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Abstract: A new partitioning methodology is presented to accelerate 130nm and beyond large—scale alternating

phase=shift mask( Alt-PSM) design flow. This method deals with granularity self-adaptively. Phase conflicts resolu—

tion approaches are described and strategies guaranteeing phase-compatible during layout compaction are also dis—

cussed. An efficient CAD prototype for dark field Alt-PSM based on these algorithms is implemented. T he experi-

mental results on several industry layouts show that the tool can successfully cope with the rapid growth of phase

conflicts with good quality and satisfy lower resource consumption with different requirements of precision and

speedup.
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1 Introduction

As VLSI manufacture technology advancing to
the deep sub-micron era, size of IC features begins
to be smaller than the wavelength of lithography
below 0.35um'". Designers and manufactures have
to face a challenge of optical proximity effect
(OPE) that will badly impact printability by indu-
cing inconsistencies between mask and wafer.

A num of aggressive resolution enhancement
techniques have been introduced to fill the widen-
ing gap. T here are two main approaches. One is op-
tical proximity correction ( OPC), the other is
phase-shift mask ( PSM ). OPC pre-transforms the
mask features by modifying geometry figures based

on rules'” and models. PSM modulates phases of
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light transmitted through the mask to further the
resolution capabilities. Among many types of PSM
reported, alternating PSM (Alt-PSM) is the most
effective'”’. During 0. 13um below technology, Alt—
PSM, versus costly OPC, is considered to be a
prime choice for enhancing the resolution and
depth-offocus of optical lithography'".

The difficulty of designing Alt-PSM is the
phase conflicts between adjacent features. In recent
decades, several studies on resolving phase conflicts
have been published ™ *. Our work based on the
recently proposed techniques'”™ has feature of pre-
senting an efficient partitioning methodology to ac-
celerate 130nm and beyond large-scale Alt-PSM
design and reduce the resource consumption. We
also integrate this method into the design flow and

implement a CAD prototype that has the capability

* Project supported by 985 Basic Research Foundation of Tsinghua University ( No. 200111002), National Natural Science Fourdation of China

(No.60273011), and National High Technology Research & Development Program of China (No. 2003AA115110)

Wang Di  male, was born in 1979, master candidate. His research interests focus on partition and verification technology on IC.

Wu Weimin - male, was born in 1966, PhD, associate professor. His research interests include layout design and formal verification.

Received 13 October 2003, revised manuscript received 9 February 2004

©2004 The Chinese Institute of Electronics



71 Wang Di et al. :

Adaptive Layout Partitioning for Dark Field Alternating - 767

to cope with very large industry layouts. The pri-
mary experiments on this protolype show not only

good speedup. but also desirable chip size.

2 Alternating PSM structure

As shown in Fig. 1(a) . light diffracted through
two adjacent apertures on the mask will interfere
constructively so that the contrast of the dark re-
gion on the wafer has been attenuated and no clear
image is formed. It is called phase conflict. While
in Fig. I(b). with phase shifting of 0° and 180° re-
spectively, transmitted light interferes destructively

and the contrast of wafer image is greatly im-

proved.
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But the num of phase conflicts may rise great—
ly with the layout size that will take a long pro-
cessing time as shown in Fig. 2(a). Besides, one
must place phase shifters alternately on the fea-

tures, which is not always possible. Figure 2(b)
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Fig. 2 Phase conflicts rising curve (a) and illustra-

tion of cyclic conflicts (b)

“ . . » .
shows the ‘¢yclic conflicts ™ where adjacent fea-

tures cannot be mapped the compatible phase.

3 Design flow

In essence, the Alt-PSM design flow comprises

the following four steps.
3.1 Partition layout with adaptive granularity

The complexity of the optimal algorithm for
phase conflicts elimination is nonlinear'®. When
scaling to large instances, the approach may be
much time—and memory-consuming.

Our method is to use the strategy of divide
and conquer ” to partition the input layout into sev—
eral sub-ayouts via a user-controlled processing.
Then, we apply optimal phase conflicts elimination
and phase assignment for each sub-ayout. The
partition granularity can be selected automatically
according to the layout size so that we can gel bet-
ter trade-off between speedup and the cost of parti-
tioning processing for each part.

The partition approach can be performed in
linear time. We implement following constructions.

(1) Using vertical (horizontal) sweepline, add
all segments of features onto corresponding sweep—
line list, ordered by the horizontal (vertical) coor-
dinate of the most left (top) boundary.

(2) Find cutlines which may achieve the ap-
proximate partition ratio with the minimum cutting
off long features.

(3) Each segment cut off from a long feature
will maintain a pointer to its containing polygon
and be treated as an independent feature in the re-

spective sub-ayout.
3.2 Building conflict graph

Given a layout of polygonal features like Fig. 3
(a),the conflict graph G= (V,E) is like Fig. 3(b).

[n general, each vertex is defined for a feature
and an edge introduced between two vertices exact-
ly when their corresponding features are in phase

conflict.
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Fig.3 Building conflict graph from layout

We adopt the rules like some in Refs.[7, 8] to
accurately formulate the phase conflict. For a DRC
corrected layout, the minimum distance between
any two features is denoted as b and the minimum
width of features is defined as w. The minimum
phase conflict distance is B. The relations between
b, w, and B are w=b and b< B <2b.If the distance
between any two features is at least b but smaller
than B, they are in phase conflict.

The conflict graph can be constructed in
O(nlgn) time as follows, where n is the total num-
ber of rectangles in polygons.

(1) Slice each feature into rectangle, assigning
a pointer from each rectangle to its father polygon.

(2) Bloat each rectangle by B/2 around.

(3) Using sweeplines, detect conflicts by
checking whether the rectangles that belong to dif-
ferent polygons overlap each other and record the
conflict edge pairs.

