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Abstract

The demand for larger more complex systems on a single IC has shown a steady
increase and to date has been met by improvements in fabrication technology. In
- the future it may not be possible to satisfy this demand in the same way, as it will
become increasingly expensive to obtain the required process improvements. It
seems likely that the demand for even larger single chip systems will continue and
that the commercial success of these devices will become more heavily dependent
on their yield. At the same time there is also a continuing trend towards more
automate layout generation and these layouts are usually less dense than those

produced using traditional hand-crafted designs.

This thesis addresses the problem of maximjsihg the yield of circuit layouts
and introduces a yield improvement concept of Local Design Rules. These are
integrated circuit layout rules that are used to increase a circuits yield by making
more efficient use of the circuit area. The rules define a more optimum feature
size and spacing of components in relation to the surrounding layout geometry.
This enables the “unused” silicon to be reclaimed and used to enhance the circuit

yield without violating the layout design rules.

The type of circuit and nature of circuit layout to which local design rules
can be applied to give useful yield improvement are discussed highlighting the
problems in a fabrication process that can be improved by this type of layout
manipulation. The impact of layout changes on the circuit performance that

have been made on the suggestion of local design rules is addressed.

Algorithms. for the automatic application of track displacement, track width
increase and contact increase local design rules are presented along with a spatial
data structure suitable for efficient design rule checking of the suggested layout
changes. These algorithms have been implemented and used to apply local design
rules to integrated circuit layouts. Finally, several examples are presented with

results from Monte Carlo yield simulations.
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Chapter- 1

Introduction

The fabrication of integrated circuits is a complex pfocess that can have many
hundreds of process steps. Developments in fabrication technology have resulted
in a continual reduction in the feature size of integrated ¢ircuit components. Fea-
ture sizes as small as 0.6pm are now being introduced into commercial plants[1].
Not only are feature sizes being reduced but the actual area of ICs has shown a
tendency to increase, as more functionality is demanded. This means that the
manufacturing complexity of integrated circuits is being driven from two direc-
tions; smaller feature sizes and larger chip area. This places a heavy burden on
process engineers, requiring continual improvements in the fabrication process in
order to produce ICs with an acceptable yield. Materials used in the fabrication
of these devices must be ultra-pure and the environment in which the devices are

processed must be free of contaminants.

The cost of process improvements and tooling up for the next generation of
semiconductors is prohibitively expensive. There are only a few companies that
are able to commit the required investment and even then it is often only with
the help of national governments(2]. Other IC manufacturers must attempt to
stretch their existing processes to meet the demand for greater functionality and
better performance demanded by their customers. Since the required investment
1s so great even a small increase in return can amount to a substantial sum. The

return on investment from a fabrication plant is dependent to a large extend on
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the yield of the product(integrated circuits) that the plant produces. This implies

that any improvement in yield is of considerable commercial interest.

1.1 Defect Sensitivity

It has long been recognised[3, 4] that the yield of an integrated circuit is dependent
on the “active area” of the circuit. This area is not the physical dimensions of
the chip, but a calculated value that is based on the defect sensitivity. Defect
sensitivity is often defined in terms of the critical area[5]. The critical area, and
therefore the defect density, is determined by the circuit geometry, in particular,

the size and proximity of the circuit components that define the circuit.

RAM cell designers appear to be most aware of the importance of layout to
the final yield of the circuit. RAM cell design in a commercial environment[6]
typically involves tuning both the layout and the fabrication process to minimise

the critical area and so optimise the yield.

While RAM cell designers have been intimately concerned with the yield ob-
tained from a given circuit layout, designers of general purpose digital circuits
have neglected the possibility of fine tuning a layout to achieve increases in yield.

Great care is taken to reduce the physical area that an integrated circuit design

will occupy but, so long as the layout does not violate any of the design rules, no

further modification would normally be made. Little or no effort is expended to

maximise the yield of the layout inside the area already defined by the circuit.
There are many reasons why circuit designers do not attempt minor modifi-
cations that would improve circuit yield:

e no tools may be available to measure the yield of the layout

e IC manufacturers do not usually inform designers of the defect levels in the
manufacturing process. This makes it difficult to determine the yield or

relative yield of different layout options
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e designer have traditionally not been responsible for the yield of their circuit,

since that is seen as the domain of the process engineer.

Whatever the reasons for the lack of interest in the past, in the future commercial
pressures may force circuit designers to take some of the responsibility for the yield
of the circuits they design. If that is the case then tools to aid the designer will

be required.

1.2 Objectives

This thesis addresses.the issue of layout modification to improve the defect sensi-
tivity and hence the yield of circuit layout. Layout modifications can only improve
the yield of integrated circuits when they affect, for the better, process steps that
are ordinarily the source of yield losses. Ideally such a process step should be
modified to reduce to zero the number of defects that it introduces. Where this
cannot be achieved, because of either the high cost of modifying the process or
the inability of current technology to solve the problem, it makes sense to reduce

the sensitivity of the layout to those defects that will be introduced.

The main objective of this work was to develop a method to increase the yield
of integrated circuits by modifying the circuit layout to decrease the sensitivity of
the circuit to defects. Defects are inevitably present in the manufacturing process,
therefore, reducing the defect sensitivity of a circuit will in general increase the

circuit’s yield.

While yield improvement was the overall aim there were a number of objectives

and goals which are required to fulfill this.

¢ Examine Layout and Layout Rules
Layout generated by a number of sources particularly layout that had been
automatically generated, was examined in order to determine the effect of

layout rules on circuit area. If changes in layout rules do not greatly affect
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the circuit area and give increased defect sensitivity then the design rules

should be modified.

e Suitable Layout Modifications
If, in order to decrease the defect sensitivity, the layout is to be modified,
these modifications will have to be simple in order that they can be easily
accomplished, either by hand or automatically. Modifications that require
the re-working of large areas of a circuit, in order to accommodate a layout

change, are unacceptable, even where yield improvements can be achieved.

It is necessary to determine a set of simple layout changes that can be
made, which do not impact greatly on neighbouring layout and yet reduce

the defect sensitivity.

e Measure Change in Defect Sensitivity
The effect any layout modifications has on the defect sensitivity of the cir-
cuit layout must be modelled or measured in some way, in order to determine

if the objective of decreasing the defect sensitivity has been achieved.

e Automate the Process of Layout Modification
The process of layout modification is time consuming and therefore not
suitable to be done by hand. If the process is to be used in a commercial
environment, it must be automated to allow layout modifications to be

made with as little intervention from the circuit designer as possible.

. bescription of Layout Modifications
In order to automate the layout modifications they must be described in
a form that can be easily interpreted by a computer program. That is a
- simple set of rules or tests must be developed that iqdicate whether an indi-
vidual piece of circuit layout can be usefully modified within the constraints

imposed by its immediate environment.

o Efficient Algorithms

The automation process will be required to operate on large circuit layouts.
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In order for these modifications to be made in a reasonable time, algorithms
that are time efficient must be researched and tailored to suit the particular

requirements of the automation software.

e Selective Control of Automation Process
It was considered desirable that a circuit designer should have the option
of applying the layout changes selectively. This would be done by indi-
cating those pieces of layout that are to be changed. This implies some
sort of interactive control of the layout modification process must be made

available.

e Parallel Execution
Equally desirable is a fast response time, so that very large designs can
be processed quickly. Even with efficient algorithms very large designs
are likely to take too long for commercial use. To speed up this response
time the automation process should be capable of processing a layout in
parallel. This.requirement may affect the design of the layout modification

algorithms.

e Direct Future Research
The objectives of this work were limited to simple layout modification-
s. Another aim was to gain enough experience with these simple layout
modifications to develop an understanding of what could be achieved by
more. detailed modifications. This experience will be used to determine
how practical it would be to design a system to automatically apply much

more sophisticated layout manipulations to increase circuit yield.
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1.3 Overview

This work describes a method for decreasing the defect sensitivity of IC layout.
This method uses what have been termed Local Design Rules (LDR). These are
rules that can be used by a designer. but more usefully by a coﬁputer program,
to test whether a particular piece of circuit layout, from an existing completed IC
design, can be modified to increase the circuit yield. The LDRs do not increase
the circuit area, but instead use any redundant space that is available between
‘the existing circuit layout geometry. That is LDRs suggest layout modifications

that make more effective use of the original circuit area.

Whether LDRs can be usefully applied to a given circuit design is highly
dependent on both the type of layout and the fabrication process to be used to
manufacture the IC. Since LDRs make use of redundant space, it follows that
layout generated by automatic layout tools is more suited to this process than
an equivalent hand ;rafted layout, since hand crafted designs are nearly always

" more dense than automated designs.

The implementation of a computer program called LocDes that is used to ap-
ply LDRs to circuit layout is described. The algorithms that are used by LocDes
to perform the layout modifications and the associated design rule checking are

presented. .

1.3.1 Using LocDes

The LocDes program is a post-processor of integrated circuit layout. Only when
the design of an integrated circuit or cell has been completed would LocDes nor-
mally be used. The program searches the layout for instances of circuit geometry
that it considers non-optimal. That is a piece of layout for which there is a LDR
that describes conditions that match those of the particular piece of layout. The

LDR will then prescribe a layout modification that .can be used to reduce the
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defect sensitivity of the layout. The modification is only applied if none of the

layout design rules are violated.

Because modifications would usually be made to completed integrated circuit
designs, those designs whose simulated performance is close to the performance
specifications may not be suitable for LDR modifications. This is due to the fact
that some layout changes may adversely affect the pérformance of a circuit (this
is discussed in greater detail in chapter 5). Where performance is critical and
the expected performance of a device is so close to its specifications limits that
indiscriminate layout modifications cannot be conte(mplated, the circuit designer
can use an interactive version of the program. This allows the designer to select
which layout is to have LDRs applied, ensuring that critical areas of the circuit
remain unaffected. An alternative is to apply LDRs earlier in the layout process.
By applying LDRs to individual circuit cells before simulation of their electrical
characteristics, the c{esigner can build the circuit from these blocks. The designer
will then bé able to determine the performance of the circuit in the usual way

and make any modification to the already “enhanced” cell in the normal way.

1.3.2 Outline

Chapter 2: Background

This chapter gives some background material necessary to the understanding of
the work in the later chapters. The definition of yield as used in this thesis is
given along with some discussion on the causes of yield loss. Yield prediction is
explored both in terms of chip area and the defect sensitivity of the circuit layout.

A number of layout based yield prediction methods are discussed.

Layout based yield prediction is to a large extend dependent on the defect
density and size distribution. Results are presented for an experimental deter-
mination of defect density size distribution based on metal serpentine and comb

test structures.
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Chapter 3: Yield Simulation
As there was no suitable yield simulator available, when this work was under-
taken, a method of analysing the results obtain from the appliéation of LDRs to
circuit layout was required. This chapter describes the implementation of a yield
simulator that uses the Monte Carlo method to estimate yield. This simulator
was designed to predict the yield of tracks (metall, metal2, polysilicon shorts and
breaks), to enable the effectiveness of LDRs to be established, by compar.ison of
the enhanced layout with the original version. Details of defect placement and

fault analysis used by the simulator are presented and discussed.

Chapter 4: Design Rules
This chapter introduces integrated circuit layout design rules. These rules deter-
mine the minimum size and spacing of circuit components. The influence of these
rules on circuit area, for different circuit layouts, is investigated using a circuit
compactor. The results of these investigations and their impiica.tions for yield
improvement strategies are discussed. The importance of defect sensitivity and

the possibility of decreasing it for non-optimal layouts is highlighted,

Chapter 5: Local Design Rules
This chapter introduces Local Design Rules (LDR). These rules are used to de-
scribe the conditions under which a specific layout modification can be made.
'LDRs to increase track width, displace tracks and increase contact/via size are
presented. The conditions under which these LDRs can be used and the effect the ‘
layout modifications have on the defect sensitivity, performance and reliability of
circuits is explored. Layout modifications to increase yield are not recommended
for all circuit types and fabrication conditions, and an explanation is given of

those circuit types and fabrication processes that may prove suitable.

Chapter 6: The LocDes Program
The LocDes program is presented. This program has been designed to automat-
ically apply LDRs to integrated circuit layout. The program can operate with
either the X windows user interface, allowing selected layout to be modified, or in

a batch mode, where all of the layout is adjusted where possible. The algorithm-
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s used by the program to implement, track width changes, track displacement
and contact/via adjustments are given. The parallel operation of the program is
discussed. This allows very large circuit layouts to be processed in a reasonable

time.

Chapter 7: Design Rule Checking
The execution speed of the LocDes program is largely dependent on the design
rule checking that is required to6 ensure that all the layout changes performed by
the program do not violate the design rules. This chapter presents and explains
the design rule checking algorithms used for each of the LDRs that can be applied
by the LocDes program. The speed of these algorithms is in turn highly dependent
on the speed of the geometry searches. The adaptive multiple storage binary tree

data structure used to achieve fast region searches is explained.

Chapter 8: Results
This chapter presents results from the application of LDRs to circuit layouts
made by the LocDes program. These results, in the form of the differences in
defect sensitivity, were obtained using the Monte Carlo yield simulator presented
in chapter 2. Results for LDRs applied to a routing network and a random logic
layout are presented and discussed. The difficulty of determining the effect of
LDRs on the defect sensitivity of the circuit layout is highlighted, since LDRs

can simultaneously affect a number of different fault mechanisms.

Chapter 9: Discussion and Conclusions
This chapter summarises the work presented in this thesis. The future role of
LDRs and LocDes within the IC design process are discussed. Possible improve-
ments to LocDes to make it more usable in a design environment are discussed,
as are possible improvements to the type and range of LDRs. A more efficient
method of yield simulation using analytical techniques based on polygon ma-
nipulation is highlighted. The lessons learned during the work involved in this
thesis have been used to develop a plan for an automatic layout system capable

of producing IC layout with a yield comparable to hand-crafted designs.
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Background

This chapter provides some background to yield and yield prediction. The im-
portance of defect size distribution and density is explored. Some experimental
results for defect size distribution are presented that are in agreement with other

reported results.

2.1 Introduction

The manufacture of integrated circuits is a complex and exacting task. At present
it is not poésible to control the material quality or process parameters to the
extent that a 100% defect free product can be produced. It is not likely that such
a state of perfection will be reached in the foreseeable future. Once it is accepted
that defects will occur, the task of process engineers and designers of integrated
circuits is to achieve the highest value of yield and predict accurately what that

yield will be.

There are two types of yield loss - structural and performance. Shorts and
opens are examples of structural faults. Performance faults add resistance and
" capacitance; the circuit may still work but not at the desired specification. The
fraction of chips that pass a number of electrical tests of dc connectivity and

performance is known as the yield. There are a number of mechanisms that

10
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cause yield loss and points in the production line at which yield can be measured.
We will consider the yield to be the number of circuits working when tested before

the wafer is scribed and individual chips are wire bonded and packaged.

To date the most important way of improving both the performance of MOS
chips and their density has been the use of scaling. Scaling has physical and
process limits. The physical limits are absolute. The process limitations are the
result of the lithographic process. The dominant limiting factor has been shown
to be drain area breakdown - merging of the source and drain [7]. Sub-micron
geometries have already been achieved commercially by many fabricators and the
trend is now to 0.5 micron levels and lower. These scaled down devices are more
process sensitive, relying on thinner and better oxides. Major improvements in
the quality of the materials used in the manufacture and the cleanliness of the
environment in which the circuits are manufactured must be achieved if such

circuits are to be manufactured at a profitable level of yield.

While the major increases in yield in ICs are the result of improved fabrication
techniques, the yield at any point in time is also determined by the layout rules
employed by the designer. The dimensions of circuit features determine the yield
of the circuit and the overall circuit size. To maximise profits it is necessary to
find the optimum layout rules that give the maximum number of working chips
from a given wafer area[8, 9]. As the fabrication process becomes more complex,
with an increasing number of layers and process steps, the interaction of these
layers makes it increasingly important to optimise the layout rules to obtain high

yields and compact circuits.

The circuit designer can affect yield by making the right choice in the size and
position of circuit features. It is also possible to design circuits that are tolerant
to faults and so make it possible for a circuit to perform its function even though
it is less than perfect. The size of the circuit is also very important since larger
circuits tend to have a lower yield than small circuits. A choice must be made
between fitting a system on a single chip or a dividing it into a number of different

chips. An understanding of this relationship with area is important for a designer
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working on a large system so that an informed decision of the optimum chip size

can be made[l0].

An important factor to consider in development of a new process is the learning
curve, whereby the yield improves by approximately 20% [11] every time the
number of batches that have been processed doubles. In the early stages of

production this can lead to very significant improvements in yield.

2.2 Types of Yield Loss

Yield loss can arise from many different causes. IC fabrication is a complex
process which requires very strict control of many process parameters such as
temperature, humidity, concentration of doping agents, and purity of all materials
used. Because of the complexity of the process it is not altogether surprising that
some circuits do not function correctly. The total yield loss of a functionally
correct design is often divided up into gross yield losses and faults from random

defects.

2.2.1 Gross Yield.

Gross yield losses are usually caused by manufacturing errors affecting the whole
or a large part of the wafer [11]. Excessive variation in processes parameters such
as process time, temperature, doping concentrations and lithographic faults, are
usually the cause of this form of yield loss. Gross yield losses can often be found
by visual inspection of wafers or measurements made during the process from test
structures formed in the kerf[12]. Wafers with gross yield loss can removed from
the production line before the processing is completed. The test structures are
used to ensure that circuit elements, transistors, vias, contacts etc. are within .
the process window ( i.e., within the range of parameters that will ensure working
devices). The distribution of device parameters within the process window is of

special interest to manufacturers who sort their product by performance.
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While LDRs ¢ould in some circumstances be used to decrease the senslit.ivity
to some types of global defects (for example, increasing contact overlap to reduce
sensitivity to mis-alignment) the effectiveness of such LDRs will be limited. In
general a global defect results in a large area of unusable wafer. Unless layout
modifications can be applied to all the suséeptible components in this area (e.g.
all contact overlaps) and give a significant degree of protection, it is likely that
there will still be some defects that will result in circuit faults. Consequently it

is not recommended the LDRs be used to solve gross yield loss problems.

2.2.2 Random defects.

Random ‘defects are spot or small area defects. Spot defects are found randomly
their concentration normally varies over the wafer surface as a function of radius.
Typically the concentration of defects is greater towards the edge of the wafer
[13, 14]. Stapper[11] suggests that more than 80% of yield loss is due to random
rather than gross defects, while a figure of 60% is suggested by Mangir[15, 16].

These random defects are the result of local process fluctuation that only
affect a very small area of a device. If a circuit is made more tolerant to these

types of defect, an increased production yield will result.

In mature MOS fabrication processes a few small area defect types dominate
the total yield loss. These are extra and missing material defects, oxide pinholes

and junction leakage[17-19]. These are discussed in greater detail below.

Some other defects that cause localised circuit faults are hillocks, which cause
shorts between conducting layers and step coverage breaks where thinning at
crossovers causes tracks to break. However these defects are due to global rather
than local process disturbances[20]. They are best resolved by adjusting the

process itself, rather than using LDRs to reduce the sensitivity to a global error.
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 Extra and Missing Material Defects

These defects are caused by dust particles on masks/reticles, the wafer surface
and chemicals used in the fabrication process. The dust particles lead to un-
exposed resist, which when developed results in an unwanted “pinhole”. This
pinhole will result in a missing material defect if the next stage is an etch or an

extra material defect will be formed, if the following stage is a deposition.

Because of the close association of extra and missing material defects to the
lithographic process these defects are often called photo or lithographic defect-
s[18].

Missing material defects are responsible for metal/polysilicon track breaks
while extra material defects cause track shorts as well as missing contacts/vias

(the contact cut is not etched away).

The sensitivity of a circuit to metal and polysilicon extra/missing defects can
be reduced by LDRs. In particular width increase LDRs reduce the sensitivity
to missing material defects and track displacement LDRs reduce the sensitivity
to extra material defects. Yield loss from missing contacts can also be attacked
by using LDRs to increase the contact size, so that a larger defect is required to

totally close the contact.

Oxide Pinholes

Oxide pinholes are primarily caused by a deficiency of oxygen at the Si-SiO,
interface, tensile stress, surface imperfections and contamination[?1-23]. The

yield of oxide layers is a function of the area of oxide.

In general it is not possible to reduce the area of critical oxide, since gate
area and the overlap area of conductor are fixed( figure 2-1). This makes it
difficult to design LDRs to decrease the sensitivity to this type of defect. However,
where separate layers form tracks running on top and parallel(figure 2-1) to each

other it may be possible to displace one or both of the tracks to reduce the area
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of overlap and therefore the probability of a fault from an oxide pinhole. For
example, this situation can occur between polysilicon and metal 1 as shown in
figure 2-2. An LDR to perform this layout modification is feasible, but has not
been implemented. The occurence of such parallel wires is low in most layout
styles (metal and poly are often run perpendicular to each other) so that it is

unlikely that this adjustment would be required very often.

I
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Figure 2-2: Displacement to Reduce Critical Oxide Area

Junction Leakage

Junction leakage occurs where crystal defects or contamination are present at a
junction[24]. The high electric fields at these points cause large current leaks
across the junction, resulting in poor performaﬁce or a failed device. Junction
leakage defects can be a substantial source of yield loss in RAMs[17-19, 24]. This

is not such a problem in general purpose digital circuits as the density of active
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devices is usually much lower. The yield loss is a function of diffusion area and

periphery.

There is little that could be done to affect the sensitivity of circuits to these
defects since diffusion areas are usually at the minimum required to form the
active devices and connect to other conducting layers. Consequently, the number

of layout changes that could be made is small.

2.2.3 Fault Clustering.

The distribution of spot defects is random though in a complex manner. It has
been observed that the defects on a wafer have a tendency to form clusters[25].
It is thought that this occurs as a result of clouds of particles in the materials
used in the fabrication process. This implies that if there is a defect present the
probability that another defect is present on an adjacent site increases. If there
are a number of related defects then the probability of there being a large cluster
of defects increases. This has important consequences for the yield and reliability

of redundant circuits (section 2.9).

There is some dispute as to the definition of what constitutes a defect clus-
ter[26]. Thibs is a result of practical difficulties in measuring clusters. For instance,
what appears to be a cluster of defects may in fact be unrelated random defects
that have the same position on the wafer map but have been caused by different
process steps. It is often difficult to determine the cluster size. Even if it can be
shown that the defects were all caused by the same process step it is not clear
whether a particular defect, near what is considered the cluster edge, is in fact a
random defect close to a cluster or indeed part of another adjacent cluster. At-
tempts to define mathematical models that overcome these difficulties have been
hindered by the lack of relevant data[27]. There is an understandable reluctance
by IC manufacturers to release the raw wafer map data that can be used to verify

existing models and aid in the proposition of new models
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The Influence of Clusters on LDRs Effectivgness

How much defect clusters will affect the usefulness of layout modifications in
reducing defect sensitivity is dependent on the ratio of the faults that are caused
by single defects and those caused by defect clusters. If a large percentage of
all circuit faults are due to single defects then layout modifications will affect
the final yield by reducing the number of single defect faults. However, if defect
clusters are the major source of circuit faults, then the density of clusters will

determine whether layout modifications can improve the yield.

If layout modifications give 2% reduction in single defect sensitivity then the
corresponding reduction for defect clusters is 100 x (155)"%, where n is the number
of defects per circuit area or cluster density. For example, if a 10% reduction in
defect sensitivity is obtained for a single defect the equivalent reduction in defect

sensitivity for a defect cluster of density 2 defects/circuit area is only 1%.

There is no reliable data concerning either the defect density of clusters or the
ratio of faults caused by single defects and defect clusters. Consequently, it is not
possible to draw any conclusions on the impact of the defect clustering phenomena
on the effectiveness of layout modification in reducing defect sensitivity. Also,
since each process has unique defect statistics it is likely that some processes will

be more suitable than others.

2.3 Yield and Chip Area.

2.3.1 Poisson Statistics.

There is a large volume of work on the statistics of yield which relates yield to the
defect density and chip size. One of the earlier papers is by Murphy[3]. Murphy
noted that an exact calculation of yield could only be made by examining each

circuit on its individual merits. Considering this to be too difficult a task an
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attempt to relate the yield of a chip to its area is given. Assuming the defects to

be randomly distributed, Poisson statistics are used to generate an equation for

yield
Y = exp(—DA) (2.1)
Y = yield
D = Defect density (defects/area)
A = Area

This equation states that the logarithm of yield decreases linearly with. the
area of chip. This equation is not in agreement with results found in practice, giv-
ing an overly pessimistic estimate for large chips. Equation 2.1 assumes random
defects while in practice it is found that the defects are distributed non-randomly.
This disagreement can be overcome by regarding the problem as a sum of sub

areas each with a different defect density.

Y = /0 ~ exp(—=DA) f(D)dD (2.2)
f(D) = probability of defects

The defect probability function (f(D)) must be found experimentally. Equa-
tion 2.2 assumes that there is only one defect type or one major defect type.
This unrealistic assurﬁption can be overcome by calculating the yield for every
defect type so that the yield of a process with n defect types can be expressed by

equation 2.3.

Yiotal = Ya Yuot) Yino) - V2 Yo (2:3)

2.3.2 Window Method.

Experimental results have shown that the Poisson method of yield calculation
consistently gives lower predicted yield than those observed in large chips. This

is due to the assumption that defects are randomly distributed. Evidence that



Chapter 2. Background 19

defects are not randomly distributed can be seen graphically by use of the “win-
dow method” originally described by Seeds[23]. In-this method a wafer map of
defective and working chips is divided into areas of integral numbers of chips.
An estimate of the number of working larger chips obtainable can be found by
counting the number of larger areas that have only working chips in them. How-
ever great care has to be taken when using this method as the sensitive area
of a chip may differ from its actual area and the ability of a circuit to operate
with a performance fault is liable to vary from one chip design to another. This
method can only be considered accurate where the larger chip is equivalent to
the sum of the smaller chips. This does not occur often. The “window method”
does however suggests that the Poisson statistics ar;a not an accurate prediction

of yield for larger chips.

2.3.3 Boltzmann Statistics

It can be shown [29] that the Poisson model is false since it is based on Boltzmann
statistics in which all spot defects are considered distinguishable. Boltzmann

statistics give,

Y = (1—71\7)"““’ (2.4)
lim Y = exp(—DA) (2.5)

N—=oo

N = Number of cells
A = Active area of cell

D = Average Defect Density of Randomly distributed defects.

However defects can be considered to be caused by a number of distinct mecha-

nisms producing a number of indistinguishable defects.
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2.3.4 Bose-Einstein Statistics

Using Bose-Einstein statistics in which all defects are considered indistinguish-

able[29]. The equation for yield becomes

1—1/N
Y = Y AD-in (2:6)
. 1
WY = 134D (2.7)

For a more general case with n different defect types the yield then becomes

Y = 1 e 1 X X 1
14+ AD; ~ 1+ AD, 1+ AD,

(2.8)

Each of the terms in the yield equation represents a defect mechanism with
defect density D(n). This statistical representation tends to over-estimate the

yield obtained from large chips.

2.3.5 Experimental Methods

The defect density has been found experimentally to be distributed according to
the gamma function[19]. If this function is used as the model for defect densities
the resulting equation for yield is a negative binomial distribution. The resulting
yield equation is empirical, not based on any physical model or mathematical
theory. This gamma function produces a yield function that is not linear with
the logarithm of yield and actually over-estimates the yield of larger chips but
. gives a good fit within the range of chip sizes in the data base.

1
Y=o | 2.
(ADfn + 1) (2.9)
Where n = (mean/standard deviation)? of defect density

measurements taken from different wafers within a batch

and a number of different sites on the wafers.

The yield of a process cannot be well modelled by a simple mathematical or

physical model. There are a number of parameters involved and they do not
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obey any simple relationship. Often the best approach is'to empirically form an
equation for yield. This has the benefit of at least being accurate within the data
,base provided which for most purposes is all that is required. One method is to
use the relationship derived by Murphy with a gamma function of defect density
using an experimentally determined mean and standard deviation of faults in test

devices[30].

Data from commercial fabrication lines has shown that there are difficulties
in fitting yield data to yield models. Stapper suggested that this was because
the defect sensitivity of circuits is not directly proportional to area. Stapper[19]
demonstrated that yield data for ROS ! circuits can be more easily interpreted
by comparing the yield of the chip versus the number of data bits (sub-circuits)
rather than the area. This suggests that yield is not so much a function of circuit
area as defect sensitivity and where defect sensitivity is not proportional to area
the standard yield models will not hold. Some methods of yield prediction using

defect sensitivity are given in section 2.8.

2.3.6 Chip Area and Wafer Size.

Yield can also be affected by the size of the chip relative to wafer size. The
optimum chip size for maximum silicon usage is dependent on the relative size
of chip to wafer. Gupta[l0] gives the results of a computer program to give the
optimum placement of square chips on a wafer. An empirical formula'is generated

from the computer pr"ogra,m output.

w

Z? — 375 +0.94

N =

(2.10)

N = number of chips

'ROS read only store, memory chips that are fabricated with a fixed set of

information
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Z = chip size (length of side)
R = effective radius

W = slice area (usable area of wafer)

An effective wafer radius is used since the edges of the chip are not suitable
for chip production. This is due to defects introduced by handling and optical
distortion at the edges of the wafer[13, 14]. The size of this effective radius will
depend on the process used but can commonly be expected to be of the order
of 10mm less than the actual wafer radius. The formula can be used to find
the amount of wafer actually used as chip area and therefore the wastage. The
results show that for chip sizes greater than 0.3 of the effective radius the empirical
formula becomes inaccurate. At this size careful choice of the chip size can lead

to significantly less wastage of wafer area.

2.4 Defect Density and Size distribution.

The shortage of published data on defect densities in the literature can be at-
tributed to the variation between processes and the commercial sensitivity of
such information. However the state of the art is approximately 1 defect/cm?[31].
There is a shortage of data on the clustering of defects and more clustering in-

formation would be useful to the designer of fault tolerant circuits.

It has been observed that smaller defects are more common than large defects,
this is true of both air-borne and chemical defects[9]. It has further been observed
that below some diameter defect densities fall to zero since they are no longer

resolved.

