TRIBOLOGY LETTERS

Adhesion-Relate@&aillure Mechanismsn
MicromechanicaDevices

C. H. Mastrangelo

Abstract— Adhesion-related failur es occurs in microelectomechanica
systems(MEMS) when suspendedelastic members unexpectedlystick to
their substrates. This type of device failur e is one of the dominant sources
of yield lossin MEMS. This paper reviewsthe physicalmechanisms espon-
sible for the failur e from both the theoretical and practical stand point. In
general, the failur e requirestwo different phenomena.First (a) the device
must be subjectto a force sufficiently strongto collapsethe elasticmember
thus bringing it in contact with the substrate. (b) After contact is estab-
lishedand the forceremoved, the intersolid adhesionmust exceedhe elastic
memberrestoringforcehencekeepingthe device permanently pinnedto the
substrate. Both of theseproblemsdevelop during the device fabrication as
well asduring the device operation. Normalized elasticmember dimension
bounds for prevention of collapseand pinning are presented. The failure
rate can alsobe reducedusing a wide variety of processingsurface treat-
ment, and physicalschemesThesearediscussedn regardto their practical
applicability.

Keywords— Adhesionin MEMS

|. INTRODUCTION

Microlectromechanicadystemsare micrometersizesystems
capableof interfacing electricalworld to mechanicalsignals.
Thesedevices have a wide variety of applicationsperforming
basic signal transductionoperationsas sensorsand actuators.
MEMS areusuallyconstructedisinglithographicprocessede-
rivedfrom VLSI technology

Becausgheseadevicesmustreactto mechanicasignalsmary
of theseuse constructiontopologiesthat require physicalmo-
tion. For example,an accelerometetype device translategshe
motionof asuspendegroofmassnto capacitancahichis later
convertedto a voltageoutput. Similarly, micromechanicaiir-
rorsmustbeableto deflectalight beamin a particulardirection.
Suspendednicromachinedstructuresuchasplatesandbeams
arecommonlyusedin the manufcturingof pressurg1-4] and
acceleratiorsensorgb, 6]. Thesestructuresaretypically made
by forming alayerof the plateor beammaterialontop of a sac-
rificial layerof anothematerialandetchingthe sacrificiallayer
[7,3].

Thesemicrostructuredave relatively large areasbut a very
small stiffness. At the sametime theseelementsarefabricated
afew micronsfrom their supportingsubstrateThecombination
of thesethreecharacteristicenakesMEMS deviceshighly sus-
ceptibleto surfaceforceswhich cancausehe suspendednem-
bersto deflecttoward the substrate.Under certainconditions,
theelasticmembercancollapseandpermanentlyadhereo their
underlyingsubstratesausinga device failure. Namely, this can
happerbothduringthe device fabricationandnormaluse.

During processingadhesioncan occurwhenthe suspended
membeiis exposedo anaqueousinseanddry cycle. Sincethe
device-to-substratgapis so small, strongattractive capillary
forcescandevelop during the dehydrationcausingits collapse

Departmentof Electrical Engineeringand ComputerScience,University of
Michigan, Ann Arbor, Ml 48109-2122USA

andsubsequerpinningto the substrate[7—11]. Nathansorand
Guldbeg [12] recognizedhat small mechanicaktructuresare
influencedby surfacetensionforces. Guckel andBurns[7] ob-

senedthatwhenmicroscopicelasticplatesarerinsedanddried,
the capillary forcesacting on theseare large enoughto bring

themin contactwith their underlyingsubstrate.They alsoob-

senedthat,aftercompletedrying, someof themremainpinned
to the substrateheld by attractive forcesrenderingthemunus-
able. A numberof researcherbave proposedifferentmecha-
nismsto explain theseforces. Scheepeetal. [9] proposedhat
the adhesioris causedby watermoleculesadsorbedn the ad-
heringsurfaceq13]. Alley etal. [14] proposedhattheadhesie

bondis formedby silicaresidueghatremainonthesubstratef-

terthe waterhasevaporated.

The samecollapsecandevelopwhenthe device is undernor-
mal operationif it is exposedto high humidity conditionslead-
ing to capillarycondensatiofil 5] (hencetheformationof awa-
ter dropletin the gap). A third yet possibleadhesionfailure
mode developsif the suspendednemberis placedin contact
with its substratdy externalforces.Thismaybedoneby thede-
liberateplacementf a collapsingforce or by accidentashock.

The pinning processs hencedivided into two stagesof (a)
mechanicatollapseand(b) adhesiono thesubstratelf any two
of theseis eliminated,the adhesiorfailure doesnot occur In
practice eithermechanisntanbe preventedprovidedthe stiff-
nessof the microstructures high enough. Thereforethereex-
istsa characteristiphysicalparametethatdeterminesheonset
of the failure. The presenceof the failure thresholdis readily
obsened experimentallyby constructingan array of progres-
sively wealer suspendeelementdollowed by examinationof
the sticking condition. Figure 1 shovs a photographof anarray
of micromachinegolysiliconcantilever beamsshawing clearly
the onsetof the pinning conditionat a particularbeam detad-
mentlength Thesamephenomenaappendgor othersuspended
micromachinedtructuressuchasdoubly supportecbeamsand
platesasshowvn in Figure?2.

