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Abstract

In the deep submicron manufacturing (DSM) era, lithograyikid
and noise are critical issues to be considered. Opticalifityx
Correction (OPC) is becoming a key compensate techniquehéor
light diffraction effect in lithography. Both OPC effect @ihe ca-
pacitive crosstalk on some wire segments can only be ardhjyast
routing in late design stage or post-silicon stepping desltange.
ECO (Engineering Change Orders) is used in late design &idiye
violations that exceed the given OPC and crosstalk thrdsha-
rived from analysis. These violations must be correcteddeoto
guarantee performance and yield. In this paper, we projheskrst
ECO routing algorithm which eliminates both OPC and crdksta
violations for wires. At the same time, the ECO routing obthes
given constraints so as to keep the new routing solutiorediothe
existing one to preserve design timing and layout convargen

1. Introduction

As the technology scales down into the deep submicron, the su
wavelength lithography introduces a huge burden in the fiaanu
turing process since the diffraction of light physicaliylts the crit-
ical dimension (CD).

Optical Proximity Correction (OPC) is proved to be an effext
method to compensate the light diffraction effect as a pagbut
process. However, the post design layout polygon manipulat
process is time-consuming and the results are still limitgdhe
original layout. So it is preferred to fix the OPC violatiomsthe
design stage.

Both light diffraction and crosstalk are local effects {dittion
usually can be ignored after 3 wave-length and crosstalkedses
quickly after short distance); and, the analysis [1, 8] caly be
derived post routing where most design are done and timiag ar
converged. It is also common to get more accurate models
analysis on both yield and noise after silicon is manufactuand
fix them during design stepping.

On the other hand, ECO changes are almost inevitable in
stages of a design process, usually for fixing timing or laywab-
lems. Instead of re-doing the whole design process, designefer
to modify the existing solution incrementally and keep thsign as
close as possible to the existing one to preserve alreadyenged
timing and layout while fixing issues identified by late arsigyor
manufacture feedback to increase yield and noise margisedan
the post analysis [1, 2], the lithography simulation of ORféas
on some segments can be identified large enough to affedt yeel
liability or timing (i.e., risky area for possible large fiifence from
drawn layout in silicon due to diffraction) in existing dgsi Sim-
ilarly, the total capacitive crosstalk on some signal wegraents
can be identified to be larger than their allowable bounds gfbst-
layout timing/noise analysis. Therefore, a clean routiafyition
without OPC and crosstalk violations is needed. Meanwliile,
new design should obey certain constraints which help tp kiee
new design close to the original one.

In this paper, we present the first ECO routing algorithm OCVE
(OPC Crosstalk Violation Elimination) which targets took® both
OPC and crosstalk violations.

In previous works, [2] presented an OPC-friendly maze rout-

ing. Several papers [3, 4, 6, 9, 10] addressed the globaildetit-
ing with the crosstalk constraint. However, ECO problentgiie
keeping the modified design as close as possible to theraxistie.
So more constraints are set in order to minimize the dishaban
the existing design. Recently, [8] proposed an ECO algorithre-
move crosstalk violations. But no consideration was takei©PC
effects.
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In this paper, we first give the definition of OCVE (OPC Crolista
Violation Elimination) problem in section 2. Then in sectid, we
briefly review the OPC model, the crosstalk model and FPeang
which helps to avoid overlaps on other neighbor layers. ttice
4, we present the OCVE algorithm to resolve OPC and crosstalk
violations. Finally, we show the experimental results iotem 5
and conclude the paper in section 6.

2. Problem Formulation

Suppose a routing solutidhasN signal wire segments on layer

L. Without loss of generality, we assume the metal ldyé used

for horizontal tracks, and the layers below and adowehich arel
andL, respectively, are used for vertical tracks. Any changek on
may lead to changes on other layers. However, the changatisho
not propagate to all layers. Therefore, we confine the ctetule

L andL, and treat all connections to these three layers from other
layers as fixed pins.