Stapper observed on memory devices that defect size fell off as sz where z is

the defect diameter. Small defect sizes could not be observed and were assumed

to rise to a peak then fall of linearly as shown graphically in figure 2-3. The
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normalised distribution function is,

N 2(n — 1)x i
: h(l}) = -——'————(n T l)$02 0 <z <z (2.11)
. 2n=1)zo" !
h(z) = T Do zo <z < o0 (2.12)

Where the value of n is chosen to fit the experimental data

Stapper fitted equations 2.11 and 2.12 to process data with a best fit of 3.02. This
value agrees well with other reported values for n. Stapper[4] reports another
fabrication process gave n=3.1 for extra material defects and n=2.9 for missing

material defects. For n=3 the equations 2.11 and 2.12 become,

(l,‘()2 .
h(z) = —5 %o <z <00 (2.14)

Normalised Defect Size Distribution
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Figure 2—3: Normalised Defect Distribution

The most important part of the curve is the section for defects greater than zo.

The z¢ point is the minimum size defect that can be resolved by the lithographic
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process. Since circuit geometry must always have greater width and separation
than the minitmum resolvable size it follows that defects smaller than this size
will not cause circuit faults. The defect size distribution has shown itself to be
remarkably constant with ever decreasing values of zo. It is believed[32] that
the distribﬁtion will remain proportional to the cube of the defect size for the

foreseeable future.

Alternative distributions have been proposed notably by Ferris-Prabhu[33]
and Maly[34]. Ferris-Prabhu presented a more general distribution than that
given above, which for suitable terms becomes equivalent to equations 2.13 and

2.14.

Maly suggested that the defect size was determined by mask defect diameter
combined with the line width distortion that occurs when the mask pattern is
applied to the IC. He also suggested that there is more than one source of defects.
Measurements showed that there were two sources of defects, dust particles and
the mechanical contact of the mask and wafers?. The probability density function

for a single defect source was modelled by a Rayleigh distribution of,
fr(z,a) = FHexp(—3zZ) >0 (2.15)
fr(z, @) = 0 z=0 (2.16)

where « is the distribution parameter.

The combination of air-borne and mechanical contact defects were modelled
as,
f(R) = [Bifi(R—myen)+ (1= B1)fr(R—ma )]B: +
(1= B2)fr(R — m3,as) (2.17)
B1 and f, are weights for dust and mechanical defects

my, ma, o; and ap characterise dust defects

m3 and as characterise defects caused by mechanical contact

2This source of defects has been eliminated in modern processes that no longer use

contact printing.
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In a modern process with no contact printing #; = | so that equation 2.17

becomes

f(R) = Bifr(R—my,aq0) + (1 = 1) fr (R — ma, 2) (2.18)

2.5 Experimental Determination of Defect

Density and Size Distribution

A series of metal 1 comb and serpentine structures similar to those shown in

figure 2-4 were fabricated using the EMF 6pxm CMOS process.

e A serpentine structure can be used to detect missing material defects. De-
fects that break the track connecting the probe pads will register as a high

resistance (open circuit) between the pads.

e A comb structure can be used to detect extra material defects. Where such
a defect connects the interdigitated tracks the resistance between the two
probe pads will be reduced in comparison to the high open circuit resistance

when no defect has been detected.

A series of these structures were fabricated with dimensions of 1.5, 2.0, 2.5 ...
9.0, 9.5um. These dimensions refer to track width in the serpentine structures
and track separation in the comb structure. To ensure the mode of failure would
be shorts in the comb and breaks in the serpentine structure all track widths in

the combs and all track separations in the serpentines were 10um.

The experimental run consisted of 11 wafers with 37 measurable test sites
giving a sample size of 407 for each of the structures. The combined results from
all 11 wafers are given as wafer maps in figure 2-5 showing all the serpentine
results and figure 2-6 the comb results. It can be seen from both of these figures
that the number of defects tends to be greater towards the edge of the wafer and

that the incidence of shorts (comb structure) is greater than breaks (serpentine
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structure). This can be seen more clearly by taking the log of the defects found

as shown in figures 2-7 and 2-8.

Figure 2—4: Serpentine and Comb Test Structure
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2.5.1 Defect Density

The defect density of the process can be calculated from the number of defects
detected by the test structures and the “active” test area. In the 1.5um serpentine
test structure the active area is equal to 1.5 times the total conductor length
between the two probe pads. Which in this case was 4mm (the test structure
length) times 10 (the number of wire lengths) giving an active area of 60,000pm?.
The active area of a comb structure is similarly calculated from the length and

width of the conductor separation.
The defect density is found from,

D

Defect Density = T2 N N
wa feriVsites

(2.19)

D = Total Number of defects
A = Active area
Nyafger= Number of wafers

N,ites = Number of test sites per wafer

The accuracy of the defect density can be found by calculating the confidence
interval for D, the total number of defects. Using this confidance interval for D
in equation 2.19, the confidence interval for the defect density can be found. The

100(1-x) percent confidence interval for D is given by,

y(n—y Vy(n —y)
y— _—'—_)tu/2;n-—l <D<Ly+ ——(——t

o 2.20
— == tu/zn-1 (2.20)

y = Total Nurﬁber of defects measured

n = Nyafer X jvsites

tu/2;m-1= 1.96 for um = 0.05 n > 120

The defect density and 95% confidence interval for the comb and serpentine struc-

tures are given in tables 2-1 and 2-2.
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Comb Structure Experimental Results (Shorts)
Structure Size | Defect Density | 95% Conf. Inter. | Rel Error
() | (defects/em?) (%)
15 9.87 9.06 to 10.68 | 16.5
2.0 4.32 3.73 to  4.90 27.0
2.5 2.30 1.89 to 2.71 35.8
3.0 1.47 1.16 to 1.78 42.1
3.5 1.11 0.85 to 1.36 45.6
4.0 1.07 0.84 to 1.30 43.0
4.5 0.87 0.68 to 1.07 45.1
5.0 0.60 0.44 to 0.76 52.7
55 . 0.58 043 to  0.72 51.2
6.0 0.55 041 to  0.68 50.1
6.5 0.52 0.39 to 0.64 49.6
7.0 0.36 026 to 046 58.2
7.5 0.32 022 to 041 | 598
8.0 0.26 - 0.18 to 035 64.5
8.5 0.18 0.11 to  0.25 76.1
9.0 0.19 0.13 to 0.26 71.0
9.5 0.22 0.15 to  0.29 64.0

Table 2—1: Measurements of Defect Densities from Comb Test Structure
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Serpentine Structure Experimental Results (Breaks)
Structure Size | Defect Density | 95% Conf. Inter. | Rel Error
() (de fects/cm?) (%)
1.5 4.01 332 to 4.71 34.7
2.0 2.01 1.56 to  2.46 44.5
2.5 1.08 0.78 to 1.38 56.0
3.0 0.70 0.47 to 0.92 64.5
3.5 0.47 0.30 to 0.65 73.1
4.0 0.34 020 to  0.48 81.4
4.5 0.29 0.17 to  0.41 83.5
5.0 0.23 0.13 to  0.34 88.0
5.5 0.20 0.11 to  0.29 91.8
6.0 0.18 0.10 to 0.27 90.5
6.5 0.16 0.08 to  0.23 94.7
7.0 0.16 0.09 to 0.23 89.2
7.5 0.16 0.09 to 0.23 86.8
8.0 0.15 0.08 to 0.21 88.0
8.5 0.15 0.09 to  0.22 83.5
9.0 0.12 0.06 to  0.17 91.8
9.5 0.11 0.06 to  0.16 93.2

31

Table 2—2: Measurements of Defect Densities from Serpentine Test Structure
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2.5.2 Defect Size distribution

The defect size distribution can be found from the change in defect density as
a result of increased track width and separation in the serpentine and comb
structures. Subtracting the defect density of a 2um structure for that of the 1.5um
structure gives the contribution to the defect density due to defects less then 2pum
and greater then 1.5um. The defect size distribution of extra material defects
(shorts) found from the comb structure defect densities is given in figure 2-9. A
similar distribution for missing material defects calculated from the serpentine
defect densities is given in figure 2-10. Curves of the form m can be
found to fit the data within the error bars, derived from the 95% confidence
interval of the defect densities. This suggests that the defect size distribution is
proportional to m in agreement with reported defect size distributions

of other fabrication processes;

Defect Size Distribution of Extra Material Defects
T T T T T T Y T
| Comb Structure K _

) Keoms
L Defect Sized ]

Relative
Frequency

5
Defect Size (um)

Figure 2-9: Defect Size Distribution Generated from Comb Test Structure
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Defect Size Distribution of Missing Material Defects
T T T T T T T T

Serpentine Structure K>— _|
K’SCT
L Defect Sized -

Relative |
Frequency

Figure 2-10: Defect Size Distribution Generated from Serpentine Test Struc-

ture

2.6 Determination of Optimal Layout Rules.

In order to optimise the yield from a process the optimal layout rules must be
determined. These rules should give the IC designer a complete list of the accept-
able line widths and spacings for all of the layout geometry. They should also
indicate the spacing and line widths required between different layers to avoid
undesired interaction between these layers e.g. metal width over polysilicon for
good step coverage. Layout rules should, where possible, be kept as simple as
possible to enable a designer to work with them competently and efficiently. The
rules should where necessary take account of the type of circuit being designed.
The design of very regular structures like memories requires very detailed design
rules if high yielding circuits are to be fabricated. Logic circuits may not require
the same detail. In-house designs allow for the use of a more detailed design rule
set, where the designer works through many designs and where it is therefore
worth the investment of time to learn and use a more complex rule base giving a

better representation of the optimal layout rules. Where the fabricator is trying
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to sell the process to designers in other companies it may be better to have very
simple design rules to reduce the investment in retraining designers required by

companies when changing between processes.

2.6.1 Test Structures.

The design/layout rules are normally determined experimentally using test struc-
tures. Test structures for layout rules must be simple, to allow easy interpretation
of the results and should be worst case layouts, sensitive to misalignment and di-

mensional tolerances.

Ipri[9] introduces 3 test structures for CMOS/SOS, to examine some common
circuit features and determine the statistical probability of success for different
feature sizes. A process analysis structure is used to examine the continuity of
different conductor typ.es and their interaction. A number of different masks are
made, forming conductors of different widths, to study the effects of line thickness
on yield. The number of defects is found by sequentially interrogating lengths of
the interconnect. A spacing array structure tests the definition of lines spaced a
given distance apart. This has two levels, with the second level §tepping over the
first, allowing the effect of crossovers to be studied. A contact array structure
tests contacts between conductors, a number of contacts chains of different lengths

are interrogated to check for broken contacts.

Ipri [35] also describes a test vehicle specially designed for the MOS transistor
to measure mask to mask interaction. The transistor array was designed to
enable simple dc testing of cells of CMOS/MOS inverters to find open and short
circuits. Strings of inverters are tested and the yield is plotted against the number
of transistors. The design rules are varied in an attempt to find an optimum
set of design rules. The design rules for epi-silicon to polysilicon, polysilicon
gate overlap, source drain spacing and contact position are investigated with this

structure
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In each of the test structures described by Ipri different masks of each level are
used giving results for various conductor widths and contact sizes. Using a large
number of test chips it was possible to attempt to optimise the circuit feature
sizes to maximise the yield of the process. These optimised features are the basis

for layout rule generation.

A similar procedure has been adopted by Groves [36] but in this case hardware
and software were developed to automate the collection and analysis of data. An
. automated stepper and computer directed prober were used to generate the large
amount of data necessary. The intelligent system collects only the required data,
bypassing any of the test structures that are of no interest. Even still, a large
amount of data is generated that must be reduced to a manageable size and a
form that can be easily interpreted. For this Groves recommends comprehensive
data analysis software to reduce data to the form of graphs, scatter plots, bar
charts, wafer plots etc. The highest level of data representation is the layout rules

with the confidence level of all the rules.

A system of this kind is required if a process is to be continuously monitored to
give yield information. This kind of information is also useful for yield prediction

and to fine tune a fabrication line to obtain maximum yield levels.

Improvements in Test Device Design.

The development of optimum design rules requires a large number of test struc-
tures to gather sufficient information to make an accurate estimate of yield of the
devices with different feature sizes. The test devices use a large area of silicon
for the pads which are used to probe the device when under test. Walton (37]
presents a method of reducing this area by introducing on-chip switching. This is
implemented using a decoder on chip to switch connections from the pads to one
test structure at a time. This allows the test structures to be ad‘dressed individ-
ually and greatly reduces the number of pads used. As the decoder is essential

for the operation of the test structures the decoders are designed using conserva-
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tive layout rules in order to reduce the possibility of failure. This technique can

greatly increase the number of test devices that will fit on a test chip.

As the yield of silicon processes has improved it has become more difficult
to measure yield without using large batches. This has resulted in the use of
longer conductor lines as test patterns with the result that the defect causing the
failure is often difficult to find in such long lines. A solution to this is given by
Sprogis [38] who gives the design of a test structure called the defect diagnostic
matrix (DDM). This test structure is an improvement on existing structures for
yield analysis in lines of metal, polysilicon etc, that could probably be developed
for use with contact chains. The DDM is used by IBM for highly automated
tests of metal and polysilicon lines replacing conventional finger/serpentine test
structures. The DDM isolates defects and is more sensitive to defect clusters
than conventional structures. The isolation of defects allows for a more efficient
investigation of faults by optical or SEM inspection. The DDM is made from an

.array of small defect sensitive cells. A long conductor is isolated into small areas
by sequentially testing tap transistors selected by a decoder. The DDM is used
as a line monitor that can be correlated to yield. It was found to predict a logic
product yield to within 3 percent. The percentage of defects found by operators
was 95% compared with 45% using conventional monitors. It can be designed to
fit on the kerf and, because the design is simple, it can quickly be transferred to

successive technologies.

2.6.2 Test Structures for Defect Clusters

In the design of fault tolerant circuits and circuits with built-in redundancy the
number of defects and their distribution is an important design consideration.
The majority of work on yield has made the simplifying assumption that the
distribution of defects is random. This approach may be adequate for conven-
tional circuits that require only one defect to completely disable the circuit and
consequently little error results from this assumption for small to medium size

chips. However for fault tolerant circuits the distribution of defects and clusters
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of defects becomes a more important concern. Information on the amount of
clustering of defects is useful to the engineer investigating fault tolerant architec-
tures as it will to a large extent determine the amount of redundancy required of

a circuit to maximise the yield.

The electrical measurement of fault clusters in wafers or chips is a more diffi-
cult task than measuring the random defects. This is due to the fact that devices
to detect the existence of a number of closely packed faults must be fault tolerant
structures themselves and give information about ‘the regions that have a large
number of faults. One attempt at a design to find the extent of defect clusters by
using a fault tolerant test chip so that data on the number of defects and spatial
distribution can be obtained more effectively than with a conventional test chip

is given by Lewis {39].

The design consists of an array of cells of area 0.015mm?. Each cell contains
an XOR gate and some by pass circuitry. The array consists of a number of rows
of cells; the circuit can be configured to bypass any number of defective XOR
gates in a row and can detect faults in the bypass wiring, but only if the fault in
the wiring does not occur in a cell that has a fault in the logical part of the cell
as well. In the case of a wiring and logical fault in the same cell the whole row
appears defective. The data obtained from the structure is of a form suitable to

be bit mapped, pin-pointing areas of defects.

This design does not meet all the criteria because two faults, one in the logic
and one in the bypass circuit of the same cell, will cause a whole row of devices to
fail, leaving no information on the size of the fault cluster that caused the failure,
except that there were two or more faults. This means that the device is good
only for characterising fault clusters that are not dense or which, through good
fortune, only cause damage to either the logic or the bypass circuitry of a cell but

not to both.
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2.7 Statistical Determination of Layout Rules.

The design rules have a strong impact on the yield and compactness of chips.
An increasing number of layout layers has resulted in a greater complexity in
the calculation of design rules. The experimental calculation of design rules for
optimum yield is a costly process that has to be redone every time the fabrication

process is changed by the introduction of new equipment or practices.

2.7.1 STRUDEL

Razdan [40] presents a general methodology for design rule development with
a statistical design rule developer (STRUDEL). STRUDEL uses the statistical
variations in the manufacturing process to find a probability of failure of a par-
ticular geometry. There are local and global variations in the process, the global
variations are calculated by a process and device simulator, Fabrics II [41]. Local

variations are calculated from probability density functions.

The method used is to sum all the local and global variations and compare the
probability calculated, (that for instance two wires will not short circuit), with
some threshold value. If the probability of failure is greater than the threshold
value then the separation is increased and the calculation is repeated. Iteration of
this calculation takes place to find the distance at which the design rule is found

to give a probability of failure that matches the threshold value.
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2.8 Yield Prediction from the Circuit Layout.

The foregoing has considered yield only in relationship to the area or active area
of a circuit. Another way of determining the yield of a chip is to determine
the process vield of sub-elements of a circuit. The product of the sub-elements
yield values gives the yield of the whole circuit. In its simplest form this means
determining the yield for contacts, vias, polysilicon lines etc and splitting a circuit
into those elements of known yield. The yield of such circuit elements can be
found experimentally from test devices. It is also possible to determine the yield
of a circuit from the defect size density distribution and the circuit layout. These
procedures are complementary to the yield models that have been developed and
are a natural extension. Indeed Murphy[3] only developed his yield model because

he considered that the analysis of circuit geometry was too difficult an operation.

2.8.1 VLASIC.

Walker[42] presents a program VLASIC which uses a Monte Carlo method to
predict the yield in CMOS circuits. In this program defects are generated using
a random number generator with characteristics matching the distribution of
defects found experimentally. The program places these randomly generated
’defects on the circuit layout and determines if the defect would case a fault. By
generating large numbers of faults it is possible to simulate a layout to give results

with the desired confidence level.

The main merit of VLASIC is its accuracy. It can be used to predict the effect
of any defect type that can be modelled as a change in the geometry of the circuit
layout. This enables very detailed analysis of a layout with the added advantage
that the actual nodes at which the fault occurs are listed. As a consequence, it is

possible to classify those areas of the layout which are most susceptible to faults.

This detail is only obtained at the expense of a large amount of CPU time.

Because of this, the VLASIC program is generally only used to analyse RAM cell
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layout. The cost of the analysis can be amortised over many (MBits) RAM cells
per chip and very large production runs. Though with the advent of a parallel

version of VLASIC[43] simulation of larger circuits becomes more feasible.

Relevance to LDRs

The type of detailed analysis provided by VLASIC is not required when exam-
ining the results of LDRs on large layouts, especially since the time to generate
meaningful results is prohibitive. However, VLASIC could be used to analyse
small “template” layout parts to determine LDRs for some of the more com-
plex layout situations, such as increasing contact sizes where there are varying

amounts of surrounding geometry.

2.8.2 Virtual Layout.

A method to predict the yield of a CMOS circuit has been given by Maly(44, 45],
who developed a technique to generate a simplified virtual layout from a circuit
layout in CIF3. This method produces a very simple layout with all or many of
the properties of the original circuit layout. This method is suitable for regular
structures but does not take into account the effects of defect clusters on the

yield.

The virtual layout is effectively a collection of statistics that describe the
circuit layout. These statistics include the sum of lengths of track within a given
width range for all the interconnect layers, the number and type of contacts/vias,

transistor sizes etc.

The virtual layout is generated by polygon manipulations, such as
shrink/bloat operations, on the original layout. For example, to find metal 1

wires of width greater than 2um, all metal 1 geometry is shrunk by 1 ym causing

3Caltech Intermediate Format
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geometry 2um or less to disappear. The remaining polygons are then bloated by
the same amount. The resualting geometry is subtracted from the ~original metal
1 layout to give all metal 1 forming parts less than 2um(46]. By generating s-
tatistics from other shrink/bloat values (e.g. 3um) the combined length of track
of tracks over a width range (2-3um) are generated by subtracting the smaller
shrink/bloat length of track from the larger one. The length of these 2-3um met-
al 1 wires is one of the statistics that makes up the virtual layout for the circuit
under consideration. A similar procedure is used to determine total amount of

other track widths and their spacings.

This method produces results that are less accurate than can be achieved with
VLASIC, since the layout has been simplified. For example, all wires are assumed
to be straight and are grouped within pre-defined width ranges. The generation .
of the virtual layout removes much of the circuit detail, so that no information
on “problem” areas in the layout can be made available. This method is much

faster than that used by VLASIC and could be used on even the largest circuits.

Comparison of the different virtual layouts directly is possible enabling the
effects of LDRs to be clearly seen. For example, a track displacement LDR will
produce a reduction in the “length” of closely space tracks and a corresponding

increase in those tracks that are more distant (see section 8.1.1).

2.8.3 RYE.

Chen[47] presents the most advanced yield simulation to date. The program
RYE (Realistic Yield Evaluation) simulates the yield of CMOS circuits. RYE
uses analytical methods rather than Monte Carlo methods of simulation; this
gives a reduced CPU time. Results given by Chen suggest that the analytical
method is approximately 2 orders of magnitude faster than the Monte Carlo
method in a simulation where results to the same confidence level were obtained
by both methods. The RYE program also exploits hierarchical layout of a circuit,

avoiding recalculation on identical circuit parts. This feature can greatly speed
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up a simulation depending on the nature of the circuit for which yield prediction

1s required.

Rye uses analytical methods to calculate the probability of failure of simple
layout patterns. The probabilities for larger more complex layout, such as macro-
cells, are determined hierarchically from these lower level simple layouts. This
allows Rye to be used to diagnose low level faults and pin-point the actual source

of the problem to specific geometry.

The capability of identifying problem areas would make Rye a useful tool to

be used with LocDes in two ways:

e [t can be used to highlight problem areas in the original layout to which

LDRs can be directed to improve.

e It could also be used as a yield checker. It is more sophisticated than
a simple design rule checker and could to be used after LDRs have been
applied to a layout. This would ensure that no additional problem areas

had been added by the changes intended to increase the circuit yield.

Rye can be used more readily in the process of yield maximisation because of it’s

greater efliciency, in comparison to the Monte Carlo method, e.g. VLASIC.

2.8.4 McYield

McYield is a software system that predicts functional yield[48]. It can produce
accurate yield estimates for a 1 million transistor chip in approximately 1 CPU
hour (VAX 8650). This is much faster than any other published technique. M-
cYield uses the concept of critical areas[49]. The critical area is the area of layout
in which a defect type can cause a fault. McYield uses a modified version of the
Magic layout system[50] to generate these critical areas from which estimates of

the yield can be made.

The magic system stores layout in terms of tiles. That is for a given layout

layer the mask geometry is split into rectangular regions (tiles). The space be-
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tween‘t-hese tiles is “white” space and is stored as “white” tiles. Thus, the whole
layout area is “paved” with tiles. This allows rapid calculation of the critical
area since the both the mask geometry and the space between the geometry is
represented by a similar data structure. McYield also utilises the hierarchy of the

layout to reduce the required calculation.

McYield is well suited to be used in conjunction with the LocDes program.
The rapid yield prediction (the most efficient reported to date) would permit a

shorter cycle time to enable faster optimisation of LDRs, even when applied to

large complex layouts.

The output of the system is a report on the yield loss due to each defect type
and the overall yield. McYield not only indicates the total yield loss but the
source of the yieid loss, making it a valuable tool not only for circuit designers
but also for process engineers, who can use the output to determine which circuit

features are the main detractors from the yield.

2.9 Fault Tolerant Techniques.

One technique that has Peen suggested to increase circuit yield is the use of re-
dundancy to give a circuit the ability to tolerate a single or multiple faults and
still function correctly. The only commercial circuits to have exploited fault toler-
ant techniques are memory devices or chips with large memory blocks. The most
popular approach is to have spare rows or columns that can be connected into the
memory circuit if necessary. The improvement in yield is variable and often the
figures are difficult to obtain, as manufacturers consider such information to be
useful to their competitors. However, the information that is available suggests
that the yield improvement can be from 30 fold increase in the yield of prototypes
to a 3-5 fold increase for mature circuits (Bell labs). Intel claim as little as 1.5

fold yield irflprovement [51].
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The use of fault tolerant circuits has lead to the idea of using the whole wafer
as a circuit — wafer scale integration. There have been attempts to produce

commercial wafer scale memories[52, 53].

The earliest attempts at wafer scale integration have used a discretionary
wiring approach [54, 55]. This requires a mask of a unique wiring pattern for
each wafer to wire the operating cells together. Later it was possible to obtain

the same effect using an E-beam to define the wiring pattern [56, 57].

A knowledge of the defect density and the clustering of defects is required in
the application of fault tolerant techniques, since, if there are defects in a circuit
that result in the use of the available redundancy, the possibility that there are
also defects in neighbouring circuitry increases, because of the existence of fault
clusters. It is important that redundant units that perform the same function

should be as widely separated as possible.

Circuit defects depend not only on the defect densities but also on the design
rules and are probably particular to a given process. There is some disagreement
on the magnitude of yield improvement obtained from relaxing design rules. This
is not surprising since different processes will respond differently to design rule
changes. It is considered that the relaxation of design rules for critical circuit

parts (e.g. data buses) is a good thing in fault tolerant circuits[16].

Another approach to improving yield has been the repair of partially working
circuits. The most obvious repair technique is discretionary wiring where circuits
are probed and a wiring pattern is developed to connect the operating circuits
together. This has a number of disadvantages including the contamination and
damaging of circuits 'during the probing stage and the expense involved in indi-
vidual masks or E-beam patterning of the metal layer. Dense memories may use
laser repair surgery to blow a fusible polysilicon link [58] and it is also possible to
make connections with a laser by changing a high resistance polysilicon connec-
‘tion into a low resistance connection [59, 60]. Cutting and welding with the same
laser is feasible. An alternative is to have connections made or broken by electrical

currents using metal or polysilicon links. The electrical techniques [61, 62] have
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the same capabilities as the laser but require extra circuitry. The high current
path necds large transistors and guard rings are placed around the fusible links.
Memory chip manufacturers seem to be evenly split between laser and electrical
fusing of links. It is also possible to make chip repairs by individual connections
during packaging [63]. For example only working columns might be connected
to the chip connections in partially working chips. Motorola offset some of their
yield losses in their 32K EPROM by blowing polysilicon fuse links on partially
working chips to form a 16K EPROM[64]. Similar techniques are used by other
manufacturers[18]. Another method is to have a volatile or non-volatile register
that stores information on the state of circuit blocks to determine if they are

non-defective.

One argument put forward against the use of redundancy is that a defect
cluster that causes a fault, subsequently overcome by the use of redundancy, may
cause other faults that do not cause a failure when tested but do give rise to
" “weaknesses” in the circuit. This can cause the circuit to fail when in operation,
after leaving the factory, causing a reliability problem. Thus it is considered by
some (notably the Japa.nese[65]) that redundant circuits are.inferior and should
not be used. Redundancy is seen as a crutch for product of an inferior quality.
This was the reaction in 1983 and it has not changed much. While a Japanese
manufacturer, Fujitsu, will use redundancy in 600 MBit RAM wafer scale memory
 [53], it is at the chip level with some redundancy of the common signal lines. This
contrasts with a 16 MBit RAM from an American manufacturer, IBM[66]. This
large chip has bit redundancy, a word redundancy system and error correcting
circuitry. The chip can survive more than 5000 defective cells and still have 96%

of its error correcting ability available to deal with soft errors.
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2.10 Conclusions

This chapter has given some of the background to the work described in this the-
sis. The importance of defect sensitivity to yield has been highlighted. Methods
of yield prediction, based on the combined effects of defect sensitivity and defect
size distribution, as reported in the literature have been discussed. The exper-
imental results of defect size distribution from metal comb and serpentine test

structure have been presented and these are in agreement with results reported

by others.
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Yield Simulation.

This chapter describes the motivation behind and the development of a Monte
Carlo yield simulator. This simulator can used to estimate the change in yield as
a result of layout modifications such as track displacement and increased track

width.

3.1 Introduction

The design of a yield simulator that is able to estimate the production yield of
an integrated circuit is beyond the scope of this work. The actual percentage
of working chips produced from a particular layout and fabrication process was
not the prime concern. What was required was a simulator that could measure
the differences in yield that were the result of small layout changes, in particular
changes in metallisation layers as a result of the application of local design rules.
A measure of a layout’s sensitivity to circuit faults as a result of spot defects was
required. The development of such a simulator was only undertaken since none
was available from another source. One simulator that is suitable for this type of
work is McYield[48] that should become available soon from the Microelectronics

Center North Carolina (MCNC).

47
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3.2 Mextra Based Yield Simulation.

An initial attempt was made to build a simulator from available CAD tools.
This resulted in a very basic simulator developed using Mextra[67]. Mextra is a
circuit extractor that generates a circuit netlist and netlist statistics from layout
geometry in Caltech Intermediate Format (CIF)[68] format. This simulator was

limited to extra material defect (figure 3-1) simulation. Defects were added to

Original Geometry.

N\

Extra Material Defect

%

Missing Material Defect

- Figure 3—-1: Missing and Extra Material Defects

the CIF description of the circuit under test and the resulting netlist statistics
compared with the original statistics. When applying extra metal defects there

are three possible outcomes,

1. Extra node
If the defect is not placed on any other metal geometry then an extra
electrical node is generated. This node consists solely of the defect geometry

(figure 3-2(a)) and the defect has no effect on the structural yield of the

circuit.
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2. Same number of nodes
If the defect is placed on existing metal geometry but does not cause a
short to another node (figure 3-2(b)) then the netlist statistics will remain

unchanged. The defect has no effect on the structural yield of the circuit.

3. Fewer Nodes
If the defect is placed so that it comes in contact with metal geometry that
forms more than one elecﬁrical node, the result is a reduction in the number
of nodes as a short between these nodes has been formed (figure 3-2(c)).
This type of defect would normally cause a change in the circuit function

and is therefore a fault.

NODE 1 NODE 1
(ONODE 3 (T )NODE 2

NODE 2 NODE 2
(a) Defect (b) Defect
NODE 1

P

( NO))E 1

N
NODE 1

(c) Defect causing Fault (Short)

Figure 3—2: Extra Material Defects on Layout.

These defects can also cause reliability and performance problems which can-
not be easily evaluated. Only defects that cause dc faults can be found using this

type of analysis.

The Mextra based program produced results for extra material defects but,
missing material defects (figure 3-1) could not be simulated. The program was

very slow; each defect required approximately 5 CPU Sec of a SUN 3/60 using a
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small circuit with 10 transistors. A very large number of defects over a range of
defect sizes is required to give an accurate picture of the susceptibility of a circuit
to defects. Thus the execution of the program to give useful results took many

hours.

