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Abstract— Depth of focus is the major contributor to litho-
graphic processmargin. One of the major causesof focus vari-
ation is imperfect planarization of fabrication layers. Presently,
OPC (Optical Proximity Corr ection) methods are oblivious to
the predictable nature of focus variation arising fr om wafer
topography. As a result, designers suffer fr om manufacturing
yield loss,as well as loss of design quality thr ough unnecessary
guardbanding. In this work, we proposea novel �o w and method
to dri ve OPC with a topography map of the layout that is
generated by chemical-mechanicalpolishing (CMP) simulation.
The wafer topography variations result in local defocus, which
we explicitly model in our OPC insertion and veri�cation �o ws.
In addition, we present a novel topography-aware optical rule
check(TORC) to validate the quality of result (QOR) of OPC for
given topography. Our experimental validation usessimulation-
based experiments with 90nm foundry libraries and industry-
strength OPC and scattering bar recipes. We �nd that the
proposedtopography-aware OPC (TOPC) can yield up to 67%
reduction in edgeplacement errors. TOPC achieves up to 72%
reduction in worst-caseprintability with little increasein data
volume and OPC runtime. The electrical impact of our proposed
TOPC method is investigated.The results show that TOPC can
signi�cantly reduce timing uncertainty in addition to process
variation.

Index Terms— OPC, Topography, Defocus,CMP, Dummy Fill.

I . INTRODUCTION

As optical lithography advancesinto the 90nm technol-
ogy node and beyond, minimum feature size outpacesthe
introduction of advancedlithography hardware solutions.In
particular, the minimum depth of focus margin requiredfor
manufacturability of metal layers is extremely dif�cult to
achieve dueto nonplanarwafer topography. A root problemis
that predictableand systematicvariation in depthof focus is
not modeledor exploited during the applicationof advanced
resolutionenhancementtechniquessuchas optical proximity
correction (OPC) and subresolutionassist feature (SRAF)
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insertion.From the designerstandpoint,this resultsin unnec-
essaryguardbanding,dif�cult performanceclosure,andwasted
(area,delay, power) chip resources.To the extent that depth
of focusis a determinantof “processwindow”, several works
in the literaturedealingwith processwindow-awareOPCare
worth noting. A work of Cobb and Granik [1] proposesto
solve for OPC at a nonzerodefocusvalue to increasedepth
of focus (DOF), which is the amountof focus variation that
can be tolerated while maintaining acceptablelithographic
quality. The approachof [1] minimizesan objective that is a
function of edgeplacementerror (EPE)andimageslopewith
respectto dose;EPEis theprimaryobjective,andimageslope
is the secondaryobjective. The LithoCruiser OPC software
from ASML MaskTools [2] canoptimizeOPCsolutionswith
critical dimension uniformity, median and yield as objec-
tives. The approachentailsMonte-Carlosimulationof focus
and exposurewith Gaussiandistributions, and aerial image
modeling to predict critical dimension.Unfortunately, these
and other previous methodsare oblivious to systematicand
predictablefocus variation that arisesfrom layout-dependent
wafer topographyvariation. Becausedeeply-subwavelength,
high-NA (numericalaperture)lithographyis very sensitive to
defocus,wafer �atness has becomea critical objective for
fabricationprocesses.Chemical-mechanicalpolishing (CMP)
is an enabling technique to achieve thickness uniformity
of dielectric and conductor layers in the chip. Dummy �ll
insertionis a well-known techniqueto enhancetheuniformity
of layout featuredensity, so as to improve the planarization
achievedby CMP.1 Evenafter dummy�ll insertion,thereis a
greatdealof remainingpost-CMPtopographicvariationwhich
is manifestedas dielectric erosionand metal dishing. Post-
CMP thicknessvariationsareknown to have a severe impact
on the stability of downstreamprocesssteps,and ultimately
on yield [4]. Defocuscorrespondingto this thicknessvariation
severely affectspatterningof the subsequentupperlayer.2

Optical proximity correction(OPC) is a widely usedreso-
lution enhancementtechniquefor controlof critical dimension
(CD). With OPC,photomaskshapesaredeliberatelydistorted
to compensatefor differing amountsof pattern information

1Dummy �ll insertion changesthe coupling and total capacitanceof
interconnects[3], and thus itself inducesdesignclosureissues.However, in
this work we do not addressthe questionof improved �ll synthesisto reduce
topographicvariation.

2Thereis dielectricdepositionandresistspin-onafterCMP, andthepro�le
following thesetwo stepsis a more accuraterepresentationof the wafer's
defocusmap.In the presentwork, we assumethat the depositionandspin-on
processesconformto the post-CMPpro�le, as is typically the case.



IEEE TRANSACTIONS ON COMPUTER-AIDEDDESIGN OF INTEGRATED CIRCUITS AND SYSTEMS,VOL. XX, NO. Y, MONTH 2006 2

diffracted at various pitches.Beyond the 130nm node,sub-
resolution assist feature (SRAF) basedOPC with off-axis
illumination (OAI) achievesimprovedDOF margin. However,
tightly prescribedspacing- in particular, assist-to-mainpattern
and assist-to-assist- are neededto prevent SRAFs from
printing [5]. Suchlayoutdesignconstraintsresultin forbidden
pitches with signi�cantly lower printability in certain DOF
values[6]. Thus, the industry facesever-deeperinteractions
betweenplanarization,defocus,and correct deployment of
OPC.Our presentwork is motivatedby the fact that current
OPC techniquesdo not consider topography, and that this
incursavery largeprocessvariability cost.Wedescribeanovel
methodologyfor topography-aware OPC (TOPC) to directly
controltheCD errorthatis inducedby anonplanartopography.
Differentdefocusvaluesin a chip are predictedby thickness
values which are extracted by CMP simulation. Then, all
metal lines with different defocus values are correctedby
OPC with different optical/resistmodels.As a result of the
TOPC methodology, we observe signi�cant reductionin CD
error, as evaluatedby industry-strengthOPC and veri�cation
�o ws at the90nmnode.In this paper, we �rst presentvarious
analysesof lithographicprintability for nonplanartopography.
We thenproposea generalmethodologyfor TOPC.Our main
contributionsareas follows.

