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Abstract—Yield loss caused by random defects is an important
manufacturability concern. Random yield of modern integrated
circuits is associated with layout sensitivity to defects defined as the
ratio of critical area to the overall layout area. This paper proposes
a methodology to predict random yield with high fidelity based on
a stochastic layout sensitivity model that uses very basic layout in-
formation. The model has very important applications including
pre-layout yield prediction and yield forecasting for future process
technologies.

Index Terms—Critical area analysis, defect density, design for
manufacturability, layout sensitivity, random yield modeling and
prediction.

I. INTRODUCTION

HE MOVE to advanced nanometer nodes and new process

materials is diminishing semiconductor designers’ ability
to estimate and realize device yields. Mechanisms of reducing
yield loss have become ever more dependent on designs, not just
improvement of the manufacturing process.

Yield loss is caused by manufacturing defects such as
printability errors related to lithography [1], variations caused
by chemical mechanical planarization (CMP) [2], and circuit
failure induced by random particles [3].

Yield loss caused by random particles is referred to as random
yield loss. On the other hand, yield loss resulting from print-
ability errors and CMP can be classified into systematic or para-
metric yield loss. The product of all three yield losses is the
overall yield loss, which is also defined as the ratio of devices
performing properly to the total number of devices of produced
wafers. This paper is concentrated only on random yield loss
which has the highest percentage among all other yield loss
components according to International Technology Roadmap
for Semiconductor (ITRS) [4]. In order to predict requirements
of future technologies, ITRS assumes 75% overall yield mainly
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composed of 83% random yield and 90% systematic yield for
microprocessor technology, and 85% overall yield mainly com-
posed of 89.5% random yield and 95% systematic yield for
DRAM technology.

Random yield of semiconductor fabrication is a major factor
affecting the overall fabrication yield. Yield modeling is tradi-
tionally based on the analysis of the “critical areas” i.e., portions
of the layout where the center of a defect must fall to cause a
functional failure of the device [5]. Layout robustness is char-
acterized by the ratio of critical areas to the layout area, also
known as the “layout sensitivity” [6]. The layout sensitivity to
defects varies between 0 and 1. High layout sensitivity indicates
the layout’s high chances of failing defects and low layout sen-
sitivity indicates the layout’s high chances of surviving defects.

As the functionality of ICs grows and feature dimensions are
scaling down, modern VLSI devices are becoming evermore
complex and analysis of their critical areas becomes more com-
putationally expensive and time-consuming.

This paper offers a new method for critical area computation
using a stochastic layout sensitivity model. The new method can
significantly expedite random yield analysis and prediction for
current and future complex VLSI devices.

Section II explains different types of interconnect manufac-
turing defects. Section III illustrates the definitions of critical
area and layout sensitivity. Section IV gives an overview of ex-
isting methods of random yield modeling based on critical area
analysis. A model predicting the layout sensitivity to spot de-
fects is derived in Section V. Results of testing the model and
comparisons with actual data extracted from layouts are pre-
sented in Section VI. Section VII proposes some applications
of the layout sensitivity model.

II. MAJOR TYPES OF MANUFACTURING DEFECTS CAUSED BY
RANDOM PARTICLES

Random particles are either particles floating in the air and
particles originating from etching of material involved in many
steps of the fabrication process. Failure to eliminate such parti-
cles from the surface of the wafer during the processing of each
layer can generate manufacturing defects and circuit failure.
Even the presence of tiny particles as small as 1/2 to 1/3 of the
size of the minimum feature can be risky and result in a failure
[3]. Manufacturing defects can be classified into catastrophic
and non-catastrophic defects. Catastrophic defects lead to cir-
cuit failure during the manufacturing process, and consequently,
result in yield loss. Whereas, non-catastrophic defects, such as
narrow defects [7], represent a concern for semiconductor reli-
ability.
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A particle or
a process defect

Original layout open defect

Fig. 1. Sample of a layout showing an open defect (reprinted from [8]).

A particle or
a process defect

Original layout Short defect

Fig. 2. Sample of a layout showing a short defect (reprinted from [8]).