This paperdiscusses generalreview of the causedor these
phenomenandsereralcommontechniquesisedto alleviatethe
problem. In Sectionsll andlll we discusstheoreticalmodels
for both stagesandprovide two boundson the physicaldimen-
sionsof the suspendednemberthat eliminate the failure. In
SectiondV andV varioustechniquesisedto eliminatethe ad-
hesionfailure are discussed.Theseare divided onto physical
schemeshatattemptto minimizethe contactareaandchemical
schemeshat minimize the intersolidadhesion.The papercon-
cludeswith somegeneratommentsaboutthe practicalityof the
methodsat hand.
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Fig. 1. SEM of micromachinedpolysilicon cantilever beamsof increasing
length. The photographshaws clearly the onsetof the pinning statefor
beamdargerthan34 um.

b

Fig. 2. Interferometriomicrophotograptof anarrayof micromachinegolysil-
icon circular plates. The structureswith circular interferencepatternsare
pinnedto the substrate.

Il. MECHANICAL COLLAPSE BY CAPILLARY FORCE

Suspendedlementsn MEMS aretypically fabricatedy first
forming a layer of the plateor beammaterialon top of a sacri-
ficial layer of anothermaterialand etchingthe sacrificiallayer
[7,3]. If theetchis performedin aliquid ernvironment,asthe
liquid is removedduring a dehydratiorcycle, a liquid bridgeis
formedbetweerthe suspendedhemberandthe substrateyield-
ing anattractve capillaryforcewhichmaybesuficiently strong
to collapseit. The capillary forceis essentiallydeterminecby
the changein the wetting areaof the liquid bridge. The elas-
tic forceis linearly proportionalto the deflection. The unifying
guantityis the liquid bridge volume which at a giventime re-
mainsconstant.

The behaior of elasticstructuresundercapillary forceshas
beenstudiedin [16]. Here,asanillustrative example,we ana-
lyze the simplifiedlumpedelasticstructureof Figure3 in which
theplaterepresentthesuspendethembersurface thespringits
stiffness,andthe gapthe distancebetweerthe memberandthe

substrateThis simplified structureprovesusefulin understand-
ing themechanicastability of the suspendedhemberaswell as
thegenerabehaior of elasticmicrostructuresindera capillary
pull. In Figure3, arigid circularplateof radiusr, is suspended

spring
\/I t— O
ffffffffffff | T
2(4) liquid Y (® < |
substrate
I 0 r=r,

Fig. 3. Deflectionof arigid plateattachedo a springby capillaryforces

above a substrate. The substratds fixed, andthe top plateis
attachedo a springof constank. If theweightof the plateis
negligible, theoriginal plateseparatioris z= h whenthespring
is relaxed. A liquid bridgeof volumeV, is trappedbetweenrthe
plateandsubstrateln orderto simulatethe drying processthe
equilibriumpositionsassumedby the plateastheliquid is grad-
ually removed are considered.Initially, the liquid spreadgo a
radiusr; with avolumeV, = T[I’|22. The maximumvolumethat
the liquid assumesvithout overflowing is V, = 1r2h. The sur
faceenepgy Us of the spring-plate-liquicsystemis
z< Z,

o { (1)

whereUsg, is a constant,B; is the contactangle,y; is the lig-

uid surfacetension,andz* =V /1rZ is the plate separatioras-
sumedwhenthe liquid completelywetsthe surfaceof the top
plate. This equationneglects the complicatednature of the
smallliquid-air meniscusarea[17-21] sincethe liquid-air area
is small,or 211z << 2TI]’|2. At z= 7", Us hasa breakpointand
for z< z*, theliquid overflows. Initially, thetotal enegy is

Us, +2my; cosBc (13 —Vi/mz)
Us, + Ty (cosBc — 1) (5 —Vi/T2)

z>Z

Ur = Us+ Ug 2

Vi

= U§,+2le|cosec(r§—E }K(h—Z)Z

2
The equilibrium plate spacingminimizesUr. Figure4 shows
plots of Ut for differentliquid volumes. The curve hasoneor
two minima. Oneof thesedevelopsat the breakpointof Us im-
plying thatthe equilibriumliquid radiusis ro. The otherresults
whendUr /dz = Oorfrom Eq.(2) alongthecurve

2yi cosB. V,
K

) +

Z(z—h) — =0. (3)

Thepathtracedby thereachableninimumof Ut astheliquid
volumedecreasebBomV, =V, toV| = 0 determinesheequilib-
rium positionandfinal stateof the plate. This pathis known as
theequilibriumtrajectory andareachableninimumof apoten-
tial systemis thatatwhich the systenrestsfrom a known start-

ing state.Conceptuallythis minimumis determinedy placing



TRIBOLOGY LETTERS

decreasing V|

Total Energy Ut

B=C

z/h

Fig. 4. (a) Total enepy of thetwo-platesystem.(b) Activation enegy separat-

ing theminima

animaginarygolf ball onthe enegy curve at ary startingposi-
tion andletting it roll to the mostfavorableenegy well. As in-
ternalcontrol parameterghangethe shapeof the curve andits
minima shift makingthe ball slide toward onesideor the other
(seeFigure5). Suddenchangesr catastophesmay occurin
theequilibriumfor thosevaluesof the parameteratwhichalo-
cal minimumdisappearsvhenit memgeswith alocal maximum
[22-25].

