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ABSTRACT

Shallav trenchisolation (STI) is the mainstreanCMOS isolation
technology It useschemicaimechanicaplanarizatio(CMP)tore-
move excessof depositedxide andattaina planarsurfacefor suc-
cessve processsteps. Despiteadwancesin STI CMP technology
patterndependenciesauselarge post-CMPtopographyvariation
that canresultin functionaland parametricyield loss. Fill inser
tion is usedto reducepatternvariationand consequentlylecrease
post-CMPtopographyvariation. Traditional Il insertionis rule-
basedandis usedwith reverseetchbacko attaindesiredplanariza-
tion quality. Dueto extra costsassociatedvith reverseetchback,
“single-step”STI CMPin which Il insertionsufces is desirable.

To alleviate the failurescausedby imperfectCMP, we focuson
two objectivesfor Il insertion: oxide densityvariationminimiza-
tion andnitride densitymaximization.A linearprogrammingbased
optimizationis usedto calculateoxide densitieshat minimize ox-
idedensityvariation.Next a Il insertionmethodologyis presented
that attainsthe calculatedoxide densitywhile maximizingthe ni-
tride density Averagedover thetwo largetestcasegheoxideden-
sity variationis reducedby 63% and minimum nitride densityis
increasedby 79% comparedto tiling-based Il insertion. To as-
sesgost-CMPplanarizationwe run CMP simulationon thelayout
lled with our approachand nd the planarizationwindow (time
window in which polishingcanbe stopped}o increasey 17%and
maximum nal stepheight(maximumdifferencein post-CMPox-
ide thickness)}o decreasdy 9%.

1. INTRODUCTION

Shallav trenchisolation (STI) is the mainstreamCMOS isola-
tion techniqueusedin all designgoday In STl trenchesrecreated
in Silicon substrateand lled with Silicon Dioxide (oxide) around
devicesor groupsof devicesthatneedto beisolated.AdvancedSTI
processeivolve mary processstepsof which nitride deposition,
oxidedepositionandchemical-mechanicalolishing(CMP) areof
interest. Nitride is depositedbver active regionsto protectthe un-
derlyingSiliconandto actaspolishstop.In areasutsidetheactive
regions,trenchesarecreatecandvoid-freeoxide is depositecbver
thewaferby chemicalvapordeposition(CVD). Chemicalmechan-
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ical polishing (CMP) is usedto remove the excessoxide over the
nitride andin the trenchego ensurea planarsurfacefor successie
processteps.

CMP is the planarizatiortechniqueof choiceandis usedexten-
sively in IC fabricationprocesse$or metallayersandfor STI. In
CMPfor STI, depositedxideis removeduntil all oxideover nitride
regionsis removed. Unfortunately dueto high patterndependenc
CMP is imperfectand, dependingon the underlyingpatterns,can
resultin functionalandparametrigield loss. The patterndensities
of boththedepositedxideandtheunderlyingnitride determinghe
planarizationquality after CMP. Becauseoxide is depositedover
nitride, oxide densityis dependenbn the shapesf the underly-
ing nitride featuresasexplainedin the next section. Thereforethe
densityand the shapesof the nitride featuresdetermineshe pla-
narizationquality. Traditionally, planarityimperfectionshave been
addressetly reverseetchbaclkandby Il insertion.In reverseetch-
back, a secondmaskis createdto etch avay oxide in regions of
high-oxidedensityprior to CMP, resultingin a more uniform ox-
ide density Unfortunately an extra maskand additionalprocess
stepsarerequiredfor reverseetchbaclkandit is economicallydesir
ableto avoid reverseetchback.Fill insertionis anothertechnique
to control oxide and nitride densities.Fill insertionfor STI CMP
involvesadditionof dummynitride featurego increasethe nitride
and,throughit, the oxide density

Typically rule-basedll insertionis performedby shape-based
tools suchas Mentor Calibre. Dummy rectanglesare tiled with
aprede nedsize,spacing.andkeep-of distancefrom the designs
features Oftenthis approachs usedto controlonly thenitride den-
sity alongwith reverseetchbackwhich controlsthe oxide density
Beckageet al. proposeda model-based| insertionmethodology
that usesCMP simulation, an areaof active research10, 3, 7],
to identify regionsfor Il insertion[2]. Their approachusestwo
typesof Il “tiles”: (1) tiles that contrikute to the nitride density
but negligibly to the oxide density and(2) tiles that contrikute to
both,oxide andnitride densities Post-CMPtopographysimulation
isthenusedto drive theinsertionof thesdilesin thelayout. Topog-
raphysimulationis basedn complex modelsanddeterminatiorof
theoxideandnitride densitiedor thedesiredopographyis compli-
cated.Unfortunately detailsarenot provided by the authors Also,
dueto theuseof speci ¢ Il con gurations(tiles), the e xibility to
controldensitiess limited. In this paperwe proposea Il insertion
methodologythattarmgetsoxide densityvariationminimizationand
nitride densitymaximization. Thesetwo objectives help alleviate
thefailurescausedy CMP imperfectionsasdiscussedater