There are two types of catastrophic defects caused by random
particles: open and short defects.

A. Open Defects

An open spot defect or cut occurs when a nonconductive de-
fect creates an electrical “break” or disconnection in a signal
path. Fig. 1(c) illustrates an example of an open defect for the
layout in Fig. 1(a). Fig. 1(b) shows the location of a particle or
a spot defect that can create such an open failure.

With the shift to dual-damascene copper backend, probability
of failure caused by open defects has become a challenging issue
[9]. Moreover, open defects are usually complex and hard to
diagnose during test procedures [10], [11].

B. Short Defects

A short or bridge defect occurs when a conductive defect cre-
ates an electrical connection between two neighboring wires.
Fig. 2(c) illustrates an example of a short defect for the layout
in Fig. 2(a). Fig. 2(b) shows the location of a particle or a spot
defect that can create such a short failure.

III. CRITICAL AREA AND LAYOUT SENSITIVITY

The term, “critical area,” was first introduced by C. Stapper in
1976 [5]. Since then, critical area has become a widely accepted
measure of the sensitivity of VLSI design to defects occurring
during the manufacturing process.

Fig. 3. Spot defect photographs (Photograph used with permission of EE
Times, a CMP Media LLC publication) [12].

Open Circuit Short Circuit

Short defects  Open defects

Critical area Critical area
for short defects for open defects

@ (b)

Fig. 4. Critical area for (a) short defects and (b) open defects.

By definition, critical area is the area of a layout where the oc-
currence of a defect would cause functional failure. Depending
on the defect size, there are only certain regions in the layout
that the placement of defect could result in a failure.

For instance, the region highlighted in Fig. 4(a) shows the
area at which the placement of the center of a defect would cause
a short failure. Similarly, the region highlighted in Fig. 4(b)
shows the area at which the placement of the center of a de-
fect would cause an open failure. The area of these highlighted
regions is the critical area.

Critical area depends on the defect size. Larger defect size
creates a larger critical area. For instance, the critical area of a
very large defect can be the entire layout area if the placement of
such defect anywhere on the layout causes a failure. Obviously,
the larger the critical area (highlighted regions in Fig. 4), the
more sensitive the layout becomes to the defect.

The layout sensitivity is defined as the ratio of critical area to
the layout area. Layout sensitivity, therefore, ranges from 0.0 to
1.0.

To perform yield analysis, the critical area must be computed
at each level of metal layer for a range of defect sizes over the
entire chip layout. Considering the modern VLSI designs with
billions of interconnect segments, this would require an exten-
sive computational effort.

The focus of this paper is to develop a stochastic model for
layout sensitivity that can significantly expedite random yield
analysis and prediction for current and future complex VLSI
designs.
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IV. RANDOM YIELD MODELING BASED ON CRITICAL AREA
ANALYSIS

Critical area is a widely accepted figure of merit that de-
scribes the layout sensitivity to manufacturing defects. As a re-
sult, random yield modeling is traditionally based on critical
area analysis. This section presents conventional methods for
random yield modeling.

Random yield can be evaluated using the Poisson model as
follows:

Y, =e (1

where Y, is the random yield for metal layer m, and A is the
average number of defects.
Random yield of the whole die, Y, is given by:

Y=1]Ym @

where M is the maximum number of metal layers.
A is given by:

A=Y DoA.; 3)
J

where j is the type of defect (open or short defect), Dy is the
average defect density, and A, ; is the average critical area for
all defect sizes. A, ; is evaluated using the following equation:

A= /o Acj(r) x fs(r)-dr 4

where A, j(r) is the critical area of defect size r for a defect
type j, and fs(r) is the probability density function of defect
size.

The Poisson model is known to give pessimistic results when
applied to actual designs. This is because defects tend to group
in clusters, and do not have a uniformly random distribution
over the die as assumed in the Poisson model [13]. Many other
random yield models that include the effect of clustering were
derived from the Poisson model [14]-[16]. A comparison of
yield models is presented in [17] and [18].

