table 1. Scaling effects on the dimension for differentddrof forces.

Force Formulation Scaling Description
E, : electric field strength, :
1 e
Fe=35 oAE? [LZ] permittivity A : surface area
Electrostatic force (Normal)
2 . H .
F. _1 OAv_2 [L°] Vv : applied voltaged : gap
2" d (MEMS)
. » - permeability B : magnetic
Electromagnetic _B? , )
; Fn =5 A (2] density
0 . .
orce A.: area of cross section of coll
_ , DL(E L: length E: Young's modules
Piezoelectric force F,= EA% [LZ] g . J
DL : strain
Lorentz force FL=I(L" B) [LZ] | : current density
Thermal expansion £ —ga M [LZ] L: length E: Young's modules
force I L L: strainT : temperature
) T°x m : mass t : time x
Inertial force F=m_— [L3] )
fit displacement
c, - Vviscosity coefficient A :
. . A X )
Viscosity force F, =CVIE [LZ] surface areat : time x
displacement
) DL L: length E: Young's modules
Elastic force Fo =EA—T [LZ] d . g .
DL : strain A: cross section area
o friction coefficient N
Friction force Fi= N [LZ]

normal force
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From Equation (5), it is noticed that it is theadtestatic field rather than high applied voltabatt
is responsible for the effect of the electrostéticce. In small volume, extremely high electrostati
field can be obtained, though the total voltagepdmay be deceptively small [2]. Equation (6) shows
that electrostatic force is generated in proporttonA/d?, i.e. [L°] . If A/d® is a constant in
miniaturizing the electrostatically actuated MEMB8vites, the electrostatic force generated has no
change. Therefore, the electrostatic force canuitedsas the driving force for the micro-actuators
MEMS.

A large displacement in an electrostatic micro-atiuelement can be achieved only if the actuator
moves parallel to the capacitor plate. The eletdtmsforce between the two plates includes twdspar
in two directions, i.e. the perpendicular electatistforce F,,) and the tangential electrostatic force
(F.), can be given by [45]

1 abVv® 1
Fep :E 0 g2 :_2 OAEf2 (7)
and
1 bv? 1
Fet =E 0 d ZE Odef2 (8)

Wherea andb are the lateral dimensions of the poles.

These forces depend on the voltage that can bagoass the electrodes. On a macroscopic level,
the breakdown strength of a gas is assumed to bstad and is abowokyv/cm for air at room
temperature and atmospheric pressure [45]. Wheledsctine electrostatic force will change with a
factor [L] (the electric field is supported to be constaAf).very small distances, the breakdown
voltage even increases again. At atmospheric prestite minimum breakdown voltage 3so/ at
8 m [45].

4. Stability analysis
4.1. Pull-in effect

A major problem is the well-known pull-in instalyliresulted from electrostatic forces, which tends
to limit the stable travel range of many electrostanicro-sensors and micro-actuators [16, 18, 46].
Pull-in voltage is one of the basic parametershandesign of many electrostatically actuated MEMS
devices [5, 18]. In order to illustrate this phemran, a simplified typical variable capacitor mofiel
the analytical description of electrostatically mi@actuators is shown in Fig. 2.



Sensor007, 7 766
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Figure 3. Comparison of the electrostatic, Casimir and VanWaals forces for various applied
voltages.

It is noted that there exist various surface fordes to the small gap between the two plates.
Possible nonlinearities in the system come frometleetrostatic, Casimir and Van der Waals forces.
The nonlinear forces are compared in Fig. 3. Atittigal gap d =3 m, the force ratios between the
electrostatic force and Casimir force and Van dexals/ force become very larger when the applied
voltages arav and1ov on the log coordinates. It is indicated that tffeats of the Casimir and Van
der Waals forces are smaller than the electrosfatimce on the dynamic system and they can be
ignored.

As illustrated in Fig. 2, the system consists af parallel plates separated by gapvith the fixed
plate on the substrate and the other suspendedneglaanical force. If the dielectric does not eaisd
the fringing effects is neglected, the electrostédirce can be obtained from Equation (5) and @n b

given by
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1 V2
Fe =3 oA? 9)

The electrostatic force is nonlinear because iteddp oni/z*, while the elastic restoring force,
F..=k(d- 2, is linear withz, wherek is the stiffness of the spring.

The distance at different voltages is obtained from the balapewveen the electrostatic force and
the mechanical force, i.&, =F,_, then it satisfies

me 1

2
7-dz+2 g (20)
2k

From Equation (10), we can set it in the inversenfand give the following equation

V(z2) = 2—lfb\zz(d - 2) (11

0

Analyzing Equation (11), we can obtain that thection v(7) reaches its maximum valug,, ,, at

z=z =2d/3, i.e.

pull-in

Voui-in = 57 oAd3 (12)

[xu
o

—— stable region
----- unstable region

w
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o
T
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pull-in

Displacement z (m)
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o
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0 2 s B g 10 12
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Figure 4. Electrostatic micro-actuator deflection as a fiorcof the applied voltage.

With the values ok andd, which the reference state is=885 10*”F/m, k=017N/m, d=3 m,
A=16"10°m? [28,29], the pull-in voltage is calculated g, ,, =9.8v . Fig. 4 displays the relationship
between the electrostatic deflections and the egplbltages. For voltages<v,,_, (i.e., at distance
wi-in) the upper plate resides in a stable region.VFev,, , (i.e., at distance<z,, ) the elastic
suspended plate collapses towards the opposite pladl resides in the unstable region.

z2>7

pull-in pull-in
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Pull-in instability occurs as a result of the fttat the electrostatic force increases nonlineaitly
decreasing gapH u z'?), whereas the mechanic force is a linear functbnhe change in the gap
(F..u(d- 2). The equilibrium position of the plate may be riduby equaling the electrostatic and
mechanical forces. Ay increases, the gap distance at first decreasdsaha However, at a critical
voltage value (i.e. pull-in voltage), a bifurcatimtcurs, and the plate suddenly collapses. The
maximum stable deflection of the plate before jpuils 1/3 of the undeflected gap.

4.2. Effects on the pull-in voltage

4.2.1. Effect of effective stiffness,

The analysis for estimating effective stiffnegs of the spring is simplified to a large range doe t
the absence of axially induced forces [5]. A micestilever beam is subjected to a distribution load
over a partial length.; originating from the tip of the beam. The stiffaesf the spring seen at the
point of the maximum displacement [5], i.e. at fitee end, is easily evaluated and is given by

_2EbR 3
I(eff _§ E 8-6 + 3 (13)

Where  =L,/L, b, h and L are the width, depth and length of the micro-demér beam,
respectively. The effective Young’s modulgs is equal toe for b»h, and equal to the plate modulus
E/(1- ?) for b>5h, is the Poisson ratio.