We rst applyalinearprogramming-basedptimizationthatwas
previously proposedor back-endof theline (BEOL) CMP [6] to
calculateamgetoxidedensitieghatminimizetheoxidedensityvari-
ation. With the target oxide densitiesdetermined, |l insertionis
performedo maximizenitride density We insert Il wherever per
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Figure 1: Prole before CMP. Oxide is depositedwith slanted side-
walls over nitride features.
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Figure 2: Desired prole after CMP. Oxide should be completely
cleared over nitride, no nitride should erode, and no oxide dishing
should occur in the trenches.

mitted by the designrulesandthenremove it on-demando meet
thetargetoxidedensity An algorithmis developedto attainthetar
getoxide densityby remaving theminimumamountof Il (sothat
nitride densityis maximized). We evaluatethe proposedapproach
ontwo largetestcasesComparedo theun lled layoutandlayout
with I tiling, we obsere substantiakeductionin oxide density
variationandenhancemerin nitride density Further we run CMP
simulationto predictthe post-CMPtopographyWe nd thetopog-
raphyachieved for the layoutin which Il insertionis performed
with theproposednethodologyto have superiorcharacteristicsWe
alsohypothesizahatstresgddueto STl reduceswhen Il is inserted
with the proposedapproach.

Theremainderof this paperis organizedasfollows. In the next
sectionwe presenta backgroundon CMP for STI. Section3 de-
scribesmotivationsandobjectivesof Il insertion.Sectionst and5
give problemformulationsfor STI Il insertion.Section6 presents
our experimentalstudy Conclusionsandfuturework aredravn in
Section?.

2. BACKGROUND

ThebasicSTI processtepsareasfollows. Firstoxide,known as
padoxide,followedby nitride is depositedverthewafer Thenthe
depositechitride is patternecandallowed to remainonly over the
active (or diffusion) regions. Everywhereelsetrenchesare etched
into the silicon andthenoxide depositecby CVD over the wafer
Thoughthe oxide is depositedo |l thetrenchesijt alsodeposits
over the nitride featuresandis called overburdenoxide. Figure 1
shavs across-sectiomafterthesesteps.

CMPis usedo planarizethesurfacefor successie processteps.
Figure2 shavsthedesiredcross-sectiomafter CMP. In reality, how-
ever, sucha planarcross-sectionis not attained. Imperfectpla-
narizationcanresultto threekey failure mechanismshavn in Fig-
ure3[4]. First,if theoxideoverall nitride regionsis notcompletely
clearedthensubsequenrdtrippingof nitride will be preventedlead-
ing to device failure. Second,excessie polishing causesitride
erosionwhich leadsto loweredisolation edgeand consequently
poor device characteristics. Excessie nitride erosioncan cause
strippingof underlyingsilicon anddevice failure. Third, oxidein
largertrencheglishesdueto pad-bendingausingpoorisolation.

The primaryrequirement®f CMP are: (1) completeremoval of
oxide over all nitride regions,and(2) no strippingof silicon under

the nitride. Thesetwo requirementsieterminethe planarization
window whichis time intenval from theinstantwhenall oxide over
nitride just getsremoved to the instantwhen silicon at ary loca-
tion is touchedby the pad. Planarizatiorcanonly be stoppedat a
time instantin the planarizatiorwindow andit is desirableto have
a large planarizationto accommodatdor variations. In addition,
oxidedishingandnitride erosionmustbe minimizedfor improved
device characteristics.

In STI CMP post-planarizatiortopographyis affected by the
density of the overlburdenoxide that is polishedand that of the
underlyingnitride. Interestingly becauseoxide is depositedover
nitride, oxide densityis dependenbn the underlyingnitride fea-
tures. For high densityplasma(HDP) oxide deposition,which is
the mainstreanoxide depositiontechnologythe depositionpro le
exhibits a slantedsidevall. Consequentlyfeatureson the oxide
layerappeaasshrunknitride featureq9, 3, 10]. Speci cally, ani-
tride polygonis shrunkor sizeddown by a x ed amount(denoted
by a) on eachsideto getthe oxide polygondepositecoverit. For
example,nitride squaressmallerthan2a on a side do not appear
on the oxide layer while squaresof side5a appearas squaresof
side3a ontheoxide. We notethatshrinkageby a on all sidesis a
corvenientapproximationandaccountdor sidevall slantandpad
bendingeffects. Shrinkageallows usto control oxide and nitride
densitiesndependentlyip to someextent.

