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APPARATUS, METHOD AND COMPUTER PROGRAM PRODUCT FOR

'FAST SIMULATION OF MANUFACTURING EFFECTS DURING

INTEGRATED CIRCUIT DESIGN 5 TECHNICAL FIELD: The invention
generally concerns methods, apparatus and computer program

methods, apparatus and computer program products for simulating the
effects of fabrication processes on the electrical performance of integrated

cwcwts dur g the delg& Tﬁhasimg CQWWERPRGGM?R@BUCT

The fovention generally concerps methods, apparstus smd computer Drogram
products for simulating and designing inteprated circuits, and more particularly concerns
snethods, appararus and computer program products for simulating the effects of fabrication

processes on the electrical performance of integrated circnits dusing the design phase.

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 HIo

account in cirouit and layout design flow.

Cherrical Mechanical Planarization (“CMP™) is a primary technique to planarize
fayout surfaces i order to establish reliable mmitilevel copper interconnects, and constirues
one Or Tore steps in a iypical semiconductor m&nufactm&g process.  In modem
mamtiactring procssses, after depositing a new layer of material on previous layers of
material along with an insulating dielectric, 2 chemical mechameal polishing step removes
excess marerials and planarizes a target surface with a comhiﬁation of chericals and
mechanical forces. The smooth surface is necessary to maintain photolithographic depth of

focus for subsequent steps and also to ensure establishing reliable mmltilevel copper
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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 he taken into
15account in circuit and layout design flow. Chemical Mechanical
Planarization ("CMP") is a primary technique to planarize layout surfaces

iy asder f estabjishireliable snpltileyehcapRernNigiFonRets Mdievel copper

constitutes one or more steps in a typical semiconductor manufacturing
BReessedn modern 20 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
mechaHisad farcis. ibhissimoath surfacetischecessanyitondintain: after a CMP
photolithographic depth of focus for subsequent steps and also to ensure
establisHing-réliablepaultievelcopperaoifousdon subsequent stéps dndrder
also to ensure establishing reliable multilevel copper interconnects.
Howewer, Hbnesdishirigpaneliergsiorithitkness variatons Siiffesistintep ave
CMP 5process. Intra-chip copper interconnect variation can be on the .
Orerarrep oA 00y HivGrelers CaptaTe tATEIAEESRArANBTE AR H P ehensive
process, a number of CMP simulators have been proposed, and several

B EA BRI R S BRRER SPHED IREGETRAI tools (comprehensive

As feature sizes drop below 90nm, boundaries berween design and manufacturing
become blurred. and Design for Manufacturability (“DFM™) has been established as an
important concept in nancmeter circult design. It is highly desired to incorporaie 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 “3D7, RC extractors
have to set a large conservative full chip guard band (around £ 20%) in order to cover both

systematic and random thickness variations in copper inferconnects.

It is known that full chip CMP modeling can accurately predict sysiematic
variations in metal layers and help to elim inate 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 overall net delay accuracy. References shows that

.
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simulation tools) to simulate CMP processes. 10As 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 to
incorporate the effects of CIMP processes in layout and design so that the
CMP-induced copper thickness variations, which may affect wire

re Lstgnce andt%apagittanqe, arild fur h_er lead to timing Qhﬁggf% can be | ;
SO SRBID AR BRIARY ha TG Sy & RS S Masanaigging is
hsavcﬁ tobset Iagrg,e cpnservati%/a? full %Q;Pg uard %g%léaro nd O%)K;n

£ JUn 10 127 G The o Tance w SIS eLy atonal g . The
order to tover both Systematic and random ticknesevanatons |ﬁpco&b68er h

'%ﬁggﬁ% En&ﬁs’ag&)}){gps@@d@# IC%QW?%%@@Q?{? %ﬁg‘f;ﬁa@ g .%U/Q ;[}?% critica

predict systematic 20 variations in metal layers an p to eliminate the

systematicvanation, gyard hangleaving only A-relatively. small rRom. cyp

variation guard band. This helps to reduce the pessimism on timing
epiimation anchinerease,the: avarall pelfelay,aceyracy.RefRences SHoWS ..
that when comparing the worst case analysis, the total capacitance with
GMR-awane diing is-smallendy up tnclidYeofthecanacitancs wheRchaltenges
compared to the traditional approach. The traditional approach does not
considenCR-effetts.iAiso dheedelay-cf0 3%eafithie ehiticaleatads:s.
decreased when the CMP effects are considered during timing. Therefore,
CMP 5 simulation can help to improve timing analysis and make

aggressive design possible. However, although several accurate CMP
modelsiesdistpreaiénareustitt Sigtificeitchaiengestiibsapplyitg tthesecmode ISMP
to the design stage due to the following three reasons. First, modeling
nsHFEfRE HeREMEEED! BEfRP RIS ntofdlbr desigat Hecunsladevmy@nly every
predictions, a proposed model requires a full design that includes not only
ebRIRPUBH PO e THEh S dESTG B AIEE dbhMYRIE! brgressds, iffeerated circuit
large-scale Integrated circuit designs, the hierarchical approach is widely
TGt D B SBEPS e TS O Salt o FHRST, HAet A o
full chip.information. is available, Furthermore, dummy tills are required b
A B A G S R AR o e

alr%guired by almost ali foundries for local metal density adjustment. (Some foundries also
have requirements on cheesing holes). Fills and holes are usually inseried in the product
iayout post design stage, and the fills (holes) have a large impact on layout smoothness.
Simutation results show that standard deviations on copper interconnect thickness
variations can change by 58% as a result of incorporation of dummy filis. In short, a full

design with fills and holes 1s required for accurate CMP prediction.

