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Foreword

This book was produced as a result of the 1978 Summer Program of the LSl Systems Area of
Xerox Palo Alto Research Center (PARC). This program involved the participation of summer
employees Bob Baldwin (undergraduate at MIT), Peter Dobrowolski (master’s student at UC
Berkeley). Bob Hon (Ph.ID. student at Carnegie-Mellon Universily), and Steve Trimberger (Ph.D.
student at UC Irvine). These students and our consultants Carlo Sequin (professor at UC Berkeley),
Carver Mead (professor al Callech), and Jim Rowson and Dave Johannsen (Ph.D. students at
Caltech) have spent the summer working with us on various aspects of integrated systems design
and implementation, including a mulli-project chip and this document. Xerox employees who
participated in the program include Rick Davies (General Sciences Lab), Maureen Stone (Advanced
Systems Department), and our own group members Lynn Conway, Doug Fairbairn, Dick Lyon, and

Wayne Wilner.

In spite of the difficulty of working on a short schedule with people of widely differing
backgrounds, co-editors Bob Hon and Carlo Sequin have managed to produce this timely document,
to help bring integrated system capability to a wide range of users, including universities. Bob Hon,
the principal author, has collected considerable relevant information about current patterning and
fabrication technologics, and prospects for future changes that readers should be aware of; he also
personally carried the PARC summer-1978 multi-project chip from individual project designs

through maskmaking, and arranged for subscquent processing,

The other three students cooperated in the writing of this book by contributing sections, and
became involved in the multi-project chip by producing project designs and by helping with design
tools. Bob Baldwin assisted in cstablishing a cell library, designing two projects, writing design
conversion software, and documenting his work in scctions of this book. Steve Trimberger is
building our new design system, and has built some of our cxisling tools; he has provided the
writeup on automated design systems, and designed a project with the aid of a hybrid of our
graphical layout system and a general purpose programming language. Peter 1')0br0wuléki designed
and built some IC test hardware for us this summer, and wrote the book section which summarizes
testing strategies: in addition, his chip Aprojccl illustrates the use of PLA's for a novel bit-staggered

timing scheme for fast arithmetic funclions.

Rick Davics provided (he section on process test patterns, documenting his project on the chip.
Maurcen Stone wrote a section on symbolic layout languages and the appendix on ICLIC. Within

our own group, Wayne Wilner has described the problem of design rule checking, and Dick Lyon



il

has provided the section on circuit simulation,

Carver Mead provided important technical advice and encouragement. Lynn Conway (manager of
our 1.81 Systems Area) provided the drive that it took o make (his book happen. She and Carver

have recently written the book Introduction to VLSI Systeins, which is assumed to be available as a

reference with this document.

Richard F. Lyon
Douglas G. Fairbairn

The authors would like to acknowledge the help of Dick Lyon, who spent considerable time

working on this document as the final deadline approached.

Bob Hon

Carlo Sequin



1. The New IC Designer

Traditionally the design and development of integrated circuits (IC's) has been the domain of
specialists with substantial training in this "art”. With the emergence of more powerful computer
aids and of reasonably standardized IC processing techniques, 1C design can be simplified to the
point where it becomes a routine engineering step in the development of a special purpose system.
MOS devices are particularly simple and straightforward as long as one stays away from the
smallest geometries feasible, With reasonable, relaxed design rules the performance of standard
MOS circuit blocks such as inverters, pass gates, buffers, NOR gates and compuosites of these blocks
become as predictable as TTL circuits. Using a structured design approach, such as the one
promoted by Mcad and Conway in Introduction to VLSI Systems [Mcad 1978], it is possible for
people with only a ‘minimal understanding of the device physics of a MOS transistor o produce
operational integrated circuits of substantial size. Thus, a systems designer can now sit in front of
an interactive graphics terminal and produce the layouts of a set of masks for a special purpose
integrated circuit. Such personalized IC's can greatly enhance the functionality of the system o be
built or alternatively may dramatically reduce the total chip count for a system of given

specifications.

