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Abstract : We describe a p ost resolution2enhancement2technique verif ication met hod f or use in manuf acturing data

f low . The goal of t he met hod is t o verif y w het her designs f unction as intended , or more p recisely , whet her t he

p rinted images are consistent wit h t he design intent . The p rocess modeling is described f or t he model2based verif i2
cation met hod. The perf ormance of t he met hod is demonst rated by experiment .
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1　Introduction

As t he feat ure sizes of integrated circuit s are
shrinking to sub2100nm scales , various resolution
enhancement techniques ( RETs) for automatically
compensating for masks are indispensable in very
deep submicron ( VDSM ) IC design and
manufact ure. The ever increasing complexity of
RETs is bringing about a dramatic increase in final
layout complexity and mask production cost . Most
of t he time ,however ,t he mat ter of post2RET goes
unaddressed. This is mainly because conventional
p hysical verification tools cannot verify po st2RET
designs since t he new mask designs usually violate
conventional IC layout design rules and because the
tools do not take t he p hotolit hograp hy step into
consideration. This sit uation calls for a new verifi2
cation method for manufact uring to ensure t he cor2
rect ness of po st2RET layout s[ 1～4 ] .

In t his paper ,we describe a verification meth2
od for manufact uring in detail . It employs a fast li2
t hograp hy simulation engine to map t he modified
mask to t he final pat terns p roduced on t he wafer .
Process modeling and some accelerated algorit hms
implemented in this met hod are illuminated in de2
tail . The simulation result s are compared wit h ex2

perimental data to validate t he met hod. The result s
show t hat t he p roposed met hod is an effective and
practical way to verify post2RET designs.

2　Method of verif ication for manufac2
turing

2. 1　Verif ication flow

Sub2wavelength manufact uring requires t hat
optical correction errors do not violate the integrity
of design. This may ,for instance ,determine whet h2
er an RET is necessary or check t he usef ulness and
correctness of RET modifications. The merging of
DRC layout engines wit h t his kind of p rocess simu2
lation is creating many new applications in areas of
design for manufact uring ( DFM ) , including CD
cont rol analysis , yield loss st udy , and circuit per2
formance estimation. The cont rol files and process
simulation techniques may be used to identify areas
of a circuit layout t hat are difficult or impossible to
manufacture p roperly.

The verification for manufacturing ( V FM )

checker is shown in Fig. 1. The lit hograp hic
p rocess models ,which determine t he simulation ac2
curacy , are t he most important element s of t he
V FM checker . The objective of p rocess modeling is
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to determine t he wafer location of every printed
edge correctly. The simulated silicon image is used
to verify t he correct elect rical operation of t he chip
and it s compliance to semiconductor manufact uring
rules. By using cont rol files , t he inspector should
show and identify p roblematic areas for circuit
f unction failure directly related to the yield due to

t he proximity effect2(“m2dash”) t ransistor channel
lengt h uniformity , line2end p ullback , bridges for
po ssible short circuit s ,and critical line widt hs for
po ssible open circuit s , for example. Instances of
gate lengt h uniformity , line2end p ullback , and line
break checking are shown in Fig. 2.

Fig. 1　Verification flow

Fig. 2　Failure checking 　(a) Gate length uniformity

and line2end pullback ; (b) Line breaking

2. 2　Process model ing

A critical issue in applying RETs and in post2
RET verification are having a fast enough simula2
tion engine t hat can predict t he mask to silicon pat2
tern t ransfer wit h reasonable accuracy.

We divide t he whole lit hograp hic model used
for p rocess simulation into t hree part s : an optical
model ,a resist develop ment model ,and an etching
model .

The optical model is used to comp ute optical
intensities near a specific point . The imaging mech2
anism of a stepper can be modeled by t he Hop kins
Eqs. (1a) and (1b) [ 5 ] .

I ( f , g) =∫
+ ∞

- ∞∫
+ ∞

- ∞
T ( f′+ f , g′+ g ; f′, g′) ×

　　　　　F ( f′+ f , g′+ g) F 3 ( f′, g′) d f′d g′
(1a)

I ( x , y) = F - 1 { I ( f , g) } (1b)

I ( x , y) = ∑
i

c i ( F ( x , y) á K0 i ( x , y) ) 2 (2)
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　　In t hese equations , t he t ransmission cro ss co2
efficient s ( TCCs) of t he optical system contain all
t he information of an optical system f rom light
source to image plane and are independent of mask
geomet ries. For a given optical system with fixed
illumination ,numerical apert ure ,defocus and ot her
aberrations , t he TCC is fixed , and t he calculated
TCC can t hen be reused for aerial image simula2
tions of different mask pat terns exposed on the
same optical system. That is to say , according to
t he Hop kins equations ,optical intensities on a wa2
fer can be comp uted by a convolution of TCC and
mask t ransmissions. Implementations in the space
domain or t he f requency domain can be found in
simulators such as SPL A T[ 5 ] . Based on Gabor’s
“reduction to p rincipal waves”, t he“kernel2based
convolution”[5 ,8 ] method is listed in Eq. ( 2 ) , in
which a set of 2D kernels{ K0 i } are generated. The
sum of t he product s of t hese kernels is an approxi2
mation of t he 4D t ransferring f unction of t he bi2lin2
ear system. The intensity at one spatial point is cal2
culated by summing the squares of t he convolu2
tions of t he mask and t hese kernels. A typical con2
volution kernel is shown in Fig. 3.