The program is inefficient, the main reasons for this are,
e Each defect requires two unix processes to be generated, the defect place-

ment and the mextra process.

e The programs used, cat! and mextra, are not tuned to the job in hand. This
is particularly true of mextra in which there are many redundant routines

and operations.

e Communication between processes is via the file system; cat generates a file
which is read by mextra which produces an output file of statistics that is
read by another process to interpret and summarise the results.

While the mextra simulator provided some initial results it also showed that a
yield simulator would have to be purpose built to be fast enough to give accurate
results in a reasonable length of time. This and the need to simulate missing
material defects resulted in the design and implementation of the Monte Carlo

yield simulator.

3.3 Monte Carlo Yield Simulator

The Monte Carlo Yield Simulator is a purpose built simulator, written in the C
programming language. The program simulates both missing and extra material
defects on a CIF format circuit layout. The basic functions of defect placemen-
t and the resulting netlist analysis for extra material defects is performed by

one UNIXTM process with routines designed specifically to perform these tasks.

lcat is a standard unix command, used in this case to append a defect to an existing

CIF file.
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Missing material defects use an extra process per defect, though communication

is through a socket? rather than the file system.

The simulator can be broken into three separate operations, initialisation,

defect placement and defect analysis.

3.3.1 Initialisation

The initialisation procedure loads in the CIF representation of the circuit and

processes the layout to produce,

o A spatial data structure (described in Chapter 7) containing the circuit
layout boxes, each labelled with the electrical node number that it helps

form.

e An array of linked lists; these lists contain pointers to all the geometry that

forms a single electrical node. Each node has its own list.

The algorithm for the initialisation is shown in figure 3-3. The first step is to
read in and parse® the CIF file. Each physical layer of layout (metal 1, polysilicon
etc.) is stored in an array as layout boxes and a binary tree is generated that
references the data held in the array. The binary tree allows very fast searches to

be performed (Section 7.5). In order to generate electrical nodes the transistors

2A UNIX socket allows interpfocess communication.

3The CIF file is parsed using a modified version of cif2ps, a public domain program
that generates postscript output from a CIF input. This modified version flattens,
removes the hierarchy, of the CIF input, giving as output the list of layout boxes that
describe the complete layout. Cif2ps was originally written by Arthur Simoneau, The
Aerospace Corporation, El Segundo, Calif with contributions by Marc Lesure, Arizona
State University, Tempe, AZ and Gordon W Ross, The MITRE Corporation, Bedford,
MA
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Procedure Initialise
begin
[nitialise data structures.
Read in CIF File.
Load layout data into Binary trees.
Make symbolic layer for transistors (ACTIVE AREA AND POLYSILICON)
Make ACTIVE AREA equal to ACTIVE AREA NOT TRANSISTOR layer
for all layout Boxes do { .
Give Box an initial unique node number.
}
for all track layers do { /* Metall, metal2 Polysilicon etc. */
for all Box of layer do { /* For every piece of layout of type layer. *7 :
Generate List of all other boxes of same layer that touch Box.

Label all boxes in List with the same unique node number.

}
}

for all Contact layers do { /* Contact Cut, Via. */
for all Contacts of Contact layer do {
Find the node numbers (Nodel, Node2) of both track layers forming contact.
Label all boxes of Node2 on all track layers
with the node number Nodel.

Label Contact with node number Nodel.

}

Generate array of electrical node linked lists.

end

Figure 3-3: Yield Simulator Initialisation Algorithm.
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must be identified. The transistors are found by producing the logical AND of
polysilicon and active area (figure 3-4(b)). In preparation for node generation
the source and drain of the transistor are isolated by making a new active area,
generated from the logical NOT of the transistor layer and the active layer (figure

3-4(c)). The original active area is then discarded.
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Figure 3—-4: Transistor Source and Drain Generation from Layout.

Electrical Node Generation.

The new active area and transistor layer are also stored in arrays referenced
by binary trees: Each layout box is given a unique node number. This is to
ensure that even if a box is unconnected to any other layout it still has a unique
number. The electrical nodes are formed by first cycling through all the boxes of
track layers (polysilicon, active area, metall and metal2) to generate groups of
boxes of the same layer that are connected. This is done by marking connecting

boxes with the same unique node number. These groups are then formed into
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Procedure Defect Size and Position.
begin
Max = DefectDis(MINSIZE).
do
Size = random()x(MAXSISE—-MINSIZE)+MINSIZE.
Until random()xMax <= DefectDis(Size).
Xcoord = random()X(Xmax-Xmin)+Xmin.
Ycoord = random()x({Ymax-Ymin)+Ymin.
Generate Defect.

end

Figure 3-5: Defect Generation Algorithm.

electrical nodes by cycling through all the contacts/vias to find groups of boxes
that are electrically connected in the circuit. The boxes in these connected groups
are then given the same unique node number marking then as part of a single

electrical node.

A linked list for each node, referencing every layout box that is part of the
node, is formed and placed in an array of these lists. These lists are used later
to speed up the generation of sub-circuits when missing material defects are

evaluated.

3.3.2 Defect Placement.

The size and position of defects are generated using the algorithm shown in
figure 3-5. The layout area is defined by Xmin, Ymin, Xmax and Ymax. This
algorithm generates random* defects with the distribution of DefectDis(Size),

assuming that the maximum number of defects is found at the minimum defect

“The random() routine used is a standard unix function for the generation of pseudo

random numbers.
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size. This assumption holds true for all reported processes defect distributions at
“intceresting” defect sizes, but if not Max could be defined as the most frequently

found defect size.

The value MINSIZE is the minimum defect size required for the simulation.
This is the minimum design rule separation, for extra material defects, or the
minimum design rule width for missing material defects. Defects smaller than
this do not cause structural circuit faults. If the minimum width is the same
value as the minimum separation then, the set of defects generated can be used

for both defect types.

The Xcoord, Ycoord and Size are used to generate the defect. All defects
are simulated as approximations to a circular defect, since using a circular defect
would greatly increase the execution time of the program with little increase in
the accuracy of the result. The defect is represented by five® rectangles (figure
3-6(a)). It is possible to obtain better approximations to a circle with more
rectangles (figure 3-6(b)) but once again this slows execution with little increase

in the accuracy of the result.

&) (b)

Figure 3-6: Circular Defect Approximation.

5In practice it is possible to use three overlapping rectangles.
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Procedure ShortTest
begin
Get Defect.
NODENUM = -1 /* Guaranteed not to exist */
SHORT = FALSE ‘
for all Boxes in Defect do {
Find List of circuit boxes touching defect Box.
if List has members then {
for all Members of List do {
if NODENUM = -1 then
NODENUM = node number of Member
else if NODENUM NOT = node number of Member then
SHORT = TRUE
}
}

}
return SHORT.

end

Figure 3-7: Extra Material Defect Fault Detection Algorithm.

3.3.3 Defect Analysis — Shorts

The algorithm used to determine whether an extra material defect has caused a
short is shown in figure 3-7. In this algorithm a defect is generated and all the
boxes that form the defect are tested to determine whether they interact with
any circuit layout geometry. When the first interaction is found the node number
of the geometry is noted. If there are further interactions with the defect, the
node of that geometry is compared to the first interacted node. If these nodes
are different then a short has occurred. That is the defect has connected two
electrically separate nodes, causing a circuit fault to be created, that will change

the circuit function.
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This assumes that all nodes in a circuit are important to the circuit function
and that shorted nodes do actually cause circuit malfuhction. In most real cir-
cuits this is a reasonable assumption, though it is possible that redundant layout
or geometry used as labelling, for mask inspection etc, could give false results.
Therefore, it is necessary to inspect layouts to be simulated to ensure that such

problems will not arise.

3.3.4 Defect Analysis — Breaks

The algorithm used to determine whether a missing material defect has caused
a break is shown in figure 3-8. In this algorithm a defect is generated and the
interaction Qf the defect with the layout is tested. If there is no interaction then
there is no fault (figure 3-9(a)), otherwise all geometry for each node that inter-
sects the defect is extracted using the linked lists, formed during the initialisation
procedure. This geometry is used to form a sub-circuit. The logical NOT of de-
fect and sub-circuit is generated, representing the layout of the sub-circuit with
a missing material defect. This new sub-circuit is processed to determine the
number of nodes, in the same way as the original circuit layout was processed®.
The number of nodes in the sub-circuit with the defect is compared to the original
number used to form this circuit. If there are the same number of nodes as there
were originally a circuit fault has not been generated (ﬁgﬁre 3-9(b)) but, if there

are a greater number then a fault has been generated (figure 3-9(c)).

It has been assumed that all geometry is important to the circuit function and
that any break will cause a circuit malfunction. This is not necessarily true. For
example power lines may form a network that can survive a number of breaks. If

only a single cell is “shown” to the simulator it is unable to determine whether

6This is done by opening a socket to another process running the same program,
but with different arguments, that returns, via the socket, the number of nodes in the

sub-circuit.
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Procedure BreakTest
begin

Get Defect.

BREAK = FALSE

for all Boxes in Defect do {
Add Nodes of circuit boxes touching defect Box to NodeList.

}

if there are nodes in NodeList then {
Make Sub-circuit from Nodes in NodeList.
Make Sub-Circuit = Sub-circuit NOT Defect.
Generate Nodes from Sub-circuit.
if Nodes in Sub-circuit > Nodes in NodeList.

then BREAK = TRUE.
}
return BREAK.

end

Figure 3-8: Missing Material Defect Fault Detection Algorithm.

NODE 1 NODE 1
Q Defect —ODefect
(a) Defect | (b) Defect
NODE 1 Q NODE 2
. Defect

(c) Defect causing Fault (Break)

Figure 3-9: Missing Material Defects on Layout.
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the power supply has been disconnected by a single break. It is also possible
that some geometry is redundant and does not fulfill a circuit function. These
problems could be overcome with some programming effort but this has not been
done. Instead care is taken that simulated circuits do not contain redundant
‘geometry. This is quite easy to do since only small circuits are simulated because
of the long execution times. Power lines do not pose a problem since the simulator
is primarily intended to measure relative yield, that is the difference between two
similar circuits. It can be assumed that a power line break is a circuit fault if
the same assumption is made of all the cells simulated to find the relative yield.
Also, power lines tend to be wider than other tracks and are therefore less prone

to breaks.

3.4 Results

The Monte Carlo yield simulator gives, as output, a list of the defects that resulted

in circuit faults. The defect size, position and defect type are given.

Xcoord Ycoord Defect Size Defect Type Fault

3402 102 5.3 Missing Break
1039 3242 6.7 Extra Null
1129 2157 3.5 Missing Null
500 1632 2.9 Extra Short
etc.

This raw output must be further processed to give a summary of the results
in a more understandable form. This is done using a number of awk’ scripts to

analyse the data and generate output for a variety of graphs and tables.

"Awk is a pattern scanning and processing language available on most versions of

Unix
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Figure 3-10: CMOS cell used in Yield Simulation.

3.4.1 Simulation Results.

The circuit in figure 3-10 was used in a simulation of 100,000 metal defects. The
metal is the darkest layer in the figure. The extra material defects were generated
using a size distribution of m with a minimum size of 2.5um, which is
the minimum separation of metal to metal separation, Missing material defects
have a lower bound of 3um as this is the metal width. The maximum defect size
generated for both defect types was 15um. The results have been summarised
in table 3-1. This table gives the total number of defects in a size range and
the number of circuit faults that resulted from these defects, the 95% confidence

interval for the circuit faults and the relative error of this interval.

The graph of figure 3-11 shows the percentage of faults that occur as a result
of a given defect size. This shows that defects that are a size comparable to the
minimum separation of metal have a very low probability of causing defects and
that this probability increases as defect size increases. This does not imply that
these smaller defects can be ignored. The graph in figure 3-12 shows the relative
distribution of circuit faults and the size of the defect that caused the fault. This
indicates that because of the larger number small defects present, a significant

number of faults are caused by these defects.
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Yield Simulation Results (Shorts)

Defect Size (p) | Total Defects | Faults 95% Conf. Inter. Rel Error (%)
25-35 46467 495 | 451.63 to  538.37 17.5
3.5-45 19373 792 | 737.98 to  846.02 13.6
4.5 - 5.5 9708 841 | 786.67 to 895.33 12.9
55-6.5 5516 791 | 739.98 to 842.02 12.9

65-1T5 3381 688 |642.11 to 733.89 13.3
7.5 -85 2281 639 |[596.95 to 681.05 13.2
85-9.5 1589 553 | 515.77 to  590.23 13.5
9.5 -10.5 1160 477 | 44414  to  509.86 13.8

10.5 - 11.5 871 424 | 395.07 to 45293 13.6
11.5 - 12.5 667 355 |329.72 to  380.28 14.2
12.5 - 13.5 493 301 | 279.76 to 322.24 14.1
13.5 - 14.5 408 262 | 243.00 to 281.00 14.5
Yield Simulation Results (Breaks)
4.0-5.0 41965 1324 | 1253.82 to 1394.18 10.6
5.0-6.0 20197 2183 | 2096.51 to 2269.49 7.9
6.0-7.0 11823 1972 | 1892.55 to 2051.45 8.1
7.0 - 8.0 7742 1574 | 1504.59 to 1643.41 8.8
8.0-9.0 5235 1150 | 1091.28 to 1208.72 10.2
9.0 - 10.0 3672 898 | 846.94 to 949.06 11.4
10.0 - 11.0 2686 687 | 642.67 to 731.33 12.9
11.0 - 12.0 2125 562 | 522.14 to 601.86 14.2
12.0 - 13.0 1566 434 |1399.27 to 468.73 | - 16.0
13.0 - 14.0 1227 308 |278.22 to 337.78 19.3
14.0 - 15.0 1032 249 [222.05 to 27595 21.6

Table 3—1: Results of Extra and Missing Material Defect Simulation on a CMOS

layout.
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Figure 3—11: Graph of Faults(%) versus Defect Size on CMOS layout.
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3.5 Conclusions

This chapter has explored the design of a Monte Carlo yield simulator. The
simulator is capable of measuring the defect sensitivity of metal and polysilicon
tracks. It is primarily intended to be used to measure the effect of layout modifi-
cations, such as changes in track width and separations, on the defect sensitivity
of a circuit layout. Results generated using this simulator from layouts processed

by the LocDes program are given in chapter 8.




Chapter 4

Design Rules.

This chapter introduces the IC layout design rules that define the minimum sizes
and separations of layout components. The effect of these rules on circuit area

and their potential use as a method of increasing yield are explored.

4.1 Introduction

The layout of integrated circuits is bound by a set of design rules. The design rules
give minimum values for track width, track separation and contact sizes (figure 4-
1). They also set out the minimum requirements to create active devices. Design
rules for transistors define the minimum overlap and separation of the N, P and

well implants.

There are occasions when specialist circuit parts, such as RAM, use a different
set of design rules, that have been optimised for that particular circuit type.
However, normally the design rules are applied over the whole of layout area and

will therefore be referred to as Global Design Rules (GDR).

The purpose of these rules is to maximise the yield, performance and reliability
of circuits. The rules are obtained from an analysis of the fabrication process and

are usually particular to that process.

64
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Min Metal Width. Min Metal2 Overlap.
\
AN
Min Metal-Metal \
Separation.
D e
Min Metal-Poly \‘\
Separation. \

Min Contact Size.
Min Metal Overlap.

Figure 4-1: Examples of Global Design Rules.

4.2 Influence of Design Rules on Circuit Area.

The area of a circuit layout is proportional to the square of the feature size.
So that if all design rules were scaled by an equal amount the resulting circuit
area would be Scale factor? xarea. Design rules are rarely scaled in this way.
Improvements in fabrication technique do not take place equally in all process
steps simultaneous. The simple relationship between area and scale factor is
instructive but in practice can only be used with a completely revised fabrication

process that is very similar to an existing process.
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4.3 Single Design Rule Changes.

The influence of single design rule changes on the layout area of a circuit was
studied using layouts generated by the STIX [69] circuit compactor. STIX is
a symbolic! layout editor that fleshes then compacts symbolic geometry to pro-
duce mask level layout suitable for fabrication. These operations are controlled
by design rule files that determine the width and separation of layers and the
construction of circuit elements such as transistors and contacts. STIX was used
to generate a number of different layouts of two circuits, a dynamic shift register
(figure 4-2) and a six transistor RAM cell (figure 4-3). Various circuit layouts
were generated from the symbolic representation of the circuit, using design rule
sets that had a single design rule modified in each version of the circuit produced.

This enabled the effect of that rule on circuit area to be determined.

STIX was used in preference to hand layout, as a large number of examples
were required. It would have been too time consuming to do this by hand and
the results would have depended to some degree on the alertness of operator and
time taken for each layout, producing uneven results. Since a lot of commercial
layout is presently automated it is not a serious handicap to use this method.
In general, hand-crafted layout is more compact than machine layout but since
the point of interest is changes in layout area, the difference between hand and

machine layout will not be great.

The design rules tested were,
e Transistor Overlap of Gate.

e Metal Width.

1A symbolic layout editor takes input in a simlified form that represents the actual
mask levels. E.g. transistors are defined as a symbol that is converted to the correct

mask layout by the software at the layout generation stage.
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e Contact Size.
e Contact Ovérla.p.

The two circuits were tested for each design rule. These give different results
showing that layout area is dependent on both the design rules and the nature
of the circuit. Both circuits were generated initially using ES2% 2 micron CMOS
design rules. These rules were then adjusted about the normal ES2 value to
determine the effect on the layout area. In order to make the results more general

and easier to interpret the design rules have been normalised.

4.3.1 Transistor Overlap of Gate.

" A transistor in CMOS technology is formed at the layout level by placing ‘a
polysilicon track over active area. The active area will require threshold and
well implants depending on the transistor type and the process used. Due to
the possibility of misalignment between mask stages it is important that the
polysilicon has extra overlap of the active area (see figure 4-4). There will always
be a degree of misalignment between the masking layers because of limits in
placement accuracy. The amount of misalignment that can be tolerated is to
some extent dependent on the transistor overlap and the overlap used for other

polysilicon structures such as contacts.

The results for transistor overlap of gate for the shift register and RAM cell
are given in figure 4-5 and figure 4-6. These indicate that the area of the shift
register is relatively insensitive to the overlap. Even at 1.5 times the original
value the circuit area is increased by only 0.1%. The RAM cell is much more
responsive. Over the region tested the cell area varies by approximately £3%.
The difference between the two circuits occurs because the RAM cell is dominated

by transistors that are very closely packed in comparison to the shift register cell

2European Silicon Structures
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Figure 4—4: Transistor Overlap of Gate
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that has interconnect and contacts acting as separators between transistors. This
causes the RAM cell to be sensitive to transistor design rules and the shift register

" to be largely unaffected.
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Figure 4-6: Results from Changing Transistor Overlap of Gate:RAM Cell

4.3.2 Metal Width.

Metal is used as interconnect between active elements such as transistors. It is
used to make contacts with polysilicon and active layers. If there is more than
one metal layer this too can be connected to the first metal layer. The RAM cell

and shift register both use only a single layer of metal for interconnect.

The width of the metal was adjusted in both the RAM and shift register
cells. The RAM cell was totally unaffected by changes in the metal, over the
tested range of 75% to 125% of the original width. The shift register results over
the same range are given in figure 4-7. This shows that the cell area varies by

approximately +1.5%.
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Figure 4-7: Results from Changing Metal 1:Shift Register Cell

4.3.3 Contact Size.

To make an electrical connection from one conducting layer to another of a dif-
ferent type contacts are used. Usually contacts are from metal to another layer

e.g., polysilicon, active area or a second metal layer.

The design rule determining contact size in the two circuits was adjusted over
a range of £50% of the original size. The resulting cell area changes are giveri
in figure 4-8 and figure 4-9. These show that the contact size has a significant

impact on the area of both circuits.

4.3.4 Contact Overlap.

The contact overlap is used to provide protection against misalignment in much
the same way as transistor overlap (section 4.3.1). Misalignment of contact layers
causes either contacts to be badly formed, having a high resistance, or an open

contact that can result in a circuit fault.
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Figure 4-10: Shift Register with Contact 75% of Original Size.
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Figure 4-11: Shift Register with Contact 125% of Original Size.
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Changes in contact overlap are likely to have an effect similar to increasing
the contact itself. The results, 4given in figure 4-12 and figure 4-13, obtained by
adjusting contact overlap by £50% in the RAM and shift register cells reflect this
similarity.
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Figure 4-12: Results from Changing Contact Overlap:RAM Cell

4.4 Layout Style.

The yield of a circuit is not only dependent on the layout rules but on the imple-
mentation of the circuit and the layout style used. If the wrong design deciéigns
are made, they can have just as great an effect on the circuit area and yield as
the design rules. As an example of this consider a change in the layout of the
shift register. The clock and data lines are originally on a single metal layer. Five
new layouts are generated with increasing use of a second metal layer to carry
these signals. The resulting layouts for 5 and 3 metal lines are shown in figures

4-15 and 4-16. The effect of the increased metal 2 on the area of the circuit is
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Figure 4-13: Results from Changing Contact Overlap:Shift Register Cell

shown in figure 4-14. This graph shows that there is a reduction in area by using
up to two metal 2 lines but that further use of metal 2 increases the size of the
circuit again. This simple experiment indicates that the yield of a circuit is the

responsibility of the circuit designer as much as the process engineer.

4.5 Defect Sensitivity.

IC layout can be generated either manually or automatically from a higher level
input. E.g. Layout can be produced from a symbolic representation of the circuit
using a circuit compactor[69]. Whatever method is used, a great deal of effort
is usually expended to produce as compact a design as possible. That effort is
subject to diminishing returns and consequently nearly all layout is sub-optimal

in that it occupies more area than the minimum required for that circuit function.

Achieving the minimum layout area is not equivalent to maximising the yield,

though it is often viewed as such by circuit designers. It has been reported in the
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Figure 4-15: Three Metal 2 Wire Layout of Shift Register Cell.
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Figure 4-16: Five Metal 2 Wire Layout of Shift Register Cell.

literature [19] that while there appears to be a good relationship between circuit
area and yield this is in fact a reflection of the closer relationship between defect
sensitivity and yield. This is most easily seen where different chips that have the
same area are fabricated resulting in different yields. It follows from this that
the goal of the circuit designer should be to optimise the defect sensitivity of the
circuit layout. The practice of area minimisation stems from the well known yield
equations relating area to yield[3, 29, 19] and perhaps more importantly because
of the difficulty of measuring the defect sensitivity of a layout compared to the

ease of determining the area.

The minimisation of circuit area is at least a first approximation to the opti-
mum layout, assuming that the global design rules (GDR) are a good reflection
of the fabrication process. It is possible however, that this minimum area is not
the optimum area. If an increase in circuit area by a given percentage can be
used to decrease the defect sensitivity by a greater percentage, the yield of the
circuit will be higher for the larger area. Whether this can be achieved for a given
design will depend on the circuit design itself and the distribution of the different

defect types that determine the defect sensitivity of the layout.
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The GDRs are optimised to give “good” layout from a single global set of
rules. These rules are not 1{ecessarily optimised for the local layout conditions or
particular circuit types in which they are used. For example the cost of increasing
the transistor overlap in the shift.register cell (figure 4-2) by 1.5 of its original
value is a 0.1%(figure 4-3) increase in area. If the resultant increase in yield
from such a change was greater than 0.1% then the yield would be improved by
changing that design rule. However if the shift register cell was only part of a
circuit layout on which there was also a RAM cell of the same type as in figure
4-3, that cell would be increased by 3%(figure 4-6). This may be greater than
the yield improvement provided by the rule change. For a more optimum layout

it would be necessary to apply different rules to different cells.

The GDRs are not optimum for the layout of all circuit types. They also
do not give any information on the defect sensitivity of different layout options.
This omission causes circuit designers to be unable to determine the best layout

to maximise the yield of the circuit.

4.6 Conclusions

This chapter has introduced integrated circuit layout rules. These rules define
minimum size and spacings of layout. It has been shown that while, some of these
rules can have a negligible effect on the layout area for particular circuit types,
the area generally increases as design rule widths and separations are increased.
Consequently, there does not appear to be any potential benefit from using layout
modifications, involving adjustment of the global design rules of cells, to reduce
the circuit defect sensitivity. The cost associated with such a procedure cannot

therefore be justified and another approach must be taken.
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Local Design Rules.

This chapter introduces Local Design Rules. These are IC layout rules that define
the optimum feature size and spacing in relation to the surrounding geometry and
are used to increase the yield of ICs. The yield of IC devices is a major factor
in determining their commercial success. This has led to designers of very high
volume parts actively designing for yield. At the same time, and sometimes on
the same device, other designers trade silicon area for ease of layout. Local design

rules are used to reclaim some of this lost area to enhance the yield of the product.

5.1 Local Design Rules.

It is proposed that the yield of circuits fabricated using layout generated from a
GDR set can be increased by searching for instances of local non-optimal layout
and adjusting the circuit layout to produce a reduction in the defect sensitivity.
In practice this done with a set of design rules called the Local Design Rules
(LDR) that define a more optimum value of layout geometry size and separation
in relation to the local layout conditions. With these rules layout geometry can
be increased if sufficiently distant from other geometry and/or can be separated
further from neighbouring geometry where there is enough space for a displace-

ment.

81
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The LDRs are applied to a circuit layout that has been generated using a set

of GDRs. When these rules are applied there are two further conditions that

must be met,
1. No global design rules are violated.
2. There is no increase in the overall circuit area.

The first condition permits automatic design rule checking to be done both before
and after the application of the LDRs to ensure that no “accidental” changes have
been made that violate the normal design rules. The second condition is to ensure
that minimal extra work is required when converting a large design. If the LDRs
are applied to individual cells it is important that their area is not changed as this
would destroy existing hierarchical designs based on these cells. The coordinates
of all the cells would have to be changed to account for the area change. Where
LDRs are applied to a whole chip, it is equally important to have the resulting

layout occupying the same area, since chips are usually a standard size.

The LDRs do not contradict the GDRs. The GDRs determine minimum size
and spacing and hold over the whole design, but they should not be used to
determine the maximum feature size or spacing of circuit components by always
using the minimum value. While it is valid to attempt an initial layout with
minimum sizes to reduce the circuit area, once the area has been defined the best
use of any redundant space should be made to reduce the defect sensitivity of the

layout.

It is intended that the yield of the resulting layout will be greater than the
initial GDR layout. This can only be guaranteed if the fabrication process is
understood well enough to ensure that the LDRs are an accurate reflection of the
relative yield of the layout options available. No changes are made to the layout
except those for which there is evidence to suggest that the changed layout will
have a higher yield. This implies that LDRs are process specific in the same way
as the GDRs.
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5.2 Defining the Local Design Rules.

The complete definition of the LDRs requires a greater knowledge of the process
than the GDRs, since the problem is no longer a “simple” matter of finding one
rule set to maximise yield. This usually means maximising the yield of regular
test structures. To define the LDRs, optimum layout in a variety of situations
must be determined. This in practical terms means that it must be known where
an increase in track width or contact size will result inian increase in yield, since
associated with these adjustments is a reduction in geometry separation. The
information required can be found using test structures as is the normal proce-
dure for GDR generation. A full description of the LDRs will require a greater
range of test structures, though there may be sufficient information to make a
first approximation to the LDRs from the results of test structures designed to

" determine GDRs.

Yield simulation with defect size and distribution data [70, 71, 20, 46, 42] can
also be used to determine LDRs. For example simulation can determine where a
change in conductor width will increase the overall yield. The number of faults
that are the result of shorts between nodes is increased by widening and hence
reducing separation of the conductors, but at the same time the number of faults
caused by breaks is reduced. If the overall number of faults can be decreased
then there will be a corresponding increase in yield. The optimum value of track
width/separation can be found by simulating a range of different layout options.

The results can be used to generate LDRs.
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5.3 Potential Layout Changes.

There are a number of potential layout changes that can be made; the most

important for modern MOS fabrication processes are:

Track displacement (figure 5-1(b)).
Two metal or other layer tracks can be moved further apart from each other,

thus reducing the probability of a short forming between the tracks [45, 44].

Increased track width (figure 5-1(c)).
A metal or other layer track can be increased in width. A spot defect on

this wider track will be less likely to cause a complete track break [45, 44].

Increased contact size or number of contacts (figure 5-1(d)).
A contact can be increased in size!, larger contacts have a higher yield [72-
74]. The contact overlap must be adjusted to fit the larger contact to avoid
violation of the GDRs. [t is also possible to generate another contact where
there is sufficient space so that if one contact fails the other can still provide

a connection.

These changes can give an increased protection against spot or random defects.
There are other changes that could be made, (e.g., in order to give protection
against misalignment of polysilicon, increases in polysilicon contact overlap and
transistor gate overlap could be made). This is less likely to result in an increase
in yield, as misalignment usually occurs over the whole circuit or wafer so that,

unless every contact and gate overlap were changed, any increase in yield would

1Larger contacts, particularly those increased in both the X and Y direction, may
require an increase in the overlap of the contact beyond that normally required by the
GDRs. This would avoid problems that are created with over-etch of large contacts in

some processes optimised for the minimum contact and via size.
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Figure 5—1: Potential Layout Changes to Enhance Yield.

probably be small. A greater variety of changes may be made for immature fab-
rication processes, where specific process steps have not been perfected. Layout

changes can then be used to decrease the defect sensitivity to that process step.

5.3.1 Track Displacement.

The probability of shorts between same layer geometry such as metal tracks
can be reduced by displacing the tracks to increase their separation. It can be
shown that the optimum separation is where the track is equidistant from the
surrounding tracks. Figure 5-2 shows a simple layout that was simulated using
the Monte Carlo Yield Simulator of Chapter 3. The position of the metal track
was varied by increasing the separation. The results of this simulation are shown
in figure 5-3. It can be seen that the defect sensitivity is at a minimum where

the track is at the midpoint between the surrounding geometry.

Local design rules for track displacement make use of this result. Tracks
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are displaced away from their close? neighbouring same layer geometry until no
further displacement is possible or they are equidistant from the surrounding
same layer geometry. Tracks are only displaced away from geometry that is of
the same layer and does not form the same electrical node as the track. Where
geometry forms the same node a defect would not cause a short since the geometry

is already electrically connected.

5.3.2 Change in Fault Size Distribution

The results of simulation of the layout in‘ﬁgure 5-4 are given in the graph of
figure 5-5. This graph shows the number of faults caused by different sized
defects before and after the displacement of the track in figure 5-4. The difference
between the curves can be more easily seen in figure 5-6 along with another curve
showing the results of a smaller displacement half the size of the original. These
curves represent the improvement in defect sensitivity of the new layout after the
track displacement. It can be seen that the number of faults that are caused
by smaller(2.5-3xminimum feature size) defects is reduced and that there is a

corresponding increase in the intermediate sized faults.

