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Abstract

The ability to improve the yield of integrated circuits
through layout modification has been recognized and sev-
eral techniques for yield enhanced routing and compaction
have been developed. The approach described in this paper
is aimed to improve the random defect limited yield of the
VLSI design. The goal is achieved by increasing the design
tolerance to short (extra material) and open (missing mate-
rial) type defects. This approach and the suggested algo-
rithm can be used as a post place and route step for im-
proving catastrophic yield loss caused by the random de-
fects.
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INTRODUCTION
One of the major challenges facing semiconductor compa:
nies today is how to increase the yield. Since yield is di-
rectly related to profitability, an 1C designer can signifi-
cantly increase the income by predicting and improving
yield before the tapeout. With the move to nanometer de-
sign and shrinking geometries further, the sensitivity of
silicon to manufacturing defects has been increased.

There are three basic approaches that are used commonly
for layout yield improvement. They are: the architectural
choices that should be done before the physical design
stage (like redundancy, etc), the layout modification during
the process of physical design, and the reconfiguration
technique, which is being done during the chip manufactur-
ing process.

Theideaof Y1 through layout modification isin decreas-
ing the areawhich is sensitive to random defects - so called
critical area, that way increasing the defect tolerance of the
IC design. There are two basic techniques for improving
the defect limited yield:

a  Wire spreading - by increasing the distance between
routing geometries the layout becomes more tolerant
to the short type defects.

b. Wire widening — by increasing the width of the ge-
ometries, they become more tolerant to open type de-
fects.

The method described in this paper uses both these tech-
niques simultaneously by choosing the optimal (in terms of
yield) width and local placement of each of the wires dur-

ing the pass. The approach is iterative, during each of the
iterations either horizontal or vertical geometries are being
processed. By controlling the number of iterations (as well
as the order of directions) the optimal quality versus per-
formance ratio can be reached.

The rest of the document is organized as follows: section
2 covers some details regarding the yield calculation mod-
els used in this work, section 3 contains the algorithm for
finding the locally optimal placement and size of one wire,
section 4 describes a possible flow using the approach and
section 5 stands for the summary.

All the terminology and notation that are not defined but
used here can befoundin[1] and[2].

YIELD CALCULATION MODEL

Subsections

It will be assumed that the defect size density function
(both for open and short defects) can be described by a
power law (pl) for defects smaller than the critical size
X, and by an inverse power law (ipl) for defects larger
than the critical size. Then,

a. The defect size density function for shorts G.,(x)
can be de fined by

k1* x",
k2

Xipl ’

if 0<x<S,

GSHORT ) ~

if S <x<8§ .
°= " ="M otherwise

0 otherwise

Let's suppose that the minimal alowed distance between the
design objects is greater than S, , which is very close to the
minimum spacing rule. Now if the smoothly natural extension of
the function Gg,,..(x) can be defined after the point S, then we
can use the following formula:

k2

Gsiorr (X) = Xsiglcht

b. The defect size density function for opens - G,,..(x)
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x P! ° otherwise

0 otherwise



can analogously be defined by the following function:

And again, supposing that the minimal allowed object size
is greater than Oy, and if we after the point O,, take the
smoothly natural extension of the function G,,..(x), then
we can use:

kzopen
Gopen (X) = P!

Open Fault Probability for Single Routing Geome-
try (rectangular)

Let’s consider a pattern consisting of a single metal line of
width W and length L. The critical area for open type de-
fect of size D in this case should be defined by the follow-
ing formula[1],

(x f\/\/)L+%(x WK WP, if x>W

CA)pen(X) ~
0, if x<W

Assuming W<<L, the critical area can be well estimated by
alinear function of the defect diameter x, and will have the
following form:

xX-W)L, if x>W

CA’“’”(X)%[ 0, if x <W

Having this we can get the average number of faults (ANF)
for open type defects using the formula[1].

ANF ., (W, L) = DS, [ CACG e, (X)clX
w

= Dc?pean (X _Wpopen(x)dx
where D‘)Ope,, isthe average number of open type defects.

Short Fault Probability for Two Neighboring Rout-
ing Geometries (rectangular)

For a pair of wires with the common span L and the spac-
ing S, the critical areais defined by thisformula

1 2 z .
CAGpor ) = =S+ E(X - S)m, if x>S
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if x<S

and again can safely be approximated by a linear function
of the defect diameter x, which can be given by the follow-

ing form:
(x—-9S)L, if x>S
C ~
Ashort(x) {o, If X < S

And, like in case of opens, the average number of faults for
Shorts can be estimated by

ANF,1,(S, 1) = D | CACG)G g0 000X
S

= Dghor‘(Lf (X - sﬁshort (X)dX
w

where D%, isthe average number of short type defects.

LOCALLY OPTIMAL POSITIONING AND SIZING
OF ONE WIRE

Let us now start with some definitions. Let’'s assume we
are in the vertical optimization iteration and denote the
horizontal wire being processed by w. Let the functions W
= W(w) and L = L(w) be the width and the length of the
wire w. By the two sets of wires {b/...bm} and {tI...tn} we
will denote the top and bottom neighboring geometries.
The property “neighbor” is defined between two geome-
tries, it is dependent on the direction and can be described
asfollows:

Definition 1: Geometries u and v are neighborsin vertical
direction, if there can be drawn a vertical interval that
crosses both these shapes and does not cross any other
shape. The similar formulation can be given for the hori-
zontal direction.

