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Electrostatic Micromechanical Actuator with
Extended Range of Travel

Edward K. Chan and Robert W. Duttolrellow, IEEE

Abstract—The practical design issues of an electrostatic unstable regime. No fabricated devices have been demonstrated
micromechanical actuator that can travel beyond the trademark to date. The series feedback capacitance method introduced by
limit of conventional actuators are presented in this paper. The ac- - geagept al.employs a capacitor in series with the electrostatic
tuator employs a series capacitor to extend the effective electrical actuator to extend the effective electrical gap of the actuator.
gap of the device and to provide stabilizing negative feedback. gap ; :
Sources of parasitics—from layout and two—dimensional nonuni- 1hat way, the movable element can travel up to one-third of the
form deformation—that limit the actuation range are identified new effective gap, which is larger than the entire initial gap of
and their effects quantified. Two “folded capacitor” designs that  the original actuator. The concept is simple and the resultant de-
minimize the parasitics and are straightforward to implement in vice is compact—not any larger than a conventional device—but

multiuser microelectromechanical processes are introduced. The th tical desian i lected in 1315 . it
effects of residual charge are analyzed, and a linear electrostatic " e practical design issues, neglected in [3]-{5], require atten-

actuator exploiting those effects is proposed. Extended travel is toNn.
achieved in fabricated devices, but is ultimately limited by tilting In this paper, the realistic design issues involved in designing

instabilities. Nevertheless, the resultant designs are smaller than g full-gap positioner are presented along with measurements
devices based on other extended-travel technologies, making themoy fapyricated devices and analyses of their performance. After
attractive for applications that require high fill factors. [512] . . . .

’ introducing the theory of operation of the device, the effects of
folldngde)éaT;é?:r%z;ergtsr%?secrzzgﬁgll C?l‘;:‘itog’tagix”tte”ﬂﬁd travel, parasitic capacitances, both from layout and from operation,
P P ' ge. y it are discussed. A “folded capacitor” structure is introduced that

limits parasitics, is easy to fabricate in multiuser microelec-

I. OVERVIEW tromechanical processes (MUMPS) [7, [Online.] Available:

ICROMECHANICAL electrostatic actuators typica”yhttp://mems.mcnc.org/mumps.html], and does not take up

have a travel range limited to one-third to one-halfofthEUUCh more die area than a conventional device. The first

initial gap. A method or mechanism to extend that travel rang@'egsuremeqis of an electtr(()jst_arlﬂc acttuattor mcczrporflgng a d
preferably to the extent of the entire initial gap, is highly gez€ries capacitor are presented. 1he actugtor can trave! beyon

sirable, especially for optical applications. Such a method wﬂ?e cqnyentlongl .I|m|t, .t.)Ut. Is ultimately limited by ftilting
increase the tunable range of an optical device such as a mﬁtab[hues. This instability is. analyzed further and shown to
cromechanically tuned laser [1]. This method will also enab%c’tem"”my be a fundamental limit to performance.

the continuous analog control of a positioner instead of the lim-
ited on-off behavior that avoids teetering near the threshold of
instability.

Several methods have been suggested that extend the usaliég. 1(a) shows a schematic of a conventional electrostat-
range of electrostatic actuators, including closed-loop voltagmlly actuated micromechanical actuator. The movable elec-
control [2], series feedback capacitance [3]-[5], and “leveragedde moves under voltage control up to one-third of the ini-
bending” [6]. Leveraged bending is the simplest method of thial gap. If actuated beyond that threshold, the movable elec-
three, requiring that the electrostatic force be applied betweeade snaps down onto the bottom electrode. If the goal is to
the fulcrum (typically the anchor) and the segment of the beaachieve a travel range gf, then the initial gap can be extended
that should be deflected. Mechanical advantage and increatedg,, as shown in Fig. 1(b), to have a stable region of up to
device area are traded off for the increased range of motion. The This design, however, is not very satisfactory because it re-
closed-loop controller is much more complicated—requiringuires a large gap that can be difficult to fabricate. Noting that
accurate and fast monitoring of the position of the movable eldtis configuration is actually two capacitors in series, the ad-
ment and feedback control circuitry to stabilize the system in tiditional 2go gap can be replaced with an equivalent series ca-