The influence of partial load on the pull-in volkags shown in Fig. 5 for a polysilicon
micro-cantilever beam witle =160GPa, =027, b=50 m, h=1 m andd=3 m. As the beam length
increases, the pull-in voltage 5 becoming smallerlt 5 noted that
Voroin(, =0.1)> (, =0.3)>V ., (, =05)>V,, .. ( =1 for the same beam length. This is becakse
gradually reduces as is varying from 1 to 0.1.

pull- in ulk in

Pull-in voltage V. (V)

D 1 1 1 1 1 B
200 300 400 500 B00 700 800
Micro-cantilever beam length L {um)

Figure 5. Pull-in voltage versus micro-cantilever beam lérfgr various , (E=160GPa, =027,
b=50 m, h=1m, d=3 m).



Sensor007, 7 769

4.2.2. Effect of dielectric charging

If the effect of the interfacial charge at the air dielectrics interface in the electrostdly actuated
model shown in Fig. 2 has been considered, it bas Iproven that the pull-in voltage of the canglev
beam will have to increase to compensate for thlel fieduction in the air gap due to the interface
charge. The voltage offset._, due to the parasitic charge can be expressedas [4

V, frset — - £ d d (14)

o
d

This offset is best determined by calculating hiadf difference between the absolute values of the
positive and negative pull-in voltage. Thus, sessand actuators are subject to an additional
electrostatic force depending nonlinearly on theliad voltage and the displacement. The pull-in
voltage with the effect of the interface charge bargiven by [48]

2
Vou-in :\/% ?ng"'d_d d (15)
0 d
Whered,, , are the thickness and the relative permittivityhef dielectric, respectively.
It is indicated that the effect of the interfaceude is to shift the pull-in voltage. The increas¢he
pull-in voltage can be explained by the accumuratad charges in the dielectric. They create a
parasitic electric field that superposes the aledeld created by the applied actuation voltage.

4.2.3. Effect of stress gradient

The release of a cantilever beam from the substeatdead to an important beam curvature if stress
iIs not homogenous over the thickness directions Onadient of stress over the thickness direction
causes a moment that results in a maximum defledii@ deflection can be written as [49]

L2

2E (16)

Znax =

Where z,_ is the maximum beam deflection,is the stress. The deflection of the micro-canéte
beam can be easily measured by optical profiloraeiemicroscopes.

Rocha et al. [50] introduced the in plamevPa/ m stress gradient in the actuator capacitor model
to check its effect on the pull-in voltage. Sinbe tstress gradient causes bending, the electmstati
force is not in equilibrium and there is a smaitiah deflection of the micro-cantilever beam. ms
case, the pull-in voltage shifts to a lower valuant that previously calculated.

4.2.4. Effect of temperature

The pull-in voltage shows a temperature coeffic[&0]. The source of the temperature dependence
of the pull-in voltage appears to be the thermalaesion of the materials and the dependence of
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Young's modulus on the temperature. Both propertiesnge the mechanical spring of the system,
leading to changes in the voltage required tolgettitical deflection.

If a simple analysis is performed concerning therrttal effect on the micro-cantilever beam, the
spring stiffness is represented as the temperature dependent5idrtThe relationship between the
temperaturer and the spring stiffness can be expressed as

k(T) = K[1+( + )T] a7

Where and are the thermal expansion coefficient and the Y®imodulus thermal coefficient,
respectively. For the polysilicon structure, therthal expansion coefficient is=3"10°k* and the
Young’s modulus thermal coefficient is=-67 10°K *[50,51].

Substituting Equation (17) into Equation (12) araking the derivative to temperature, the
following expression can be yielded by

Vopull-in 8k 3 + +
= d? % Vo % 18
q 27 A" 21+ ( + pull-in 1+ ( + J° (18)

From Equation (18), it can be seen that the pulhérmal efficient is nonlinear, and that it ingesa
with the temperature. For example, there are twaosppe effects acting on the pull-in voltage of the
RF switch [49]. Firstly, the bridge dilates withetincrease of temperature, the gap increases asd th
also the pull-in voltage. Secondly, the Young's mlod decreases with increasing temperature,
therefore the bridge’s stiffness and consequeritly pull-in voltage decrease. Rocha et al. [52]
presented a two DOF analytical pull-in model toifyethe effect of the temperature on the pull-in
voltage. Introducing =3 10°K ' and =-67 10°K !, the relationship between the temperature and
the pull-in voltage can be obtained. The pull-intage has been computed betw@eand 4o C and
yielded a-0.5mV /K temperature coefficient [50]. Moreover, Tada e{%8] reported that the Young’s
modulus temperature coefficient contains quadratic higher terms in addition to the linear
coefficient

4.2.5. Extending the travel range

Although the electrostatically actuated MEMS desiege widely used, they are inherently limited
in the travel range due to stable actuation iseatile only over one third of the gap between the
plates. Therefore, it is desirable to increasettheel range of the electrostatically actuated MEMS
devices beyond the/ 3 limit.

Design trade-offs have to be made between forgplatiement and applied voltage requirements
for extending the travel range. Several method< lieen suggested to extend the controllable travel
range by optimizing the structural design [16],ibgorporating an on-board folded capacitor on the
device [22], by using a multiphase piecewise lineechanical flexure [54], by external electrodes
[55], and by adding additional circuitry [56]. A ool law was proposed in [57] for linearizing an
electrostatic actuator. Sun et al. [58] presenigobemental results using a nonlinear model to reckte
the travel range without additional hardware andiake area and further complicate fabrication
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processes. In attempts to extend the controllablgime for device actuation, designers have
implemented a zipping approach to electrostaticgdeb9], also demonstrated with curved laterally
displaced electrostatic cantilever devices [60].réddwer, charge control [61], which is opposed to
voltage control, becomes one effective way to ektbe stable range of actuation.

For example, Hung et al. [16] investigated the qoulinstability and presented the leveraged
bending and strain-stiffening methods for extendimg stable travel range of electrostatic actuators
beyond 1/3 of the pull-in instability limit for paltel-plate electrostatic actuators. The leveraged
bending method is to reduce the pull-in instabibiy applying electrostatic force to only a parteof
structure, then using the rest of the structure l@ser to position specific parts of the structim®ugh
a large range of motion. As shown in Fig. 6, theetaged bending method is applied to a simple
electrostatically actuated beam. In this caseptan can move the larger gap, even if the patef t
beam that is being electrostatically actuated mdy@®f the gap or less. The leveraged bendingeffe
can be used to maximize the travel range of antreldatic micro-actuator for a given gap size,
achieving up to full gap travel at the cost of eased actuation voltage.

