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- APPARATUS, METHOD AND COMPUTER PROGRAM PRODUCT FOR

FAST SIMULATION OF M[ANUFACTURING EFFECTS DURING
INTEGRATED CIRCUIT DESIGN 5 TECHNICAL FIELD: The invention
generally concerns methods, apparatus and computer program products
for simulating and designing integrated circuits, and more particularly
concerns methods apparatus and c r
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BACKGROUND:

As CMOS technology continues to scale, integrated circuit designs are increasingly
affected by the variability in the back end of the line. In order to achieve acceptable design
quality, theses variations should be well understood so that their impact can be taken imto

account in circuit and layout design flow.

Chemical Mechanical Planarization (“CMP™) is a primary technique to planarize
fayout surfaces in order to establish reliable multilevel copper interconnects, and constitutes
one or more steps in a typical semiconductor manufacnmg process. In modern
manufacturing processes, after depositing a new layer of material on previous layers of
material along with an insulating dielectric, a chemical mechanical polishing step removes
excess materials and planarizes a target surface with a combination of chemicals and
mechanical forces. The smooth surface is necessary to maintain photolithographic depth of

focus for subsequent steps and also to ensure establishing reliable multilevel copper
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mechanical forces. The smooth surface is necessary to maintain
photolithographic depth of focus for subsequent steps and also to ensure
establishing reliable multilevel copper | of focus for subsequent steps and
also to ensure establishing reliable multilevel copper interconnects.

However, due to dishing and erosion, thickness variations still exist after a

oc[; %nguSSffBrr %ﬁﬁééqdéﬁ{ as'tggépaﬁg RRG 8 tgﬁﬁﬂ'@ rk%gb\fﬁsﬂﬁtéo& EA108 0RiL0E copper
order of 20-40%. In order to capture thickness variations after a CMP

ig{é}igﬁe(gsnumber of CMP simulators have been proposed, and several
DA vendors have developed industrial tools (comprehensive simulation
tools) to simulate CMP processes. 10 As feature sizes drop below 90nm,
boundaries between design and manufacturing become blurred, and

Desig@q[,%%@f‘lﬁ%ﬁ%‘@mﬁ% Q@%Msl&?%k@&&ﬁs@%%gﬁg@saﬁ @%ﬁst after a CMP

important concept in nanometer circuit design. It is highly desired to

| G& 9?&%@%}3%‘6&% QE&M&Q%%% i@a@_ﬁf@ HB %@0@@9?_2%24‘6‘%? tfheorder

MP-induced copper thickness variations, which may affect wire

[esisiancs,pnd Garaciiange nand fediiererd o fiming,d S SangesntRRRE have

accurately captured during the design stage. In the "2D", RC extractors
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to cover both systematic and random thickness variations in copper

WHRIERRNGEH) TS KnawR da illeliR CMP modeling can accurately
predict systematic 20 variations in metal layers and help to eliminate the
systematic variation guard band leaving

As feature sizes drop below 90nm, boundaries between design and manufacturing
become blurred, and Design for Manufacturability (“DFM™) has been established as an
important concept in nanometer circuit design. It is highly desired o incorporate the
effects of CMP processes in layout and design so that the CMP-induced copper thickness
variations, which may affect wire resistance and capacitance, and further lead to timing
changes, can be accurately captured during the design stage. In the “2D”, RC eXIractors
have 1o set a large conservative full chip guard band (around = 20%) in order to cover both

systematic and random thickness variations in copper interconnects.

It is known that full chip CMP modeling can accurately predict systematic
variations in metal layers and help to eliminate the systematic variation guard band leaving
only a relatively small random variation guard band. This helps to reduce the pessimism

on timing estimation and increase the overal! net delay accuracy. References shows that
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only a relatively small random variation guard band. This helps to reduce
the pessimism on timing estimation and increase the overall net delay
accuracy. References shows that when comparing the worst case
analysis, the total capacitance with CMP-aware timing is smaller by up to
12% of the capacitance when compared to the traditional approach. The
traditional a r ach does not OI’lSI T CMP eff s Alsq.t
oﬁefhaos%ﬁ?egﬁ’ P S RN R R TR fithe
llF tlmln f reff %{g ca? Iz\z/clzlt:; 5(:Selr\pv le%tlgon C%?e?jop th% H:Qg '{ \ﬁ%it anch The
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fills are. required b II fou for loca iy,
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holes). Fills and holes are usually inserted in the product layout post

design stage, and the fills (holes) have a large impact on layout

t I h
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S variations can change by 58% as a result of
%%%@:&?ggg 2 Gl euhny cﬁﬁ%%%eﬁa?%tﬁ 3, Tl Ao with MR ARG NRleSdy every
component in the design, but also dummy fills. However, in large-scale integrated circuit
designs, the hierarchical approach is widely adopted such that designers may work only on
part of the design, and no full chip information is available. Furthermore, dummy fills are
required by almost all foundries for local metal density adjustment. (Some foundries also
have requirements on cheesing holes). Fills and holes are usually inserted in the product
layout post design stage, and the fills (holes) have a large impact on layout smoothness.
Simulation results show that standard deviations on copper interconnect thickness

variations can change by 58% as a result of incorporation of dummy fills. In short, a full

design with fills and holes is required for accurate CMP prediction.

Second, the execution time of a full chip CMP prediction is long, measured by

hours. However, the design process is an iterative process, and multiple iferations are

12
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20 Second, the execution time of a full chip CMP prediction is long,

measured by hours. However, the design process is an iterative process,

and multiple iterations are 3 required to refine and optimize the design.

This means that the CMP copper interconnect model may be called

multiple times. So the run time of the CMP model has to be short enough

to facilitate a tight and timely design schedule. A long execution time for a
ERTCTHBARI e R FE AT RATBIFN HHE i SERgee Aprconect
the late design stage, incremental optimizations are highly desi cl&in order
f@@%ﬁ@%ye@aﬁﬁgdd@gﬂgﬁ?o&)m@in%rabﬁﬁ@%ﬁw&fa%gﬁ@l% {5 iy 0 shor
design changes. In general, these incremental operations are, applied
P S B R BT SR e (e PREGHRS Bt g CMP
stays unchanged. Ideally, CMP predictions should 10 be updated for only
fRede! éﬁ%ﬁﬁé%}’r@@%ﬁ“s‘.tﬁ-ﬁm‘é IORB BRASHHEFAE have to consider the

long range impacts, and will still take the full chip information for a full chip
prediction, which takes a long time to complete. Accordingly, those skilled

in the art seek methods, apparatus and computer 15 prigrgg% roducts

that ovéYcHin & thEsusinieaor i BTIRE B U BRZA UMM ARY OF g I order

INVENTION ) - . . :
honor existing designs while improving the performance and tackling design changes. in

general, these incremental operations are applied only in small, localized regions of a
design, and the majority of the design stéys unchanged. Ideally, CMP predictions should
be updated for oniy those changed regions. However, the CMP modeis have to consider the
long range impacts, and will stil} take the full chip information for a full chip prediction,

which takes a long time to complete.