In such a venture it is often not important to produce an integrated circuit of the highest layout
density or of the highest performance, which could only be oblained by pushing the limits of
present-day technology. Normally the main concern is to get a properly working chip with the
shortest possible turnaround time. It is here that effective design tools and, even more importantly,
the proper design methodology, are crucial. These issues are discussed in Introduction to VLSI
Systems. The second, equally important part is to get the 1C designs implemented. In an
environment that is not alrcady set up to produce custom-designed IC's as a routine step, the
designer himself often has to be the driving force behind the implementation of the first few 1C's.
In this situation many months arc oflen wasted because of unsuitable preparation or unavailability
of the necessary information, leading to frustrating delays in the project schedules and to
abandoning the custom-made IC approach altogether. These are problems that we hope this

document will prevent.

Converling an integrated circuit design into a finished, packaged, and tested chip is more a time
consuming task than a difticult one. Dozens of important details have to be observed Lo prevent

disasters or costly delays. Up to this point a concise description of the specific details and necessary .
steps has not been available. Specific information had 1o be gathcred from scatlered sources

including personal interviews with "old hands in the trade”.
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This document is intended to be a guide along the entire path from the design of the layout of the
integrated circuit, through mask gencration, IC wafer fabrication, and chip packaging to the testing
of the finished circuits. hmportant decision puoints and potential pitfalls along the way are clearly

spelled out.

Often several IC designs will be combined into a single multi-project chip.  In this manner the cost
of mask gencration and wafer fabrication, as well as the organizational overhead involved in
pushing the future IC through all critical stages can be shared among a larger group of people. In
an academic or research environment this coordination of several experiments into one IC project is
particularly important, so that not every student has (o worry about all of the details of mask and
wafer processing. Certain features such as test patterns o measure device performance, alignment
marks, and chip separation lines (scribe lines) can be standardized and re-used in subsequent multi-
project chips. Sticking to the same features, similar basic chip formats and established procedures
to generate the multi-project chips will help to streamline this process and enhance the chance for
satisfactory results. Someone, thercfore, will have to act as a coordinalor. His or her first task will
be to merge the different files describing the various IC designs with the starting frame containing
the mentioned standard features. He will then interact with the mask house and the fabrication
line, making sure that both places have all the information that they need and that there is no
misunderstanding in what they are expected to do. In order to avoid unnecessary delays he should
constantly keep track of the state of the project and try to effect smooth interactions between the
various parties involved. This includes hand-carrying the magnetic tape with the designs from the
research site to the mask house, the set of working plates from the mask house to the fabrication
fine, finished wafers from the fab line to the dicing and bonding station, and finally a number of
packaged chips to the testing area. This document describes the real-life problems and details
which the coordinator must be aware of to effectively carry -out these tasks. DBut even the
occasional designer of an individual 1C should be aware of the overall process, so that he or she
may better understand certain implications on their own aclivity. As with any other system
implementation technology, the Lypes of design aids and the methods of fabrication impact the type
and quality of design which is done. The most cffective systems designers will therefore
understand at least the basic aspects of design aids and checking lools as well as mask and wafer

fabrication.

Chaplers 2 through 6 outline the basic path from IC design to the finished product. Chapters 2, 3
and 6 should be studied even by people who never dream of becoming coordinators of multi-

project chips, since they set the stage for proper 1C design.  For the coordinator chapters 4 and 5
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are absolutely vital, Chapter 7 gives an example of a multi-project chip produced at Xerox PARC
during the summer of 1978. It carried 10 experiments including a wide range of logic, arithmetic
and memory circuits and a lest pattern.  Appendix A contains a listing of the instructions sent 10

the mask house concerning this particular chip.

Throughout the text ifalics are used to introduce vocabulary which the designer should know. No
attempt is made to tabulate precise definitions of terms, but enough inforination can be inferred
from the context that the reader can search for more details if necessary.  Appendix F provides
pointers to in-depth articles and texts covering particular aspects of IC implementation. Integrated
circuit manufacturers can often provide valuable information and insight into most phases of IC
implementation; Appendix B is a listing of some that we have dealt with. It is by no means

exhaustive, and the reader should not hesitate to make his own contacts where possible.



