STATISTICAL OPTICAL PROXIMITY CORRECTION FIELD OF THE INVENTION [0001]The present
invention relates generally to fabrication of integrated circuits (ICs), and more particularly to optical
proximity correction (OPC) models for improving feature generation of ICs. BACKGROUND OF THE
INVENTION [0002]Photolithographic techniques are used to form various IC structures on a wafer. In
photolithography, desired circuit Iai/outs on photomasks are o&ticallétransferred onto wafers through

masking, exposure and delRIbprdrtPrdeEIdEALRBRMEMI o fteRPPRSxIHdNeffects, along with

mask pattern fidelity and photoresist processing limitations commonly lead to a mismatch between the
desired pattern and the actual result orf ﬂ#é—Wé? rTﬂd@dQYEW&We image fidelity, resolution
enhancement techniques (RET) such as optical proximity correction (OPC) models have been
introducd808He objE BreeABEIRYaBtiRR KR e ganpial yiB dREIRRINS & InaraiRbATSHSE E8mpdhsate
for systematic and stable errors. However, as technolo rogresses to smaller ground rules, .
traditiond@SP BAHERINY &3 FREER) 8TPEBRESRT fﬁ§t|egééﬁﬁ%@WJHMHER[R\H%/?%@HJ&%H@B@%%WW
impacted as a result. [0004]From the foregoing discussion, it is desirable to provide effective OPC
systems &ntS:

BACKGROUND OF THE INVENTION
[0002] Photolithographic techniques are used to form various IC structures on a wafer. In
photolithography, desired circuit layouts on photomasks are optically transferred onto wafers
through masking, exposure and development processes. Unfortunately, optical proximity
effects, along with mask pattern fidelity and photoresist processing limitations commonly lead to
a mismatch between the desired pattern and the actual result on the wafer.
[0003] To improve image fidelity, resolution enhancement techniques (RET) such as optical
proximity correction (OPC) models have been introduced. The object of OPC is to make
systematic modifications to mask geometry to compensate for systematic and stable errors.
However, as technology progresses to smaller ground rules, traditional OPC techniques models
are becoming less effective. Manufacturing yield can be negatively impacted as a result.
[0004] From the foregoing discussion, it is desirable to provide effective OPC systems and
techniques.

SUMMARY OF THE INVENTION

[0005] The present invention relates to IC fabrication and to forming features in an IC. In
one embodiment, a method for forming an IC comprises the step of providing a substrate with a
photoresist layer. The photoresist layer is exposed by passing radition from an exposure source
through a mask comprising a pattern adjusted with a mask bias derived from an optical proximity
correction (OPC) model incorporating inline process variation data. The photoresist is

developed to transfer the pattern on the mask to the photoresist layer.
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techniqgues. SUMMARY OF THE INVENTION [0005]The present invention relates to IC fabrication and
to forming features in an IC. In one embodiment, a method for forming an IC comprises the step of
providing a substrate with a photoresist layer. The photoresist layer is exposed by passing radition
from an exposure source through a mask comprising a pattern adjusted with a mask bias derived from
an optical proximity correction (OPC) model incorporating inline process variation data. The
photoresi8PlievelfFEa i tRsRSE CTHERBRH Oh HBGINLEK S tRE b EoMEsIs CRT)BISED BSaiitPHother
aspect of the invention, a method for forming a mask comprises the step of providing an input mask
pattern. @PHI8HENHRRYPRAKRAIGHE oS UratihePiaN {5 oo VEoaReaiRadntnsaerssed, wherein
the step of performing OPC comprises adjusting the input mask pattern with a mask bias derived from
the OPCW&@QQ@@&%E@@WH@&V‘(H@ DGR RRERTMBWT R yemmnisasacissiog: B 4 thvention,
an OPC system is disclosed. The OPC system comprises an OPC simulator. The OPC simulator

includes HAYOPRAGHH WA ABASE RIS JeHivsE BRIBARS QRGMOAE ARLANRR AR it PrABKN LSRR N is

provided to the OPC system, the OPC model applies a mask bias to adjust the input mask pattern to
correct ePA&h the input mask pattern.

[0007] In yet another aspect of the invention, an OPC system is disclosed. The OPC system
comprises an OPC simulator. The OPC simulator includes an OPC model incorporating inline
process variation data. When an input mask pattern is provided to the OPC system, the OPC
model applies a mask bias to adjust the input mask pattern to correct errors in the input mask
pattern.
[0008] These and other objects, along with advantages and features of the present invention
herein disclosed, will become apparent through reference to the following description and the
accompanying drawings. Furthermore, it is to be understood that the features of the various
embodiments described herein are not mutually exclusive and can exist in various combinations
and permutations.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] In the drawings, like reference characters generally refer to the same parts throughout
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. Various embodiments of the
present invention are described with reference to the following drawings, in which:
[0010] Fig. 1 shows an OPC system in accordance with one embodiment of the invention;
[0011] Fig. 2 shows a statistical OPC model in accordance with one embodiment of the
invention;
[0012] Fig. 3 shows a process for mask design in accordance with one embodiment of the

invention;