The reduction in the number of these smaller faults is a direct result of the
increased separation of the track from its closest neighbouring geometry. However
as the displaced track is moved away from the nearer track it also moves towards
geometry on the opposite side. This results in an increase in the number of
intermediate sized faults that were previously defects which were unable to bridge
the gap. Faults produced by even larger defects are largely unaffected by the track

displacement.

2The definition of close is dependent on the defect size distribution for the process
used to fabricate the circuit. This would normaily be 2 or 3 times the minimum layer

separation.
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Where track displacement LDRs are applied to a circuit there will in general
be a range of both displacement amounts and length of displaced track. The
resulting change in the distribution of fault size is effectively a weighted sum of

curves similar to those in figure 5-6. Such a curve is shown in figure 5-7.

Small Defect

After Displacement

Figure 5—4: Effect of Displacement on Fault Size Distribution

The actual change of fault size distribution in a fabrication process will depend

on the defect size distribution. If we assume a defect distribution of —D——l.—3
efect Size

[4) and combine this with the difference in fault occurrence after track displace-

ment (figure 5-6) the curves of figure 5-8 are generated. Figure 5-8 gives the

difference in fault size distribution as a result of a track displacement. The area

under this curve is proportional to the change in yield, a negative area is a yield

improvement.
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5.3.3 Displacement Strategies
The are two possible displacement strategies,

¢ Local Displacement
Local Displacement involves displacing the track only where neighbouring

geometry is present, the track then returns to its original position. This is

shown in figure 5-9(b).

e Continued Displacement
In continued displacement the track is displaced where neighbouring geom-
etry is present but does not return to the original track position after the
influence of the neighbouring geometry is “behind” it. The track is only
guaranteed to return to its original position at the track end. This is shown

in figure 5-9(c).

The best displacement method to use is the one that gives the greatest increase
in yield and the least change in performance. Both methods can potentially give
the same increase in yield since they result in track that is equidistant from neigh-
bouring geometry, where that geometry is sufficiently close to have a significant
effect on the probability of a fault being generated by a defect. Therefore the best
method to use is that which results in the shortest track length; this is equivalent
to the fewest displacements. The continued displacement method will result in
the same or fewer displacements than the local displacement method. A track
undergoing local displacement always returns to the original path at the earliest
opportunity and then further along the track may be displaced again in the same
direction as before. Continued displacements resuit only in displacements that
actually improve the yield. Though in many cases this will result in exactly the
same displacements using either methods. The optimum displacement strategy
is continued displacement. This method cannot be applied easily in circuits that

have been split into a number of blocks for automatic application of LDRs.
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Where a circuit is split into smaller blocks to be processed (Chapter 5) the
geometry at the boundaries must match. If the position of any geometry was
not dependent on some local conditions that could be easily determined by the
neighbouring block there would be'great difficulty in correctly forming the circuit
from the blocks. Continuous displacement of track results in changes in track
position that may have their origin far from the point on the track they affect.

Consequently, at present only the local displacement strategy is implemented®.

5.3.4 Increase Track Width.

The probability of a track break can be reduced by increasing the width of the
track. This is shown from a simulation of the layout of figure 5-10. The width of
the metal track is increased with a resulting decrease in the sensitivity to track
breaks shown in figure 5-11. When the width of the track is increased there
is an equal reduction in the separation between the track and the neighbouring
geometry. This causes an increase.in the probability of a short being formed by
an extra material defect between track and same layer, separate node, geometry.

This is shown in figure 5-11.

In order to define local design rules to be used to increase track width the
defect size distribution of both extra and missing material defects of the adjusted
layer must be known. In general the LDR for track width increases is defined such
that the track width is increased until any further increase would result in the
increased probability of a short being greater than the reduction in probability
of a break. For example, if the distribution of missing and extra material defects

were identical, the track width could be increased until the separation and width

30ne way of using continued displacement within a circuit split into blocks is to
permit movement where tracks do not intersect the boundary and therefore have no
matching tracks in a neighbouring block. All tracks that intersect the boundary can

be displaced using the local displacement method.
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Figure 5-11: Optimum Width/Separation Results.

were equal (figure 5-12). Where there are more extra than missing material

defects the width of track should be less than the separation (figure 5-12).

5.3.5 Increased Contact Size

The probability of a badly formed contact being either completely open or with a
high resistance can be reduced by increasing the contact size[72-74). Determining
whether a given contact should be increased with a corresponding increase in
the contact overlap layers is a more difficult task than for the previous cases of
increased and displaced track. There are a minimum of three separate layers
involved in the formation of a contact. The two connected layers and the contact
cut 1tself. Typical metal-polysilicon and metal-metal2 contacts involve only three

layers. Active area-metal contacts can involve five layers or more.

1. Active Area.

2. Metal.
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3. Contact Cut.
4. Implant P or N type.
5. Well layer N or P type.

Determining LDRs for structures with a large number of layers is obviously more
difficult. The following discussion is confined to contacts with three layers. Con-
sider the layout of figure 5-13, where a three layer contact structure is formed.

In this case increasing the contact size results in,

e A decrease in missing material faults for both polysilicon and metal. A
small portion of the metal and polysilicon wire are increased in width by

the extra overlap.

e An increase in the number of extra material metal and polysilicon faults.
This is a result of the corresponding reduction in the metal and polysilicon

separation over a small portion of the track
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e A decrease in badly formed contacts.

For this layout there is a correspoﬁding increase in both polysilicon and metal
~extra material defects as there is other polysilicon and metal to interact with. This
is not always the case; for example figure 5-14 shows a layout where there is no
polysilicon with which a short can be formed. Even if this layout was only a part
of a larger layout in which there was other polysilicon geometry the probability
of an extra material defect forming a short is very low, because the polysilicon
would be separated by a significant distance and the probability of large defects
is low, assuming a standard defect size distribution. There are occasions in which
there is no other geometry close enough to a contact to be shorted by an extra
material defect in which case no fault contribution is obtained from the extra

material defects of either contact layer.
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(a) Original Layout. (b) Increased Contact.

Figure 5-13: Increased Contact Size with Polysilicon Interaction.

In many GDRs it is recommended that a number of small contacts are pre-
ferred to one large contact. Once contacts reach an appropriate size they can be

split to accommodate this rule.

A contact change is made where the reduction in yield from increased overlap

(extra material defects) is less then the increase in the contact yield plus any
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(a) Original Layout. (b) Increased Contact.

Figure 5-14: Increased Contact Size without Polysilicon Interaction.

gains made from the increased overlap (missing material defects). Because of the
complexity of the LDRs for contacts, a large margin of error will be required. In
practice it is recommended that changes to contacts are only permitted where
there is a particularly bad problem with contact yield. This situation can arise
and was described by Lorenzetti in the presentation of his paper [48] at Grenoble.
He described a 1.2 million transistor chip designed by Northern Telecom that gave
0% yield. Lorenzetti examined the layout of the chip with the McYield yield
simulator and found that more than 50% of the yield loss was due to the vias
(metal-metal 2 contacts). The layout of the chip was adjusted by hand increasing
the size of the vias within the GDRs where there was available space. When the
chip was re-fabricated it gave a yield of approximately 1%. While this is not a

particularly large yield it is very much better than nothing.
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5.4 Performance

[t is important that any changes that result from the application of LDRs to a
layout do not cause a degradation in performance of the circuit. For this reason
no changes that affect the size of active devices should be made. Where timing
paths are critical care must be taken with layout adjustments so as to avoid
the critical path. For example fan out from a single inverter may require that
the signal reaches the inputs to the next gates simultaneously. The interconnect
forming these time critical paths will either require special treatment, or be left

unchanged.

The performance of circuits is such an important consideration that great care
must be taken to ensure that any performance change does not push a circuit or
circuit part outside of the allowable specifications. Where performance is critical,
or it is suspected that layout changes may have adversely affected the circuit
performance, circuit simulation using software such as SPICE[75] can be used to

determine the extent of performance change.

In a more automated digital circuit layout environment, such as IDA (Inte-
grated Design Aids) [76], transistor sizing software (e.g. TILOS[76, 77) - TImed
LOgic Synthesizer) can be used to optimise the circuit performance and later be
used to check any LDR adjustments. That is, if, after LDRs have been applied to
the layout, the TILOS program suggests that the transitor sizes are still optimum
the layout can be accepted. However, if transistor re-sizing is required then the
performance of the circuit has been degraded and the layout should be modified,
by re-sizing transistors or un-doing the LDR modifications, to allow the circuit

to meet it’s required specifications.

5.4.1 Increased Contact Size.

Increased contact/via size can result in a decreased contact resistance and in-

creased overlap capacitance. The change in resistance as a result of increasing
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contact size is dependent on the contact type. In particular, the contact resis-
tance is dependent on the relative resistance of the two layers connected by the
contact. Where the resistance of the layers is approximately equal, as in a metal

1 - metal 2 contact the resistance is proportional to the contact area.

[n contacts that connect layers with dissimilar resistances the change in con-
tact resistance is dependent on the geometry of current flow and the contact
size[37]. In particular the resistance is dependent on the width of the contact
perpendicular to the current flow.  This implies that an increased contact size
might not lead to a reduced resistance. For example figure 5-15(a) shows a
polysilicon contact in which the increased in size does not affect the contact re-
sistance, as the contact edges perpendicular to current flow remain unchanged.
Figure 5-15(b) shows a contact that has a reduced resistance as a result of a size

increase.

The effect of overlap capacitance can be neglected because it is effectively
shorted by the contact. The RC product will therefore be reduced in line with

any reduction in the total contact resistance.

Increased substrate contact size can take place where the contact is sufficiently
distant from active devices. Since they are not used to pass signals there will be

no effect on performance of the circuit.

5.4.2 Track Displacement.

The displacement of a track results in a longer track, with an increase in RC.
This is due to the small step in the track used to implement the displacement
(figure 5-16). This will not necessarily cause a problem for metal tracks since the
increase 1s small and, except for very long lines, the main resistive components in
interconnect are contacts to other layers. Any reduction in performance will be
very small ana will only be apparent if the critical path is affected. If the critical
path is known then any performance reduction can be avoided by ensuring that

no large changes in track length are made on this path.
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Figure 5-15: Resistance and Contact Size in a Metal-Polysilicon Contact.
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For the more resistive polysilicon tracks greater care should be taken. It may
be best to avoid changes altogether unless significant yield improvements can be

made.

Figure 5-16: Increased Track Length with Displacement.

5.4.3 Increased Track Width.

Increased track width will cause an increase in the capacitance of the circuit but
will also decrease the resistance of the circuit. The RC product will be reduced for
small geometry tracks because the fringe capacitance, which is a sizable fraction
of the total, is not significantly increased. Capacitance between tracks on the
same conductor level will not be larger than that allowed for in the GDRs since
the minimum track separation is still determined by the GDRs. However, the RC
of the circuit as a whole will be increased since the RC of the transistors driving
the node formed by the now wider track is increased since the capacitance of
the track has increased and there is no change in the output impedance of the

transistors.

There is a possibility of greater cross talk where the capacitance between
crossovers 1s increased. To avoid this, overlapping geometry that does not form

a single electrical node should not be altered (figure 5-17).
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Figure 5-17: Track Width Increase and Cross Talk
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5.5 Reliability

The reliability of a component is also of fundamental importance. There is little
point in increasing yield at the price of the component reliability. The reliability
of the circuits optimised using LDRs can also be improved. This requires that
when the LDRs are calculated reliability issues are taken into account so that no

layout changes will be made that cause reliability to be reduced.

There are occasions when high reliability is of greater importance than yield
and LDR sets that increase reliability at the expense of yield can be developed.
For example the width of interconnect can be increased to reduce the possibility
of electromigration. Track widths that are larger than optimum for yield enhance-
ment may be used to improve the reliability. Care should be taken since reduced

separation can also increase the probability of failure from electromigration.

5.6 Suitable Fabrication Processes.

The effectiveness of LDRs is highly process and to some degree circuit dependent.

They are best suited for fabrication processes that have,
o yield loss from shorts between tracks,
e yield loss due to poor contacts,
¢ yield loss from me£al breaks.

While it is difficult to generalise about fabrication processes, there are some
features common to many, though there are of course exceptions. From the fault
categories that can be affected by LDRs, spot or random defects, one of the main

yield detractors is the metallisation. Metallisation is prone to defects because
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the wafer surface is no longer locally flat. The is due to localised deposition of

preceding layers and covering oxide growths.

To avoid problems from electromigration, track widths are often wider than
required for optimal yield. If the reliability of the track was not a concern the
width could be reduced with a resulting increase in yield. One consequence of this
for modern MOS processes is that the number of faults as a result of extra material
defects exceeds the number caused by missing material defects. Sometimes this
is by a very large amount [70]. This implies that track displacement LDRs are

likely to be more important than track width LDRs.

The yield of contacts is often a problem in immature procésses, but as the
process matures they should become less of a problem. LDRs can be used to
increase the yield of a fabrication process throughout its life. In the early life
of a process, redundant space might be used primarily to increase contact size
and, as the process matures and is perfected, the emphasis may change to track
displacement LDRs. Contact size and track displacement LDRs are not mutually

exclusive and in many instances can both be used fully in the same layout.

5.6.1 Volume Production.

While LDRs can be ‘'used regardless of the number of circuits to be fabricated,
they are most efficiently used where there i1s a large volume of production. One
reason for this is that the process of applying LDRs has a cost associated with
it. The operation-requires computer and operator time. Another reason is that
where a small set number of chips are produced for a customer there is often over
production to ensure that there are the required number of working devices. In
this case where there is already a significant number of wasted devices there is

little point in increasing the yield.

Where there is large volume production of a part that requires a large number
of batches to complete the order, or a chip that is in continuous production such as

a CPU or any device that has a part number, LDRs can make a useful contribution
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to the yield. The point at which LDRs become useful will depend on the yield

gained from their application and the number of devices required.

5.7 Suitable Circuits for LDRs.

In principal any circuit can be improved by the application of LDRs apart from
those with no redundant space. Few circuits fall into this category except perhaps
RAM and ROM designs and a few other very regular structure where a lot of
effort has been applied to maximise yield. In practice some circuits are more

suitable than others. LDRs are best suited for circuits that are,

e Digital in nature.
Analog circuits are very dependent on the resistance and capacitance of
their component parts and occasionally require that a number of paths
have identical RC components. The circuit function would have to be well
understood in order to apply LDRs with confidence. Digital circuits can
tolerate a much greater degree of parameter variation and are therefore
more suitable. To a large extent LDRs can be applied to a digital circuit
layout with little regard for the circuit function. The only exception is
on the critical path of a circuit that is already uncomfortably close to its

required operating frequency.

e Irregular Layout.
Irregular layout results in redundant space and can be the result of poor
layout design or the circuit function. Some circuit functions can be laid
out in a neat and regular fashion e.g., a 6 transistor RAM cell (figure 5-
18). Other functions do not lend themselves so easily to neat layout e.g.
. XNOR gate (figure 5-19). Circuit functions on a larger scale show a similar
variability in the use of available space. Where there is space available

LDRs can be used.
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Figure 5-19: 2 Input XNOR Gate with Scope for LDRs.
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e Interconnect Intensive.
In a two metal MOS process, interconnect consists of metal, metal2 and
metal-metal2 contacts. Yield loss from the metallisation stages is often
a main contributor to total yield loss[78]. Interconnect is often irregular
(figure 5-20) allowing track displacement LDRs to be used. There is also
usually sufficient space to permit increased contact LDRs to be applied
at least along the direction on the track. Circuit layouts with a lot of

interconnect, particularly where it is irregular, can be improved with LDRs.

Figure 5—20: Example of Interconnect with Scope for LDRs.

e Automated Layout.
LDRs are of most use where there is incomplete use of the layout area.
Automated layout systems often result in inefficient layout, less dense than
comparable hand-crafted layout. Even automated layout systems that gen-
erate layout by routing together hand-crafted cells such as GENESIL[79]
can result in poorer layout than a full custom design. This is because the
cells have been hand crafted for a generic CMOS process and then manip-
ulated by scaling and over/under-sizing individual layers to produce layout
to meet the intended fabrication processes design rules. GENESIL uses a

program GENECAL[80] to accomplish this task as efficiently as possible.
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As a consequence of the poorer use of layout area, automatically generated

circuit layout is well suited to the application of LDRs.

5.8 Applying Local Design Rules.

Applying LDRs by hand would be very time consuming and also prone to error.
To address this problem a program, LocDes, acting as a post-processor of CIF
format layout has been developed. The LocDes program takes a circuit layout
generated from a global design rule set as input to produce as output an en-
hanced layout with a reduced defect sensitivity but having the same function and

performance specifications.

5.9 Conclusions

This chapter has introduced and developed the concept of local design rules.
These rules describe the conditions under which a specified layout modification
can be made. These conditions would normally refer to the position of neigh-
bouring circuit geometry and, in particular, the required separation of geometry
before a layout modification can be undertaken. The purpose of these rules is
to enable layout modification to be described in a manner that can be used in a

computer program to automatically apply these modifications.

The use of LDRs may have an effect on the performance and reliability of the
circuit to which they are applied. Because of thils, and the costs associated with
applying LDRs, it is recommended that layout modifications are only considered
for digital circuit layouts that are destined for large volume production. Ideally
this production will take place in in a fabrication process that in which the yield
loss is due to one or more of the process steps for which the defect sensitivity has

been reduced by the LDRs.
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The LocDes Program.

This chapter describes the implementation of LocDes. This program applies
local design rules to circuit layout to produce an enhanced layout that has a
reduced defect sensitivity. The LDRs can either be applied to individual pieces
of circuit geometry or iteratively over the whole circuit layout. The algorithms
used to apply track width, track displacement and contact local design rules are

presented.

6.1 The LocDes Program

The purpose of the LocDes program is to automatically apply local design rules to
IC layout. These LDRs are used to described to the program the particular layout
conditions that should, where possible, be modified and the precise modification

that is to be attempted.

6.1.1 Local Design Rules

Local design rules consist of a list of one or more conditions that have to be
satisfied before a layout change should be attempted. They also include, the
layout change itself and another list of one or more conditions that the new

layout must meet. This last list will always include the global design rules.

110
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For example, a track displacement LDR operates. on track segments. The
segment is tested to determine whether it is equally distant from the neighbouring
geometry on either side of it. If the inequality is greater than a value specified
by the LDR, a displacement can be attempted. The size of the displacement is
specified by the LDR. The layout modification is provisionally made and tested
to see if it meets all of the conditions set by the LDR.

Since the GDR rules must always be satisfied, any other conditions required
by an LDR will normally be more rigourous than those already included in the
GDR set. For example, in a track width increase LDR, an extra condition could
be that the separation of modified track should be greater than that required
by the GDRs. This could be to help ensure that shorts between tracks are not

increased by more than the reduction in track breaks.

6.1.2 Design Rule Checking

To simplify the problem Manhattan layout was assumed. The basic principles

are not affected by this restriction and the implementation is greatly eased.

The application of LDRs requires a considerable amount of design rule check-
ing of both the local and global design rules. The design rule checking that is
undertaken by the LocDes program is the most computationally expensive part
of the the program. Therefore, the internal representation of data and the al-
gorithms used by the program are designed to implement design rule checking

efficiently.

Normally design rule checking is done using line segments and an algorithm
based on the scan-line technique[81, 76, 82, 83]. However the design rule checking
undertaken by LocDes is different from the usual design rule checking in a number

of ways.

1. Not all the layout geometry needs to be checked. Only where layout has

been changed is it necessary to design rule check that particular piece of
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layout. All other layout is assumed correct. since it is either original layout,
that has previously been processed by a design rule checking program, or

modified layout that has already undergone a check from LocDes.

2. Only small sections of layout need to be checked. The layout to be checked
is either a small track segment!, a contact or a contact overlap. All of which

are small relative to the total layout ‘size.

3. A single rule violation terminates the design rule checking phase. Since only
those layout changes that cause no design rule violations are acceptable
there is no need to find further violations when a broken design rule is

found.

4. A large number of very similar but separate design rule checks are required.
For example a track displacement will require design rule checks on a large
number of track segments, each of which is only in a slightly different posi-

tion from the last (since they form the same track).

These differences make it is more efficient to have a design rule checking
algorithm with a low initialisation overhead before each individual “run” of the
check procedure. However, a large overhead is acceptable where it occurs only

3

once before any of the “runs”.

Algorithms based on the scan-line technique require an initial sort of line
segments and further sorting during processing both of which are computationally
expensive. While, it is possible to minimise the amount of sorting in similar

“runs”, the initialisation time is still high.

A more efficient algorithm for the particular requirements of the LocDes pro-

gram is based on layout that is represented as a collection of rectangular boxes

'Both track displacement and track width increase LDRs split tracks into small

segments before they are processed
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and a design rule checking algorithm that uses region queries rather than the
scan-line technique. The data structure and algorithms used to implement the

rule checking are presented in chapter 7.

6.1.3 Implementation

The LocDes program was originally written in C but was converted to C++.
The main body of the code is still effectively C code but the C++ compiler used,
g++? gave much better error checking which resulted in the discovery of a couple

of previously undetected coding errors.

2G+4(Ver. 1.37.0) is the C++ compiler produced by the GNU Foundation released
under their copyright conditions known as the Copyleft. In short these conditions state
that source code should be available for any distributed program containing any of their

code.
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6.2 Operating Modes

The program can be operated in two different modes,

1. With a graphics user interface, where the user defines individual pieces of

layout geometry to which selected LDRs are applied.

2. In batch mode where the program applies LDRs in a predefined order evenly

over the whole design space.

6.2.1 X Window User Interface

The LocDes program has been provided with an X window user interface® (figure
6-1). The interface was built using the ET++[84], an object oriented application
framework, implemented in C++. This enabled a menu driven interface to be

built in a very short time.

The interface allows the user to apply selected LDRs (from pop-up menus)
to individual pieces of circuit geometry indicated by the mouse. For example in
figure 6-1 the LDRs have been applied to one track(displacement) and a contac-
t(increase). It should be noted that in this case the GDRs have not required an

edge separation with the underlying polysilicon for the track displacement.

This type of tool can be used to apply LDRs to the layout of individual cells
forming the database of a cell based automated layout tool. The application of
LDRs can be controlled to avoid design rule violation across cell boundaries and
can ensure that there will be no performance degradation of the resulting cell.

This is done by applying LDRs selectively within the cell boundary, keeping all

SA single binary suitable for X, NeWs and Sunwindow window environments can be

generated using the support for these window systems provided by ET++.
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Figure 6—1: LocDes X Window User Interface.
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geometry changes within the original GDR envelope and taking care that changes,

along the critical path, do not result in a deterioration of performance.

6.2.2 Batch Processing

In the batch processing version of the LocDes program, LDRs are applied using
a heuristic algorithm, that makes adjustments iteratively. Changes in layout
geometry occur in a number of small steps. After a layout change for a given piece
of geometry has been made, attempts to change other neighbouring geometry are
made before making additional adjustments to the first piece of geometry. This is
to ensure that there is an even application of LDRs, since a large number of small
changes evenly applied give greater yield improvement than a small number of
large changes. While this procedure will not necessarily give the optimal layout,

it will produce a good approximation to it in a reasonable time.

Order of LDR Application.

The optimum application of LDRs would require very intensive analysis of the
layout and a prediction of the yield of a large number of potential circuit layouts.
Not only would this be very difficult to implement but it would require excessive
execution times. Rathér than proceed in this manner, LDRs are applied itera-
tively over the whole design space in a sequence defined by the user as shown in

figure 6-2.

The order in which the LDRs should be applied is determined by the yield
improvement resulting from their application. Where it is clear that a particular
LDR, applied over the circuit area, can give a greater yield improvement than any
other LDR then it should obviously be used first. The application of a contact size
or track width LDR tends to restrict the use of another LDR because geometry
has been increased in size thus reducing the space available for other LDRs. Track
displacement LDRs also use up space when they are applied since the track is

slightly longer and is wider at the step (figure 5-16). This LDR also redistributes
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LDRorder[0]=Displace.
LDRorder[1}]=Contact.
LDRorder[2]=Displace.

LDRorder[N]=0.

Procedure ApplicationOfLDRs
begin
i=0.
while LDRorder[i] do {
switch(LDRorder[i]) do {
case Contact:
DoContactLDRY().
break.
case Displace:
DoTrackDisplaceLDR().
break.
| case Width:
DoTrackWidthLDR().
break.
}
i=i+1.

}

end

Figure 6—2: Application of LDRs Algorithm.
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some of the available space by moving geometry away from close neighbouring
geometry. This creates “new” space that may allow the successful application of

other LDRs.

The situation where the use of one LDR gives greater yield improvement than
others may well be common, particularly in a newer process that has a specific
problem with a single process step or steps. The only known example of the
application of what might be termed LDRs occurred in such a process where the

yield of metal to metal 2 contacts was poor (page 98).

Where a particular LDR is not a clear winner over other LDRs it is less
obvious how the optimum yield improvement is to be obtained when applying a
mixed set of LDRs. At the present time there is no easy answer to this problem.
The solution will require use of a fast yield predictor. At the time of writing, the
only one suitable for the task is the McYield Simulator[48]; other simulators are
significantly slower. As has been mentioned before the McYield program is not

generally available at this time (Oct 1991).

Using a fast yield simulator it would be possible to investigate how the order
of LDR application affects the yield. By experimenting with different mixes of

LDRs a suitable application sequence could be found for a given process.

Execution Time

The LocDes program execution time is dependent on both the specific layout and
" the design rules. A Sun 4/60 CPU second gives an average of 180 attempted
contact changes or 1.5mm length of track checked for displacement or width
increase. Since as many as four iterations are required for the best results, the

total execution time can be a number of hours for large circuits.
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6.3 Loss of Hierarchy

Most CIF files are hierarchical in nature, with layout cells being defined in terms
of other cells. The internal representation of the data within the LocDes program
is a flattened view, where all the hierarchy is removed. This can cause an explosion
in the amount of data required to represent a design. The size of the resulting
data can cause the execution speed of large designs to be greatly reduced. This

problem is addressed in Section 6.6.

The hierarchy of the design is removed because, were it retained, the applica-
tion of LDRs would become restricted by cell to cell interaction. An LDR applied
to geometry that is within the maximum design rule* of either its cell boundary
or the boundary of any overlapping cell has to take into account geometry outside
the cell that will interact with it. Where a cell is enclosed in another cell (nearly
all cells are) care must be taken to ensure that no geometry from the enclosing

cell interacts with the cell geometry.

t

There are at least three ways to apply LDRs to designs, other than the chosen

method of flattening all hierarchy.

1. Conservative Application of LDRs
The LDRs are applied to cells such that any changes that are made to the
layout within a cell are at least the maximum design rule away from the
cell boundary or the boundary of an overlapping cell. One problem is that
an instance of a cell in a design may have geometry from its enclosi'ng cell
pass over the cell or sufficiently close to the cell boundary to interact with

the cell geometry. For such cells only layout changes that caused no design

‘More accurately the largest spacing given by the design rules that interact with

the type of geometry under consideration.
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rule violation in any of the instances of that cell in the current design can

be made.

This procedure would greatly restrict the application of LDRs since most
designs are made up from a number of small cells, many of which overlap.
Large cells are generally constructed from these smaller cells. For many
circuit layouts the results would be very much less than optimum. For
example some designers make contact structures as a single cell to avoid
drawing all the layers forming the contact every time one is needed. Such

a layout style would make contact LDRs impossible.

2. Flatten on Demand
Another method that could be used is to flatten cells only where required.
That is, where a cell interacts with neighbouring, overlapping or enclosing
cells, the interacting cells are flattened. This would almost always result
in a completely flattened design and is therefore nearly equival'ent but less

efficient than flattening the design at the start of execution.

3. Partial Flattening
A combination of the two above methods results in partial flattening of the
design. Cells of a given size have all their contents flattened, so that the
resultant design is made up from fewer but larger cells. This will only be
useful where the design uses more than one instance of these larger cells.
Where there is extensive use of overlapping cells or enclosing cells that
contain geometry that overlaps the large flattened cells, separate instances
of the large cells are required. Partial flattening will, in some instances,
allow a portion of the hierarchy to remain. Designs that have few large
cells, with several instances, or have geometry that overlaps these larger

cells (routing etc.) will result in little gain over a flattened layout.

Each of these methods was considered impractical either because the appli-
cation of the LDRs would be restricted or the resulting layout would be almost

identical to applying LDRs to a flattened design. The partial flattening method
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may provide better results, faster execution time, smaller layout file sizes, in some
designs but in others little improvement would be gained and because the process

is more complex the execution time may well be longer.

Removing all the hierarchy from the layout was considered the best method of
applying LDRs because it allowed their unrestricted application and was simple

to implement.

6.4 Initialisation

The program take as input a circuit layout in CIF[68] format. The algorithm of
figure 6-3 is used to generate an internal representation of the layout in a format
suitable for efficient manipulation. This algorithm is identical to the one in figure
3-3 of Chapter 3 except that design rules are read in and all contacts/vias are
given separate node identifiers even where they form the same electrical node. The
LDR algorithms assume that layout of the same electrical node can be treated
differently, in that rninimumvsepa,ration of layers can be less than the global
minimum where they form the same node (figure 6-4). This is not true for
contacts/vi@s; so, rather than have an exception to this rule for contacts, they

are all given unique electrical node identifiers.
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Procedure Initialise
begin
Initialise data structures.
Read in Global Design Rules.
Read in Local Design Rules.
Read in CIF File.
Load layout data into Binary trees.
Make symbolic layer for transistors (ACTIVE AREA AND POLYSILICON)
Make ACTIVE AREA equal to ACTIVE AREA NOT TRANSISTOR layer
for all layout Boxes do {
Give Box an initial unique node number.
}
for all track layers do { /* Metall, metal2 Polysilicon etc. */
for all Box of layer do { /* For every piece of layout of type layer. */
Generate List of all other boxes of same layer that touch Box.

Label all boxes in List with the same unique node number.

}

for all Contact layers do { /* Contact Cut, Via. */
for all Contacts of Contact layer do {
Find the node numbers (Nodel, Node2) of both track layers forming contact.
Label all boxes of Node2 on all track layers
with the node number Nodel.

Label Contact with a unique node identifier.

}
}

Generate array of electrical node linked lists.

end

Figure 6-3: Initialisation of Data and Rules for LocDes Program.
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(a) Minimum Separation (b) Design Rule Violation.