Fill insertionis performedby inserting featureson the nitride
layerto control densitiesof oxide andnitride layers. Designrules
suchas minimum nitride width andarea,maximumnitride width,
minimum nitride spacingand notch, and minimum enclosedarea
by nitride mustbe followedin Il insertion.Inserted Il is always
separatetly theminimumpnitride-to-nitridespacingrom all design
features.Soevenafter Il insertionthereis a trenchto isolatethe
designfeaturesensuringnggligible electricalimpactof theinserted

Il. Sincethereareno contactswith theinserted Il no strayde-
vices,thatcanpotentiallyactasparasiticsareformed. Moreover,
no diffusion may be doneover the Il features.Fill insertioncan
potentially affect stressinduceddueto STI. Stressaffects device
characteristicbecausef its impacton carriermobility andis mod-
eled,at leastin part,in today’s device models(e.g.,BSIM v4.4.0)
[1]. RecentlySTI Il insertionwasnotedto improve predictability
of stress-inducedffectsandthereforereduceguardbanding8].

3. MOTIVATIONS AND OBJECTIVES OF
FILL INSERTION

In this sectionwe presentthe motivation behind Il insertion
whenSTI techniqueis usedfor CMOS isolationandformulatethe
objectivesof Il insertion.

Fill insertionis usedto attaina moreuniform densityandconse-
quentlyreducethetopographyvariationsafter CMP whichis patter
dependent.The primary goal of Il insertionis to maximally re-
ducecausedor threekey manuacturingfailuresdueto imperfect
CMP —failureto clearoxide on top of nitride, nitride erosion,and
oxidedishing(seeFigure3. Thesecondangoalof Il insertionis
to control STI-inducedstressa signi cant componenbf which is
unmodelecanddueto the sizeof STl wells. With Il insertion,the
sizeof STl wellsarounddevicescanbemadeconsistento increase
theaccurayg of device performanceandpower estimates.

Failure to clearoxide is the primary causeof CMP failure. It
occursin regionswhereoxide densityis substantiallyhigherthan
average.Thereforeoxidedensityvariationmustbeminimized. Re-
ductionof oxide densityvariationis alsobene cial for reductionof
anothertype of CMP failure. Sincemoreoxide over nitride canbe
clearedsimultaneouslythe sizeof the planarizatiorwindow canbe
increasedvhich resultsin reductionof nitride erosion.
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Figure 3: Threekey failur e mechanismscausedby imperfect CMP.

Oxide dishingandnitride erosioncanbe greatlyreducedby in-
creasingnitride density Indeed,higher nitride densityresultsin
smallertrenchesand,thereforereducexide dishing. The mecha-
nismof reductionof nitride erosionis basedon the factthatnitride
is signi cantly harderthanoxide. Whenpolishingpadreachesi-
tride level, it shoulddetectincreasedoadonthe driving motorand
stop. Obviously, highernitride densitymakesthe detectionof the
nitride level moreaccurate.

STI stressis dueto: (1) size of diffusion regions, and (2) size
of the STI well isolatingthe diffusion region. Stressdueto diffu-
sionsizearealreadyincludedin today's SPICEmodels.However,
stressdueto STl well sizearenotyetmodeledandcanbeasigni -
cantsourceof variation[8]. Typical power/performanceharacter
ization considerswells of smallestor largestsizefor the best-and
worst-caseestimates Whennitride densityis higher thendevices
getsmallerSTI wellsaroundthemwhichreduceghedifferencebe-
tweentheseestimatesvhich makestheir pawver/performancenore
predictable.

The above analysisleadsto the following two objectivesfor I
insertionin orderof their priority:

1. Minimize oxidedensityvariation

2. Maximizenitride density

The correspondingi-criteria problemformulationis described
in the next section. In Section5, this problemis transformednto
theproblemof nitride densitymaximizationsubjectto upperbound
on oxidetargetdensity

4. BI-CRITERIA FORMULATION AND OP-
TIMIZA TION FOR FILL INSERTION

Given:
setof rectilinearnitride regionscontributedby the devicesin
thedesign;
parameten by which nitride featuresshrink on eachsideto
give oxidefeaturesand
desigrrules:minimumnitride width, maximumnitride width,
minimumnitride spaceandnotch,minimumnitride areamin-
imum enclosedareaby nitride.

Find:
locationsfor Il insertion.
Suchthat:

1. oxidedensityvariationis minimized;and
2. nitride densityis maximized.

Theabove bi-criteriaformulationhasclearprevalenceof the rst
objective over the second.Thereforewe rst addresghe primary
objective: oxidedensityvariationminimizationandafterwardsmax-
imize nitride densitysuchthe rst objectieis notaffected.

Formally, densityvariationis de ned asthemaximumdifference
in densitiescomputedover x ed-sizedwindows of the layout[6].
Figure4 shaws overlappingwindows over which densityis com-
puted. Tile sizeis the distanceby which the windows are offset
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Figure 4: Layout is partitioned into windows of xed sizew w and
density is computed over them. Density variation is the maximum dif-
ferencebetweendensitiescomputedover any two windows.

from eachother The Il synthesigroblemfor minimum density
variationcanbe formulatedasfollows:

Given:

Fill slak, s, themaximumamountof Il thatcanbeinserted
in Tile i, withoutary DRC violations.