Accordingly, those skilled in the art seek methods, apparatus and computer

program products that overcome these limitations of the prior art.
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The foregoing and other problems are overcome, and other advantages

are realized, in accordance with the following embodiments of the

invention. 5 A first embodiment of the invention is a method comprising:
generating a design of an integrated circuit; while generating the design

of the integrated circuit, using a simplified model to predict at least one
physical characteristi ﬁé_gf [ eﬂic#r l{,ﬁ% sults from a
processing step to beg &%ﬁgs%anu a@ﬁjre 0 teéfﬁtegrated circuit,
wherej tfe simplified model is derived from simulati r IO+

o tho ELETET GENET R SO et SR A Shi S SEs  Bizd
.program used.to m g | the physical charagteristic: predicting
1‘5%??8?#8%%%‘”8? %&e% f‘é’%%ee C|?§h1?%%n§|snag? e'pre 1Liigotltzﬁ‘d physical
characteristic; and adjusting the design of the integrated circuit in
dependence on the performance prediction. 15 A second embodiment of

the invention is a,method. comprising: select re ntafj : -
integrétgﬁsﬁf’r’@sgﬂ?ﬁg?ﬂéoa %&n%p‘?% t!egnnsf\slea g}%%l??g[i%oﬁl? t‘(g)%%%é’ 'pr’:eé'[ ict %na 2 design

sical characteristic of.the representative inteqr, lrcuit rasulti :

o E R SAT G S BT P Bt A UM, wsing o

artitioning the layout.into. grid tiles and classifyi . tiles i miromti
%‘ggég% nﬂ?ﬁ’é16 r?rlteotr%es“;%lﬁgsi%tg Set 8 PgchHrl%lncg o%%%é%%%nﬁé e%ngil:\%gagﬁ ctreutt
simulation program to generate a.simplified.mo j tod cireus
ST AT POt St i T L PO IE Aot v

%ﬁ%&gir&%a}%eﬁge gl%gefitl{%edseir%géifiﬁgmms%%%lat?ofnwgepmg@prioz‘ to the design

aCteI’IS%IC reated from the representative s

generation activities using a comprehensive simuiation program used to modei the physical
characteristic; predicting performance of the integrated circuit using the predicted physical
characteristic; and adjusting the design of the integrated circuit in dependence on the

performance prediction.

A second embodiment of the invention is a method comprising: selecting a
representative integrated circuit; using a comprehensive simulation tool to predict a
physical characteristic of the representative integrated circuit resulting from a
manufacturing step of the particular manufacturing process; partitioning the layout into
grid tiles and classifying the tiles into classes based on tile metrics; using the predictions of
the comprehensive stmulation program to generate a simplified model of the physical
charaqterist'sc that result from the manufacturing step for each tile class; and using at least

one of the simplified models of the physical characteristic created from the representative
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integrated circuit instead of the comprehensive simulation program durin

| g g
mtegra.ted circuit design to adjust an integrated circuit design. A third
embodiment of the invention is a computer program product comprising a

5 computer readable memory medium tangibly embodying a computer
program, the computer program executable by digital processing

.apparatus, wherein when the program i

e R B R
simplified model to predict at least on sical characteristic of the

NG E R ctﬁ}'caéﬂtuﬁ\}k%%ﬁn%%r&%sg 1‘cr1c§rrL?1 é%}:)érgo essing step to be used during
manufacture of the 10 integrated circuit; to predict performance of the
integrated circuit using the predicted physical characteristic; and to adjust

the design of the integrated. circuit in de
predicéo%ﬁl.lrg g’ugr(%ﬂﬂé]fgn ?8%?%‘1%?%? (% ?0% fﬁ\%&%loﬁ ig?a?) E%Qﬁgl%?%%@g%%%mmg :
roduct comprising 15 a computer ol ed) '

g%&??flir{aaég ({:)gem%& e?rﬁromg?a}%’%]tﬁé%%gn?ﬁpp%{g% prog anr%1 gg@lﬁ%?gb%am’ the
igital rocessing apparatus rei |
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integrated circuit into and tiles and classi tiles. | I d;

R L Rl ST A e e

charactaristic 0 g%tgeigﬁ)%éegl%ed%?%aﬁyeed{@g%gr%ta%g SHEWFGSMIURAG IR Gic of the

manufacturing s eﬁJo e particular manufacturing process; to use the

predictions of.the campr lve si ' 1

Tniearaied e %\vo%%hr&%{l%ﬁ%’r Sﬁ%ﬁ%ﬁk %t%%ocg AR GGNE Anbfacture of the

e physical characteristic that result from the
integrated circuit; to predict performance of the integrated circuit using the predicted

physical characteristic; and to adjust the design of the integrated circuit in dependence on

the performance prediction.

A fourth embodiment of the invention is a computer program product comprising
a computer readable memory medium tangibly embodying a computer program. the
computer program executable by digital processing apparatus, wherein when the computer
program is.executed the computer program is configured to partition a representative
integrated circuit into grid tiles and classify the tiles into classes based on tile metrics; to
use a comprehensive simulation too! to predict a physical characteristic of the
representative integrated circuit resulting from a manufacturing step of the particular
manufacturing process; to use the predictions of the comprehensive simulation program to

generate a simplified model of the physical characteristic that result from the
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6 manufacturing step for each tile class; and to use at least one of the
simplified models of the physical characteristic created from the
representative integrated circuit during circuit design to adjust an
integrated circuit design. 5 A fifth embodiment of the invention is an
apparatus comprising: a memory storing a computer program; and a
processing apparatus coupled to the memory and configured o execute
reRR R G FLER B 30 TRGIRSH BIR Bie ALJFAD AT QbGP s 3oitsly of e
operations are performed, the operations comprising: generating a design .
riaiaheRgraEaEifC G Gth O Ge Hisr ARG HHRIANNG M Brife iﬁ‘t‘i?b‘f% ing “Clreut
circuit, using a simplified model to predict at 10 least one physical
At aadiiR §F InegTed Fatedt drélPwhich results from a processing

step to be used during manufacture of the integrated circuit, wherein the
simplified model is derived from simulations performed prior to the design
generation activities using a comprehensive simulation program used to

model hBTHHgaRaIEIEr S5 EF SRR G RATBI CAHUS ISP gh g memory storing

integrated circuit using the predicted phgéséijcal characteristic; and 15

AGURAVE OHEETG O IHETIBF RPN PSS SR ARTCHEB Y g configuredto
performance prediction. In conclusion, the foregoing summary of the .
B B R ST B B TR A AP ET AR PeyPuics operations
example, one of ordinary skill in the art will understand that one or more . .
A5 BEHOBPEleHY FABRIAEABS INBBE RS CRATBY EoHtHEY Rt REEF o ™"
20 aspects or steps from another embodiment to_create a r%e\g 1 ot ot
e ETERL TR 5B SR ST VRt B RIS m g o Predt

skilled in the art will appreciate that steps of a_me,thog_ :
Jeast one physical characteristic of the integrated circuit which results from a processing

step 1o be used during manufacture of the integrated circuit, wheremn the simplified model
is derived from simulations performed prior to the design generation activities using &
comprehensive simulation program used to model the physical characteristic; predicting
performance of the integrated circuit using the predicted physical characteristic; and

adjusting the design of the integrated circuit in dependence on the performance prediction.