Definition 2: Let the term span stand for the length of the
common projection of the neighboring geometries on the
direction perpendicular to the optimization direction. Let us
use the function span(u,v) for the span between vertices u
and v.

Definition 3:  Let us use the term dist for the minimal
spacing between projections of two geometries on the op-
timization direction. Let us use the function dist(u,v) for the
distance between verticesu and v.

Definition 4:  Let us denote by distMin(x,y) the minimum
allowed spacing between geometries x and v.

Then, lets denote by ST=/{st,, ...,st,/st,=span(w, t)} and
SB={sb,,...,sb,,/sb,=span(w,b;)} the set of spans with the
top and bottom neighborhood of the wire w.

Let us also use DT={dt,, ...,dt,/dt,=dist(w, t)} for dis-
tances between the top and DB={db,,...,db,,/db,=dist(w,
by} bottom neighboring geometries and the wire w. Now
the total ANF will be

ANFtotaI = ANFopen(VV! L) +

Z AN Fshort (Sti ’ L) + Z ANFshort (Sbi 4 L)

i=1 i=1
where L = Zn: 3.
i=1

Now, considering each of the top and bottom edges of the
wire w independently and letting them move freely across
the optimization direction we can write the following for-
mula

ANFtotaI (U,V) = ANFopen(\N +u-+v, L) +

Z ANFshort (Sti - L) + Z ANFshort (Sbi -V, L)
i=1 i=1

where u specifies how much the top edge of the wire w
goes up and v — how much it's bottom edge goes down.
The obvious aim of this yield optimization problem is the



minimization of the abovementioned function. Doing some
simplifications we can write
k2,.,-L-D?

ANF U,V — open open
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By doing the following replacement
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It is known that the necessary condition for a function to
reach it's extremum is the equality to zero for al the partial
derivatives of first order of that function. It means

0,ANF,.,(u,v) =0

total

0,ANF,.,(u,v) =0

and

Now let’'s determine the domain of the function. We have
the following assumptions:

Q) 0<u+v

b) u <min;_; , {st;} - distMin(WM),

C) v <min;—;_, {sb;} - distMin(WM),;
where WM is the maximal allowed width for this wire. Then the
domain region for the function should ook like in the figure 1.

V = Mini.y

» {sbi} - distMin(WM)
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Figure 1. The domain of the function.

Now let’s use Newton's method for solving this minimaz-
tion problem. Please use [3] for the terminology and nota
tion used below.
The problem can be stated as follows: Given the continu-
ous functions f{x,y) and g(x,y), find the values x=x" and
y=y" suchthat fix"y")=0 and g(x",y")=0.
It means we need to solve a system of two nonlinear equa-
tions: {f(x,y) _0

g(Xv y) =0

assuming that an approximate solution to this set is known
- (x;, yy. Using Newton's method we will need to solve the
following equation set for calculation of the next point:

|fx(xi,yi)-Axi +,(¢.y) - Ay, = (X, Y)
9, (%, Y- AX +g,(x,y,) - Ay, = 9(X,, ;)
where the next point can be found using thisrule
ixi+1 =X, + AX;
Yiaa =Y H Ay,
Thisis an iterative approach, so these two eguations should

be applied repetitively until either one or both of the fol-
lowing convergence criterias are satisfied:

a |ay|<e, and |Ax| < &

b' |g(Xi+1, yi+1|) g Eg and |f (Xi+1' yi+1)| S gf
where ¢, and ¢, are the approximation parameters for
driving the iterative process and are passed by the user. For
faster convergence in Newton’s method the selection of the
initial point is very important.
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Figure 2. Result on a sample configuration.

A POSSIBLE YIELD OPTIMIZATION FLOW

Based on the proposed positioning and widening technique
for one wire, a complete layout optimization flow can be
constructed. One example of such a flow can be given by
the following pseudocode.



INPUT:
ListOfDirections: the set of directions (horizonta or verti-
cal) in which the spreading/widening should be done.

NumberOflterations. the number of iterations that should
be performed on each direction...

ListOfPrimaryWires: the set of wires that are applicable for
the current direction of optimization.

ALGORITHM:
for_each_direction dir in ListOfDirections
{
CollectApplicableWires(ListOfPrimaryWires)
for iteration = 0 to NumberOflteration
{
for_each_wire w in ListOfPrimaryWires
{
GetTopNeighborHood(w,topNeighbors)
GetBottomNeighborHood(w,bottomNeighbors)
ResizeAndlace(w,topNeighbors,bottomNeighbors)
}
/

/
OUTPUT:

The new location and width of all the routing geometriesin
the design layout.

SUMMARY

The biggest advantage of this approach is that it is based on
the tradeoff between critical areas of short and open type
defects. Besides, since it is iterative, changing the number
of iterations one can also achieve the “effort level versus
runtime” tradeoff.

Another advantage is in possible application to any IC lay-
out during it's physical implementation without changing
the die size and increasing the yield by just doing minor
modification on the layout, avoiding another iteration of
the back-end flow.
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