2. IC Design Tools

The key to fast-turnaround integrated circuit design is the emergence of powerful tools which
make it possible for the designer to be assisted by computers in an effective manner. To enter his
ideas into the design system, suitable interactive graphics terminals have become available, As
another option, layout languages are being developed which one day will provide a means to enter
designs in a symbolic manner at a rather high level of abstraction. Displays and plots of the
various mask levels of an 1C are important to close the interactive loop beiween man and machine,
and are indispensable in the final debugging phase. There are additivnal ways in which the
computer can assist the designer, A "mechanical” check for design rule violations helps eliminate
potential problem spots in the fabrication of IC's. Circuit and logic simulation can be used to
predict the performa}lce of critical parts of the circuit and to test the correctness and the timing on
a larger scale, respectively. Further, the computer can be a tremendous help in the management

of the large amount of information associated with an IC design.

This chapter provides an overview of the types of {ools available and under devclopment. It also
tries to bring out the point that, with only little expense and effort, a minimal set of tools can be

acquired that makes IC design possible.
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2.1 Automated Design  Aids ,
[section contributed by Stephen Trimberger. UC Irvine]

The role of a design aid is to reduce errors and design time. ‘Therefore, a design aid should first
attack tedious and crror-prone aspects of design.  In addition, the design aid should present the
design 1o the designer so that he can catch errors.  Rather than have a compuier take over the
entire design task, the design cffort should be a cooperative one between the designer and the
design aid, in which the design aid relieves (he tedious and cexacting chores, giving the designer

more time to do what he does best: design.

2.1.1 Plotting

A necessary design aid in any design environment is hardcopy output. Checkplots are absotutely
essential to reduce the number of errors in 1C layouts. . They enable the designer to graphically
check alignment and positioning to catch design rule errors as well as typographical and logical
errors in the design. Such checks cannot be made from examination of CIF code (Caltech

Intermediate Form -- see chapter 4 of [Mead 1978]). See section 2.3 for more on checking.

Good checkplots must distinguish between mask layers and show their overlaps. Checkplots with
filled-in rectangles clearly show the overlap of layers in the circuit. Filled-in color checkplots are
ideal because of their high information density, but plotiers of this type arc new and fairly
expensive. Color line-drawing plotters are nearly as good, especially if the layers are "hatched" in
the appropriate color to show the interior of boxes. Icarus’s stipples [Fairbairn 1978]'. gray-pattern
shading, or differently hatched rectangles can be used in a black-and-whitc environment to

distinguish between layers.

Usable checkplots of low resolution can be obtained from an ordinary lineprinter, using different
characters to represent different layers and separate characters or overstruck characters to show
overlapping layers [Gibson 1976, Larsen 1978].  Storage-tube displays (sometimes with hardcopy
units) are often used 1o display 1C designs, but in a complicated design it is difficult to visualize
overlapped arcas from outlines. 'Their advantages are fast response, relatively small expense and

short development time.
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2.1.2 Implementation of a Basic Design Aid System

A minimum IC design syslem might consist of a text editor to enter a design in CIF code, and
checkplot-generation routines to view the design on the lineprinter.  Although this may sound
tedious to those who have used high-powered CAD systems, this method of IC layout has been
used with acceptable results. However, for just a small investment of time, a much nicer layout

system can be had.

2.1.3 Implementation of a Better Design Aid System

CIF code was not intended to be used as an IC design language, and so it is nol oriented to a
human operator. A more efficient, human-oriented method is needed to enter designs into the
CAD system. There are essentially two ways to build a more efficient system, each of which
addresses a different class of problems in IC design. A more powerful design language reduces
problems of relative positioning of objects and an interactive graphic system reduces problems of
coordinate entry and editing. The implementation of a design language may initially appear to be
a monumental task. However, if approached in the correct manner, for example by embedding it
in an existing language, it can be developed in a few months, This cffort is well spent, since such
a language can serve as an extremely powerful and satisfying design tool. An interactive graphic
system requires more hardware and more complex software, but such a system can reduce the
circuit design time greatly, since even the initial sketches arc made directly within the CAD

system.