iIn conclusion, the foregoing summary of the embodiments of the invention is
exemplary and non-limiting. For example, one of ordinary skill in the art wili understand
that one or more aspects or steps from one embodiment can be combined with one or more
aspects or steps from another embodiment to create a new embodiment within the scope of
the present invention. Further, one skilled in the art will appreciate that steps of a method

embodiment can be implemented as functions in an apparatus embodiment, and vice versa.
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embodiment can be implemented as functions in an apparatus
embodiment, and vice versa. 7 BRIEF DESCRIPTION OF THE
DRAWINGS The foregoing and other aspects of these teachings are
made more evident in the 5 following Detailed Description of the
Invention, when read in conjunction with the attached Drawing Figures,
wherein: FIG. 1 depicts features of an integrated circuit created during
manufacturing; 10 FIG. IA depicts an ideal case of a single layer without
dishing or erosion; FIG. IB depicts a case with dishing and erosion; FIG.
IC depicts a case with cumulative non-conformity; 15 FIG, 2 depicts a

system in accordance with the invention; FIG, 3 i% S ﬂ%\"%}jﬁr depicting a
method in accordgﬁégmﬁmg?%%b%. f art

depicting a method in accordance with the invention; and FIG. 5 s a. ' th
flowchdr<cISBrERHS ARGMIEF ASRFGE 1 ASS5rHARL RSyt e RVRRoRY gt o the
DETAILED DESCRIPTION OF THE_INVENTION To af%dr.ess these .issuesth i
ifpbanetgg RS I DERIEPHS Jredent MUEHIEn HEES St eMpIRREI EMP™
model based on simulation results from an industry CMP analysis tool,
RHRCRed e HRES 18HEER cBRE Based on tile metrics (e.g., density, wire

width, wire spacing,

FIG. | depicts features of an integrated circuit created during manufacturing;
FIG. 1A depicts an ideal case of a single layef without dishing or erosion;

FI1G. 1B depicts a case with dishing and erosion;

FIG. 1C depicts a case with cumulative non-conformity;

FIG. 2 depicts a system in accordance with the invention;

FIG. 3 is a flowchart depicting 2 method in accordance with the invention;
FIG. 4 is & flowchart depicting & method in accordance with the invention; and

F1G. § is a flowchart depicting another method in accordance with the invention.
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5 wire length etc.). The fast new model of the invention successfully
addresses the above-identified three difficulties. The new model receives
prefill (prehole) designs as input, and generates post fill (hole) thickness
maps for copper interconnects. Accordingly, copper interconnect
thickness can be calculated on each tile. This allows local changes to be
well captured and easily updated. 10 In the_inventi ' try CMP
analysis tooI,%Mr @&W&%I%lﬁﬁ%m&e ography
predictions for copper ECD. and CMP,_is used.to generate CMP .
simulaifopfeEsss 1BF5RteRap ﬁﬁ‘éﬁﬁ’l%&MFnﬁ‘B% egéeegl.'*g}tﬂ?i‘ée%ho&l gres @ fast

CMP simulator, the simulation accuracy can be higher than 909% for 65
o e R Tk ey e S

the starting point for developing a simplified CMP, mqdel in accgt%dance

VOHRPHe=BTBR ISR DR DARISHRS HER By SRRURSG P thTH, Wire spacing.
manufacturing process, but also clearly related to the design itself.
BRABIE wRie i S 160 RO Bhc A HESE 120 BTN B e
as shown in FIG. 1. FIG. |A is a_ depictio

OWN | 3 n of an ideal case withoyt dishi
R S0 o B o G e RG] S BT s
IC depicts how cumulative non-ué}%formit on higher metal levels

. I :
RS LERET B NS S L S R AIS B E LR RS P BRI AT IS Sl G "
can be correlated very accurately wit . :
copper interconnect thicgness can e%almﬂzﬁg tgrgneach tile. This allows local changes to

be well captured and easily updated.

In the invention, an industry CMP analysis tool, which accurate provides full chip,
multi-level topography predictions for copper ECD and CMP, 1s used to generate CMP
simulation data for particular manufacturing processes. For this kind of CMP simulator,
the simulation accuracy can be higher than 90% for 65nm Cu CMP process. The simulation
data from the CMP simulator forms the starting point for developing & simplified CMP

mode] in accordance with the invention.

CMP planarization is not only affected by the manufacturing process, but aiso
clearly refated to the design itself. For example, wide wires tend to “dish™ and thin dense
wires tend to erode as shown in FIG. 1. FIG. 1A is a depiction of an ideal case without
dishing and erosion. FIG. 1B is a depiction of a case with dishing and erosion. FIG. 1C

depicts how cumulative non-uniformity on higher metal levels increases the thickness
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dependencies in the design itself. Almost all foundries require an effective
metal density to 5 be satisfied for better layout planarity and yield
optimization. To adjust the local pattern density, dummy fills (and
sometimes cheesing holes) are used in the foundry industry. Dummy fills
are electrically inactive features. They are inserted in sparse regions to
enhance the local pattern density. On the other hand, cheering holes are
VA4HEYHh wide wires in order to reduce the local pattern density and
alleviate the degree of dishing. In 10 short, both dummy fills and cheesing
holes are designed to improve layout smoothness. Both dummy fills and
cheesing holes have large jmpacts on I%¥§Ut smqothpess. The si}mul ion

resultSBRFMS e SIS ARV AREH S5 MoGe SRoW that the oo
Cu thicknes iation i d ically withaut fill holes. For .
(SRERHBRE 8 Vs AR o AR R FALLE CASCBG Tig consty t

change by 58% as a result of incorporation of dummy fills. And the

AR B PRt AP L S T BT s B jcal pater
cheesing holes, In short, in order to get a reasonable CMP prediction; fill ,
GFE FAER HGSCBR FETSHEE: CRFEHA B ROt A i

need to be heavily ground rule restricted (i.e,, to eliminate holes). 20 The
CHTRITA 08 G e TGP AteT NS RBUETIn OH Lo B fhirss Tedions (o

invention is based on pattern dependencies of the desi .'{o o
n§€[ & r?\ gnno es are made in wide

BN O PR RSO S RS TR PR ST e attiched fhto

rid tiles. Different tile metri i —_
gvires in Sorder to reduce theei[(glc% Sgﬁe%? '88&‘3%%%5% 'S IL,%‘{&&“&,Q gg‘égge of dishing. In

short, both dummy fills and cheesing holes are designed fo improve layout smoothness.

Both dummy filis and cheesing holes have large impacts on layout smoothness.
The simulation results on two designs with the validated 65nm Cu model show that the Cu
thickness variation increases dynamically without fills and holes. For example, the
standard deviations on Cu thickness wvariations can change by 58% as a result of
incorporation of dummy fills. And the variations are doubied as a result of excluding both
dummy fills and cheesing holes. In short, in order to get a reasonabie CMP prediction, fill
(hole) impacts must be included. Otherwise, metal densities and widths need 1o be heavily

ground rule restricted (i.e., to eliminate holes).

