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Abstract : We describe a post resolution-enhancement-technique verification method for use in manuf acturing data
flow. The goa of the method is to verify whether designs function as intended, or more precisely ,whether the
printed images are consistent with the design intent. The process modeling is described for the model-based verifi-
cation method. The performance of the method is demonstrated by experiment.
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1 Introduction

As the feature szes of integrated circuits are
shrinking to sub-100nm scales, various resolution
enhancement techniques (RETSs) for automatically
compensating for masks are indispensable in very
deep submicron (VDSM ) IC desgn and
manufacture. The ever increasng complexity of
RETsis bringing about a dramatic increase in final
layout complexity and mask production cost. Most
of the time,however ,the matter of post-RET goes
unaddressed. This is mainly because conventional
physcal verification tools cannot verify post-RET
designs since the new mask desgns usually violate
conventional IC layout design rules and because the
tools do not take the photolithography step into
consderation. This stuation calls for a new verifi-
cation method for manufacturing to ensure the cor-
rectness of post-RET layouts® *.

In this paper ,we describe a verification meth-
od for manufacturing in detail. It employs afast li-
thography smulation engine to map the modified
mask to the final patterns produced on the wafer.
Process modeling and some accelerated al gorithms
implemented in this method are illuminated in de-
tail. The smulation results are compared with ex-

Article ID : 0253-4177(2006) 05 0819-05

perimental data to validate the method. The results
show that the proposed method is an effective and
practical way to verify post-RET designs.

2 Method of verification for manufac-
turing

2.1 \Verification flow

Sub-wavelength manufacturing requires that
optical correction errors do not violate the integrity
of design. This may for instance ,determine wheth-
er an RET is necessary or check the usef ul ness and
correctness of RET modifications. The merging of
DRC layout engines with this kind of process s mu-
lation is creating many new applicationsin areas of
desgn for manufacturing (DFM) ,including CD
control analyss,yield loss study ,and circuit per-
formance estimation. The control files and process
smulation techniques may be used to identify areas
of acircuit layout that are difficult or impossble to
manuf acture properly.

The verification for manufacturing (VFM)
checker is shown in Fig. 1. The lithographic
process model s ,which determine the smulation ac-
curacy ,are the most important elements of the
V FM checker. The objective of process modelingis
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to determine the wafer location of every printed
edge correctly. The smulated slicon image is used
to verify the correct electrical operation of the chip
and its compliance to semiconductor manufacturing
rules. By using control files,the inspector should
show and identify problematic areas for circuit
function failure directly related to the yield due to

the proximity effect-{ m-dash”) trandstor channel
length uniformity, line-end pullback , bridges for
possble short circuits,and critical line widths for
possible open circuits, for example. Instances of
gate length uniformity ,line-end pullback ,and line
break checking are shownin Fig. 2.
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Fig.1 Verification flow

Fig.2 Failure checking (a) Gate length uniformity
and line-end pullback ; (b) Line breaking

2.2 Process modeling

A critical issue in applying RETs and in post-
RET verification are having a fast enough smula
tion engine that can predict the mask to dlicon pat-
tern trander with reasonable accuracy.

We divide the whole lithographic model used
for process smulation into three parts:an optical
model ,a resist development model ,and an etching
model .

The optical model is used to compute optical
intendties near a gecific point. The imaging mech-
anism of a stepper can be modeled by the Hopkins
Egs. (1a) and (1b) ™.

+0 +00
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(1a)

I(x,y) = FY{I(f, 9} (1b)

1(x,y) = ZCi(F(x,y) ® KOi (x,y))? (2
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In these equations,the transmisson cross co-
efficients (TCCs) of the optical system contain all
the information of an optical system from light
source to image plane and are independent of mask
geometries. For a given optical system with fixed
illumination ,numerical aperture,defocus and other
aberrations,the TCC is fixed,and the calculated
TCC can then be reused for aerial image smula
tions of different mask patterns exposed on the
same optical system. That is to say,according to
the Hopkins equations ,optical intensties on a war
fer can be computed by a convolution of TCC and
mask transmissons. Implementations in the space
domain or the frequency domain can be found in
smulators such as SPLA T . Based on Gabor’ s

reduction to principal waves” ,the" kernel-based
convolution”®® method is listed in Eq. (2) ,in
which a set of 2D kernels{ KOi} are generated. The
sum of the productsof these kernelsis an approxi-
mation of the 4D tranderring function of the bi-lin-
ear system. Theintensty at one spatial point iscal-
culated by summing the squares of the convolu-
tions of the mask and these kernels. A typical con-
volution kernel is shownin Fig. 3.

