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Abstract

This paper presents an approach towards realistic
fault prediction in analog circuits. It exploits the Inductive
Fault Analysis (IFA) methodology to generate explicit
models able to give the probability of occurrence of faults
associated with devices in an analog cell. This information
intends to facilitate the integration of design and test

Mapping (’RFM). It studies the relationship between typ-
ical analog layout structures and specific defects/fault oc-
currence to derive realistic fault assumptions prior to the
final layout. However, this approach is very limited be-
cause it is unable to deal with the diversity and disparity of
cells which can appear in any analog layout depending on
the concrete application and the global circuit performance.
The work in this paper is also aimed to predict a real-

phases in the devek)pment of an IC since it provides a istic fault list before going to the final layout of a circuit,

realistic fault list for simulation before going to the final
layout, and also makes possible layout optimization
towards what we can call layout level design for testability.

1.- Introduction

Inductive Fault Analysis (IFA) deals with the statisti-
cal defect distribution in a fabrication process providing
defect generation and analysis, defect-to-fault translation
and fault classification and grading. The use of IFA for an-
alog circuits has been mainly aimed at predicting yield, fa-
cilitating fault simulation and testability analysis, and to
layout optimization [1-7].

From the point of view of testability improvement,

layout optimization can be seen as the process of generate[ure

layouts with a reduced number of difficult to detect faults
in order to optimize the fault coverage figure. This process
needs four main issues: circuit layout, IFA run, fault simu-
lation and fault coverage analysis, and new circuit layout.

All these subjects require considerable effort and can be
very time consuming. The cost of this can be extreme in the

case of analog and mixed-signal IC’s due to the complexity
of analog layout and also to the lack of efficient design au-
tomation tools.

A solution to reduce the cost of fault simulation was
proposed in [8] referred to as Local Layout Realistic Fault

but the approach is quite different from that in [8]. Here, a
methodology is proposed to generate explicit formulas
modelling the probability of occurrence of specific faults in

a device structure as a function of its geometrical parame-
ters. Information from the statistical defect distribution in a
given fabrication process is used to find the relationship be-
tween device structures (transistor layout shapes) and fault
occurrence. The work is addressed by two main subjects:
i) test cost reduction, since a realistic fault list can be pre-
dicted prior to the final cell layout helping to reduce the
fault simulation time and to generate efficient test patterns;
i) layout level design for testability, since some rules will
be provided for generating robust layouts with a reduced
number of difficult to detect faults. In addition, the automa-
tion of defect-insensitive layout generation is envisaged.

In this first phase, the work contemplates device struc-
s leaving the investigation about routing considerations
for a second phase. Only CMOS devices have been consid-
ered but the methodology is equally applicable to bipolar
and BiCMOS.

The paper is organized as follows. Section 2 presents
the method employed to develop explicit models for the
probability of occurrence of faults in different transistor
structures, as well as layout rules that are derived from the
analysis of the obtained results. Section 3 applies the de-
rived models to the layout of a fully-differential opamp and
compares the predicted fault incidence with data obtained



from IFA of the same layout. Finally, Section 4 summariz- 1.- Model how each characteristic (W, L, N) affects the

es the main conclusions of this work. probability of faults, giving us information as to which
shape is more suitable and robust from the IFA point of

2.- Modelling realistic faults in analog cells view. Also, rules for a better layout generation can be
derived.

2.- Predict the probability of faults for a given W, L and N
before going to the final layout, and therefore, measure
the quality of the layout during the design phase.

In order to obtain different levels of modelling, differ-
ent groups of faults have been considered. The complete set
of short and open faults are considered in Levii Level
2 all short and open faults are grouped and modelled sepa-
rately. Finally, Level 3 corresponds to a more detailed
modelling where the different types of shorts and opens are
separately considered. The predicted models obtained us-
ing SAS for each group are given in Table 1, together with
the corresponding adjusted R-square which indicates the
statistical significance of the fitted model (values of R
close to 1 indicate good fitting of the model to the experi-
mental data, while values close to 0 will indicate poor fit-
ting). Note that the obtained probability function is
different in each case. On the other hand, Level 3 models
for GDS shorts (gate-drain-source shorts) and G opens
(gate opens) could not be derived due to their low likeli-
hood which was manifested in the low R value given by
SAS.