The calculation of the calibrated CMP model in one embodiment of the invention 18

based on pattern dependencies of the design. To characterize the design patterns, the whole

10
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pattern of each tile. These tile metrics can be derived tile by tile (i.e.,
tile-independent), and supports incremental update. Therefore, the tile
metrics for a given tile can be derived independently. Although the

validated CMP 65nm Cu model from a comprehensive CMP simulator is
accurate, several improvements made in the present invention increase its
usefulness in a design flow: These improvements address the fact that ,
eI ORISR S @gdiFdenl BTy M Sk TRFECH R FRICHRIsd tielecp e design
reflected in the model; non-incremental 10 calculation; and long executio?
RrETDp CeRiilh disird i metdanheAR e HeEER] Ba by BiHesdrdrensadent), and
resolved in embodiments of the present invention. To address, the first .
W@Wﬁﬁf&%@ﬁ%ma%t%m”ﬁ%ﬂﬁﬁéﬁt BrtHi MGHMARRE S5 fptierfan be derived
metrics that are derived from a prefill (prehole) design, i.e., the tile metrics
BeRIdentted 15 directly from a design without fills and holes. The output
model of the present invention, however, is the Cu thickness of each tile

on the same design with fills and holes inserted. In other words, a model
made in accordance with the invention simultaneously predicts the impact

of tile rivkEBEriIY HilRSHSEABNS THITC thidadebsTofts A sompEdTps s CMP

set of standard fill (hole) insertion rules are applied throughout the design, .
aiRET HpKSBTOC N ESe mr@%mefmma%%e@stteswéeapéava%ﬂwm?ﬁ%% ts
knowing the details of these rules. This assumption has been validated in -
resefaliean Suiadcaiea Gioey 1 Threr ATIreYeIRB'S ae iSSP feBaPRld destens
accordance with the invention predicts ‘ .

require fill (hole) insertions and thus these must be reflected in the modet; non-incremental

calculation; and long execution time of comprehensive CMP simulation tools.

Each of these probiems is resolved in embodiments of the present invention. To
address the first problem. an exemplary embodiment of the model takes as input tile
metrics that are derived from a prefill (prehole) design, i.¢., the tile metrics are calculated
directiy from a design without fills and holes. The output model of the present invention,
however, is the Cu thickness of each tile on the same design with fills and holes inserted.
In other words, a model made in accordance with the invention simuitaneously predicts the
impact of tile metrics and fill hole insertions on Cu thickness. It is assumed that 2 set of
standard fili (hole) insertion rules are applied throughout the design, and the impact of
these rules on Cu thickness can be predicted without knowing the details of these rules.

This assumption has been validated in large industrial designs.

11
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the Cu thickness of each tile independently and ignores the interaction
between neighboring tiles. In an iterative design flow, this feature allows
incremental updates to Cu thickness for tiles changed in one design

stage, without affecting the other unchanged tiles. 5 It is acknowledged

that neighboring tiles do affect each other to some degree, butitis only a
secondary factor. For most industrial designs, tile metrics change | ,
gradudmpadrss §1onsighiisoriog et BNThE ELreFieRARRatBle (RY SEHARMISAICE
determined by the properties of the tile itself. Similarly, the multi-level
trapGetseknget consreBrdian fsenmRRESLST AN BRSO fOr BIFFRAIAR) . fEtween
is noted that the model targets to be applied in the design stage, 10 while
waigbboringaiivicl is ey CRPVSiARsiEtole sréhtd BRs AW RSB RIHRRics to (i
stage. Still, the validation results demonstrate that, for large industrial )
dptihcasionslienenansadin PIsEeTivR AGH YiUBLUAHGRARS HhE GibFbHAchRREgd ties.
thickness while considering tiles independently. To address the third |
prisieknowipAgrhine Reashitgap pleradhadestiieatis A Re PSRRI B o1
function to directly capture the impact of tile metrics and fill (hole)
inseseivhsoficry tHiekTBes, WARBTE SR dlgHIFE STl syt across
CMP simulation steps as in the prior art. An idea that inspired this work is,
treechbpyinetiilesthad, hisinyg SHARRTAINNGS PR hARETORACOPHFtiproperties of
(pre-hole) title metrics and their corresponding Cu thickness after fill
(helBkciniselftionslibmk cin RAH-leYRatRORTATIAE MbIERESISEduIaiaRmode! of the

predict Cu thickness 20 for previously unseen designs. The CM

eCMP
SiveiEeors HiEwli e gdhi ARA AR IO TR RhRRTIALT BF IREGdM RS e g Sieee:

while most of the industry CMP simulators are 1o be used in the posi-design stage. Still, the
validation results demonstrate that, for large industrial applications, the model of the

invention gives accurate predictions of Cu thickness while considering tiles independentty.

To address the third probiem, a machine learning approach is adopted to train a
black-box function to directly capture the impact of tile metrics and fill (hole) insertions on
Cu thickness, without going through the time-consuming CMP simulation steps as in the
prior art. An idea that inspired this work is the conjecture that, using sufficient training
data in the form of prefill (pre-hole) title metrics and their corresponding Cu thickness after
fill (hole) insertions, one can learn a mathematical model to accurately predict Cu thickness

for previousiy unseen designs.

The CMP simulator is used to generate data to frain the model of the invention.
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Given a prefill (prehole) design D , a proprietary industrial-strength tool is
used to insert fills and holes to generate a detailed design H . H is then

fed into the CMP simulator and the predicted Cu thickness i is recorded. i

is used as the output training data and the prefill (prehole) design D as

the input training data for the model of the invention. A set of tile 5 metrics
(e.g., density, wire width, wire spacing, wire length etc.), which are used
Giyethe pCRIDEIPhOlSEFINC NP HPERRENEHY i dudrpsHIRaT Bp! ﬁdfsed to insert
illustration, it is assumed that the set includes three tile metrics: a
flindis! 1o o seneentignioiies Seenl 5F nCtiedionded 1o the GHE éiﬁ%‘a’m and
n-dimensional column vectors, with each element ti, a" b, , andc; (I _<

tie prefiireddOurbpaneing tocHneddatd forsediRs the Qtliﬁuéé@uﬁ’fé’diﬁ%%@dhe prefill
thickness t is a quadratic function of tile metrics k, b , and
(it g iBhas She BYARINEENIA%S fopthe) meds £ 1ihy ayeRtiona ob e, of tie
(I where e, is the prediction error, and 6,62 ,..., f,r are model parameters to
betizined. dmshe Yotowid notiones e weedergitps:)cwhichhrg used by the
b"arc"b,c;) 13 Here 6 is the model parameter vector. Z is the error vector,
EME anm@a@m@nﬁ&ﬁﬁlm@n@m@@ﬁ%ﬁd@&% il TEsiRS & fhassumed
i-th tile, where 1 <_i5n"' Xis an n-by-10 matrix that denotes the tile
matressonadlaidilasree tile metrics: @, b, and ¢. Suppose design D has a total of n

tiles. Here 7, &, b ,and ¢ are n-dimensional column vectors, with each element ¢, «,. b,,

and ¢, (1<i<n)are corresponding to the date for a tile.

It is assumed that Cu thickness 7 is a quadratic function of tile metrics a, & ., and

o

L =e 4B+ faa + B+ Buc = fal + B+ B M
+JBS a0, + 5961#6; + ﬁ](}bfcj (1 Si s ﬂ),

where ¢ is the prediction error. and f,, B,...., f,, are model parameters to be trained.