Thebehaior of thespring-plate-liquidsystenduringthedry-
ing cycle is evidentwhenthe brancheof the local extremaof
Ut are plotted as a function of the control parametel, in a
branchingdiagram.Letting & =V, /Vo, A = z/h andV, = 1r2h,
thefirst branchB. associatedvith anextremumin Ugis

Bo: V| = 102z, 0r E=A\. (4)
The secondoranch3c is foundfrom Eq. (3)

K h?

o) LN = Ne (1-MA, - (5)

Be: &=

where the non-dimensionahumberNc = k h?/2my; cos8; r3.
Branch B¢ is a minimum of Ut for A > 2/3 anda maximum
for A < 2/3. Figure6 shavs threebranchingdiagramdor fixed
Nc. Thearrows shav the directionof the equilibrium trajecto-
ries.

In Figure 6(a), the equilibrium trajectory begins at A with
(&,A) = (1,1). If Nc is low, branchesB, and Bc do not in-
tersect.As V| decreaseghetrajectoryfollows branchB. from

System Energy

END

System Energy

Generalized Coordinate

@)

Generalized Coordinate

(b)

Fig.5. (a) Reachableninimaof apotentialsystem.(b) Catastrophe.

Sl Tk

A

<~ completely
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minimum

Fig. 6. Branchingdiagramdor thespring-plate-liquidsystem
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pointsAto B. At &(B) a secondminimumC from B emeges
in the enegy curve. This new minimumis not reachablesince
anenegy barrierAUg_,c is presenbetweerthetwo minimaas
shavn in Figure4(b). In thelimit as\V; — 0, thetrajectoryends
atD with (§,A\) = (0,0). Thefinal plateseparations z= 0, and
theplateremaingpinnedto the substrate.

Nc canbeadjustedsuchthat B, andB. intersecin asggment
asin Figure6(b). SettingB.(A) = B (M) onefinds

1, (1 1\
e=0uh) =35 (o) -

WhenA; andA; arereal, the sggmentsof B, and Be in A1 <
A < A2 combinethusdisappearindgrom the extremumset. The
equilibriumtrajectorystartsat A following branch3,, to B. At
&(B), thetrajectoryjumpsabruptlyto the now globalminimum
at point C and continuesalong B¢ to point D wherethe mini-
mumE from B reappearsPointE is is notreachabldecause
of the barrierAUp_g; thus,for lowerV;, the trajectoryfollows
Bc endingatF with (§,A) = (0,1). Thefinal plateseparatioris
z= h, andtheplateis free.

Thereis a thresholdvalue in Nc, definedas Ny, that de-
terminesthe final state. Trajectorieswith Nc < 4 follow B
throughoutthe cycle, yielding pinnedplates. Trajectorieswith
Nc slightly largerthan4 areroutedto branchB. aftera catas-
tropheyielding free plates. For Nc > 9/2 and A, > 2/3, the
trajectoryis a smoothcurve (Figure 6(c)) yielding free plates;
thusNt = 4.

It is convenientto define an elastocapillarynumber Nec,
suchthatthe plateis free for Nec > 1 andpinnedfor Ngc < 1.
Thus

Nc

m:( (7

In practice, the free/pinnedtransition definedby Ngc is not
sharp.If the platesacquiresufficient kinetic enegy throughag-
itation to overcomethe enegy barriers the platehasa nonzero
probability of transitionbetweerthe variousequilibriumstates;
thusafew platesmaybefreewhenNgc < 1 andothersmaybe
pinnedwhenNgc > 1.

The analysisof the simple spring-plate-liquidsystemshowvs
(a) a bifurcation of the equilibrium trajectory and (b) a non
dimensionalparametemwhich determinests final free/pinned
state. Thesecharacteristicarealsopresentn continuouselas-
tic structures.In [16], expressiondor the elastocapillarynum-
bersfor continuouselasticbheamsand plateshave beencalcu-
latedusinga variationalenegy approachthatincludesthe elas-
tic, potential,andsurfaceenegies. Theresultsfor differentmi-
crostructuresreshown in Tablel. whereE is the Youngmod-
ulus,t themembetthicknessh thegap,v is Poissorératio, or
the memberresidualtensilestress,andl,w,r, arethe member
length,width, andradius.

(6)

K h?

Nec = .
EC 81y cosh. r2

I11. PINNING BY CONTACT ADHESION

The secondphenomenaequiredto producethe failureis an
intersolidadhesiorthatcanovercomethe restoringforce of the
elasticmember The adhesionforce is a consequencef the
changein the enepgy storedat the contactareawith respectto
the memberdeformation.In real surfacesthe magnitudeof the

adhesiorenepy is highly dependenbn the natureof the inter-
face. Typically, in strongcrystallinesolidsthis enepy is very
high (500-2000mJnt2), andin soft solids,suchaspolymersit
is very low (5-100mJnt2).