Application of any random yield model requires the critical
area extraction. Widely used methods for critical area extraction
are categorized into the following types [19]: Monte Carlo sim-
ulation, geometric method, and virtual artwork approach.

Monte Carlo simulation [20] consists of randomly placing
a large number of virtual defects on the layout and, checking
for device failure for each defect. The probability of failure is
determined by dividing the number of defects causing a failure
by the total number of defects that was placed. Critical area is
then inferred from the probability of failure by multiplying it by
the chip area.

An early contribution to the geometric approach is offered
in [21]. This approach is based on the computation of the crit-
ical areas for different intervals of defect size. These critical
areas are typically computed by applying a shape-contraction
on the layout, followed by a shape-expansion, and then a sub-
traction of the resulting layout from the original one [22]. The

grid method, proposed in [23], is another way of the geometric
method. In grid method, the critical area is approximated by
using a grid over the layout and determining, at every point of
the grid, the radius of the smallest defect that causes a failure.
[19] offers another important method of the geometric approach
that is based on the concept of Voronoi diagrams. This method
has significantly faster run time performance than other geo-
metric methods.

The virtual artwork approach is proposed by Maly [24]. It
consists of computing the critical area of a virtual layout, ex-
tracted from the original one, that allows an easy determination
of a histogram of interconnect widths and spacings as well as
the interconnect lengths of specific widths.

Critical area extraction requires huge amount of computa-
tions and is time consuming. One way to avoid this limitation is
proposed by Allan and Walton [25], [26]. Their approach con-
sists of performing critical area extraction in sample regions
rather than extracting the critical area at every point of the de-
sign. This approach extensively reduces the time and effort of
critical area analysis and has a minor effect on the accuracy of
yield estimation.

All discussed methods of critical area computation are only
applicable to actual layouts. A different approach, known as the
stochastic method, is used for pre-layout yield prediction. Es-
sentially, the stochastic method consists of critical area mod-
eling based on some basic information about the layout. The
earliest contribution to this method is offered by Stapper [27],
[28]. In his work, Stapper used linear approximations to model
the critical area as a function of defect size. His model makes
use of basic layout information such as the interconnect width,
spacing, and length as well as the total number of interconnects.
Heineken et al., [29] also uses a linear approximation of the crit-
ical area to predict the yield. This approximation is either per-
formed using least square function fit or based on transistors
density. Another contribution to the stochastic method is made
by Christie and de Gyvez [30] where information about inter-
connect length distribution and interconnect widths were used
to model the critical area as a function of the defect size. The
stochastic method is necessary for pre-layout yield prediction
and is extremely fast and easy. However, existing models of the
stochastic method are all characterized by noticeable inaccuracy
in modeling the critical area.

In this paper, we contribute to the stochastic method for crit-
ical area analysis by offering a model for predicting the layout
sensitivity with good fidelity.

V. A STOCHASTIC LAYOUT SENSITIVITY MODEL

Assumptions

Some assumptions are made in order to simplify the deriva-
tion of the model. First, we assume that interconnect routing
is performed using a grid of channels. Channels can be either
empty or occupied by interconnects and are separated by a dis-
tance equal to the interconnect spacing. We also assume that the
routing of different interconnects are independent of each other.
These assumptions are made without loss of generality of the
model since the same assumptions are also made in many yield
analysis tools to perform critical area studies.
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Fig. 5. Example of an open defect covering two channels.

A. Parameter Definitions

We define channel density, d, as the probability of a random
channel to be filled. Therefore, the probability of a random
channel to be empty is given by (1 — d). Channel density, d,
can be deduced from the metal density, D, using the following
expression:

w

D=d ®)

w++ s

where w and s are the interconnect width and spacing, respec-
tively.

Since w and s are preset by the fabrication technology and D
can be easily computed from the layout, the channel density is
easily determined.

Also, we define m as the number of channels covered by a
defect and r as the defect size.