The following notations are used:

B= (B, Bureers B

E (8,850, %E,)

id

= LI
X = (irawarcwaf nba +C; rafbirafcffbfcf)

i — T
X=(%,%,..%,) .
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5 Equation 2 is a matrix form of Equation 1. It captures the relationship
between Cu thickness and tile metrics for n tiles. t =X4 +e (2) The

purpose of linear regression using least-square analysis is to find /3 that
minimizes the sum of the squares of the errors: 11 (3) minimize It can be
shown that this optimization problem has the closed form solution /3 in 10
Equation 4. It is also the maximum likelihood estimation of the parameter
vectoriérasguisingsthabtiee emarsescraresniormally disthibutedr vector. X, is a
13'=(XTX)'X'r (4) The training data generated by the CMP simulator is

USRI CRIGH SIS e AT RirL'ER dctiomdite ReasisbEudhigkarssvhefe 1<i<n.

previously unseen designs. For a new tiles, its three tile metrics a,. b,,

and cn AreLXYACked AR IRRWLYeRo adshendosmediand its Cu 15
thickness , is predicted as below: (5) 14t =Xr ~. (6) The simplified

discussion above assumes that a single unified model can predict Cu
thickness for all tiles. However, tiles may have dramatically different

propertigs @Rt heRAGRatrix form of Equation 1. It captures the relationship between Cu

thickness and tile metrics for » tiles.
T=Xp+z ()
The purpose of linear regression using least-square analysis is to find £ that

minimizes the sum of the squares of the errors:

L (3)
minimize > 7.

i=|
It can be shown that this optimization problem has the closed form solution £in
Equation 4. 1t is also the maximum likelihood estimation of the parameter vector 5,
assuming that the etrots ¢, are normally distributed.
F=X"XyX'7 )
The training data generated by the CMP simulator is used to calcuiate £, which in

turn is used to predict Cu thickness for previously unseen designs. For a new tile s, its three

tile metrics a_, b, and ¢, are extracted. An input vector X, is then formed, and its Cu
thickness 7 is predicted as below:

52; = (La.\"bﬁﬁc‘r?ai ’bs‘-‘Cifa.i‘ba‘-a‘vcxfb.vcs‘) : (5)

i4
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it requires a sophisticated model to predict Cu thickness for all kinds of

tiles. On the other 5 hand, it is well known that complex models have a
number of problems such as overfitting and being hard to train. Domain
knowledge is leveraged in embodiments of the invention to address this
challenge by combining classification with data regression. Tiles can be
categorized into 10 different classes based on their properties, and a
separate model can be built to predizf Gii thickness within each class. The ()
total number of classes is a small constant. Therefore, the number of

models is also small. For the specific problem of Cu thickness prediction,

it is found that the classifiers based on rules constructed by domain

expertsyLe;welyRifQntiigsi dnbevanRIgn Lasad: i theutile caeties: abpdde: Cu

¢, we can define the rules as follows. The 15 three classes are LOW,

HGE - NQRM s, AMAEL Bidsangd GhatgarnstantasreciigebRyi@s, and hence

domain expert or learned by a classifier. IF (a < AL) THEN { class = LOW

}ltﬁ'lft%ﬁ'ég a@oﬁh’%ﬁ&a@e‘ﬂ' Eﬂﬂd@?{@%eﬂik@ ChhieRnEdsSE i BrasBiirbe Ofcthk other
{ THEN IF (a < AM) THEN { class = LOW } 15 ELSE { class = HIGH} } }

hand, it is well known that complex models have a number of problems such as overfitting

and being hard to train.

Domain knowledge is leveraged in embodiments of the invention to address this
challenge by combining classification with data regression. Tiies can be categorized into
different classes based on their properties, and a separate model can be built to predict Cu
thickness within each class. The total number of classes is a small constant. Therefore, the
number of models is also small. For the specific problem of Cu thickness prediction, it is
found that the classifiers based on rules constructed by domain experts are very effective.
For example, based on the tile metrics a, b and ¢, we can define the rules as follows, The
three classes are LOW, HIGH, NORM. AL, AM, AH, BH and CL are constants specified

by a domain expert or learned by a classifier.

IF ( a<AL) THEN { class = LOW }
ELSE IF (a>AH) THEN { class = HIGH}
ELSE IF (b>BHlc<CL){

THEN IF { a < AM) THEN { class = 1.LOW }
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ELSE { class =NORM 5 First, tiles from different metal layers may fall into
different classes since different metal layers have different thickness
requirements. Within each metal layer, a tile is assigned to one of three
classes based on its tile metrics a, b and c, Based on the metal layers

and the rules above, tiles in the training data are assigned to different
classes, and the training data within the same class are used to train a

model for thile¥ast ¢seeHdliaklon 4). 10 Given a new tile s, first its
corresponding class is found based on its metal layer and the rules

above;j and then the model for that class is used to predict its Cu thickness
(See Equation 6). To validate the proposed approach, Ml and M2 from a

test chiplyhidtrintdd9RMLE wide variety of pattern structures are

selected as the sample data for Ml and Mx, respectively. Also other five
65nm real designs are used to verify the accuracy of the presented CMP
model. The Cu thickness of each tile from the model is compared against

the CNiirssiiHasdionprideesmmaalryers sRayotr NN SHEEIMK SHadrsiipre dHderent
results from the model are very close to those from the CMP simulator
withlaliveveirye diffsreasshinkress gosuromessMm I HEHe s BFfaVigRer. a fie is
smaller average error (< 0.3%) since both the model and the CMP
eenstooranef 85 %ot psed 1 ebABIdEF tReMRTID R MPRF imprRelioh fif metal
For Mx model, the CMP simulator will take the multiple layer impacts into
tagepraeidtipriaabans GbH, WhHETHRHBAGI OPIHENFR KIS IR GRS Thignd te
factor for simplicity. ) , ,
training data within the same class are used to train a model for this class (see Equation 4).

Given a new tile s, first its corresponding class is found based on its metal layer and the
rules above, and then the mode! for that class is used to predict its Cu thickness (See

Equation 6).

To validate the proposed approach, M1 and M2 from a test chip which includes a

wide variety of pattern structures are selected as the sample data for M1 and Mx,

- respectively. Also other five 65nm real designs are used to verify the accuracy of the

presented CMP model. The Cu thickness of each tile from the model is compared against
the CMP simulator prediction results. For both M1 and Mx predictions, the results from the
model are very close to those from the CMP simulator with an average error less than 1.6%.
The M1 model has an even smaller average error (< 0.3%) since both the model and the
CMP simulator model do not need to consider the multiple layer impacts for M1. For Mx

model, the CMP simuiator will take the multiple layer impacts into the prediction

16
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FIG. 2 depicts a system configured in accordance with the invention that is
capable of practicing methods in accordance with the invention. The

system 200 comprises a 5 computer 210. The computer 210 receives

input and commands from user input 211. Processor 212 of computer 210

is coupled to memory 213. Processor 212 is configured to execute
comprehensive CMP simulator 220 to generate simulation results that
doemagiostartiflg hoimpfist dbleloprigiarsignplisethic Mpansasimplicity.
accordance with the invention. The simulation results 221 are saved to
memory 213. Processor 212 uses the saved data to 10 develop the

simplified CMP model. The simplified CMP model 223 is used by VLSI
desigrFioP 22pidkrirmy\enstandisigrcattivsaertancsimiiites dmeeidopfthat is capable
manufacturing steps like CMP on real-world performance so that VLSI
depigriraneiadiu stett cufiengdesih ihT hevsroispsedfast Sipkd CMmetipes 2
model can easily be integrated into the design 15 flow. As shown in a
methoer dSPiciE: indmIBIE GREraataty S ARErdRACORMIRAR frove ien inme 211
method starts at 310. Then, at 320, placement is performed. Next, at 330;
Foothsspaditl optivmizstion 1§ padopinédo Rexoat 340, lonmrswiate g eured ©
analysis is performed using a simplified model constructed in accordance
witiotiseciovpreionsi ThénvIBt 850 at0rs S e dengrsehamgisign fesults that form a

completed. If not, the method returns to 330. If so, the method proceeds
20N 360 Wierd pesmpre cessing ar (RO MedrishaccpeiFarmudh Mixtyntion.
step 370, standard CMP simulation is performed. Then, at 380. hotspot
filingimmthtioning Wig Aef e paoMmBENTHE MhtReeratsps bt 88 thysaved datato

de\felob the simplified CMP model. The simplified CMP model 223 is used by VLSI
design tool 222 during VLSI design activities to simulate effects of manufacturing steps

like CMP on real-world performance so that VLS designs can be adjusted during design.