For each wire segment, it has two threshopdandc. pis the
OPC threshold, i.e., the total OPC effect on the segmentdmmi
exceed this bound.c is called crosstalk threshold, i.e., the total
capacitive crosstalk on the segment cannot be larger thischo

A horizontal segment can be representedxasxy,y,w, p,c,d)
where(x1,y) and(xz,y) are the end point coordinates of the center
line (x; < X2), andw is the half-width of the segmenp,is the OPC
threshold g is the crosstalk threshold, adds the allowable devia-
tion bound, i.e., when the segment moves up/down, its newtigos
(x1,X%2,¥,W, p,c,d) should satisfyly —y| < d. Similarly, a vertical
segment can be representedasy»,x,w, p,c,d). Sometimes, we
can simplify the representation. For example, a horizosggment
can be represented héxl,xz,y? if we do not care other factors.

Since the OPC or crosstalk effects on some segmeexneed

andthe given bounds, the target is to modify the existing rausolu-

tion Sso that the new routing solutidhis a clean routing solution
which satisfies the following constraints:

1. Horizontal signal wire segments brtan only move up/down,
i.e., thex-coordinates of the two end points of the segment
keep unchanged.

2. The relative positions of any two segments on the same laye
should not be changed. This property is called “order censis
tency”.

3. The difference between the new position of a wire segment
and its old location should not exceed its allowable deorati
boundd.

4. The total OPC effect on a wire segment should not exceed its
OPC threshold.

5. The total crosstalk on a wire segment should not exceed its
capacitive crosstalk threshotd

The first three constraints are set to keep the topology of the
new design close to the original one. Once a signal wire sagme
on layerL is moved, it may also cause changes on the neighbor
layersL andL. Figure 1 illustrates an example. (a) shows an OCVE
problem. The crosstalk obis larger than its given bound, while
the OPC effect ore is greater than its OPC threshold. In Figure
1 (b), segmenb is moved down to reduce the crosstalk betwaen
andb. Butb’ andc’ on layerL overlap. Also the changes on layer
L should obey the “order consistency”. In Figure 1 @js moved
aboved to reduce the OPC effect @pbut this disturbs the original
wire ordering.
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Figure 1: (a) A routing solution oh. The crosstalk ot is larger
than its given bound, while the OPC effect eris greater than
its OPC threshold. (b) Segmehtis moved down to reduce the
crosstalk between andb. Butb’ andc’ on layerL overlap. e is
moved abovel to reduce the OPC effect @ybut thisdoesn't obey
“order consistency”.

3. Preliminaries
3.1 OPC Model

In this paper, we use the same OPC model as the one in [2]. Fig. 2
is a simple optical system in the microlithography. The nuoa
aperture (NA) is defined ds$A = sina. It represents the quality of
the lenses in the optical system. The smallest represensa® in

the optical system is proportional y@,:

lllumination
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Figure 2: A simple optical system.

Let f(r), wherer is a two dimensional vector representing any
position on a plane, be the mask for a certain layer of a layout
The f gr) has a binary output: zero means the light is blocked, and
one allows the light to go through the mask. The intensityhef t
output image (r) for an optical system with the amplitude-impulse-
responséa(r) can be calculated by the following three models:

1(r) = |f(r)*h(r)[?
1(r) = f(r)2x|h(r)|?

1(r) = 31 Bi [ F(r) «hi(r)[?

wheref; is the scale factor. Partially coherent systems can be ap-
proximated as the sum of coherent systems.