[0008]These and other objects, along with advantages and features of the present invention herein
disclosed, will become apparent through reference to the following description and the accompanying
drawings. Furthermore, it is to be understood that the features of the various embodiments described
herein are not mutually exclusive and can exist in various combinations and permutations. BRIEF
DESCRIPTION OF THE DRAWINGS [0009]In the drawings, like reference characters generally refer
to the salBlFarts thiBtigidRe e difrexeRRIREV APAIBbCIRETFK WRRFE UFRNHSE MER S8R P oS ek,

emphasis instead generally being placed upon illustrating the principles of the invention. Various
embodinfirite RIS sent invention are described with reference to the following drawings, in which:
[0010]Fig. 1 shows an OPC system in accordance with one embodiment of the invention; [0011]Fig. 2

shows a Ktét#lical OB S0Y& ML pe e GMA S ek rsaiHemEBTUIRERIVE Afi bR B 9rg. 3

shows a pracess for mask design in accordance with one embodiment of the invention;
wafer using scatterometry;

[0015] Fig. 6a shows Bossung plots of exposure dose against focus with linewidth as a
response;
[0016] Fig. 6b shows the correlation between predicted and actual exposure dose/focus (E/F)
values;
[0017] Fig. 7a shows a computational model for calculating predicted variations in exposure
dose, focus and PEB temperature;
[0018] Fig. 7b shows the difference between predicted and actual variations in exposure
dose, focus and PEB temperature; and
[0019] Figs. 8a and 8b, respectively, show the OPC performance of the OPC model of the
present invention and a traditional OPC model based on “best” dose and focus.

DETAILED DESCRIPTION OF THE INVENTION
[0020] The present invention relates to IC fabrication. More particularly, the present
invention relates to forming features in an IC. In one embodiment, the invention relates to an
OPC system. The OPC system is used to create mask patterns used in forming features in the IC.
[0021] The fabrication of 1Cs involves the formation of features on a substrate that make up
circuit components, such as transistors, resistors and capacitors. The devices are interconnected,
enabling the IC to perform the desired functions. To form the features and interconnections,
layers are repeatedly deposited on the substrate and patterned as desired using lithographic
techniques. Such techniques generally use an exposure source to project an image from a mask
onto a mask layer on the surface of the substrate. Depending on the stage of processing, the

substrate can be a bare substrate or include one or more device layers. The mask layer, for
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[0013]Figs. 4a-b show an exemplary optical CD mark in accordance with one embodiment of the
invention; [0014]Fig. 5 shows a metrology system for taking profile measurements of features on a
wafer using scatterometry; [0015]Fig. 6a shows Bossung plots of exposure dose against focus with
linewidth as a response; [0016]Fig. 6b shows the correlation between predicted and actual exposure

dose/focus (E/F) values; [0017@9._% shows a computational model for calcula_ting predicted
variationS5ATENE oSMP HeRsDBUES ik d AEAtERTISEHME Foating (ARC) can be provided underneath

the resist layer. The exposure source illuminates the resist layer, exposing it with the desired
pattern. The resist is then developed to expose portions of the underlying layer, which are
removed by etching while unexposed portions are protected by the resist and remain intact,
creating the desired features on the substrate.

[0022] Fig. 1 shows an OPC system 100 in accordance with one embodiment of the
invention. The OPC system comprises, for example, a program stored on a storage device. The
program can be installed in a computer system for execution. The OPC system as shown in Fig.
1 comprises an OPC simulator 110 which includes a statistical OPC model 114 and a critical
dimension (CD) verification module 118. The statistical OPC model, in accordance with one
embodiment of the invention, is built from inline process variation data of an actual process line.
The inline process data is used to estimate the CD variation of one or more feature types on a
mask. The feature types can comprise, for example, line features or hole features. Other feature
types are also useful. In one embodiment, the statistical OPC model calculates an overall CD
yield (or Cpk) based on the estimated CD variation of the different feature types. In one
embodiment, the statistical OPC model takes into account process windows of the feature types
in computing the overall Cpk.

[0023] An input mask (IM) 120 containing a mask pattern under investigation is input to the
OPC system. The mask pattern, for example, corresponds to actual features to be formed on a
substrate of an IC. The statistical OPC model analyzes the IM and applies a mask bias to modify
the IM. The mask bias corrects for errors in the IM to create a modified IM. An overall Cpk of
the modified IM is estimated. The overall Cpk is analyzed by the CD verification module to
determine if any errors exist. The correction and verification process is iterative based on a
feedback loop 130, continuing until all errors are corrected to produce a final mask (FM) 180.

