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Abstract 

The effect of non-catastrophic (or soft) defects (i.e., neither short nor open) on 
long interconnection lines e’s analyzed and an estimate is derived for the frequency- 
dependent critical area for such lines. The analysis is based on a transmission-line 
model of interconnection lines, and the reflections caused by the defect are taken 
into account. This analysis results in an estimated prediction of the parametric 
yield, and a practical recommendation for a better jog insertion in VLSI routing. 

1 Parametric Yield 

ln conventional (catastrophic) yield prediction, the main question is: ‘How many fault-free 
chips will be manufactured?’ whereas for parametric yield prediction the question is ‘How 
many chips will have an acceptable performance?‘. The term “acceptable performance” 
may have different interpretations, e.g., frequency, power consumption, MTTF, etc. We 
will focus in this paper on the frequency interpretation, that is: we will try to answer the 
question: How many chips will be operational at a desired frequency in the presence of 
spot defects (assuming a known defect distribution) ? In this manuscript we restrict our 
discussion to interconnection lines. 

In most previous publications (e.g., [13], [14], [15]) t i was assumed that significant para- 
metric yield loss can only be caused by global process faults (e.g., mask misalignment and 
line width variations), while local process defects (pinholes, missing/extra metal) can only 
result in catastrophic faults. A detailed survey of existing methods in parametric yield 
analysis can be found in [17]. A preliminary analysis of the effect of spot defects on the 
circuit performance was made in [7], but the model used there does not take into account 
the effect of the discontinuities in the transmission lines caused by spot defects; hence the 
resulting reflections are not considered. Such reflections, which may have been negligible 
when CPU clock frequencies were below lOOMhz, have become more crucial with recent 
progress in technology and higher processing rates. 

Our goal here is to investigate the effect of local process defects on the parametric yield 
of metal lines by analyzing the increase in the (signal propagation) delay of such lines 
due to spot defects. We extend the well-known notion of critical urea and estimate the 
delay-increase-dependent yiekd Y(o), which is defined as the percentage of chips that will 
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have their lines delayed by no more than a times the predicted delay of defect-free lines. 
According to this definition, as o goes to co, Y(u) approaches the traditional catastrophic- 
fault yield. 

2 The Effect of an Extra Metal Defect on the Delay 

Consider two parallel metal lines of length L separated by a distance S (see Figure l(a)) 
and assume that an extra (missing) metal defect of size 2~ x 2~ falls at distance z from the 
driver and its center is at height y from the lower line. Note that we model the defect as a 
square of side 2~ rather than a circle of radius T. This defect touches line 2 but not line 1. 
Hence, this defect is not “catastrophic” in the regular sense since it does not cause a short 
(open) circuit. However, it does increase the coupling between the lines (the resistance of 
the line) and hence the delay, which may result in performance degradation, the amount 
of which depends on the criticality of the line and the parameters of the defect (size and 
location). The following is a preliminary analysis that is intended to give the flavor of this 
dependency, and is divided into two subsections. In the first one, the effect of a defect on 
the resistance and capacitance of a distributed RC line is estimated, while in the second 
subsection we derive an expression for the extra delay caused by a defect. 

2.1 The Impact of a Defect on the RC characteristics 

Any defect along an interconnection line is a discontinuity caused by the RC characteris- 
tics of the defect which are different from those of the rest of the line. We assume that 
an extra metal defect causes extra capacitance while a missing metal defect causes extra 
resistance. This assumption is justified by the following observation: the line resistance 
depends on the length-to-width ratio which, for a soft extra-metal fault, is always less than 
2 (assuming line width which is approximately equal to the line-to-line spacing), while the 
line capacitance depends on the length-to-spacing ratio, which can grow arbitrarily as the 
spacing is decreased by the defect. On the other hand, in the case of missing metal, the 
line width (hence l/R) can decrease arbitrarily, while the line-to-line spacing (and l/C) 
will not even be doubled. 