(@) Large stable deflection

A |

[@T

~
O
~

Large stable deflection

|

' F v F

E?jﬁ

Figure 6. Leveraged bending method to extend the stableltramge of an electrostatic micro-
actuator: (a) cantilever beam; (b) doubly clampeanh.

Rosa et al. [55] demonstrated the benefits of a&hexternal electrode scheme that allows stable
operation and full analog control over the entaege of motion of the curved cantilever beams.

As displayed in Fig. 7, the counter electrodes @ifset from the actuator rather than being
positioned directly underneath it can lead to tiadle actuation over the full range of motion. ig.F
7(a), the electrostatic force is still proportiot@khe inverse square of the distance at largaragpns,
but it reaches a maximum at a certain distancerbefalecreases again and becomes zero when the
actuator is aligned with the counter electrodes.the external tapered electrode shown in Fig.,7(b)
the voltage-displacement characteristic is nontinbat stable over the entire actuation range.
Moreover, no notable hysteresis is observed areldotuation control over the full range is achieved
Therefore, the external electrode configurationars attractive alternative to the electrostatically
actuated MEMS devices.
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Cantilever beam Exterr]al electrode
Clamped end @

Substrate

Figure 7. Schematic diagrams of the micro-cantilever bedajsexternal electrode; (b) and tapering
external electrode.

5. Nonlinearity analysis

5.1. Resonance response

The electrostatic force has a square dependentieecapplied voltag® =[V, cos( t)]2, in order to
isolate the parametric effects from harmonic effegte can use a square rooted sinusoidal voltage
signal. We presented a modified nonlinear Mathiguagion for the electrostatically actuated system
[28] shown in Fig. 2, i.e.

X+ (xx)+x+ fo(x) +q(t) (x) = p(t) (19)
Where (x,x)= x, fo(X)=0, q(t)= V,cos t, ex)=-2x-3x2, p(t)= V,cos t, = [/ ., =c/Jkm,
_ — OA
» =vk/m and “om d

Using the harmonic balance (HB) method, the retstiip between the amplitude and the
dimensionless frequency can be given by

a Vv
2a*2 +

VO
3 a*Z +

a’ = ( 5)"+( 5)° (20)

Where and are the dimensional variables, is the resonant parameter.
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Figure 8. The relationship between the amplitusl@nd the frequency” of an electrostatically
actuated system in MEMS when-=1um3umsum with v, =10v andw=1.

The relationships between the amplitudand the frequency” under different applied voltages
and various gaps between the plates are illustriatddg. 8. As showed in Fig. 8, the amplitusle
reduces quickly and tends to an approximation wihengap between the plates is becoming wider
(e.g.,a» 0005 at d =5um with w=1andv, =10v ). Therefore, the gap and the applied voltage are
the main factors for the measurement and deteofitime displacement of an electrostatically actate
system in MEMS.

5.2. Inherent nonlinear effect

It is known that the dynamic characteristics ofyatesm depend on the operational parameters,
geometrical dimensions and material properties Hplwever, for an electrostatically actuated system,
the electrostatic force will change the dynamicrabteristics of structures and as the structure
deforms, the electrostatic force redistributestahg modifying the mechanical loads.

Expanding the nonlinear electrostatic force tegmv?/(2(d - z)*) in Equation (9) by Taylor series
with respect to the equilibrium position, 1.0, gives

2 2
EOAXV—:E OAxV_(]_+EZ+i22+ ) (21)
2% (d-22 2° d*° d d?

Based on the small displacement assumption, thieehigrder terms can be neglected, thus the
nonlinear electrostatic force can be linearized as

1 v:i o1 o vE o2 2,
T A= A+ 7+ 7 22
2% (d-2° 2° gz gt ) (22)
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Introducing the dimensional vectdi,x]" =[x, X" , the state space representation of the
electrostatically actuation model gives a nonlingerametric and forcing excitations, time-varying
and T-periodic model, i.e.

v - - (23)
X, - X~ x (2x+ 3x°) \4cos t+ \jcos t
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Figure 9. phase portrait and Poincare map of the nonlingaamic system withy, =20v , w=1and
d =3um, the simulation is scaled in time with relatioa ty for numerical integration accuracy.

The phase portrait of the system is a representafi@ll its trajectories. Fig. 9 illustrates thiease
portrait to investigate the nonlinear dynamicaldebrs of the system. It can be found that the @has
portrait atw=1 is a two-dimensional close loop and its stableildggium is a fixed pointA (in
Poincare plane) for trajectory in phase space. €fibex, the system is stable for different resonant
parameters without considering the nonlinear spsiiffness term.

5.3. Stiffness softened effect

The electrostatic force can significantly affectiaoften the stiffness of a dynamic system [4, 30-
31]. Adams et al. [30] utilized a combination ofotwr more electrostatic actuators to produce linear
quadratic, cubic, and higher order stiffness. e ahrried out experiments focused on determiriiag t
electrostatic stiffness produced using differening voltage combinations and obtained the rebalt t
the electrostatic stiffness is roughly inverselppgortional to the gap squared. Zhang et al [31]
presented the modeling, analysis, and experimewetdfication that the nonlinear effect of the cubic
electrostatic stiffness changes the dynamic behavithe system.

To analyze the stiffness softened effect on thedyo system, the modal expansion method [4] can

be used to discretize the governing equation offgmamic system and the modal stiffn&#scan be
obtained
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¢ ¢ AV, cos(m) 3e AV,’ cos(ut
kj =k, kg =k;"- = ods . = 02d4 ) (24)
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Figure 10.Changes of the first and second modal stiffness.

Equation (24) shows that the modal stiffn@sss a periodically time-varying function depending
on the applied voltage. It is indicated that thectbstatic force soften the modal stiffness of the
microstructure periodically. Numerical simulatioasd results of the changes of the first and second
modal stiffnesk, andk, are illustrated in Fig. 10.

As can be seen in Fig. 10, the modal stiffnessedsas periodically with the frequengyof the
applied voltage and the variation increases withléinger magnitude,. Therefore, the stiffness of an
electrostatically actuated microstructure in MEMH e softened periodically with the frequency of
the applied voltage and the variation increase# Wit increasing of the magnitude of the applied

voltage.