The evolution of the probability of faults as given by
the Level 1 model is illustrated in Fig. 3. Plots in Fig. 3a
correspond to transistors with Lif and W ranging
from 2.4 to 30@im, while plots in Fig. 3b correspond to
transistors with W=25@m and L ranging from 1.2 to a
10Qum. One of the results we can get from Fig. 3 is the rel-
ative high influence of N, which is the number of transis-

The procedure we followed to model derivation is il-
lustrated in Fig. 1. First, a layout containing 237 different
transistor structures was generated in &urh CMOS
technology Transistor sizes were varied in the ranges
2.4m<W < 307.20m and 1.pm< L <307.2um, and two
different transistor shapes (rectangular, and interdigit)
were used, with aspect ratio between 0.1 and 10. Figure 2
shows a sample of these structures.

An Inductive Fault Analysis was run on the layout us-
ing VLASIC to scatter 24 defect-types onbidrcuits; as
result, a number of 25496 circuits were reported to contain
faults. The more likely faults included in the list provided
by the IFA were shorts and opens produced by different
types of defects. This list was processed taking into account
the number of circuits containing the fault in order to get a
measurement of the type and of the probability of faults for
each cell (transistor). A multiple regression analysis with
main effects and interactions was then performed with the
commercial statistical package SAS [9] to obtain an opti-
mal approximation for the probability of faults as a func-
tion of transistor characteristics (i.e. width (W), length (L)
and number (N) of gates for split transistors). This model
aims to:
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237 different transistor structures

ina 1.2 pm CMOS technology §§\\\\\\\\\\\\\\\\\\\\\\\\§§

2.4 um < W < 307.2 pm @ —
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IFA run (24 defect types)

l : : (b)
List analysis

. / Pshorts=f1(W, L, N)
Probability of fault Popens=f2(W, L, N)
models \ Ppsshorts=f3(W, L, N)

Fig. 2: Different transistor shapes:
Fig. 1: Model derivation flow (a) rectangular, (b) interdigit.



Table 1: Models for the probability of fault

Model
Level

Adj. R-
square

Fault Predicted Probability Model

PROB%4=0.0631+0.0002.+
+0.0056M+0.0005W+0.0001]
[MMN-1300 /M [W-1410mimv

PROBY-3-0.126+0.0004.+
+0.007411+0.0006W+0.000L]
MMN-19010 /M WV-2101.0°8mimv

PROB?-3=0.0649+0.000M +
+0.0022+0.000TW+0.000L
ML MN-62010°8M V-6 1110 MRV

LOG ;o(PROB)=-3.318-
0.0061+0.0734N+0.0015WV-
-0.0020 M+23510 /I (V-
-1310° MWV

PROB%2-0.0169+0.000R+
+0.000681+0.000ZN-49108 N M-
791080 MV-310°mIW

PROB?-6=0.0077+0.000M+
+0.00IN+0.0001W+0.000T]
[0 N-63108MW-27010 7 W

Not much statistical evidence

PROB?%1=0.400+0.000@+
+0.0014N+0.0001TW+0.000Z
(I N-81010° 8 [WV-1 810/ M WV

PROB?%1=0.391+0.000@+
+0.003418+0.0002%W/+0.000Z
[ MN-91r10° 8 [W-1 1108 mi v

Not much statistical evidence

All

Level 1 0.8791

Shorts
0.8709

Level 2
Opens

0.6830

DS shorts
0.4026

GD shorts
0.9403

GS shorts

0.9513
Level 3

GDS shorts
D opens

0.1653

0.4873

S opens
0.5073

0.1819

G opens

tors in what a wide transistor is split in the interdigit

hand, interdigit structures @) have most incidence of
potential faults.

It is important to remark that the above results corre-
spond to a specific CMOS technology and a concrete style
in generating transistor layouts (although this style is the
most common). However, the methodology herein pro-
posed can be applied to other technologies and cell struc-
tures, giving in each case the corresponding probability
functions, which can be obtained once and used afterward
as many times as necessary.