The ideal amplitude-impulse-response functfgn) is a sinc-
like function. If the wavelength of the optical systemaiswith
numerical aperturBlA, the widthw of the main lobes dfi(r) would

beW = 2. The width of the side lobe would bglx. Since the

amplitude decays sharply beyond the first side lobe, we dak th
of the closest edges of the two adjacent patterns as the ffitst o
factor in the cost function. The rest of the edges on the paite
are second order, third order, and so on. If the edge fallsrimby
the first side lobe, its effects would be ignored. The desigesr
basically capture the first order factor from the geometigwelver,
since the CD is smaller than the wavelength nowadays, thandec
order or the third order edge would fall into the effectivgiom and
cannot be ignored.

The optical interference is limited within a region of sealer
wavelengths. To calculate the interference on a certaie éagn
other routed patterns on the routing grid graph, only pasterithin
the effective region centered at the edge are necessatypas i
Fig. 3 (a). Note that the coordinates represent the centenct
wire segment. All patterns within the effective region ararked
with coordinates of the left-most edge and the lengths ofptite
terns. The optical interference on the wire segment is thensar
tion of the interference from all effective patterns. Asdams the

coherent illumination:
incoherent illumination:

partially illumination:

relative positions stay the same, all of the optical effeatsild be
equivalent. For example, to obtain the interference frompht-
tern b shown in Fig. 3 (a), the pattermin Fig. 3 (a) are shifted
and mirrored, as shown in the figures from Fig. 3 (b). Themsfor
the optical interference can be simulated for all lengthpaiferns
centered at the origin. The result is kept in an OPC loop-bfeta
Note that the routing grid size if different from the opticinula-
tion grid size. The mean value within the grid size is recdrite
the table. Furthermore, if the optical system does not Haveym-
metric property in certain axis, the mirror operation wounlat be
allowed and the size of table would be doubled.
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Figure 3: (a) Five patterns are within the effective winddintte
edge(0,0). Each effective pattern is denoted by the left most edge
coordinated and its length. (b) Pattdoris shifted and centered
to the horizontal axis, while the evaluated edge could bearad

to the upper part of the effective window if the optical systes
symmetric on the horizontal axis.

The optical interferences from all effective patterns akéed
up from the table. The sum of the values represents the tifi¢ake
of the interferences.

3.2 Crosstalk Model

In general, each segment has coupling effect to all othenssts.
However, the coupling capacitance decreases drasti€aiig seg-
ment is out of the neighborhood of the other segment [5, 9, 10]
Therefore, we only consider the capacitive crosstalk betwevo
neighboring parallel wires and suppose the neighborhosidmtie

is D. Then the capacitive crosstalk between two segments can be
expressed as the following formula:

c:{ L

a

tB
0

wherea is the coupling parametef,is an experimentally estimated

constant [5]] is the coupling length, andis the distance between

two segments.

3.3 FP-Range

To avoid introducing vertical overlaps on the neighbor tayeand
L, we specify FP-Range for each wire segment [8].

t<D
t>D

2S: 2S
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:

2s

Figure 4: FP-Range illustration. Tiny squares are fixed.pins

FP-range is defined as follows. Suppose the wire separation r
quirementis & andW andH are the width and height of the routing
region, respectively. A horizontal wire segmé&t= (x1,X2,Yr) On
L has two end points; = (xg,Yyr) andrz = (Xo,¥r). Suppose the
two end points are connected to layérandL”, respectively.L’
(L") can be eithet or L. Then calculate two pin sesand®. Let



P be the set of fixed pins oh andL’ whosex-coordinates fall in changed, the wire neighboring relationship won’t be chdregtner.