pacitor as shown in Fig. 1(c). The electric field configuration

Manuscript received November 23, 1999; revised May 23, 2000. This woir§ maintained; hence, the movable plate can traverse the entire
was supported by the Defense Advanced Research Projects Agency Compagjtgap stably. The voltage required to actuate the movable plate

gomp;ter'Ai.ded Design Program F30602-96-2-0308-P00001. Subject Edifpicreases with the addition of the series capacitor because the
. D. Senturia. . . . . .
E. K. Chan was with the Center for Integrated Systems, Stanford UniversitQtal initial effective electrical gapis three times as Iarge as the

Stanford, CA 94305 USA. He is now with Bell Laboratories, Lucent Technol@riginal. Since actuation voltages scale to the 3/2 power of the

Il. SERIES CAPACITOR FEEDBACK

gies, Murray Hill, NJ 07974 USA. ___gap, the voltages increase by at least a factor of five. Methods
R. W. Dutton is with the Center for Integrated Systems, Stanford Universi % red h | . MOS . d

Stanford, CA 94305 USA. 1o reduce t ese Vo tages. using capacitors were propose
Publisher Item Identifier S 1057-7157(00)08032-X. in [3]-[5]. Since the additional gap must be at least twice the

1057-7157/00$10.00 © 2000 IEEE



322 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 9, NO. 3, SEPTEMBER 2000

zg Movable EL_ POLYl\ifam
Electrode
y /T ] 1

Original ‘
gj atoator G jo (o) }owo Pad
" - v, v,
(e 45 IR U8
e X il e T W
Electrode 29, Series T T
Capacitor /
Silicon Substrate Nitride
GV (b) (©) @
a
Fig. 1. Electrostatic micromechanical actuator. (a) Conventional actuator with Intrinsic
limited range of travel. (b) Actuator with extended gap and, hence, extended Device Parasitics
range of travel. (c) Actuator with series capacitor that is equivalent to design P . .
in (b). The series capacitor and original actuator form a voltage divider that ——J\/\,
provides negative feedback to stabilize the system. R ﬂ
.. . . "/
original gap for stable full-gap travel, the equivalent series ca- ’ / G G
pacitance must be less than one-half the initial capacitance of /
the original actuator},. The idea is simple, but the challenge is + S EEE—— C,
to maintain the simplicity in the face of nonidealities. ___.__\ Floating Node
The original actuator and series capacitor form a voltage di- Vi G (High Impedance)
vider circuit. As the movable electrode approaches the fixed
electrode, the capacitance of the actuator increases, thus de-

creasing the fractiofry of the total applied voltag&’,, which
is imposed across the actuator according to ®

C1

Vo=

a (1) Fig.2. (a) Cross section of a typical electrostatically actuated device designed
Co + 1 for MUMPs. Large parasitic capacitances are connected to the POLYO0 pad. (b)

Circuit of actuator with series capacitor, augmented by parasitic capacitances in

wherec, is the variable capacitance of the original actuator arb(jra”el and in series with the variable capacitor.