Fig. 3　A convolution kernel

U sually ,only t he first few convolution kernels
are required to meet t he accuracy requirement .
Granik et al . [2 ] discussed t he number of kernels to
be used and the range of ambit . This point is close2
ly related to t he accuracy of t he model. Lookup ta2
bles storing the convolution values of element fea2
t ure shapes and each 2D kernel are built up to a2
void f urther direct convolution comp utations. Sig2
nificant acceleration has been achieved by checking
up these tables in calculating t he intensities of
sparse aerial point s on different mask pat tern envi2
ronment s[9 ] .

To bet ter simulate the effect s caused by t he
resist layer thickness and materials of different re2
flection factors on the wafer surface ,we have modi2
fied t he p urely optical model by adding some ext ra
model parameters for describing t he vertical inten2
sity dist ribution inside the resist layer . Layered
TCCs[5 ] are comp uted and a weight average is
taken ,so t he cont rolling parameters can be empiri2
cally fit ted in later model calibration. Zd is t he
t hickness of t he resist in Eq. (3) .

TCCav =
1
Zd∫

Zd

Z = 0
TCC ( z) d z (3)

　　In fact , t he modification to t he aerial image
simulation includes convolving the aerial image
with a 2D Gaussian filter to smear t he image in a
manner analogous to p hoto acid generator diff u2
sion ,t he formula for which is given in Eq. (4) . Ref2
erence [ 8 ] shows how to extend convolution ker2
nels to model chemically amplified resist p rocess2
ing. This method is very efficient since t he new
TCC is comp uted once t hroughout t he lateral diff u2
sion ,and some mask processing effect s are comp u2
ted in t he f requency domain.

T ( f′, g′, f″, g″) = T ( f′, g′, f″, g″) ×
G ( f′- f″, g′- g″) (4)

　　The etching effect is anot her important issue
in manufact uring flow. A half2empirical variable bi2
as model ( VBM ) based on shape2morp hing has
been developed to f ully t reat t his effect and is given
in Eq. (5) . The environment surrounding a specific
edge is rep resented by parameters such as pat tern
densities of different ranges , intensity slopes , and
feat ure granularity[7 ] , all of which are factors in
p redicting t he morp hing bias in our VBM.

bias =α+β/ g +χ/ g2 +δl +

εl2 + <s +φs2 (5)

In Eq. (5) , g is t he intensity slope , s is t he short
feat ure granularity , l is t he long feat ure granulari2
ty ,and t he coefficient sα,β,χ,δ,ε, <andφare relat2
ed to t he practical p rocess.

To get the most benefit s f rom t he process sim2
ulation ,we should properly calibrate t he simulation
model according to t he process to be characterized.
That is ,given a rep resentative set of critical dimen2
sion ( CD ) measurement s obtained f rom t he
process ,we fine2t une t he process model parameters
so t hat t he simulated/ p redicted CDs match t he
measured CDs well . Therefore , we need to design
all kinds of test pat terns. The measured data f rom
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test chip s containing group s of test pat terns are in2
p ut to our model calibration tool ,which can auto2
matically find optimal parameter values for bot h
t he resist develop ment model and the etch model .

Figure 4 (c) shows t hat t he simulated result in
Fig. 4 (b) is very consistent wit h t he SEM image in
Fig. 4 (a) ,which shows t hat t he p rocess model ex2
actly describes t he calibrated process to be charac2
terized.

Fig. 4 　On test case 　(a) SEM image ; ( b) Simulated

result ; (c) Superposition comparison

3　Experiment results

We have applied t he three types of defect
checking described in t he above sections to a large
0113μm post2RET layout containing about 400 ,000
t ransistors. The total verification time is about
10min on a 116 GHz PC. More than 10 ,000 poten2
tial defect s were found. Two examples were shown
in Fig. 2 for the p urpose of explaining t hese de2
fect s.

4　Conclusions
The optical p roximity effect (O PE) has caused

great design concerns for t he next several technolo2
gy nodes. RETs for improving manufact urability
and yield in sub2wavelengt h lit hograp hic p roces2
ses ,such as optical p roximity correction and p hase
shif ting masks ,have been int roduced to address t he
OPE. The necessity of post2RET verification in
dealing wit h t he more aggressive uses of RETs ,has
been demonst rated and discussed in this paper . We
have developed fast IC process simulation tech2
niques based on empirical resist and etch models to
comp ute silicon images of layout s as large as a f ull
chip . The simulated silicon image is used to verify
t he correct elect rical operation of t he chip and it s
compliance wit h semiconductor manufact uring
rules.

In order to reduce t he manufact uring and de2
velop ment t urn2around2time by decreasing t he
number of costly and time2consuming test cycles ,
more applications of f ull2chip scale manufact uring
verification should be explored in f ut ure work.
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亚波长设计中的可制造性验证方法 3

王国雄­　严晓浪

(浙江大学超大规模集成电路设计研究所 , 杭州　310027)

摘要 : 描述了一种采用分辨率提高技术后用于可制造性设计的验证方法.该方法的目的是验证设计功能与设计目
的是否一致 ,更精确地说 ,使刻印出来的图像与设计一致.还描述了这种基于模型的验证方法的过程建模 ,实例说
明这种方法的性能.
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