Preferably, the correction and verification process is iterative, continuing to fine tune the mask
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[0018]Fig. 7b shows the difference between predicted and actual variations in exposure dose, focus
and PEB temperature; and [0019]Figs. 8a and 8b, respectively, show the OPC performance of the
OPC model of the present invention and a traditional OPC model based on "best" dose and focus.
DETAILED DESCRIPTION OF THE INVENTION [0020]The present invention relates to IC fabrication.
More particularly, the present invention relates to forming features in an IC. In one embodiment, the
inventiorPfaidfeRresls BpERyst&R gkl OB @EREHaRT I He AR ROt MeAL RIFARAMMENISEd GP¥orming
features in the IC. [0021]The fabrication of ICs involves the formation of features on a substrate that
make up'eireeht BrEHalIaN @ SRIHTHARIRD RA AR r Bt IBd Sek 87 <he ARt HBIGRIBRNGidteria,
interconnected, enabling the IC to perform the desired functions. To form the features and
interconrfeREATEUAGEILRRE IEREQ¥Ely deposited on the substrate and patterned as desired using
lithographic techniques. Such techniques generally use an exposure source to project an image from a
mask ont8%Mask et M%asﬂﬂ‘é%éc@f EInedakAd4 HLaRQEran srvite 218 §8'BeTBeRLafHBe the
substrate can be a bare substrate or include one_or more device layers. The mask layer, for example,
comprisd8¥te ASiPRNIArR RS Re S dha sitialee) @Rf BRofeb bl LR ML RIS SSsist layer.
The exposure source illuminates the resist layer, exposin% it with the desired pattern. The resist is then

developeff 3 Uah B3 JURGEHE BeHE! R BERFIGIAG 1 URAH AR SHWHRIR R YABIAURERA SRR RiBxposed

portions are protected by the resist and remain intact, creating the desired features on the substrate.
feature types on a mask. The present invention can also be applied to conventional types of OPC

techniques by modifying them to be based on inline variation data. In one embodiment, inline
process variations include variations in process parameters such as exposure, focus, and post
exposure bake (PEB) temperature. Variations in other parameters which can potentially
influence image fidelity can also be included. Such parameters include, for example, etch bias,
coma aberration and spherical lens aberration. The statistical OPC model can determine CD
dependency on the process parameters included in the model. For example, CD dependency on
exposure dose, focus and PEB temperature, respectively, can be determined. This information
can be used to determine the process window of each feature type. In one embodiment, the
process windows are taken into account during optimization.

[0025] The inline variation data can be used to estimate systemic and/or random CD
variation, including, for example, lot to lot variations, wafer to wafer variations, field to field
variations or across chip linewidth variations (ACLV). Other sources of CD variation are also
useful. In one embodiment, the estimated CD variation represents variation in develop
inspection CD (DICD).

[0026] In a preferred embodiment, CD data includes DICD as well as resist sidewall angle
measurements. Providing CD data which includes only DICD is also useful. However, use of

both DICD and sidewall angle measurements provides more accurate CD prediction since both



[0022]Fig. 1 shows an OPC system 100 in accordance with one embodiment of the invention. The
OPC system comprises, for example, a program stored on a storage device. The program can be
installed in a computer system for execution. The OPC system as shown in Fig. 1 comprises an OPC
simulator 110 which includes a statistical OPC model 114 and a critical dimension (CD) verification
module 118. The statistical OPC model, in accordance with one embodiment of the invention, is built
from inlirff PreseR arapiatio i pach Be dHalcirResHRESE I(RECPhe linpRe priisideriidne siabeftdlestimate
the CD variation of one or more feature types on a mask. The feature types can comprise, for
exampleQftfe M@ﬂré@”&%@’ﬂgﬁﬁﬂ%m%ﬂ{gﬁ@éﬂgfbfwﬁﬁ%n&fécgﬂ&ﬁ‘%é@ﬂmﬁ'%ﬂe embodiment, the
statistical OPC model calculates an overall CD yield (or Cpk) based on the estimated CD variation of
the differt{eBaturd s PryVin N EABLATHEHE B0t riAoPE: Il aeHEAtE s hindRScess
windows of the feature types in_.computing the overall Cpk. [0023]An input mask (IM) 120 containing a
mask paftE Y HIOMR st paiaingd iRhe RethtieabePSysies! THAth HYIop sxerRufe ek IpkPEB
corresponds to actual features to be formed on a substrate of an IC. The statistical OPC model
analyzes'HE NS NASMES dETACIS BRLSTEMUHH ATEOIRITTRHORTLA0 DR deu5 RRER R PRITES A the IM
to create a modified IM, An overall Cpk of the modified IM is estimated. The overall Cpk is analyzed by
the CD veYRIHHoR AN RasSHhAR ERKany errors exist. The correction and verification process is
iterative based on a feedback Igop 130, continuing until all errors are corrected to produce a final mask
(FM) 1809B¢81eranl), A SR AU A P VEFEORHR 13- BRuwed drRay 4 4 sHrASASY Y8 TRIPELIRdhe
mask bias to produce maximum CD vyield. In ac¢cordance, with one embodiment of the_invention, Cpk is
used as iﬁé’%?QrFﬁdQﬁBH%beﬁﬂ?ﬁé?%HrEéYBﬂn&HHrE{;?%ﬁ‘élH&edb@é‘%Q?H&Sdﬂtmﬁ%‘%ﬁ cHittia, oPC
accuracy,. can be improved. [0024]Fig. 2 shows a statistical OPC model 214 in accordance with one
embodiniBIY BIERDFRR AR SKEAS Pe%?B?JQV AL ABERI HEGLRISTZAISP & F5OHES FaMNIRE ABHEHine
process variation data, wherein the i Iime rocess zata is.used to esC{imate CD variation of one or more
feature tyRELIBRSa INSURD FRRE RRUCHTIHGSRREH A RARSY BePEPBIRE48L B AR E3n ARSI SEDPC
techniquesﬁ)‘%/ modi igﬁ th§m ta be based on inline variagon ata. In one embodiment, inline process
variation&AASERAALF ARSS T Pote SEEP &3 ANSRE S YN ch A Ay G AN RS o led¥sure bake