� Weintroduceanovel OPCtechniquethatis awareof post-
CMPwafertopographyvariation.This techniqueachieves
substantialimprovementin DOF margin andCD control.

� TheTOPCmethodmayleadto poorcorrectionof patterns
thatarelocatedon theboundaryof differentDOF values,
becauseone pattern is affected by the other (at an
incorrectassumeddefocus)duringtheOPCinsertion.We
assignDOF valuesto layout featuresusinga reductionto
maximum-�ow, so as to prevent closely spacedpatterns
from being assigneddifferent defocusvalues,while yet
maintaining�delity to the topographymap.

� We investigate the electrical impact of our proposed
TOPCmethod.The resultsshow that TOPCcan signi�-
cantly reducetiming uncertaintyandprocessvariation.

The rest of this paperis organizedas follows. In Section
II, we presentthe detailedmotivations for our TOPC work.
In SectionIII we describeour TOPC methodology. Further,
we validate TOPC and describeits limitations. In addition,
we investigatethe electrical impact of our proposedTOPC
method. Section IV discussesthe experimentsand results.
Finally, in Section V we presentthe main conclusionsand
ongoingwork.

I I . DETAILED MOTIVATIONS FOR TOPC

We motivate our work on TOPC with Figure 1(a), which
shows how post-CMPthicknessin copper-oxidepolishingwill
predictablychangewith theregion patterndensity. Thedepth-
of focus(DOF) variationcorrespondingto thethicknessvaria-
tion severely affectsmetalpatterningof the subsequentupper
layer, asshown in Figure1(b) (resultsobtainedusingSOLID-
E lithographysimulationfrom Sigma-C).In this �gure, t1 and
t2 are post-CMPthicknessvariationsover denseand sparse
regions,respectively. In thispaper, we investigatetheimpactof

Post-CMP

t1
t2

(a)

Metal Layer

(b)
Fig. 1. (a) Side view showing thicknessvariation over regions with dense
andsparselayout.(b) Top view showing CD variationwhena line is patterned
over a region with uneven wafer topography, i.e., underconditionsof varying
defocus.

focusvariationonCD in non-transitionalregions.However, we
show (in SectionIV) thatTOPCcanbeappliedto transitional
regionswithout degradationin its quality.

A. Standard vs. Topography-Aware OPC and ORC

Wealsomotivatewafertopography-awareOPCby consider-
ing the gapbetweenfocus-awarenessand focus-unawareness,
not only in the OPC insertion but also in the optical rule
check(ORC)stepthatcheckspost-OPCprintedimagesagainst
drawn shapes.We distinguishtwo kindsof OPCmethodology,
standard andtopography-aware. In standardOPC(SOPC),the
assumptionis that any particular layer is �at and therefore
a defocusvalue of zero is consideredfor that layer. This
incorrect assumptionwill lead to CD variation of the metal
featurethatwill beplacedon thatlayer. To clearlyillustratethe
CD variationin SOPC,Figure2 comparesthe resistimageof
metallinesin 0.0µm DOFwith theimagein -0.3µm DOF. CDs
of metallinesin -0.3µm topographyarenot correctafterSOPC
with zerodefocus,eventhoughCD degradationafter theOPC
is somewhat better than before OPC. On the other hand, if
the thicknessvariationof the layer is taken into account,OPC
canadjustits processaccordingly. ConsideringOPCandORC
together, thereare four combinations,shown in Table I. We
exploretheeffectivenessof eachcombinationseparatelyin the
following discussion.

TABLE I

FOUR DIFFERENT COMBINATIONS OF OPC AND ORC: STD AND T-A

RESPECTIVELY INDICATE STANDARD AND TOPOGRAPHY-AWARE

METHODOLOGIES.

OPCmethod ORC method D CD (Drawn vs. Printed)
STD STD � 0
STD T-A > 0
T-A STD > 0
T-A T-A � 0

In TableI, STD andT-A standfor standardandtopography-
aware methodologies,respectively. To explain these com-
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Original metalOPC layer Resist Image
(a) (b)

(c) (d)

-0.3DOF0.0DOF

Fig. 2. StandardOPC simulation: (a) original layout (drawn shape)and
simulation result with zero DOF model, (b) original layout and simulation
result with -0.3µm DOF model in the nonplanartopography, (c) standard
OPClayout andsimulationresultwith zerodefocusmodel,and(d) standard
OPClayout andsimulationresult with -0.3µm DOF model in the nonplanar
topography.

binations, assumethat in 90nm technology, the maximum
allowabledefocusvalue is +/-0.3µm (DD) for manufacturing.
We also refer to the thicknessvariation of the layer as X.
We wish to make the casethat whenboth OPCandORC are
topography-aware,CD variationwill be minimized.

� Figure 3(a) shows the case when the combination of
standardOPCandstandardORC is used.StandardOPC
ignoresthicknessvariation,hencepatternon T1 layer is
assignedthe samedefocusas T0 layer. If there is no
thicknessvariation, this combination leads to a small
CD variation becauseOPC can easily exploit the pitch
dependency of CD. However, the problem with this
method is that the premise of an even topographyis
wrong. In other words,due to CMP processeffects, the
layer is not exactly �at.