2.1.4 Layout Language

Many errors in IC design stem from mis-positioning of objects due to the movement of adjacent
objects. ‘The mis-positioning problem could be avoided if there were facilities in the language for
parameterization of objects, for example, basing the position or size of one object on the position
or size of another. This is similar to passing parameters to a procedure in a programming
language. In addition, it would be nice to specify a shift register by the number of bits, or a PLA
by its program. ‘This requires loops and conditional statements in the layout language: the
addition of such features makes the layout language look a lot like a general programming

language.

An easy way to get a powerful layout language is to implement the CIF commands of drawing a

box, wire, symbol and so forth as procedure calls in your favorite programming language. Then,



A Guide 1o LSI Implementation 7

you can use the enlire power of FORTRAN, PASCAL, SIMULA O WHATEVER to do the conditionals,
the loops, the parameterization of the geometry and any other special constructs that might be
necessary or convenient. Severat systems of this (ype have been buill, and their advantages include
short lead time to a very powerful system as well as infinite cxpandability and an incredible
richness of language [l.ocanthi 1978]. This type of language is recommended as an initial design

system. More specifics on layout languages are found in section 2.2.

2.1.5 Graphic Input

There are two ways to gel graphic designs like 1C layouts into a computer without typing numbers,
by digitizing hand drawings and by drawing the design directly into the computer with an
interactive graphic é}stcm. Digitizing starts with a clean scale drawing of the layout, which is
entered by an operator using a digitizing table or camera; it is less prone to errors than typing
numbers, but leaves the tedious task of editing the design to the layout person with pencil and

eraser. These tasks are performed more easily with an interactive graphic system.

A special purpose interactive graphic editor, engineered for the special needs of IC layout, is a
most effeclive design tool. [deally it should be as easy 1o use as paper and pencil, yet directly
produce precise layouts on a specified grid. An interactive graphic editor enables the designer to
cxperiment with a number of possible designs quickly, shortening the design time immensely

[Fairbairn 1978].

Unfortunately, the ideal system is not yet commercially available, and to develop such a system on
your own is a substantial task. The necessary hardware includes a pointing device with which to
draw the layout, and a graphic display to show the design as it is being entered, allowing the
designer to instantly correct any errors that occur. A discussion of pointing devices and graphic
displays can be found in [Newman 1973}. Even with a good display and pointing device, it is

difficult, for example, to route long wires around a complicated design.

2.1.6 Considerations for an Advanced IC Design System

An unaided graphic system cannot easily handle parameterization and conditional placements. On
the other hand, layout languages have the problem of tedious cell layout. Clearly, the ultimate 1C
design system should allow both interactive graphics and programmatical positioning of objects.
An ideal system would have a near instantancous response from a change in the layout program to

a change on the layout graphics and vice versa. and have both representations interactively
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displayed on a high-resolution video display.

An important idea in design systems is the concept of hierarchical or structured design -- dividing
the given problem into morce easily handled subproblems. This cuts down the amount of
information the human designer must handle at one lime in order to solve the design problem. In
IC design, the clements of the hierarchy are called cells or symbols. An instance, or "use” of a cell
can be embedded within another cell, meaning that the contents of the cell are supposed to be
inserted into the design at that point (see section 2.2). Instances of cells arc embedded in other
cells much the same way procedure calls are embedded within other procedures in a programming
language. This hierarchical design guarantees that all instances of a cell are correct, provided the

original cell is correcl.

Multiple representations allow the designer to include in the description of a cell all the
information relevant to that cell, enabling him to describe cells graphically or programmaticaily or
any one of a number of different ways. Thus an integrated circuit can be viewed as a mask layout,
a stick diagram, a functional description, an electronic circuit, text documentation, and so forth. It

is important to keep this information together because no one piece adequatcly describes the cell.