(PEB) tem&era’gre. Vari tio%f in otherﬁgara eters which can potentially influence image fidelity can
also be iREYH r%ﬁﬂt@r‘ﬂ %'ié‘.%s'ﬁ% Qe B g}’,r%'tch bias, coma aberration and spherical lens
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anticipated distortions introduced by the optical system, and by photoresist and etching processes

during wafer fabrication, OPC is performed at step 320. In one embodiment, the statistical OPC

model described in connection with Figs. 1 and 2 is used. Inline process variation data derived

in step 315 is inputted into the OPC model. In one embodiment, inline variation in exposure

dose, focus and PEB temperature are inputted into the OPC model. Inline process variation data

is used to estimate CD variation, and thereby to compute the CD Cpk, of different feature types.

Optimization is then performed with minimization of CD Cpk as an optimization criteria to



measurements. Providing CD data which includes only DICD is also useful. However, use of both
DICD and sidewall angle measurements provides more accurate CD prediction since both of these
parameters impact the final inspection CD (FICD). In one embodiment, the statistical OPC model can
be extended to the entire design for manufacturing (DFM) field. [0027]As shown, histograms of inline
exposure variations, inline focus variations and inline PEB variations are contained in the statistical
OPC moHeiEIiRe thfRPEXISH8IAES RRUCCARHIRTE BN sHRSHY, thereAHBreLBRI K ~estsRUBaPEdiffusion
distributions can be developed to estimate an overall CD distribution based on Cpk. [0028]In one
embodinfeRIEEES TRAdtNGH @xtavRYGeH FRbH AR ARNGE o et aaRL iR T e 8188 Rithtify, for
each feature type, failure-sensitive weak points in the wafer. This information can be taken into
considerfBPHuring ©P8-8 T 8D ©1aSRIpE raRticakGRAsEE IBRRFOFANFEWIER ¥&e, optical rule
checking (ORC) is performed as part of the OPC process, and a separate post-OPC ORC step is
unneces83RPA e A AMRADEIL ifdesadadnfé JARAFFLHFORNSAF IR \dRYR Pl {SvaReK,
manufacture. [0029]Fig. 3 shows a process 300 for mask design which incorporates the OPC model in
accordarfeePstivelie g BEHIREigf e TR/ EMIBIRTK ARSIRIEQ §%%|H§ngﬂﬂ@ﬁ5%9e§@n at step
310. At step 315, inline variation of key photolithographic process parameters is measured. Inline
process #8/i4t0n ©AFHBURBSELPEY MRS A RICORRE: CTP IS RAHHED HRAFED R Hay B EhoWN,
incorporated on either production wafers or test wafers. In order to compensate for anticipated
distortiorl e iEed BIFerRbH{L a7 SPRBACLRE DY MALPANd A0 WhiHii i e same GltingRRater
fabrication, OPC is performed at step 320. In one embodiment, the statistical OPC model described in

connecti&rpvﬁmir&‘?@él?’é'@& and 430 B Y REIE L R R HERe DIRP ARV AE F5 A R Y98 PERGRSRed into

the OPC model, In one embodiment, inline variation in exposure dose, focus and PEB temperature are
inputted ARFTABBPC model Inline process variation data is used to estimate CD variation, and

il COHEHRTIRAR b ARt AEIBr F BORR TR VESGHtR AT FLAB S S, A
step 330, g coneciod [1ack esign N O biSRiRs 0 & nalrevia .pUse igspaghers prior o
parameters. As such, variations in profile are a good indication of process variations and
measurements of photoresist dimensions can thus be used to detect process variation with high
accuracy. Profile measurements can be made using conventional techniques, for example,
spectroscopic ellipsometry (SE). Other methods such as atomic force microscopy (AFM) are
also useful.
[0032] Fig. 5 shows a metrology system for taking profile measurements of features on a
wafer using scatterometry. Scatterometry makes use of optical signals produced by
reflectrometry or ellipsometry techniques. Measurements are taken off a target which is
typically a grating structure consisting of a symmetrical line/space array. The interaction of light
reflection, diffraction, and reflection striking the target influences the phase and intensity of a
signal reflected off the target. Signal information can be used with computational modeling

techniques such as Rigorous Coupled Wave Analysis (RCWA) to reconstruct the profile shape of

the patterned feature.