5.4. Coupled nonlinear effect

The structure-electrostatic coupling effect must ta&en into account on the design of
electrostatically actuated MEMS devices. MEMS desiare often characterized by structures that are
a few microns in size, separated by micron-sizgosgat these sizes, air damping dominates over
other dissipation. Squeeze film damping may be tgadpresent the air damping experienced by the
moving plates [62,63]. Starr [64] presented theresgion of the damping force for a rectangulareplat
of dimensions2b” 2L as

=- 2

X X

16 c b’L
Fao =~ 5 X= : (25)

Where is the viscous coefficient andL are the width and length of the beam, respectij23y.
And c, is approximately equal to
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c, =1- 06%, O<¥ <) (26)

The applied voltage is an important factor of ttaeafiel plate capacitor which leads to coupled
nonlinearities. It is useful to understand the dgitacharacteristics of the electrostatically actdat
MEMS devices by the chaotic motions of the systelons to the cubic nonlinear term. Fig. 11(a)~(d)
are the bifurcation diagrams @f and Poincare maps at different applied voltagéisowi the effect of
squeeze film damping for the coupling system winencubic nonlinear stiffness is=0.3.

(a) 1

(b)
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Figure 11.Bifurcation diagrams o¥, for the electrostatic coupling nonlinear dynanyistem and
Poincare maps under different applied voltagesBffaycation diagram of/, (v, =20v);
(b) Bifurcation diagram oY, (v, =ov); (c) Poincare map\ =40, V, =20V );
(d) Poincare map\{ =30v, V, =0V ).

It can be seen from Fig. 11(a) that the respongsbetlectrostatic coupling system is stable when
V, gets lower value. When, >7.4v, the system response displays double periodicrdafion:
P-1® P ® -P 4. Then, the system response changes between cerasiip and periodic motions
alternatively wheny, varies froms.sv to 13.0/ . Wheny, >13.0v, the system response beconres.
(period one) motion, then shows double periodiaroition and enters into chaotic motion, and finall
leaves chaotic state with periodic one motion. Hifj(c) shows the Poincare map of the system
response a¥, =40v. There is an isolated chaotic island in the Pomeaap. It is indicated that the
system is chaotic at this time. Fig. 11(b) is tifarbation diagram of/, for the electrostatic coupling
dynamic system at, =ov. Wheny, >27.%, the system response shows double periodic biforca
P-1® R ® P 4. Then, the system response alternates betweenpmgraslic and periodic motions
(P-6,P- 3, etc) in turn whery, varies from27.9/ to 30.5/ . Fig. 11(d) illustrates the Poincare map of
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the system response \at=30v . It is found that a closed ring formed in the Raie map and the
system is quasi-periodic. Therefore, the alterigatiarrent (AC) voltage and the polarization voltage
play an important role in the system responsestlamdesponses display very rich dynamic behaviors
when these two kind of voltages change.

Squeeze film damping coefficient and ratio arekig parameters for the dynamic responses of the
MEMS devices. The larger the squeeze film dampihg, louder noise will exist. Considering the
effect of squeeze film damping structural couphmith the electrostatic force on the system response
Fig. 12(a)~(d) display the bifurcation diagramsliwé damping ratia, . It can be seen from Fig. 12(a)
that the system response changes between pergpdhsj-periodic and chaotic motion alternatively
whenc, >0.5. Then it enters int®- 3 motion from chaotic state when>0.64. whenc, >0.86, it
displays inverse double period bifurcation:8® P @ P @ -P 1and become®-1 motion. With
the increase of polarization voltage, the systespoase changes obviously. Fig. 12(b) illustrates th
bifurcation diagram at/, =5v . It is found that the system response displayserse periodic
bifurcation fromP- 2 motion to P- 1motion, and then enters into chaotic motion wlegn0.58.
When the squeeze film damping ratio is increasmgtinuously, the system response changes among
chaotic, periodic P-4,P-8 and P- 3, etc.) and quasi-periodic motions alternativeljre Tsystem
response shows double periodic bifurcatien ¢® R 4) whenc, >0.70. When the alternating current
(AC) and polarization voltages vary simultaneousg, system responses change obviously. Fig. 12(c)
and Fig. 12 (d) are the system responses for tleectwnbinationsy, =20v, V, =30v andV, =30V,

V, =20v . Therefore, the effect of squeeze film dampinglmn system response can not be neglected
for MEMS structures in micro-scale. The dynamic reloteristics of the electrostatically actuated
MEMS devices will alter with the change of the aling current (AC) and polarization voltages.
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Figure 12.Bifurcation diagrams o€, for the electrostatic coupling nonlinear dynanyistem: (a)
V, =40V, V, =0V, k, =03, =1;(b)V,=40v,V,=5/, k=03, =1;(C)V,=20v,V,=30V, k =0.3,
=1; (d)Vv,=30v, V, =20v, k =0.3, =1.
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6. Reliability analysis

Reliability of sensing and actuating devices dueléxtrostatic forces is a very young and important
field in MEMS. A failure is said to occur when ale@rostatic microstructure or its system no longer
performs the required functions under the specifinditions within the stated period of time. There
have two main failures: irreversible failures andgkhdation failures. Fig. 13 illustrates the
methodology of the reliability analysis for eledtatically actuated MEMS devices. Table 2 shows the
common failure modes and mechanisms of the eleatroally actuated devices in MEMS.

Table 2. Common failure modes and mechanisms of the ekatioally actuated devices in MEMS.

Failure mode Failure mechanism Example Reference
- . Comb finger actuator,
Stiction and adhesion Surface contact d [65, 66]
beam
. . Electrostatic micro-
Electrostatic interference Electrical contact [12, 15]
motor
Dielectric changing and L Accelerometer, RF
ging Nuclear radiation . [8, 47, 67]
breakdown MEMS switch
- Surface contact and Micro-motor,
Wear and friction . . . [68, 69]
rubbing microengine
Fracture Intrinsic and applied stresscomb finger actuator [70]

Design for the reliability of electrostatically aeted MEMS devices
{}
Extraction and determination of reliability paraerst
(material parameter, structure parameter and tiperparameter)
1T
Failure modes Failure mechanisms
Fracture Electric contact
Stiction and adhesion degradation of dielectrics
Friction and wear radiation and thermal effects
electrostatic interference electrostatic discharge
1T 1T
Observatiol Measuremen Testing ﬁ FEA mode Beggglec;lral Simulation
Ir Ir Tr Ir Ir Tr
Experimental approaches(—) Modeling and simulation

Figure 13. Methodology of reliability analysis for the elexstatically actuated MEMS devices.
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6.1. Failure models and mechanisms
6.1.1. Fracture

Fracture strength, a statistical property in l&itthaterials such as silicon, is a function of
microstructure and processing, which can exhibitati@n from run to run due to process variability
[71]. Stress in polysilicon elements should be ke 0% or less of the measured fracture strerggth f
the material and process in use. Stress valudsimainge of several hundretPa appear to be quite
acceptable. A completed device [70] is shown bysttaening electron micrograph SEM in Fig. 14.