Representations can be generated from one another, thereby ensuring that the circuit that was sent
to the circuil simulation program, for example, was indeed the same circuit that appeared on the
mask. It would aid the designer greatly if he could visualize the cell with all its representations as
a unit, but it adds tremendously to the expandability of the system if each rcprcscntaiion data
piece is implemented independently of the other representations because we cannot now foresee
what design concepts will be available in the future. For this reason, the design database should

be flexible enough to accommodate new, as yet unspecified, representations.

2.1.7 Conclusions

With the advent of VESI, our circuits will have the capability of being orders of magnitude more
complex than they are now. The use of cells and instances will help ease the complexity with
which the individual must cope. Representations will coable us to keep all the relevant
information together. The computer will case the task of deuling with this complexity, handling

the enormous housekeeping chores and organizing the overall design cffort.
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2.2 1C layoul languages
[section contributed by Maureen Stone. Xerox ASD]

The most desirable format of a language that describes 1C mask layouts depends strongly on the
point in the IC design process where a description of the IC is needed. At the end, in the mask
generation process, the format of the description is entirely determined by the needs of the pattern
generator employed. At an intermediate level, it is most desirable to have a description in a form
that is most suitable for casy conversion into the many different formats needed by different
output devices. An cxample of such a language is Caltech Intermediate Form (CIF), described in
[Mead 1978]. For the original creation of an IC design, the human engineering aspect is most
important. That is, the language description should reflect the design process. Repetitive and
redundant information should be compressed, and the syntax should scem straightforward to the

designer.

This section will describe how languages can be used in IC design, what constitutes a basic set of
functions for a simple description language and how such systems should be organized. The last
section will discuss more advanced layout languages, especially in reference to using the power of
programming languages as a design tool. Appendix D contains a description of ICLIC, a layout
language that was originally developed at Caltech this spring (1978). This language and the design

examples presented in the Appendix will be referenced throughout this section.

2.2.1 Designing with a Layvou! lLanguage

The issuc of describing a mask can be examined in from two different points of view. At the
lowest level is a geometric description of cach tayer. The shape and position of cach element is
described with respect to some coordinate system. The design process is then just a matter of
digitizing the layout or typing in the coordinates for cach shape. However, a layout language
should not be just a digitizer in test form. It should, ideally, approximate the way the designer
thinks about the layoul, in terms of its function and its contraints. Even very simple languages can

be organized in a manner that is more descriptive of a design than just its geometry.
The process. of using a language in a CAD system involves the following steps:

First, the design is partitioned into cells and subcells. The more the layout is partitioned

into repetitive modules, the less language it will take to describe it.
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Second, each cell is sketched, or drawn {o scale as much as is necessary. At this point the
coordinale system for the layout will have to be defined. Critical points and distances are
defined and labeled. In general, the more primitive the language, the more will have to

be drawn 1o scale.

Third, for cach section the description is entered into the system. Some sort of graphical
output must be produced Lo verify the correctness of the description.  Corrections are
made to the source file until the cell is completed. Lower level cells are then combined to

describe upper level cells until the whole chip is defined.

The response or turnaround of the CAD system will determine how the designer is going to use it.
For example, if the facilities are baich mode processing with a four hour turnaround, the designer
will be likely to draw most of the circuit to scale and painstakingly check the source code. The
other extreme could be a color interactive graphics terminal with very fast translation from input

to display.

2.2.2 Basic Features of a Layout Language

This section describes the features of a simple layout language and how they might be organized.

An example of such a language is in the first 3 chapters of the ICLIC description given in

Appendix D.

Most simple layouts use only a few basic shapes, predominantly rectangles and wires. These can
be described on a unit square coordinate system or grid and constrained to right and 45 degree
angles. Therefore, a layout language can begin with a description of these shapes, and a way to

designate their layers.

A simple rectangle or bex is a rectangular arca with the sides aligned parallel to the axes. It can
be specified by two opposing corner points, or by one point (¢.g. cenler or corner) with a width

and a height.

A wire is a track of uniform width defined by its center line and width. The path of the wire is
defined as a list of coordinates. In general, a shorthand notation is used for paths that only make

right angle turns. That is, only one cuordinate changes at once so only that change is specified.