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

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

(e8]
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15 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

D RO R 08t PRt dsistesshs mrerdivdlsrobEssoapy interconnect
multiple iterations are required to refine and optimize the design, This
RS TN ThER e P EOP et itercBrne EPGTE Y Sééﬁgﬁae%hm&ia&% short
times. So the, run time of tgle C Lingn.%del Fa {o belshort enough.to . CMP
MBS At N E S eR, dEMGn SEREARTE ‘R foriy SV &G HoH M t67 s M

Cﬁl\}/‘IﬂP Enc%q%Le% Q }%reatjy restrict %tsnalp\ptgg%gon in the design stage. At

the I% e de3|gn S asémel?ii%ér@gﬁmleﬁﬁ a optlmlza%fog'ﬁétggfé' highly desired in order
to honor existing designs while improving the performance and tackling
design changes. in general, these incremental operations are applied only
in smallylogalizedregipnsof o design. o e Moty pLiNe ASKaNSEME: o
unchanged. Ideally, CMP predictions should 10 be updated for only those
changed tegions: Howeverthe G Rmedelshavete considerdheloRghees. in
range impacts, and will still take the fun chip information for a full chip
predigtonhhichriakes:adoag iimepccarppetenly rAssardingly-taosgions of 1
skilled in the art seek methods, apparatus and computer program
pridigets:tidaboveicomeithesedimitationssof theepriddeaity, SMMMARM @Fshould
THE INVENTION The foregoing and other problems are overcome,
and giterditvantafessahengralizethrin Hovordartde With thelébllowing consider the
embodiments of the invention.

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 ar seek methods, apparatus and compuer

program products that overcome these inmitations of the prior art.



A first aspect 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

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 déridvidbiysiauBbidnEpEROTRIEMrior to the design
generation activities using a comprehensive simulation program used to
model Bedstarsneairchibstrsridae:s prediairy Serok At cd aptrmssite gratee. in
circuit using the ?rediqted physical characteristic; and adjusting the design
agfa@iFagHathe Bttt fraspeiaRed B IEPéformance prediction.

A second aspect of the invention is a method comprising: selecting a
representative integrated circuit; using a comprehensive simulation tool to
predif a.physical characteristic of the representative Intearated Gireulty, of an
resultlng"' F’ofﬁ’péacmgnu}aciurlng step of fhe paﬁlcﬁlar ﬁia%u?acfu‘?ing &

iﬁ%%?ﬁé&é%ﬁﬂ“%iﬁ@ é@%@éﬁ?@”&ﬂ@_t&e&%‘gg And Cassifing he HI8RiNIQ simptified

asses based on tile'metrics; using the predictions of the comprehensive

iR Rtion pregramsto.genaidis e aimplifistmede! aftbeehysical which results

characteristic that result from the manufacturing step for each class; and
Hsing ableast oneohtbe sisplified madelsofihe pbysisahchaiacteristierein the
created from the representative integrated circuit instead of the
saapnpeghengieisintilaiio fr@rogramkduiinpeifitegcatee eireuithd esignnueneration
adjust an integrated circuit design. A third aspect of the invention is a
aconiputersprogramopnodietscempnisingoa comgputer veadablenmeéghottye physical
medium tangibly embodying a computer program, the computer program
chsacigtabie bydigital processiey dpparatessatvhersiritwiien the pediptagnpieysical
executed the computer program is configured to generate a design of an
Frrsgiatdrciredinhadesal@indsitad thotfe e pireict Btulakt drsisls)sican the
characteristic of the integrated circuit which results from a processing step

R TBEREPETTY Pnanufacture of the ntegrated circuit; to predict
performance of the integrated circuit using the predicted physical
characteristic; and to adjust the design of the integrated circuit in

de penj.g %Qc%%(? Qsﬁ%@t %? Ig%r m%?ﬁﬁ)lp 13 g Iﬁ{é%d com}éi; Q]lért&@z?@ﬁéig Qz’/];rb%entative

invention IS a computer program product comprising a computer readable
imemAy medivmitangibh smbodhing A IGARRLIRPHRARM. thR LOMRMRkeristic
program executable by digital processing apparatus, wherein when the
SFARNYIREBRRERRNMISeMeeURd thescRMPBieh Rreghamciaaoniigst@dHO particular
select a representative integrated circuit, wherein the integrated circuit is
arhémaniyfaciured usingapaticulaunianuibctusth g pedgesshtoilisaao classes
comprehensive simulation tool to predict a physical characteristic of the
repdesentativetintegratedisirouitinssukting thonrarmdmuiactuimgastep o ghven to
particular manufacturing process; to partition the layout into grid tiles and
aekesaifyatiiowlifiedoresise s bhs etheival eharetisestieghas ectib Hpadibtighgghciuring
the comprehensive simulation program to generate a simplified model of
frR ftiysichl eharacterighsnat festictom thile tapliffattidg sl fsy physical
each tile class; and to use at least one of the simplified models of the
BRSPS PRI St BrdaREEFF D Srtions of the representative integrated
circuit during circuit design to adjust an integrated circuit design. A

fifth aspect of the invention is an apparatus comprising: a memory storing

a computer program; and 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 characteristic of thedntegrated 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
adirictina the decian of the intearated circint in denendence on the



BRIEF DESCRIPTION OF THE DRAWINGS The foregoing and other
aspects of these teachings are made more evident in the following
Detailed Description of the Invention, when read in conjunction with the
attached Drawing Figures, wherein: FIG. | depicts features of an
integrated circuit created during manufacturm 10FIG A depicts an ideal
case of a single layer without dishing or erosion; FIG. 1B depicts a case
with dishing and erosion; FIG. IC depicts a case with cumulative
insacdonforsityn @l of dhepietapselystiemsimeetordansrwilth thie IieE At reircuit
FIG. 3 is a flowchart depicting a method in accordance with the invention;
droRRIGo ﬂdié‘%aFPdWé&%F?‘g%ﬁiﬁﬁﬁﬁ%?nethod in accordance with e invention;
and

A third aspect 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 program is execuied the
computer program is configured to generate a design of an integrated circuil; fo use a
simplified model to predict at least one physical characteristic of the integrated circuit which
resuits from a processing step to be used during manufacture of the integrated circuif; o
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 aspect 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 select a representative integrated circuit,
wherein the 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 mtegrated 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

generate a simplified model of the physical characteristic that result from the



FIG. 5 is a flowchart depicting another method in accordance with the
invention. 8 DETAILED DESCRIPTION OF THE INVENTION To

address these issues in existing CMP models, the present invention uses

a fast empirical CM? model based on simulation results from an ind_ustry
CM:P analysis tool, which does CMP predictions based on tile metrics