To illustrate some of the layout rules which can be de-
rived from the above models let us consider the case of the
interdigit layout structure. In Fig. 4 the probability for short
faults as predicted by the models in Table 1 is plotted ver-
sus transistor W, L and N. Note that for this structure, gate-
source shorts are more probable than gate-drain and drain-
source shorts except for high values of N where drain-
source shorts dominate. This can be explained looking at
the areas identified in Fig. 2b (it corresponds to the partic-
ular case of N=3); in this transistor structure we can see
that: i) the gate and source terminals run one over the other
in the area labelled 2 and hence this area will increase with
L and N, as consequence gate-source shorts due to pinhole
defects between metal and poly will increase with L and N;
i) drain-source shorts are due to extra metal in areas la-
belled 1, and therefore, they will increase with N. From
these results two rules for better layout of interdigit transis-
tors can be derived: a) running source metal over gate poly
(as is usually done by many module generators) should be
avoided for large transistors, b) N should be the lowest as
possible, that is, a wide transistor should be split into the
lowest number of transistors whenever the other design re-
quirements allow it.

structure. As consequence, we can conclude that the tran-3.- Example of application

sistor structure with less incidence of fault is the rectangu-
lar (N=1), although in general it is not recommended for

As an application example, the fully-differential oper-

wide transistors due to its poor aspect ratio. On the other ational amplifier in Fig. 5 is considered. The layout of the
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Fig. 3: Probability of faults given by the Level 1 model for transistors with: (a) L=10
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amplifier has been optimized from its performance point of the device area. The result of this IFA analysis revealed a
view; that is, transistor structures with the less capacitive total probability of faults in this layout of 0.1375%, which
parasitics, some symmetries and adequate orientationsis very close to the predicted by the Level 1 Model. On the
have been chosen. The final layout is shown in Fig. 6. The other hand, analysing separately each of the fault types the
probability of faults in this layout (not including intercon- data in Table 2 is generated, where the probabilities pre-
nections) has been predicted by the Level 1 Model in dicted by the corresponding models appear in the first row,
Table 1 resulting in a 0.11%. while those given by the IFA of the opamp layout are in the
In order to validate the derived models, the same type second row. Notice that the discrepancies between predict-
of IFA has been run for the complete layout of the opamp. ed and measured data are low.
Of a total of 1786 given faults, only 464 (~26%) corre-
spond to the routing area while 1322 (~74%) appeared in
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Fig. 4. Predicted probabilities of shorts for interdigit transistors
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Fig. 5: Fully-differential operational amplifier



Table 2: Predicted and measured probability of tion or, at least, to layout with a reduced number of difficult

faults in an opamp (%) to detect faults. The models can be derived once for a given
Model technology and applied afterward as many times as neces-
Level Fault Predicted Measured sary during design phases. Models have been developed for
single transistors (NMOS & PMOS) and have been verified
Level 1/ Al 011 | 0.1375 comparing results with the IFA fault list for a fully-differ-
Shorts 0.10 0.1071 ential Opamp. Results from the application example allow
Level 2 Opens 0.006 = 0.0056 us to cnglltj)de;hatf a) For analogfg cclells,_ faults in active atr);
eas cou e dominant versus faults in routing area,
DS shorts 0.02 0.0615 Rectangular transistor structures have lower incidence of
GD+GS shorty  0.07 | 0.0617 faults than interdigit structures, c) For some usual interdigit
Level 3| GDS shorts 0.0030 structures GS-shorts are more probable than GD and DS
D+S opens 0.006 | 0.0055 shortg, except for high N (numbe_r of gates in an interdigit
G N 0.0001 transistor) where DS-shorts dominate. The faithfulness of
opens : the first results obtained encourages us to further research.

Currently we are extending the study to typical transistor
4.- Conclusions structures in analog circuits such as differential pairs, cur-
rent mirrors and cascode transistors. Also, the application

The relationship between layout style and defect inci- of these fault models to drive the automatic generation of
dence in different device structures has been studied using2nalog cell layout is being integrated in our tool GELSA
IFA methodology. From this study models have been de- (10].
veloped able to predict realistic fault lists in analog cells
before going to final layout, and hence, making possible 5.- References
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Fig. 6: Layout of the fully-differential opamp
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