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As the complexity of integrated circuits advances toward submicron technologies
with high transistor densities in the order of 10° elements, the integration between
process technology and system design becomes a relevant issue. This book addresses
the study of process and design variables in order to determine the ease and
feasibility of fabrication—or manufacturability—of contemporary Very Large-
Scale Integration (VLSI) systems and circuits. The book will introduce the reader
to key aspects in today’s design practices. The four topics shown in Figure 1.1—yield
modeling, defect and fault modeling, testing, and fault tolerant architectures—are
intended to link common interests to both design and process engineers. The whole
manufacturing process from circuit to silicon will be examined, with each subject
supporting each other. For instance, the use of yield modeling will be examined to
foresee the IC’s feasibility of fabrication. This will be followed by the study of
manufacturing defects and their impact on circuit design, and will be complemented
with the implementation of strategies for fault tolerant architectures.

Integrated circuit (IC) manufacturability has received a great deal of attention
in recent years. As technological processes are advancing toward submicron resolu-
tion features—with higher transistor integration on silicon taking place—the need
to foresee the ease and feasibility of fabrication of IC designs is becoming essential.
IC manufacturability is no longer a practice that belongs exclusively to industry
[1]. Today it is a flourishing area of academic research in which systematic solutions
are sought for yield-related problems. This presents a dramatic departure from the
previous practice of ad hoc research to address such problems. The result of this
interaction is the emergence of methodologies for yield and fault prediction, taking
into account existing manufacturing conditions.
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Figure 1.1 Areas of IC Manufacturability

Defects can be classified as local and global. The global class concerns the
disturbances that affect complete regions of a wafer, whereas the local class concerns
disturbances that are peculiar to only one IC. Spot defects belong to the class of
local disturbances. As the IC pattern resolutions tend to shrink more and more,
the impact of spot defects on the layout geometry plays a more important role in
yield losses. Traditional approaches for layout verification concentrate on validating
design rules imposed by the technological process. However, they do not verify the
robustness of the design when it is exposed to defects in a real manufacturing
environment. In order to perform this verification task, it is necessary to capture
the design’s critical areas [2]. The so-called critical areas are the places in the layout
where spot defects can induce an incorrect behavior of the IC. For instance, a spot
defect that creates a bridge between two patterns can induce a short circuit in the
design. A figure of merit that measures the design’s “‘vulnerability” is obtained as
the ratio of the critical area for a given defect size to the total layout area. This
figure of merit is known as defect sensitivity. Recall that semiconductor yield is the
probability of manufacturing ICs without faults. Therefore, yield can be predicted
by determining the defect sensitivity of a given layout design and by studying the
stochastic behavior of defects in a given manufacturing environment.

We cannot talk about defects and put testing aside. Testing is a field that should
profit from knowledge of defect behavior. Traditionally, testing is practiced at a
convenient level of abstraction without considering the real causes of the fault. It
was only a couple of years ago that this way of thinking changed. By considering
a realistic list of faults, better quality test vectors can be obtained [3]. A simple way
to handle fault-modeling complexity is to support several levels of abstraction in
the description of a fault. For example, a system designer is interested in fault
models that describe the faults in the architectural modules of the design, perhaps
Multichip Modules (MCMs) rather than the faults in the IC layers. For each level
of abstraction the fault models can be described with certain primitives appropriate
to that level.

One such possible fault hierarchy is the following. At the highest level of
abstraction, the engineering faults describe the functional faults of module units
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such as MCM’s dice and provide an architectural description of the fault. System-
level faults are concerned with module units such as Programmable Logic Devices
(PLDs) and Arithmetic Logic Units (ALUs), providing a behavioral description of
the unit. The logic level of abstraction describes internal faults in terms of logical
expressions. At the next lower level, the circuit abstraction describes the electrical
faults of the design. This description provides lists of faulty nodes and elements
such as transistors. Finally, the physical level describes the process-related faults
containing information such as defective patterns and process incongruities.

The four topics of this volume present the reader with practical issues that are
normally applied in industry and are usually required by quality, product, and
design engineering departments. In fact, the material hereby presented is a response
to industry’s continuous need for qualified engineers in manufacturing positions.
Ideally, these engineers have knowledge of defect engineering, circuit design, testing,
and failure analysis, and are capable of coordinating and monitoring production
activities to ensure that the product meets functional and performance requirements.
However, recently graduated engineers rarely possess all this knowledge. Quite
often industry must also incur expensive training programs.