(Courtesy of H. Kahn

Figure 14.SEM micrographs of a MEMS fracture [70].

Fracture occurs when the applied load on an elgettioally actuated MEMS device is greater than
the strength of the component materials. Fractare iserious reliability concern because it can
immediately cause catastrophic failures, partityléor the brittle materials. Therefore, it is very
important to know the mechanical properties ofrtfaerials and microstructures in micro-scale fer th
electrostatically actuated MEMS devices.

6.1.2. Stiction and adhesion

Stiction is the effect that microstructures tencdbere to each other when their surfaces come into
contact [65,66]. Stiction and adhesion are the nt@nd and almost unavoidable problems that occur in
the electrostatically actuated devices fabricatedusface micromachining in MEMS. Surface tension
forces such as electrostatic force can pull the MEdbmponent into contact with the substrate
resulting in stiction failure. Other causes of tabie include shock induced stiction and voltage
overstress resulting in contact.

Stiction between the contact surfaces limits thpeagability of operation or may even prevent the
operation completely. The components of the elstdtwally actuated MEMS devices are small,
therefore, the surface forces can dominate eackr @thd cause these parts come into contact. The
surface roughness is a major influence in theisticohenomenon [66]. Permanent adhesion arises
from the large interfacial forces (capillary, elestatic, and van der Waals forces) compared \high t
restoring force of the deflected structure. Alltloése forces must be manipulated if the adhesiae fo
is to be reduced below the mechanical restoringgefor

Stiction can be prevented or reduced in severasywakiiich can roughly be divided into two groups:
methods based upon the prevention of physical com@ween structures and the substrate during
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fabrication; methods based upon the reduction difesidn forces [72]. To minimize electrostatic
attraction, the two surfaces should be conductllewing charges to be dissipated. A reductiorhim t
effective contact area is also necessary to furtleeluce the overall adhesion forces in the
electrostatically actuated MEMS devices.

6.1.3. Friction and wear

Many electrostatically actuated MEMS devices ineosurfaces contacting or rubbing against one
and other, resulting in friction and wear [41]. Thperation of micromachined devices that have
contacting joints and bearings is significantlyeafed by friction and wear of the contact surfaces
involved.

N,

T

L - .

’(-(:ourtesy oD.M. anney |

Figure 15. SEM image of characteristic wear debris on theedgear and the hub [69].

Gabriel et al. [68] investigated the significantawen the hub of an electrostatic micro-motor. In
the micro-motor, the rotor is driven electrostdticen the stator, but in practice because of thelk
clearance between the hub and the rotor, there beagxisted physical contact. Tanner et al. [69]
studied the wear of an electrostatically drivenroengine developed at Sandia National Laboratory.
Severe wear of the pin joint and wear debris neartibbing surfaces was evident. Wear of rubbing
surfaces was the dominant mode of the failure errhicroengine. Fig. 15 shows the SEM image of
the characteristic wear debris on the drive gedrthe hub.

6.1.4. Dielectric charging and breakdown

A most important problem of MEMS devices with datec layers is the charging of the dielectrics
[47, 72-75]. Electrostatically actuated MEMS desiceommonly require high operating voltages
(100~200 V) applied across a few microns gaps,ltregun electric fields as high ao’v /m applied
across the dielectric between electrodes [47,73&. Aigh fields in the bulk or across the surfacéhef
dielectric can cause charge injection and leakageeits that contribute to some possible failures.
With the high field strengths, conductions are goed by nonlinear conduction effects due to charge
injection, conduction via traps and tunneling ieldctric, such as Schottky, Poole-Frenkel (PF) and
Fowler—Nordheim (FN) conductions [72,73].

(1) Electrostatic interference
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Materials with high insulation resistance and fisltength, such as silicon oxide and silicon nérid
are often used for insulation in the electrostaticaltjtuated MEMS devices. The bulk or surface of
such dielectrics can be charged up locally and preyide trap sites for positive and negative charg
both deep in the bulk and at the interfaces in ilaytr stacks [47]. Parasitic charge accumulatimg i
the electrostatically actuated MEMS devices magractuation voltages and change the mechanical
behaviors. Wibbeler et al. [47] studied the effedtparasitic charges on the relationship betwéen t
deflection and applied voltage of bulk micromachkinglicon cantilever actuators and provided
measurements of the charge decay.

For example, schematic illustration of a RF MEMStslwwith dielectric is shown in Fig. 16. The
beam will move downwards when subjected to thetelstatic force due to the applied voltage. The
distance between the beam and dielectric will tbleange. Charging can arise during handling and
operation. High applied voltage exceeding the hieak voltage of the gap will give rise to
considerable charge deposition of the dielectridieW the dielectric is charged by the ionizing
radiation and causes a change in position of taentdue to electrostatic actuation, the device behav
will become erratic.

Accumulation charge Beam
. r'g
‘/J\\ \
V) Dielectric
[ -
Substrate

Figure 16. Schematic illustration of a RF MEMS switch witlelgictric.

(2) Radiation effect

It is well-known that electrical systems are susibép to radiation. The most obvious source of
dielectric charging is ionizing radiation, whichncee a major problem for the application of MEMS.
Schanwald et al. [74] evaluated the mechanicaleectrical performance of MEMS comb drive and
microengine actuators in the total dose radiatiomirenments. Radiation induced charging can be
developed between the gear hub and the drive gedrthe gear pin and the drive gear [74]. Radiation
effect can aggravate the lateral and linear elstdtic clamping failures when comb drives.

The radiation effect is attributed to electrostdticce caused by charge accumulation in dielectric
layers, such as Parylene, $iSkNy, etc. To illustrate the charging mechanism, a jghysrrangement
is shown in Fig. 17. The charge distribution in thelectric produced by radiation in the presenice o
biasing voltage is complicated due to the gap betvibe dielectric and the lower electrode platg.[75
As illustrated in Fig. 17(a), for negative biasidgrradiation, secondary electrons are emitted ftioen
dielectric before becoming thermalized and lead tet positive charge at the surface of the dietect
For positive bias during radiation, secondary etexs are emitted from the lower electrode plate are
attracted to the dielectric, as displayed in Fig(b).
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Figure 17.lllustration of the radiation effect on the chaxgimechanism.