c1 is the series capacitance. When the movable electrode goes

beyond one-third of the original gap, the rapid increase in cagtic behavior since it is driven directly by the voltage source,
pacitance provides the negative feedback necessary to stabilgeit will affect dynamics.
the actuator so it can traverse the entire gap stably. Initiedly,  The expressions describing the static behavior of the actuator

increases with,, with the rate of increase decreasing:ai- i, the presence of a series feedback capacitor and parasitic ca-
creases, as indicated by (1). Beyond one-third of the initial 98B citors can now be derived. Let

whereV; equals the originaV,;, V, actually starts to decrease

sincec, increases rapidly in this region, thus providing negative o X e ox 1 o X 1 2)
feedback. As the movable plate approaches the fixed plate, the go—u ngo mgo
capacitance:, goes toward infinity and’, goes toward zero. wherey, is the desired travel range,is displacement, and:
The electrostatic force remains finite, however, since the elegdy, are positive constants. The voltage acreds determined

trostatic force is inversely proportional to the square of the gagy the capacitive voltage divider in Fig. 2(b) to be
which also goes toward zero. At all times, the mechanical and

electrostatic forces are balanced and the system is stable. Vi = “ _ m(go—)

Vo= Va
cotcitco (m+n)(go—u)+mngo
l1l. PARASITIC CAPACITANCES 3)
A. Parasitics from Layout The sum of the electrostatic and mechanical forces gives the
The cross section of a typical electrostatically actuated devi@al equilibrium force on the movable electrode

fabricated in MUMPs is shown in Fig. 2(a} ande; are the in- 2
trinsic or desired device capacitances, whergase,» andc,s = _ o+ eA m(go—u) vl =o

" . 1 t 5 . .
are parasitics:,» andc,; are typically large because the dielec- 2(go—w)? | (m+n)(go—w)+mngo

tric layer is electrically thin. Depending on whether the substrate 4)

is left floating or grounded, the parasitic capacitances can be in o . _ . _

parallel with eitheic, or ¢;. The configuration of Fig. 1(c) can Differentiating this expression with respectito determine the

be generalized to the circuit of Fig. 2(b), which includes par&0int at which the equilibrium solution becomes unstable gives
sitic capacitances. Here, includes parasitics formerly in par- go m+n+mn 5)

allel with the desired series capacitanegis not important to Umax = 5 m+n
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as the maximum stable displacement of the movable electrode
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implying thatn should be larger than two for full gap travel 07f \.\
(tmax — go0), @S Noted previously. As — oo (infinitely small AN Capacitive
06

series capacitor for maximum feedback and stability)

Feedback
J Ineffective

o4r T N

i = 2 (14 m) @ g™

" Fraction

implying thatc, must be no larger thad, /2 if full gap travel
is to be achieved. Thus, the electrostatic positioner must have® g3

well-controlled capacitances and parasitics.
0.2}

B. Parasitics from Deformation -

Another source of “parasitics” arises from the deformation of 30%

a beam in two dimensions. When the beam in Fig. 2 deforms, o . L .

he displacement of the center portion is largest whereas the poi 0 02 10 .3 20
t. € P P 9 ) P . Center Displacement (um)

tions near the step-up supports hardly move at all. This two—di- (b)

mensional (2-D) nonuniform displacement is a subtle, but sig-

nificant source of parasitic capacitance in parallel with the iffrig. 4. (a) Capacitance of 4Q@m-long beams as a function of displacement,

— . . alized to the capacitance of a 1-D device with displacement equal to the
trinsic device. The 2-D beam/capacnor can be modeled as ﬂii%?acement of the beam center. The labels indicate the length of the bottom

sum of two one—dimensional (1-D) capacitances—a variable Gatuating electrode as a fraction of the upper beam lengthy-{igction as a

pacitor in parallel with a fixed capacitor, as shown in Fig. 3. Th?nggonkOf disr#acemefm,dcon?puted ffome CaDaCit%nceS }Lﬂ ga)- %alpaCitive
. isi tive for displacements wittfractions above the dotted line.
total capacitance can be expressed as eedbackis inefiec

l—gq + q 8) beam is reduced (as a percentage of the beam length), the 2-D
go—u Go device approaches 1-D-like behavior because the deformation

wherec, ande, represent the same elements as in Fig. 2(b), alfdmore uniform over the more limited center region.