B. Layout Sensitivity Model for Open Defects

The largest open defect size that has a probability of covering
exactly m channels is given by

r=m(w+s)+w—c¢ (6)

where € is an infinitesimal distance. An open defect must cover
at least 1 channel to have a probability to create an open cir-
cuit failure. Therefore, m in (6) has a minimum value of 1. € is
included in (6) to make sure that exactly m channels can con-
tribute to an open defect in case it occurs. For instance, if m = 1,
then » = 2w + s — ¢ and exactly 1 channel is covered by the
defect. If m = 2, then » = 3w + 2s — € and exactly 2 chan-
nels are covered by the defect. This is also depicted by Fig. 5
where m = 2. All m consecutive channels must be empty for
the device to overcome the defect. Therefore, the probability of
the device survival is

Pi=(1-ad)". 7
Consequently, the probability of the device failure is given by
Pf=1-P,=1—-(1—-d)™. (®)

The layout sensitivity to open defects is in fact the probability
of failure due to an open defect. Hence, by substituting m in
(8) by its value from (6) and neglecting ¢, the layout sensitivity
model for opens becomes

Sopen -1 (1 _ d)((T—w)/(w-i-S)) . (9)

€
Fi r=m(w+s)-w-€ 4#

Fig. 6. Example of a short defect covering two channels.

This model for layout sensitivity to open defects uses very
basic layout information i.e., defect size r, wire width w, wire
spacing s, and the channel density d.

C. Layout Sensitivity Model for Short Defects

The largest short defect size that has a probability of shorting
exactly m channels is given by:
r=m(w+s)—w-—c¢ (10)
where ¢ is an infinitesimal distance. A short defect must involve
at least two channels to induce a short circuit failure. Therefore,
m in (10) has a minimum value of 2. € is included in (10) to make
sure that exactly m channels can contribute to a short defect in
case it occurs. For instance, if m = 2, then r = w + 2s — € and
exactly two channels can contribute to a short circuit. If m = 3,
then 7 = 2w + 3s — € and exactly 3 channels can contribute
to a short circuit. This is illustrated by Fig. 6 where m = 2.
For the device to overcome the defect, either all m consecutive
channels must be empty, or only one channel is filled and the
remaining channels are empty since a defect involving a single
interconnect cannot create a short circuit.
The probability of having m consecutive empty channels, Py,
is
P=>01-d" (11
and the probability of having one filled channel and m — 1 empty
channel, P», is
Py=md(1—d)™* (12)
where the coefficient m accounts for arbitrary location of the
filled channel in m different positions. Consequently, the prob-
ability of the device survival is given by

Po=Pi+Po=(1-d)"+md(1-d)"" (13)
and the probability of failure, P, is then
Pr=1-P,=1-(1=d)" —md(1-d)™'. (14)
It can be also written as
Pr=1—[l+(m—1)-d-(1—d)™". (15)

The layout sensitivity to short defects is in fact the probability
of failure due to a short defect. Hence, by substituting m in (15)
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Fig. 7. Comparison of the proposed sensitivity model with extracted layout
sensitivity and a previous sensitivity model [30] for open defects.
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Fig. 8. Comparison of the proposed sensitivity model with extracted layout
sensitivity and a previous sensitivity model [30] for short defects.

by its value from (10) and neglecting ¢, the layout sensitivity
model for shorts becomes

_ r—s ((r—s)/(w+s))
Snort = 1— |1 dl(1—d . (16
hort [ +<w+8) ]( ) (16)

This model for layout sensitivity to short defects uses very
basic layout information i.e., defect size r, wire width w, wire
spacing s, and the channel density d.

VI. MODEL’S VALIDATION

The sensitivity model for short and open defects was tested
for 0.32-pm technology node with an interconnect density of
0.6. Figs. 7 and 8 shows the result of testing the layout sensitivity
model for open and short defects respectively, and a comparison
with the sensitivity extracted from an actual layout as well as the
previous stochastic model offered in [30]. The average percent
errors of the model’s outcomes when compared to actual data
was found to be 2.4% for opens and 6.2% for shorts, which is
an indication of the high fidelity of the model.