A B In (c) extra material defects
do not cause faults, as A is
already shorted to B.

(c¢) No Design Rule Violation.

Figure 6—4: Design Rules for Same Node Geometry.
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6.5 Applying Local Design Rules.

The following (simplified) algorithms are used by the program to adjust layout.
The program assumes that the original layout has been passed by a design rule
checker so that rule checking of adjusted layout is limited to the interaction of

the adjusted geometry and the immediate environment.

6.5.1 Increase Track Width

The widths of tracks can be increased where local and global design rules permit.
This will reduce the probability that a track will break when fabricated; it will
also increase the risk of shorts between adjoining tracks. Many > MOS processes
have greater yield loss from shorts than from breaks[70] so care must be taken in

defining track width LDRs.

A small example layout is shown in figure 6-6(a). The bottom metal track has
a track width LDR applied to it. The track is split into segments (figure 6-6(b)),
each segment is tested in turn. If there is space above or below the segment
greater than that required for the GDR and the LDR separation, a new wider
segment is generated. All the design rules for the new larger segmeﬁt are checked
and if there are no violations the change in width is accepted (figure 6-6(c)). The
resulting segments are then merged together (figure 6-6(d)). The algorithm used

is shown in figure 6-5.

3No two fabrication processes are identical but there are features common to many
mature production lines. Process that are at an early stage of development will often

exhibit unique sources of yield loss
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Procedure WidthLDR Track
begin
Split Track into Seginents (see figure 6-6(b)).
for all Segments do {
if ( Space Above Segment >= LDR + GDR) AND
( DesignRuleCheék = OK ) then Increase Segment Size (Top).
if ( Space Below Segment >= LDR + GDR) AND
( DesignRuleCheck = OK ) then Increase Segment Size (Bottom).

}
Merge Segments (see figure 6-6(d)).

end
AND OR = logical AND OR

+ = arithmetical plus

Figure 6-5: Track Width LDR Algorithm.

r=-" L i |
(a) Original Layout. (b) Split Track into Segments.
= ="
Coo oo
— .
(¢) Increase Segment Widths. (d) Merge Segments Together.

Figure 6—6: Application of Track Width LDR.
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6.5.2 Increase Contact Size

Yield loss from contacts can be a significant proportion of total yield loss. Using
larger contacts where there is available space can reduce this loss. Where contacts
are increased the overlap layers must also be adjusted to at least the minimum
overlap specified by the design rules. This can give rise to some yield loss due to
an increase in the probability of shorts between these layers and the surrounding
layout geometry. This loss is offset against the gain in yield from the larger

contact.

An example contact layout is given in figure 6-8(a). An LDR adjustment
has been applied to this contact to give figures 6-8(b) and 6-8(c). A contact
can be increased in four directions (+ X and Y) with the directions being tested
in turn until an adjustment has been made. In order for a contact change to
be acceptable, each of the layers forming the contact must be checked to ensure
that there is sufficient space to extend them without design rule violations. If all
layers can be suitably modified then the contact and corresponding overlap layers
are extended. Further attempts to increase the contact, in the same or another
direction, can be attempted after the same procedure has been applied to the

other contacts in the layout. The algorithm used is given in figure 6-7.

6.5.3 Track Displacement

In a mature process the dominant cause of yield loss can be shorts between metal
tracks. This loss can be reduced, sometimes by a significant amount, by displacing

tracks away from surrounding geometry where space permits.

Figure 6-10(a) gives an example of the top metal track being displaced using
the algorithm in figure 6-9. The track is first split into segments. Where there
are crossovers with design rules determining minimum edge separation, larger
segments equal to the width of the crossover track plus two edge separations

and two associated segments are formed as shown in figure 6-10(b). This is the
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Procedure TryChangeContact Contact
begin _
Success=FALSE.
While all possible Directions /* +X -X +Y -Y. */
AND Success=FALSE do {
for all Layers forming Contact do { /* Contact, Metal, Poly etc. */
if Space In Direction for Layer >= LD R[Layer] + G DR[Layer))
AND (DesignRuleCheck = OK ) then Success=TRUE.
else {
Success=FALSE.
Exit for Loop. /* Failed */

}
}

if Success= TRUE then Increase Contact in Direction.

}

end

Figure 6-7: Contact LDR Algorithm.
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Figure 6-8: Application of Contact LDR.

minimum length of track that can be displaced at the crossover without rule

violation.

Each of the segments is examined in turn to determine if they can be moved.
Normally a segment would be marked for a move when there is more space avail-
able on one side of the segment than the other, with the proviso that the displaced
segment does not violate any design rules. If a “crossover” segment is marked
for displacement, it is divided into three. The sub-segments at either end are
the same size as the normal segments with the middle part being equal to the
remainder of the “crossover” segment defined above (figure 6-10(c)). This is to
ensure that during displacement the track width is not extended at the crossover
~ point, as this would result in a large segment of the track increased in width.
This procedure is only implemented if there are GDRs associated with edge sepa-
ration. The marked segments are then collected into groups of continuous lengths
of track that can be moved in the same direction. All of these blocks that are
greater than a minimum length are displaced. This minimum, normally greater

than the GDR minimum track width, ensures that displacements of very short
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Procedure DisplaceLDR Track
begin
Split Track into Segments. /* small segments and crossovers */
for all Ségments do {
if CheckMoveUpOK then Mark Segment Up.
else if CheckMoveDownOK then Mark Segment Down.
if Segment is Crossover AND is Marked then
Split Up Segment to give normal Segment on each end
(See figure 6-10(d)).
}
for Direction Up and Down do {
Make Current Block
for all Segments do {
if Segment Marked Direction then Add to Current Block.
else if Current Block NOT Empty then {
Add Current block to ListofBlocks.
Make new Current Block.

}
}

}
for all Blocks do {

if Block >= minimum movable size then {
for all Segments in Block do {
if first OR last Segment in Block
then Extent Segment by Displacement LDR in Mark Direction.
e:lse Displace Segment by Displacement LDR in Mark Direction.

}
}

}
Merge Segments into Track (see figure 6-10(e)).

end

Figure 6—9: Track Displacement LDR Algorithm
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lengths of track that provide no yield improvement are exclude;d. The displace-
ment is performed by extending the first and last segments of the block in the
displacement direction and displacing, by the same amount, the remaining block
segments (figure 6-10(d)). The resulting segments are then merged together to
give the final layout (figure 6-10(e)).
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Figure 6-10: Application of Track Displacement LDR.
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Displacement of Track at Crossovers

Crossovers regions of track are treated as a special case in track displacement
LDRs where there is a minimum edge separation design rule for the layers form-
ing the crossover. The results of a displacement could give rise to design rule
violations, if the edge separation rule were to be ignored. This i1s shown in figure
6-11. The violations shown in figure 6-11(b) are technically layout errors but
they would not necessarily result in a reduction in yield. The layout of figure
6-11 would produce a physical circuit layout similar to that shown in figure 6-12.
The yield of this structure will ofteﬁ be the same as that produced by the more
usual orthogonal crossover (figure 6-11(a)). This is of course dependent on the

fabrication process.

=

(a) Original Layout : Crossover
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(b) Track Displaced with resulting Errors

Figure 6-11: Crossover with Track Displacement Resulting in Design Rule

Violations.
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Displaced Track as Fabricated

Figure 6-12: Resulting Physical Layout from Track Displacement at

Crossover.

The need for special treatment of track crossovers will, for some fabrication
processes, prove to be unnecessary. Where this is done the resulting layout will
give many layout error warnings when passed thorough the global design rule

checker. If care is not taken these may mask any “real” layout errors.

6.6 Large Circuit Layouts

Even using the most efficient data structures some circuit designs are too large
to be processed with all the data in on board RAM. Where the data representing
the layout is greater than this the time taken to page data in and out of RAM
results in a large reduction in execution speed. The present limit on a SUN 3/80
with 16 MB of memory is 25,000 mask geometry boxes. This is about 5mm? of 3
pm CMOS. As many chip designs are larger than this, provision has been made

for larger designs.

The application of LDRs is a local calculation that therefore permits designs
to be split up and LDRS applied in smaller sections. Where the number of layout
geometry boxes exceeds a specified limit (normally set at 15,000) the LocDes

program divides the circuit layout into a number of segments. The layout can
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be processed in 1, 2, n* n=2, 3, - - - segments depending on the number of boxes
in the design. Each segment overlaps with its neighbours by at least twice the
maximurﬁ design rule operating distance for the layout technology (figure 6-13).
The whole design is completed by processing all the individual segments, deleting
the overlap from the segments, and appending all results to a single file. This
ensures that geometry at the edge of the segments does not violate global or local

design rules from neighbouring segments.
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Figure 6—13: Segment Generation from Large Circuit Layouts.

The effect on the execution time of the program of segmenting large designs
is shown in figures 6-14, 6-15 and 6-16. These graphs are the result of runs
of the LocDes program using different numbers of layout segments to process a
circuit layout. All runs involved a 3 micron double metal CMOS chip containing

22,000 layout geometry boxes. The circuit was processed for contact and metal
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1 displacement LDRs rules for two iterations. Execution times were found using

the UNIX time® command.

Load Time (figure 6-14).

The load time is the time taken by the program to do the initialisation of

data structures. This was found by running the program without applying

any LDRs. This shows that the load time increases as the number of seg-

ments is increased. This is not unexpected since the CIF parsing program

is run for each segment to filter out all geometry boxes in the segment being

processed.

Load Time .
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Figure 6-14: Graph of LocDes Load Time

Execution Time (figure 6-15).

16

The execution time versus number of jobs (segments) shows that there is an

increase in execution time as the number of segments is increased. This is

6See Unix manual section 1
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due to the extra computation required to select the appropriated section of

the layout, clip off the segment overlap regions and to combine the results
of all the segments.

Execution Time of Program
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Figure 6-15: Graph of LocDes Execution Time

Execution Time minus Load Time (figure 6-16).
This graph indicates the actual time spend in applying LDRs, to generate
the new layout i.e. the “work” time. It can be seen that work time decreases
until a minimum at nine segments. This is due to the smaller spatial data,
structure that allows a faster region query and hence more rapid design rule

checking.

The timing for sixteen segments is increased, which is a result of the increase
in the total overlap region. LDRs are applied to geometry in the overlap
regions that are subsequently discarded when the segments are clipped to
form the overall result. In this example the same circuit was used in all
runs, so that as the number of segments increases the amount of overlap as

a function of the circuit area increases. Consequently these results should
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Figure 6—16: Graph of Execution Time minus Load Time

not be taken as an indication that in general more than nine segments will
cause a increase in work time. For large circuits the division into more
than nine segments is essential and the proportion of overlapped segment

boundaries to the total layout will be negligible.

6.6.1 Distributed Processing

To reduce the time taken to process large circuits the LocDes program includes
a facility to use multiple hosts to process a single circuit layout. This could be
used for any layout but is of most use where a circuit layout is sufficiently large
that it would normally have to be divided into segments. Figure 6-17 shows
the graph execution time per segment. The normalised execution time for each
segment is shown. This indicates that if these segments are processed in parallel
the best times that could be expected, assuming a separate host for each job, is

the time taken by the slowest segment. From the timings in figure 6-17 it can be
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seen that, with sixteen hosts the best possible execution time for this particular
circuit layout is 10% of the time taken with one host.
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Figure 6-17: Graph of Execution Time Per Job in LocDes.

The program operates in parallel by generating segment coordinates that are

used to produce a list of commands. The commands are of the form.
LocDes -X nnn -Y nnn -x non -y nnn [other options] design-name

The flags -XYxy give the segment coordinates of the design that are to be
processed. The [other options] determine which local design rules are to be
used. These are originally specified by the user in the command line of the

program and copied to the parallel command list.

Once the list of commands has been generated they are sent to a remote
host to be executed. Only one command is sent to each host. If there are more
segments than available hosts, the program waits until a remote host has finished
processing its segment then sends it another. Thus it is possible to use as many
remote hosts as there are segments or use a limited number of hosts efficiently

each processing only one segment at a given time.
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The results generated by the remote hosts are sent back to the controlling

host where they are merged to form the final result ( figure 6-18). The response

times using one host per segment are given in figure 6-19.

CONTROLLING HOST RESULTS

Figure 6—18: Data Flow in Parallel operation of LocDes.
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Figure 6—19: Response Time of Parallel LocDes.

Interprocess Communication

The LocDes Program allows two possible interprocess communication strategies,
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¢ Rsh — Remote Shell.
The rsh(section 1C Unix manual) unix command is used to connect to a
specified host and execute a specified command. Rsh copies its standard
input to the remote command and the standard output of the remote com-

mand is copied to its standard output.

In order that a number of connections via rsh can be made to remote hosts,
a socketpair(section 2 Unix manual) is generated and the process is forked
using fork(2). This. has the disadvantage that a large number of process-
es are generated on the local machine, 3 for each connection to a remote

machine.

e Rexec — Return Stream to Remote Command.
The rexec(section 3N Unix manual) unix command returns a stream (sock-
et) to a specified command on a given remote host. This stream is connected

to the standard input:and standard output of the remote command.

Rexec does not require a fork in the local process and does not generate any
local processes. This makes it more efficient than rsh. The main difficulty
encountered using rexec is that it requires a daemon, normally the inet-
d(section 8C Unix manual) to be running on the remote host. The Internet
services daemon listens for connections to the services listed in its configu-
ration file (usually /etc/inetd.conf). In order for rexec to work it must be
listed in this file. Rexec is not always present; it is often commented out,

as it is a possible security hole (see Unix manual section 8C, rexecd).

While it should not be a problem on most systems there is a reluctance by

some system managers to provide this service.

Rexec is the most efficient method of executing the program on multiple hosts.
It does not require the paging in and out of processes to communicate between
hosts and there is also no need to re-communicate data from the child processes

to the parent process. As there is a perceived security problem with rexec the
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rsh method was provided for the times when a system administrator could not

be persuaded to provide the rexec service.

6.7 Conclusions

This chapter has introduced the Lo¢Des program and the some of the algorithms
it uses to automatically apply LDRs to circuit layout. LDRs can be applied to
selected circuit geometry by using the X windows version of the program. This
allows a circuit designer to take account of features of the design that may not
respond well to automatic modification. For example, wheré the timing of circuit
is critical the clock line should not be modified since this may change the timing

characteristics.

Where there are no critical circuit components the program can be used in
a batch mode to iteratively apply a set of LDRs to the whole layout. Because
very large circuits may take too long to be processed in serial, the program has
been designed so that it can, if required, process a design in parallel, using either

networked computers or a multiple CPU mainframe.
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Design Rule Checking.

This chapter explains the method and algorithms used by the LocDes progra.rn
to check that layout modifications do not violated any of the IC layout rules.
The data structure used by these algorithms to obtain efficient region searches is

given.

7.1 Introduction

In order to produce working circuits any layout output generated by the LocDes
program must have an equivalent netlist to the circuit input and obey all the
process design rules. The program only checks that changes performed by itself
conform to the design rules. It does not check the validity of the initial layout,
assuming it to be correct. Complete design rule checking is more efficiently done
by a program desfgned specifically for that task. The design rule checking done
by the LocDes program is a subset that is sufficient to deal with the changes in
layout attempted by the program.

141
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7.2 Track Width LDRs.

The track width LDRs increase the size of existing track segments. To ensure that
‘an increase in geometry size does not cause a design rule violation the algorithm
of figure 7-1 is used. There are two inputs to the procedure. The new segment
to be checked and the segment layer. The interaction of every layer with the
new segment is examined in turn to determine if any rules are violated. This is
done by generating a test box (figure 7-2(a)) for every layer that has an LDR

or GDR interacting with the segment layer. The dimensions of this test box

Procedure DesignRuleCheck Box Layer
begin
for TestLayer = all layers do {
if GDR or LDR exists then {
DesRul = GDR([TestLayer|[Layer]+ LDR[TestLayer](Layer].
TestBox = Box + DesRul.
if TestLayer = Layer then
if any different node TestLayer Box touches TestBox
then return FAILED. /* Design Rules Violated */
else if TestLé;,yer Box touches TestBox
then return FAILED. /* Design Rules Violated */

}

} ,
return SUCCESS

end

Figure 7-1: Design Rule Checking Algorithm for Track Width LDRs.

are dependent on the design rules for the two interacting layers. Any geometry
of layer that has a different electrical node identifier from the segment and falls
within or touches the area defined by the test box causes a design rule violation.

Where the geometry has the same node identifier it is part of the same track as
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the segment. It is acceptable for such geometry to be closer than the design rule
distance or even overlap. For test boxes generated for the interaction of layers
that are a different type from the segment layer, any geometry of that layer that
falls within or touches the test box area causes a violation. In this case even

geometry that forms the same electrical node causes design rule violations.

Some aspects of this algorithm are shown in figure 7-2.

o Figure 7-2(a) shows the situation where the geometry found in the test
box, generated for segment layer to segment layer interaction, is of the
same layer type as the segment and forms the same node. There is no

design rule violation.

e Figure 7-2(b) shows a similar situation to (a) except that the test box
overlaps a piece of geofnetry (Box 3) of the same layer as the segment. Box

3 is not the same node as the segment so this is a design rule violation.

e Figure 7-2(c) again shows a situation similar to (a) where some of the
geometry in the test box, is of the same layer type as the segment. Since
this geometry forms the same node it does not cause a design rule violation.
The other piece of geometry, labelled Box 3, is of a different layer type. It is
not possible using the existing test box to determine whether this will cause
a violation. This can only be done by generating a test box that represents
its layer type and the segment’s layer type interaction space. The possible

~

outcomes of this are shown in (d) and (e).

e Figure 7-2(d) represents one of the two possible outcomes from (c). A new

test box is generated for segment layer and Box 3 layer interaction. Here

there is no design rule violation as box 3 falls outside the new test box.

o Figure 7-2(e) represents the other possibility where the design rule space
required overlaps the geometry of Box 3 and is therefore a design rule vio-

lation.
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Figure 7-2: Design Rule Checking in Track Width LDR.
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7.3 Contact and Contact Overlap LDRs.

Contact overlap LDRs, like track width LDRs, involve the expansion of existing
geometry and use an algorithm similar to the track width algorithm(figure 7-1).
The algorithm differs in that geometry of both the layers forming the contact can
be closer than the minimum design rule separation, where this geometry is the

same electrical node as the contact (figure 7-3).

Procedure DesignRuleCheckContact Box Layer Layer2
begin
for TestLayer = all layers do {
if GDR or LDR exists then {
DesRul = GDR[TestLayer]{Layer]+LDR[TestLayer|[Layer].
TestBox = Box + DesRul.
if TestLayer = Layer OR Layer2 then
if any different node TestLayer Box touches TestBox
then return FAILED. /* Design Rules Violated */
else if TestLayer Box touches TestBox
then return FAILED. /* Design Rules Violated */

}
return SUCCESS

end

Figure 7-3: Design Rule Checking Algorithm for Contact Overlap.

Contact LDRs are identical to contact overlap LDRs except that the contact
layer itself is expanded. Contacts are different from other geometry in that there
are design rules regulating the separation of contacts that form the same electri-
cal node. The algorithm could be easily extended to handle this with an extra

conditional statement. However, it proved more efficient to label all contacts and
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vias with a false but unique electrical node identifier!. This enables the algorithm

of figure 7-3 to be used.

7.4 Displacement Extensions.

The conditions for an acceptable segment displacement are that the segment
must not violate any of the design rules or change the netlist (circuit function).
The standard design rule algorithm used (figure 7-1) for track width LDRs and
contact LDRs is not sufficient, as it does not check for the sort of “damage” that
can be done by a displaced segment. The additional conditions that need to be

checked are:

e Violation of Contact Overlap.
The overlap of a contact/via can be damaged by displacement of a track
that forms the overlap as shown in figure 7-4. This does not necessarily
violate any of the minimum separation design rules and so is not picked up

by the standard checking routine.

In order to ensure that overlaps are not damaged by displacement of a
track forming overlap it is necessary to mark regions that form overlap.
This is done by generating new symbolic layers, one for each layer that
can be displaced. A symbolic layer is required for each displaceable layer.
Process design rules may specify different overlaps for each layer forming
the contact. The new layers are formed from the contact and via layers
by over-sizing the contact/via by the amount required to generated the
minimum overlap (figure 7-5). These symbolic layers are updated when a

contact/via are changed in the same way as the actual overlap.

!Where the electrical node of a contact/via is required it can be determined from

the metal geometry found within the area of the contact
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Figure 7—4: Contact Overlap Violation by Displacement

Procedure FixedPoints
begin
Initialise Binary tree for FixedMetall layer.
FixedContactPoints Contacts Metall Fixed Metall.
FixedContactPoints Vias Metall FixedMetall.
Initialise Binary tree for FixedMetal2 layer.
FixedContactPoints Vias Metal2 FixedMetal2.
Initialise Binary tree for FixedPoly layer.
FixedContactPoints Contact Poly FixedPoly.
end
Procedure FixedContactPoints ContactType Layer FixedLayer
begin
for all boxes in ContactType do {
Generate minimum OverlapBox of Layer for ContactType.
Add OverlapBox to Binary tree FixedLayer.

}

end

- Figure 7-5: Fixed Layer Generation Algorithm.
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i )L |

(a) Wire Thinning by (b) Wire Break by
Displacement Displacement

Figure 7—-6: Potential Errors from Track Displacement

e Wire Thinning and Breaks.
The displacement of a track can cause thinning at the track corner as shown
in figure 7-6(a). A more serious and related problem can occur at a branch
point of a wire. The track can be displaced as shown in figure 7-6(b) causing
a break in the connectivity and an almost certain circuit fault. Neither of
these conditions necessarily violates the minimum separation of layers and

1s not detected by the standard checking routine.

The extra design rule checking required for displacement of track segments is
shown in figure 7-7. Here the opposite, from the direction of displacement, side
of the segment is tested to determine if it is in contact with any other box of the
same layer type as itself. If it is then that displacement would cause a thinning or
breaking of a wire and is therefore rejected. A similar test is performed using the
appropriate fixed layer to determine if an overlap will be damaged. If thé opposite
side of the segment touches any geometry of the fixed layer the displacement is

rejected.

The BoxNotConnected procedure is performed before the new displaced

segment is generated and if it returns successfully the displaced segment is gen-
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Procedure BoxNotConnected Direction Layer Segment
begin
OpDirection = Opposite to Direction. /* e.g. +z give —z */
if OpDirection Side of Segment touches any other boxes of Layer.
then return FAIL
if Layer = METAL then {
if OpDirection Side of Segment touches any FixedMetall layer.
then return FAIL
}
if Layer = METAL2 then {
if OpDirection Side of Segment touches any FixedMetal2 layer.
then return FAIL
}
if Layer = POLY then {
if OpDirection Side of Segment touches any FixedPoly layer.
then return FAIL
}
return SUCCESS

end

Figure 7-7: Extra Design Rule Checking for Segment Displacement Algorithm.

erated. If the DesignRuleCheck procedure of figure 7-1 returns successfully a

displacement is allowable.
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7.5 Spatial Data Structure

The execution time of the program is heavily dependent on the efficiency of the
design rule checking. This in turn is dependent on the internal organisation of the
layout geometry. A spatial data structure capable of representing IC layout in a
space efficient manner with a fast method for identifying neighbouring geometry

is essential. Any data structure representation must provide:

e Space Efficiency.
The amount of data to be manipulated depends on the circuit layout. Since
the layout hierarchy must be flattened, a small CIF file can result in a very
large amount of layout data. It is essential that this be represented in as

small an amount of memory as possible.

e Fast Region search.
The program makes a large number of region searches to determine the
position of neighbouring geometry for design rule checking. The amount
of geometry within the region of design rule interaction is very small in
comparison to the total chip area. The execution time of the program is

greatly affected by the efficiency of the search routines.

e Fast Data Structure Generation.
Obviously it would be preferable if the initialisation of the data structure
from the CIF layout could be fast, but since this operation only occurs
once it is not as critical as the speed of operations on the structure. What
is more important under the heading of Data Structure Generation is the
speed at which boxes of layout geometry can be deleted and inserted when

the size and position of boxes is changed by the program.

e Simple Algorithm.

. While this is not essential it is desirable to reduce the programming effort

required and simplify the debugging.
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7.5.1 Common Spatial Data Structures.

There are a number of well known methods of representing mask-level physical
layout. These are important in many applications, with the most notable being

circuit compaction. The most common data structures used are;

¢ Painted Quad Tree.
The painted quad tree exhaustively splits the layout plane into quadrants
until every quadrant is either completely “painted” or empty. This requires
a large number of tree nodes. The memory requirement for this structure

1s too great.

¢ Bisector List Quad Tree.
The bisector list quad tree stores the rectangles that intersect quadrant
edges in X and Y bisector lists. This brings about great complexity of the

data structure and increased execution time. The structure is, however,

memory efficient.

¢ Multiple Storage Quad Tree.
This quad tree does not use bisector lists; instead it references each rectangle
within a quadrant by an index. The rectangles themselves are stored in an

array and can be referenced by the index.

7.5.2 The Adaptive Multiple Storage Binary Tree

The spatial data structure used is the Multiple Storage(MS) binary tree which is
a variant of the MS-quad tree [85]. It is more properly described as an adaptive
multiple storage binary tree and is identical to the MS-quad tree, except that
each node points to two further node/leaf structures rather than four. _This
simplifies the algorithm, and has no significant effect on execution time or memory

requirement.

The MS-tree stores the layout geometry (rectangles) in a tree structure, each

node represents an area and can either point to two sub-areas or contain an array
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of references to all the geometry in that area, in which case it is a leaf cell. If a
new item is added to a leaf cell and the reference array is already full, the area
is split and all items in the existing array are repositioned in the appropriate

sub-area leaf arrays.

If geometry straddles more than one area defined by a leaf cell, each leaf stores
a copy of the reference to it. This does not use as much memory as might be
thought at first sight, as only the index or pointer to the geometry is stored. The
geometry itself is stored in a dynamic array and referenced by an index. In fact
the MS-quad tree has about the same memory usage as the bisector list quad tree

[86], a simpler data structure and faster execution time[87].

Each layer is stored in a separate dynamic array and an associated binary
tree references by indices the data stored in the array. An example of a mask
layout is given in figure 7-8 with the resulting data structure. This shows the
multiple storage of rectangles e.g. 3, 4, 10, etc. A large example would give a

more complicated data structure figure 7-9.
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Figure 7-8: Mask Layout and Data Structure in MS Binary Tree.
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Binary Tree Elements.

The MS binary tree is made up from a number of linked data structures of the

form of figure 7-10.

NODE TYPE

UNION

TYPE TREE TYPE DATA

AREA LEFT NUMBER DATA
TREE LEFT PTR ELEMENTS

AREA RIGHT

TREE RIGHT PTR DATA ARRAY

Figure 7-10: MS Binary Tree Building Block

¢ Bintree Structure.
The Bintree structure consists of a union that can be interpreted as a Tree
or a Data node depending on the variable node type that indicates whether

the union is a Tree or Data node.

— Tree node.

A Tree node contains pointers to two further Bintree nodes. These
can of course be interpreted as either Tree or Data type nodes. The

area of the layout geometry contained in these branches is also given

(Area Left, Area Right).

— Data node.

A Data node contains the data array and a variable that holds the
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number of active box indexes stored in the array. The maximum num-
ber of elements this array can hold is defined by a variable MAXBOX,

the value of this is set to maximise execution time (section 7.5.2).

Optimum Size of Index Array

The optimum size of the index array within the Data nodes of the binary tree
was determined experimentally, by modifying the source code and re-compiling
for different values of the variable MAXBOX. The results are shown in figure 7-11,

they indicate that the optimum size of the array is nine elements.

The application in which the MS data structure is used determines, to a large
extent, the index array size. The fast region search is optimised for small sizes
of index array, while the initialisation of the data structure is optimised for large
array sizes. The LocDes program executes a very large number of region searches,

consequently the optimum size of the array is small.

MS-Binary Tree
Leaf Data Size verses
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Figure 7-11: Reference Array Size Optimisation for MS Binary Tree.
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7.6 Geometry Search Algorithm.

Procedure FindGeometry Area Node Layer
begin
if Node = Data then {
for Elements in Data Array do {
Index = DataArray[Element)].
if Area of Box BoxArray[Layer][Index] touches Area
then Add Index to TouchList.

}

return

}
if Node = Tree then {
if AreaLeft touches Area then FindGeometry Area NodeLeft Layer

if AreaRight touches Area then FindGeometry Area NodeRight Layer

return

}

end

Figure 7-12: Search Algorithm.

The algorithm used to search for geometry within the MS binary tree is given

in figure 7-12. The algorithm is recursive, the initial entry arguments are,

o Area The area to be searched. This is usually an area defined by layout

geometry and the design rules being tested.
¢ BinTree The root of the MS binary tree.
e Layer The geometry layer on which the search is conducted.

If the Bintree union is defined as a Tree node, that is it contains pointers to two

other Tree nodes, and if the Area to be searched is in the Right Area (figure 7-10)



Chapter 7. Design Rule Checking. 157

the search procedure (figure 7-12) is recursively called with NodeRight assigned
_to the Node argument. Since the seearch Area may overlap the Left Area as well
as the Right Area, when the recursive call returns, a similar call is made using

NodeLeft if Area overlaps or touches AreaLeft.

If the structure Node is a Data node, that is a leaf cell that holds an array
of indices, all the layout geometry reference by indices in the array are tested. If
the area occupied by the geometry overlaps or touches the test Area, the index

1s added to a list of touched boxes.

When this routine returns from the initial call the results of the search are
contained in a list. This list may contain zero elements in which case no geometry
was found or it 'rnay contain a large number of references. Some of these references
may be duplicated where layout geometry has been stored in more than one leaf

cell of the MS binary tree.

7.7 Conclusions

The design rule checking required to verify that layout modifications are possible,
and that they do not violate any of the design rules is the most CPU intensive
part of the LocDes program. In order for the program to be of practical use
this must be done efficiently. The algorithms that have presented in this chapter
to apply design rule checks, after layout has been modified, use an adaptive
rﬁultiple storage binary tree data structure to efficiently perform the many local
region searches that are required to perform the design rule checking. The data
structure was optimised to meet the requirements of the region search and tree

construction performed by the design rule checking algorithms.
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Results

The LocDes program was used to generate new layout for two classes of layout,
routing and random logic. This chapter presents some simulation results from

the application of contact, track width and displacement LDRs to this layout.