(3) Breakdown voltage

For a long time the origin of electric breakdowrs lh@en considered to be different at the surface or
in the bulk of dielectrics. The well-establishedsé&tgen’s law relating the breakdown voltage of a gas
in a uniform field with the product of the pressyreand the electrodes spacingis used to state the
breakdown characteristics of a gap [77,78]. Passhéaw reflects the Townsend breakdown
mechanism and is usually written as

V, = f(pd) = A pd (27)

A
In(pd) +In n@+1/ )

Where the constantg, and A, depend solely on the molecular properties of ths, g is the
Townsend’s ionization coefficient. For aip =15m*(Pg)*, A =365v/ni*(Pg' and =0.01[77]. The
effect of the gap between electrodes, the shajpleeoélectrodes, radiation, dust, temperature, had t
packaging gas play important roles in determinhrgglireakdown voltage.

The charge-to-failure model [73] was commonly agblto explain the dielectric breakdown. The
dielectric resistance in a large electric field aéms very high even though electrons and holes are
injected. The charge carriers damage the dieleatreating more defects and charge traps. Once a
critical amount of charges have been accumulateddielectric will then be broken down. The well-
known Paschen curve is often misrepresented whegaps of the order af mor less [73, 76]. The
Paschen curve represents a gaseous breakdown maodigbredictsseo/ as an absolute minimum
value for a breakdown in air. This breakdown ocatra gap oB m, corresponding to a breakdown
electric field of4.5" 10v /m. For gaps smaller or larger thanm, the Paschen curve predicts a
breakdown voltage greater thaeos/ . Shea et al. [73] illustrated that the modified&een curve was a
good guide for choosing a safe operating range vdewating MEMS electrodes to gaps lower than
5 m. However, it has been reported that the Paschere aa not valid when the air gap between
electrodes is less thanm, where the breakdown voltage at this range isifstgntly less than that
predicted by the Paschen curve [78, 79].The ragllebff breakdown voltage with the gap is assocate
with the presence of high electric fields rangimgnf 5" 10V /m at d =0.25 m t0 10°V /m atd =4 m.

The smallest potential difference measured inssitr at d =0.25 m, which is about one thirtieth of
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the minimum breakdown voltage according to Paschiaw. Moreover, Etching away the dielectric is
a very effective solution to reduce the breakdowitage, but not to damage the electrodes [73].
(4) Lifetime prediction

Since the high field strengths required for acturabtf electrostatically actuated MEMS devices, the
charging of the dielectrics become a more widespprablem. A typical dielectric o2oonm with a
voltage of4ov across it will result in the field strength of 10°v /m [72].

The critical amount of charge when actuating witsgaare wave can be obtained for different
charge densities [80]. For the negative interfdwge, the critical amount of charge can be given

by
_[2k@-d) 2@ di¥ d, (28)
crit A dd

Zafar et al. [81] calculated the amount of parasitiarge after a certain charging period for thin
high- k gate dielectric stacks. The trapped charge dengitycan be written as

~

_ ‘
©=Na1-

exp{ t/ ¥ (29)
Where () is the charge distribution at the time q is the elementary chargejs the charging time,
and N, is the total trap density.

When the amount of charge is so large that thequillvoltage crosses zero, the device will fail
[80]. The time constant for charging exponentialpends on the actuation voltage. Spengen et al.
[80] simplified the trapped charge density) and calculated the time to failure whety) = _, for
SiO, dielectric. The relationship between the actuatiofiagev, and the time to failure can be
yielded

t, =-V.Ln N—‘ 1 (30)

od

(5) Methods to reduce the effects of charging

Charging of the dielectrics and the associated rntaiceelectrostatic forces in MEMS structures
have been a serious performance issue for manyadetically actuated MEMS devices, such as
microphones, displays, micromirrors, and RF swichetc. [47,73-74]. Design, modeling and
simulation that eliminate the effects of chargimgd@me more and more important.

Bochobza-Degani [61] modeled an interface chargkthe modeling is too general to be easily
applicable to real MEMS devices. A most straightfard method to decrease the effect of dielectric
charging is to use a bipolar AC rather than DCagmtactuation [73]. However, the charging effect ca
not be eliminated completely and more complex ditinaelectronics are required. The other way to
reduce the effect of the dielectric charging isdoyntrolling the electrode and dielectric geometry,
mainly the width of the gaps with exposed dielectbetween electrodes, the thickness of the
electrodes, selective etching of the dielectric dredectric materials. Smaller gap can decrease the
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magnitude of charging induced drift and shortenghtiration time, resulting in reducing the adverse
effect of charging on mirror stability. At the sarme, careful consideration of operating condision
and trade-off design are required before decidmthe ideal gap size for a given application duthéo
influences of the anodic oxidation and the breakuowoltage.

Moreover, depositing or growing a thin conductiagdr on top of the dielectric in order both to
bleed off surface charge and to screen bulk chiaoge the reflector has been developed and apptied t
MEMS devices [73]. This charge dissipation layeD[§ must not contain charge traps and typically
consists of a thin film of a poor conductor suchaasloped oxide. A Co-Fe-O film of tunable
conductance is an effective CDL for MEMS device3][7Rather than depositing a CDL over the
dielectric, the dielectric material itself can asta CDL if its electrical transport properties sudable.
For capacitive RF MEMS switches, Raytheon patetttedapproach of leaky SiN to control charging
[82].

6.1.5. Environmentally induced failure mechanisms

(1) Anodic oxidation

Anodic oxidation of silicon electrodes and wirirgyniot a novel problem, but can be an important
failure mode of non-hermetically packaging eledtbtsally actuated MEMS devices [73]. If moisture
exists, the adsorbed water on the surface of thkealric between electrodes or wiring provides a
leakage path for current to flow between neighlgpefectrodes. Anodic oxidation in MEMS devices
had been observed [83] and the effects (relativaidiity, voltage, electric field, leakage curremda
electrode geometry, etc.) of it on surface micramraed polisilicon had been performed [73,84].
Anodic oxidation occurs when there is a finite aod leakage current between electrodes on the
surface of the dielectric. The poly-Si at the anoetects with OHto form SiQ [85]. The rate of anodic
oxidation is proportional to the leakage currentwaen electrodes on the surface of the dielectric.
Relative humidity is an accelerating factor, thgher the humidity, the more water is adsorbed en th
surface, and thus the larger the surface leakagentuwill be. The surface leakage current increase
roughly exponentially with relative humidity andetihate of anodic oxidation scales similarly with al
other condition kept constant. Voltage is a stracgelerating factor because the leakage current is
roughly proportional to the applied voltage. Thectlic field is also an accelerating factor. Mucbren
oxidation is seen at sharp corners where the iletdncentrated. Changing the gap between elecdrode
or wirings from2 to 3 m has a large effect on the rate of anodic oxidation

Shea et al. [73] illustrated two goals to contia tate of anodic oxidation. First, MEMS chips are
designed such that anodic oxidation occurs as glawlpossible should the package leak. Second,
structures that are purposefully extremely susbiéptio anodic oxidation are designed and used as
early warning devices.