� Figure3(a)alsoshows thecasewhenSOPCis usedwith
topography-aware ORC (TORC). In this case,there is
still no considerationof thicknessvariation during the
OPCprocess,but ORCis awareof thetopography, which
changesthe maximum allowable defocusvalue set by
ORC. In general,the maximumallowabledefocusvalue
set by topography-awareORC is derived as (Ti +/- DD)
whereTi is the defocusvaluesetfor eachspeci�c region
of the layer and DD is the maximumallowable defocus
value set by standardORC. Since SOPC assignszero
defocusto the layer, the maximum allowable rangefor
ORC is just +/- DD. On the otherhand,TORC hasbeen
adjustedaccordingto the topography. In this work zero,
plus,andminusdefocusrepresentthe nominal thickness
(height), greater than nominal, and less than nominal
thickness,respectively. In Figure3(b), we assumethatT0
haszerodefocusandT1 has-0.1µm defocus.Thischanges
the maximumallowable defocusvalue set by ORC; for
T0 we have a rangeof -0.3 to 0.3 andfor T1 the rangeis
from -0.4 to 0.2. Sincethe allowable rangefor SOPCis

from -0.3 to 0.3, thereis a mismatchbetweenOPC and
ORC. This generatesan ORC error on T1 layer.

� The third combination,which employs TOPC and stan-
dardORC,is notof interest:aswith the�rst combination,
theentirepremiseof thescenariois faulty: OPCis aware
of the topographyand adjustsaccordingly, but standard
ORCdoesnot considerthechanges.For example,T1 that
hasadefocusvalueof -0.1will haveanallowabledefocus
rangeof -0.4 to 0.2, but standardORC still considersa
rangeof -0.3 to 0.3 asshown in Figure3(b) . This again
generatesan ORC error on T1 layer similar to second
combination.

� The �nal combinationshould yield the best result, be-
causeboththeOPCandORCareawareof thetopography
and thereforecanadjustaccordinglyasshown in Figure
3(b). For example, T0 will have an allowable defocus
rangeof -0.3 to 0.3 whereasT1 will have a defocusrange
of -0.4 to 0.2. Thus, the pattern on T1 will meet CD
tolerancewith -0.4µm DOF.

�
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Fig.3. (a)anexampleof (SOPC+SORC)and(SOPC+TORC).(b) anexample
of (TOPC+SORC)and(TOPC+TORC): X is the thicknessvariation.

B. Costand Quality of OPC

Increasedapplicationof OPCmakesmaskdatapreparation
(MDP) dif�cult: �gure countsexplode as dimensionsshrink
andresolutionenhancementtechniques(RETs)aremoreheav-
ily used[7]. To optimize the datavolume,conventionalOPC
hierarchicallyreorganizesthe input GDSII data by reducing
the redundantrepresentationof identicalcells [8]. The spatial
context consistingof suchidenticalcells is a monolithic“unit”
as the proximity correctionprocessevaluateseffects due to
adjacentor nearbyfeatureswithin the optical radiusof in�u-
ence.Thus, identicalcontexts arecorrectedonly once,which
helpsreducecorrectiontime and datavolume.Our proposed
TOPCmethodologyaffectshierarchicaldecompositionof the
layout because“context” must now be with respectto both
the proximity effect of neighboringpatterns,and the DOF
valuesof the topography. In particular, identicalpatternsthat
are assignedto different DOF valuesare no longer together
within the samecontext, and all context information should
be newly constructedaccording to patterns that have the
sameDOF value. In the TOPC methodology, all �gures are
partitionedamonga relatively small numberof DOF values.
The number of DOF values used in this partitioning (see
the discussionof “defocusmarking layers”, below) must be
carefully considered,as increasing this number negatively
impactsdatavolumeandOPCruntime,evenasTOPCachieves
betterCD control andDOF margin.
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I I I . TOPC METHODOLOGY

To account for defocus changeinduced by a nonplaner
topography, we add chemical-mechanical polishing (CMP)
simulation and layer generationfor DOF making into the
standarddesign�o w. Figure4 shows thecomparisonof design
�o w with standardOPCandtopography-awareOPCmethods.
SOPC uses a standardGDSII layer as an input and then
correct patternproximity under zero defocusassumption.A
novel TOPCmethod�rst usesa CMP simulator3 to compute
a topographicmap over the chip layout. The derived CMP
simulator uses a predictive mathematicalmodel of pattern
dependenciesin Cu CMP processeswhich consistsof three
steps.In the �rst stepthe time to remove the overburdenCu
is calculated.The Secondstepdealswith the removal of the
barriermaterial.During this stepdueto clearingof thebarrier
Cu dishing occurs. In addition, due to non-uniform pattern
density within a die different locations in the die will be
clearedat thedifferenttimeswhich this causesover polishing
certain features.Finally, in the third step the amountof Cu
dishing and oxide erosion is calculated[18]. Using dishing
anderosionparametersthesimulatorwill associatea heightto
every featurein thelayout.We thenpasstheassociatedheights
into our DOF markinglayer (DML) generatorasinput. DML
generatorassignsan associatedDOF value for eachfeature
andits DOF valuesarerepresentedby GDS layer. Thus,new
input GDSII for TOPCis consistedof original standardlayout
and DOF marking layer. Given total DOF variations, pre-
characterizedDOF modelsdatabasecan be used for TOPC
patternoptimization.Our new OPCrecipeinvokesa particular
DOF modelcorrespondingto assignedDML for eachfeature
duringTOPC.Thus,TOPCcancompensatefor CD distortions
inducedby patternproximity andDOF errors.

CMP
Simulation

DOF
Marking Layer

Library & 
Technology

GDSII

Input GDSII
for TOPC

TOPCed GDSII

DOF Model
Database

TOPC

SOPC

SOPCed GDSII

Standard OPC Flow

Fig. 4. Comparisonof design�o w with standardOPCandtopography-aware
OPCmethods:amapof thicknessvariationfrom CMP simulationis converted
to defocusmarking layersandthen fed into GDSII for TOPC.