(e.g., density, wire width, wire spacing, 5 wire length etc.)_The _fast new

model of the invention successfully addresses the above-identified three
dRfRrHELITE im éw mbddk rdesives! prefill {piehole)designsasiEuhoald of the
generates post fill (hole) thickness maps for copper interconnects. _
REESFAirgR 2e6ppEr itarsbfticettioknésbecamise-caltulateconéashititeduring
This allows local changes to be well captured and easily updated. 1.0

HTEHE oo AL MdbsEFehr adsEm ool, which accurate provides

full chip, multi-level topography predictions for copper ECD and _CM?, is

used to generate CMP simulation data for particular manufacturing

rocesges.For this kind of. CMP simulator, the simulation accuracy can be
Eigher%wgrflt 5%%;%2%& TEERIP H AR HHE SHRIATRF FSHaBeTiofPring a

I ' int for developing a simplified CM?
g?ﬁi MF !g,toarngpgms'otcl:‘] %s:sﬂtarém t%s cou 1e§ 1o th% ngemo a?nd configured to

with the'inver P v ¢

odel in ‘accordance with the i lon.

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
gencrating 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 stmplified 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.

In conclusion, the foregoing summary of the embodiments of fhe invention is
exemplary and non-limiting. For example, one of ordinary skill in the art will 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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CMP planarization is not only affected by the manufacturing process, but
also clearly related to the design itself. For example, wide wires tend to
"dish" and thin dense 20wires tend to erode as shown in FIG. 1. FIG IA is
a depiction of an ideal case without dishing and erosion. FIG. IF is a
depiction of a case with dishing and erosion. FIG. IC depicts how
cumulative non-uniformity on higher metal levels increases the thickness
variations. Experiments show thatvariationan be correlated very
accurately with pattern dependencies in the design itself. Almost all
foundries require an effective metal density to be satisfied for better layout
planarity and yield optimization. To adjust the local pattern density;

d fill d | ! dy dry ind )
ummy fils (and sg.98,chg05ina belps) 1P 1880 IR g iRy industry

Dummy fills are y inactive features. They arc inserted in sparse

regions-{p.gnhance e logal patiern, density. Qnthe,aherhant-CheesNg, we

holes are made in wide wires in order to reduce the local pattern density
ang alleviate thedegiss.abdishing. iRJGshartheth dummyciilmandn with the
cheesing holes are designed to improve layout smoothness. Both

dummy fitis.and: cheesingdeles 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 15 standard
deviatioRg o @uithikness ofandtizgsacaitchan gedoy 58% asanrésulrok;
incorporation of dummy fills. And the variations are doubled as a result of
excluding both dummy fills and cheesing holes. in short, in order to get a
reasonable CMP prediction. fill (hole) impacts must be included.
OtherwiddCnmiétdppier sriked sast it siEetrts PERhRERIT IS ARE RS T ted
to eliminate holes).

FIG. 1B depicts a case with dishing and erosiorn;

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

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

FIG. 3 is a flowehart depicting a rnethod in accordance with the invention;

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

FIG. 5 is a flowchart depicting another method in accordance with the invention.



Ly

20

20 The calculation of the calibrated CMP model in one embodiment of
the Invention is based on pattern dependencies of the design. To
characterize the design patterns, the whole layout is partitioned into grid
tiles. Different tile metrics are calculated to reflect the design 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 CNCB5ATEY Hiotett ?}@%ﬁ% %ﬁeﬁ%@%“‘&” simulator is

accurate several improvements made.jn.the present invention increase its. ,
peiiE S S R
"eannond-gesians.redulie IILMRIe) NSLUins, AN IS ese S ASsis oo,
reflectéd in'the model; nRon-incremental calcu ation; and long execution
Ume.ef ,8&%%%9{%&%&%Hl@mf@@&@;gm a5 0HNGSE Prablems,,
is resolved in embodiments of the presen nvention. To address the ‘first
Rigklem.angxemplary-embadiment;ofthe.madelfakes, @800 Heiresses te
metrics that are derived from a prefill tpreholej design, the tile metrics are
calsulated tadirpctlyidrmpa.design witheiddilisapd holesiMhe-autp Ulesigns as
model of the present invention, however, is the Cu thickness of each tile
oRghe samedesighwity filsantdeles ingertet:dppatherwordsa modefingly,
ma in accordance with the invention simtiftaneously predicts the impact of
tilegpethitsandsfilthole:tasentibnsanBedhickadssidt iBassimwe thtihbtiagst w
of

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, is 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 a simplified CMP

mode] in accordance with the inveniion.

CMP planarization is not only affected by the manpuifacturing process, but aiso
clearly retated to the design itself. For example, wide wires 1end 1o “dish”™ and thin dense
wires tend to erode as shown in F1G. 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 tevels increases the thickness
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standard fill (hole) insertion rules are applied throughout the design, and
the impact of 20these rules on Cu thickness can he predicted without
knowing the details of these rules. This assumption has been validated in
large industrial designs. To address the second problem, a model in
accordance with the invention predicts 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
YAKIESs for ties changed in one design stave, without affecting the other
unchanged tiles. It is acknowledged that neighboring tiles do affect each
other to some degree, but f is only a secondary factor. For most industrial

desig rﬁxggﬁm@%g ics.chanas.aradually.actass,neighboring al,yA0d e Girers
thickness o

a tile Is mainly determined by the oropert the e itself.