In this sectionwe considetthe equilibriumbetweerthesetwo
opposingforcesusing an enegy function formulation that in-
cludesthe adhesiorandelasticenegy of thedeformedmember
and determinephysicalboundson the elasticmemberdimen-
sionssufficientfor the preventionof failure.

As anillustrative example, considerthe peelingof an elas-
tic cantilever beamfrom an adhesie surface. This problemis
relatedto the peelingof sticky tapes[26] andthe cleavage of
crystals[27-29]. Figure7 shows a crosssectionof a cantilever

anchor

polysilicon beam

‘ ¥ adhesion area
t \Ju (x) /
h :
y
S d
|
x=0 silicon substrate x=

Fig. 7. Schematiof cantilever beamadheringto the substrate

beamof lengthl, width w, thicknesst, heighth, and Young’s
modulusE. The beamis adheringto its substratea distance
d = (I —s) fromits tip. The storedelasticenegy of the beam
in the segment0 < x < sinducesa restoringforce thattendsto
peelthe beamfrom the adheringsubstrateThe enegy of adhe-
sion storedin the sggments < x < | inducesanotherforce that
holdsthe beamin contactwith the substrate.The equilibrium
peeldistances” is determinedoy the balanceof thesetwo en-
ergies. At equilibrium,s* minimizesthe the total enegy of the
system(bendingplusadhesiorenegies) [26].

Sincethereareno externalforcesactingon the beamfor 0 <
x < s, its deflectionu(x) is the solutionof

3
0o, 1=
12

dtu
dx4¢
wherel is the momentof inertia of the beamrespectto the z
axis. Equation(8) is solved subjectto the boundaryconditions

El (8)

@
dx

_du
o dx

(9)

S
which ignoresthe effects of finite complianceat the step-up

posts[30,31].
Equation(8) hasthesolution

X
u=nhfn) =hn*(3-2n) , n=,. (10
Thebendingenengy storedin the beamis
El /' [d%u)\? 6EIh?
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TABLE |
APPROXIMATE ELASTOCAPILLARY NUMBERS FOR DIFFERENT MICROSTRUCTURES

Structue ApproximateElastocapillaryNumbes
cantileverbeam
2Eh?t3
9yi cosBe 14 (1+t/w)
doublysupported
beam 128Eh2t3 [ 20R|2 1O8h2 ]
15y cosBc 14 (1 +t/w) TEt?2 2452

circularplate

10,5 Enh?t3 3(1-v?) orr2 2187,2 h?
6(5)2/3 — 4)[1+ ( ) R20+ (_)2/3(_2)]
vi cosBe(1—v?)rg 4 Et 2560°5 t
squareplate
( 25Eh?t3 )[1 2(1—V?) orW? Eh_z]
yi 0B (1 —v2)wA 9 Et2 = 12t2

The interfacial adhesionenepgy storedin s < x < | is simply
the surfaceenegy perunit areaof the bondys timesthe areaof
contact

Us = —ysw(l —s) . (12)

The parameters hasunits of Jn=2 or Nm~L. Thesign of Us
is negative becausaet is a binding enegy. Thetotal enegy (or
free enepgy) of the systemis the sumof the elasticplus surface
enegies

6EIh?

UT:UE+US:T_VSW(|_S) . (13)

Figure8 showvs atypical curve of Ut (s). This curve hasasingle
minimum correspondingo the equilibriums*. Thisis foundby

Total Energy (-)
o

Fig. 8. Typicaltotal enegy curwe for cantilever beamadheringo the substrate.

()

©

Fig.9. Pivoting of cantilever tip neardetachment.

settingdUt/ds = 0Oto obtain

32\ 1/4
¢ = <§Et h > '
2 Y
The enegy curve hasa single equilibrium point if s* < | and
no equilibrium pointif s* > |. Thusthe beamis pinnedto the
substratef s* < |, andit is freeif s* > I.

The slopeboundaryconditiondu/dx = 0 at x = s doesnot
allow for sheardeformationsof the tip of the beam. Shear
deformationsare particularly importantfor s — | sincewhen
d = (I —s) is verysmall,thetip of thecantilever“pivots” chang-
ing its elastic enegy substantiallyjust before detachments
shavn in Figure 9. This effect is taken into consideratiorby
dividing the beaminto two regions. Theregion of the beamfor

(14)
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0 < x < shasno externalforcesactingonit, SOEq. (8) is solved
subjectto the boundaryconditionsof Eq. (9) andthe modified
slopeconditionatx = s,

du hm

x| 5 (15)

wheref is theshearangleof thetip, andmis anondimensional
number Thedeflectionu(x) andelasticenegy of thebeamseg-
mentare

u = hn?((m=-2)n+(3-m)), (16)
Ug = %hz(l—m%mz).