g is aproper fraction thatincreasesashe center displacement, 4 'S computed from the CapaCIFance-dlsplacemgnt curves of

increases. The larger the value @fthe more significant the Fi9- 4(2) using (8) and plotted in Fig. 4(b) as a function of center

effect of the parasitic fixed capacitance. displacement:, and parameterized by bottom elt_actrode Iength.
Fig. 4(a) shows the normalized simulated capacitances Tgye shorter the bottom electrode, the more 1-D-like the behavior

several 2-D 400Q:m-long electrostatically actuated beamd2f the system and, hence, the smaller the valug gfincreases

These coupled electromechanical simulations were perfornfithe displacement increases because the diminishing gap am-
in Matlab [8]. The beams are 2m thick and are suspendedp“f'es the lack of flatness of the deformed beam. According to

2-um above a ground plane—the nominal dimensions Of(g),th_e ratio of the variablt_a cape_xcita_mce to the fixed_ capac_itance
MUMPs device. The Young’s modulus is 140 GPa, where&8/c2 iSmgo/go—w. Equating this with the same ratio obtained
the uniaxial residual stress is a compressive 6 MPa. The 218M (8) givesm in terms ofq

capacitances are normalized to the capacitance of an ideal 1-D -

parallel-plate capacitor, whose gap is equal to the distance m=—— 9)
between the center of the 2-D beam and ground plane. As ] _ )
shown, the capacitances of the 2-D devices are only fractiond¥tich, when inserted in (7), gives
the 1-D device as the center of the beam approaches the ground 90
plane. If the length of the fixed bottom electrode under the 2-D Ymax = 3_q

c=c¢Cy+ o X

(10)
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Movable  Tethers pad

Plotting ¢ = (go/3u) in Fig. 4(b) gives the maximum al- ;‘;’;ﬁg‘geg E"I“:c‘ﬁg"jee %4
Centerpiece / j

lowed for the desired range of motian The displacement at
the intersection of this line with the previogs« curves indi-
cates the maximum achievable stable travel. Beyond thiat,

too large, i.e., the parasitic is too large for effective stabilization Spacer"
This assumes that the mechanical restoring force as used in ( Noacer / | ; i;\ad
is still linear with displacement, which is not true in real life ~fbed P Substrate

due to stress-stiffening effects. Nonlinear stress stiffening actt @) ®) © )

ally increases the range of stable travel, even without capacitive
stabilization, to about one-half of the initial gap, up from th&ig. 5. Transformation of three-conductor stack into side-by-side

one-third of the linear case. Thus, all the 2-D devices shown"iff‘ﬁguration' (@) Original straightforward - three-conductor stack. (b)
) ! oating electrode is elongated to separate variable capacitor from series

Fig. 4 are stable up to abou.n of displacement. Beyond that, capacitor. (c) The left-hand side is folded over to place the capacitors side
capacitive feedback can stabilize the device until the increasimgside. (d) The movable portion is flipped back on top to get the final

displacement causesto increase to the limit indicated by thetWo-conductive-layer configuration.

dotted line. For example, for the device with a bottom electrode ) o )

that is 30% of the upper electrode length, capacitive feedbaR&'ity and the stable range of travel. This design is practically
will allow stable travel up to 1.8m or 90% of the 2xm gap. impossible in MUMPs,'but m|ght. b.e achievable in silicon onin-
This, according to (7), assumes an infinitely small series fee?ilator (SOI)-based micromachining processes.

back capacitor—a larger capacitor will reduce the stable travel

range. The parasitics due to the nonuniform deformation of can- V. FOLDED CAPACITOR DESIGN

tilevers is even more severe than for fixed—fixed beams. Clearly,Fapricating a device based on a straightforward implementa-
2-D-like behavior must be avoided. tion of the actuator with a series feedback capacitor, as shown
in Fig. 5(a), would require a dielectric spacer many times the