In Chapter 2, the complete development flow of an IC is divided into three
parts. During the design phase, requirements and specifications have to be generated
and translated into a design. In the second phase, this design has to be implemented
on actual silicon. And finally, since the manufacturing processes are rather complex
and susceptible to the occurrence of defects, the products have to be tested as to
their correctness. The intrinsic quality of the actual manufacturing process should
be as high as possible. Obviously, this benefits the economical viability of the
products because the percentage of good devices will increase, thereby reducing
the cost per device. However, the impact of the processing quality on the ultimate
quality and reliability of products is also very high. Although a test procedure
after the production phase is used to determine whether a device satisfies the
requirements, this can only be of limited scope. Hence, it is important to gather
information on the status of a production process with respect to its specifications.

On the basis of the Metal Oxide Semiconductor (MOS) processing steps, a
short introduction will be given on the physical phenomena that result in defects
in a wide meaning of the word. Global defects often cause some of the electrical
parameters to lie outside the specified process window. Since these defects influence
a large area of a wafer, these kinds of defects can be easily detected by means of
Process Control Monitors (PCMs). These monitors are located either on a few
positions of a wafer or they are placed in the scribe-lines between the products.
These PCMs are used as a first filter in the test procedures. When the measured
parameters lie outside the specified process window, the whole wafer is rejected
without measuring the separate products. In a stable production environment and
for a mature process, the occurrence of global defects is very rare, but if they do
occur they can be detected rather easily.

The occurrence of local defects poses a more serious problem. These defects
can occur anywhere on a wafer and can be related to local process disturbances or
to environmental influences (like dust). The occurrence of these defects has to be
minimized for creating a viable manufacturing line. For the purpose of optimizing
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the process conditions, specific defect monitors are used. The application of defect
monitors is most valuable when the information about the status of the production
line is fed back to the process engineers as soon as possible. This has resulted in
the development of various short-loop defect monitors that focus on the detection
of local defects in specific production steps. Currently, the most critical production
steps are related to the gate-oxide and the interconnect between the various active
devices. For these production steps, we will give an overview of various defect
monitors used in the semiconductor world.

The information collected through defect monitors can be used not only to
improve the process quality, but also to give a prognosis for the expected production
yield. For that purpose, layout information of the product has to be combined with
a modeled representation of the defects. In principle, three aspects of these defects
have to be modeled. First, the number of defects for each layer of the design has
to be known. Second, a design’s susceptibility to specific defects depends on the
size of those defects. Third, a model has to be given for the fact that defects tend
to occur in clusters on the wafers, instead of randomly distributed. Finally, Chapter
2 concludes with an introduction of the translation of defects into their electrical
influence on the circuit, varying from resistive contacts and leaky capacitors to
parasitic diodes. A correct translation from a geometrical level to an electrical level
is important for generating effective test procedures. These imperfections of the
manufacturing process necessitate testing the manufactured integrated circuits. The
abstraction of defect to fault semantics for IC testing is covered in Chapter 3.

Functional yield models have been developed in an effort to predict the number
of good dice per wafer that will result from a manufacturing process. The ability
to accurately predict the yield of a manufacturing process is crucial to the manage-
ment of business operations, cost containment, and profit maximization. Functional
yield models have traditionally been used to evaluate scaled circuitry, to maintain
a competitive position through yield improvement activities, and to provide a market
analysis tool. The purpose of Chapter 4 is to provide an overview of functional
yield models and their application to mixed-signal VLSI circuitry. The first section
of this chapter reviews the definition of functional yield and its application in the
industrial environment. The basic mathematics of several key models are presented,
and some of the limitations of these models are outlined. The basic components
of a functional yield model include the critical area of the circuit layout and the
defect density. These key components are defined, and various methods to measure
the basic physical model parameters (such as defect sensitive area, defect distribu-
tion, and defect density) are described using vehicles such as defect monitors,
particle counting systems, and analysis of circuit layouts. Application of yield model
and analysis techniques are described with industrial examples. The special condi-
tions that apply to analog circuitry that could have significant parametric yield loss
content are also described. The separation of yield loss components, such as defect
versus parametric, is demonstrated through the use of critical area, a defect-based
testing methodology, and a deterministic yield model. The methods that have been
developed to decrease product reliability hazards owing to functional yield degrada-
tion utilizing critical area analysis are addressed in detail. A section describes the
use of functional yield models to contain and manage business costs and details