Note thatUg decreasewith increasingm (and6) for 0 < m<
3/2. Theshortsegments < x < | correspondingo thebeamtip
experiencesheardeformationswhich determinem. The solu-
tion of the coupledproblemis givenin referencg32] yielding

m(s) = 17
() 1+3_2 E ° E 1+£3 9 ZE ( )
15\d [ 32\t/) G
whereG = E/2(1+ v) is thebeamsheamodulus.
Thebeamdetache$rom its substratevhen
3E3H2\ V4
| =8 = (= 18
(8 Ys ) (18)

thereforewe candefinea peelingbound Np suchthatthebeam
remainsin contactwith the substratefor Np < 1 and free for
Np > 1. Thus

_ 3Et3?
8 ysl4

Usingthesameaechniquespeelboundgor doubly-supported
beamsandplateshave beencalculated Theseboundsareshavn
in Tablell.

Figures10-12shavs experimentalplots of the effectiveness
of someof thebounddor differentstructuresThebestfit occurs
for cantilever beamdecausef thelack of residualandelonga-
tion stressesThe surfaceenegieshave beendeterminedrom
the slopeof the plot. Surfaceenegies rangingbetween100-
300mJnT 2 have beenmeasuredor polysiliconmicrostructures
[16].

While theseboundsare useful for detectingthe onset of
adhesion-relatethiluresin MEMS devices,mary practicalde-
vicesrequiredimensionghatfall within the failurerange.This
is oneof the motivationsfor developingthicker structuregwith
higherh andt) usingLIGA-type processef33,34].

A numberof schemedave beendevelopedto alleviate the
pinning failure both during the fabricationand device opera-
tion. Theseschemesre directedtoward both the elimination
the collapsingforce and the reductionof the intersolid adhe-
sion. Roughly, theseschemedall within two cateyories. Phys-
ical schemesaim to modify the shapeof the structureto min-
imize theseforcesforces. Chemicalschemesim toward the
chemicalmodificationof the contactsurfaceghroughthe useof
low-enegy coatings.Thesearediscussedn the sectionselow.

Np (19)

~
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Fig. 10. Peelboundfor polysiliconcantilever beams
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TABLE Il
APPROXIMATE PEEL NUMBERS FOR DIFFERENT MICROSTRUCTURES

Structue ApproximatePeelNumbes
cantileverbeam
3Et3h?
8 ysl*
doublysupported
beam 1285h2t3 14 40R|2 256 (b)z
5yel4 21Et2 = 2205t
circularplate
40 ER’t3 [ N 51(1-v?) orr? 63 h? ]
3 (1-v2)ysrd 160 Et2 = 200t?
squareplate
186E h?t3 27(1-v?) ogw? | 12 h_Z]
(1—v2)yswW* 310 Et2 31t2

IV. ELIMINATION OF COLLAPSING FORCE

A largenumberof adhesiorfailuresoccurduringthefabrica-
tion of the devicesthemseles. Thesefailuresarerelatedto the
capillaryforcethatdevelopswhenthestructuresarereleasedy
wet chemicaletches.The capillary pull force canbe eliminated
if theliquid phaseis not present.Severaltechniquesave been
baseduponthisidea.

It is worth noting thatbiologists[35] have struggledthrough
the sameproblemsmuchearlier It is well known thatcapillary
forcesare responsiblefor the collapseof fragile microscopic
biological specimens.Many methodshave beendevelopedto
solvethisproblem.Almostall of thesemethodshave beerredis-
coveredandappliedto MEMS structureswith variousdegrees
of success.

A. Freeze-DryingMethods:

The rinse solution can be removed by freezingthe solution
and sublimation. This freeze-drying[36-38] techniquecanbe
usedto eliminatethe capillary pull by freezingthe sampleand
thenexposingit to a heatedsacuumervironment. This wasfirst
appliedto the releaseof MEMS devicesby Guckel andBurns
[7]. A well known disadantageof the freeze-dryingmethodis
thefactthattherinsesolutioncanundego a significantvolume
change. This volume changecan createa stresssufficient to
destry the sample. The above authorsuseda cryoprotectant
rinsesolutionconsistingof a mixture of methanobndwaterthat
minimizedthevolumechangeA similarprocessvasdeveloped
by Takeshimaetal. [11] by replacingtherinsesolutionthrough
a gradualseriesof dilutionswith t-butyl alcoholwhich freezes
at25.6C°. Thefreeze-dryingechniques now rarely usedand
hasbeenreplacedby the more successfukupercriticaldrying
techniquedescribedelow.

B. Supecritical Drying:

Anothermethodof eliminatingthe capillarypull is by theuse
of supercriticaldrying techniques.In this technique the rinse
solutionis graduallyreplacedby liquid CO, at elevatedpres-
suresinsidea high-pressurehamber The sampleis thentaken
to thecritical point of CO, wherethe interfacebetweerthelig-
uid andgasdoesnot exists. Thetechniqueis highly successful
with nearly 100%yields [39]. Commercialsupercriticaldrying
equipmenthasbeenavailable for more than 20 years[35] for
smallsamplesandlarge scaleequipmentonstructiorhasbeen
planned. The main difficulty with the techniqueresidesin the
safetyconsiderationbecaus®f theveryhigh (= 72 Atm) pres-
suregrequiredto take the samplego thecritical point.