For example: X=x1, Y=yl § Y=3y2 § X=x2 § X=x3Y=y3 §
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The "$" means make new wire section. A more powerful symtax uses an infix notation for points

and has a symbol for the current X and Y.
For example: x1#yl 1 .#y2 : x2#. : x3#y3

The "." means cutrent coordinate, and ";" is a delimiter. Having a notation for the current

coordinate means that it is possible to compute with it, thus leading to relative coordinates.
For example: x1#yl : .#.+dl : .-d2#. . x3#y3

The notation ".+d1” means use the current coordinate plus the distance dl for the new

coordinate.

The mask layer to which a particular shape belongs is specified by some mnemonic. ICLIC uses
color codes, such as red for polysilicon, green for diffusion, as suggested in [Mead 1978). Some
languages associate a layer specification with each item. Others make it a global switch that affects

all subsequent objects, as does CIF.

Attempting to define a layout with just these simple primitives will result in an explosion of data.
Therefore, it is essential to have some mechanism for grouping and reusing sets of shapes. Such a
collection of shapes is often called a symbol or cell. A layout language needs some way of defining
and using symbols. It should be possible to nest symbol calls, and to use symbol calls in

definitions of other symbols. However, it is not necessary to be able to nest symbol definitions.

Using symbols implics some wéy to position cach instance of the symbol. In general, the call will
map the symbol origin to the current X.Y. A rectangular array of symbols is such a basic layout
feature that some method for easily generating it should be a part of any layout language. The
syntax of such a construct needs only the starting position, the number of symbols in the Xand Y
directions, and the spacing in the X and Y dircctions. Such a construct is described in scciion 3.5

of the ICLIC manual in Appendix D.

Besides being positioned, symbols may also be transformed. Standard transformations are: scaling.
mirroring, translation, and rotation (see [Newman 1973] for a full discussion of (ransformations).
For a simple layout language, translation, rotations by increments of 90 degrees, and mirroring
about the axes are sufficient. Scaling, which is changing the size of a symbol, and rotation by

arbitrary angtes are rarely used.
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The use of transformations brings up the issue of nesting transformations.  The order in which
transformations are performed is important, and even the simple case of combining a rotation with
a translation can produce very different results depending on the order in which the operations are
exccuted. Therefore, the syntax for calling transformation routines should be very clear about the

order in which the functions are performed.

Besides the issue of the user interface, there are many difficulties involved with the definition of
general transformations for integrated circuits. One example is the problem of how to adjust the
results of a transformation back to a grid (rounding of coordinates) without causing unintendend
breaks or overlaps. Sce the description of CIF in [Mcad 1978} for a more complete discussion of

the problems of (ransformations in integrated circuit design.

2.2.3 Variables, Parameters, and Relative Positioning

A variable is simply a name which can be assigned a value. The benefits resulting from the use of
variables within an IC design language are equivalent o those oblained in a general purpose
language. That is, once a name is used for a value, all instances of that value can be changed
simply by changing the assignment to that variable. Furthermore, a name can be descriptive, such
as "InverterCenterX™. It is much easicr to make changes and find crrors in a list of descriptive

names than among a mass of anonymous numbers.

A symbol whose definition is controlled by a set of named values is said to be parameterized, and
the names are said 1o be its parameters. A simple example of this is a symbol which uses variables
for size and positioning information. Such a symbol can be changed by assigning different values
10 the variables used in its description, In a language which supports more advanced programming
constructs, such as subroutinges. loops and conditionals, parameters can be used more extensively to
control the propertics of the symbol.  For example, the parameters of a PLA subroutine could

describe its size and function.

The use of relative coordinates involves defining symbol parameters with respect to other elements
in the cell, instead of with respect to the absolute coordinate system for the layout. Changes made
in a symbol ‘which is defined in this manner can ripple through the layout, keeping design rules

intact.