IV. RESIDUAL CHARGE thickness of the travel gap to maintain the proper ratio. This

Residual charge can accumulate in electrostatically actuapeeg!ce cannot be realized In MUMP‘?" The desweq conflgur_a t_|on
devices containing electrically isolated nodes such as the node'd: 5(d), where the series capacnpr IS anng§|de the °r!9'“3'
between the original actuator and the series capacitor [Saecéuator, not stacked underneat.h it. The sernes capacitor s
&pnnected to the actuator by flexible tethers. Fig. 5(b) and (c)

Fig. 2(b)]. Such charge, due to charging in dielectrics, f _ . -
example, shifts the electrostatic forces by a voltage Oﬁsgf)nceptuahzes the transformation of the initial three conductor
' ack [see Fig. 5(a)] into the equivalent two-layer design

hich scales according to the amount of charge [9]. Th
wh g " ge [9] intaore suitable for surface micromachining. First, the floating

onductor/electrode is extended, as shown in Fig. 5(b), so that

if charge accumulates. Actuation characteristics vary signit ; | ; d th . it twall
cantly from measurement to measurement if the top beam p moving elements and e series capacitor can eventually
bg placed side by side. The electric-field configuration is

centerpiece comes into contact with the underlying electrode. K P& . . : :
intained because the floating electrode is an equipotential.

high-impedance switch that can reset the voltage of the floati . .
node from time to time is very desirable. ﬁgxt, the left-hand side is folded over the floating electrode,

If charge lies on a plate that is free to move in an electr%re.ating the “fold_e(_j capacitor” cqnfiguration of .Fig. 5(). By
field, the effect is more involved. One possible configuratio oing so, the ongmgl actuator s now glong&de Fhe SEries
could consist of a movable precharged floating conductor, i gpacitor, thus requiring only t\No.condu.cnv.e 'Iayers msteaq .of
an electret foil, inserted between two voltage-driven plates. T £ or|_g|nal three-layer stack, while maintaining low parasitic
electrostatic pressure on the floating conductor—the productcﬁ‘pac'tames' The actuated part must now be put back on top to

charge on the conductor and the average of the electric fieldsk?)enfree t.o move. To get _to the fmal conﬁguratlor_\, the electrical
both sides of the conductor—is now connections are maintained, while the mechanical elements on

the left-hand side are swapped. The electrostatic force configu-
Vo pfda—u 1 ration on the movable electrode in Fig. 5(d) is exactly the same
FPetectrostatic = P |:d_1 T e < )} : (1) as that in the initial design of Fig. 5(a). No additional parasitics
were introduced, and this two-conductive-layer configuration
p is the areal charge density on the floating conduckgrjs can be translated directly into a MUMPs design.
the voltage applied between the platésjs the distance from  Profiles of two designs fabricated in MUMPs are shown in
the first plate to the floating conductaf; is the distance of Fig. 6(a) and (b). The essential elements of the designs are la-
the second plate to the same floating conduet@s the permit- beled corresponding to Fig. 5(d). The profiles match the simple
tivity of the gap, and. is displacement. This electrostatic forcel-D schematic of Fig. 5(d) closely, with the main difference
is linear with voltage and displacement. Since the conventiorading that the actual physical device has tethers on each side
inverse square behavior is absent, there is no abrupt pull-in efthe centerpiece to help maintain balance and symmetry. The
fect, and actuation is always stable, potentially allowing fatevice consists of a nominally rigid centerpiece fabricated in
stable and linear electrostatic actuation. The main design iss&3LY 1 suspended by tethers of either POLY1 or POLY2. These
are imparting a precharge to the floating node and then madesigns are not much different from a conventional actuator
taining its electrical isolation. Parasitic capacitances affect lishown in Fig. 2(a), except for the addition of dielectric spacers

dy 2
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LR Fig. 7. Interferometric views of folded-capacitor designs. The images on the

left—-hand side are top views, whereas the images on the right-hand side are
3-D views. Interferometry only provides the shape of the top surface so the
sacrificial gap and other underlying structures are not visible. (a) POLY1 is used
for both the centerpiece and tethers. Nitride forms the spacer. (b) POLY2 forms
Substrate the tethers, which are shielded from the bottom electrode to minimize parasitics.
(b) PSG forms the spacer.