[0030]Figs. 4a-b illustrate an exemplary optical CD mark, in accordance with one embodiment of the
invention. Figs. 4a and 4b show top and cross-sectional views of the mark, respectively. Referring to
Fig. 4a, the CD mark consists of three lines of photoresist 410, 420 and 430. Other numbers of lines of
photoresist, or other patterns, may also be useful. As shown, line 420 has a different CD as compared
with lines 410 and 430, which have the same CD. The CD of lines 410, 420 and 430 can be any useful
value depéiithg oVt JErRRVAERSETOR'PFEdBEAGeIsEIRRIS FA[RB FERTE HG T LRI el b ol of
the photoresist lines after development is shown. Photoresist profile is known to be highly correlated to
exposurd!BsE816 M § g th othFspioehils B doRetiie CAA A 4HRiGteRe: M. Hsine 58 o &d
indication of process variations and measurements of photoresist dimensions can thus be used to
detect prie@dd VERGRWIRPIHIGR GELAFAEE FofilReak htREntidsdnih el ing 43RS BsmliRfional
techniques, for example, spectroscopic ellipsometry (SE). Other methods such as atomic force
microsco%@e(ﬁﬂ\ﬁf Hpe é%@@ﬂﬁ?)[&ﬁﬂmré!@ SHOREI & ARPIBGP a3 doR R Skh g T hsrimace
measurements of features on a wafer using scatterometry. Scatterometry makes use of optical signals
produce PPN LS NG ALf f E6heny e ERRRIISIMR Qi it enace feivsraings 4194 ddfich is
typically a grating structure consisting of a symmetrical line/space array. The interaction of light
reftectiorl RtetEn e I8 Ao G SRS BRENESRUDRHAHE 4A0 HeRearl FGREH) BrEignal
reflected off the target. Signal information can be used with computational modeling techniques such
as Rigor& @6%@8%&&%@%1@%}% (RE&sematt (HEIRICsRLISSH aHES FaRANSE PFeature.
[0033]Up to 10 photoresist profile measurements can be extracted from the optical CD mark illustrated
in Fig. 45PPHESLOIHEIIPoSaRS At XL AA AR 5 Y8 RS RRT SHttHn SIS ERIRIE i FRVLRP TR D4 10),
top-side CD of line 420 TCD42(Q bottom-side_CD of line 420 (BCD420), topside CD of line 430
(TCD430) e AHEMESISe Bt et BSCIushy; sp-abEED 6r 670 BpAsetHamedich¥ete8dRd 420
(TCDspacei), bottom-side CD of the space between lines 410 and 420 (BCDSpacel), top-side CD of
the spac@’@@ﬁﬁ@e&ﬁﬁ@@&%%d 430 (TCDSpace?2), and bottom-side CD of the space between lines
420 and 43 CDgpace?2). Computational technigues can then b lied to derive process variation
data oA meElBurar oS B A ATE TISTH DRI e AL R A BR R AR (BCDoA10,
D R O Bt St oBE e oA oS RS ponse. he

lines 610, 620, 630 and 640 represent Bossung plots corresponding to TCDaio, BCDa10, TCDazo
and BCDazo, respectively. As shown, the plots can be used to predict exposure dose and focus
(E/F) conditions during processing. This is determined by the intersection point of the 4 lines, as
shown in the exploded view diagram. Referring to Fig. 6b, using this method, good correlation
(R-squared > 0.95) can be obtained between predicted and actual E/F values. The optical CD
mark thus allows detection of process variation with high accuracy and low noise.

[0035] In one embodiment, six profile measurements, namely, TCDaio, BCDa10, TCDa2o,
BCDa420, TCDa30, and BCDa3o are used to predict variations in exposure dose, focus and PEB
temperature. The measurement values can be inputted into a computational model, shown in
Fig. 7a, to calculate the predicted variation values. Correlation between predicted and actual
values is shown in Fig. 7b. Once again, good correlation with R-squared values > 0.95 is

demonstrated. In other embodiments, variation of up to five process parameters including, for



[0034]Fig. 6a shows Bossung plots illustrating the effect of focus and exposure dose on photoresist
profile. Exposure dose is plotted against focus, using linewidth as a response. The lines 610, 620, 630
and 640 represent Bossung plots corresponding to TCD410, BCatio, TCD420 and BCD420,
respectively. As shown, the plots can be used to predict exposure dose and focus (E/F) conditions
during processing. This is determined by the intersection point of the 4 lines, as shown in the exploded
view diag?@MPRefRATY foUeRS: BISUSsieRNidTHMAA 0EP R SREERT MR (IR ADSEAH 5 PR Rthe
obtained between predicted and actual E/F values. The optical CD mark thus allows detection of

process J8HYeH A MRANSIGFPELE DTRRSYIEA¥IH noise. [0035]In one embodiment, six profile