The sensitivity model for shorts was again tested for 1im tech-
nology node and compared in Fig. 9 to actual data extracted
from a microprocessor design [31]. In the plots of Fig. 9, w =
s = 1 pm for all metal layers, and d = 0.3, 0.15, 0.12 and 0.09

80%

Metal 2
Metal 3
= Metal 4
—Metal 5

70% |

60% |

50%

40%

30%

Layout Sensitivity

20%

10%

0 2 4 6 8 10 12
Defect Size [um]

0%

Fig. 9. Comparison of the proposed model with layout sensitivity for shorts
extracted from a real microprocessor chip [31] (points represent actual data and
lines represent the model).

for metal layers M2, M3, M4, and M5, respectively. The channel
densities for the different metal layers were chosen to have the
best fit of the model to the extracted data. This was done be-
cause of the absence of information about the channel or metal
densities for the data in [31]. In this figure, metal density, and
therefore channel density, decreases at higher metal levels as
expected. This is because it becomes harder to pack long wires
densely at higher metal levels.

The sensitivity model for short and open defects was also
tested on actual designs with a 45-nm technology node. This
is performed using PRS, a placement and routing software pre-
viously developed in [32]. PRS is used to create the layout of a
small circuit (52 logic gates) that computes the absolute value of
the difference between two 2-bit numbers. The channel density
is then extracted from the layout and provided to the predic-
tive model for shorts and opens. Results were compared then
to the outcomes of simulations. These simulations were per-
formed by expanding PRS tool to generate defects and check for
the resulting open (or short) circuits. A large number of defects
with different sizes (100000 defects per defect size) are ran-
domly placed on the layout and the number of resulting opens
(or shorts) for a single metal layer is determined. The proba-
bility of failure associated with each defect size is then obtained
by the ratio of the total number of resulting opens (or shorts) to
the total number of generated defects for each defect size.

Figs. 10 and 11 present comparisons between the simulated
and predicted probabilities of failure of open and short defects,
respectively, for different defect sizes. Results show the accu-
racy of the model in predicting open and short defects, i.e., 1.4%
error for opens and 6.2% for shorts.

Results show that the model estimates opens more accurately
than it estimates shorts. The main reason for this difference is
the reproduction of estimation error in layout sensitivity model
for shorts. In this model, layout sensitivity depends on P> given
in (12), which is the product of two estimated probabilities: 1)
probability of having exactly one filled channel at the different
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Fig. 10. Comparison between probability of failure estimated by the layout
sensitivity model for open defects and probability of failure due to open defects
extracted from an actual design.
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Fig. 11. Comparison between probability of failure estimated by the layout
sensitivity model for short defects and probability of failure due to short defects
extracted from an actual design.

locations, and 2) probability of having all remaining channels
empty. Another reason for the reduced accuracy in the estima-
tion of shorts is that the model does not account for shorts be-
tween line-ends of the same channel.

VII. APPLICATIONS

A. Pre-Layout Yield Estimation

The layout sensitivity to spot defects can be predicted using
the model presented in this paper. The only unknown variable
in the model is the channel density d which can be inferred
from the metal density D using (5). The metal density is usually
available through post-layout extraction tools for use in other
applications such as metal thickness variation analysis. In case
the metal density is not available, it can be calculated from the
layout using information about interconnects length. The metal
density can also be estimated even before coming up with the

actual layout. Specifically, this can be performed for designs
that belong to a family of products using statistical information.
Also, the metal density can be predicted using a heuristic ap-
proach [33] based on an estimation of interconnect length dis-
tribution derived in [34]. Consequently, implementation of the
model to predict the layout sensitivity of a product becomes
very easy and can be done even before starting the design phase.
Since the layout sensitivity to spot defects is defined as the ratio
of critical area to the overall layout area, the yield can be esti-
mated using any of the existing yield models that are based on
a critical area analysis [35].

It is very important to be able to predict if a design meets the
acceptable device yield at a very early stage. This will ensure
that the design decisions, such as number of metal layers, are
made such that the layout meets the yield requirement after
the design completion. Because layout sensitivity is considered
at an early phase of design, time consuming application of
post-layout modifications such as design for manufacturability
(DFM) techniques and wire spreading [12], which are neces-
sary for achieving acceptable yield [36], is reduced.