A. DefocusMarking Layer (DML) Assignment

While the CMP simulationyields a continuoustopographic
map,it is necessaryandpracticalto useonly a small number

3CommercialCMP simulationsoftware is available from companiessuch
as Praesagus[9]. In our current implementation,we usea CMP simulation
modelderived from the Ph.D. thesisof Tugbawa [10].

of discretedefocusvalueswhencalculatingtheOPCsolution.
Thus, the central problem is to assignone of the available
defocusvalues to each layout feature, while re�ecting the
topographicmap as accuratelyas possible.In our method-
ology, every layout feature fi is associatedwith a defocus
marking layer, DML( fi ), which indicatesthe defocusvalue
(e.g., +0.1 µm) which is assumedduring the calculationof
resolutionenhancement(e.g.,optical proximity correctionor
phase-shiftermask) for fi . However, applying two different
OPCmodelsto two adjacentpatternson someboundarywill
increaseCD variation comparedto using an “average”DOF
model. For example, to correct one pattern on the 0.1µm
DML boundary, the pattern should refer to the image of
other patternson the 0.2µm DML boundary. However, these
other patternsare being simulatedby a 0.1µm DOF model
insteadof a 0.2µm DOF model. In this case,CDs of the
two patternscan be more distortedthan if, e.g.,we apply to
all patternsa 0.15µm DOF model that is the averageof the
two models.Accuracy of resolutionenhancement(as well as
inherentlimitationsof OPCsoftware)requiresthatDML( fi ) =
DML( f j ) for all features fi , f j whoseinter-featuredistance
d( fi ; f j ) � R, whereR is the“optical radius”of thelithography
process.This requirementgrows strongeras the inter-feature
distanced( fi ; f j ) decreases.In modernlithographyprocesses,
typical valuesof R areon theorderof onemicronor less.The
inter-featuredistancerequirementof theDML assignmentcan
becapturedusinga graphin which eachfeatureis represented
by a vertex, and thereis an edgebetweentwo verticesif the
distancebetweentheir correspondingfeaturesis lessthan R.
We may further assignweights to edgesin this graph,with
higher edgeweights correspondingto pairs of featuresthat
are closer to eachother. The other requirementis that every
featureshouldbe assignedto the DML partition to which it
normally belongs,if possible.

We formalizethe problemof assigningfeaturesto k DMLs
as follows. Given a set of verticesV = f v1;v2; : : : ;vng with
height function h : V ! Z+ ,4 whereZ+ is the set of natural
numbers,a set of weighted edgesE � V � V, and 2k � 2
thresholdvaluesTh1, Th2, : : : Th2k� 2. The minimum value
of h(v) is Th0 andthemaximumvalueof h(v) is Th2k� 1. Our
methodologyfor assignmentof featuresto k DMLs is detailed
in Figure5. Lines1-2 setup a topographicmapwith our CMP
simulationmodel.We performk� 1 minimum cut bipartition
to determinetheDML assignmentsin Lines 3-7. During each
iteration,we want to �nd the featureswhich are assignedto
DML l (1 � l � k� 1) andremove themfrom the future �o w
networks. Line 4 constructsa �o w network topology for the
bipartition. Two super-nodesS and T in the network which
are to be assignedto different partitions.All featuresin the
samepartitionasS in thebipartitionsolutionwill be assigned
to DML l. In Line 5, we add an in�nite-capacity edgefrom
S to vi for all featuresfi with h( fi) � Th2l � 1. Therefore,we
canguaranteethat thesefeaturesareassignedto DML l in the
�nal bipartition solution. Similarly, an in�nite-capacity edge

4h( fi ) is the thicknessvalue of the CMP simulation tile, in which the
geometrycenterof the feature fi is located.The size of tile is primarily
determinedby the interactionlength in CMP process(100-200micronsfor
Cu CMP). In this paper, a tile sizeof ten micronsis chosen.
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from T to vi for all featuresfi with h( fi ) � Th2l is addedto
ensurethatthesefeaturesarenotassignedto DML l. Theother
featureswith Th2l � 1 < h( fi ) < Th2l canbe assignedto either
partitionwith two soft constraints:(1) two featureswithin the
“optical radius”shouldbeput in thesamepartition,if possible;
(2) eachfeatureshouldbeassignedto thepartitionto which it
normallybelongsto reducethethicknessvariationwithin each
DML partition, if possible.To quantify thesetwo con�icting
requirementsand achieve the best tradeoff betweenthem,
we add an edgeei; j of the weight b R

dist( fi ; f j )
c betweentwo

verticesvi and v j if dist( fi ; f j ) < R for the �rst requirement.
Similarly, we add an edgefrom S to vi for all the features
with Th2l � 1 < h( fi) < (Th2l + Th2l � 1)=2 andan edgefrom vi
to T for all thefeatureswith (Th2l + Th2l � 1)=2 � h( fi) < Th2l
for thesecondrequirement.Therefore, a “cut” in the network
representsthe violation of one of the two soft requirements.
The minimum cut bipartization solution has the minimum
violation for the two requirements.In Lines 6-7, we solve
the minimum cut bipartition problemand assignthe features
on the S side to DML l.

B. TOPC Validation and Limitations

Our previouswork [11] proposedoneform of TOPCvalida-
tion methodology. However, that DML-basedTORC may not
beaccurateenoughsinceweuseonly a few DML to reducethe
OPCcomplexity. In this paper, we presentanenhancedTORC
methodologywhich is basedon thicknessvaluefor eachCMP
simulationtile [12]. As a result,thenumberof TORCmodels
is increased,andCD printability canbe evaluatedusingmore
DOF values. We also discusspractical limits of TOPC as
deployed usingcurrentcommercialsoftware tools.