C. Dry Etching:

A numberof schemesave beenproposedwhich are based
on dry etchingof the sacrificial layer. This operationis often
difficult if the sacrificiallayeris silicon based(suchassilicon
dioxide) becausst requiresstrong etchantsthat do not have
goodselectvities with respecto the suspende@lementmate-
rial. VaporphaseHF etching[40] at elevatedtemperaturef41,
42] hasbeenoftenusedfor this purposewith a high rateof at-
tack of silicon nitride films. The structurecan also be easily
releasedy plasmaetchingif the sacrificiallayeris silicon[43].

A moresuccessfuseriesof techniqguesrebaseduponthere-
placemenbf the sacrificiallayerwith awealer solid thatcanbe
laterremovedby aharmlesgiry etching. Thesescheme#volve
primarily the replacementf sacrificiallayerswith plasticsthat
canbethenbeetchedusingO, plasmaor ozonewhichareharm-
lessto silicon-basednaterials. Techniquesaseduponthe use
of p-xylylenesupportgFigure13-14)[44] have beensuccessful
in releasingpolysilicon platesthat aslarge as3000x 3000x 1
um3. A techniquethat is baseduponthe replacemenbf the
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unreleased

polysilicon holes  silicon dioxide

| substrate

photoresist

oxide undercut

substrate

parylene

/aluminurk\

substrate
polymer columns

silicon dioxide

substrate

free
polysilicon
microstr

oxygen plasma column removal

| substrate

Fig. 13. Constructionof polymersupportfeetthatcanbe dry etchedthusre-
leasingthe sample.

Fig. 14. SEM of undersideof sacrificialp-xylylenesupports.The plasticsup-
portsareetchedusingoxygenplasma.

rinsesolutionwith resistthrougha seriesof dilutionswasdevel-
opedby OrpanaandKorhonen[10]. Othertechniquednclude
thereplacemenof the rinsesolutionwith monomerghatpoly-
merizein ashorttime aswell asplasma-polymerizefluorinated
plastics[45,46].

D. Liquid Bridge Cleavaye:

The strongcapillary pull causeghe microstructurecollapse
becausastherinsesolutionis removed,theliquid volumecon-
centratesiearthewealestcentralpartof thesuspendechember
Theimpactof the capillary pull maythusbereducedf thelig-
uid dropletis concentrateshearthe anchorsnstead. Recently
Abe etal. [47] exploitedthis ideain averyingeniouswvay. The

techniquemakesuseof a sharpcornerpatternechearthe weak-
estpointin the structure.As theliquid is removed, this corner
breaksthe liquid bridgeinto two separatalropletsthattendto
residenearthe suspendedtructureanchorswherethe impact
of the capillary pull is minimal. Using theseidea, very long
double-supportedeamscanbefreely releasedvithouttheneed
of thetechniqueslescribedabove.

E. HydrophobicCoatings:

The capillary pull canbecomea pushif the contactangleis
madelargerthan90 °. The contactangleof aqueoussolutions
on Si0, andSi surfacesvasstudiedby severalresearchergl8—
51]. Oxidizedsurfacesarehydrophilicwith contactanglesang-
ing from 0 — 39° dependingon the type of oxide and surface
treatment.Baresilicon surfacesobtainedby the removal of na-
tive oxide usingHF are hydrophobic. The hydrophobicityhas
beenattributedto possiblehydrogengroups[52] attachedo the
silicon. Contactangles[48] ashigh as78° have beenreported;
however, the native oxideis known to regrow in bothwaterand
whenexposedto air [53,54]; thus completehydrophobicityis
difficult to achieve. In orderto accomplisha highercontactan-
gle, achemicalchangdn the surfaceof the suspendednember
is required. Recently a numberof well-known [55] hydropho-
bic self-assemblethonolayerdSAM) have beengrown on sil-
icon surfaceswith successfutesults[14,56]. Theselayersare
basedn thesilanizationof silicon surfaceswith organicgroups
by treatingthe surfacewith octadegltrichlorosilane(OTS) pre-
cursormolecule(C1gH37SiCls). The procedurdirstinvolvesthe
replacementf theaqueousinsewith anorganicsolventthough
aseriesof dilution steps.The SAM is next grown, andthenthe
solventis replacedby waterthroughthe reverseseriesof dilu-
tions. Becausehe silanizedsurfaceshave a very high contact
angle(~ 114°), atthis stagethewaterrecedegrom the surfaces
resultingin asamplethatemegesdry from therinse.Cantilever
beamsat leastaslong as 1000 um long were successfullyre-
leasedusingthis techniquewith beamsaslong as400 pm pass-
ing the“in-use” stiction contacttest(Figure 15).

Fig. 15. Sticking probability for cantilever beamsthat were given different
treatments.

It may be possibleto eliminatethe complex seriesof dilu-
tionsif the hydrophobicfilm is formeddirectly in the aqueous
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solution. Autophobicfilms [57, 58] can be grown in silicon
dioxide substratesvhich areimmersedn agueoussolutionsin
the presencef a surfactant. Thesefilms canbe formedwhen
weakly polar moleculedlik e octadeglamine (C1gH37NH3) are
dissohedin water Thesemoleculesattachto the solid surface
leaving the long hydrophobictail pointing toward the solution.
Thesetype of surfactantsaarecommonlyusedfor the separation
of mineralpowdersby flotationtechniqueg$59, 60].