B. Yield Forecasting for Future Technologies

The most widely used model is the negative binomial yield
model offered in [16]. The model is given by [18]:

v=(1+2)
«

where « is the cluster parameter, also called clustering factor.
It determines the degree of defect clustering. A smaller value of
« indicates more clustering. Typical values range between 0.3
and 5 [13], [18]. ITRS adopts also the negative binomial yield
model and uses a cluster parameter of 2 [4].

The model of (17) requires the computation of A which can
be evaluated using (3). Dy of (3) can be estimated. Furthermore,
ITRS has published a roadmap for the value of D, for future
technologies [4]. A, ; of (3) can be evaluated using (4). A, ;(7)
of (4) can be inferred from the layout sensitivity computed using
the model presented in Section V. Specifically,

a7

A (r) =8, (r) x die area (18)
where S (r) is the sensitivity to defect type j of size . For the
probability density function of defect size f(r), studies indicate
that it has a specific distribution. A well established probability
density function of defect size is of the form [27]:

2n_1)r 0<r<r
n+1)r2’ — =10

INOER SRR (19)
W, r>T

where 7 is the defect size with the peak density, and n is a
parameter that depends on the cleanliness of fabrication process
and is typically equal to 3 [6], [27]. Moreover, it is believed
that ¢ is typically less than the minimum feature size [6]. Fig.
12 depicts the plot of (13) for 90-, 68-, 45-, 32-, and 22-nm
technology nodes in a typical fabrication line, i.e., n = 3, and
where o are chosen in accordance with ITRS [4].

We have just proposed a method for determining random
yield due that uses layout sensitivity to defects and some in-
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TABLE I
PARAMETERS USED IN COMING UP WITH THE RESULTS OF THIS SUBSECTION
Technology node [nm] 90 68 45 32 22
w & s for local wires [nm] 90 68 45 32 22

w & s for semi-global wires [nm] 200 140 | 90 64 44

0.08 n=3

0.07 7 -#-22nm tech
a 0.06 1 —+32nm tech
> -=-45nm tech
z 0.05 7 —68nm tech
3 0.04 - -==90nm tech
8 0.03 -
3
© 002

0.01 A

0 50

Defect size r [nm]

100 150

Fig. 12. Defect size distribution for 90-, 68-, 45-, 32-, and 22-nm technology
nodes in a typical fabrication line.
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Technology node [nm]

Fig. 13. Normalized sensitivity to open and short defects of a fictitious layout
with 90-, 65-, 45-, and 32-nm technology nodes.

formation about defect density. Layout sensitivity can be deter-
mined using the proposed model once the channel (or metal)
density is predicted. Subsequently, yield forecasting for future
technologies can be performed if information about critical de-
fect size and average defect density is given or estimated.

C. Predicting Requirements of Defect Density for Sub-45-nm
Technologies

The proposed layout sensitivity model is applied to a fictitious
design with 90-, 68-, 45-, 32-, and 22-nm technology nodes. The
channel density is chosen to be the same for all metal layers and
is equal to 0.6. The technology nodes, and therefore interconnect
width w and spacing s, as well as the maximum number of metal
layers and the number of metal layer per tier were chosen in
accordance with ITRS [4] (refer to Table I). The normalized
layout sensitivities to spot defects associated with the different
technology nodes are shown in Fig. 13.