8.1 Application of LDRs to Routing.

In many ICs the routing between circuit blocks takes a significant proportion of
the overall circuit area. The exact proportion varies from chip to chip, but is
often quoted as being as much as 80%(76, 88] of chip area. At least one metal -
layer is normally used for routing. This is to provide low resistance connections.
In many modern CMOS processes there are two or more metal layers available,

that are used extensively to route power, ground and signals about the chip.

Metallisation can be one of the greatest sources of yield loss in IC produc-
tion[78]. Since, routing covers such a large fraction of the chip area and makes

extensive use of the metal layers, it follows that a significant fraction of yield loss

‘occurs as a direct result of defects causing faults in the routing.

Local design rules can be used to reduce this yield loss by reducing the layout’s
sensitivity to defects. A small routing example is shown in figure 8-1; this is part

of a larger layout produced by SOLO 1400[89] to ES2 2 micron design rules. A

158
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small example is used here because of the time required to compute the change

inyield of larger layouts, though LDRs can be applied to layouts of any size.

8.1.1 Track Displacement LDR

Track displacement LDRs allowing up to 6 displacements were applied to the

routing on both metal layers, The resulting layout is shown in figure 8-2. *

Effects on Metal 1

A Monte Carlo yield simulation of metal 1 extra material defects over a range of
defect sizes was performed on the original and transformed layouts. The effect of
track displacement can been seen from the difference between the two simulations,
given in figure 8-3. This shows that the number of faults caused by smaller metal
1 defects is reduced, and that there is a corresponding increase in faults from
larger defects. These results are typical of LDR displacement, an explanation of

this behaviour is given in section 5.3.2.

Figure 8-1: Routing Example Original Layout.

'In figures 8-1 to 8-5 metal 1 runs horizontally and metal 2 vertically.
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Figure 8-2: Routing Example After Displacement LDRs.
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Figure 8-3: Routing Example Results: Difference in Normalised Faults for
Metal Layers with Displacement LDRs
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Effects on Metal 2

A similar simulation was performed for metal 2; this gives results that differ from
those found for metal 1. The incidence of faults that are less than 1.8 times the
minimum fault causinig defect size remains unchanged. This is due to the fact
that the only metal 2 geometry that can be shorted by these small defects takes
the form of contact overlap. This geometry is “fixed” and cannot be displaced by
the LDR. As a consequence the number of faults generated by the smaller defects
is unaffected by the displacement LDR. However the larger defects, greater than
1.8 times the minimum defect size, do show a reduction in the number of faults

that they generate.

Difference in Fault Size Distribution

The results for faults caused by missing material defects (opens), for both metal
layers were effectively unchanged within the accuracy of the simulation. This in-
dicates that these layout changes could be made for any fabrication process with
an associated increase in yield or at least no change in yield. The magnitude of
this yield increase in the metallisation layers as a result of the LDR application
is dependent on the number of defects and their size distribution. If we assume
this distribution to be proportional to m[él] and apply this as a weighting
factor to the simulation results, the fault size distribution for the routing example
is generated. Figure 8-4 shows the difference in the normalised fault size distri-
bution of metal 1 and 2 as a result of the displacement LDR. The change in yield
as a result of the track displacement LDR is proportional to the area under this

curve; a yield improvement is a negative area.

- 8.1.2 Contact/Via Increase LDR

Any non-trivial routing problem involves signals crossing the path of other signals.

This requires the use of more than one routing layer and the means to transfer
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Difference in Normalised Meta.l Faults (Shorts) Size Distribution
for Displacement LDR in Routing Example
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Figure 8-4: Routing Example Results: Difference in Fault Size Distribution
of Metal Layers After Displacement LDRs

signals to different routing layers. In a metal-1 - metal 2 routing strategy vias? are
used to accomplish the task. These vias are subject to yield loss and also increase
interconnect resistance, so many routing prog’rams[QO,i 76] attempt to minimise
the use of vias to improve both the yield and performance. The yield of those
vias that remain may be improved in some fabrication processes by applying a

via increase LDR.

A Via increase LDR was applied to the circuit of figure 8-1. The resulting
layout after 6 iterations of the LDR is shown in figure 8-5.

Effects on Metal 1

The effect of this layout change on the number of extra material defects causing

faults in the metal 1 layer is given in figure 8-6. This graph shows, for comparison,

ZMetal 1 to metal 2 contacts are often called vias.
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the previously generated results for track displacement and also results generated

from a layout, shown in figure 8-7, that has had both track displacement and

contact increase LDRs applied to it.

Figure 8-5: Routing Example After Via LDRs.
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Figure 8-6: Routing Example Results: Metal 1 Layer After Via and Displace-
ment LDRs
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Figure 8-7: Routing Example After Displacement and Via LDRs.

The simulation results for 6 iterations of via increase LDRs to the routing
example show that the number of extra material faults increases at all fault
sizes. This is due to the larger contact overlap that increases the probability of
a defect causing a fault between this overlap and neighbouring geometry. Where
displacement and contact LDRs are combined on the same layout the gains from

the track displacement offset the contact overlap increase losses. This can be seen

1

Defect Sized ) is applied to the results

more clearly where a defect size distribution (
to give the fault size distribution. The change in this distribution is shown in
figure 8-8. The area under the curve is proportional to the yield change to the
metal 1 layer as a result of the LDR application. It can be seen that the yield of

the metal 1 layer is reduced by the contact LDR.

Effects on Metal 2

Figure 8-9 gives similar results for the second layer of metal. These results are
worse than those produced for the metal 1 layer as can be seen from a direct
comparison of the change in fault size distribution for both metal layers shown

in figure 8-10 and figure 8-8.

These results are significantly poorer than the metal 1 results because most

metal 2 is distant from neighbouring metal 2, by at least 1.8 of the minimum



Chapter 8. Results 165

Difference in Normalised Metal 1 Fault (Shorts) Size
Distribution for LDRs Applied to Routing Example
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Figure 8-8: Routing Example Results: Fault Size Distribution Metal 1 Layer
After Via and Displacement LDRs
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Figure 8-9: Routing Example Results: Metal 2 Layer After Via and Displace-
ment LDRs
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Difference in Normalised Metal 2 Fault (Shorts) Size

Distribution for LDRs Applied to Routing Example
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Figure 8-10: Routing Example Results: Fault Size Distribution Metal 2 Layer
After Via and Displacement LDRs

separation, except for contact overlaps. These overlaps have been increased to
accommodate the new larger vias causing the amount of near minimum separated
metal 2 to be greatly increased. This in turn increases the number of small defects
that result in faults. The increased susceptibility to small defects has a marked
effect on the total number of faults generated because of the relatively large
number of small defects present in a defect distribution of the form normally

found in a fabrication process.

It is of course possible to use fewer iterations of the contact increase LDR. in
which case the results for extra material defects on the metal layers are slightly
better. The graphs in figures 8-11 and 8-12 give results for 1, 2 and 3 iterations
of the LDR which compare well with the results of 6 iterations.
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Difference in

Normalised Faults
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Figure 8-11: Routing Example Results: Metal 2 Laver After Contact LDRs

Difference in Normalised Fault (Shorts) Size Distribution
in Metal 2 for Via LDRs Applied to Routing Example

0.35
0.30

0.25

Difference in
0.20
Normalised Fault

Size Distribution
0.10

0.05

00 <
1.214161820222426 28303234

0.15

T

| Via LDR %,

2 Via LDR
3 Via LDRs
6 Via LDRs

Fault Size (+ Minimum Feature Size)

Figure 8-12: Routing Example Results: Fault Size Distribution Metal 2 Layer

After Contact LDRs
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Effects on Via Layer

[f changes in the metal layers were the only effect of contact increase LDRs, they
would be of no practical use. However the yield of contacts can sometimes be
improved sufficiently, by increasing their size, to more than offset the yield loss

caused by the larger overlap. This is of course process dependent.

The improvement in the yield of the larger vias can be simulated in a similar
way to the metal layers®. The routing example layout was simulated before and
after the contact LDRs were applied. The difference between the original layout
and layout produced after 1, 2, 3, and 6 iterations of the contact LDR are shown
in figure 8-13. These results in comparison with the results for metal 1 and 2
presented earlier indicate a significantly greater reduction in the number of faults.
This is due to the relatively large changes in contact size that occur as a result
of the contact LDR. By applying a defect distribution to these results the change

in the fault size distribution is obtained, this is shown in figure 8-14.

Percentage Change in Faults

The results of the application of LDRs to the routing example can also be ex-
pressed as a change in the number of faults. The faults found after the LDRs
were applied, expressed as a percentage of the original faults for the layer, are
given in table 8-1. The displacement LDR on the metal 1 layer has resulted in
a reduction of approximately 3% of the original faults and the same rule applied

to the metal 2 layer has resulted in a greater reduction ( approximately 11%).

While the metal 2 shows a greater relative decrease in the number of faults,
metal 1 has a greater absolute reduction in faults from the application of the
displacement LDR. This is because the sensitivity of this layout to metal 1 faults

1s greater than to metal 2 faults. This can be seen from figure 8-15 that shows

3A fault occurs where a defect completely covers the via.
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Difference in Normalised Via Faults
for Via LDRs in Routing Example
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Figure 8-13: Routing Example Results: Via Faults After Via Increase LDR

Application
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the fault size distribution of metal 1 and metal 2 faults from simulation results
where identical defect size distributions were applied to both layers of the routing
examples. The defect sensitivity is proportional to the area under the curve and in
this case metal 1 is 5 times more sensitive to defects than metal 2. This implies
that for identical defect distributions in both metal layers, a 3% reduction in

metal 1 faults is equivalent to a 15% reduction in metal 2 faults.

Metal Faults (Shorts) Size Distribution
in Routing Example
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Figure 8-15: Routing Example Results: Fault Size Distribution of Metal

Layers

8.2 Application of LDRs to Layout Cells

While routing is an important part of an IC layout the cells that are connected
by this routing are equally important. These cells can be divided into a spectrum
stretching from very regular layout like RAM to irregular layout such as random
logic. Most cell layouts fall somewhere between these two extremes. Regular
layout such as RAM provides little scope for LDR application since often a sub-

cell is laid out with great care and then replicated in a string or array of sub-cells.



Chapter 8. Results

Z

Faults After LDR Application

As a Percentage of Original Layer Faults

Results for Metal 1
LDRs Iterations Faults (%)
Displacement 6 96.9
Displacement 6
and Via Increase 6 100.1
Via Increase 6 103.1

Results for Metal 2

LDRs [terations Faults (%)
Displacement 6 88.8
Displacement 6

and Via Increase 6 128.6
Via Increase 1 102.4
Via Increase 2 106.3
Via Increase 3 111.9
Via Increase 6 140.3

Results for Via
LDRs [terations Faults (%)
Via Increase 1 89.4
Via Increase 2 79.3
Via Increase 3 68.8
Via Increase 6 48.0

171

Table 8-1: Routing Example: Percentage Change in Faults from LDR Applica-

tion
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[rregular structures are in general more suitable for use with LDRs, particularly

where an automatic layout tool has been used to generate the layout.

8.2.1 Track Displacement LDR

A track displacement LDR was applied to the metal layer of the cell given in figure
8-16, which is part of an adder circuit , generated using the STICKS [69] circuit
compacter. Layout for 1, 2, ..., 6 iterations of track displacement was produced
using the LocDes program. The resulting layout for 6 iterations is given in figure
8-17. All six layouts were simulated using the Monte Carlo simulator, the results
of these simulations are given in figure 8-18, as the fault size versus the percentage

change in fault occurrence.

: 2
\m“\‘“\w m“‘m\\\\“\“““\““w
@

Figure 8-16: Random Logic Cell

The results of the simulations combined with a defect size distribution for
shorts of (Def—ectls?ZE)T [4] give a measure of the reduction in all metal 1 short
faults for a cell with track displacement LDRs; this is shown in figure 8-19.

These results indicated that the number of faults per unit area can be reduced
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Figure 8-17: Random Logic Cell After 6 Track Displacement LDR Iterations

to less than 90% of the original value by using more than two iterations of the

track displacement LDR on the layout of figure 8-16.

8.2.2 Change in Track Width

A track width increase LDR was applied to the layout of figure 8-16; the resulting
layout is given in figure 8-20 The rule can be expressed as: Metal 1 is increased
up to 1.3x minimum metal 1 width so long as 1.5x minimum separation is kept
between unrelated metal 1 and no GDRs, involving metal 1 with any layer, are

violated.

The results of a Monte Carlo simulation of the metal layer for both extra
material defects (shorts) and missing material defects (breaks), showing the dif-
ference in the normalised faults as a result of the LDR are given in figure 8-21.
The graph indicates that the probability of a spot defect causing a break can
be reduced by applying this LDR, and the probability of shorts being formed by
a defect 1s increased by a lesser amount. The data combined with the process

defect size and distribution for metal 1, is used to determine if the LDR circuit
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Percentage Change in Faults (Shorts)
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Figure 8-18: Percentage Change in Defects from Track Move LDRs
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Fatal Defects (Shorts)
Using Track Move LDRs on Metal 1
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" Figure 8-19: All Short Fatal Defects Using Track Displacement LDRs

has a higher yield when fabricated with that process. For example, where the
defect size distributions of missing and extra material breaks are the same and
proportional to m, the difference in the normalised fault size distribution

is that shown in figure 8-22.
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Figure 8-20: Random Logic Cell After Track Width Increase LDR
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Figure 8-21: Random Logic: Difference in Normalised Faults After Track
Width Increase LDR
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Difference in Normalised Metal 1 Fault Size Distribution
After Track Width Increase LDR
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Figure 8-22: Random Logic: Difference in Normalised Fault Size Distribution

After Track Width Increase LDR
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8.3 Using LDRs

The results presented here suggest that LDRs have the potential to increase
the defect sensitivity as well as reduce it. Great care will be required when
applying LDRs that increase the defect sensitivity to one defect type and reduce
the sensitivity to another type. Before such a LDR is applied to a device the
ratio of the two or more fault mechanisms must known, or at least an estimate
must be available. Unless it is very clear that a I:DR will result in a reduction
of the overall defect sensitivity, (i.e., well outside the error margin of the defect
estimates) the a,pplicatioh of a LDR is not recommended. It is of course often
possible to adjust a LDR that does not meet this requirement to be more strict so
that it can be applied, but in fewer instances. For example the contact LDRs that
were applied to the layouts in this chapter used the GDR separations to define
acceptable contact overlap separation from neighbouring geometry. By defining
a more strict LDR that required 1.5x the minimum separation the increase in
sensitivity to metal extra material defects would not be so great, but the number

of instances in which the rule can be applied will also be reduced.

8.4 Conclusions

The results of applying LDRs using the LocDes program have been analysed using
the Monte Carlo yield simulator presented in chapter 3. These results indicate
that it is indeed possible to reduce the defect sensitivity of layout using small
layout modifications. The clearest results are those for displacement of tracks,
since the slight increase in track length is offset by the increase in track width at
the point of displacement, so that there is no measurable change in the susceptible
of the layout to track breaks. Consequently the reduction of the sensitivity to
shorting defects will result in vield improvements in any process where this defect

type.is present.



Cha.pter 8. Results ] | | - 179

The results for track width increase and contact/via size increase indicate that
they can reduce the defect sensitivity to particular defect types, but they can
also increase susceptibility to other defects. These LDRs can only be successfully
used where the relative distribution of defect types is such that the overall defect

sensitivity is reduced after the application of track width or contact size LDRs.
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Discussion and Conclusions

This chapter summarises the work of this thesis. The usefulness of a tool such
as LocDes in the IC design process is discussed. Some future improvements and

further developments of layout modification to improve circuit yield are explored. .

9.1 Introduction

This thesis has presented a technique for improving the yield of integrated circuits
by modifying the circuit layout to make better use of the silicon area. The rules
that govern the layout modifications have been called Local Design Rules(LDR).
This work includes the implementation of a program, LocDes, that automatically
applies a pre-defined set of LDRs to circuit layout. The LDRs can also be applied
individually to selected circuit components using a X windows version of the

program. Large layouts can be processed in parallel by LocDes.

180
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9.2 'Local Design Rules

LLDRs are complementary to t,he normal layout design rules, which in this thesis
have been termed Global Design Rules(GDR). The application of a LDR must
not result in the violation of any GDR and any layout modification suggested by
a LDR that violates any GDR is rejected. Another restriction on their use is that
layout changes should not increase circuit area. This enables them to be applied

to parts (cells) of an existing design without the need to modify the whole design.

Three types of LDR have been presented,

¢ Contact Increase
This LDR increases the size of contact structures, that is the contact cut

itself and any associated overlap layers. It is also possible to increase the

overlap without changing the contact cut layer.

o Track Width
The width of geometry forming tracks is increased in width by this LDR,
the effect of which is to reduce the susceptibility to track breaks.

e Track Displacement
This LDR moves geometry forming tracks away from close neighbouring

tracks to reduce the probability of shorts between then.

9.2.1 Performance

Layout changes can have consequences for the circuit performance. Since LDR
layout modifications are small any corresponding performance degradation is also
likely to be small, at least in a digital circuit. Analog circuits can be much more
sensitive to changes in capacitance and resistance. If even a small change in
performance is unacceptable it can be avoided by ensuring that those LDRs that

impair performance, are not applied on the critical path within the circuit. This
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will of coursje require that the critical path be known, to allow a strategy of LDR
application to be adopted. The only way LDRs can be applied in this case, at
present, is to manually select the geometry to which LDRs are applied. This, in
some circumstances, may not prove too difficult since the critical path may be
contained in a limited number of cells, e.g. ALU in a microprocessor. The LDRs
can be applied to a layout with the critical cells removed; these cells can then be
re-inserted into the design when the LDR procedure has been completed. Where
the critical path is less localised, the geometry to which LDRs are applied must be
individually selected. This can be achieved using the X interface to LocDes. This
procedure could prove to be time consuming and therefore may not be justified

for devices that are intended for low to medium volumes of production.

9.2.2 Reliability

Equally important is the impact of layqut modifications on the reliability of the
circuit. This should be taken into account when LDRs are being formulated. In
general larger contacts and wider tracks will improve reliability, as the rate of
electromigration will be reduced since it is proportional to current density[91].
Displaced tracks could suffer electromigration problems if there was significan-
t current crowding at the point of displacement. Since GDRs must always be
maintained where any LDR is applied, displacements must be within the specifi-
cations defined by the GDRs. The GDRs will normally be expressed so as to avoid
the possibility of dangerously high current densities. Consequently displacements
that do not violate the GDRs should not result in any increased risk, assuming
that the specifications as defined by the GDRs are an accurate reflection of the

fabrication process.
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9.3 LDRs and the Fabrication Process

LDRs are only of use where there is yield loss by a mechanism that can be affected
by layout manipulation. Many sources of yield loss are independent of the layout
e.g., processing faults as a result of operator error or equipment malfunction.
Also yield loss from very large defects and surface scratches cannot be affected

by the small layout modifications made by LDRs.

LDRs can reduce yield loss from small random spot defects. As discussed
in chapter 2 spot defects can account for a significant percentage of total yield
loss (60-80%(11, 15, 16]). While defect densities are continually improving, the
trend to smaller physical size of circuit elements and larger circuit area will ensure
spot defects will continue to cause a sizable proportion of total yield loss in the

foreseeable future.

It should also be remembered that not all fabrication processes are state of
the art and that individual processes can have unique sources of yield loss. This
may make LDRs such as those for contact/via increase useful in some processes
and not in others. Also the use of LDRs may make it possible to start useful
production earlier in the life a new fabrication process. Where a new process
hés a very low yield, tailoring the layout so that it is optimal for the particular
process problems at a given stage in the process development could increase the

number of useful devices fabricated.

9.4 Suitable Circuits

The concept of LDRs arose because it was observed that layouts, particularly
those produced by automated layout systems, were far from optimal. It was
observed that in a typical layout it was possible to have larger contacts and wider

wires in some areas of the layout. However, if all the contact and wires were
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increased uniformly the circuit area would also increase. By restricting changes
to those circuit elements that can be adjusted without the need to reposition
neighbouring circuit elements the circuit area is kept constant but has a higher

yield, as the layout modifications are used to decrease the defect sensitivity.

It follows from this that LDRs will be of most use where there are a large num-
ber of instances. in a circuit layout, of local non-optimal layout. That is, where
there is more space than the minimum separation specified by the GDRs. This
extra space can be used to modify the surrounding geometry in such a way as to
reduce the defect sensitivity and hence increase the yield. While in general these
conditions arise most often in layout generated by a,lltoma,ted methods, there are
many situations in which layout generated by hand is suitable for LDRs. This
is particularly true of routing where nearly every contact/via can be increased
in one direction, and usually two, by expanding along the direction of the track.

There is also usually scope to apply track displacement and/or width increases.

It is important that the redundant space is distributed evenly within the
circuit layout. Layout that is composed of tightly compacted circuit blocks in a
sea of empty silicon cannot make full use of the available space. A completely
different strategy is required to deal with this type of “available” space; this is

discussed further in section 9.10.

9.5 The LocDes Program

The task of applying LDRs to a circuit layout is not well suited to a human
designer. Making a large number of small layout modification within strict rules,
both LDR and GDR, would be a tedious process prone to error. It is an operation

best done by a computer.

This work involved the development of a computer program that is capable
of increasing the yield of integrated circuits by automatically manipulating the

circuit layout using a pre-defined set of local design rules. LocDes can perform
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layout modifications in a few minutes that would taken many hours to do man-

ually. The layout changes that can be performed by the program are limited to

those already mentioned namely;
e Track displacement
e Track width increases
e Contact/Via size and overlap increases

The program can be run using a X windows graphics user interface that allows
LDRs to be applied to individual pieces of circuit geometry selected by a mouse
click. There is also a batch version of the program that applies LDRs in a pre-
selected order to the whole of the input circuit layout. The batch version contains
an option to run the program in parallel on either a multiple processor mainframe
(e.g. Sequent Symmetry) or on networked workstations (e.g. Sun workstations).
The parallel option automatically splits the layout into a suitable number of
rectangular segments and creates, using the segments, a queue of jobs to be
executed. These jobs are executed on the available workstations or CPUs(one
job per workstation/CPU) until the all the segments are processed, at which

time, the results are merged to give the final layout.

The results of layout changes produced by LocDes have been analysed using
a Monte Carlo yield simulator. This simulator was developed to measure the
change in the number of track shorts and breaks as a result of applying LDRs.
The results, from comparison of circuit layouts before and after LDR application,
suggest that significant improvements can be made in the yield of individual
process steps. For example, track displacement can result in a 3-15% reduction
in the number of shorts between metal tracks. The effect of other LDRs is more
difficult to determine since they involve interaction between more than one defect
type. However, for suitable fabrication processes, such as those that suffer from

poor contact yield and/or track breaks, yield improvements would be expected.
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9.5.1 Using LocDes

The LocDes program can be used to increase the yield of integrated circuits by
adjusting the layout to reduce the defect sensitivity. Only layouts that have
been crafted with great care will have no scope for.yield improvement e.g. RAM
cells. However, the program should not be used on all layouts since the yield
improvement that can be achieved may have little impact on the cost of the final

product. Therefore, the cost of applying LDRs cannot always be justified.

The software is most suited to large area digital [Cs where large volume pro-
duction is expected and yield loss is primarily, or extensively, caused by met-
allisation and interconnect faults, such as shorts, breaks and/or bad contact/via

yield.

The LocDes program can be applied to circuit layout as a final operation
prior to normal mask making procedures'. This has the advantage that it is a
one time operation that can be effectively hidden from the circuit designer. The
disadvantage of making layout changes at such a late stage is that performance
errors may be introduced. Since the layout changes are small, only those devices
that are “close” to their specification limits will require checks(circuit simulations)
to determine if the layout is still acceptable. How “close” a circuit can be to the
performance specifications before simulation of the changed layout needs to be

undertaken is open to question, and will require further research.

An alternative to applying LocDes as a final layout adjustment is to use
LocDes throughout the layout process. This would involve using LocDes to adjust
the layout of modules and cells, as the design is built up. The advantage of this is
that, the effects of layout changes on performance can be modelled as a “natural”

part of the design process. That is, LDRs would be applied to circuit layout before

!This may involve polygon shrinking and/or bloating of selected layers, to ensure

that they will be fabricated at the drawn dimension
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circuit feature extraction and simulation, so that no extra performance modelling

would be required.

9.5.2 Who Will Use LocDes ?

The use of LocDes in practice will be limited by the fact that circuit designers are
conservative and are unlikely to want to add an additional complexity to their
work. This attitude will be difficult to change, particularly, while circuit designers
believe that yield is a problem for process engineers and all that is require of them

is to follow the layout design rules supplied by the IC manufacturer.

This problem is due, in some measure, to the fact that IC manufacturers
have traditionally concealed yield information. For example, not only are the
final yields confidential, but design rules do not contain annotations detailing
which layout option would give the best results or which layers have the highest
yield. Circuit designers have never had sufficient information to make an informed

decision on the yield of their layout.

In view of this resistance, LocDes or a similar type of program will probably

only be used in two circumstances:

1. When a device has been designed that has a very poor yield. This may
- be either because it makes use of a new process or it is an unusually
large/complex device. In such circumstances effort will be expended to
increase the yield. Previously, this could only be done by improving the
fabrication process. However, it is now possible, using LocDes, to change
the layout and so make it less sensitive to the defects that are still present,

even after improving the fabrication process.

2. The other possibility is that a decision to adopt a strategy of design for
quality will be made by management and thrust onto circuit designers.
Such a decision would be consistent with the trend in industry towards

quality control, e.g. Motorola’s 6 sigma policy[92)].
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In. the first ciccumstance, of a low yield device, the éost associated with using
LocDes will be small in comparison to the costs of process improvements and
the potential losses that may occur if the devices cannot be manufactured at a
reasonable cost in sufficient quantity. Alternatively, where the decision is made
by management, as part of a general strategy to improve product quality, the cost
will become part of the budgeted investment. Whether the investment would be
more wisely spend on improvements in the fabrication process is dependent, not
only on the process yield and sources of yield loss, but also on the type and

volume of the circuits produced.

9.5.3 Introducing Yield to Circuit Designers

The cost of adopting a yield improvement system as a standard part of the design
process, could be made more acceptable if it were part of the design software.
Resistance to its use could be reduced by allowing designers to use it when re-
quired, much like a design rule checker. The main functions[93] of such a system

would be to;
e Predict yield
¢ Indicate regions of poor yield
e Suggest remedies to poor layout
¢ Automatically adjust layout to maximise yield

This approach has the advantage that it gently introduces the circuit designer
to yield improvement. By giving a yield prediction, in some arbitrary units, and
indicatiﬁg poorer layout regions, feedback is provided, encouraging good layout
styles. At the same time full control can be maintained by the designer over how
much the software is allowed to do, so that suggested layout improvements need
only be accepted when required. When the designer becomes more confident with

the system, the automatic layout adjustment will be used more frequently.
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9.6 Future Improvements to LocDes

The main improvements to the work described here would involve re-programming
to enable more flexible changes to the layout and changes to integrate the software

with current design approaches.

9.6.1 Great Flexibility

At present the layout is represented internally as a series of boxes. While these
are each labelled with a node number, there is no attempt to recognise collections
of these boxes as circuit features or objects{94]. As a consequence layout manip-
ulations are limited to adjustments to single layout boxes (e.g. a contact increase
generates new overlap geometry rather than using the existing geometry). This
simplified the original implementation but greatly restricted the possible layout
manipulations. Future extensions to the existing program would have to concen-
trate on a better representation of circuit features. This means that contacts,
wires and transistors should be represented by data structures that allow circuit
components to be treated as single objects rather than a collection of boxes. Re-
design can then be best achieved using the methodology presented by Booch[94],

which the author was unfamiliar with when this work was originally undertaken.

9.6.2 More Effective Layout Adjustment

The LDRs presented in this work have been restricted to simple geometry ma-
nipulation. This is due to the difficulty of interpreting and manipulating a circuit
layout from a CIF representation. More complex LDRs that involve geometry
manipulation which impacts on more than one layout box simultaneously are pos-
sible e.g., stretching layout wires in length to displace contacts and/or associated

track (figure 9-1). Such LDRs are difficult to program using a CIF input. A
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higher level representation, where a single symbol represents a track (and possi-
bly contacts on the track) rather than a collection of layout boxes, would greatly
ease this programming task. While it is possible to generate such a high level

representation from CIF it is a demanding operation that can require human

]

intervention[95].
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Figure 9-1: More Complex Track Displacement LDR

It would be better to approach the problem of yield optimisation nearer the
start of the design cycle rather than the end, so that a high level description of
the circuit is available in a form more suitable for comprehensive layout manipu-
lation. Such a high level description would in many instances be available, since
many digital circuits are designed at a much higher level of abstraction than even

transistors and wires; only later are they converted to a mask level represéntation,

such as CIF.

9.6.3 CIF File Size

One poor feature of the LocDes program is the expansion of the CIF design
file, when the hierarchy is removed. A human designer could easily determine

instances where the hierarchy can be retained without restricting the use of LDRs.
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The same task is difficult to accomplish automatically. It would be possible to
improve the performance of the program in this regard. For example, where only
track width and contact LDRs are applied, the LDRs only add geometry to the
layout, they do not remove or reposition it. This makes it possible to represent
the final design as a combination of one cell that contains all the LDR changes
and the original hierarchical representation. This has not been implemented in
the current version of LocDes mainly because track displacement LDRs cannot
be represented this way, since the original geometry is repositioned. It is possible
that contact LDRs may be of particular interest in some fabrication processes

(see page 98) in which case a version of LocDes that had this facility would be

useful.

9.6.4 Making LocDes More Usable

In order to have yield improvement of layout used in main-stream design, the
software should be an integral part of the design suit. Changes would not only
have to be made to the LocDes program but also the environment in which it

was being used.

The major differences in the design environment would be the required support
for two different types of cells; the original layout the one to which LDRs have
been applied. Layout cells would not only have to be labelled as LDR. version or
the original, but since LDRs are sensitivé to the surrounding layout, a number
of different versions of the “same” cell with different LDRs applied must also co-
exist. Further more, when layout is changed, automatic re-application of LDRs
to the cell and the surrounding geometry should take place. This will require a

method of deriving a dependency list to minimise the amount of re-computation.