Supposethe given CD tolerancefor manufacturingof all
patterns,generally+/- 10% of eachpatternsize, is satis�ed
with given worst-casedefocus.Then, we can assumethat
the maximum allowable defocus range, DD, is comprised
of topographyvariation (50% contribution) and other factors
(50% contribution). Thus, topographyvariation contributes
half of theworstcaseDOF value.We compareQORof TOPC
andstandardOPCasfollows.

� DMLs aregeneratedbasedon thicknessvalueandk-DML
algorithm.

� DifferentDOF OPCmodelsareappliedto the DMLs to
compensatefor CD error inducedby topography.

� For eachfeaturewecalculatedifferentworst-casedefocus
values accordingto the thickness(height) value of its
window in the CMP simulation.OneDML may include
several CMP simulationtiles within a rangeof thickness
values.Thus,our new methodologyincreasesthenumber
of TORC models.

� Wecomparethenumbersof CD violationsthatoccurwith
standardOPCversusTOPC.

To validate the TOPC methodologywe only consider two
combinations:(1) STD OPC / T-A ORC, and (2) T-A OPC
/ T-A ORC. The other two combinationsare ignored,since
(as discussedin Section II-A) they are basedon incorrect
premises.SincecurrentcommerciallyavailableOPCsoftware

toolsdo not accuratelyconsiderthe transientregion of topog-
raphy, we only apply the TORC to featuresthat do not lie on
theboundarybetweentwo differentdefocusvalues.TheTOPC
is appliedto all regions,includingtheregionsto which TORC
cannotbe applieddueto commercialOPCtool limitations. In
Figure 6, TORC will be applied to the hatchedareaswhile
TOPC will be used in all areas.The distancebetweenthe
regionsto which TOPCwill be appliedis equalto the optical
diameter(OD). Despitethis constraint,we show in the next
sectionthat TOPC substantiallyreducesCD error in regions
whereit canbeapplied.In addition,we investigatehow TOPC
impactsthe CD error in the transientregion of topography.

OD

W

Window for CMP simulation

DML for OPC

Window for TORC

Layout

Fig. 6. TOPCvalidation regions.

C. TOPC Electrical Impact

To validatetheelectricalimpactof theTOPCmethodology,
i.e., in achieving moreaccurateperformanceanalysis,we use
a testbedconsistingof threeparallel5000µm semi-globallines
in 90nmtechnology. After CMP planarizationwe assumethat
there are three different defocusvaluesand correspondingly
threemetal thicknessvalues.Figure7 shows metal lines with
thicknessvaluesA, B, andC locatedat plus defocus,nominal
defocus,andminusdefocus,respectively. Inter-layerdielectric
(ILD) is located betweenMetal 2 and Metal 3 layers. In
this experiment,assuminga +/- 100nmILD height variation
we have run simulations for nominal height (=0.35µm) as
well as heightsdue to plus and minus defocustopography,
0.25µm, and 0.45µm, respectively. Topographyand defocus
seenby Metal 3 layercomesfrom ILD heightvariationwhich
in turn is a result of both post-CMP variation on Metal
2 and conformal ILD deposition.Hence,Metal 3 thickness
is inversely proportional to Metal 2 thickness.Thisassumes
perfect CMP on Metal 3. Table II has captureddifferent
possiblescenariosand their correspondingresults.

Mentor GraphicsCalibre WORKbench v9.3 5.9 is usedto
measuretheCD andline spacing[17]. In SOPC,therearewire
segmentswith largerEPEafter TORCis appliedto GDS.For
thosesegments,we measurethe CD differenceafter TORC
with TOPC GDS. In this experiment, we used +/- 100nm
thicknessvariation with the maximum CD differenceof +/-
22nm.The nominalwidth andspacingof eachconductorare
0.14µm and 0.14µm, respectively. The nominal per-micron
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Input: Layout datain GDSII Streamformat, optical radiusR,
defocusmarking layer thresholdsTh1 < Th2 < ::: < Th2k� 2

Output: Partition of all featuresinto k DMLs
1. UseCMP simulationto computethe post-CMPtopography
2. From the topography, determinethe heighth( fi ) for eachfeature fi
3. For (l = 1;l � k � 1;l++)
4. Constructa �o w network topologyN = (V;E) with a vertex vi for eachfeature fi , a super-source

S anda super-sink T, andan edgeei; j betweentwo verticesvi andv j if dist( fi ; f j ) < R
5. Calculateedgecapacitiesin the �o w network N as follows

(A) If h( fi) � Th2l � 1, thereis an in�nite-capacity edgefrom S to vi .
(B) If h( fi ) � Th2l then thereis an in�nite-capacity edgefrom vi to T
(C) If Th2l � 1 < h( fi) < (Th2l + Th2l � 1)=2, then thereis an edgefrom S to vi with weight (Th2l + Th2l � 1)=2� h( fi)
(D) If (Th2l + Th2l � 1)=2 � h( fi ) < Th2l , then thereis an edgefrom vi to T with weight h( fi ) � (Th2l + Th2l � 1)=2
(E) For all edges2 N, edgecapacitiesaregiven by the weightsw(ei; j ) = b R

dist( fi ; f j )
c

6. Calculatea maximumS-T �o w in the edge-capacitated�o w network N.
The maximum�o w saturatesa min-weightcut

7. All verticeson the S sideof the cut areassignedto DML l anddeleted
8. The remainingverticesareassignedto DML k

Fig. 5. k-DML AssignmentMethodology

Metal thickness

A BMetal 3 C

Metal 2

ILD

ILD height

Fig. 7. Thicknessvariationafter metaldeposition.

capacitanceandresistanceof eachconductor, asestimatedby
BPTM interconnectmodels [13], are 0.174f F and 0.449W.
To re�ect actualdesigncontext, we buffer eachinterconnect
accordingto closed-formequationsfrom [14].5

Fig. 8. Schematicof a buffered interconnectsystem

Figure 8 shows a system of three parallel buffered in-
terconnectthat is used in our experiment.Using the above
parameterswe con�gure our buffered interconnectsystemin
SynopsysHSPICE U-2003.09to computecircuit delay [19].