Windowsize r, asa multiple of tile size,over which density
is computed.

Find:

Target Il , tj, theamountof Il to beinsertedn Tile i.
Suchthat:

Densityvariationis minimized.

The Il slackfor the STI techniquds equalto the maximumox-
ide densitycontritutedby Il insertion.We obsenre thatthe maxi-
mumcontributionis madeby maximum Il insertionon thenitride
layer (i.e.,insert Il wherever possible).The maximumll region,
the union of all regionswhere Il canbeinsertedsubjectto DRC
constraintsis denotedoy Nitridemax (density= jNitridemay)-

The procedurdor nding theregion Nitridemaxis illustratedon
Figure5. Thenitride regionscontributedby the devicesin the de-
signareshawn in Figure5(a). First, to obey the minimum spacing
designrule, thefeaturesarebloatedby the minimumspacing .Min-
imumspacingdesigrrule-correctll maybeinsertedn theremain-
ing regions(Figure5(b)). Next, to obey theminimumnitride width
andarearules,regionsthataretoo smallareremoved (Figure5(c)).
Nitridemay is the region availablefor Il insertionafterthesetwo
steps.

Maximumoxidedensitycontrikutionis foundby shrinkingNitrid emax
by a on all sides. We usejOxidemnay to denotethe oxide density
dueto Nitridemax andit is highestoxide densityachiezable by |l
insertion.
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Figure 5: Computation of maximum Il region (Nitridemay). (a) Unlled layout. (b) Designfeaturesbloated by minimum spacingdesignrule. (c)
Spacef small width and area(illustrated in the lightest shadeof gray) are not available for II.

We usethe linear programmingbasedsolution proposedn [6]
to solve the Il synthesidor minimum densityvariation problem.
OtherapproachesuchasMonte-Carlomethodsasedgreedyand
hybrid approachesanalsobe used[5]. Thesesolutions nd the
targetoxide densitypertile.

5. NITRIDE MAXIMIZA TION FORMULA-
TION AND OPTIMIZA TION

The bi-criteria problemstatementanbe transformednto the fol-
lowings:

Given:
setof rectilinearnitride regionscontritutedby thedevicesin
thedesign;
parametea by whichnitride featuresareshrunkoneachside
to give oxidefeaturesand
desigrrules:minimumnitride width, maximumnitride width,
minimumnitride spaceandnotch,minimumnitride areamin-
imum enclosedareaby nitride.
target oxidedensitypertile

Find:
locationsfor Il insertion

Suchthat:

1. nitride densityis maximized.

ProposedSolution

We rst considethefollowing two importantimit case®f jOxidetargetj:

2. jOxiderargetj = 0

CasejOxiderargetj = jOxidemayq. Thisis thetrivial case.Fill is in-
sertecatNitridenaxto attainoxidedensityof jOxidenay andnitride
densityof jNitridemayj. We notethatthe maximumnitride sizede-
signrule s typically over 100umwhich is signi cantly largerthan
typicallengthsof polygonsin Nitridemax. Thereforeweignorethe
maximumnitride size designrule for computingNitridemay, ary
DRC violationsare x edpost- Il.

CasejOxideargetj = 0. We notethatdueto the natureof the prob-
lem, thereis no needto increasehe oxide densityof mosttiles and
this caseis very frequent. For this case,nitride Il featuresthat
do not contritute to the oxide densitymustbe inserted. Fill rect-
anglesthat have oneside smallerthan2a do not contritute to the
oxide densitydueto shrinkageby a on eachside. Unfortunately
rectangularll featuresare suboptimalin offering the highestni-
tride density To have zerooxide density all pointson inserted I

shapeamust be within a distancea from the nearestedgeof the

Area covered by hole

Hole

Figure 6: Gray areais the areacoveredby the white hole, i.e., Il fea-
turesaddedin the gray areado not contribute to the oxide density due
to the hole. a is the shrinkage; oxide features can be computed from
nitride featuresby shrinking by a on all sides.

shape We rst insert Il at Nitridemax andthendig holesof mini-
mumsizein the Il to ensureall pointson Il arewithin adistance
a from thenearestdge;.e., nodensityis contritutedto oxide.

LeEmmMA 1. Fill at Nitridemax with rectangularholesof mini-
mumcombinedarea, sud that (1) all pointson Il are within a
distancea froman edge, and (2) hole sizeis no smallerthan that
permissabldoy DRCs, offers the highestnitride densitywith zeio
oxidedensity
Proof. Dueto shrinkageby a oneachside,no pointonthenitride
contritutesto the oxidedensity Theoxide contritutionis therefore
zero. All rectilinearnitride Il con gurationscanbe realizedwith
Il atNitridemaxwith rectangulaholes.Minimization of holearea
is equialentto nitride densitymaximization. t

Wereferto theareaon nitride thatis within adistancea of ahole
asthe area covered by the hole. Areacoveredby a hole doesnot
contrituteto the oxide density

LEMMA 2. Highestareais covered per unit holeareaby holes
that are squae in shapeand of the smallestsize permissableby
DRCs.