measurements, namely, TCatio, BCD410, TCD420, BCD420, TCD430, and BCD430 are used to
predict vi}&fns ifWen8aand §és°é‘,°l‘@5ét]% PSR H PR RFEOTRANRSERSM Eift QR0 &8%¢%5h be

inputted into a computational model, shown in Fig. 7a, to calculate the predicted variation values.
CorrelatiBhtBeRIRAIRVERYER apticdeadHinalos s BRealPasedign 7Bedntesagathiasye e relation with
R- squaredvalues > 0.95 is demonstrated._In other embodiments, variation of up to five process
paramet8fSiRHRRIAG Gbr AAshap ke SRitRizAli o S Ofbc ST Bl BIRtRldRe dakASCAISaRREISRSArld
spherical aberration, can be derived from the profile measurements. [0036]Figs. 8a and 8b show the

comparidBrESYOPeISdAEH IR IttwabereHE OB IRl PO ipldsnedenit\E RS A taditional

OPC model based on "best" dose and focus, and achieving the CD target as the optimization target.
For eachMRBHERdh B efaTH B bH8 R8P i SRR NG ke He PEER AV REASIY S Ghek e rs/lot, 20

fields/wafer and 4 pojnts/field are measured. Referring to Fig. 8b, the OPC model accarding to the

present !H%Wﬁ%ﬁﬂ H%P@ﬁ_f@)ﬁﬂrﬁ]ﬂﬂﬂﬁ”@ R &Pr ?ﬁ%ﬁ?ﬂ&mgf&ﬁ‘ﬁ@@e'?@sﬁ&ﬂﬂ gD H’aeté:ﬁ)oint_s
Fig. 5o, CBRUAIIAR B FHEIA BEEEA AFd e o D GREUARlG T E ARt procoss
R B R SRR SSIooAR AR e P s
condition is on target, produces more out-of-specification data points, and thereby a lower Cpk.
[0037] The optical CD mark can be used to estimate both systemic and random CD
variations. Additionally, wafer geography and processing order dependent components of the
variation, such as, from lot-to-lot, wafer-to-wafer, field-to-field, as well as across-chip-linewidth-
variation (ACLW) can be distinguished. Accordingly, locations at which the maximum CD
aberration of each feature type is encountered can be determined. This information can be used
to identify, for each feature type, locations within the wafer or the lot where CD is liable to fall
outside of allowable limits. These locations are identified as “weak” points which are associated
with a higher probability of failure at wafer test or probe test. These weak points may be
determined by performing a design rule check (DRC) on the IC layout, and can be further
classified into focus-sensitive, PEB-sensitive or lens aberration-sensitive weak points.
[0038] In one embodiment, the OPC model according to the invention takes into account
failure-sensitive weak points in determining the optimal mask pattern. As described, the OPC
model performs optimization with minimizing CD Cpk of individual feature types as

optimization targets. In the present embodiment, additional CD Cpk values, of each feature type
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variations. Additionally, wafer geography and processing order dependent components of the
variation, such as, from lot-to-lot, wafer-to-wafer, field-to-field, as well as across-chip-linewidthvariation
(ACLW) can be distinguished. Accordingly, locations at which the maximum CD aberration of each
feature type is encountered can be determined. This information can be used to identify, for each
feature type, locations within the wafer or the lot where CD is liable to fall outside of allowable limits.
These loRBldFESRAERWEAK PRI arIesHBIRRADNitIE edebsd dafePk VR8s ReMBHISARTISEDS failure
at wafer test or probe test. These weak points may be determined by performing a design rule check
(DRC) ol thrfEeryIIaM P LarrBeATHIsdY Beeashes e FotlB1Ee Henil© akenlale (gl EREReAS
aberration-sensitive weak points. [0038]In one embodiment, the OPC maodel according to the invention
takes intd '8 GRYROISiNFraaLeRitRBet B SrisRvMRidRthi T eRe Ot MRS 45k Y5attéRrPdaiigBakribed,
the OPC model performs optimization with minimizing CD Cpk of individual feature types as
optimiza@BHTHAGHES ¢HIETE dbe R mBedRheRer sYaiRlsaP el EZplATfde LERLEIRMFEHRIABYe at its
respective weak points, are estimated by the model. The Cpk values so computed reflect the process
window P@&eK MAHER Y BRLBIGESIRETHIS ;RS  [isatofs AL BIRBRIGICR presdt (HRMUNHRURTe
variation within which failure is avoided. These Cpk values are used as additional optimization criteria
in the OF@NABAE REAFBEASR M RFE408CB4n be performed to ensure the Cpk values are within
pre-determined specifications, for example, Cpk > 1.33. Optimization can also be performed to
minimizel 088 pk. (D3O AR RSEREA AL B IRR IR Gr MO P nRE AFRS DY 1BHHESS,
obviating the need for an independent ORC step. As compared with the traditional ORC process,
wherein DBERANEAGHBHRAE T QR Sa S CAHBRAEFHL AL ESRELHRRRh Y PLCRESRaiE i, the