Similatly.;themultilevelmpagts are.netsensidergd-inthesmadehef thensit w

invention for simplicity. It is noted that the model targets to be applied in

the.design:stageelQwhitamest aldhedndysins MR simulatersareda betern
used in the post-design stage. Still, the validation results demonstrate
thatifordacge imiustial applications:Hiadnoded)ofthestaventiorigivgs industry,
accurate predictions of Cu thickness while co idermg s independently. To
adaress ihe thirdiprobléln asmachisenearnifigeapproastrisi adoptes: tegam ©
a 15 black-box function to directly capture the impact of tile metrics and tilt
(holeycingertions wQu dhickness, Withutrduing thaotigh tieees are made in wide
time-consuming CivIP simulation steps as n the prior art. An idea that .
imdysiven ehier arkrisithe tho ijettortcmadenaii g Aot thsring Gath §ishing. In
theform of prefi | Iﬂ“)re-hoile) title metrics and their corresponding Cu J
tRiekinba® AT THo Y iFSaHIGHS it R & RiHEN AP W FROTEFES
accurately predict Cu thickness 20for previously unseen designs. The

CMP simulator is used to generate data to train the model of the nvention.

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

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

The calculation of the calibraied CMP model in one embodiment of the mvention is

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

10
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Given a prefill (prehole) design D a proprietaryindustrial-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 t is recorded.

I: is used as the output traininct data and the prefill (prehole) design D as
the input training data for the model of the invention. A set of tile Smetrics
(e.g., density, wire width, wire spacing, wire 'math etc.), which are used by
the CMP simulator for CMP prediction isacted from D For illustration, itis
A BAHEPIRG BB SHE e s s 8 RTBRieS AR sl SEp o gy esien
D has a total of n dies. Hereand e aren-dimensional column vectors, with
SRERTBRETREREIY, BETHIE TIFF°48 BOMESSOHRTY th4He ddteisicetinion
h is assumed that Cu thickqess;il Is a ciualdratic‘_fun_ tiontile metrics 3, b.
asi;\iaparta mcremental update. Therefore, the tite metrios for a given dle can be derived

independently.

Although the validated CMP 65am Cu model from s comprehensive CMP
simulator 1s accurate, seversl improvements made in the present invention increase its
usefulness in a design flow: These improvements address the fact that real-world designs
require fill (hole} insertions and thus these must be reflected in the model; non-incremental

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

Each of these problems is resolved in embodiments of the present invention. To
address the first problem. an exemplary embodiment of the model takes as input tile
meirics that are derived from a prefili (prehole} design, i.e., the tile metrics are calculated
directly from a design without fills and holes. The output model of the present invention.
hewe.ver, is the Cu thickness of zach tile on the same design with fills and hoies insered.
In other words, a model made in accordance with the invention simultaneousty predicts the
impact of tile metrics and fili hole insertions on Cu thickness. ¥ is assumed that a sef of
standard fill {hole) insertion rules are applied throughout the design, and the impact of
these ruies on Cu thickness can be predicted withoul knowing the details of these rules,

This assumption has been validated in large industrial designs,

1
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where ciis the prediction error, and p" p,... A, are model parameters to be
trained. | 5The following notations are used: =(1,al, 2 ,b,,a,c "kap

To address the second problem, a model in accordance with the invention predicts
the Cu thickness of each tile independently and ignorves the inferaction between
neighboring tiles. In an iterative design flow, this feature allows incremental updates to Cu
thickness for tiles changed in one desien stage, without affecting the other unchanged tiles.

It is acknowledged that nsighboring tiles do affect each other to some degree, but it is only
2 secondary factor. For most indusirial designs, tile metrics change gradually across
peighboring tiles, and the Cu thickness of a tile is mainty determined by the properties of
the tile itself. Similarly, the multi-level impacts are not considersd in the model of the
invention for simplicity. 1t isnoted that the model targets to be applied in the design stage,
while most of the industry CMP simulators ate to be used in the post-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 independently.

To address the third problem, a machine learning approach is adopted 1o train a
black-box function 1o 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 traming
datz in the form of prefill (pre-hole) title mewics and their corresponding Cu thickness after
fill (hole) insertions. one can learn & mathematical model 1o accurately predict Cu thickness

for previously unseen designs.

The CMP simulator is used to generate date to train the modeal of the mvention.

2



X= Hereis the model parameter vector.the error vector.is a |
0-dimensional vector corresponding to the i-th tile metrics of the h tile,
where X is an n-by-I 0 matrix that denotes the tile metrics for all 77 tiles.
Equation 2 is a matrix form of Equation 1. It captures the relationship
between Cu thickness and tile metrics for n tiles. =(2) The purpose of

linear egression using leastsquare analysis is to find :6 that minimizes the
sum of the squares of the errors: (3) _ ,
Given a prefill (prehole) design D, a proprietary industrial-strength ol is used to msert

fills and holes to generate a detailed design H . H is then fed into the CMP simulator and
the predicted Cu thickness 7 is recorded. 7 is used as the output training data and the prefill

{prehoie) design D as the input training data for the mode! of the inveniion, A set of tile

L]

merrics (e.g., density, wire width, wire spacing, wire lengih etc.), which are used by the
CMP simulator for CMP prediction, 18 exiracted from D . For illustration, it is assumed

that the set includes three tile memrics:Z, b, and 7. Suppose design D has a total of n

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

and ¢, (1 £i<myare corresponding to the date for a tile.

10
It is assumed that Cu thickness 7 is a quadratic function of tite metrics &, b . angd
¢
1=8, B+ faa, + Bk, + Bie,+ Beal + B+ el (1)
+ Byab, + foue, + [abe, (igisn,
where g, is the prediction error, and £, 5,,..., £, are model pérametﬁ:rs 10 be trained,
15 The following notations are used:

2 m{ﬁ” ﬁ"r"’»"’l“/ﬁx{))r



It can be shown that this optimization problem has the closed form

solution if in 10Equation 4. It is also the maximum likelihood estimation of
the parameter vector assuming that the errors care normally distributed.
_(XT xyIx77(4) The training data generated by the CMP simulator is
used to calculate T3', which in turn is used to predict Cu thickness for
previously unseen designs. For anew tiles, its three tile metrics a b and c,
are extracted. An input vector 5r, is then formed, and its Cu 15thickness t,.
is predidted #@s belbw: ib)ie{GparamTize sienplifiedidiscussiemcaberaor. X is @
assumes that a single unified model can predict Cu thickness for all tiles.
Howeverlsitiesvwany: bavedramatically differentprongiiiesaedt henee it</ <.
requires a. sophisticated model to predict Cu thickness for all kinds of

tilgss @mtbe athenhand, deiswehknbwnethat toriplexienodels have a
numher of problems such as overt-Ming and being hard to train.