Proof. Figure6 shavs aholeandtheareacoveredby it. Thearea
coveredby a holeof sizea bis pa2+ 2aa+ 2ba. Theratio of
areacoveredandthe hole sizeis (pa2+ 2aa + 2ba)=(ab) andis
thehighestfor the squarehole of thesmallestize. t

Lemmasl and2 suggesthe following strateyy: (1) insertmax-
imum Il in the entireregion Nitridemax and(2) dig the minimum
numberof smallest-sizedquarecholesin this region. The small-
estsizeof squarecdholesis determinedy the minimum diffusion-
diffusion spacingrule and/orthe minimum diffusion notch rule.



We denotethe minimum hole size by b. For zero oxide contri-
bution we mustensurethatthe entireNitrdiemax region is covered
with theroundedsquaresin addition,theoverlapbetweerrounded
squaresshouldbe minimizedto requirethe minimum numberof
holes. The problemis essentiallythe known covering problemin
computationagjeometry

Unfortunatelyroundedsquaresredif cult to handlein covering
andmustbesimpli ed to ashapehatis moreamenableo the cov-
eringproblem.Triangles rectanglemndhexagonsaresuchshapes.
Severalotherpolygonssuchaspentagonsheptagonsandoctagons
require substantialoverlap for covering. The simpli ed polygon
mustbecompletelyinscribablein theroundedsquareandthencov-
eringdonewith the simpli ed polygon. Dueto this simpli cation,
notall areaofferedby theroundedsquarewill beusedfor covering.
Theareaof theroundedsquarethatis outsidetheinscribedsimpli-
ed polygonis referredto astheinloss Figure7 shavsaninscribed
hexagonandthe associatedéhloss. We wish to usethe polygonthat
offersthe minimuminloss. Triangles,clearly have alargerinloss
in comparisorto rectangleandhexagons.We usehexagons that
aresimilar to regular hexagonsbut allow two paralleledgesto be
of differentlengthsthanotherfour, for covering. We referto such
hexagonsasparallelohexagonsbecaus@ppositeedgesareparallel.
Paralleloheagonsaremore e xible thanregularhexagonsandcan
be usedfor covering. Paralleloheagonsare e xible enoughto be
reducednto rectanglesocoveringwith parallelohgagonds better
thanwith rectangles.

Wenow calculateghebestparalleloh&agongivenaroundedsquare

of parametera andb. As theroundedsquaras symmetricaabout
X- andY- axes,only the orientationin Figure7 andthosegener

atedby it afterup to 45° of rotationneedto be evaluated. If may
be shawvn that the smallestinlossis attainedin the orientationof

Figure7 andwhenonevertex of the paralleloh&agonis onthetop

edgeof the roundedsquareand anotheron the bottom. The area
of the paralleloh&agon,the X-coordinateof thetwo rightmostver

ticesis , is denotedby A(X).

A(X) = 5 X aZz (x b=2)2+ ax+ bx
hg — = [
dA _ 1 az (x b=2)2+ p%+ b+a
dx 2 aZ (x b=2)?

h i
1 , 1 1,5, 1
=p—_— — Z =
2 a2z (x b=2)2 at sz 4b " 2(a+b)

¢ Fromthederiative it is clearthatthe paralleloh&agonareain-
creasewith x. Thereforethe paralleloh@agonwith the minimum
inlosshasall its verticesontheroundedsquare The corresponding
inlossis givenbyfab+ (p 2)ag=fb2+ 4ab + pa2g andis under
10%for typical valuesof a andb.

We considerntwo orientationsof the paralleloh&agonwithin the
roundedsquarethatarelikely to have smallinloss. The rst orien-
tationis shawv in Figure7 andthe seconchasthe paralleloh&agon
rotatedby 45°. All otherorientationsare equivalentdueto sym-
metry of theroundedsquareaboutX- andY-axesor have a higher
inloss.

Covering rectilinear regionswith parallelohexagons. We now
presentour algorithmto cover Nitridemax Which is rectilinearin
shapewith paralleloh&agonsthat representhe areacovered by
holes. We overlay a hong/comb structurewhich is a tessellation
of paralleloh&agonson therectilinearpolygonsuchthatminimum
numberof hexagonsarerequiredin thehong/comb A hongicomb
overlaythatcompletelycoverstherectilinearpolygonandrequires

Inloss

Inscribed
hexagon

Figure 7: Hexagoninscribed in a rounded square and the associated
inloss (shawvn in Gray). b is the minimum hole size permitted by the
designrules.