Once the conflict graph G has been estab-
lished, the phase assignment to features is equiva—
lent to 2-coloring the vertices of G. For this to be
possible, G must be bipartite, i. e., have no odd cy-
cles. Otherwise, we must delete enough edges such
that no odd cycle exists in the modified conflict
graph.

3.3 Eliminate odd cycles in conflict graph

There are several studies for phase conflicts
minimization'* ®. The fast approximation algo-
rithm we adopt, based on the dual graph and
Voronoi graph paradigm'”, is like that of Kahng et

[7.8] . . . . ..
al. - In particular, we improve it with partition—

ing approach to seek more little resource require—

ment and better performance for large-scale lay-

outs. It consists of seven substeps, as shown in

Fig. 4.
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Fig. 4  From the conflict graph (a). the geometric
dual graph (b) is constructed. Partition the vertices
into voronoi regions (¢).and Voronoi graph is built
(d). Then, find a minimum-weighted maximum
matching (e) in (d). Finally. the conflict edges cor—

responding to the matching edges in (e) are deleted

(f)

(1) For each partition of the layout, build a
graph G' which is the geometric dual of conflict
graph G.

(2) Let T denote the set of odd-degree ver—
tices in G'. Partition all vertices in G' into the
Voronoi regions such that (i) each region contains
only one vertex from T, and (ii) each even-degree
vertex belongs to a Voronoi region that contains
the closest vertex in T.

(3) Construct the Voronoi graph Vor(G') in
which each vertex represents a Voronoi region, and
two vertices are adjacent if a shortest path in G’
between the corresponding region is contained in
the two regions completely.

(4)

matching in Vor (G') by an integrated perfect

Find a minimum-weighted maximum

matching solver obtained from Ref. [ 10].
(5) Find edge sets in G that correspond to the

paths union in G', which in turn correspond to the



71 Wang Di et al. :

Adaptive Layout Partitioning for Dark Field Alternating - 769

edges of matching results in Vor(G').

(6) Delete these edges from G.

(7) Stop if the matching is a perfect match-
ing, otherwise find the new Voronoi graph and ap-
ply steps (4)~ (6) iteratively until T is empty.

The approaches described above can remove
all odd cycles in the conflict graph and make it bi-
partite. Steps (1) and (5) can be done within time
of O(n).Steps (2) and (3) cost O(nlgn) time. Step
(4) requires time of o(| 7 *). Thus, the total algo—
rithm has a time complexity of O(nlgn+ | T| 7).

3.4 Phase assignment and layout modification

The phase assignment approach for a bipartite
conflict graph is a 2-coloring processing. choose a
feature arbitrarily from each connected domain and
assign the 0° phase. Then, using a breath in first
search, assign the opposite phase to all features ad-
jacent to the visited ones until they are exhausted.

According to the phase assignment pattern,
the Alt-PSM spacing constraints can be generated,
1. e.,if two features are assigned the opposite phas—
es, the minimum separation is b; otherwise, separa—
tion is at least B.

In the last step, a compaction processing will
perturb each feature position such that the layout
remains accordant with constraints. For each sub-
layouts partitioned, we also introduce a gap to en-
sure that the minimum separation between the
closest feature pairs of boundaries is B when they
are recombined together before output. T hose large

feature segments being cut off before will be con-

nected again by following rules, as seen in Fig. 5:
(1) fix the shape of features as before, (2) if two
segments have the same phase. they can be joined
by extending one part to the other; (3) otherwise,
introduce a partial shifter between them that al-
lows gradual phase transition between 0° and

180°.

Fig. 5 Recombination of partitioned sub-ayouts

4 Experimental results

Our prototype has been developed in C+ + on
Sun workstation. We used several CIF format lay-
outs to test the software. Each of these layouts is a
specific layer of a chip design with the layer name.
Table 1 shows the computational experience of
phase assignment with five layouts of different
sizes. All runtimes are CPU second on a 450M Hz
CPU with 256M B RAM. We see that our prototype
can deal with very large flat designs within reason-
able time. Moreover, the partition processing can
signi-ficantly reduce average 40.8% of computing
time and 7.2% of conflict edges with only little

area increment versus method without partition.

Table 1 Comparison of experimental results for phase assignment of five layouts with different size

Testense Without—partition With=-partition # Edge Runtime # Area

# Conflict # Edge Runtime/s | # Conflict # Edge Runtime/s Dec. /% Dec. /% Inc. /%
chipN VA 5545 10011 37.21 5536 9171 23.35(2) 8.39 37.25 0. 00
chipNPG 12699 23830 122,18 12699 22883 | 66.73(2) 3.97 45.38 0.01
chipNCT 21596 36967 243. 47 20514 33807 | 137.54(2) 8.55 43.51 - 0.29
chipNM s 22032 40715 371.55 21972 37025 | 231.80(4) 9. 06 37.61 0.55
chipNVA 22177 42839 371.92 21902 40206 | 222.68(4) 6.15 40.13 0. 42
The num in the bracket of runtime under with-partition shows the division num of layouts. The three rightmost columns give the num of con-

flict edges, runtime and final AIt-PSM compatible layout area of with—-partition comparing to without-partition.
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S Conclusion

In this paper, we propose a new granularity
self-adaptive partitioning methodology to acceler—
ate Alt-PSM design flow and also introduce a CAD
prototype for dark field Alt-PSM and layout modi-
fication based on the algorithms. The system can
accept large—scale layout and complete the design
of Alt-PSM with automatic phase conflicts extract—
ing, optimal phase shifters arrangement and layout
modification. The partition approach has greatly
improved the efficiency of the system. Our prelimi-
nary experiments with several practical design of
different sizes show the validity and capability of

the system.
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