(X1 — 25,%1 +29), andQ be the set of fixed pins onandL” whose Therefore, we can pre-check wires to see if two wire segnmemets
x-coordinates fall in(x, — 25, + 25). LetU = min{{y — 2y € aﬁja%ent toI each other,hand represent the wire neighbaglagan-
PUQAY >V }U{H —2s}} andV = max{{y+2sly e PUQAY < Ship by a plannar grapn.
yr tU{2s}}. TherangdV,U] is called “FP-Range”. Figure 4 shows
the FP-Range of a horizontal segmét Pin a is the closet pin %
aboveR and pinb is the closet pin belowR. In this example, the ez F @2
FP-Range oRis [y, + 25, Ya — 25| wherey, andyy are y-coordinates 2
of pin a andb respectively. wm LD e

Then we have the following theorem. The proof is similar fpo [7 .. o bes, 12
and it is omitted here. 1 @z B @

(5,5) A (25, 5)

Theorem 1 Ifall horizontal segmentsonlayer L move up/down 05 - - - o
within their FP-Ranges [V,U] and satisfy horizontal wire separa-
tion requirement and order consistency, the new routing solution @ (b)

has no vertical wire separation violations. ) ) )
Figure 6: (a) A routing solution oh. The grey area show the ad-
jacent overlap between two wire segments. (b) The correlipgn

4, OCVE Algorithm segment neighboring graph. Each wire segment is represbyia

To solve the OCVE problems, we need to handle two kinds of vi- Nnode. For any two nodes, if they are adjacent to each othedge
olations, i.e., OPC violations and crosstalk violation®@effects is added. A number is associated to an edge which is the ogupli
are mainly decided by OPC effective region, while crossisite- length of the two segments.

termined by neighbor segments. Therefore, we adopt twereifit

data structure, loop-up table and graph, to assist OPC asdtaik Each wire segment is represented by a node. For any two hori-
calculation during the wire movement. zontal wire segment = (x&,x3,y2) andB = (X, x3,y?), (Y2 < yP),

4.1 Segment Loop-up Table letx = max(§,x¥) andx, = min(x3,x3). If x < x, then the two

; ; . . . . wire segments have overlap along x-dimension. Furtherribre
Given a routing regioriW, H), claim a two-dimension array MAP 4,0 o %5 rectangle region whose left bottom cornéx’is/?) and
LW /Rul, [H/Ra) ], whereRy andR, are two positive numbers set right upper corner i$x”,y°) (x <X X" < x/), and there is no other
by users. The elements of MAP are a set of segments as well aSW?I‘e sgpments fall in this re Iio_n the tTNoIr wire segments aighn
the wire segment length. A segmet(xy,X,y) is recorded in oy 9 ; dosi gdd'd b A 9 9 Al
MAP [i, [y/Rnl], i = |X2/Rw]... Xo/Ra]. In MAP [i, |y/Ra]], the or wires, and one edge is added between the two segments. Als

) ' 1/mw ] 172 ’ .7 ’ the total coupling length which will be used for crosstallcoéa-

segment length related ®is assigned as mim2, (i + 1) « Ry) — tion is assigned to the edge. Figure 6 shows an example. &Feyur
max(x1,i x Ry). Figure 5 shows an example. Figure 5 (a) gives (a)is a routing design on layér The gray boxes indicate the ad-

a routing solution with 6 horizontal wire segments. Figurébp jacency between two wire segments, and the width of a grayox
is the segment look-up table MAP. Each item in the grid hasethr  the capacitive coupling length of the two segments. Figulte) 6
parts: the segment id, the starting point of the wire segnmetite the segment neighboring graph. Each wire segment is repesse

grid cell as well as its length. For example, segmi recorded by a node. If any two segments have the coupling effect, aa &g
in MAP[0,0], MAP[1,0] and MAP2,0]. And the lengths in these  added and the coupling length is assgned to the edge. Itsteas