From now on we shall concentrate on the effect of extra metal defects for two reasons: 
these defects are more likely to occur (as has been found by many chip monitors), and their 
effect on the parametric yield is much higher. The total capacitance of a line is the sum of 
three terms 

cp + cj + Cl, (1) 

where CP - “parallel plates” capacitance 

Cf - “fringe” capacitance 

Cl1 - “line to line” capacitance 

In the usual case where the lines are minimally spaced, C,r is the dominant term in (1). 
The exact value of Cl, for a given geometry is not easy to calculate. A detailed study of 
the characteristics of coupled microstrips ([9],[11]), reveals that when S is small, the most 
significant component in the coupling capacitance (also termed “gap capacitance”) per unit 
length is 

Cl1 = 2% . tf.7 (2) 
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where E,, is the electric permitivity coefficient of the insulator that separates the metal 
from the substrate (usually Silicon-Oxide), and t is the height of the metal lines above the 
substrate (see Figure 2 for an illustration). In [9] and [ll] the formulas are much more 
complicated since they are more general; here we are interested only in the component of 
the line-to-line capacitance, which is dominant when S is very small; hence we are mostly 
concerned with the l/S component, as in equation (2). In our specific case, modeling the 
defect as a square stub, we can use equation (2) to approximate the extra capacitance due 
to the defect, denoted by Cd, in the following way. The neighborhood of the defect may be 
considered as a segment of the line with a significantly smaller spacing S’ = S + W - y - T 
(see Figure 1). The length of this segment is 2~. We therefore obtain 

2r 
stw-y-r ifr>y-W 

otherwise 

where C is the typical coupling (crosstalk) capacitance per unit length, which may be 
calculated using equation (2). Note that when there are no defects (i.e., T = 0) we get 
Cd = C as expected. 

2.2 The Delay Caused by a Defect 

As we are concerned with on-chip lines, the inductance is negligible and the line can be 
modeled as an RC transmission line (see Fig. 1). We consider a defect along a line to be 
a discontinuity in its impedance. The impedance variation is estimated as a function of 
the defect size (T) and location (Z and y). We then calculate the extra delay caused by 
reflections from the discontinuity back to the driver. 

We assume that the change in the resistance of the line is negligible and focus on the 
extra capacitance caused by the coupling to the other line. The impedance due to the 
defect is 2, = R + l/jwCd rather than the typical 2, = R + l/jwC, and the reflection 
coefficient is (see for example, [8],[12],[16]) 

20 - zd rd = - 
& + zd 

which, for typical values of R and C, may be approximated as 

cd/c - 1 
rd N ~ 

cd/c + 1 

and using the approximation for this extra capacitance in equation (3) above we obtain 

P stw-Y ifr>y-w 
rd(Y, T) = 

0 otherwise 

Note that if T < y - W the defect does not touch the line and the impedance is unchanged, 
hence there are no reflections at all and Id = 0. Also note the extreme case of r = SfW-y, 
where the defect touches both lines. In this case we obtain Id (y, S + W - y) = 1; that 
is: everything is reflected and nothing can pass through when the defect short-cuts the 
two wires. Hence, the short-circuit defect can be treated as a special case of our reflection 
analysis. 

Proceedings of the IEEE International Workshop on Defect and Fault Tolerance in VLSI Systems (DFT '95) 
1063-6722/95 $10.00 © 1995 IEEE 



Session 2: Defect Sensitivity and Reliability 49 

In order to estimate the effect of the spot defect on the delay, we should first address 
a more general question: How does a discontinuity with reflection coefficient r affect the 
delay? To answer this, one should first note that when a voltage wave V arrives at the 
barrier, only (1 - I’) . V of it is transferred to the receiver, while the other r. V is reflected 
back to the driver. This reflected wave travels the distance of 2x to the driver and back. 
and is then divided again between (1 - r)r . V that go to the receiver and I” V that is 
reflected back, etc (see Figure 1). V,, the receiver voltage after n reflections, is at most the 
sum of voltages that have arrived so far (we say “at most” since the precise value depends 
on the phase differences between the arriving waves). Hence the receiver voltage after the 
nth reflection is bounded from above by 

vn 5 v,-, + (Ti;, - vL)(l- r) = rv,-, + (I - r)~ 
5 r2v,-,+(1+r)(l-r)~/i, 

where Vi, is the full voltage sweep of the pulse. Note that V,, the receiver voltage before 
any reflection, is equal to zero. If the receiver is a standard CMOS circuit, we can then 
assume that in order to switch the receiver, its input voltage should be at least V&/2. The 
(minimal) required number of reflections is determined by the inequality V, 2 l&/2 and 
depends on the size of the defect and its vertical position y. This number is denoted by 
n(y, T) and is given by 