OPC model_accordig%éﬂ one embﬁ}giment f the invention can automatically make the appropriate

adjustmdtReCIh e RRNAR <AABYAIYASBRt LRRIOHRTGH BRvK S nARTBKRE GEYEVRSrtAG from the
spirit or essenti%‘lﬁjétraract ristics thereof. The foregoing embodiments, therefore, are to be considered
i all respUTIRTE AEVR LS B PTRAHEER AR HEB IR MERaIIF B A e invention is
thus indicated b%/ the appended claims, rather than by the foregoing description, and all changes that
come wiftiR R AR AMVRIF IS ange of equivalency of the claims are intended to be embraced therein.

[0040] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments, therefore, are to be
considered in all respects illustrative rather than limiting the invention described herein. Scope
of the invention is thus indicated by the appended claims, rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.
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What is claimed is: CLAIMS 1. A method for forming an IC comprising: providing a substrate with a
photoresist layer; providing a mask with a mask pattern, wherein providing the mask comprises
deriving the mask pattern from an input mask design layout which is provided prior to forming a
physical mask, obtaining a mask bias from an optical proximity correction (OPC) model of an OPC
system with an OPC simulator, wherein the OPC system estimates critical dimension (CD) variation of
one or mBfRadaRIAEMGRAS on the input mask from measured inline process variation data of an actual
wafer process line to obtain the mask bias, wherein inline process variation data includes variations in
develop inspection CD and resist sidewall angle featements profile, and adjusting the input mask
with the mask bias to produce an adjusted input mask, and forming the physical mask having a

physical nask FATRENREHG IHERG ARdE FPURTHEK:  exposing the photoresist layer by passing

radiation from an exposure source through the physical mask formed using the adjusted input mask;
and providing a substrate with a’photoresist layer;

providing a mask with a mask pattern, wherein providing the mask comprises

deriving the mask pattern from an input mask design layout which is provided
prior to forming a physical mask,

obtaining a mask bias from an optical proximity correction (OPC) model of an
OPC system with an OPC simulator, wherein the OPC system estimates critical
dimension (CD) variation of one or more feature types on the input mask from measured
inline process variation data of an actual wafer process line to obtain the mask bias,
wherein inline process variation data includes variations in develop inspection CD and
resist sidewall angle measurements profile, and

adjusting the input mask with the mask bias to produce an adjusted input mask,
and

forming the physical mask having a physical mask pattern using the adjusted
input mask;
exposing the photoresist layer by passing radiation from an exposure source through the

physical mask formed using the adjusted input mask; and

developing the photoresist to transfer the physical mask pattern of the physical mask to

the photoresist layer.

2. The method of claim 1 wherein the OPC model determines CD dependency of the one or

more feature types on variations in one or more process parameters.
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developing the photoresist to transfer the physical mask pattern of the physical mask to the photoresist
layer. 2. The method of claim 1 wherein the OPC model determines CD dependency of the one or
more feature types on variations in one or more process parameters. dose, focus or post exposure
bake (PEB) temperature, or a combination thereof. 4. A method for forming a mask comprising the
steps of: providing an input mask design layout which is used to form a physical mask prior to
forming the phy$R&aMHReK; of clyjgrid MAG'8 e ANBroRRAS REITERHRH DS BPRMY IRFIRMPORER design
layout using an OPC model with an OPC simulator, wherein the OPC model incorporates measured
inline prdt®8s \PSHRADRATAEXRASHFE LRl R FSPRBEL L Rne" B CseRinaliane8Rfs, wherein inline
process variation data includes variations in develop inspection CD and resist sidewall angle
measurements profile; and forming the physical mask using the mask design layout biased with
the measured inline process variation data. 5. The method of claim 4 wherein the OPC model
estimateé-criticd &\%F@H@if% OB RhARRSK 6PBREBPGHIBRS R GFe types on the input mask from the

inline process variation data. 6. The method of claim 5 wherein the OPC model determines CD

dependency of BEEVEHEGAHIBPY KRR - daSIRRYQWANAKES H5ese B i Granyrcal 835K LTSy s.

forming the physical mask;

performing optical proximity correction (OPC) of the input mask design layout using an
OPC model with an OPC simulator, wherein the OPC model incorporates measured inline
process variation data of an actual wafer process line to obtain a mask bias, wherein inline
process variation data includes variations in develop inspection CD and resist sidewall angle
measurements profile; and

forming the physical mask using the mask design layout biased with the measured inline

process variation data.

5. The method of claim 4 wherein the OPC model estimates critical dimension (CD)

variation of one or more feature types on the input mask from the inline process variation data.

6. The method of claim 5 wherein the OPC model determines CD dependency of the one or

more feature types on variations in one or more process parameters.

7. The method of claim 6 wherein the one or more process parameters comprise exposure

dose, focus or post exposure bake (PEB) temperature, or a combination thereof.