There would also need to be a facility to freeze parts of a design once simu-
lations have been successfully completed. This is to ensure that layout changes
are not automatically made, that can affect the performance specifications of a

layout that has already been passed as within specification.
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In order to interface with suchla layout system, LocDes would be required
to apply LDRs intelligently to small layout fragments. These fragments can not
be assumed to be rectangular cells. Consequently, LocDes would require at least
two further modes of operation, since, at present LDRs are applied automatically

within the rectangular boundary of a cell.

1. GDR Envelope
In order that a layout cell can be directly substituted for an equivalent
cell, to which LDRs have been applied, the GDR ( global design rule)
envelopes of the two cells should be identical. That is LDRs should not
adjust geometry where the change could cause a design rule violation with
adjacent, but unspecified, layout surrounding the cell. For example, metal
tracks could be displaced so that they were nearer to the cell boundary. If
they are moved closer, to the cell boundary, than the maximum separation
of metal with any other layer, then there is a possibility that this could
cause a design rule violation, not present when using the original cell. The

displacement would be disallowed if this were the case.

2. Environment Sensitive
Enforcing LDR application within the GDR envelope, will in some circum-
stances be overly restrictive, particularly with very small cells where no
changes could be made. There are other circumstances in which the GDR,
envelope will not be strict enough, e.g. where cells have overlapping geome-
try. In order to deal with both these cases another mode of LDR application
is required that will take into account the surroundings of the layout when
applying LDRs. This mode would not be difficult to implement, sinc.e all
that is required is for the cell geometry to be labelled distinctly from the
surrounding geometry, so that LDRs can be applied only to it. The LocDes
program would automatically ensure that there were no violations with the

other, un-adjusted, geometry.

The effort needed to create a system that supports LDRs for hand-crafted
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layout is considerable. The layout system would require extensive use of re-
vision eontrol procedures and automatic “re-compilation” where changes have
been made that affect other parts of the layout. Before efnbarking on the pro-
duction of such a system, the demand from the user community would need to

be established, in order to justify the required 'expenditure.

9.7 Yield Simulation

While undertaking this work it has been found that yield simulation using the
Monte Carlo method is very expensive in computer time. A large number of
of defects over a range of defect sizes must be placed on the design and anal-
ysed. This procedure severely limits the size of layout that can be simulated in a

reasonable time.

There are a number of more efficient methods of yield prediction than the
Monte Carlo method. One of the simplest methods that could be used to gen-
erate a reasonably efficient and accurate yield predictor is the virtual layout
method[44], where a simplified layout is generated to represent the circuit. The
virtual layout is generated using polygon operations[46] such under/over size and
logic operations (AND NOT etc.). Using a virtual layout has the disadvantage
that details of the actual layout are lost, so that “problem” areas are difficult to

identify.

Ideally the critical area would be calculated from the circuit layout and each
polygon labelled with it’s contribution to the total critical area. This can be
done using polygon over/under sizing and a modified version of the plane sweep
algorithm presented by Luther[96] for boolean operations on mask layers. This
procedure would be slower than using a virtual layout, but would be more useful

in identifying and observing the effects of LDR application.

Since these methods are both heavily based on polygon manipulation they

could share a large amount of common code. It is therefore feasible to consider
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implementing a yield predictor that can be operated in two modes. One that
gives a quick solution, based on a virtual layout, with little detail and a second
mode that provides details of the total contribution of each component (polygon,
contact, wire, transistor etc. ) This second mode should also be able to highlight

circuit features that exhibit poor yield.

9.8 Results

Local design rules have been applied to a number of circuit layouts. Simulation
of these layouts suggests that the defect sensitivity reduction is highly dependent
on the actual circuit layouts. This is not surprising since some layout can be left

unchanged by attempts to apply LDRs.

9.8.1 Track Displacement

The results presented in chapter 8 indicate that a reduction of between 3-15%
in the number of extra material metallisation faults can be achieved using track
displacement LDRs of metal layers. It is clear from an inspection of these layouts.
(figures 8-2 and 8-17) that there is further scope for improvement particularly if

LDRs to displace contacts and tracks were developéd.

9.8.2 Track Width

The results for track width LDRs are more difficult to assess than the displace-
ment LDRs. While it is clear that it is possible to reduce the number of missing
material faults (breaks) there is also an increase in the number of extra material
faults (shorts). The ratio of the change in breaks to shorts can be manipulated
by adjusting the LDR. By specifying that a larger separation between neighbour-

ing geometry must be present before a track increase can be applied, the ratio
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of break reduction to short increase is improved. This will of course reduce the

number of instances in which the track width LDR can be applied.

Another factor that determines the ratio of extra and missing material faults
changed by the track width LDR is the ratio of the defects that cause the faults.
Modern MOS processes often suffer more from shorts than breaks. Track widths
are determined more by the current densities they carry rather than the limits
of the lithographic process[97]. For fabrication procésées in which there are sig-
nificantly more shorts than breaks, the only suitable changes in track widths are
to tracks distant from other layout geometry. Since only a small proportion of
tracks will be sufficiently distant to apply the LDR, the .yield improvement will
be small and therefore using a LDR may not be justified. In a process that has a
more equal distribution of defect types or a larger number of breaks than shorts,

track width LDRs can make a useful contribution to the overall yield.

9.8.3 Contact Increase

The results from contact size increase LDRs indicate that the extra overlap gen-
erated to accommodate the larger contact size can have an important impact on
the defect sensitivity of the overlap layers. Just as is the case with track width
LDRs increasing contact size can result in a decrease in overall yield for some
processes. However, where the increase in yield from the larger contact cuts more

than offsets the overlap yield loss contact increase LDRs can be used successfully.

9.9 Yield Improvement from LDRs

The yield improvement obtained from the application of a given LDR has been
expressed as a percentage change in yield for that process step. E.g. in chapter
8 metal 1 routing yield was improved by 3%. The total yield of a device is the

product of the individual process steps i.e.,

}/total = )/n Yin—l) 1/(11.-2) I/ZYi (91)
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Where each of:the Y, terms represents the yield (I)f a process step. After a LDR
has been applied, the yield of the process step is (1 — AY;,)Y, where AY, x 100
is the percentage change in the yield of step n. Thus the equation for total yield
after LDRs have been applied is,

Vietat = (1 = AYa)Ya (1 = AYas)¥inogy o (1 = AV Y, (1 - AVYY: (9.2)

Thus, when applying LDRs, it can be contended that resources should be ex-

- pended on those process steps which contribute most to the total yield loss.

9.10 Future Work

The use of LDRs to improve yield of circuits is non-optimal; because of the com-
plex nature of layout it is not possible to distill the optimum yield improvement
strategy down to a small number of simple rules. It is proposed that a more
optimum yield can be achieved where there is a closer link between IC layout
generation and yield prediction. This implies that, where there are no other con-
straints, layout decisions are based on the resulting yield of the various layout

options.

There are a number of stand-alone tools for yield prediction of circuit lay-
out[48, 47, 42], but these do not contribute directly to improved yield. These
tools are not able to report on the yield of individual layout components so that
alternatives can be compared. They can, however, be used to test the results of

yield improvement strategies, for example LDRs.

Future work could consist of the design and implementation of a hierarchical,
constraint-based circuit-compactor of symbolic layout. This could be used to

investigate and compare strategies for obtaining IC layout with minimum critical
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area 2. This will require an efficient method of calculating the critical area of the
layout and also changes in critical area as a result of small changes, as different

layout options are explored.

State of the art constraint based compactors, that attempt only area, rather
than area and critical area, minimisation are able to generate layout with an area
close to that achieved by hand-crafting layout[76]. Using even limited physical
layout manipulation it is possible to reduce the defect sensitivity of a circuit
layout. For example, the results presented here suggest that the sensitivity of
metal layers could be reduced by as much as 15%. By combining a constraint
based compactor with more sophisticated symbolic geometry manipulation, cir-
cuit layout with yields greater than the equivalent hand-crafted layouts becomes

a possibility.

9.10.1 Sources of Yield Improvement

The ability to calculate critical area and hence yield can be used to obtain yield
improvement of large IC circuits. The yield of the cells and interconnect defining
the circuit can be used to determine the circuit yield. By exploiting the inher- -
ent hierarchy and symbolic nature of the layout, the yield of the whole system
of interconnected cells can be optimised. This can be achieved by an iterative
procedure of system, cell and layout geometry manipulation, either manually,
where an obvious improvement can be made, or automatically, using the predict-
ed yield as feedback. Where this process results in changed layout constraints,
“re-compaction” to minimise critical area will have to be undertaken as detailed

below.

2The critical area[5] is a measure of sensitivity to defects. It is dependent on the
defect size distribution of the IC fabrication process and the dimensions and proximity

of layout geometry
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e System Level
A symbolic fouting routing layer is proposed to permit the layout of a
cell to change at any stage in the design cycle. Where there is sufficient
available space this symbolic routing would be limited to selected physical
layers to allow partial or complete through routing of the cell. While this
may increase the critical a;rea and size of an individual cell, it can result in
a reduction in both the critical and physical area of the complete system

(figure 9-2(b)).

Similarly, a cell can be re-shaped to abut with a neighbouring cell’s ports,
or conform to an available space. Such a cell may be longer and possibly
thinner than the optimum cell layout and might have a larger critical and
physical area. This is acceptable where the yield of the system as a whole

is improved (figure 9-2(c)).

e Cell Level
Where there is incomplete use of the surrounding area, a cell would
be stretched to fill this space. Stretching of internal cells and/or “re-
compaction” to minimise the critical area of the layout within this new
larger area would result in a critical area less than or eqﬁal to the original

value obtained for the minimum cell size (figure 9-2(d)).

e Layout Geometry Level
The optimum yield of the individual cells would be achieved by minimising
the critical area of the layout geometry within the constraints irnpbsed by
the cell boundaries and any ove;:la,pping geometry from other cells (e.g.
through routing). A range of layout changes that often give reductions in
critical area would be attempted. Changes would be a.ccepteci where they

prove to cause a reduction in critical area. Such changes include,

— Displacement of tracks and geometry away from closest neighbouring

geometry

— Increased track width
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Figure 9-2: Application of Yield Improvement Techniques to an IC

Shortening track lengths by straightening
— Increased contact size

— Increased number of contacts

Redistribution of tracks in routing channels to obtain maximum benefit

from track displacement and other layout changes.

9.10.2 Goal

The goal of this work would be to develop a CAD tool capable of producing
circuit layout with a yield comparable to the best hand-crafted layout. It is
intended that this tool would be largely automatic but guidance from the circuit
designer, particularly in areas where the designer has a better “understanding”
of the goals and specification requirements, would be included as an integral part

of the design flow.

This proposed tool would have to take input in the form of a hierarchy of

symbolic layout cells from a variety of sources,



Chapter 9. Discussion and Conclusions 200

e input directly by the designer through a graphics interface.
e existing tools that generate symbolic layout from netlist[95].
e circuit routers[90].

There should also be the ability to include existing layout, so that high yielding
circuits, already developed for a given fabrication process, can be included within

a large system. This will permit the use of specialist circuit parts such as RAM

and CPUs.

This tool should not stand alone but should interface to existing CAD soft-
ware, especially circuit simulation and routing software. Indeed using CAD tools
that generate symbolic layout from physical layout[98], it will be possible to use
the existing CAD environment with yield optimisation as the final stage before

going to production.

9.11 Conclusions_;

This thesis has suggested that the layout of integrated circuits is non-optimal.
Results have been presented that indicate that it is possible to create a more
optimal layout by using a simple set of rules, known as Local Design Rules.
These rules are used to improve the yield of a circuit without having an impact
on the circuit performance or the area of the layout. Local design rules to displace
circuit tracks, increase track width and to increase contact/via area have been

presented along with algorithms for their implementation.

Any yield improvement strategy should be automated, if at all possible. It
is unlikely that any procedure that delays the production of a new device will
be accepted in a commercial ‘environment. Therefore, it is essential that the
operations required to optimise layout do so rapidly causing a minimum delay
L.e., the procedure must be automated. A program LocDes that automatically

applies local design rules to IC layout has been developed. This program can
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be used interactively. through an X window interface so that individual items of
layout can be selected, or in a batch mode, where LDRs are applied to the whole
layout. The application of LDRs to large layouts can take a number of hours;
very large layouts may take days. [t has been shown that these times can be
greatly reduced by using the parallel option in the LocDes program, cutting the

response time to a fraction of the single CPU execution time.

Restricting the optimisation of layout to a few well defined changes, such as
those specified by a LDR, ensures that the task does not become too compu-
tationally expensive. However, this method is unlikely to generate the optimal
layout, mainly because some potentially beneficial layout options are ignored or
not tested. The best that can be achieved is an improvement to the existing lay-
out. Methods to give a near optimal solution to this problem have been outlined

and discussed in section 9.10.

The effectiveness of LDRs is layout dependent; this is intuitively obvious and
easily confirmed by comparing the resulting yield improvement in different cells.
This is true even of cells that form part of the same design. The reduction in
defect sensitivity to extra material defects (shorts) obtained by track displacement
LDRs for metal layers can range from 0-15% though a figure of 3—5%. would be
more normal. The change in defect sensitivity obtained from track width and
contact LDRs is more difficult to determine. This is due to the fact that these
rules affect more than one defect mechanism and these mechanisms are highly
process dependent. For example, contact size can in many instances be increased
for the majority of contacts by 50%. This increase requires a corresponding
increase in contact overlap. The combined effect of these changes depends on the
relative proportions of defects for the contact itself and the layer that make up
the overlap. Similarly, track width increase also reduces track separation so that
the ratio of extra and missing material defects is required to calculate the overall

defect sensitivity change.

As mentioned above, LDRs are process sensitive; it is not possible to develop

or improve the yield of IC layout without some reference to the fabrication pro-
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cess that is to be used to produce the device. This means that information not
currently distributed by IC manufacturers is required to implement either LDRs
or any other form of yield improvement strategy. It can be shown that it is in the
manufacturers interest to supply this information, since it will effectively result
in an increase in production capacity. The actual defect densities themselves may
not be required but the relative defect densities of different layers and inter-layer

interactions are essential.

AThe yield improvement obtained by applying LDRs to circuit layout can be
used either to improve the production yield of the device or alternatively to
develop a larger chip with greater functionality and similar yield to the old device.
It is has been shown that a layout based yield improvement strategy can be of use
to both the circuit designer and process engineer by extending the capabilities of

existing technologies.
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1 Introduction

The yield of IC devices is a major factor in determining their commercial success.
This has led to circuit designers actively designing for high yield. An example of this
is the use of redundancy in RAMs where fusible elements are used to disable defective
rows and insert replacements [13]. Since this early use of redundancy, involving the
trade off of silicon area for yield, a range of procedures to increase yield through
restructurable interconnect have been developed [10] and this type of approach has
led to a commercial WSI device [18].

At the same time as these developments, silicon area has also been traded for ease
of layout [11]. This paper introduces local design rules, which reclaim some of this
lost area and use it to enhance the yield of a product.

2 Local Design Rules

The layout of an integrated circuits is bound by a single set of design rules. These
rules, determine the minimum size and spacing of all layers of the circuit geometry in
an attempt to maximise the yield, performance and reliability. There are occasions
when specialist circuit parts, such as RAM, use a different set of design rules that
have been optimised for that particular circuit block. However, normally the design
rules are applied over the whole of layout area and will therefore be referred to as
Global Design Rules (GDR).

The GDRs have been optimised to give good layout from a single global set of
rules but are not necessarily optimised for the local layout conditions. For example,
the conductor width and contact size can have a significant effect on the yield of a
circuit [6, 7, 12]. Under certain local conditions, where there has been incomplete
use of the surrounding area, it would be advantageous to adjust tfle metal width.



coutact size ! to greater than the global norm. Wider metal tracks and larger contacts
have a higher yield, if they are sufficiently distant from other geometry. The use of
automated layout generation and compaction produces designs that are less dense
than traditional hand-crafted layout and give greater scope for yield enhancement
through the use of Local Design Rules (LDR).

The global rules determine minimum size and spacing and hold over the whole
design, but these rules should not be used to determine the maximum feature size of
circuit components. While it is valid to attempt an initial layout with minimum sizes
to reduce the circuit area, once that minimum area has been defined best use of any

redundant area should be made.
There are a number of potential layout changes that can be made,

e Increased contact size.
e Increased contact overlap.
e Increased metal track width.

e Increased polysilicon and active track width where they do not form active
devices.

Increased substrate contact size.

It is proposed that the yield of circuits fabricated using layout generated from
a GDR set can be increased by searching for instances of local non-optimal layout,
applying a LDR set and adjusting the layout to meet the new design rules.

Performing the above procedure by hand is too time consuming and prone to
error. To address this problem a Rule Adjustment In Local Environment (RAILE)
program acting as a post-processor of CIF format layout has been developed. This
uses the GDR layout to produce an enhanced circuit layout (Fig 1), with the same
function and performance specifications but with a higher yield.

While it is intended that the yield of the resulting layout will be greater than
the initial GDR layout, this can only be guaranteed if the fabrication process is
understood well enough to to ensure that the LDRs are an accurate reflection of the
relative yield of the layout options under test. That is, no changes are made to the
layout except those that have been shown to give a higher yield.

3 Defining the Local Design Rules.

Local design rules are used to determine where changes in layout generated from GDR
sets should be performed. LDRs do not define minimum widths and separations, since
this is already done by the GDRs. Their purpose is to define maximum feature sizes,

!Larger contacts, particularly those increased in both the X and Y direction, may require an
increase in the overlap of the contact. This avoids problems that may be created with over etch of
large contacts in a process optimised for the minimum contact and via size.
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Figure 1: Example of Local Design Rule Changes to Contact and Wire.
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in relation to the available space around the geometry under consideration. The LDRs
are derived from a comparison of the yields of a number of layout options.

The complete definition of the LDRs requires a greater knowledge of the process
than the GDRs, since the problem is no longer a “simple” matter of finding one rule
set to maximise yield of a regular test structures. Rules to determine the optimum
layout in a variety of situations need to be determined. This in practical terms means
that it must be known where an increase in track width, contact size with a consequent
reduction in track separation will result in an increase in yield. The information can
be found using test structures as is the normal procedure for GDR generation. This
will require a greater range of test structures, but there may be sufficient information
to make a first approximation of LDRs from the results of test structures designed to
determine GDRs.

3.1 LDRs from Defect Size and Distribution.

Yield simulation with defect size and distribution data [9, 4, 15, 3, 16] can, for ex-
ample, be used to determine where a change in conductor width will increase the
overall yield. The number of fatal defects that are the result of shorts between nodes
cannot be reduced but the number caused by breaks can be reduced by widening the
conductors. This will of course increase the number of shorts(fig. 5), but if the overall
number of fatal defects can be decreased then there will be a corresponding increase
in yield. :

A number of LDRs can be generated from the results of the simulation, depending
on the sophistication of the simulator available.

4 Performance

It is important that any changes as a result of the application of LDRs to a layout
do not cause a degradation in performance of the circuit. For this reason no changes
that affect the size of active devices should be made. The effects of changes in track
width, contact and substrate contact size must be considered.

Increased contact size.
Increased contact size will result in a decreased contact resistance and increased
overlap capacitance. The effect of overlap capacitance can be neglected because
it is effectively shorted by the contact, the RC product will therefore be reduced
‘in line with any reduction in the total contact resistance [17].

Increased substrate contact size.
Increased substrate contact size can take place where the contact is sufficiently
distant from active devices. Since they are not used to pass signals there will
be no effect on performance of the circuit.

Increased metal track width.
Increased track width will cause an increase the capacitance of the circuit but



will also decrease the the resistance of the circuit. The RC product will be
reduced because the fringe capacitance, which is a significant fraction of the
total, is not increased. Capacitance between tracks on the same conductor level
will not be larger than that allowed for in the GDRs.

There is a possibility of greater cross talk where the capacitance between
crossovers is increased. To avoid this, overlapping geometry, not forming a
single electrical node, should not be altered.

Increased polysilicon width
The polysilicon layer is similar to the metal layers with the exception that care
must be taken to ensure that polysilicon forming transistor gate is unchanged.

4.1 Reliability

The reliability of a component is also a performance feature, there is little point in
increasing yield at the price of the component reliability. The reliability of the circuits
optimised using LDRs can also be improved. This requires that when the LDRs are
calculated reliability issues are taken into account and that no layout change is made
that would cause yield or reliability to be reduced. ‘

There are occasions when high reliability is of greater importance than yield and
LDR sets that increase reliability at the expense of yield can be developed.

5 The RAILE Program

The program takes the original layout, in CIF format, and processes it using a set
of LDRs. It is basically a design rule checker that attempts small changes in layout
based on the LDRs, accepting only those changes that do not violate any of the global
or other local design rules.

The program uses a heuristic algorithm, that makes adjustments iteratively, such
that “large” increases in conductor width will occur in a number of steps with at-
tempts to change other neighbouring geometry before further increasing in the original
conductor width. This is to ensure that there is an even application of LDRs. While
this will not necessarily give the optimal layout. it will produce a good approximation
to it in a reasonable time.

5.1 Spatial Data Structure

The execution time of the program is heavily dependent on the internal organisation
of the layout geometry. A spatial data structure capable of representing IC layout in
a space efficient manor with a fast method for identifying neighbouring geometry is
essential.

e Space Efficiency.
The amount of data to be manipulated depends on the circuit layout. Since the



layout hierarchy must be flattened, a small CIF file can result in a very large
amount of layout data.

¢ Fast Region search.
The program makes a large number of region searches to determine the position
of neighbouring geometry. The amount of geometry within the region of design
rule interaction is very small in comparison to the total. It is important that
these are found efficiently.

5.1.1 The Adaptive Multiple Storage Binary Tree

There are a number of well known methods of representing mask-level physical lay-
out. These are important in many applications, with the most notable being circuit

compaction.
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Figure 2: Mask Layout and Data Structure

The spatial data structure chosen was the Multiple Storage(MS) binary tree which
is a variant of the MS-quad tree [1]. It is more properly described as an adaptive
multiple storage binary tree and is identical to the MS-quad tree, except that each
node points to two further node/leaf structures rather than four. This simplifies the
algorithm. and has no significant effect on execution time or memory requirement.

The MS-tree stores the layout geometry (rectangles) in a tree structure, each
node represents an area and can either point to two sub-areas or contain an array of
references to all the geometry in that area, in which case it is a leaf cell. If a new item
is added to a leaf cell and the reference array is already full, the area is split and all
items in the existing array are repositioned in the appropriate sub-area leaf arrays.
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Figure 3: Reference Array Optimisation

If geometry straddles more than one area defined by a leaf cell, each leaf stores a
copy of the reference to it. This does not uses as much memory as might be thought
at first sight, as only the index or pointer to the geometry is stored. The geometry
itself is stored in a dynamic array and referenced by an index. In fact the MS-quad
tree has about the same memory usage as the bisector list quad tree [8], a simpler
data structure and faster execution time [5].

Each physical mask layer is stored in a separate binary tree and an associated
dynamic array referenced by indexes stored in that tree. An example of a mask
layout is given in fig. 2 with the resulting data structure.

The size of the reference array has a marked affect on the efficiency of the program.
The optimum value was was determined experimentally (fig. 3).

5.2 Large Circuit Layouts

Even using the most efficient data structures there will always be circuit designs
that are too large to be processed in one piece. If circuit layout exceeds a specified
limit, the program divides the layout into a number of segments. The layout can
be processed in 1, 2, 4, 9,.16, 25 .. , segments depending on the size of design.
Each segment overlaps with its neighbours to at least twice the maximum design rule
operating distance, to ensure global and local design rules are not violated. All the
individual segments are processed, the overlaps deleted and the results appended to
a single output file.
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Figure 4: Response Time with Multiple Hosts

5.2.1 Distributed Processing

To reduce the time taken by the program to process large circuits the program includes
a facility to use multiple hosts to process a single circuit layout.

Segments are assigned to remote hosts to be processed. Oumnly one segment is
assigned to each host. If there are more segments than available hosts, the controlling
host waits until a remote host has finished processing its segment, before sending
another one. Thus it is possible to use as many remote hosts as there are segments or
use a limited number of hosts efficiently each processing only one segment at a time.

The results generated by the remote hosts are sent back to the controlling host
where they are merged to form the final result. Fig. 4 shows the timing results from
1, 4, 9, and 16 hosts, for a circuit, where the circuit was segmented to match the
number of hosts. These results are non-linear reflecting the extra processing that is
done to extract the flattened area of interest from the hierarchical CIF layout. For
maximum efficiency the segments should be large and for minimum response time the
number of segments should match the number of hosts.

6 Results

The effectiveness of LDRs is highly process and to some degree circuit dependent.
They are best suited for fabrication processes that have,

e yield loss due to poor contacts,

e yield loss from metal breaks,



e volume production of part.

The LDR approach is ideally suited to circuits that are, digital in nature, with inef-
ficient layout eg. from automated cell layout and circuit compacters.

Although not implemented, LDRs could, where there is sufficient room, provide
for the movement of tracks to increase their separation. This is a more complicated
task and is a natural extension to the present work.
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Figure 5: Percentage Change in Fatal Defects for Metal 1 LDR

6.1 Change in Defect Sensitivity

The result of a Monte Carlo simulation of yield of metal 1 stage for a dynamic
shift register cell, generated using the STICKS [14] circuit compacter give the results
shown in fig.5. This gives the percentage change in the number of fatal defects after
application of a LDR. The rule can be expressed as: Metal 1 is increased up to
1.5x minimum metal 1 width so long as 1.5x minimum separation is kept between
unrelated metal 1 and no GDRs, involving metal 1 with any layer, are violated.

The graph indicates that the probability of a spot defect causing a break can be
reduced by applying this LDR. The data combined with the process defect size and
distribution for metal 1, is used to determine if the LDR circuit has a higher yield
when fabricated with that process.

Monte Carlo simulations are CPU intensive, a more efficient approach would be
to use an analytical yield simulator such as RYE [2]. :



Contact Changes Per Iteration (%)

Mixed Logic
Number of Changes in £X/Y
Iteration | 0 1 2 "3 4
lst 4.3 |19.5]31.6 |31.0| 13.6
2nd 12.9 {36.3 | 28.9 |19.6 | 2.3
3rd 2251383228151} 1.3
4th 29.6 | 40.5 222 6.8 | 1.0
5th 354 | 408 |17.7] 6.1 | 0.0

PLA
Number of Changes in £X/Y
Iteration | 0 | I | 2 [ 3 | 4
Ist 0.0 | 15.130.2|41.5] 13.2
2nd 1.9 {198 (358321104
3rd 2.8 [23.6 368|264 104
4th 2.8 (274396 |19.8]| 10.4
5th 6.6 | 25.5]41.5|16.0| 10.4

Table 1: Percentage of contact changes in each iteration of a contact LDR

6.2 Change in Contact Size

The LDRs for contacts allow for bigger contacts. As an example table 1 gives the
results of application of five iterations of a single LDR to a mixed logic circuit and
a PLA. Each iteration attempts to increase the contacts size in four directions (ie.
+/—X and +/-Y) by 1/6th of the minimum contact size. The LDR can be stated as:
Contacts are increased in size, so long as there is no violation of any GDRs including
those governing contact overlap (fig. 1(a), (b)). More complex LDRs involving con-
tact size and overlap can be evolved to accommodate problems assoc1ated with over
etch of large contacts cuts.

The the table lists the percentage of total contacts that were increased in a number
of directions per iteration. The results show that a large percentage of contacts can
be increased in size without violating GDRs, and that this percentage varies with the
type of circuit. As in sec. 6.1 above, the usefulness of these result depends on the
fabrication process.

7 Conclusions

It has been shown that the yield of IC layout is non-optimum. The yield can be
increase by more effective use of device area through the application of local design
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rules to layout generated from the normal “global” design rules. These rules, which
are dependent on the fabrication process, can be found using test structures and the
results of yield simulation with defect size and distribution data.

Local design rules will be of most use in processes that have suffer from poor
contacts and conductor breaks, though extension to the present work (Sec. 6) my
bring about increases in yield from other types of fault.

The proposed use of LDRs has indicated that its application can increase the yield
of circuits which makes it a valuable addition to the circuit designer’s toolkit.
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YIELD IMPROVEMENT BY TRACK DISPLACEMENT
Gerard A. Allan A. J. Walton R. J. Holwill
Edinburgh Microfabrication Facility
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1 Introduction

This paper presents an algorithm for track displacement based on the Local Design
Rule(LDR) concept|l, 2, 3]. LDRs are IC layout rules that define the optimum feature
size and spacing in relation to the surrounding geometry and are used to increase the
yield of ICs. The yield of circuits fabricated using layouts generated from a Global
Design Rule(GDR)' set can be increased by searching for instances of local non-
optimal layout and adjusting the circuit layout to produce a reduction in the defect
sensitivity. In practice this done with a set of LDRs that define a more optimum value
of layout geometry size and/or separation in relation to the local layout conditions.

The LDRs do not contradict the GDRs. The GDRs determine minimum size and
spacing and hold over the whole design, but they should not be used to determine the
maximum feature size or spacing of circuit components by always using the minimum
value. While it is valid to attempt an initial layout with minimum sizes to reduce
the circuit area, once the area has been defined the best use of any redundant space
should be made to reduce the defect sensitivity of the layout.

1.1 Potential Layout Changes.

There are a number of potential layout changes that can be made, the most important
for modern MOS fabrication processes are,

Track displacement (fig. 1(b)).
Two metal or other layer tracks can be moved further apart from each other,
thus reducing the probability of a short forming between the tracks [4, 5].

LThese are just the ordinary layout design rules. In this paper they are referred to as GDRs to
distinguish them from LDRs.



Increased track width (fig. 1(c)).
A metal or other layer track can be increased in width. A spot defect on this
wider track will be less likely to cause a complete track break [4, 5].

Increased contact size or number of contacts (fig. 1(d)).
A contact can be increased in size?, since larger contacts have a higher yield
[6, 7, 8]. The contact overlap must be adjusted to fit the larger contact to avoid
violation of the GDRs. It is also possible to generated another contact where
there is sufficient space so that if one contact fails the other can still provide a
connection.

(a) Original Layout. (b) Track Displacement.
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(¢) Increase Track Width. (d) Increase Contact Size.

Figure 1: Potential Layout Changes to Enhance Yield.

2 Track Displacement.

In a mature process a serious cause of yield loss can be shorts between metal tracks.
This loss can be reduced, sometimes by a significant amount, by displacing tracks
away from surrounding geometry where space permits.