TZ(Y, 7-j = (log (r;l(y, ~)))-l i0g 2 = 
log 2 

1% ( I 
s+w-g 

) 

Each reflection causes a “trip” to the driver and back. The time of such a trip can be 
approximated ([16], p. 199) by (1 ine resistance) x (line capacitance). Since R and C are 
the typical line resistance and capacitance, respectively, we get that one trip from the defect 
to the driver and back takes about (&)(CZ) = RCx’. The total delay caused by these 
reflections is approximately Td = 2. n(y,~) RCx2 where x is the distance of the defect 
from the driver’s end of the line and RCx2 is the propagation delay from 0 to x. Note our 
assumption that the defect has about the same sheet resistance and real/fringe capacitance 
as the line. This is not necessarily true, especially for defects caused by embedded particles. 
But,, as can be seen from equation (4), the dependence of the delay on Zd, the impedance of 
the defect, is only logarithmic, the only exception being if Zd << &, when the denominator 
is close to zero. One may conclude that the sensitivity of the delay to the defect impedance 
is quite small as long as Zd is not very small compared to ZO. To see this, observe that Td 

;y;;;; (1% 5$%)-l and let Zd = CY&, where (Y satisfies 0 5 (Y 5 1. Then we have 

0 O l-n L+JX where To is a constant and hence 

aTd 2To(l - Q) 
da = (I_ $;2 (La) = -4a71+ a) 

Denote by (r the delay increase coefficient, that is: the ratio of the extra delay caused by 
a defect to the propagation delay of the defect-free line, denoted by !7’, 

Td 0=--M 2. n(y, r) RCx’ 

Tp RCL2 
= 2&r) . (x/L)2 
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We wish 0 to be as small as possible. The delay increase coefficient must be smaller than 
some maximum value a, in order to allow the chip to operate at the desired frequency. The 
relation between the maximum operational frequency f,,, and the maximum delay increase 
coefficient o;, depends on the specific context. If interconnection line is on a critical path, 
we have 

fo 
fnl=;=*=- 1+0 

where f0 = l/to is the maximum possible operating frequency of the defect-free circuit. o 
must therefore satisfy the inequality 

u = 2(y,r)(z/L)Z= 2(r’L)210g2 < o;, 
log (y) - 

or 
log(s+y-Y)> 1.3w.y 

To satisfy this condition the size of the defect must satisfy the following inequality: 

c 1 r < T,,,(x,y,u,) = (Ss W- de-“3dB-~‘LZ 

Note that inequality (5) has an interesting corollary, which can be expressed as the following 
layout design rule: 

“If you must introduce a discontinuity (e.g., a jog) in a long wire, preferably do it 
near the driving end (smaller value of z) rather than near the receiving end.” 

Hence the wiring in Figure 3(a) is better than the one in Figure 3(b). 
Based on (5), we can now define the delay dependent critical area, denoted by A,(a), as 

the area in which a defect will cause an extra delay (measured by C) which may prevent 
the chip from operating at the desired frequency. This critical area is defined as follows: 

Ac(a) = J,lo l1’s 1:,..,,,,.,, D(T) dT dy dx (6) 

where r,,, (CC, y,a) is defined in (5) above, and D(r) is the density function of the defect 
size. Experimental data on defects in many wafers lead to the following formula ([l], [2], 
1311 151): 

D(T) = 
i 

r/2$ if 0 < T < l‘O 

i-;/r3 if Tg 5 T 5 a, 

where ~0 is the peak of this distribution. 
Following the analysis presented in [S], we can rewrite equation (6) to obtain 

(7) 

-4(a) = J:=. S(z,u) dx 
where S(z, u) is the defect sensitivity at point z along the line and is defined as 
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This integral is not easy to calculate analytically, hence we do it by numerical integration. 
See Figure 4 for S(z,o) vs. 5 for several values of g. The following values were used for 
the parameters: R = O.O2Q/p, C=O.lfF/p, r0 = 0.2~, W = 1.0~ and L = 5000/1. From 
this figure one may conclude that in order to reduce the defect sensitivity of critical nets 
(i.e., nets for which a small value of a is desirable, e.g., clock trees), it may be worthwhile 
to increase the line-to-line spacing for the second half of the line (if a;, = 0.02) or even at 
a distance of 600~ from the driver (in case a, is as small as 0.01). Such a “tapering” may 
reduce the sensitivity of the net to soft manufacturing defects. 