F. ExternalReleasd-orce:

This techniqueusesan external force to free a pinnedsus-
pendednember Samplesvhich arepinnedto the substratean
oftenbefreedby theapplicationof a smallshearforce (oftenby
usinga probetip). A practicalimplementatiorof this scheme
hasbeendeveloped[61]. Thetechniquenvolvesthe construc-
tion of awire ontop of thesuspendechember An upwardforce
canthenbe generatediuring electricaltestingby dischaging a
capacitorthroughthe wire in the presenceof a magneticfield
asshowvn in Figure16. Thetechniquenasbeensuccessfullyap-

Nd-Fe-B
permanent magnet

Fig. 16. Releaseof pinnedmicrostructureby Lorentzforce. The suspended
memberis placedbetweerthe polesof a permanenmagnetanda capacitor
is dischagedacrosst.

plied to the releaseof beamsandplatesasshown in Figure17
with 100%yieldswith typical dischagesof 0.5uC.

Themaindifficulty with thetechniqueresidesn theconstruc-
tion of the wire which may causeunnecessaryarping of the
suspendednember Thetechniquds alsousefulto electrically
determinevhetheramicrostructuras pinnedor freedby exam-
inationof thewire IV curve.

Most of thesetechniquegwith the exceptionof coatings)can
only eliminatethe capillary pull or its effectsduringits fabrica-
tion process After the sampleis packagedif it is exposedto a
high-humidity ernvironmentor a shock,the pinning may return
hencebecominga reliability issue. Thereforethesetechniques
areinsufficientto effectively eliminatethe adhesiorfailure but
ratherdelayit. A permanensolutionto the problemalsore-
quiresadditionaltreatmentshatattemptto reducetheintersolid
adhesionThesearediscussedbelow.

V. REDUCTION OF INTERSOLID ADHESION

A permanengliminationof the adhesiorfailure requiresthe
reductionof theintersolidsurfaceadhesion Severaltechniques
have beendevelopedtowardthis goal. The mainonesarelisted
below.

Fig. 17. Array of doubly-supportedbeams(a) beforeand (b) after the appli-
cationof thedischage. The lasttwo beamswerereleasedy the Lorentz
force.

A. Useof Textured Surfacesand Posts:

Theadhesiorforce canbereadilyreducedf the contactarea
betweenthe elasticmemberand the substrateis reduced. In
practice this canbe accomplishedy texturing the contactsur
face.This maybedonethroughthe generatiorof aroughinter
face[62,63]. Yee[63] reportedanincreasdan the detachment
lengthof approximatelytwo by the oxidationanddry etchingof
apolysiliconsupportingsurface.

The texturing can also be deliberatelyintroducedby con-
structinga periodic array of small supportingpost,commonly
known as“dimples”. Thesesupportsareconstructedy etching
smallindentationsnto the sacrificiallayerbeforethedeposition
of thesuspendechembersshavn in Figurel18 causinghefor-
mationof a protrusionin the structurallayer (Figure19). This
methodwasfirst usedby L. S. Fan[64] for the constructionof
a micromotor andlater appliedto combdrives[65]. Theforce
requiredto detacha semisphericaldimple of radiusR is easily
shavn to be[66,67]

F =(3/2)tysR (20)

thusit becomeszeroasR — 0. Furthermore the dimple ap-
proachbenefitdrom thefactthatin generathesuspendechem-
ber will be supportedby only three posts(in much the same
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photoresist sacrificial layer

substrate

polysilicon access hole

Iv:_

substrate

released plate

IW

substrate

Fig. 18. Constructiorof dimple posts.

Fig. 19. SEM photograptof atypical dimpleonapolysiliconplate.

way that a table with irregular legs is only supportedby three
of them). This techniqueis very simplebut it suffersfrom two
drawbacks.

First, the dimple methodcannotbe appliedfor microstruc-
tureswith flat surfacesasrequiredin mary transducedesigns.
Secondthe adhesiorof the dimpleis oftenlargerthanthatan-
ticipatedby Eq. (20) whendrying out the sample. This is be-
lieved to be associatedwvith the formation of an often visible
solid bridgeof SiO, asthewaterevaporate$53].

B. Low-EnegyMonolayerCoatings:

Thesecoatingsare the same hydrogenatedand OTS-type
monolayersliscusse@bove. If theirintersolidadhesiorenegy
is sufficiently low, this option is very attractve sinceit elim-
inatesboth failure originatingmechanismsRecently Houston
etal. [56] performedccontactestsn siliconmicrostructuresvith
surfacesthatwereterminatedwith hydrogenbonds,andcoated
with OTS self-assemblednonolayers. Preliminary testssug-
gestedhat cantilerer beamsaslong as1000pum-long exhibited
about50 % sticking probability on OTS-coatedsamplesafter
they arebroughtin contactwith thesubstraté Figurel5). These
films have beenreportedo shov anextremelylow effective ad-

10

hesionenegy (3 pJm—2).