Fig. 6. Cross sections of folded capacitor structures. (a) Structure using the . . . .
nitride layer as the dielectric spacer. Centerpiece and tethers are made TS for maximum compliance to compensate for the increase in

POLY1. (b) PSG forms the dielectric spacer after a controlled HF etch. Tiggstuation voltage due to the addition of the series capacitor. The
tethers, made from POLY2, are shielded from the substrate electrode by figres also provide stress relief to prevent buckling. POLY2
centerpiece, s reducing parasiies. rails are deposited on the POLY1 centerpieces to help maintain
flatness during actuation that is essential to the proper operation

under the tether anchors. The gap between the POLY1 ceni§fihese devices. The structure in Fig. 7(b) uses PSG as the di-
piece and POLY0 pad was reduced with a dimple etch, as showBctric spacer for the series capacitors, and POLY2 as tethers.
in Fig. 6(a), to increase;, and, hence, relax the constraints 0fe series capacitors have larger area than those in Fig. 7(a) be-
achieving the desired high capacitance ragjfr;. Small series ¢4se the PSG is thicker than the nitride. This design requires
capacitors:; are difficult to design in the MUMPs process betareful control of the PSG etch in HF. The undercut of PSG
cause the dielectrics are electrically thin. in HF is roughly 30:m per minute. Square POLY1 pads with

In the Fig. 6(a) design, the series capacitor is formed by thgges of 8q:m or 110,m were designed to form the series ca-
POLYO pad under the anchor and silicon substrate, sandwichifgritors. The capacitances of these series capacitors were com-
the nitride. The actuator capacitance, is between the POLY1 1, taq assuming some mixture of air and PSG dielectrics under
centerpiece and POLYO pad directly beneath it. The tethers 858 POLY1 pads resulting from an undercut of exactly 30 (1-min

formed in POLY1 and have parasitics associated with NONURCh) or 45:m (1.5-min etch). The capacitance ratios for this
form deformation similar to that described in Section IlI-B. FOfange of devices were designed to be between 1.3-7.2.

the design of Fig. 6(b), a controlled HF etch of the sacrificial
phosphosilicate glass (PSG) creates dielectric spacers, which
form the series capacitors and electrically isolate the tethers and
centerpiece, leaving them floating. The actuator capacitance i§he performance of several permutations of folded capacitor
between the centerpiece and the silicon substrate. The POlLstRictures fabricated in the MUMPs 29 run were analyzed under
tethers are shielded from the substrate by the POLY1 centite Zygo interferometer. After a 1-min HF etch, most of the large
piece thus reducing associated parasitics. centerpieces were still not released because the HF could not un-
Top and three-dimensional (3-D) views of these two desigdgrcut the PSG through the arrays gii® x 3 um etch holes.

are shown in the Zygo New View 200 surface profiler imageBhus, dies released in a 1.5-min etch were used, but even then,
of Fig. 7. The movable centerpieces are large compared to Hwne dies had unreleased parts. Measurements of the device
areas of the series capacitors due to the constraints of the #tiown in Fig. 7(a) are shown in Fig. 8(a). The first curve actu-
MUMPs dielectrics. The centerpieces range from 2Ad0x 140 ally shows the performance of a conventional actuator. The mea-
pm to 260m x 260 um. In Fig. 7(a), the series capacitorsurement was made on exactly the same structure, except that
at the anchors are very small, only 28 x 25 um, because the electrical probes bypassed the series capacitor. One probe
the nitride is electrically thin. The capacitance ratif§gc; for was positioned at the top center of an anchor/series capacitor,
these devices range from 1.5 to 8.1. A ratio larger than twonsaking sure that the rest of the structure was not perturbed. The
required for full-gap travel. The tethers are designed with fleplot of the normalized displacement of the centerpiece as a func-