Fig.3 A convolution kernel

Usually ,only thefirst few convolution kernels
are required to meet the accuracy requirement.
Granik et al."” discussed the number of kernels to
be used and the range of ambit. Thispoint isclose
ly related to the accuracy of the model.Lookup ta
bles storing the convolution values of element fea
ture shapes and each 2D kernel are built up to a
void further direct convolution computations. Sg-
nificant acceleration has been achieved by checking
up these tables in calculating the intendties of
sparse aerial pointson different mask pattern envi-
ronments'™® .

To better smulate the effects caused by the
resist layer thickness and materials of different re-
flection factorson the wafer surface ,we have modi-
fied the purely optical model by adding some extra
model parametersfor describing the vertical inten-
sty distribution insde the resst layer. Layered
TCCs® are computed and a weight average is
taken ,s0 the controlling parameters can be empiri-
cally fitted in later model calibration. Zs is the
thickness of the resst in Eg. (3) .

A%
sz= (3)

In fact ,the modification to the aeria image
sdmulation includes convolving the aerial image
with a 2D Gausdan filter to smear the image in a
manner analogous to photo acid generator diffu-
son ,theformulafor whichis givenin Eq. (4) . Ref-
erence[ 8] shows how to extend convolution ker-
nels to model chemically amplified resst process
ing. This method is very efficient snce the new
TCCiscomputed once throughout the lateral diffu-
son ,and some mask process ng effects are compu-
ted in the frequency domain.

(.4 .f.d) = T(F.d 1" d) x
G(f - '.d - ¢) (4

The etching effect is another important issue
in manufacturing flow. A half-empirical variable bi-
as model (VBM) based on shape-morphing has
been developed to fully treat this effect andis given
in Eq. (5). The environment surrounding a specific
edge is represented by parameters such as pattern
densities of different ranges,intensity sopes,and
feature granularity!” ,all of which are factors in
predicting the morphing biasin our VBM.

bias =a +B/ g +X/ ¢ +OI +
€EI” + ds +Q¢° (5)
In Eq. (5) ,gis the intendty dope,sis the short
feature granularity ,l is the long feature granulari-
ty ,and the codficientsa B X O £ ,Pand@ are relat-
ed to the practical process.

To get the most benefitsfrom the process sm-
ulation ,we should properly calibrate the s mulation
model according to the process to be characterized.
That is,given a representative set of critical dimen-
son (CD) measurements obtained from the
process ,we fine-tune the process model parameters
o that the smulated/ predicted CDs match the
measured CDs well. Therefore,we need to design
all kinds of test patterns. The measured data from

TCCa = 0TCC(z)dz
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test chips containing groups of test patternsarein-
put to our model calibration tool ,which can auto-
matically find optimal parameter values for both
the resist development model and the etch model.

Figure 4(c) shows that the smulated result in
Fig.4(b) isvery consstent with the SEM imagein
Fig.4(a) ,which shows that the process model ex-
actly describes the calibrated process to be charac-
terized.

Fig.4 Ontest case (a) SEM image; (b) Smulated
result ; (c) Superposition comparison

3 Experiment results

We have applied the three types of defect
checking described in the above sections to a large
0. 131 m post-RET layout containing about 400,000
trandgstors. The total verification time is about
10minon a 1 6 GHz PC. More than 10,000 poten-
tial defects werefound. Two examples were shown
in Fig. 2 for the purpose of explaining these de-
fects.

4 Conclusions

The optical proximity effect (OPE) has caused
great design concernsfor the next several technolo-
gy nodes. RETs for improving manufacturability
and yield in sub-wavelength lithographic proces
ses,such as optical proximity correction and phase
shifting masks ,have been introduced to address the
OPE. The necessty of post-RET verification in
dealing with the more aggressve usesof RETs,has
been demonstrated and discussed in this paper. We
have developed fast IC process smulation tech-
niques based on empirical resst and etch model s to
compute slicon images of layouts as large as a full
chip. The smulated slicon image is used to verify
the correct electrical operation of the chip and its
compliance with semiconductor manufacturing
rules.

In order to reduce the manufacturing and de-
velopment turnraroundtime by decreasng the
number of costly and time-consuming test cycles,
more applications of full-chip scale manufacturing
verification should be explored in future work.
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