three cells are 5, 10 and 5, respectively. see that the segment neighboring graph is a planar grapmurhe
ber of nodes igN|, and the number of edges is at mogi3- 6,
3 3 [O; Mﬁ = ] where|N| is the total number of segments.
7,24) F 25, 24) (Fhoho] [Fleds] .
R 4.3 OCVE Algorithm
2 @218 E (418 Wi . 2] 3] To solve the OCVE problem, we also draw on the segment neigh-
@1 D as1s) boring graphG to maintain the order consistency. For convenience,
o e c el | [cle]d] [Ckdid | [clde] for any two segmenté andB in G, if A is aboveB and there is a
@h29 B 20,20 [Ok [mi @0 30 path fromA to B, we sayA is B's parent, and is A’s child.
G5 A @59 First initialize all nodes in the segment neighboring grash
[Akds] “unprocessed”. Each time, select the nodes which have renpar
0 10 20 30 40 70 10 20 30 40 nodes which are “unprocessed”, and move them to their highes
(@) (b) available positions. These positions are their new looatidrhen
mark these nodes as “processed”. Repeat this processaintdes
Figure 5: (a) A routing solution with 6 horizontal wire segmt®on are “unprocessed”. . o . ,
L. (b) The corresponding segment loop-up taliR = Ry, = 10. For each segment, its available position is decided by its FP

For each item in a grid cell, the first part is the segment idf an Range, allowable deviation bound, the positions of its parethe
the next two are the starting point and the wire |ength of tlre w OPC threshold and the crosstalk threshold. Let the wireraepa

segment length in the grid cell. tion requirement be2 Suppose segmert = (x1,Xz,y,W, p,c,d)

has an FP-rang®/,U]. Also A records a valu&bound. Initially,

Once we set up this loop-up table, we can easily find all éfect ~ Ubound = min{yp —2s—wp|yp is they-coordinate of arA's par-
patterns for a selected wire segment. For example, the sgdgine  ent node andvy is its half width}. Then if Amoves in the range

in MAP[1,1] is (10,18,15). Suppose the OPC effective region for  [0,Ubound — w], the order consistency is guaranteed. M| =
this wire segment covers a region whose left bottom corner an v U] [y—d,y-+d]N[0,Ubound —w]. Check tracks starting from
right upper comner ar€2, 11) and (26,19), respectively. Then we U. If no OPC and crosstalk violations are introduced\®parents

only need to check MAR, 1], MAP[1,1] and MAF2, 1] to find the and itself whenA is put at trackt, andt is assigned a&’s new

segments in the effective region. From the OPC table whighes position. Otherwise, check the next track belowTo calculate

build according to the OPC model, we can get the OPC effects on opC or crosstalk, since the positions of the children segsneh

D and the segments in the effective region as well. Aas weklll as some other segments aréa not decided,hit’s hard to es
. . timate their effect. But for “processed” segments, theisippons

4.2 Segment Neighboring Graph are fixed. Therefore, we only consider OPC and coupling tffec

The crosstalk coupling effect occurs between two neighlegr s between “processed” segments ahd The target is that the new

ments. Since the horizontal wire segments on ldyean move position will not cause OPC or crosstalk violations to a t@ssed”

only up/down, and the ordering of these wire segments cammot segment as well as to the segménitself. To calculate OPC, we



Table 1. Test Results of OCVE Problem

File NetH1 NetV1 WireH1 WireV1
ECO Region Area(ur) 464.66x343.28| 332.99x495.32| 1090.67x490.56| 483.42x1099.28
Signal Segments 1563 2270 1483 1408
OPC Violation Segments 457 607 387 382
Crosstalk Violation Segment§ 403 433 364 381
Allowable Deviation 2% 2% 2% 1%
Test Results
OPC Violation Segments 0 0 0 0
Crosstalk Violation Segments 0 0 0 0
Running Time (s) 228 240 375 216

can efficiently identify the segments Ats effective region accord-
ing to the segment loop-up table. For each pair of segmeritein
effective region, the OPC interference value can be obddiyehe
pre-established OPC look-up table. For crosstalk, we cahtffia
direct parents ofA in the segment neighboring graph. The edge
value is the coupling length of the two segments. Then we can
apply the crosstalk model directly to get the capacitiveptiog
value. This process is repeated until a feasible positidouad
or the track goes beyond. The latter case means no feasible so-
lution is found. Once the position & is decided, the OPC and
crosstalk bounds of andA's parents have to be adjusted accord-
ingly, i.e., subtract the OPC effect and crosstalk betw&and its
parents from the corresponding bound#\afnd its parents.