VI. PERFORMANCE
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Fig. 8. (a) Measured displacement-voltage characteristic of a conventionz / o Pasition L ol
actuator, and an actuator with extended travel. Both measurements wel
made on the same device—the measurements of a conventional actuator we (b)

obtained by bypassing the series capacitance with the probes. Displacement
shown is that of the center of the centerpiece. (b) Surface profile of a foldg
capacitor device tilted at pull-in. A preferred axis of torsion exists, spanni
the two anchors.

gg. 9. (a) Rigid-body model of actuator with series capacitor. The torsional
rJﬂegree of freedom is introduced to analyze effects of asymmetry between the
right- and left-hand-side tethers. (b) Profile of centerpiece as the actuation
voltage is increased. The left-hand-side tether is 10% stiffer than the

. . right-hand-side tether. Labels are of applied voltage. The last three profiles are
tion of voltage shows that the actuator travels up until the thegssentially at the same voltage, indicating a sharp descent due to tilting.

retical limit, then collapses to the bottom. The measurements

match theory because the mechanical stiffness of the slender

tethers is linear with displacement. The actuator with the series

capacitor can go beyond the theoretical limit, almost twice the This tilting phenomenon was analyzed in two-dimensions

conventional range, before collapsing. The increase in actuatigging rigid body simulations. The model consists of a rigid

voltage confirms that the fundamental principles of capacitiventerpiece suspended by tethers at the ends, as shown in

voltage division and negative feedback are operational. Fig. 9(a). The equations of motion that describe the centerpiece
Further analyses reveal that pull-in still occurs, even thougine

the designed capacitance ratio is sufficient, because tilting oc-

curs. 1-D-like behavior should be maintained at all times for a2

proper operation, but asymmetry in the device causes tilting to o —krur,—krur+ — 5

occur, as shown in Fig. 8(b). As the centerpiece deflects beyond ! ~/2) lgo —ul(@)]

the conventional theoretical limit, any asymmetries are ampli- (12)

fied. When one side of the plate deflects more than the other,

the capacitance change due to this tilting is insufficient to adjugf the vertical displacement of the center and

the voltage of the plate to maintain stability. Electrostatic forces

concentrate on that side of the plate causing positive feedback )

which snaps that side down. This tilting was observed on a}lﬁ = Zkru; —EkRuR—i-

the other folded capacitor designs at travel ranges close to thaft? 2 =~ =~ 2 2 —(Ly2) (90 — u(x)]?

shown in Fig. 8(a). (13)

VII. TILTING

WeoV2 /L/ 2 dx

WeoV?2 /L/2 z dx
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0 ) parameterized by capacitance ratfg/c;. With perfect sym-
"""" Symmetric !
0.1 —— Asymmetric | metry, the actuator can travel the entire gap stably for any capac-
o 0.2 itance ratio equal to or more than two. With the introduction of
§ a 0.1% asymmetry, the device tilts and pulls in after deflecting
§ 0.3 close to 60% of the initial gap. This is very close to the mea-
'§~°'4 sured range of travel. The effect of the degree of asymmetry
a8 05 is investigated in Fig. 10(b)/c; was fixed at five. Here, all
'.z, 0.6 asymmetries that are resolvable within the tolerance of the sim-
3 07 ulation cause tilting at about 60% of the initial gap. This range
§ ) of travel does not depend on the ratio of the capacitances or the
Z08 degree of asymmetry (within the tolerance of the simulation),
09+ potentially indicating a fundamental limit to the performance of
1.0 . : B . . this technology. The profile of the centerpiece as the actuation
0 20 40 60 80 100 . : e :
Applied Voltage (V) voItagg is mcregsed is showp in Fig. 9(p). The Ieft—hand—ade
tether is 10% stiffer than the right-hand-side tether, causing the
) (a) right-hand side to move down more than the left-hand side. At
0 ' " ) ' I about 43.54 V, the system becomes unstable and the right-hand
o1l o symmm[:t't'rc, | side of the centerpiece tilts and pulls in.
' Asymmetric The tilting-limited range of stable vertical motion can be ob-
E 0.2 tained analytically by analyzing the vertical and torsional modes
5 0.3 separately [10]. Consider the case where the center of the cen-
804 terpiece is constrained to only rotate and not displace vertically.
305 The capacitance of the actuator is given by
B os LA
F T ~ ()
E 0.7 —(L/2) 9 — Wz
208 WL <g + “)
09} 2a g—a
. . . . M L 1 1 *
104 10 20 30 40 50 ~ Ly + = <9> + <9) +oee (14)
Applied Voltage (V) 3\g 9 \9g
) wherea = u(x = (L/2)) is the vertical displacement of the