Domain knowledge is leveraged in embodiments of the invention to

address this challenge by combining classification with data regression.

5 Tiles cﬁgb@ig@_ﬁg’g@m@d}q gy of Equation 1. 1t capures the relationship between Cu

10

oy
L

thickness and tile metrics Tor # tiles.
— — " s
[ =X [+E (2)
The purpose of linear regression using least-square analysis is to find £ that

minimizes the sum of the squares of the errors:

v - 4 y (3)
minimize > &

jai
it can be shown that this optimization problem has the closed form solution £in
Bouation 4. It is also the maximum likelihood estimation of the parameter vector B,
assumning that the errors ¢, are normally distributed.
B=X"XyX'T (4)
The training data generated by the CMP simulator 1s used to calculate A, which in

turn is used to predict Cu thickness for previously unseen designs. For anew tlle s, its three

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

iﬁi = ﬁ-’ar«"é.«:?c.cfa.:*bzﬁc.:faﬁ'b.s?a‘\c.ﬁbsc,w} : RS}

Al



10 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 a, we can define
the rules as follows. The 15three classes are LOW, HIGH, NORM. AL,
AM, AN, BH and CL are constants=specffied by a domain expert or (6)
learned by a classifier. IF (a < AL) THEN class = LOW ELSE IF (a> AH)
THEN { class = HIGH} ELSE IF(b BHCL) THEN IF (a < A.M) THEN It
class = LOW | ELSE { class HIGH} ELSE lass = NORM First, tiles from

differentmeial jayierssaayialldnto-different classessinesdifesentean predict Cu
thickness for all tiles. Howsever, tiles may have dramatically different properties, and hence
it requires a sophisticated model to predict Cu thickness for all kinds of tites. On the other
hand, it 15 well known that complex models have a number of problems such as overfitiing

and being hard to irain.

Domain knowledgs is leveraged in embodiments of the invention to address this
challenge by combining classification with data regression. Tiles can be categorized intw
different classes based on thew properties, and 2 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-exampie, based on the tile metrics a, & 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 ar learned by a classifier.

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

THENIF {2 < AM) THEN { clags = LOW }

[y
[#4]
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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 this class (see Equation 4), 10 Given a
new tile s, first its corresponding class is found based on its metal layer
and the rules above, and then the model for that class is used to predict
its Cu thickné8s>fseeEyuation!s).  To validate the proposed approach;
MI and M2 from a test chip which includes a 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
presentéEMPAIHIEICFIE Cu thickness of each tile from the model is
compared against the CMP simulator prediction results. For both Ml and
Mx predictions, the results from the model are very close to those from the
CNAP %LEQS][E] I*;%Eﬁosrfyv&hﬂl Ielaﬁ\lllglr:ggael E!gg ! leS‘S’ %Qﬁl ?ﬁtlg?/ érzgt -Hglg'%'\é”‘igl]{lo dmﬁ%f&l‘ﬂnt
has an'even smaller average error < _§b%) since both the model and the

%@ﬁ@&@ﬁ%@@%%&% ReLneed to consider themultiple layer iMpacts;;. i

for MI. For Mx model, the CIVIP simulator will take the multiple layér

impRGts inte,thenrediction. calculation, while dhemodelaf thexentignye mel
ignores this factor for simplicity. FIG.2 depicts a system configured in

ageordanRGe.withsthehatiscanablexin:of practicing MethedsiR-ACERESANER the
with the invention. The system 200 comprises a 5computer 210. The

cempuiar2h0iesivesHapilsand camrmaneds fiasddiserinpubdltes Equation 4),

Processor 212 of computer 210 is coupled to memory 213. Processor 212

is Gorfiglred 16 ex@etites comprehdng ver€ MBwsin ulatar @20stageneyatend the

simulation results that form a _
rules above, and then the model for that class is used to predict its Cu thickness (See

Eguation 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 ars used to verify the accuracy of e
presented CMP model. The Cu thickness of each tile from the model is compared aganst
the CMP simulator prediction resuits. For both M1 and Mx predictions, the resuits from the
model are very close to those from the CMP simuiator with an average error tess than 1.6%.
The M! moedel has an even smaller average error < 0.3%) since both the model and the
CMP simulator model do not need to consider the multipie laver impacts for M1. For Mx

mocdel, the CMP simutator will take the multiple layer impacts into the prediction
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starting point for developing a simplified CMP model in accordance with

the invention. The simulation results 221 are saved to in 1110 213.
Processor 212 uses the saved data to 10develop 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 CM.P on real-world performance so that VLSI designs can be

adjusted durinc des The proposed fast simple CMP Cu model can
ealsilipiveninteide dbe dniprte) thébaasighfoverpresHbsHaim&hsaeledicted in

FIG. 3 operating in accordance with the invention, the method starts at

310. Then, at 320, plaement is performed. Next at 330. routing and
optimization is performed. Next, at 340, CMP aware timing analysts js
performide A&YCH SimPTetPrrHET dAStRTtRaEIT B Ct B AU IMNA the 2Pebie
nvention, Then at 350, it is gecigedkwhether design is completed, If not,.
oAt e It 36738 e FHaHBa BrsBuats 256 360, where R *

, wnere pos

processing fill (hole) inserti isﬁpertormed Next, at step 370 smndard . -,
Rt U iion e DL TR AU HD. Ko\ i o g 211

ngggc%];fsci)sr 'Eﬁré%rﬁ%%u%?%1'6‘%@0%‘51@&018%%&3&9213. Processor 212 1s configured to
execute comprehensive CMP simulator 220 to generate simulation results that form a
starting point for developing & simplified CMP mode} in accordance with the invention,
The simulation resulis 221 are saved to memory 213, Processor 212 uses the saved dasa to
develop the simplified CMP model. The simpiified CMP model 223 1s used by VLS]
design too! 222 during VLS! design activities to simulate effects of manufacturing steps