The probability of shorts between same layer geometry such as metal tracks can
be reduced by displacing the tracks to increase their separation. Figure 2 shows a
simple layout that was simulated using a Monte Carlo yield simulator[2], using a
defect size distribution of m[g]. The position of the metal track was varied

2Larger contacts, particularly those increased in both the X and Y direction, may require an
increase in the overlap of the contact beyond that normally required by the GDRs. This would
avoid problems that are created with over etch of large contacts in some processes optimised for the
minimum contact and via size.

[S)



i:)y increasing the separation. The results of this simulation are shown in figure 3.
It can be seen that the defect sensitivity is at a minimum where the track is at the
midpoint between the surrounding geometry.
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Figure 2: Test for Optimum Separation of Geometry.

Local design rules for track displacement make use of this result. Tracks are
displaced away from their close® neighbouring same layer geometry until they are no
longer close or they are equidistant from the surrounding same layer geometry. Tracks
are only displaced away from geometry that is of the same layer and does not form
the same electrical node as the track. Where geometry forms the same node a defect
would not cause a short since the geometry is already electrically connected.

3 Performance

It is important that any changes that result from the application of LDRs to a layout
do not cause a degradation in performance of the circuit. The track displacement
results in a longer path, with an increase in RC. This is due to the small step in
the track used to implement the displacement (fig. 4). This will not necessarily
cause a problem for metal tracks since the increase is small and, except for very long
lines, the main resistive components in interconnect are contacts to other layers. Any
reduction in performance will be very small and will only be apparent if the critical

3The definition of close is dependent on the defect size distribution for the process used to
fabricate the circuit. This would normally be 2 or 3 times the minimum layer separation.
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Track Position versus Defect Sensitivity
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Figure 3: Optimum Geometry Separation Results.

path is affected. If the critical path is known then performance loss can be avoided
altogether by ensuring that no significant changes in track length are made on this
path.

For the more resistive polysilicon tracks greater care should be taken. It may be
best to avoid changes altogether unless significant yield improvements can be made.

e s o v e e = v - = = . - e -

Figure 4: Increased Track Length with Displacement.

4 Applying Local Design Rules.

While it is possible to apply a track displacement LDR by hand, the process would be
tedious and error prone. A program, LocDes[2], has been developed that can apply



several different types of LDR to circuit layout. The following (simplified) algorithm
is used by this program to apply a track displacement LDR.

4.1 Track Displacement Algorithm

The program assumes that the original layout has been passed by a design rule checker
so that rule checking of adjusted layout is limited to the interaction of the adjusted
geometry and the immediate environment.

Figure 6(a) gives an example of a metal track being displaced using the algorithm
in figure 5. The track is first split into segments. Where there are crossovers

Procedure DisplaceLDR Track
begin
Split Track into Segments. /* small segments and crossovers */
for all Segments do {
Dir = FindMoveDirection(Segment).
if Dir NOT NULL then {
if DesignRulesOK(Segment,Dir)
AND LegalMove(Segment,Dir) then Mark Segment Dir.
}
if Segment is Crossover AND is Marked then
Split Up Segment to give normal Segment on each end (See fig. 6(d)).
} .
for Direction Up and Down do {
Make Current Block
for all Segments do { :
if Segment Marked Direction then Add to Current Block.
else if Current Block NOT Empty then {
Add Current block to ListofBlocks.
Make new Current Block.

}
}

}
for all Blocks do {

if Block >= minimum movable size then {
for all Segments in Block do {
if first OR last Segment in Block
then Extent Segment by Displacement LDR in Mark Direction.
else Displace Segment by Displacement LDR in Mark Direction.

}
}

}
Merge Segments into Track (see fig. 6(e)).

end

Figure 5: Track Displacement LDR Algorithm



with design rules determining minimum edge separation, larger segments equal to the
width of the crossover track plus two edge separations and two associated segments
are formed as shown in fig. 6(b). This is the minimum length of track that can be
displaced at the crossover without rule violation.

Each of the segments is examined in turn to determine if they can be moved. Nor-
mally a segment would be marked for a move when there is more space available on
one side of the segment than the other, with the proviso that the displaced segment
does not violated any design rules. If a “crossover” segment is marked for displace-
ment, it is divided into three. The sub-segments at either end are the same size as the
normal segments with middle part being equal to the remainder of the “crossover”.
segment defined above (fig. 6(c)). This is to ensure that during displacement the
track width is not extended at the crossover point, as this would result in a large
segment of the track increased in width. This procedure need only be implemented
if there are GDRs associated with edge separation.

The marked segments are then collected into groups of continuous lengths of
track that can be moved in the same direction. All of these blocks that are greater
than a minimum length are displaced. This minimum, normally greater than the
GDR minimum track width, ensures that displacements of very short lengths of track
that provide no yield improvement are excluded. The displacement is performed
by extending the first and last segments of the block in the displacement direction
and displacing, by the same amount, the remaining block segments (fig. 6(d)). The
resulting segments are then merged together to give the final layout (fig. 6(e)).

4.1.1 Design Rule Checking

To ensure that any change in geometry size or position does not cause a design rule
violation the algorithm of fig. 7 is used. There are two inputs to the procedure. A
box representing the new segment to be checked and the segment layer, these were
generated from the segment and the displacement direction. The interaction of every
layer with the new segment is examined in turn to determine if any rules are violated.
This is done by generating a test box for every layer that has a GDR interacting
with the segment layer. The dimensions of this test box are dependent on the design
rules for the two interacting layers. Any geometry of the segment layer type that
has a different electrical node identifier from the segment and falls within or touches
the area defined by the test box causes a design rule violation. Where the geometry
has the same node identifier it is obviously part of the same track as the segment.
Consequently, it is acceptable for such geometry to be closer than the design rule
distance or even overlap. For test boxes generated for the interaction of layers that
are a different type from the segment layer, any geometry of that layer that falls
within or touches the test box area causes a violation. In this case even geometry
that forms the same electrical node causes design rule violations.
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Figure 6: Application of Track Displacement LDR.

Procedure DesignRuleCheck Box Layer
begin
for TestLayer = all layers do {
if GDR exists then {
DesRul = GDR([TestLayer][Layer].
TestBox = Box + DesRul.
if TestLayer = Layer then
if any different node TestLayer Box touches TestBox
then return FAILED. /* Design Rules Violated */
else if TestLayer Box touches TestBox
then return FAILED. /* Design Rules Violated */
}

}
return SUCCESS

end

Figure 7: Design Rule Checking Algorithm.
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Figure 8: Potential Errors from Track Displacement

4.1.2 Legal Displacements.

The conditions for an acceptable segment displacement are that the segment must not
violate any of the design rules or change the netlist (circuit function). The standard
design rule algorithm used (fig. 7) is not sufficient as it does not check for the sort
of “damage” that could be done by a displaced segment. The additional conditions
that need to be checked for are,

e Violation of Contact Overlap.
The overlap of a contact/via can be damaged by displacement of a track that
forms the overlap as shown in fig. 8(a). This does not necessarily violate any of
the minimum separation design rules and so is not picked up by the standard
checking routine.

¢ Wire Thinning and Breaks.
The displacement of a track can cause thinning at the track corner as shown
in fig. 8(b). A more serious and related problem can occur at a branch point
of a wire. The track can be displaced as shown in fig. 8(c) causing a break in
the connectivity and an almost certain circuit fault. Neither of these condition
necessarily violates the design rules as defined by the algorithm of figure 7.

To determine whether a displacement is legal, the side opposite from the direction
of segment displacement is checked to ensure that it is not in contact with any other
box of the same layer type as itself. If it does touch, then that displacement would
cause a thinning or breaking of a wire and is therefore rejected. A similar test is
performed to determine whether the overlap would be damaged. If the segment
touches any of same layer geometry inside the area occupied by the contact overlap
the displacement is rejected. The overlap area is defined by the GDRs.



5 Track Displacement Applied to a Layout Cell

A track displacement LDR was applied to the metal layer of the cell given in figure 9,
which is part of an adder circuit, generated using the STICKS [10] circuit compacter.
Layout with for 1, 2, ..., 6 iterations of track displacement were produced using the
LocDes program. The resulting layout for 6 iterations is given in figure 10. All six
layouts were simulated using a Monte Carlo simulator, the results of these simulations
are given in figure 11, as the fault size versus the percentage change in fault occurrence.
The increase in faults greater than approximately 3.5 x the minimum defect size is
due to the fact that when a track is displaced away from layout geometry it is also
displaced towards other geometry, increasing the probability of a short from a larger
defect.

Figure 9: Random Logic Cell

The results of the simulations combined with a defect size distribution for shorts

of (Defect s (9] give a measure of the reduction in all metal 1 short faults for a

cell with traci( displacement LDRs, this is shown in figure 12. These results indicated

that the number of faults per unit area can be reduced to less than 90% of the original

value by using more than two iterations of the track displacement LDR on the layout
of figure 9.

6 Conclusions

It has been suggested that the yield of IC layout is locally non-optimum and that
the yield can be increase by more effective use of device area. We have argued
that a more optimum position for tracks is achieved where the track is equidistant
from neighbouring geometry. An algorithm to displace tracks to this more optimum

9



Figure 10: Random Logic Cell After 6 Track Displacement LDR Iterations

position has been presented. Results from simulation of a layout cell to which the
track displacement algorithm has been applied suggest that a reduction in the number
of metal faults(shorts) in the order of 10% can be obtained for at least some layouts.
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Abstract

This paper introduces the concept of Local Design Rules. These are IC
layout rules that define the optimum feature size and spacing in relation to the
surrounding geometry and are used to increase the yield of ICs. The impact of
these rules on the performance and reliability of ICs is discussed. Algorithms
that enable the automatic application of track displacement, track width and
contact size local design rules to IC layout are presented. Simulation results
are provided for some layout examples.
Keywords: Local design rules, yield improvement, CAD, layout.

1 Introduction

The layout of integrated circuits is bound by a set of design rules. These rules,
determine the minimum size and spacing of all layers of the circuit geometry in an
attempt to maximize the yield, performnance and reliability. There are occasions
when specialist circuit parts, such as RAM, use a different set of design rules that
have been optimized for that particular circuit type. However, normally the design
rules are applied over the whole of layout area and will therefore be referred to as
Global Design Rules (GDR).

The GDRs have been optimized to give good layout from a single global set of
rules but are not necessarily optimized for the local,layout conditions. For example,
the conductor width and contact size can have a significant effect on the yield of a
circuit [?, 7, ?]. Under certain local conditions, where there has been incomplete
use of the surrounding area, it would be advantageous to adjust the conductor width
and contact size ! to greater than the global norm. Wider tracks and larger contacts

!Larger contacts, particularly those increased in both the X and Y direction, may require an
increase in the overlap of the contact. This avoids problems that may be created with over etch of
large contacts in a process optimized for the minimum contact and via size.



have a higher vield, if they are sufficiently distant from other geometry. It is also
possible to displace track away from neighboring geometry to increase the separation
and thus the possibility of shorts. The Local Design Rules (LDR) define the best
values of track width, contact size/overlap in relation to the local layout conditions.

The global rules determine minimum size and spacing and hold over the whole
design, but these rules should not be used to determine the maximum feature size
of circuit components.- While it is valid to attempt an initial layout with minimum
sizes to reduce the circuit area, once the area has been defined the best use of any
redundant space should be made.

There are a number of potential layout changes that can be made,

e Track displacement.

e Increased contact size or number of contacts.
e Increased contact overlap.

e Increased track width.

It is suggested that the yield of circuits fabricated using layout generated from
a GDR set can be increased by searching for instances of local non-optimal layout,
applying a LDR set and adjusting the layout to meet.the new design rules. The use
of automated layout generation and compaction produces designs that are less dense
than traditional hand-crafted layout and give greater scope for yield enhancement
with LDRs.

Applying LDRs by hand is too time consuming and prone to error. To address
this problem a program (LocDes) acting as a post-processor of Caltech Intermediate
Format (CIF) layout has been developed. This uses the GDR layout to produce
an enhanced circuit layout, with the same function and performance specifications
but with a higher yield. A more efficient approach would be to use a higher level of
abstraction than provided by CIF, this would require the issue of yield to be addressed
earlier in the design cycle(?].

While it is intended that the yield of the resulting layout will be greater than
the initial GDR layout, this can only be guaranteed if the fabrication process is
understood well enough to ensure that the LDRs are an accurate reflection of the
relative yield of the layout options under test. That is, no changes are made to the
layout except where there is good evidence to suggest that a higher yield can be
obtained.

2 Defining the Local Design Rules.

Local design rules are used to determine where changes in layout generated from GDR
sets should be performed. LDRs do not define minimum widths and separations, since
this is already done by the GDRs. Their purpose is to define maximum feature sizes,
in relation to the available space around the geometry under consideration. The LDRs
are derived from a comparison of the yields of a number of layout options.



The complete definition of the LDRs requires a greater knowledge of the process
than the GDRs, since the problem is no longer a “simple” matter of finding one rule
set to maximize yield of regular test structures. Rules to determine the optimum
layout in a variety of situations need to be determined. This in practical terms means
that it must be known where an increase in track width or contact size will result
in an increase in yield, since associated with these adjustments is a reduction in
track separation. The information required can be found using test structures as is
the normal procedure for GDR generation. This will require a greater range of test
structures, but there may be sufficient information to make a first approximation of
LDRs from the results of test structures designed to determine GDRs.

2.1 LDRs from Defect Size and Distribution.

Yield simulation with defect size and distribution data[?, ?, ?] obtained from test
structures(?, ?] can, for example, be used to determine where a change in conductor
width will increase the overall yield. The number of faults that are the result of
shorts between nodes is increased by widening the conductors but the number caused
by breaks is reduced. If the overall number of faults can be decreased then there will
be a corresponding increase in yield.

A number of LDRs can be derived from the results of the simulation, depending
on the sophistication of the simulator available.

3 Performance

It is important that any changes that result from the application of LDRs to a layout
do not cause a degradation in performance of the circuit. For this reason no changes
that affect the size of active devices should be made. The effects of changes in track
width, separation, contact and substrate contact size must be considered.

Increased contact size.
Increased contact/via size will result in a decreased contact resistance and in-
creased overlap capacitance. The effect of overlap capacitance can be neglected
because it is effectively shorted by the contact; the RC product will therefore
be reduced in line with any reduction in the total contact resistance [?].

Increased substrate contact size can take place where the contact is sufficiently
distant from active devices. Since they are not used to pass signals there will
be no effect on performance of the circuit.

In many GDRs it is recommended that a number of small contacts are preferred
to one large contact. Once contacts reach an appropriate size they can be split
to accommodate this rule.

Track displacement.
The displacement of tracks in general results in a longer track, with an increase
in RC. This should not be a problem for metal tracks since the increase is small



and, except for very long lines, the main resistive components in interconnect
are the contacts to other layers. However, for the more resistive polysilicon
tracks care should be taken with critical circuit parts.

Increased track width.
[ncreased track width will cause an increase the capacitance of the circuit but
will also decrease the resistance of the circuit. The RC product will be reduced
because the fringe capacitance, which, for narrow tracks is a significant fraction
of the total, is not increased. Capacitance between tracks on the same conductor
level will not be larger than that allowed for in the GDRs.

There is a possibility of greater cross talk where the capacitance between
crossovers is increased. This can be avoided by ensuring that overlapping ge-
ometry, not forming a single electrical node, remains unaltered.

If timing paths are critical this must be taken into consideration when layout
adjustments are performed. For example fan out from a single inverter may require
that the signal reaches the input to the next gates simultaneously. The interconnect
forming these time critical paths will require special treatment.

3.1 Reliability

The reliability of a component is also of importance. There is little point in increasing
yield at the price of the component reliability. The reliability of the circuits optimized
using LDRs can also be improved. This requires that when the LDRs are calculated
-reliability issues are taken into account and that no layout change is made that would
cause yield or reliability to be reduced.

There are occasions when high reliability is of greater importance than yield and
LDR sets that increase reliability at the expense of yield can be developed.

4 The LocDes Program

The program takes the original layout, in CIF format, and processes it using a set
of LDRs. It is basically a design rule checker that attempts small changes in layout
based on the LDRs, accepting only those changes that do not violate any of the global
or other local design rules.

The program uses a heuristic algorithm, that makes adjustments iteratively, such
that changes in layout geometry occur in a number of small steps with attempts to
change other neighboring geometry before any further change. This is to ensure that
there is an even application of LDRs since a large number of small changes evenly
applied give greater yield improvement than a small number of large changes. While
this will not necessarily give the optimal layout, it will produce a good approximation
to it in a reasonable time.




4.1 Algorithms

The following (simplified) algorithms[?, ?] are used by the program to adjust layout.
The program assumes that the original layout has been passed by a design rule checker
so that rule checking of adjusted layout is limited to the interaction of the adjusted
geometry box and the immediate environment.

4.1.1 Increase Track Width

The widths of tracks can be increased where local and global design rules permit.
This will reduce the probability that a track will break when fabricated; it will also
increase the risk of shorts between adjoining tracks. Many 2 MOS processes will have
greater yield loss from shorts than from breaks so care must be taken in defining track
width LDRs.

A small example layout is shown in figure 1(a). The bottom metal track has a track
width LDR applied to it. The track is split into segments (figure 1(b)), each segment
is tested in turn. If there is space above or below the segment greater than that
required for the GDR and the LDR separation a new wider segment is generated. All
the design rules for the new larger segment are checked and if there are no violations
the change in width is accepted (figure 1(c)). The resulting segments are then merged
together (figure 1(d)). The algorithm used can be expressed as shown in figure 2.

4.1.2 Increase Contact Size

Yield loss from contacts can be a significant proportion of total yield loss. Using
larger contacts where there is available space can reduce this loss. Where contacts
are increased the overlap layers must also be adjusted to at least the minimum overlap.
This will give rise to some yield loss due to an increase in the probability of shorts
between these layers and the surrounding layout geometry.

An example contact layout is given in figure 3(a). An LDR adjustment has been
applied to this contact to give figs 3(b) and 3(c). A contact can be increased in four
directions (+ X and Y) with the directions being tested in turn to determine if an
adjustment can be made. In order for a contact change to be acceptable each of the
layers forming the contact must be checked to ensure that there is sufficient space
to extend them without design rule violations. If all layers can be suitably modified
then the contact and corresponding overlap layers are extended. Further attempts to
increase the contact, can be attempted after the same procedure has been applied to
the other contacts in the layout. The algorithm used is given in fig 4.

4.1.3 Track Displacement

In a mature process a serious cause of yield loss can be shorts between metal tracks.
This loss can be reduced, sometimes by a significant amount, by displacing tracks

2No two fabrication processes are identical but there are features common to many mature
production lines. Process that are at an early stage of development will often exhibit unique sources
of yield loss
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Figure 1: Application of Track Width LDR

Procedure WidthLDR Track
begin
Split Track into Segments (see fig. 1(b)).
for all Segments do {
if ( Space Above Segment >= LDR + GDR) AND
( DesignRuleCheck = OK ) then Increase Segment Size (Top).
if ( Space Below Segment >= LDR + GDR) AND
( DesignRuleCheck = OK ) then Increase Segment Size (Bottom).
}

Merge Segments (see fig. 1(d)).
end

Figure 2: Algorithm for Track Width LDR
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Figure 3: Application of Track Contact LDR

Procedure TryChangeContact Contact
begin
for all possible Directions do {/* +X -X +Y -Y. */
Success=FALSE.
for all Layers forming Contact do { /* Contact, Metal, Poly etc. */
if Space In Direction for Layer >= LDR|[Layer] + GDR|[Layer])
AND (DesignRuleCheck = OK ) then Success=TRUE.
else { .
Success=FALSE.
Exit Layer for Loop. /* Failed */
} .
}

if Success= TRUE then Increase Contact in Direction.

}

end

Figure 4: Algorithm for Contact LDR

~1



away from surrounding geometry where space permits.

Figure 5(a) gives an example of the top metal track being displaced using the
algorithm of figure 6. The track is first split into segments. Where there are crossovers
with design rules determining minimum edge separation, larger segments equal to the
width of the crossover track plus two edge separations and two associated segments
are formed as shown in figure 5(b). This is the minimum length of track that can be
displaced at the crossover without rule violation.

The first and last segments are fixed, which ensures that external connections to
the layout will remain correct. Each of the other segments is examined in turn to
determine if they can be moved. Normally a segment would be marked for a move
when there is more space available on one side of the segment than the other, with the
proviso that the displaced segment does not violate any design rules. If a “crossover”
segment is marked for displacement, it is divided into three. The sub-segments at
either end are the same size as the normal segments with middle part being equal
to the remainder of the “crossover”. segment defined above (figure 5(c)). This is
to ensure that during displacement the track width is not extended at the crossover
point. This procedure is only implemented if there are GDRs associated with edge
separation. The marked segments are then collected into groups of continuous lengths
of track that can be moved in the same direction. All of the blocks that are greater
than a minimum length are displaced. This minimum, normally greater than the
GDR minimum track width, ensures that displacements of very short lengths of track
that provide no yield improvement are excluded. The displacement is performed by
extending the first and last segments of the block in the displacement direction and
displacing, by the same amount, the remaining block segments (figure 5(d)). The
resulting segments are then merged together to give the final layout (figure 5(e)).

4.2 Layout Data Structure

The execution time of these algorithms is heavily dependent on the internal orga-
nization of the layout geometry. A spatial data structure capable of representing
IC layout in a space efficient manner with a fast method for identifying neighboring
geometry is essential.

e Space Efficiency.
The amount of data to be manipulated depends on the circuit layout. Since the
layout hierarchy must be flattened, a small CIF file can result in a very large
amount of layout data.

¢ Fast Region search.
The program makes a large number of region searches to determine the position
of neighboring geometry. The amount of geometry within the region of design
rule interaction is very small in comparison to the total. It is important that
this geometry be found efficiently.
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Procedure DisplaceLDR Track
begin
Split Track into Segments. /* small segments and crossovers */
for all Segments except first and last do {
if CheckMoveUpOK then Mark Segment Up. -
else if CheckMoveDownOK then Mark Segment Down.
if Segment is Crossover AND is Marked then ,
Split Up Segment to give normal Segment on each end (See fig. 5(d)).
}
for all Segments except first and last do {
if Segment Mark Up then Add to Current Block.
else if Current Block NOT Empty then Make new Current Block.

}

for all Segments except first and last do {
if Segment Mark Down then Add to Current Block.
else if Current Block NOT Empty then Make new Current Block.

}
for all Blocks do {

if Block >= minimum movable size then {
for all Segments in Block do {

if first OR last Segment in Block
then Extent Segment by Displacement LDR in Mark Direction.

else Displace Segment by Displacement LDR in Mark Direction.

}
}

}
Merge Segments into Track (see fig. 5(e)).

end

Figure 6: Algorithm for Track Displacement LDR
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4.2.1 The Adaptive Multiple Storage Binary Tree

- There are a number of well known methods of representing mask-level physical lay-
out. These are 1mportant in many applications, with the most notable being circuit
compaction.
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Figure 7: Mask Layout and Data Structure

The spatial data structure chosen was the Multiple Storage(MS) binary tree which
is a variant of the MS-quad tree [?]. It is more properly described as an adaptive
multiple storage binary tree and is identical to the MS-quad tree, except that each
node points to two further node/leaf structures rather than four. This simplifies the
algorithm, and has no significant effect on execution time or memory requirement.

The MS-tree stores the layout geometry (rectangles) in a tree structure. Each
node represents an area and can either point to two sub-areas or contain an array of
references to all the geometry in that area, in which case it is a leaf cell. If a new item
is added to a leaf cell and the reference array is already full, the area is split and all
items in the existing array are repositioned in the appropriate sub-area leaf arrays.

If geometry straddles more than one area defined by a leaf cell, each leaf stores a
copy of the reference to it. This does not uses as much memory as might be thought
at first sight, as only the index or pointer to the geometry is stored. The geometry
itself is stored in a dynamic array and referenced by an index. In fact the MS-quad
tree has about the same memory usage as the bisector list quad tree [?], a simpler
data structure and faster execution time [?].

Each physical mask layer is stored in a separate dynamic array and an associated
binary tree that references by indexes the data stored in the array. An example of a
mask layout is given in figure 7 with the resulting data structure.
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Figure 8: Reference Array Optimization

The size of the reference array has a marked affect on the efficiency of the program.
The optimum value was determined experimentally (figure 8).

4.3 Large Circuit Layouts

Even using the most efficient data structures there will always be circuit designs that
are too large to be processed in one piece. If circuit layout exceeds a specified limit, the
program divides the layout into a number of segments. The layout can be processed in
1,2,n%? n=2, 3, .., segments depending on the size of design. Each segment overlaps
with its neighbors to at least twice the maximum design rule operating distance, to
ensure global and local design rules are not violated. All the individual segments are
processed, the overlaps deleted and the results appended to a single output file.

4.3.1 Distributed Processing

To reduce the time taken by the program to process large circuits the program includes
a facility to use multiple hosts to process a single circuit layout.

Segments are assigned to remote hosts to be processed. Only one segment is
assigned to each host. If there are more segments than available hosts, the controlling
host waits until a remote host has finished processing its segment, before sending
another one. Thus it is possible to use as many remote hosts as there are segments,
or to use a limited number of hosts efficiently, each processing only one segment at a
time. The results generated by the remote hosts are sent back to the controlling host
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where they are merged to form the final result.

4.3.2 Execution Time

The LocDes program execution time is dependent on both the specific layout and the
design rules. Average execution times gives per Sun 4/60 CPU second, 180 attempted
contact changes or 1.5mm length of track checked for displacement or width increase.
. Since as many as four iterations are required for the best results, the total execution
time can be a number of hours for large circuits.

4.3.83 User Interface

The LocDes program has been provided with X window user interface (figure 9), that
allows the user to apply LDRs to individually selected pieces of circuit geometry. In
this case LDRs have been applied to one track and a contact. It should be noted that
for this track displacements the GDRs have not required an edge separation with the
underlying polysilicon. The interface was built using ET++[?], an object oriented
application framework, implemented in C++. This enabled a menu driven interface
to be built in a very short time.

This type of tool can be used to apply LDRs to the layout of individual cells
forming the database of a cell based automated layout tool. The application of LDRs
can be controlled to avoid design rule violation across cell boundaries and can ensure
that there will be no performance degradation of the resulting cell. This is done
by applying LDRs selectively within the cell boundary keeping all geometry changes
within the original GDR envelope and taking care that changes, along the critical
path, do not result in a deterioration of performance.

5 Results

The effectiveness of LDRs is highly process and to some degree circuit dependent.
They are best suited for fabrication processes that have,

e yield loss from shorts between tracks,
e yield loss due to poor contacts,
e yield loss from metal breaks.

The LDR approach is ideally suited to circuits that are, digital in nature, with ineffi-
cient layout eg. from automated cell layout and circuit compactors. Significant gains
can be made where there is volume production of the circuit.

5.1 Change in Track Width

The result of a Monte Carlo simulation of yield of metal 1 stage for a dynamic
shift register cell, generated using the STICKS [?] circuit compacter give the results

13
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Figure 10: Percentage Change in Faults for Metal 1 LDR

shown in figure 10. This gives the percentage change in the number of faults after
the application of a LDR. The rule can be expressed as: Metal 1 is increased up to
1.5x minimum metal 1 width so long as 1.5x minimum separation is kept between
unrelated metal 1 and no GDRs, involving metal 1 with any layer, are violated.

The graph indicates that the probability of a spot defect causing a break can be
reduced by applying this LDR. The data combined with the process defect size and
distribution for metal 1, is used to determine if the LDR circuit will have a higher
yield when fabricated with that process.

Monte Carlo simulations are CPU intensive, so a more efficient approach would
be to use an analytical yield simulator such as RYE [?].

5.2 Change in Contact Size

The LDRs for contacts allow for bigger contacts. As an example table 1 gives the
results of application of five iterations of a single LDR to a mixed logic circuit and a
PLA. Each iteration attempts to increase the contacts size in four directions (ie. £X
and £Y) by 1/6th of the minimum contact size. The LDR can be stated as: Contacts
are increased in size, so long as there is no violation of any GDRs including those
- governing contact overlap. More complex LDRs involving contact size and overlap
can be evolved to accommodate problems associated with over etch of large contacts
cuts. ‘

The table lists the percentage of total contacts that were increased in a number
of directions per iteration. The results show that a large percentage of contacts can
be increased in size without violating GDRs, and that this percentage varies with the
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Contact Changes Per Iteration (%)

Mixed Logic

Number of Changes in £X/Y

Iteration | 0 1 2 3 4
Ist 43 119.5|31.6|31.0] 13.6
2nd 129 136.3 | 28.9 196 | 2.3
3rd 2251383228151 | 1.3
4th 29.6 1 40.5 12221 6.8 | 1.0
5th 354 140.8 | 17.7 ] 6.1 | 0.0

PLA
Number of Changes in £ X/Y
[teration | 0 1 2 3 4
Ist 0.0 | 15.1]30.2|41.5] 13.2
2nd 1.9 |19.8 358|321 10.4
3rd 2.8 1236|368 (264104
4th 2.8 127.4(39.6 198|104
5th 6.6 {25.5]41.5|16.0 | 10.4

Table 1: Percentage of contact changes in each iteration of a contact LDR
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type of circuit. As in section 5.1 above, the usefulness of these result depends on the
fabrication process.

5.3 Track Displacement LDR -

The LDRs for track displacement allow tracks to use any available space to increase
their separation. When a track is displaced, the moved track length can be tested to
determine if a further movement of parts of that segment is possible. The nesting of
track displacement can be continued to as many levels as required. Figure 11 gives
Monte Carlo yield simulations results for a CMOS cell (figure ?7), with up to 6 levels
of nesting.

The results of the simulation combined with a defect size distribution for shorts
of (Defec—:sm)a' [?] give a measure of the reduction in all metal 1 shorts for a cell with
track displacement LDRs. Figure 12 shows that the number of defects per unit area

can be reduced to less than 90% of the original value by using the layout in figure ??.

6 Conclusions

It has been suggested that the yield of a typical IC layout is not necessarily optimum.
The yield can be increased by more effective use of silicon area through the application
of local design rules to layouts that have been generated from the normal “global”
design rules. These rules, which are dependent on the fabrication process, can be
found using test structures and the results of yield simulation with defect size and
distribution data. "

Local design rules can be used to increase the yield in processes that suffer from
conductor shorts, contacts problems and conductor breaks, though extension to the
present work may bring about increases in yield from other types of layout manipu-
lation e.g. displacement of contacts.

The proposed use of LDRs has indicated that its application can increase the yield
of circuits which makes it a valuable addition to the circuit designer’s toolkit.
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