The main difficulty associatedvith mary of thesefilms is
their extremefragility. Becausehe SAM films are extremely
thin (2.5 nm), they have a high tendeng to degradeat ele-
vatedtemperaturesasshawvn in Figure21. [56]. Theagingbe-
havior of hydrogenterminatedsurfaceshasalsobeenobsened
by Houstonet al. [68] as shovn in Figure 20 indicating that
thesesurfaceschemicallyreactwith contaminantver time.

Fig. 20. Degradationof low-enegy coatingformedby NH4F treatment.The
plot indicatesthe passvating monolayerdegradesafter 100 hoursof expo-
sureto atmosphericonditions.

Fig. 21. Degradationof the contactanglein self-assemble®TS coatingsex-
poseds minutesto variouservironments.

Thesefilms however remaineffective inside sealedcontrolled
ervironmentsat thermalequilibriumwheredegradingreactions
cannottake place,andary vaporizationis henceforthfollowed
by aredeposition.

Similar monolayerfilms are currently usedin sealedde-
formablemirror displaysunderthis strictly controllederviron-
ment[69]. Thisinherentneedfor a suitablepackagingechnol-
ogy hasbecomea driver for the developmeniof micropackages
in MEMS devices[70].

C. FluorinatedCoatings:

Fluorinatedhydrocarboncoatingsconsistingof CFx chains
have verylow surfaceenegies;hencethey arelikely candidates
coatingsfor the reductionof intersolidadhesion.TFE-like lay-
erscanbe grown in mary differentways[71]. A commonway
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to grow thesefilms is by plasmapolymerization[72—74]. Often
the growth of thesefilms is highly directionalwith mostof the
growth occurringin the surfacesexposedto the plasma[46]. In
orderfor thesefilms to be effective, the film mustbe capableof
growth undera coveredsurface.

Fluorinatedilms canalsobegrown ata muchreducecdatein
zoneswhich arenot directly exposedto the plasmg75]. In this
regime, the depositionrateis a diffusion-limitedprocessvhich
is not subjectto the rapid decayof the plasmadensityresulting
in amuchmoreuniform deposition.Thisideahasbeenrecently
exploitedby Man etal. [76,77] to depositnearconformal TFE-
like films in silicon microstructures.Using this technique the
depositiontakes placeinside a Faradaycagethat preventsthe
plasmafrom reachinghe sampleasshownin Figure22. These

Wire mesh C,F

4710
Sample _ -~ —E\\\Plasma
\

[ \
L | |

Spacer —}

Fig.22. Setupusedfor depositionof TFE-like films
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Fig. 23. Uniformity of TFE-like films ontheundersidef suspendegdlates.The
front of the platehasapproximatelytwice the thicknessastheunderside.

fluorinatedfilms canbequitethick (> 20nm)hencedurableand
have a contactangleof about108°.
Periodicwearandtemperaturdestshave beenperformedin
thesdfilms asshavn in Figure24.Theresultspredictaprojected
meantime to failure (determinedy alossin the hydrophobic-
ity) greaterthan10 yearsat 150°C in atmosphericonditions.
The films remainhydrophobiceven at very high temperatures
anddisplaylittle wearevenafter 10’ contactcycles.

Of all theabove adhesiorpreventionmethodsthelow-enegy
coatingsare the most effective and reliable. The monolayer
techniquds especiallyattractize in the sensehatit solvesboth
capillary pull andadhesiorproblemswith only oneapplication,
but it requiresa sealedpackagdo maintainthelong termmono-
layerintegrity. Thickerfilms aremorerobustandcansurvive at-
mosphericonditionsfor mary yearsbut theserequirethe useof
a complementaryechniqueto eliminatethe capillary pull dur-
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Fig. 24. Degradationof TFE-like plasmapolymerizedcoatingsunderatmo-
sphericconditionsat different temperatures.Thesefilms remainon the
samplefor mary years.

ing the device fabrication.Perhapshe bestsolutionis a combi-
nationof bothtechniques.

Thethicknesof thefilm is notonly determinedy the dura-
bility desiredbut alsoby how it affectsthe device structure.In
caseswvherethe structuremusthave high quality factor, a thin
layer is desired;while other structuresmay be more suitedto
thicker, strongerfilms.

VI.

This paperreviews the sourcescausingadhesion-relatethil-
uresin microelectromechanicadystems. Thesefailures are
causedy thefactthatMEMS devicesareextremelysusceptible
to surfaceforcesbecauséhey arevery fragile andin very close
proximity to their substratehencecausingsuspendeatlastic
membergo stickto their substratesThefailure originatesfrom
thepresencef acollapsingforcewhichmaybeexternalor orig-
inatedby capillaryforceswhenthe suspendegartis exposedo
a liquid. this is thenfollowed by a strongintersolid adhesion
capableof overcomingthe elasticmembenestoringforce. The
behaior of the microstructureunderthesetwo phenomenéas
beenexamined.Sereralpracticaltechniquegor the elimination
of thecollapsingforceandtheintersolidadhesiorarediscussed.

SUMMARY
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