Figure8: Gray rectilinear polygonrepresentsNitridemax. Transparent
hexagonsare tessellatedn a honeycombto cover the polygonwith min-
imum number of hexagons.Holescreatedin Nitridemax at the center of
the hexagons(shown in White) ensure zero oxide density contribution
dueto Nitridemax.

theminimumnumberof hexagonss referredto asanoptimalover-
lay. To proposean algorithm for minimum overlay, we develop
thefollowing terminology As shawn in Figure9(a), we de ne V-
segmentsHL-segmentsandHU-segmentsof arectilinearpolygon
asits vertical edgeshorizontaledgeswvhich have the polygonover
them, and horizontal edgeswhich have the polygon underthem.
Figure9(b) shavs V-sggments HL-segments andHU-segmentsof
ahong/combstructure.

THEOREM 1. In anoptimaloverlay:
at leastoneV-segmentof the hongsgcombmustalign horizon-
tally with correspondingsegmentfrom the rectilinear poly-
gon;and,
atleastoneHL- or HU-seggmentof thehong/combmustalign
vertically with correspondingsegmentfrom the rectilinear
polygon.
Proof.  Given an optimal overlay, the hongzcomb can be per
turbedto horizontallyalign oneV-segmentof the hongzcombwith
that of the rectilinearpolygon, andvertically align one of HL- or
HU-segmentof thehong/combwith thatof therectilinearpolygon,
withoutrequiringary additionalhexagonsto cover. Hence thereis
anoptimal overlay for which at leastoneV-segmentof the honey-
combis horizontallyalignedwith correspondindrom the rectilin-
earpolygon,andatleastoneHL- or HU-seggmentof thehong/comb
is vertically alignedwith correspondingrom the rectilinearpoly-
gon. Henceproved. u

Our algorithmto nd the optimal overlay is asfollows. Select
one V-sggmentand one HL- (HU-) seggmentof the hong/zcomb,
andoneV-seggmentandoneHL- (HU-) sggmentof thehong/comb
HorizontallyaligntheV-seggmentsandvertically aligntheHL- (HU-
) sgmentto x the position of the hongrcomb over the rectilin-
earpolygon. Countthe numberof hexagonsrequiredto cover the
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Figure9: lllustration of V- (vertical), HL- (lower horizontal), and HU- (upper horizontal) segmentor a (a) rectilinear polygon,and (b) honeycomb

polygon. Iterateover all combinationsof V- andHL- (HU-) seg-
mentsto nd the onewith minimumnumberof hexagons.To eval-
uateoverlaysin which the hong/combis rotatedby 90°, the poly-
gonis rotatedby 90° andalgorithmrepeated We do not consider
otherorientationsof the hongzcombsinceonly axes-alignecholes
canbe created. The compleity of the algorithmis jPolygorV/
sgmens (jPolygonH. segmens + jPolygonHJ samelts))

jPolygonaeg. Where jPolygorV  segmens, jPolygonH.  segmens,

jPolygonHJ  segmensj, andjPolygonaeg arethe numberof V-
segments,numberof HL-segments,numberof HU-segments,and
areaof the polygon.

General Case. 0 < jOxiderargetj < jOxidemay. Dueto the nature
of the linear programmingsolution [6], tiles which requireden-
sity increasegetanjOxiderargetj = jOXidemay andthis caseis very
infrequent. As in the previous subsectionyve rst perform Il in-
sertionin Nitridemax andthen createholesof the minimum size
sincethey offer high nitride densitywith zeroor small oxide den-
sity. Area coveredby holes, which is roundedsquarein shape,
is approximatecby paralleloh&agons. However, unlike the pre-
vious subsectionijt is not necessaryo cover the rectilinearpoly-
gon with hexagons. To ensurecoveragein the previous subsec-
tion, roundedsquaresvereapproximatedvith inscribedparallelo-
hexagonswhich causedhe roundedsquareareaoutsidethe par
allelohexagonto overlapandthereforerequiredmoreholes. Since
coveringthepolygonis nolongernecessaryve approximateounded
squareswith circumscribedparalleloh@agons. Packing the poly-
gonwith suchparalleloh&agonsensuresho overlap betweencov-
ersof two holesandrequiresfewer holes.Unlike the previous sub-
section,eachparalleloh@agoncontritutesto the oxide densityin
theregionsthatlie outsidethe roundedsquarebut insidethe paral-
lelohexagon. We usethe paralleloh@agonof the smallestareaso
thatits oxidedensitycontribution is small; oxide densitycaneasily
beincreasedy not creatingholesasdescribedater. With aniter-
ative program,we have found the smallestparalleloh&agonto be
under8:9% largerthanthe roundedsquarg(Figure 10. We referto
theratio of the contritutedoxide areato the paralleloh&agonarea
asoutloss l.e.,0ul0Ss= (aréahegon  Ar€&oundedsquae) =A€ehexagon-
Dependingon the outloss we now considertwo cases:

