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Abstract: Inverse lithography technology (ILT), a promising resolution enhancement technology (RET) used in
next generations of IC manufacture, has the capability to push lithography to its limit. However, the existing meth-
ods of ILT are either time-consuming due to the large layout in a single process, or not accurate enough due to
simply block merging in the parallel process. The seamless-merging-oriented parallel ILT method proposed in this
paper is fast because of the parallel process; and most importantly, convergence enhancement penalty terms (CEPT)
introduced in the parallel ILT optimization process take the environment into consideration as well as environmental
change through target updating. This method increases the similarity of the overlapped area between guard-bands
and work units, makes the merging process approach seamless and hence reduces hot-spots. The experimental results
show that seamless-merging-oriented parallel ILT not only accelerates the optimization process, but also significantly

improves the quality of ILT.
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1. Introduction

Lithography is an important step in IC manufacturing for
transferring patterns from mask to wafer; however, distortion
always exists in lithography due to diffraction and interference
of light waves. Many traditional resolution enhancement tech-
nologies (RETs), including rule and model based optical prox-
imate correction (OPC), sub-resolution assist features (SRAF),
and various phase shift mask (PSM) techniques, are designed
to improve pattern fidelity in lithography. However, these tra-
ditional RETs are gradually becoming insufficient, as the 193
nm wavelength is now applied to the 45 nm node and even
beyond!!l. Unlike the traditional RETs, which mainly mod-
ify the original masks, ILT creates completely different masks
in shapes based on lithography models to improve pattern fi-
delity, with the advantage of large process windows and more
accurate mask description!? 3.

The lithography system can be described using Eq. (1),
where the function Litho(.) represents the lithography system,
including resist development. The variables mask, contour and
target represent lithography mask, lithography result of mask
on wafer and target patterns on wafer respectively. The math-
ematical description of ILT is in Eq. (2).

contour = Litho(mask), (D
mask = Litho™ (target). 2)

ILT has been studied for decades, although the study has
only become popular in recent years. According to previous
work[271 the inverse function Litho~'(-) dose not exist due to
the ill-posedness of function Litho(-) and the inverse lithog-
raphy problem can be translated into an optimization prob-
lem with the aim of making the distance between contour and
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target as small as possible, described here as ||Litho(mask)-
target|| with various constraints. Various types of optimiza-
tion methods, such as level-set methods?!, DCT-2 based mask
synthesis®® and gradient-related methods®!, can be used in
ILT. Using whatever method, ILT is always time-consuming
and in practice it costs unbearable time and unaffordable mem-
ory to get a result of the entire layout on a single processor.
Parallel ILT is a feasible way to speed up ILT, and the so-
called traditional parallel ILT in this paper is investigated in
Ref. [10]. There are three main steps in traditional parallel
ILT: the first is that the layout is partitioned into tiles called
work units; in the second step each work unit is put into the
ILT engine in parallel; and in the third step all work units are
merged together. In the first step, a buffer called a guard-band
is expanded around the work unit to include patterns in the im-
mediate neighborhood of the work unit, thus the effect from
neighboring patterns can be taken into consideration. How-
ever, the guard-band is an intuitive solution, and it does not
guarantee correctness due to un-seamless merging, which will
be discussed in detail in following sections.

This paper proposes a seamless-merging-oriented paral-
lel ILT, which not only partitions the layouts to accelerate the
optimization process but also adds convergence enhancement
penalty terms (CEPT) in the optimization processes of each
work unit to guide the convergence, and finally reduces the
hot-spots caused by merging. The experimental results show
that the seamless-merging-oriented parallel ILT efficiently re-
strains the effects induced by layout partition and merging, and
improves the quality of the result.

The forward lithography model, the foundation of ILT,
is introduced briefly in the second section. Traditional parallel
ILT and seamless-merging-oriented parallel ILT are discussed
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(a)
Fig. 1. Schematic of (a) Property 1 and Property 2. Property 1 and (b) Property 2 state that intensity (gradient) is determined by kernel (kernel”)

and finite elements of mask matrix (matrix’) only.

in the third section. A discussion on the experimental results
and the conclusion are presented in the last section.