(2) Electrostatic discharge

Electrostatic discharge (ESD) is an important adersition and has been observed as a failure mode
in MEMS [65, 73]. An ESD discharge can cause bd#ttacal and mechanical damage. Possible
electrical damage from the discharge includes melt&res or electrodes, pinholes or weakened
dielectrics, and shorted transistors. While theeaf of ESD on MEMS structures have not been
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published to date, it can be assumed that cerlattrestatically actuated MEMS devices will be
susceptible to the ESD damage.

6.2. Approaches to failure analysis
6.2.1. Selection of materials

The principal performance and reliability metricensidered for electrostatically actuated MEMS
devices are the applied voltage, speed of actyadictnation force, stored energy, electrical rasigt
mechanical quality factor, and resistance to fragtiriction, shock, and stiction [38, 40, 42, 8Bhe
materials properties governing these parametershar&’oung’s modulus, density, fracture strength,
intrinsic residual stress, resistivity, and intimmsnaterial damping [38]. The material parameters of
microstructures, such as Young’s modulus and isitistresses can also be given by the relationship
between the electrostatic loads and the structiefééctions [17].

According to the Ashby method for the selectionr@dterials [87], the performance of an element
can be described by the following form

p=p(F,G,M) (31)

WhereF, G andM represent the functional requirements, geometrarpeters and material indices.
p describes the performance aspects of componehtasuits mass or volume, cost and life. Optimal
design is the selection of the material and gegmetaximizing or minimizingp according to its
reliability and desirability.
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Figure 18. Materials selection chart with the Young’'s modyblstted against the density on log
scales, the log scales allow the longitudinal elagave velocityv=(E/ )*? to be plotted as a set of
parallel contours.

Skikar et al. [40] studied the properties of miatwication structures and presented that the mass
and inertial loads are material indices, i.e. dgnbiending stiffness is given by the Young’'s macl
and the tip deflection is related to the maximunsike stress (fracture strength). Many MEMS devices
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are susceptible to the failure by electrostaticatijuated stiction, which occurs when the strustare
forced into mechanical contact at operation. Thyghdai the bending stiffness, the lower the deflectio
and the probability of stiction will be. Requirenteffor the materials are that high/ )", low and
high E can be used to increase the probability of obtginmnechanical response, decrease the
magnitude of the inertial load and minimize tseuctural deflection, respectively.

Fig. 18 plots the relationship between the Youngisdulus E and the density . Material
performance indices for several elements are exde the literatures [42]. It can be used to meke
initial choice: diamond, silicon carbide (SiC), mlinum oxide (A}Os), silicon nitride (SiN4), and
silicon (Si) emerge as the attractive candidatesaforicating electrostatically actuated MEMS desic
with high resistance to stiction and adhesion.

The relationship between the Young's modutusnd the fracture strength is plotted in Fig. 19
for various microstructure materials. The nominalues shown in Fig. 19 are intended to guide the
initial choice of materials. It is indicated thaatarials for the large force actuators are diamégD;
and SiC, etc.
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Figure 19. Materials selection chart with the Young’'s modyilstted against the fracture strength.

Material properties may significantly affect théiability of future products because MEMS designs
become increasingly complex and the number of comialeapplications is increasing [86].
Processing considerations have made silicon a poghbice as the material for the electrostatically
actuated MEMS devices, but recent advances in migchining techniques enable the integration of a
number of different metals, alloys, ceramics, gtdasand polymers into MEMS [76]. For instance, the
materials used to fabricate electrostatic microar®tnclude silicon dioxide, nickel, diamond, silic
carbide, and polysilicon, etc. As the MEMS matesls continue to expand, it is necessary to find a
rational and systematic approach to the selectionaterials in the design of electrostatically attal
MEMS devices.
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6.2.2. Modeling and simulation

The analysis of components in the MEMS design isrmobased on FEA. FEA is able to couple
different physical domains (mechanical, thermadcelcal and piezoelectric, etc). In our previouskv
[88], the coupling effect of mechanical and pierctic domains on a micro-cantilever beam was
studied and discussed. Part mode shapes of a leartejgth, width and thickness &® m, 30 m
and 3 m for a SO, beam, respectively) using finite element simulaao@ shown in Fig. 20.

. mode 7 ﬁ 0 mode 10
B 735.29KHz \\ 1332.7KHz
\ %

Figure 20.Part mode shapes of the beam using finite elesientliation.

mode 1 P mode 4

12.697KHz B 224.49KIE

Although there are many designs which use pieztredethermal and magnetic actuations, so far
the most popular approach is to use electrostatoe$ to move micromachined parts [33].The design
of an electrostatically actuated device in MEMS of great important. The fabrication of an
electrostatic micro-actuator is becoming technaally feasible, but is extremely difficult, so thae
mathematical modeling of the actuator design slyiko be very important in the advancement of this
technology. Price et al [3] reviewed the basic @eta of the electrostatic devices (conductors,
dielectrics, insulators, electrets and ferroelesjriand shown that the modeling of the electrastati
force is very different, and in many ways a mof@alilt undertaking than the modeling of a magnetic
interaction. Models must take into account theitieal of materials, in particular the fact that the
resistivity is never infinite, and that any struetupart of an actuator will affect fields througs
dielectric.

Designs of MEMS devices which use the electrosfatices as the actuated forces are complicated
due to the fact that the dynamic characteristicssificture elements will be changed by the
electrostatic forces and that as the structurerdefothe electrostatic forces redistribute, thereby
modifying the mechanical loads [4]. Consequentig structure-electrostatic coupling effect becomes
an important issue on the design of such struciar8¥MS.