1. jNitridemay Outloss jOxiderargetj.

l.e.,if Nitridemaxwaspacledwith thecircumscribedhexagons,
resultantoxide densitywould be lessthanjOxideiargetj. We
usethe paralleloh&agoncovering algorithmproposedn the
previoussubsectioto overlayahoneg/comboverarectilinear
polygon. Hexagonsarethenremoved from the hong/comb,
in decreasingorder of their areaoutsidethe polygon, until
oxide density= jOxiderarget -

2. jNitridemay Ouloss> jOxidearget

Outloss

a=0:
Circumscribed
hexagon
a= 07
b= 0:12u

Figure 10: Smallest hexagon circumscribed around the rounded
square. Gray arearepresentthe outloss.

We partitiontherectilinearpolygoninto two rectilinearpoly-
gonssuchthattheareaof the rst, A; = jOXiderargetj=Outl 0ss
In the rst polygon, circumscribechexagonsare overlayed
usingthe covering algorithmin the previous section. In the
secondpolygon,whichrequireszerooxidedensityis needed,
we usesolutionof the jOxideiargetj = O case.

6. EXPERIMENTAL STUDY

Wenow describeourempiricalvalidationof theproposednethod-
ology. In the experimentswve startwith thedesignlayoutandinsert
Il with rule-basediling andwith the proposedapproach.Com-
parisonsare then performedbetween: (1) the original layout, (2)
layoutaftertiling-based|l insertion,and(3) layoutafter Il inser
tion performedwith the proposedmethodology Our comparison
studiesareof two types:(1) analysisof oxideandnitride densities,
and(2) assessmertf the post-CMPtopographyaspredictedby a
CMP simulator

For the experimentswe createtwo large designsy assembling
smallercores. CommercialEDA tools with Artisan TSMC 90nm
librariesandlayoutsareusedfor synthesisandplacemenbf these
circuits. Sinceinterconnectgdo not affect nitride and trenchre-
gions,no routingwas performed.We keepthe utilization ratio be-
tween60% and70% which is typical. The rst testcasetixed is
composedf a RISC processqra JPEGcompressgrand AES and
DES3 encryptioncores. The designcontainsstatic memoryand
756K cells,andmeasure2mm 2mm The seconddesign,Open-
Risc8 is composedf eight RISC processorcores,containsstatic
memoryand423K cells,andmeasure2:8mm 3mm

Figure 11 shawvs a small sectionof OpenRisc8 Figure11(a)is
theun lled layoutwith nitride in theshadedectilinearregionsand
trencheseverywhereelse. The samesectionafter tiling-based |l



insertion( Il size= 0:5, Il spacing= 0:5) performedwith Men-
tor Calibrev9.35.9is shavn in Figure11(b). Fill regionsareillus-
tratedin gray In Figure11(c)the samesectionwith Il insertion
performedwith the proposedmethodologyis shavn. As is evi-
dent, nitride densityis substantiallyhigherwith the proposedll
approachHolescreatedn Il regionsto controlthe oxide density
arealsovisible.

Analysis of Nitride and Oxide Densities

The proposednethodologyis driven by oxide and nitride density
objectivesthatlargely determinepost-CMPplanarity Our two ob-
jectives of our approachare oxide densityvariation minimization
andnitride densitymaximization. Table 1 presentdhe maximum
oxide densityvariation, minimum nitride density and averageni-
tride density In all ourexperimentsgdensityis computecoverover
lapping squarewindows of side 16Qu; the offset betweensucces-
sive windows is 40U For tiling-based Il insertion,we consider
three ll-width/ ll-spacing combinations: 0:5u=0:5, 1:0p=0:5y,
and1:0p=1:0u. It is clearthat Il insertionwith the proposedap-
proachsigni cantly decreaseshe oxide densityvariation andin-
creasehe nitride density Comparedo 0:5u=0:5u tiling-basedll,
oxide densityvariationreducesy 63% andminimum nitride den-
sity increasedy 79% when averagedover the two testcasesWe
also obsenre that tiling-based Il may increasethe oxide density
variationrequiringcostly etchbackprocesstepso reduceit.