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

The proposed fast simple CMP Cu model can easily be integrated into the design
flow. Asshown 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 enalysis is performed using a
simplified model constructed in accordance with the invention. Then, at 350, it 1s decided
whether design is compieted. If pot, the method returns to 330, If so, the method proceeds
10 360, where post processing fili (hole) insertion 1s performed. Nex(, at step 370, snandz;lrd.
CMP simuiation 1s performed.  Then, at 38C. hotspot fixing and timing signoff 1s

performed. The method stops at 390.
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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 exnaction in order to cover
the thickness variations. Armed with this fast CMP 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 esign is done; dummy fills (and holes) are

inserted in the post design process. At this stage, the accurate CMP
simulator model can be applied for timing sie-n off and hot spot fixing.

The mddéleohittreinuetitons tovesshtltiddressesthie tarec drinvlsegrdothe
the existing CMP models. The input of the proposed model does not
retjoirdadeiingy it (Holely inkErfiorrmieraatisnswhilethByeaietedtiy band
thickness is indicative of a post fill (hole) methodology. Therefore, this
riRSclRl A A58 S BOPROFTCVAD iy B BSHR SaHAIGERM UG the BR ity fast CMP
stage. The model of the inventjon is based on the ileﬁa oﬁpertigﬁ (E%. o
dERLTty e RAT: LR Y 8tEY RREh e ARl riﬁcv&réﬁfa AP ©

the routing stage. Based an these tile properties, the model prediction i
O RS T L EORSCTHE P o EReni, e ) i e
allows multiple applications of.the, C? i ign iterati ST o
o A R Y I L MO esen proces
changes canjhe, well capted-tle.y:lig. and fJgsptabie fanRcemantal no:
designs. For a certain GAP process; only one set of models one model for
ope,clasgs) are needed and the models can be pre-calculated following the
proposed approach. Once the models are built; when 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
designsugingdie eontesponding GhiRspRosesddresset s, tardastreffeativeo! the
CM? model based on the accurate simulation results from an industry
CMzsimidtomhas Hddn idesorived) Theekpedehentahre sults validate fhdbole)
this model has high accuracy. This fast model of the invention overcomes
thexgtiise mgjoraficwbaitk§oprecgidnt sophisticate G prodefl fill (hole)
design input, long r and non-incrememal prediction), and it can be easily.
intagradoito The desigh ToroRf fipI B LOREFatioNE GBSt RigHys!s during the
summary, FIGS. 4 and 5 are flowcharts depicting methods operatin

! , . in. .
aCESHIATIEE WitRCtRE TRVEHED T PHE THE O JF FIG 1 SRS AP sty 4107 W

Then, at 420, a design program being exec te%i response to user_

oM S 1EsgoNBHG ES Lod TR GENEr el Reigy ap g aee. Based on

Intt? rat%g C*.I rcual‘tgial\f%%%’r%d%:l?'ox.ﬁ:tc@gﬁge;%ﬁgupazrggj{%meg%eﬁiyaa %@&Hﬁ'@&ne for each
St least one% ysmaﬁc aracteristic of the integrated

Cifﬁ#.i.t V‘ﬁ*ﬁg*}g&z&&ﬁ;t{@m Resessing:sten 19;he: tsed, during, manufachiig iy

of the integrated circuit, wherein the simplified model is derived from

sinulations performed Prighdo:he desian activitios Lsing & eampiphenaives can
simulation program used to model the physical 20 characteristic. Then, at

20 440s the desiga.pregramdpeadicts patormancaehihedniegrated: eirculain CMP

being designed using the predicted physical characteristic. Next,at 450,
theydesignprogramadjtstethe. desigmofithecintegrated, eitcuitdad and the models
dependence on the performance

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

18
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prediction. The method stops at 470. In one variant of the method
depicted in FIG. 4, the physical characteristic is wire thickness.

another variant of the ethod depicted in FIG. 4. the process.ing step is
chemical mechanical polishing. In a further variant of the method
depicted in FIG. 4, the processing step is 10electrochemical 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
integratadegirbaitstdamprovengasenefamanufattemst®d compatstillifurthigu tle
variant of the method depicted n FIG.4. the modification comprises fills
mEckeTo scfubtioeRlomEiteh ity oPHNEitesightiey can by apidtieevakigasions
of the method depicted in FIG. 4, the modification comprises 20holes
aleiBe s eRuerasiag MdtareRsAsity of the design.  The method of FIG,

5 starts at 510 Then, at 520, a program operating in accordance with the
inventionelects a representative integrated circuit. Next, at 530 the

Thus, a fast effective CMP mode! based on the accurate simulation results from an
industry CMP simulator has been described. The experimental results validate that this
mode! has high accuracy. This fast model of the invention overcomes the three major
drawbacks of the current sophisticated CMP modeis (i.e., full design input, long run tme
and non-incremental prediction), and it can be casily integrated mio the design for muitiple

iterations of optimiizations.

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 execufed in response to user command and responding to user input
generates & 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 circuit,
wherein the simplified mode] is derived from simulations performed prior to the design
activities using a comprehensive simulation program used o 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



program uses a comprehensive simulation tool to predict a physical
characteristic of the representative electric circuit resulLting 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 uses the predictions of
the comprehensive simulation program to generate a simplified model of
the physical characteristic that results from the manufacturing step for
gachctile: clBssmfied s@p5504 the program uses at least one of the
simplified models of the physical characteristic created from the
representative integrated cuit instead of the comprehensive simulation

- program during integrated circuit design to amust an integrated circuit

130

15

design I one YABREN ARaREBTthESRENoY BpictebeiR s iR grSieas wire

_characteristic is thickness. In another variant of the method

tﬁléil‘éﬁ'in FIG. 5, the manufacturing step is 15chemical mechanical
polishing. In a further variant ofhod depicted in RIG. S5anufacturine step is
electrochemical deposition. 20In yet another variant of the method

depicte%i%cgkk%v%h%r'gﬁgﬁ%&%é%&sg;gg%m%fﬁ%sa.:;,Pt%ggirgQé@s%'ahségysofsf}gm;

. i d H ’
into tiles'and classi lles nto classes according to tile metrics.

mechanical polishing.