Another function of interest is the The estimated yield is Y(f) z e-n”‘(“(f)) and is 
plotted as a function of the frequency in the left side of Figure 5, assuming that the 
maximum working frequency of the interconnection line is f0 = BOOMhz, with 3 different 
spacing values. From this figure we conclude that the separation between long lines should 
be much larger for frequencies beyond 0.4fu, while in lower frequencies one may stick to 
the minimum spacing allowed by the technology ground-rules. In the right side of Figure 5 
we show how the estimated yield depends on 0 for various values of Cd/C, the ratio of the 
defect characteristic capacitance to that of the line. It can be seen that highly-capacitive 
defects (e.g. those caused by embedded particles) reduce the yield significantly. 

It is interesting to note the two asymptotic lines: the first is the predicted yield for 
unlimited delay increase, Y(u --f co), which is the traditional yield. The other asymptotic 
line is CT = 0, i.e., no increase in delay is allowed and the yield goes to 0. 

Note also that our analysis refers to lines which are implemented in one layer; in practice, 
this is not always the case and multi-layer nets are quite common. In some cases it may 
make sense to consider using upper metal layers to reduce the defect sensitivity for critical 
nets. 

3 Summary and Future Research Directions 

The effect of a spot defect on the delay of interconnection lines has been analyzed for the 
case of long parallel lines. The main effect of such a defect is the increase in the crosstalk 
capacitance between the lines. This effect was shown to be stronger near the receiving 
end of the line, using reflection analysis. An expression was derived for T,,,(z, y, a), the 
maximum defect-size that can be tolerated at point (z, y) if the delay increase coefficient 
should not exceed 0. Using numerical integration, the functions S(z, u) (defect sensitivity 
at distance z from the driver) and Y(u) (estimated yield) were calculated and plotted. 
This yield estimate is based on a novel generalization of the classical critical area A, that 
has been extended to be a function A,(a) of the desired performance (maximum allowed 
delay). 

In addition to a parametric, delay-dependent, yield estimate for this case, our analysis 
may lead to a possible cure for this extra sensitivity, by modifying the layout of intercon- 
nection lines from drivers to receivers. From our analysis it can be seen that a straight 
line is not always the best way to connect two points, once yield is taken into account. An 
interesting problem is thus to find the best layout for two adjacent interconnection lines for 
minimum delay. 

The analysis reported in this paper also shows the advantage of using tapered clock trees, 
and suggests that other critical nets should use tapered interconnects in order to increase 
their yield. The significance of the yield is clearly highly dependent on the parameters 
of the technology. As the feature size (and the wiring pitch) decreases and the frequency 
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increases, the effect of potential spot defects on the parametric yield of the circuit increases. 
Our analysis is also related to the problem of preserving the signal integrity. This prob- 

lem will become more and more crucial as technology progresses and interconnection lines 
become narrower than ever. To manage these signal problems, several CAD tools have been 
suggested (see [lo] for a popular introduction). However, as far as we know, no tool has been 
developed that takes into account the reflective effect of spot defects along interconnection 
lines. Our analysis may be a first step in this direction. 
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Figure 1: The effect of an extra metal defect on a line. The defect is modeled as a square 
of side 2~. 

Figure 2: The microstrip parameters as seen in a vertical cut. 

Figure 3: Two ways to add a jog that differ in their predicted yield. 
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Figure 4: Defect sensitivity, S(z, u), vs. the distance z from the driver, for various values 
of the delay increase coefficient 0. 

Figure 5: Yield vs. frequency for various values of the inter-line spacing S (left), assuming 
that fu (the maximum working frequency of the line) is 500Mhz. Note the significance of 
the spacing as the frequency exceeds 0.4fa. In the right figure, Yield vs. cr is plotted for 
various values of Cd/C, the defect capacity variation. 
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