5The buffers are insertedat equaldistancesalong eachinterconnect,i.e.,
at positions1000,2000,3000,and4000micronsfrom the driver.

As describedabove, CD differencebetweenSOPCandTOPC
is +/- 22nmfor +/- 100nmILD heightvariation.Assumingan
ILD height variationof +/- 100µm, and threedifferentmetal
thicknessvalues we have consideredseven possiblecases.
Accordingto theresultsin TableII, SOPCcanresultin timing
error up to 12.4%.

IV. EXPERIMENTS AND RESULTS

We use two benchmarkdesignsin our experiments.The
�rst benchmark(Benchmark1)is the alu128 core with 8.7K
instancesfrom Artisan libraries in a 90nmtechnologyusing
SynopsysDesign Compiler v2003.06-SP1. The synthesized
netlistsareplacedwith row utilization of 90% usingCadence
First Encounterv3.3. The secondbenchmark(Benchmark2)
consistsof combined aes and des cores with 189K total
placeableinstancesand65%row utilization,alsofrom Artisan
libraries in a 90nm technology. The netlists of both designs
have beenobtainedfrom OpenCores[15]. All designsaretrial
routedbeforerunningtiming analysis.On thelithographyside,
we useSigma-CSOLID-E v3.0 to investigateCD impact of
topography. CalibreOPC, CalibreOPCsbarand CalibreORC
from Mentor GraphicsCalibre v9.3 5.11 areusedfor model-
basedOPC,SRAF generationand optical rule check(ORC),
respectively.

First of all, we evaluatehow TOPCimpactsDOF enhance-
mentandCD controlusinga simpleteststructure.Figure9(a)
shows the simulationresultsof 3-bar line-and-spacepatterns
with 140nm line width and 900nm space.The � ve curves
from 0 to 0.4 representOPC patternswith modelsof 0 to
0.4 DOF values.CDs of the � ve different OPC patternson
X-axis from lithography simulation results using 0.0µm to
0.6µm DOF modelareplotted.SOPCcorrectsCD error with
only a zero DOF model, i.e., SOPC compensatesfor only
patternproximity error underzero DOF. For example,if the
patterncorrectedby SOPCis locatedat 0.3µm topography,
CD of thepatternis 119nmasshown Figure9(b) (seea curve
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TABLE II

COMPARISON OF THE TIMING DELAY USING SOPC AND TOPC; THE UNITS FOR WIDTH, tmetal , hILD, C=µm, R=µmAND DELAY ARE NM , NM , NM , f F , W

AND PS, RESPECTIVELY.

TOPC
Case width tmetal hILD C=µm R=µm delay

1 140 250 350 0.142 0.629 2.429
nominal 140 350 350 0.174 0.449 2.415

2 140 450 350 0.211 0.349 2.427
SOPC

Case width tmetal hILD C=µm R=µm delay %diff
nominal 140 350 350 0.174 0.449 2.415 0

3 162 250 350 0.165 0.543 2.752 -11.8
4 118 250 350 0.126 0.746 2.206 9.2
5 162 450 350 0.248 0.302 2.770 -12.4
6 118 450 350 0.183 0.414 2.187 9.9

representingOPCpatternsappliedto zeroOPCmodel).Thus,
the patternviolates CD tolerancewhich is typically +/-10%
of 140nm nominal pattern size. On the other hand, if we
apply TOPCwith 0.3µm DOF model to the patternon 0.3µm
topography, CD of the patternis 127nmwhich is within our
tolerance(seea curve representingOPC patternsapplied to
0.3µm OPC model.).Thus,we obtain betterprintability with
TOPC.

Table III summarizesthe experimental results. The total
DOF margin of OPC pattern on a particular topographyis
the sum of + and - directional DOF margins. DOF margin
of SOPC correspondsto the margin of the curve with 0
DOF while DOF margins of TOPC are different for 0 to 0.4
OPC models.For example, if a pattern is locatedat 0.2µm
topography, + directionalDOF margins of SOPCand TOPC
are0.05µm and0.12µm DOFs,respectively. - directionalDOF
margin of SOPCis 0.45µm while TOPCis 0.52µm. Thus,the
total DOF margin of TOPCincreasesby 0.14µm comparedto
that of SOPC.

80

90

100

110

120

130

140

150

160

170

180

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

DOF (um)

C
D

 (
nm

)

0

0.1

0.2

0.3

0.4

(b)(a)

900nm

140nm

Fig. 9. (a) Line-and-spacetest patternwith 0.14µm line width and 0.9µm
space.(b) Comparisonof DOF andCD improvementswith SOPCandTOPC:
the � ve curvesfrom 0 to 0.4 representOPCpatternswith modelsof 0 to 0.4
DOF values.

Secondly, we comparethe CD impactsin transientregion
with TOPCandSOPC.As shown in sectionIII-B, the TORC
is not applied to all regions due to tool limitation. Thus,
we assumethat the pattern located at the transient region
has averageDOF values of the two adjacentDMLs. 3-bar
line-and-spacepatterns(140nm line and 900nm space)are
usedagain to check the CD quality in the transientregions.
Figure 10 shows an example of topographyfor a testcase

with 0.2µm thicknessvariation. We assumethat the stepper
machinefocuseson DML2. Table IV shows the CD errors
of TOPC and SOPCin the given topography. DOF models
for TOPCin the transientregion areassignedby smallerone
of adjacenttwo DOF values.QORsof patternsin the region
areevaluatedusingaverageDOF model.Theresultsof TOPC
regions are much better than that of SOPCeven for patterns
in the transientregions.