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

electrochemical deposition.

In vet another variant of the method depicted in FIG. 4, the simplitied model
reflects an effect of a modification to be made to the design of the integrated circutt 1o

improve ease of manufaciure.

in @ still further variamt 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 local metal density of the design.

The method of FIG, 5 starts at 510, Then, at 520, 2 program operating in

accordance with the invention selects a representative integrated circuil. Next, at 330 the



in a still further variant of the method depicted in FIG. 5, the ethod further
comprises: receiving a proposed integrated circuit sign; splitting the
proposed int ated circuit desigh into tiles: for each le of the proposed
integrated circuit design, selecting a 5class 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 it is seen that the
foregoing descriptionprovided by way of exemplary and non-limiting
examplesgsfalcandrihfosmativeideseripto ofrtdi e stsa dimscamigtic of the
methods 10 presently contemplated by the inventors for implementing a
fASTSRMGIEND rESFYarsiTactURmY ee S8t Urintpintesiates sifeunidisigprticuiar
One skilled in the art will appreciate that the various embodiments

JELBHBE S8R Esh BEYraCtiEedMERTERCBHBiINANH Wither ties and
more ather embodiments described herei or in ombination with methods

A SRS R G O R fifole (R ey HSTEI® BORABT “She Sdiisdetions

in y]ig art 15 gl ae rie?glallé% 0that the rg}sel;]}t %_n%eanglion gn be d%r?ctg %Sm
er‘thgﬂufﬁ ARE G R AN SRR HIAT e S TS emboé e

%&5%%%@%%%“9?&& : qh ORES OIS u%%;'g??u%” ONoLP ;l%&%%“%}h?”d 108t e
the present invention is t ereTore imited on y by the claims w oIl
C‘b}‘%‘%& WE GLAIMne of the simplified modeis of the physical characteristic created

from the representative integrated circuit instead of {he comprehensive simulation program

during integrated circuit design to adjust an integrated circuit design.

in one variant of the method depicted in FIG. 5, the physical characteristic is wire

thickness.

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

chemical mechanical polishing.

in a further variant of the meathod depicted in FiG. 5, the manufacturing step is

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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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 from a processing step to he used clurin.g 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

Charameris&ﬁiafngth%td I{J&,S %?19 é?%h%ei’?iigﬂﬂ%f H%%sg?ég%aﬁécﬁf%g iirﬂ_ethf;d further

il
depen&eﬁce on the performance prediction.”7.The method of claim |

wherein the physical shragteristic s WiLe thickneSSiining Bhohigpmethat ke

~anyo the preceding claims , wherein the processing step is chemical

%ﬁh%&l f?l%i%QQOr%a&%mmq}gpglﬂm&e@fa@aMhﬁﬂﬁiBeﬁﬂ@, selecting a
processing step is electrochemical deposition.
class that most closely matches the tile; and using the corresponding simplified model of

the tile class to mode! the physical characteristic of the particular tile.

Thus it is seen that the foregoing description has provided by way of exempiary and
non-limiting examples a full and informative description of the best apparaius and methods
presently contempiated by the inventors for implementing & fast simulation of
manufacturing effects during integrated circuit design.  One skilled in the art will
appreciate that the various embodiments described herein can be practiced individualty; in
combination with one or more other embodiments described herein; or in combination with
methods and apparatus differing from those described herein. Further, one siilled 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 Bmitation; and that the present invention is therefore limited only by

the claims which foliow,

2
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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 nade to adjust local metal
density of the design. The method of claim 5 wherein the
modification comprises holes addéch‘bma‘ﬁust local metal density of the
design. 8.A method comprising: selecting a representative integrated
circuit; using a comprehensive simulation tool to predict a physical
éﬁ tlc of the representative integrated. Circuit resulting from a
manufacturing step of the partlcular manufacturing process; partitioning
the layout |nt%%%ﬁ1§@goﬁ{ /ing the tiles into classes based on tile
metrics; using the predicti ns 5f the comprehensive simulation program to

generate g simplified;podel of e phvsical. characteristic that result from
the manufacturing step fir each class: and "using at least one of the sd

modelsvafithedbysicakehacactenstic Graatathd circuit, using = simplified model to
predict at least one physical characteristic of the infegrated circuit which
results from a processing step to be used during manefacture of the
mtegrated circuit, wherein the simplified model is derived from simulations
performed prior fo the design generation activities using a comprehensive
simulation program used to model the physical characteristic;

predicting performance of the integrated circuit using the predicied physical

characteristic: and

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

prediction.
2. The method of claim 1 wherein the physical characteristic is wire thickness,
, The method of any o . . . .
3. ne method of any of the preceding claims , wherein the processing step is

chemical mechanical polishing,

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

-2
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from the representative integrated circuit instead of the comprehensive
simulation program during integrated circuit design to adjust an integrated
circuit design. 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. ILThe method of claim 8 or 9,
vgger%n the manufacturing step is electrochemical deposition. 12. The
method of any one of claims 8 to 11 comprising: receiving a proposed
integrated circuit design: splitting the proposed integrated. circuit design
into tiles:

5. The method of any of the preceding clatms , wherein the simplified model
reflects an effect of a modification to be made to the design of the integrated circuit to
improve ease of manufaciure.

-

0. The method of claim 5 wherein the modification comprises fills made o

adjust local metal density of the design.

7. The method of claim 5 whergin the modification comprises holes added o

adjust local metal density of the design.