Zhang et al. [37] presented a mathematic modelRihdnodel to calculate the area of contact and
stresses and strains in the contact region betweemotor and the bearing hub in an electrostatic
micro-motor under the effect of electrostatic fac&€he stress and strain distributions under differ
applied voltages are illustrated in Fig. 21 and. 8. Fig. 21 shows the stress distributions in
direction atu =100/ . On the conditions of gap unchanged and maximumchanged, the stresses are
changing continuously. The maximum stresses araitakhe 16N /n? at z=0 in z direction. In
addition, the stresses in different scope and tHetributions are similar to dissymmetrical and
symmetrical ellipses. As shown in Fig. 22, the isgaare symmetric concerning the axis and the
distributions are close to half ellipses. The sgajet the maximum values at 0, while obtaining the
minimum at their maximum contact widths. Additidgaunder different applied voltages, the strains
are different and in direct proportion to the apglivoltages, and similar to the stresses. Wherotoe



Sensor007, 7 788

bushing wears against the dielectric substrategthdient curve of the contact pressure distrilbuio

the contact region can be illustrated in Fig. 2Be Tcontact pressure displays an axis-symmetry
parabolic distribution and the results satisfy gle@eral rules of the theoretical solutions. Indicated
that the FE model is reasonable to model the cobielavior between the rotor bushing and the
ground plane in electrostatic micromtors.

Figure 21. Stress distributions im directions under the effect of gap<{100/ ).
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Figure 22. Strain distributions under different applied vgka.

Figure 23. Gradient curve of contact pressure distributiothe contact region.
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As driven systems, rotating electrostatic micro-on®tare fabricated by surface micromachining
using polysilicon with a thickness of only a fewanumeters. Except for the reasonable design and
effective modeling and simulation, many differentrofabrication processes can then be applied for
fabricating various electrostatic micro-motors. Tgaysilicon center pin process, polysilicon flange
process, selective CVD tungsten process, Diamdmddiarbon (DLC) process, LIGA process with
sacrificial layer, and three-mask tungsten prockase been published for the fabrications of
electrostatic micro-motors [13, 89].

In addition, Modeling and simulation of the elestatically actuated MEMS devices play an
important role in the design phase in predictingick characteristics [5]. For instance, the device
models help the designers in identifying the regiohstable operation and in understanding theesaus
of instabilities.

6.2.3. Experimental techniques

This section focuses on the main experimental fgcies that are suitable for studying the
reliability of MEMS devices. The primary techniquéscluding observation, measurement and testing,
are explained and discussed.

(1) Observation

Observation techniques are important to observectiméours, images, sizes, and arrangements of
MEMS structures. Lafontan et al. [49] presented ¢haventional and new observation techniques,
such as optical inspection (bright field illumiratj dark field illumination and Normarsky contrast
visualization), scanning electron microscopy (SEMansmission electron microscopy (TEM), FIB-
TEM, confocal IR imaging, and full field optical gfilometer and vibrometer, etc. FIB, parallel
polishing, lift-off and laser ablation have beeneleped and applied to MEMS sample preparations.

FIB preparation uses the ion beam to image the keaanu to remove material from both sides of
the desired section [49, 69, 72, 90]. In the FHg material removal is monitored in real time. Pre-
thinning and lift out are the two approaches to BHnple preparations and the cross-section of an
unreleased electrostatic micro-motor realized inN¥R$ [49, 90]. In such a design, the size of the
oxide layers controls the mechanical clearance émtwthe rotor and the hub. The gap between the
rotor and the hub is approximately 15% thinner tthenstandard layer thickness. It is importanttiier
designer to calculate the capacitive electrostatime with this gap.

(2) Measurement

In recent years, many measurement methods andinmstits have been developed and used to
MEMS devices [49, 66, 80, 91]. For the measurenmoritact, non-contact and an intermediate mode
are the main methods [49]. The surface roughne88EdS structure can be measured using atomic
force microscopy (AFM). The optical scanning prafileter can measure the topography in 3D of a
surface and its roughness with non-contact [49MS&hd AFM can be used to measurement the
stiction characterizations of MEMS structures, sastiRF MEMS switch [66, 80].
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(Courtesy oD.M. Tanne)

Figure 24.SEM image of the force detector shows the ringtaedocation of the anchor and actuator,
the force detector ring has gages at the thred¢idosaof X, Y1, and Y2 [91].

In order to characterize an electrostatic actudier spring constant and force output of the aotuat
must be determined. Bending equations are then tsethlculate the force. Tanner et al. [91]
described a novel force detector used to deterrfonee and spring constant. The force detector
contains a ring of polysilicon anchored to the $tahs at one location and attached to the actuator
from the anchor as shown in Fig. 24. Pulling frone tactuator end will elongate the ring, with
deflections measured in three locations (X, Y1, €aj
(3) Testing

In order to get the failure data from the electbstlly actuated MEMS devices, many testing
methods have been presented and test vehiclesbleavedesigned [71-72, 92-93]. A popular way to
obtain fatigue data is the resonant aging methd@ main wear mechanism was investigated by a
Sandia electrostatic micro-motor [72]. Ashurstale{92] successfully designed, fabricated andetest
a functional first generation electrostatic siddvaalhesion test device. Larsen et al. [93] devalape
representative fatigue testing device. In the tapg pf the testing beam and the corresponding lever
arm is situated. The right hand side of the legsazannected to the electrostatic actuator in thio
part via the narrow flexible beam. The electrostaictuator operates by pull-in of the moveable
electrodes. The device uses two sets of electr@laspers stop the electrodes before short circuit,
leaving a2 m gap. Using direct electrostatic plate-to-plateaation yields larger attraction forces per
device area compared to the comb devices, by wihiehsize and complexity of the component is
reduced.

7. Conclusions

Electrostatic forces of importance and necessalylEiMS are investigated and analyzed in this
paper. It is shown that because of extremely ssialls of microstructures in MEMS, interaction
between micromechanical components caused by edtatic forces may become significant to
influence the behaviors of MEMS devices.
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Electrostatic forces display many advantages thier@ctuated forces due to the scaling effect, an
electrostatic micro-actuator is suitable for misemsors and micro-actuators and is easy to miigatur
However, pull-in instability and many influence flacs restrict the wide applications of the
electrostatically actuated MEMS devices, and neaineffects due to electrostatic forces also affect
the dynamic characteristics and reliability of #ectrostatically actuated MEMS components or even
the whole dynamic systems.

In conclusion, the research on the interaction tabilty, nonlinearity and reliability in the
electrostatically actuated MEMS devices is an gg#ng and significant field of very importance for
the successful applications of MEMS technologys lhecessary to develop new solution methods and
novel techniques to meet the requirements for @urihvestigating the interplay and coupling of
stability, nonlinearity and reliability in MEMS.
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