2. Forward lithography model

The symbols and assumptions used in this paper are de-
fined first. M, Z € R™*? are mask matrix and target matrix
with P rows and Q columns respectively, and the pixels (p, q)
in M and Z are termed m,,, and z,,,. I is the intensity matrix in
accord with the mask matrix M, and i(p, g) or i, is the inten-
sity of entry (p, ¢). ® is a convolution operator. In this paper,
the mask type is binary (m,, € {0,1}) for convenience, which
can be easily extended to other mask types, such as attenuated
PSM.

The function Litho(mask) mainly consists of an optical
model and a resist development model, which are described
by the SOCS (sum of coherent systems)!''! optical model and
constant threshold resist models!'!), respectively.

The SOCS system is described in Eq. (3), where 4; is the
amplitude of each lithography kernel 4;, and h; € C¥*X; K is
the kernel ambit. The model input is the mask and the model
output is intensity.

N
i(p,q) = ) il ® M’
i=1

Ail(Re(h;) ® M)* + (Im(h;) ® M)*]. 3)

M-

1l
—_

L

Property 1: Equation (3) indicates that the intensity of point
(p,q) is determined by kernel and finite mask area only, as
Figure 1(a) shows.

The constant threshold resist model is described by the
sigmoid function. The model input is intensity and the model
output indicates the resist thickness. Taking a dark field mask
as an example, the constant threshold resist model is Eq. (4).

sig(i) = {1 + exp(—a(i — iy))} ™", 4)

where a is the steepness factor and i is the threshold. The
curve of the sigmoid function is shown in Fig. 2.
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Fig. 2. Curve of sigmoid function. The larger the steepness factor a
is, the steeper the curve is at the threshold.

Therefore, the lithography model can be obtained by
combining the optical model and the resist model together in
Eq. (5), which is a nonlinear function in matrix form.

Litho(M) = sig(I(M)). 5)

3. Traditional parallel ILT and seamless-merg-
ing-oriented parallel ILT

Taking the gradient-related method as an example, this
section shows how traditional parallel ILT works as well as the
drawbacks of merging, and seamless-merging-oriented paral-
lel ILT is then introduced.

3.1. Traditional parallel ILT

The cost function C(-) is defined as the distance between
contour and target in discrete space in Eq. (6).

0
C(M) = ||Litho(M) - Z|| = Z (Sig(i(p, @) = 2pg)* (6)

q=1

M~

I
—_

p

In Ref. [9], the element m,, is represented in Eq. (7),
which means the variables are changed from m,, (discrete
variable) to 6, (continuous variable). @ is a matrix in accord
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with mask matrix M.

mpg = (1 +cosb,,)/2, for p=1,.,P;q=1,..,0,

)
M = (1+cosH)/2.
Then gradient-related iterative methods can be applied to
Eq. (6). The kth iteration is Eq. (8).

Ok = 6p—1 — sd, (8)

where s is the step size and d is the gradient of cost function
defined in Eq. (9).

N
d=VC@®) = - Z AMatrix; ® Kernel;, )
i=1

where
Matrix; = 2asin(0) © (sig(l) — Z2) @ sig(l) © (1 — sig(1))
Ol(Re(h;) + Im(hy)) ® M],

Kernel;- = rot180(Re(h;) + Im(h;)), (10)

where © means multiply element-by-element, and rot180(.)
means rotating the input matrix 180 degrees, which is often
seen in convolution processes.

Property 2: In Eq. (9), the main operator of gradient for-
mulation is convolution; hence gradient has the same proper-
ties as intensity, as Figure 1(b) shows. Only finite entries in the
matrix Matrix; influence the gradient inferred from Property 1
and Property 2, and thus it is reasonable and necessary to add
the guard-band around the work unit to compute the correct
gradient.