&, A method comprising:

selecting a representative integrated circuit;

using & 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 classifyving the tiles into classes based on tile
meirics;

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

manufacturing step for each class: and

3
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for each tile of the proposed. integrated circuit design, selecting a class
that most closely matches the tile; and using the corresponding simplified
model to model the physical characteristic of the particular tile. 13. A
computer program product comprising a computer readable memory
medium tangibly embodying a computer pm ram, the. computer program

execuighls b doiaLPIoGEsSNg ARSI, wheretp when the plogram i

executed. the computer program Is contigured to denera

integratedcirguyit, t@é@&&@gﬂﬁ@e&%{ggg st(g’f%{’“?d;%%t e%;st&%r?go g}}(é;gaslive

characteristic of the o-ated circuit which re rom a processing step to

be used duri@%ﬁﬂﬁw.fﬁﬁ%ﬁrﬁnozﬂﬁﬁg? mﬁg{ﬂ@c%@fi&éﬁgﬂc}egﬁiﬁlﬁ o integrated

performance of the integrated circuit using the predicted. physica
characteristigiranig desagiust the design of the integrated circuit. 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,
whereif the priocessing stepiis thamicalmpehanicalpatishingis wire M8ckness.
Tbe computer program product of claim 13 or 14, wherein the processing
step is electrochemical deposition.

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

mechanical polishing.

11 The method of claim 8 or 9, wherein the marmufacturing step s

electrochemical deposition.

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

comprising:

receiving a proposed integrated circuit design:

sphtiing the proposed integrated circuit design into tiles:

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

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

particular tile.

13, A computer program product comprising a computer readable memory



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. 26 19.A
computer program product comprising a computer readable memory
medium tartgibl.y embodying a computer program, the computer program
executable by digital processing apparatus, wherein when the computer

i ! e C i igured to select a f
Wﬁ{ph&:&ﬁs%gmg Q m}?z ep[v? ! %}? %erqgg[%{ T ﬁ%‘f}}ﬁifls \t)ée%uetabie by

representative integrated circuit, wherein the integrated

raandfaciiradUsing.a RRrGHIAL M ARUAGINIING DIACESS: 10.USe a%% compuier

compre ensivelation, tool to predict a. physical characteristic of

reRresetalive; e ralecs GHeUI JeSUlling. i A & Manuiagiu NG SR Ohiified
the particular manufacturing process; to partition the layout into grid tiles

anddelassifydfiles inter classesbased andigimatieshiousethe pragicionsis
of the comprehensive simulation program to generate a simplified model
dfthe physicalghargcteristiaibatdesult risanrihermnanyiacieng:sieg &ar: o
each die class; and to use at least one of the simplified models of the
phydicapeiarecteristitheeatedifdreportionsipfitherefiresentative giatederistic;
circuit during circuit design to adjust an integrated circuit design.

THE corputetprégram Provubtiefelednitoiwhersirtieicompuberperformance
program, when executed, is further configured to generate a simplified
rRBAEEF each tile class which are from the tile classification based on

tile. metrics, 21.The computer program product of claim 19 wherein, the
computer program,

t4. 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 is chemical mechanical polishing.

J6. The computer program product of claim 13 or 14, wherein the processing

step is 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 o adjust local metal density.
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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 corresponding _
simplified model to model. the physical characteristic of the particular tile.
22.An apparatus comprising: a memory- storing a computer program; and.
a processing apparatus coupled to the memory and configured to execute

fhe computerPLOBiaM. WASIEWERIIG SO progiam s axeailed

if by
operations are performed. the operations comprising: generating a design’

o itestatad sitesibmbhile generating the %ﬁ?&%ﬁg&%&%‘& z%xﬁaet)%edcutab}e by

circuit, using a simplified model to predict at least o sica

chiatatteristioaf tpimMegniaehsH GuibNRICBIRRUIES Hom R R0cRSSINg Slep

to be used during manufacture of the integrated circuit, Wh_erein the )
simpfified prgdel isdefiveddromesitnulatiensparfermed-puoriethedesiiy e

generation activities using a comprehensive simulation program _used to

ekt ophysicdb thanacéristicy prédictingtherformante ofitheintegratade -

circuit using the predicted physical characteristic: and
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 prograi {0 generaie 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 desi gn to adjust an

integrated circuit design.

20, The computer program product of claim 19 wherein the compier 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 computer program product of claim 19 wherein the compuier program,
when executed, is further configured to recetve 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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adjusting the design of the integrated circuit in dependence on the
performance prediction. APPARATUS, METHOD AND COMPUTER
PROGRAM PRODUCT FOR FAST SIMULATION OF MANUFACTURING
EFFECTS DURING INTEGRATED CIRCUIT DESIGN ABSTRACT OF
THE DISCLOSURE Methods, apparatus and computer program
products provide a fast and accurate model for simulating the effects of

C &l %h ical,polishi B) steps during fabrication ofan . .
T e R SRR AT A Sty Bt ch e iR 1o
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 CME, processing siep to be used during manufacture of the
ntegrated circuit, wherein he simplified model is derived from simulations

performaddpatioy i the design.gepetatian.agtivities using a comprehensive
simulation program used to model the physical characteristic; predicting

performapeesefitheppegiatecugrait using-the pradictad vaicalxecute the
characteristic and adjusting the design of the integrated circuit in
dependence enthetperfopmancehpradiction. itkigutephicr 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 cireuit, wherein the simplified model
is derived from simulations performed prior to the desien generation
activities using a comprehensive simulation program used to model
the physical characteristic:
predicting performance of the integrated circuit using the predicied physical
characteristic: and
adjusting the design of the integrated circuit in dependence on the

performance prediction.



APPARATUS, METHOD AND COMPUTER PROGRAM PRODUCT
POR FAST SIMULATION OF MANUFACTURING
EFFECTS DURING INTEGRATED CIRCULIT DESIGN

ABSTRACT OF THE DISCLOSURE

Methods, apparatus and computer program products provide # fast and accurate
model for simulating the effects of chernical mechanical polishing (CMP) steps during
fabrication of an integrated circuit by generating a design of an integrated circuit; while
generating the design of the integrated circuit, using a simplified model 10 predict at least
one physical characteristic of the integrated circuit which results from a CMP processing
step to be used during manufacture of the inegrated 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 predicied physical characteristic; and

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

Figure 4