3

2

1

0

DML Thickness (µm)

0.075 ~ 0.025            0.05               0.15

0.025 ~ -0.025            0.0                 0.1

-0.025 ~ -0.075        - 0.05              -0.15

-0.075 ~ -0.125          -0.1               -0.2

TOPC (µm) TORC (µm)

Fig. 10. A exampleof topographywith 0.2µm thicknessvariation: Y-axis
representsthicknesserror, DOF modelusedin TOPC,andDOF modelused
in TORC.

Finally, we implementedthe k-DML assignmentmethodol-
ogy in C++ asshown in Figure5. As thenumberof DML's (k)
increases,the numberof contexts that the OPCenginehasto
handlealsoincreases[16]. This leadsto �attening andhencean
increasein theOPCruntime.For eachDML, quali�ed optical
andprocessmodelsarealsoneeded.EachadditionalDML will
introducesigni�cant overheadin termsof test, measurement
andprocessmodel calibration.Thus,our choiceof k = 4 for
the numberof DMLs is carefully made:this is the smallest
numberof DMLs that will satisfy the fact that the stepper
machinedoesnotalwaysfocuson thecenterof thetopography.

Our DML assignmentalgorithm is used for two indus-
try benchmarkdesigns.The Benchmark1testcasehas 6127
featuresand the Benchmark2testcasehas 933985 features.
The optical radius R is set as 0.64µm. The runtimes of k-
DML assignmentfor Benchmark1andBenchmark2are0.31s
and38.7s,respectively. All testsare run on a hyper-threaded
Intel Xeon2.4GHzCPU.For eachtestcase,we assumedthree
differentpolish timesin theCMP model,which leadsto three
differentthicknessvariations,0.06µm, 0.1µm, and0.2µm. For
the caseof 0.20µm maximum thicknessvariation, we can
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TABLE III

COMPARISON OF DOF MARGIN WITH TOPC AND SOPC: TOTAL DOF MARGIN OF TOPC INCREASES BY 0.14µM COMPARED TO SOPC.

OPC Topography - directionalDOF + directionalDOF Total DOF
method thickness(µm) margin (µm) margin (µm) margin (µm)
SOPC 0.0 0.25 0.25 0.50
SOPC 0.1 0.35 0.15 0.50
SOPC 0.2 0.45 0.05 0.50
SOPC 0.3 0.48 0.00 0.48
TOPC 0.0 0.25 0.25 0.50
TOPC 0.1 0.38 0.18 0.56
TOPC 0.2 0.52 0.12 0.64
TOPC 0.3 0.49 0.09 0.58

TABLE IV

COMPARISON OF CD QUALITY WITH TOPC AND SOPC IN TRANSIENT REGIONS: CD ERROR IN TOPC CAN BE REDUCED BY UP TO 13NM .

DML Model for Model for Model for CD error with CD error with
TOPC(µm) SOPC(µm) QOR (µm) TOPC(nm) with SOPC(nm)

3 0.05 0.0 0.05 1 6
2 � 3 0.0 0.0 0.025 3 3

2 0.0 0.0 0.0 1 1
1 � 2 -0.05 0.0 -0.025 4 3

1 -0.05 0.0 -0.05 1 7
1 � 0 -0.1 0.0 -0.075 4 10

0 -0.1 0.0 -0.1 1 14

generatefour different DMLs with 0.05µm step size6 for
Metal 3. Speci�cally, DML 0 representsall metal lines with
topographythicknessof 0.0µm to 0.05µm; DML 1 hasmetal
lines with added0.05µm stepsize,i.e., 0.05µm to 0.1µm; and
DML 2 andDML 3 aresimilarly assigned.

TOPC is applied to eachDML with modelswhoseDOF
values are based on the average thickness value of the
correspondingDML. Assuming that the Bossungplots are
symmetricalwith respectto 0µm defocus,(e.g., -0.05µm and
0.05µm areconsideredthesameasshown in Figure10),metal
lines have three different DOF values.TORC is performed
with worst-caseDOF modelsas in SectionIII-B. The non-
topography factors (DD) account for 0.10 µm defocus in
the testcasewith 0.2µm thicknessvariation. As a result, a
patternwith 0.05µm thicknesserrorwill have worst-caseDOF
of 0.15µm. Figure 10 shows thickness,DOF model usedin
TOPC, and DOF model usedin TORC. Each OPCedmetal
line in the hatchedareasis evaluatedby TORC with different
worst-caseDOF models.We apply this methodologyto both
the Benchmark1andBenchmark2testcases.

TOPC bene�ts increasefor larger EPE range and chip
size [11]. Thus, we evaluatehow TOPC impactsprintability
improvementfor differentchip sizesandEPEranges.TableV
shows the improvementof TOPCwith respectto EPECount,
which is the numberof edgefragmentson metal having CD
errorgreaterthanor equalto a certainthreshold.Eachtestcase
is validatedaccordingto two EPECountcriterions,i.e., EPE
Countwith +/-6nm (+/-7nm) EPErangewhich representsthe
numberof edgefragmenthaving CD error from 6nm(7nm)
to -6nm (-7nm). After TOPC, EPE Counts of Benchmark1
and Benchmark2are reducedby 9.2% - 52.3% and 14.3%
- 67.0%undervariousthicknessvariation regimes,as shown
in Table V. TOPC is increasinglyeffective in compensating

6The step size is calculatedas total thicknessvariation divided by the
numberof requiredDMLs.

TABLE VII

COMPARISON OF OPC RUNTIME AND DATA VOLUME BETWEEN SOPC

AND TOPC.