Post-CMP Topography Assessment

The densityresultsshav that the proposedapproachachievesits

objectiveswell. However, therealgoalof Il insertionis improved

post-CMPplanaritysoit is importantto assesshat. We usethe STI

CMP simulatordevelopedandcalibratedby MIT' s MTL group(7,

10] to predict post-CMPtopography Typical valuesare usedfor

theinitial structureand CMP modelparametersuchasplanariza-
tion length,padbending,slurry selectvity, etc. We studythe two

primary characteristicef CMP quality - planarizatiorwindow and
nal stepheight.Planarizatiowindow is thetimewindow in which

polishingmaybestopped|f polishingis stoppedearlier oxidedoes
not clearup completelyfrom over nitride. If polishingis stopped
later, underlyingsilicon is stripped. Both theseeffectscanleadto

device failure. It is desirableto have a large planarizationwindow

to accommodatéor variations. Final stepheightis the difference
in oxidethicknessafter CMP andis usedto quantify oxidedishing.
Large nal stepheightleadsto poordevice characteristicsuchas
excessie leakageand parasitics. Table 2 presentghe planariza-
tion window andmaximum nal stepheightpredictionsfrom the

CMP simulatorfor theun lled layout,the layoutwith tiling-based
I, andlayoutwith Il insertedusingthe proposedmethodology
Comparedo tiling-based ll, we obsere a 17% increasein pla-

narizationlengthanda 9% decreasén maximum nal stepheight
on averageover thetwo testcases.

Figure12 presentghe nal stepheightmapsfor thetheun lled
layout, layoutwith tiling-based|l, andlayoutwith Il insertedby
the proposednethodology We assumeéCMP to stopat the middle
of the planarizatiorwindow. The nal stepheightis lower all over
thechipwhen Il is insertedby ourapproach.:

7. CONCLUSIONS

In this paperwe presentech nev methodologyfor Il insertion
to improve STl planarityafter CMP. To alleviatethefailurescaused
by imperfect CMP, our approachminimizesoxide density varia-
tion and maximizesnitride density We leverageon the fact that
the density of oxide, which is depositedover nitride, dependson
the underlyingnitride shapesdue to depositionbias. We rst in-
sertmaximal Il subjectto the designrulesandthencreateholes
in it to controlthe oxide density Oxide densityfor minimumden-

sity variationis computedvith aliner programming-basesblution
andthennitride is maximizedwith thecomputecbxidedensityasa
constraint.To maximizethe nitride densitywe minimize the num-
berof holesthatneedto be created.Towardsthis, regionsthat not
contritute to oxide densitydueto the presenceof a hole are ap-
proximatedby hexagonsandanalgorithmis proposedo cover the
nitride areawith the hexagonsef ciently .
Experimentatesultsindicatesubstantiateductionin oxideden-
sity variationandincreasen nitride densityin comparisorto tra-
ditional tiling-based Il insertion. We also study the post-CMP
topographypredictedby a CMP simulatorfor two layoutswhen
Il insertionis donewith the proposednethodandwith traditional
tiling-basedmethod. We nd the topographyof the layoutswith
our Il insertionto besigni cantly moredesirablehanobtainedoy
traditionaltiling-based|Il. Speci cally, the planarizationwindow
increasedy 17%andmaximum nal stepheightdecreaseby 9%.
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Figure 11: Layout with Il insertedusingtiling-based method and with the proposedmethod. Un lled layout, layout with tile-based Il inserted,and
layout with Il inserted with the proposedmethod are shown. Fill is shovn in gray and the shadedregionsrepresentnitride due to CMOS devices

(i.e.,diffusion regions).

Testcase | Fill Approach || Oxide Density | Min. Nitride | AverageNitride
Variation Density Density
Mixed Un lled 11.13% 21.47% 27.56%
Tiled 0:5u=0:5u 11.25% 28.13% 31.89%
Tiled 1:0p=0:5u 12.91% 25.54% 31.25%
Tiled 1:0p=1:0u 12.05% 23.97% 29.59%
Proposed 2.79% 57.20% 66.34%
OpenRisc8 Un lled 9.93% 25.87% 36.05%
Tiled 0:5u=0:5u 9.74% 31.91% 38.25%
Tiled 1:0p=0:5u 9.52% 31.50% 38.30%
Tiled 1:0p=1:0p 9.51% 29.02% 37.33%
Proposed 4.73% 49.61% 59.35%

Table 1: Density improvementsfrom the proposed Il insertion method. Oxide density variation, minimum nitride density, and average nitride
density are compared for two testcasegor the un lled layout, layout with tiling-based Il for three Ill-width and ll-spacing combinations,and layout
with Il inserted using the proposedmethod.

Testcase | Fill Approach || Planarization Window | Max. Final StepHeight
(s) (nm)

Mixed Un lled 45.3 142

Tiled 0:5p=0:5u 46.5 143

Proposed 53.6 129

OpenRisc8 Un lled 42.7 146

Tiled 0:5u=0:5u 44.7 144

Proposed 50.4 133

Table 2: CMP simulation resultsfor unlled layout, layout with tiling-based Il insertion, and layout with the proposed Il insertion method.
Planarization window is the time window in which polishing can be stopped. Max. nal stepheight is the maximum differencein oxide height after
CMP.
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Figure 12: Final stepheight mapsfor the un lled layout, layout with tiling-based Il insertion, and layout with the proposedinsertion method. The
stepheightisin Angstrom.