8. The method of claim 6 wherein the OPC model determines process windows of the one

or more feature types based on the inline process variation data and estimated CD variation.
12



7. The method of claim 6 wherein the one or more process parameters comprise exposure dose, focus
or post exposure bake (PEB) temperature, or a combination thereof. 8. The method of claim 6
wherein the OPC model determines process windows of the one or more feature types based on the
inline process variation data and estimated CD variation. 9. The method of claim 4 wherein the steps
of providing an input mask pattern and correcting errors in the input mask pattern are iteratively
repeated until all the errors in the input mask pattern are corrected. 10. The method of claim 8
wherein the steps of providing an input mask pattern and correcting errors in the input mask pattern
are iterathvely r%@dﬂ&]m@féﬂﬁﬁ'@ MORISH e SipR PhRERVHHRS &1 APBUdRaskiRalieHe 3 cess windows
are taken into account during iteration. 11. The method, of claim 10 wherein the OPC maodel identifies
failure-s&EBEHNASHIOISIMIBSOMRHEMRSPATERER PraisralivrdyrsnRpaiesrithAl e A TebiRstasdnien into
account during iteration. 12. An optical proximity correction (OPC) system comprising: an OPC
simulatoMESHBRISHY 3R WBeSkbdel which incorporates measured inline process variation data of an
actual wafer process line, wherein inline process variation data includes variations in develop
inspection CD and resist sidewall angle measurements profile; wherein the OPC simulator determines
a mask bias based on the OPC model; and when an input mask design layout is provided to the
OPC systdm pribhaSShafy a'ﬂmééﬂ?%%ﬂf‘?ﬁée%@%ﬂ@!ﬂ%ﬂbf%@%ﬁﬁaﬁ‘u‘a‘&tﬁfﬁﬁ@ adjust the
input mask design layout to carrect errors in the input mask design layout to produce an output mask
pattern, FRETSEHIGEHESIpAMIRPIL (ast REYSHRAHRA PRV reReaiked 1atHAH BResrersiBing idim 12

wherein the OPC model estimates critical dimension (CD) variation of one or more feature types on

the inputrﬂ?%l?‘ﬁtfﬁw #e ﬁ?lﬁF?é’tﬁPoé}é"sQr\‘?&?Pétl‘HH‘ﬁ%‘f‘éﬁ re taken into account during Iteration.

11. The method of claim 10 wherein the OPC model identifies failure-sensitive weak points
on the input mask pattern, the failure-sensitive weak points are taken into account during

iteration.

12.  An optical proximity correction (OPC) system comprising: an OPC simulator comprising
an OPC model which incorporates measured inline process variation data of an actual wafer
process line, wherein inline process variation data includes variations in develop inspection CD
and resist sidewall angle measurements profile;

wherein the OPC simulator determines a mask bias based on the OPC model; and

when an input mask design layout is provided to the OPC system prior to forming a
physical mask, the OPC system applies the mask bias to adjust the input mask design layout to
correct errors in the input mask design layout to produce an output mask pattern, the output mask

pattern is used to form the physical mask.

13.  The OPC system of claim 12 wherein the OPC model estimates critical dimension (CD)

variation of one or more feature types on the input mask from the inline process variation data,
13



and calculates an overall critical dimension (CD) yield (Cpk) based on an estimated CD variation. 14.
The OPC system of claim 13 wherein the OPC simulator further comprises a critical dimension (CD)
verification module, the CD verification module analyzes the overall Cpk to determine if any errors
exist. 15. The OPC system of claim 12 wherein the OPC system performs iteration based on a
feedback loop until all the errors in the input mask pattern are corrected. 16. The OPC system of claim

13 wheréipdral pEessiR @A plb aaHeR AEPSRSIODESER VRld feakibhrietbep anratimatsd &fors in the input
mask pattern are corrected. 17. The OPC system of claim 16 wherein maximizing the overall Cpk is
used as ¥A'EPEization criteria during iteration. 18. The OPC system of claim 14 wherein the OPC
system performs iteration based on a feedback loop until all the errors in the input mask pattern are
corrected. 19. The OPC system of claim 18 wherein maximizing the overall Cpk is used as an

optimization criteria during iteration. . ) . o
14.  The OPC system of claim 13 wherein the OPC simulator further comprises a critical

dimension (CD) verification module, the CD verification module analyzes the overall Cpk to

determine if any errors exist.

15.  The OPC system of claim 12 wherein the OPC system performs iteration based on a

feedback loop until all the errors in the input mask pattern are corrected.

16. The OPC system of claim 13 wherein the OPC system performs iteration based on a

feedback loop until all the errors in the input mask pattern are corrected.

17.  The OPC system of claim 16 wherein maximizing the overall Cpk is used as an

optimization criteria during iteration.

18.  The OPC system of claim 14 wherein the OPC system performs iteration based on a

feedback loop until all the errors in the input mask pattern are corrected.

19. The OPC system of claim 18 wherein maximizing the overall Cpk is used as an

optimization criteria during iteration.
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