The proposed fast simple CMP Cu model can easily be integrated into the design
flow. As shown in a method depicted in FIG. 3 operating in accordance with the invention,
the method starts at 310. Then, at 320, placement is performed. Next, at 330, routing and
optimization is performed. Next, at 340, CMP aware timing analysis is performed using a
simplified model construcied in accordance with the invention. Then, at 350, it is decided
whether design is completed. If pot, the method returns to 330. If so, the method proceeds
io 360, where post processing fill (hole) insertion is performed. Next, at step 370, standard
CMP simulation is performed. Then, at 380, hotspot fixing and timing signoff is

performed. The method stops at 390.

17
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In the current practice, the timing calculation assumes the same Cu

thickness for the whole layer since no feasible CMP Cu model can be

used. This leads to a large guard band for RC extraction in order to cover

the thickness variations. Armed with this fast CMP 5 model, the

systematic thickness variations can be reasonably well captured, and it

helps to reduce the pessimism on timing estimation and increase the

overall net delay accuracy. After the design is done, dummy fills (and

holes) are inserted in the post design process. At this stage, the accurate
CMP dimidatoremautedcanthe: mpplied fotaimiraysipassieantihot Spdmess for the
fixing. 10 The model of the invention successfully addresses the three
diaidiasksiatthe exigiing EMPumodkls:aT e inplt Shihisqskoposetzamged band
does not require dummy fill (hole) insertion information, while the

fineHiC tedtitei Guithickerasscisy imdicathickots pestfilinholeimaseridddisgipst CMP
Therefore, this model can be used for CMP aware timing analysis during
theddb ttle sigrestagehfheensodshtfthednventisrvisthased oaptheediend it heips to
properties (e.g., density, wire width, spacing, etc.), which can be quickly
ealectatedmessimisthercuting stigetBased oncrihesehtileysropertiedelteaccuracy.
model prediction calculation takes only a constant time for each tile. The
fagtruinnitg timie adtowsumuitipié applicatiensaos theerieddeltiunng designprocess.
iterations. Moreover. the model calculation is tile-independent. So the
destgnthEngesicana20 e Rl dapturediteanbtileprdied foldisunabiefef! and hot
incremental designs. For a certain CMP process, only one set of models
(s, egnodel for one class), are needed and the models

The mode! of the invention successfully addresses the three drawbacks of the
existing CMP models. The input of the proposed model does not require dummy fill (hole}
insertion information, while the predicted tile Cu thickness is indicative of a post fill (hole}
methodology. Therefore, this mode! can be used for CMP aware timing analysis during the
design stage. The model of the invention is based on the tile properties (e.g., density, wire
width, spacing, etc.), which can be quickly calculated during the routing stage. Based on
these tile properties, the model prediction calculation takes only a constant time for each
tite. The fast running time allows multiple appiications of the mode! during design
iterations. Moreover, the model cajculation is tile-independent. So the design changes can
be well captured tile by tile, and it is suitable for incremental designs. For a certain CMP
process, only one set of modeis (i.e., one model for one ciass). are needed and the models

can be pre-calculated following the proposed approach. Once the models are built, when

18
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can be pre-calculated following the proposed approach. Once the models

are built, when 18 making predictions for previously unseen data, the

method computes the output tile property as a function of the input tile
properties, and they can be applied on all designs using the

corresponding CMP process. 5 Thus, a fast effective CMP model based

on the accurate simulation results from an industry CMP simulator has _
bekingesetibichsTfe expdrimbntistsouttstualivhaaathat tsRmpteelisaguiput tile
high accuracy. This fast model of the invention overcomes the three major
dramviizcls: dhthgoowrfeht suphisiic aredeaior modeds (g deuapabadgniaPdesigns
long run time and non-incremental prediction), and it can be easily

intipg rdsechirespendidie SiyH foronsaitiple 10 iterations of optimizations. In

-summary, FIGS. 4 and 5 are flowcharts depicting methods operating in

accordance with the invention. The method of FIG. 4 starts at step 410.

Then, at 420, a design program being executed in response to user
commaéfit:anrdae sfendind M sendelpeis eb ayethe reaB e daBigationgasults from an
integrated circuit. Next, at 430, the design program uses a simplified _
madsi o MEdithaletenbtoheepisseibehadstarptdnetie TpBliyataiiiate that this
circuit which results from a processing step to be used during .
merafdetuhizbatserimegriid feRcuiedsyiod réin Meivi TSE psdeli three major
derived from simulations performed prior to the design activities usinga
cbrpretiersdive simatatophirdenamCIdEamedeisdiet-tHal pfgrmainpyt, long run time
characteristic. Then, at 440, the design program predicts performance of
thedntegratethental prediction), and it can be easily mtegrated into the design for multiple

iterations of optimizations.

in summary, FIGS. 4 and 5 are flowcharts depicting methods operating in
accordance with the invention. The method of FIG. 4 starts at step 410. Then, at 420, &
design program being executed in response to user command and responding to user input
generates a design of an integrated circuit. Next, at 430, the design program uses a
simplified mode! to predict at least one physical characteristic of the integrated circuit
which results from a processing step to be used during manufacture of the integrated circutt,
wherein the simplified model is derived from simulations performed prior to the design
activities using a comprehensive simulation program used tc model the physical
characteristic. Then, at 440, the design program predicts performance of the integrated
circuit being designed using the predicted physical characteristic. Next. at 450. the design

program adjusts the design of the integrated circuit in dependence on the performance

19
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circuit being designed using the predicted physical characteristic. Next, at
450; the design program adjusts the design of the integrated circuit in
dependence on the performance 19 prediction. The method stops at 470.
In one variant of the method depicted in FIG. 4, the physical characteristic
is wire thickness. 5 In another variant of the method depicted in FIG. 4,
the processing step is chemical mechanical polishing. In a further variant
peihaimethodoetpictetns BIG/M, the processing step is 10
electrochemical deposition. In yet another variant of the method depicted
in FIG. 4, the simplified model reflects an effect of a modification to be
made to the design of the integrated circuit to improve ease of o
manufactueevdnn of stiflettner deptictnd of THE MethoditeisritelripcEIG g is wire
the modification comprises fills made to adjust local metal density of the
desigessin another variant of the method depicted in FIG. 4, the
modification comprises 20 holes added to adjust local metal density of the
design. The method of FIG. 5 starts at 510. Then, at 520, a program
operating in

in another variant of the method depicted in FIG. 4, the processing step is chemical

mechanical polishing.

in 2 further variant of the method depicted in FIG. 4, the processing step is

electrochemicai deposition.