In traditional parallel ILT, only using a guard-band is not
enough to make the merged result hot-spot clean, because the
work unit fringe environment before and after merging is dif-
ferent. As Figure 3 shows, the fringe environment of work unit
A will change from guard-band A to work unit B during merg-
ing, which may induce hot-spots. Therefore, a new method is
proposed in the next section to restrain the hot-spots.

3.2. Seamless merging in parallel ILT

Only using a guard-band is not enough, as stated above.
The work unit fringe environment changes from the guard-
band to adjacent work units during merging, which leads to po-
tential hazards, and this is not seamless enough. Here, ‘seam-
less’ means that the guard-band is similar to the overlapping
adjacent work units. As Figure 4 shows, the guard-band of
work unit A and adjacent work units B in the same region in
the layout, which is the shadow area, should be similar. The
similarity, defined as the percentage of similar area over the
overlapping area in Eq. (11), is an important index of the qual-
ity of merging, and high similarity means that the image of the
work unit result changes little before and after merging. In Eq.
(11) area means the area in the layout needing similarity eval-
uation, which is the shadow area in the layout in Fig. 4, and &
is XOR operation.
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Fig. 3. Two work units A and B (solid frame) and their corresponding
guard-bands (shadow frame).
similarity =
J[  liltmask1 @ iltmask2|dxdy

_ (x,y)€area
f f dxdy

(x,y)earea

1

x 100%. (11

To approach seamless merging, the new method pro-
posed in this paper adds CEPT to the traditional parallel ILT
process which means that the guard-band has two tasks: (a)
to provide an environment to ensure that the lithographical re-
sult of the work unit it surrounds is close to the target; (b) to
make the distance between the guard-band and the overlap-
ping area of adjacent work units as small as possible; in other
words, the guard-bands and the overlapping area of work units
have high similarity. For example, in Fig. 4, in the top picture
the shadow area in the layout has two roles: it is part of the
guard-band of work unit A and at the same time it is part of
work unit B; in the bottom left picture, without CEPT in tradi-
tional parallel ILT, the shadow area in the guard-band of work
unit A just provides the environment of work unit A and it
has low similarity with the shadow area in work unit B; in the
bottom right picture, with CEPT in seamless-merging-oriented
parallel ILT, the shadow area in the guard-band of work unit
A not only provides the environment of work unit A but also
has a smaller distance between itself and the shadow area in
work unit B; it therefore has high similarity with the shadow
area in work unit B. Specifically, in the parallel ILT process,
CEPT will be added to the gradient d in Eq. (9), with the form
WX 0 Yy gec(Mpg — target,,)/06,,, where target is the area in
the work unit which overlaps with the guard-band (generally 8
work units are involved), w is weight and G is guard-band area.
In this paper, the expression for CEPT is given in Eq. (12),
where W, Mask and Target are weight matrix, mask matrix
and target matrix, respectively. © means multiply element-by-
element.

CEPT = W ©5sin(f) © (Mask — Target). (12)

The flow of seamless-merging-oriented parallel ILT is
shown in Fig. 5; GDS parsing is the first step for loading the
layout. Hierarchy analysis analyzes the target layout and finds
repetitive patterns so that only a single instance of each pattern
is processed. After hierarchy analysis, the remaining instances
are partitioned into work units with guard-bands. In parallel
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Fig. 4. Target updating schematic. The shadow area in the guard-band of work unit A and the shadow area in work unit B are in the same region

in the layout. The shadow area of work unit B is the target of the shadow area in the guard-band of work unit A.
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Fig. 5. Flow chart of seamless-merging-oriented parallel ILT.

processing, all work units are processed by certain iterations
first; after that the targets of all work units are updated and
parallel ILT processing continues. These two steps are re-
peated until the ILT process is finished. The target updates en-
sure that the guard-bands have high similarity with their adja-
cent work units. The guard-bands take the effects from neigh-
boring patterns into account as well as the effects from changes
of neighboring patterns, and so are more accurate.

The additional costs of this seamless-merging-oriented
parallel ILT are extra computations for calculating CEPT and
time for updating the targets.

4. Experiment discussion and conclusion

Experiments were designed to test the quality of
seamless-merging-oriented parallel ILT. The parameters of the
experiment, including model parameters and optimization pa-
rameters, were only designed for the experiments.