OCVE algorithm can be summarized as follows, is the set
of horizontal signal wire segmentR,is the set of fixed pins?, C,
andD record the OPC threshold, crosstalk threshold, and thevallo
able derivation bound, respectively. For each ngdés Ubound is
denoted ag.Ubound, its FP-range i§q.V,q.U] and its allowable
deviation bound i$—q.d, q.d].

Algorithm OCVE(S, R, P, C, D)
1. Readin OPC Look-Up Table;

2. Construct Segment Look-Up Table T;

3. Construct Segment Neighboring Graph G;

4. For any node n

5. [n.Lbound, n.Ubound| =an.v, nU] N [ny—nd,ny+n.d];
6. n.gatus = “unprocessed”;

7. Push nodes without “unprocessed” parents into List L;
8.

9. While (L # @) do

10. Remove a node q from L;

11. new_pos = ¢.U bound;

12. While (new_pos > g.Lbound) do

13. If ((g and g’s parents have no OPC violations)
14. && (g and g's parents have no crosstalk violations))
15. then g.pos = new_pos,

16. update q and g's parents OPC bounds;

17. update q and g's parents crosstalk bounds;
18. update g's children’s Ubound;

19. g.status = “processed”;

20. break;

21. else new_pos— —;

22. End_While;

23. If no position is found, return “No Solution”;

24. Push the nodes without “unprocessed” parents into L;

25. End_While

The changes on layérmay lead to the changes arandL. The
deviation boundl is defined to constrain that one segment does not
deviate too much from its original position. At the same tjrite
helps to prevent introducing new violations to other layahkthen
horizontal segments do move up or down, the length changes of
the vertical segments dnor L is no more than @since each verti-
cal segment connects to at most two horizontal segmerits ©hen
the OPC or the coupling effect introduced by length incréaséso
limited. Therefore, if the neighbor layers of laylerare not criti-
cal on OPC or capacitive crosstalk, by setting appropriatéation
bounds, we can avoid introducing new OPC/crosstalk viatation
layerL or L. On the other hand, if the neighbor layer is sensitive to
the changes, we need to check the neighbor layer as well saftha
ter each change, no new violation is introduced. The OP&dtatk

violation checking on other layers is the same as the chgakimn
layerL. This step can be easily plugged after Line 14.

In this algorithm, each time we always put a horizontal sagme
to its highest available position. This leaves more roomottier
segments since once one segment is processed, its locafired
and other segments below it cannot take the places abovenit. O
the other hand, another goal of the algorithm is to minimize t
total deviation. Therefore, we start with a zero allowalggidtion
bound and each time increase the bound by a certain pereentag
Repeat this process until a feasible solution is found odéwation
bound exceeds the pre-defined value. For the latter caseanibfe
solution is found.

5. Experimental Results

Our algorithm was implemented in C++ on PC workstation(Ha%5
with 1.5GB memory. We tested OCVE algorithm on four test files
as listed in Table 1. The optical wavelength is 193nm, and the
line width and space are based on 90nm process. For all of the
test circuits, the allowable deviation of each signal wiegreent

is bounded as 2% (1% for WireV1) of the height of the ECO re-
gion area. After applying the OCVE algorithm, we can find nlea
routing solutions for all four files.

6. Conclusion

In this paper, we propose the first ECO routing algorithm Wwhic
eliminate both OPC and crosstalk violations for wires on layer.
At the same time, the ECO routing obeys the given constramés
to keep the new routing solution close to the existing onetheu
more, the OCVE algorithm can be applied layer by layer tolueso
violations on all layers to a given multiple layer routingsdm. Ex-
perimental results demonstrate the efficiency and effeséiss of
our approach.
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