In yet another variant of the method depicted in FIG. 4, the simplified model
reflects an effect of a modification to be made to the design of the integrated circuit to

improve ease of manufacture.

In a still further variant of the method depicted in FIG.4, the modification

comprises fills made to adjust local metal density of the design.

in another variant of the method depicted in FIG. 4, the modification comprises

holes added to adjust iocal metal density of the design.
The method of FIG. 5 starts at 510. Then, at 520, a program operating in

accordance with the invention selects a representative integrated circuit. Next, at 530 the

20
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accordance with the invention selects a representative integrated circuit.

Next, at 530 the 20 program uses a comprehensive simulation tool to

predict a physical characteristic of the representative electric circuit

resulting from a manufacturing step of the particular manufacturing

process. Next, at 540, the program partitions the layout into grid tiles and
classifies the tiles into classes based on tile metrics. Then the program
DRSEEALh A el kYD BRT Hs s BoHAsEh Ve Ripdifat oRsieR)refifrigteristic of the
generate a simplified model of the physical characteristic that results from
ThereReitifsetGiReg Istap ot a5erting cﬂ%@@ THEAVHEGBUthEhr@rals particular
uses at least one of the simplified models of the physical characteristic _
oremtBe D IR IS ISR B RAD i the grasaniRaritiprt dar grapgnto grid tiies and
comprehensive simulation program_‘during integrated circuit designto
altjisshiesthntdgranse daseithasaddin Uig eBie vERraDSPIRE fERethe predictions
depicted in FIG. 5, the physical characteristic is wire thickness. In another
va e R IRh RSO HRIBIGE PTATAE 1S SPReTHAfLTHBRIKISY Btedriofibe physical
chemical mechanical polishing. In a further variant of the method depicted
ishRIGtsistisdheiantriefinh dreimpnalaciBens sHaE sRele lsiiss. 209m §etd0. the
another variant of the method depicted in FIG. 5, the method further
dongbtBases at least one of the simplified models of the physical characteristic created

from the representative integrated circuit instead of the comprehensive simulation program

during integrated circuit design to adjust an integrated crreuit design.

In one variant of the method depicted in FIG. 3, the physical characteristic is wire

thickness.

In another variant of the method depicted in FIG. 3. the manufacturing step is

chemical mechanical polishing.

In & further variant of the method depicted in FIG. S, the manufacturing step 13

electrochemical deposition.

In vet another variant of the method depicted in FIG. 5, the method further

COMPrises:

Partitioning the layout into tiles and classify the tiles into classes according to tile metrics.
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Partitioning the layout into tiles and classify the tiles into classes according
to tile metrics. 21 In a still further variant of the method depicted in FIG. 5,
the method further comprises: receiving a proposed integrated circuit
design; splitting the proposed integrated circuit design into tiles; for each
tile of the proposed integrated circuit design, selecting a 5 class that most
closely matches the tile; and using the corresponding simplified model of
the tile class to model the physical characteristic of the particular tile. Thus

and REITIOSE L £ T EE e O Gt Shon S iy e
RGeS P AR ST R A ARG AL Bt o gt
e Sl ek SRS Se 8 S PN, s
o e ol S S hemerts st TR o o
R A B AS U ) O R 2 L CHbEg e Bociment tha
these described embodiments are presented for the purposes of

illustration and not of limitation; and that the present invention is therefore

limited QMY;PY 18 SIaims wich TolQW: 24 S alMiRvided by way of exemplary and

non-limiting examples a full and informative description of the best apparatus and methods
presently contemplated by the inventors for implementing a fast simulation of
manufacturing effects during integrated circuit design. One skilied in the art will
appreciate that the various embodiments described herein can be practiced individually; in
combination with one or more other embodiments described herein; or in combination with
methods and apparatus differing from those described herein. Further, one skilied in the art
will appreciate that the present invention can be practiced by other than the described
embodiments; that these described embodiments are presented for the purposes of
illustration and not of limitation: and that the present invention is therefore limited only by

the claims which follow.

3%
[ 3]



WE CLAIM: 1. A method comprising: generating a design of an integrated
circuit; while generating the design of the integrated circuit, using a
simplified model to predict at least one physical characteristic of the
integrated circuit which results fro% rocessing step to be used during
manufacture of the integrated circuit; ein the simplified model is
derived from simulations performed prior to the design generation
activities using a comprehensive simulation program used to model the
%ajft%l[ﬁ]aracteristic; predicting performance of the integrated circuit
usihg the predicted physical characteristic: and adjusting the design of
the intelgrate circ itdin dependence on the performance prediction. 2.
The method Of STl Icv?/]ﬁléig’ilﬂ%he physical characteristic is wire
thicknesesn.e 3. The metho of.apey o{ ‘tctfe' receding claims , wherein the
proces%mg%lgﬁ i Chemical eeRanica %ﬁshing. 4. The method of claim

" 2 WRRLRARGRIPERARSISP I SRR SRR G P aR

SImp Med model to

predict at least one physical characteristic of the integrated circuit which

results from a processing step to be used during manufacture of the

integrated circuit, wherein the simplified model is derived from simulations

performed prior to the design generation activities using a comprehensive

simulation program used to model the physical characteristic;
predicting performance of the integrated circuit using the predicted physical

characteristic: and

adjusting the design of the integrated circuit in dependence on the performance

prediction.

)

-

chemical mechanical polishing.

4, The method of claim 1 or 2, wherein the processing step is
electrochemical

The method of claim 1 wherein the physical characteristic is wire thickness.

3. The method of any of the preceding claims , wherein the processing step is



5. The method of any of the preceding claims, wherein the simplified
model reflects an effect of a modification to be made to the design of the
integrated circuit to improve ease of manufacture. 6. The method of claim
5 wherein the modification comprises fills made to adjust local metal

eegg,lltg of the design. 7. The method of claim 5 wherein the modification

comprises holes added to adjust local metal density of the design. 8. A
method comprising: selecting a representative integrated circuit; using a
comprehensive simulation tool to predict a physical characteristic of the

repres$ntat|\LFh|nt %[]at(?dfmrcw% tgsglrt?ln f%%g % grpﬁgngué%cwn[ﬁ%e b%e}ﬂ% odel

partlcu ar manufacturing pro €ess; p y
ssﬁyln%frfge til smt&ﬁl%%%%stb%sed ntile, m tl’lCS

predictions oﬁhe EOMprerensive Simt a%% rodraRTo éﬁ%g}%&ﬁ@d circuit to

Slmphfled mo eI of P Bmysmal characteristic that result from the
1HIPIro

nu¥a(:etur|ng 8F each class: and 24 using at least one of the
S|mpI|f|ed models of the physical characteristic created from the
representative integrated circuit instead of the comprehensive

6. The method of claim 5 wherein the modification comprises fills made to

adjust local metal density of the design.

7. The method of claim 5 wherein the modification comprises holes added to

adjust local metal density of the design.