For example: RW({OUT1 : .+RWFRMG#. . .#IN2Y ; IN2})
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This example draws a red (poly) wire from the point OUTT (o the point IN2. The path followed
is: horizontal from QUT! to the minimum distance a red wire can be from a green area: vertical
10 the Y coordinate of IN2; horizontal to IN2. This wire will remain connected and running at

the minimum design rule distance from the first device whenever OUT1 and IN2 are changed.

2.2.4  Program Organizalion

Methods of organizing a language description for a design are similar to techniques used in general
purpose programming languages. They also relate strongly to methods discussed in reference to
the design process as a whole. The following points will be summarized here: documentation,

modular design, parameterization, defaulls and conventions.

Documentation includes not only comments on the source code, but the use of descriptive names

for variables. All programs should be thoroughly documented, of course.

Modular design is the process of coding and debugging each cell separately, then combining the
working cells to make larger ones, as has been emphasized throughout this document. By making
large programs out of a collection of small ones, not only is the design cleaner, but the process of
coding, exccuting and debugging the programs is simplified. Uniformity reduces the complexity,
and hence the ecrrors, in a layout. Therefore, using standard symbols for circuit elements is highly
rccommended. Some symbols, such as contacts, are common enough to be defined in the

language. Other symbols could be kept in library files, sce Appendix E.

The advantages of parameterization can be broken into two main arcas. First, changes to a cell
can be more easily made: for example, if the parameters are defined as relative coordinates, the
cell can be somewhat self-adjusting with respect to small changes. Second, the same code can be
used to produce similar, as opposed to identical, cells. Therefore, there is less code to debug,

reducing errors,

One of the initial steps in writing any program is defining defaults and conventions for variable
names and parameter values. An example of this is the convention in ICLIC of specifying all
design rule distances as ¢FRMc, where the ¢ is replaced by a layer mnemonic.  For example,
RFRMG or GFRMR is the minimum design rule distance between red and green areas. The
default value is 1 lambda (3 microns in 1978). Defaults and conventions should be documented at
the start of the program, and adhered to throughout. It is useful for the language to contain a set

of defaull parameters and naming conventions for wire widths, wire spacings, minimum design rule



A Guide to LS Implementation 14

distances, etc.

225  Advanced layout Languages

There are wo ways to make extensions to the basic language concepts outlined in the previous
sections.  One is 10 continue to treat the design process as a set of calls to pre-defined functions,
and to extend the language by increasing the complexity of the functions. For example, ICLIC
has a function for defining wires which run on more than one layer which automatically inserts the
contacts between layers.  The second, more powerful method invelves treating 1C design as a
programming process.  Thercfore, the design language needs to be cxtended to include
subroutines. loops. and conditionals. The issues then become those of conventional language

design.

A good way to implement a layout language is to define-a set of procedure calls within an existing
language. The elegance of the finished set will depend somewhat on the base language used, but
it scems safe to say that something akin to CIF with variables could be implemented in any
language that allows dynamic storage allocation, A language like ICLIC depends heavily on the
concepts of concalcnaling symbols together, and the ability to compute relalive coordinates
symbolically from the current coordinate. ICLIC was implemented as a set of procedures in ICL
[Ayres 1978] which alrcady supported these concepts. A similar system has been implemented at
Xerox PARC in SMALLTALK as a programming example for a forthcoming book. A different
system, which contained a basic layout language plus some automatic wire routing routines, has
been implemented in SIMULA at Caltech [Locanthi 1978].

There are a number of advantages to basing a layout language on an existing language.
Development time, compared to writing a compiler from scratch, is much reduced, and the
programming environment is one that is already familiar to the user community. In addition, the

resulting layout language has the full power of the underlying language.

The concept of a language description provides a means for a functional description of the circuit
being designed. At the layout level, one could imagine the process of developing cells that are
passed a sel of input specifications and return the layout plus a sct of outpul specifications. Such
modules could then be connected by running wires from an oulput definition to an input
definition, cither by hand or by an automatic wire routing system. The point being made here is
thal a programn which describes a design clement can be extended to provide a much richer

description than just (he data for the mask. Therefore this description can be used for a variety of
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purposes, such as wire routing, design rule checkers, and simulation,

2.2.6 Conclusions

While the use of a set of basic functions to describe a layout is straightforward, there are important
issucs with regard to the design and use of such languages. These issues have been discussed in
sections 2.2.1-2.2.4. Even such simple systems can be very useful for design. However, the real
power of a language description comes not from the cxpansion to fancier functions, but from

invoking the power of a general purpose programming language as a design tool.