The layout is a poly-silicon layer of a logic layout in 130
nm node and the parameters of the lithography system are as
follows: numerical aperture is 0.85, wave length is 193 nm,
traditional illumination with s = 0.78, threshold is 0.3, kernel
ambit is 15 pixels, guard-band width of work unit is 60 pixels
and one pixel is 10 X 10 nm?.

Figure 6 is the pattern target on the wafer. It is partitioned
into two work units: work unit A and work unit B. Area a
is the guard-band of work unit A, while area b is the guard-
band of work unit B. Two methods, traditional parallel ILT
and seamless-merging-oriented parallel ILT, are used to get
the result of this layout. In traditional parallel ILT, work units
A and B are put into the ILT engine separately, and after the
ILT optimization process work units A and B are extracted
and put together. However, in seamless-merging-oriented par-
allel ILT, work units A and B are put into the ILT engine;
the targets of work units A and B are updated every 60 iter-
ations during the ILT optimization process and after the ILT
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Fig. 6. Schematic of mask partition in experiment. Areas A and B are
two work units and shadow areas a and b are guard-bands of work

units A and B respectively.

No hot-spots are in the contour of work units
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Fig. 7. Traditional parallel ILT result. Top-left is the result of work

unit A, top-right is the result of work unit B and the bottom is the
contour of merging the results of work units A and B. There are two

hot-spots in the contour labeled by circles.

optimization process work units A and B are extracted and put
together.

In Fig. 7 there is no hot-spot in work units A and B. How-
ever, after merging, there are two bridge errors in the middle
of the contour. The reason for this is that during merging the
guard-band of work unit A is replaced by work unit B and the
guard-band of work unit B is replaced by work unit A, thus
the fringe environments of work units A and B are changed by
2.83% and 2.26% respectively.

In Fig. 8, hot-spots exist neither in the results of work
unit A and work unit B, nor in the merged result. From Tables
1 and 2, similarity is significantly improved by using seamless-
merging-oriented parallel ILT. Higher similarity indicates that
the environment of the work unit changes little before and after

Fig. 8. Seamless-merging-oriented parallel ILT result. The top two
figures represent the merged mask tiles of the two hot-spots. The bot-
tom is the contour of merging the results of work units A and B. There

are no hot-spots in the contour.

Table 1. Similarity of guard-bands of work units A and B by using
traditional parallel ILT.

Table of similarity Work unit A Work unit B
Similarity 97.17% 97.74%
1- Similarity 2.83% 2.26%

Table 2. Similarity of guard-bands of work units A and B by using
seamless-merging-oriented parallel ILT.

Table of similarity Work unit A Work unit B
Similarity 99.16% 99.48%
1- Similarity 0.84% 0.52%

Table 3. Average EPE and Max EPE of the two methods (pixel).

Traditional Seamless-merging-oriented
parallel ILT parallel ILT

Average EPE 1.4 1.2

Max EPE 20 3

merging, thus the merged result is hot-spot clean. Dynamically
updating the target in the CEPT takes effects from neighbor-
ing patterns into consideration as well as effects from changes
in neighboring patterns of the guard-band, which greatly im-
proves the quality of the merged results.

Table 3 clearly shows that the maximum EPE (edge
placement error) is significantly reduced by using seamless-
merging-oriented parallel ILT. Table 4 shows the time cost of
each ILT method and seamless-merging-oriented parallel ILT
is about 5% greater than traditional parallel ILT, which is ac-
ceptable.
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Table 4. Time spent for the two methods (second).

Traditional Seamless-merging-oriented
parallel ILT parallel ILT
Time 1514 1596

In conclusion, the experimental results show that
seamless-merging-oriented parallel ILT outperforms tradi-
tional parallel ILT. Seamless-merging-oriented parallel ILT in-
herits the speed merits of traditional parallel ILT while increas-
ing the similarity of overlapping areas in the layout to signifi-
cantly improve ILT quality at low cost.
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