8. A method comprising;

selecting a representative integrated circuit;

using a comprehensive simulation tool to predict a physical characteristic of the

representative integrated circuit resulting from a manufacturing step of the

particular manufacturing process;

partitioning the layout into tiles and classifying the tiles into classes based on tile
metrics;

using the predictions of the comprehensive simulation program to generate a
simplified model of the physical characteristic that result from the

manufacturing step for each class: and

24



simulation program during integrated circuit design to adjust an integrated
circuit design. 9. The method of claim 8 wherein the physical characteristic
is wire thickness. 10. The method of claim 8 or 9, wherein the
manufacturing step is chemical mechanical polishing. 11. The method of

claim {0l Sy Waer eI e dRARIARINAG. SIF0 7 ISHRRAP IR eristic created

deposition. 12. The method of any one o

comprising reGRVIY %ﬁ%@&g&gg%&@ﬁ%g %f&ﬂ'tt %%t?ﬁg@ %ﬁplﬁg nc%}%ggl ensive

proposed integrated circuit or eac of the prop

integrated cifgyifides| gﬁlﬁgﬂgg . maost e tches. the
tile; and using the cor?gg onding s%%?%ﬁéﬁﬁodfgn%%eﬁf%ﬁé %&%’l@gr ated

characteristigighgpgeggﬁticular tile. 13. A computer program product
comprising a computer readable memory 25 medium tangibly embodying
a computer program, the computer program executable by digital
processing apparatus, wherein when the program is executed the

compufer prpgramids, sonfighies IR 9aneHate ges iR Al ANINeIrate hickness.

circuit; to use a simplified

10.  The method of claim 8§ or 9, wherein the manufacturing step is chemical

mechanical polishing.

11, The method of claim & or §, wherein the manufacturing step 1s

electrochemical deposition.

12. The method of any one of claims 8 to 11, further

comprising:

receiving a proposed integrated circuit design:

splitting the proposed integrated circuit design into tiles:

for each tile of the proposed integrated circuit design, selecting a class that most
closely maiches the tile; and

using the corresponding simplified model to mode! the physical characteristic of the

particular tile.

13. A computer program product comprising a computer readable memory

25



model to predict at least one physical characteristic of the integrated
circuit which results from a processing step to be used during
manufacture of the integrated circuit; to predict performance of the
integrated circuit using the predicted physical characteristic; and to adjust
the design of the integrated circuit in dependence on the performance
prediction. 14. The computer program product of claim 13 wherein the

WRIGR G iskic [ . The rpr. m
PR Q@fjﬁg’ﬁf)&ﬁ o Wi%%lﬁ.ﬁ%ﬁeﬁ%r&lg, ?HE% 5 &I %ré’g%}glg %f(ecutabie by

product of claim 13 or 14, w processing step is’c

3 j ishi T g duct.of claim, 13 or
PRSI 48, DTS S L LB B

Semauter w&g@@&{&ggﬁéa{e%%g%ﬁ QF 245 %‘?5%3 $§u3598§%§i9%1%sﬁﬁed

comprises fills made to"adjust local metal dens e computer

pragiampiadugt of slaim s%&%hyy&%ﬁé@igm% 5%‘%?3 Pe%%ec%%w%ch&esuhs

comprises addition of holes'made to adjust local metaFdensity.

EBH}&U%%PJ&%Q% odust GRmPYS| %&MBH{S{J%?‘{%Q'?n@gﬂﬁ%ycimum to

mediu tanglbly.e_m odying a computer program, t_he computer program
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is to select a

program Is executed the computer progra configured

ﬁ@rﬁﬁaﬁ%vﬁénﬁggﬁqﬁ @f&%tteﬁf%@@r% in dependence on the performance

prediction.

14, The computer program product of claim 13 wherein the physical

characteristic is wire thickness.

15, The computer program product of claim 13 or 14, wherein the processing

step 1s chemical mechanical polishing.

16.  The computer program product of claim 13 or 14, wherein the processing

step 1s electrochemical deposition.

17 The computer program product of claim 13 or 14, wherein the

processing step comprises fills made to adjust local metal density.

18.  The computer program product of claim 13 or 14, wherein the
processing step comprises addition of holes made to adjust local metal density.
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integrated circuit is to be manufactured using a particular manufacturing
process: to use a comprehensive simulation tool to predict a physical
characteristic of the representative integrated circuit resulting from a
manufacturing step of the particular manufacturing process; to partition
the layout into grid tiles and classify tiles into classes based on tile
metrics; to use the predictions of the comprehensive simulation program

to gengrate 3 simplified,model gf4h CQQXﬂﬁﬁ'sﬁ{gaé§%g%§§£@ thag s eUJéegPrsf

from the manufacturing step for” each tile class; e at least one

theasimrifisdinadsiugtihe physical %f%%,%ﬂé%%&g%%&%é%ﬁﬁ% 05 Q0ie by

the representative intégrated circuit during circuit de ust an

) S . - of clai
m%@%%ﬁﬂ%ﬁ%tagﬁ§}%s 20nd e GomR %@r&%g@@rﬁ %%gild’?ltig F:%eaclmggi%he

wherein the computer program, when executed, Is further con igured to

ome f . .- Redle
ssnsraeReimaliledm g}éex%g g{r%rgég %‘}%{gﬁ@%ﬁt&’%bhﬁ!};@@aﬁr&r@&@&ﬁ' k%her?m th

classification based on fi e computer program product o
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configured to receive a proposed integrated circuit design: to spiit the

eranpsehiniegratagd oot ide Saintg fiesdarsach dienl e ongsed arive

integrated circuit design, to select a tile class that most closely matches

the tlecavddeiuse e 2fearaspending-simplified medelte nodel it uring
physical characteristic of the particular tile. 22. An apparatus comprising:

BriYesRORy (RiQIHg thEUNPSH P AIR: AR classify tiles into classes based on tile
metrics; to use the predictions of the comprehensive simulation program to generate a
simplified model of the physical characteristic that result from the manufacturing step for
each tile class; and to use at least one of the simplified models of the physical characteristic

created for portions of the representative integrated circuit during circuit design to adjust an

integrated circuit design.

20 The computer program product of claim 19 wherein the computer program,
when executed, is further configured to generate a simplified model for each tile class

which are from the tile classification based on tile metrics.

21, The compuier program product of claim 19 wherein the computer program,
when executed. is further configured to receive a proposed integrated circuit design: to split
the proposed integrated circuit design into tiles: for each tile of the proposed integrated

circuit design, to select a tile class that most closely matches the tile: and to use the
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a processing apparatus coupled to the memory and configured to execute
the computer program, wherein when the computer program is executed
operations are performed, the operations comprising: generating a design
of an integrated circuit; while generating the design of the integrated
circuit, using a simplified model to predict at least one physical

iStic.of the i ted circuit which resylts from a processin .
e O A DR P
simplified model is derived from simulations performed prior to the design

generation activities using a comprehensive simulation program used to

model,the physical characteristic; predicting performance of the
integrazté'd ci%ﬁg ﬁ%ﬁ%%‘str‘%%?‘éé‘%%ed physical characteristic: and adjusting

the degig{&gg}}h%ﬁﬁg&%&%ﬁ{&tﬂ%g@&pg@ence on the performance
ion. 28 ' ’

prediction.

a processing apparatus coupled to the memory and configured to execute the
computer program, wherein when the compuier program is executed
operations are performed, the operations comprising:
generating a design of an integrated circuit;
while generating the design of the integrated circuit, using a simplified
model to predict at least one physical characteristic of the integrated
circuit which results from a processing step to be used during
manufacture of the integrated circuit, wherein the simplified model
is derived from simulations performed prior to the design generation
activities using a comprehensive simulation program used to model
the physical characteristic;,

predicting performance of the integrated circuit using the predicted physical

characteristic; and
adjusting the design of the integrated circuit in dependence on the

performance prediction.
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