The chart of Fig. 13 shows that the layout sensitivity to de-
fects almost doubles every three technology generations. And
because the fabrication yield is very dependent on the sensitivity
to defects and defect density, then reduction in defect density is
necessary in order to achieve acceptable yield for sub-45-nm
technologies. This is achieved by defect reduction in process
equipment that remains paramount to achieving defect density
goals.

w & s for global wires [nm] 300 210 135 96 66
rp [nm] 45 34 225 | 16 11.5
Chip size [mm’] 111 | n/a | 140 |[na | 140
Number of metal layers 11 11 12 13 13
Number of metal layers for | 4/4/3 | 4/4/3 | 4/4/4 | 5/4/4 | 5/4/4

local/'semi-global/global tiers

Channel density for all metal layers | 0.6 0.6 |06 0.6 0.6

1

—— 90nmtech
0.95 ——45nmtech
el —— 22nmtech
0.9 1
T
2 0.85 1
S=
0.8 1
0.75 A
07 T T T T
0 2000 4000 6000 8000 10000

Avg. defect density per m’

Fig. 14. Plot of random yield as a function of average defect density for 90-,
45-, and 22-nm technology nodes.

Pattern density

Fig. 15. Pattern density distribution in (a) 3-D and (b) 2-D.

The procedure for setting requirements of defect density for
future technologies is illustrated by a case study for some cur-
rent and future technology nodes. We start by determining the
critical area using (16). To do this, the critical defect size, r¢, for
which the defect size distribution peaks, is required. This pa-
rameter can be easily estimated because its scaling is uniform
as technology node scales down. By applying the procedure of
Section VII-B, we determine the random yield associated with
the average defect density for different technology nodes. The
chip area is required for that. So, it was chosen in accordance
with ITRS. Table I summarizes all parameters used to come
up with the results shown in this subsection. Fig. 14 plots the
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Fig. 16. Layout sensitivity patterns in a real design using the proposed layout sensitivity model, i.e., (9) and (16) (reprinted from [8]).

random fabrication yield versus the average defect density for
90-, 45-, and 22-nm technology nodes. Now, requirements of the
defect density can be set according to the targeted yield. For in-
stance, if the acceptable yield is at least 90%, then the minimum
average defect density is 3500, 2500, and 2000 faults/ m> for
90-, 45-, and 22-nm technology nodes, respectively.

D. Layout Diagnosis and Yield Enhancement

Layout modifications such as wire spreading and nets
re-routing are performed on the design to enhance the yield.
Layout modifications are extremely time-consuming if applied
to the entire layout. The layout sensitivity model offers a
solution for this problem. In particular, the layout sensitivity
of the different parts of the circuit can be determined using the
model. Then, layout sensitivity patterns can be generated. Parts
having high sensitivity to spot defects are marked for diagnosis.
Their sensitivity is reduced during placement and routing
and the application of pre- and post-layout modifications for
yield enhancement. An example is illustrated in Figs. 15 and
16. Fig. 15 shows the metal density patterns extracted from
a real design using Quickcap! tool. Fig. 16 shows the layout
sensitivity patterns inferred from the metal density patterns of
Fig. 15 using the layout sensitivity model.

Traditionally, the layout sensitivity is determined using
post-layout extraction tools. This method has major drawbacks
when compared to the proposed layout sensitivity estimation
approach. First, the traditional method does not allow for major
placement and routing modifications which can be performed
before and during the design phase when the proposed method
is adopted. In addition, the previous method is extremely
time-consuming since it requires performing expansion,
shrinkage, and overlap of polygons, where there exists billions
of interconnect segments (polygons) on the chip. Moreover, it

1Quickcap is a trademark of the Random Logic Corporation, Fairfax, VA.

must be performed for a range of defect sizes and at each metal
level. On the other hand, the process becomes efficient when
the layout sensitivity is estimated using the model described in
this paper.

VIII. CONCLUSION

Typically, modeling of semiconductor fabrication random
yield is either based on spot defect simulations or an analysis of
the critical area. In both cases, the process is time consuming
for today’s complex VLSI designs, where good accuracy is
necessary. On the other hand, the layout sensitivity model
presented in this work can approximate the critical area with
good fidelity and no delay. The efficiency of the sensitivity
model makes its application in modeling, predicting, and
enhancing the semiconductor random yield very beneficial.
Another main advantage of the layout sensitivity model is its
ability to predict the yield of a particular product even before
coming up with its actual design. Even though this prediction
can never be accurate enough for a design or business decision
to be solely based on, it can give insights about cost and yield
by comparison of predicted yield of the design when different
architectures or design rules are embraced.
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