Testcase Original SOPC SOPC TOPC TOPC
Runtime Runtime

GDS (MB) GDS (MB) (min.) GDS(MB) (min.)
Benchmark1 5.0 7.2 17 9.4 22
Benchmark2 696.2 2706.7 3351.1 3073.4 3459.7

for CD error asthe wafer topographyexhibits morethickness
variation.Moreover, averageimprovementof Benchmark2is
larger than that of Benchmark1since larger chip is exposed
by more topographyvariation.

We de�ne worst-caseEPE Count as the numberof edge
fragmentswith EPE exceeding+/-14nm EPE, which is +/-
10%of 140nmnominalmetalline in bothbenchmarkdesigns.
The worst-caseEPEmay translateto functionalfaultssuchas
notchingandbridging of patterns.Patternfragmentswith the
worst-caseEPEaremoresensitive to othervariationssuchas
chip-to-chip,wafer-to-wafer, andmachine-to-machine.Hence
the worst-caseEPE hasbeena typical measureof functional
faults in industry practice as we considermore variations.
TOPCreducesthe numberof worst-caseEPEsby up to 72%
asshown in Table VI. The improvementsin processwindow
andpotentialyield comeat the costof someincreasein data
volume and OPC runtime, as shown in Table VII due to
hierarchy�attening and context increaseof TOPC.However,
the increasedcostsof datavolumeandruntimearenegligible
comparedto the large printability improvement.

V. CONCLUSIONS AND ONGOING WORK

In this work, we have proposedthe �rst methodologyfor
wafer-topographyawareOPC.With anexperimentaltestbedof
90nmfoundrylibraries,industryOPCrecipes,andcommercial
OPC and ORC software tools, we have con�rmed that our
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TABLE V

COMPARISON OF EPE COUNT REDUCTIONS WITH SOPC AND TOPC.

Testcase Thicknessvariation (nm) Reductionof EPECount Reductionof EPECount
with +/- 6nm EPErange(%) with +/- 7nm EPErange(%)

Benchmark1 +/- 30 9.2 10.7
+/- 60 22.3 29.1
+/- 100 34.9 52.3

Benchmark2 +/- 30 14.3 15.2
+/- 60 38.1 39.4
+/- 100 48.1 67.0

TABLE VI

COMPARISON OF WORST-CASE EPE COUNTS WITH SOPC AND TOPC.

Testcase Thickness EPECount for Ranges EPECount for Ranges Percentage
variation (nm) exceeding+/- 14nmin SOPC exceeding+/- 14nmin TOPC Improvement(%)

Benchmark1 +/- 30 21 9 57
+/- 60 35 12 66
+/- 100 47 16 66

Benchmark2 +/- 30 55 20 64
+/- 60 99 31 69
+/- 100 119 34 72

techniqueachievesup to 67%reductionin edgeplacementer-
rorsat +/- 100nmthicknessvariation.In particular, TOPCcan
achieve up to 72% worst-caseprintability problemreduction
suchasnotchingandbridging of patterns.

Our researchon the electrical impact of the proposed
method shows that the timing uncertaintyis reduced.With
dimensionsscalingfasterthanthe lithographicprocess,depth
of focus and hence awarenessof topographicvariation in
RET will becomeincreasinglyimportant. Thus, we believe
that topography-awaretechniqueswill be critical for reducing
parametricvariation- particularlyof interconnectperformance
- in future technologynodes.Our ongoing work is in the
following directions.

� Lithographicprocesswindow is oneof themostimportant
reasonsfor stringent requirementsfor the CMP and
dummy�ll processes.A topography-awareOPC�o w will
enablereductionin layout densitycontrol requirements,
and hencethe design impact (e.g., capacitive coupling
overhead)of dummy�lls. We areinvestigatingthe inter-
actionbetweendummy�ll andOPCin this context.

� Assist featuresare insertedin the OPC �o w to increase
depth of focus of isolated features.TOPC uses more
accurate“nominal” focus valueslocally, which can lead
to a reducedcomplexity of assistfeatureinsertion�o ws.
We arecurrently investigatingthis synergy.

� We are currently investigatingways in which the DML
partitioning�o w canbemademoredesign-aware.For ex-
ample,thereareseveralwaysin which timing andpower
constraintscaninform thestepsof DML constructionand
featureassignmentto DMLs.

� Finally, we areinvestigatingimprovedTOPCandTORC
�o ws to handlegeometriesat theedgesof a DML (recall
that we currently ignoresuchgeometries).
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Footnote 1: Dummy �ll insertion changesthe coupling
and total capacitanceof interconnects[3], and thus itself
inducesdesignclosureissues.However, in this work we do
not addressthe questionof improved �ll synthesisto reduce
topographicvariation.

Footnote 2: Thereis dielectric depositionand resistspin-on
after CMP, and the pro�le following these two steps is a
more accuraterepresentationof the wafer's defocusmap. In
the presentwork, we assumethat the depositionand spin-on
processesconform to the post-CMP pro�le, as is typically
the case.

Footnote 3: Commercial CMP simulation software is
available from companiessuch as Praesagus[9]. In our
current implementation,we use a CMP simulation model
derived from the Ph.D. thesisof Tugbawa [10].

Footnote 4: h( fi ) is the thickness value of the CMP
simulation tile, in which the geometrycenterof the feature
fi is located. The size of tile is primarily determinedby
the interaction length in CMP process (100-200 microns
for Cu CMP). In thispaper, a tile sizeof tenmicronsis chosen.

Footnote 5: The buffers are insertedat equaldistancesalong
each interconnect,i.e., at positions 1000, 2000, 3000, and
4000micronsfrom the driver.

Footnote 6: The step size is calculatedas total thickness
variationdivided by the numberof requiredDMLs.