edge of the centerpiece, agds the gap at the center of the

Fig. 10. Normalized displacement of the centerpiece as a function of applicgmerplece' T.he express_lon for Capacitance was expanded using
voltage, showing the range of travel that can be achieved. The displacenfiffﬁ" Taylor series expansion

shown is the maximum displacement, which is of the right-hand side of the 1+z 243 205
centerpiece. (a) The labels are the original-to-series capacitance ratios. At close In =2r+ — + — + - (15)
to a normalized deflection of 0.6, asymmetry causes the devices to tilt and 1—-=z 9

snap down. The ranges of travel do not seem to depend on the ratio of T@ first order, the addition of the series capacitor does not en-
capacitances. (b) Displacement for devices with different degrees of asymmertf&. ce torsional stability because the Capacitance and. hence. the
The four labeled curves correspond to the cases where the tether on the Ieft-han(rlJ ! ",
side is stiffer by 10%, 1%, 0.1%, or 0.01%. For asymmetries resolvable Mpltage across the actuator, does not change as the centerpiece
the simulation tolerance, the device tilts and pulls in close to a normalizédgins to tilt. That is why the capacitance ratio has no effect on
displacement of 0.6. The capacitance ratio is five in all cases. stability, as shown in Fig. 10(a).

The torsional equilibrium condition is given by

for the rotation of the centerpiece. In the numerical simulation, eALV? [l g—a 2ag
n

the centerpiece is discretized into small segments. Damping ~ kal+ 8a? g+a  ¢g2— a?} =0 (16)

terms are added to help quasi-static simulations converigfierek = k; = kg, andA is the area of the centerpiece. The
quickly. For the centerpiece; is the mass/ is the moment of term describing electrostatic torque was obtained by evaluating
inertia, W' is the width, and. is the lengthk,, andkr are the  the integral in (13). Taking the derivative of torque with respect
stiffnesses of the left- and right-hand-side tethers, respectivaly,, setting it to zero, and simplifying the results to obtain the

Asymmetry is introduced by increasing the relative stiffnesgreshold at which the equilibrium becomes unstable gives
of the left-hand-side tether. The stiffnesses of the tethers are cALV? { g—a g cALV?g
In }

roughly those of 20Q:m-long and 30zm-wide polysilicon —kL — =
; ; 4a3 2(g? — a?)

beams. Thicknesses, stress, and other properties used are 17

nominal MUMPs parameters. The points at which the tethers _ _ a7 _

attach to the centerpiece are assumed to be perfect pivots t#sing only the first two terms of the Taylor series expansion

gta ¢ —a?

have no resistance to torsion. (15) gives
Fig. 10(a) shows the simulated quasi-static displacement of , - eALV? [ 4a3g? + 2a® cALV?g 0. (18
an actuator with a series capacitor, as a function of voltage, and ™~ 443 | 3¢3(¢% — a?) 2(g2 —a?) (18)
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