2.3 Checking Your Design
[section contributed by Wayne Wilner. Xerox PARC]

Integrated circuit design requires near-perfection. Certain flaws, such as a short between two clock
lines, can render the whole chip useless. Checking your design adds a week of tedium to your

project, but without that week, four months can go down the drain (to say nothing of cost).

Checking can be done by eye and by computer, Since sight-checking is available to all, we'll

discuss it first. Actually, sight-checking is superior to automatic checking in several ways.

2.3.1 Checking by the designer

Many fatal errors in a design do not exhibit themselves as violations of design rules. Consider
logic crrors. Consider state machines which are initialized to terminal states. Consider transistors
which are wired incorrectly, but within the design rules. Consider an array of cells which are
supposed to abut and do not; if the space between them is farger than the minimum spacing for
all layers, design rules may be observed while the array is grossly in crror. Consider the placement
and continuity of busses. These errors are representative of flaws for which the designer is

singularly responsible.

Many of these can be spotted on checkplots of relevant subsets of layers. A plot of metal and
conlacls can reveal errors in conlinuity which would otherwise be lost in the details of a full plot,
A plot of poly, diffusion, contacts and implants enables one to check their all-important overlap.
The effectiveness of this technique is very high when the plots are large, clean, and of high

contrast.
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A plot of cach individual layer should be sight-checked by someone besides the designer. 1It's

amazing how many design crrors look odd on such plots, even (o those who don’t know the circuit.

2.3.2 Checking by computer

Some flaws are violations of design rules. Two basic taclics can be employed to avoid them: (1)
the use of programs which check he final mask descriptions for certain violations, and (2) the use
of programs which generate layouts in a manner that guarantees that there are no violations. At
present, there are no programs which generate layouts completely. An intermediate step in thal
direction is the "Sticks” approach [Williams 1977] which starts with a grossly-spaced circuit which
is then trimmed mechanically to minimum spacing by the CAD system.

2.3.3 Error-checking programs

Frror-checking programs embody the rules for a particular process and examine pattern generation
tapes for violations, reporting each instance in terms of coordinates or patterns, along with the
nature of the violation. Design rules typically assign minimum distances to:

dimensions of features, such as breadth of runs or size of contact cuts,

spacing between features in the same layer, such as distance between runs;

spacing between features in different layers, such as overlap of metal and contact windows.
For example, suppose unconnected areas of polysiticon must be 2A apart. In the diagram below, a
circle of radius 2\ centered at the upper right corner of the lefi-hand area reveals that the right-

hand area is too close.

Design file contains: Error file receives:
/ | -~
| /
\\'\-.. . ’

This design rule violation may be reported in terms of a line segment, that is, two points, one at
the periphery of cach arca, and their (insufficient) separation. It is a non-trivial problem to

present violations to the designer in the most convenient way.



A Guide to LSI Implementation 17

2.3.4 Inherent limitations

An inherent limitation of design rules comes from their pertaining solely to the lowest level of
detail. Consider the following diagram. Two arcas are separated by less than their minimum

spacing.

Broken
connection? Encroachment?

It is clearly a design rule violation, but is it a broken connection or is it an encroachment? The

designer will have to decide and fix it appropriately.

Checking for design-rule violations appears to be a problem of geometry, of a well-defined,
computationally-tractable naturc. This is an illusion. Checking design rules requires so many
computations that the problem is really one of managing main and secondary storage, in other

words, an operating system problem, not well-defined, and different for each individual computer.

2.3.5 Design rule checking in the context of structured design

Another point of view on design rule checking is that of structured design. Using structured
design, most projects are constructed from a few basic cells which are very simple. Their

simplicity makes sight-checking design rules adequate.

Automatic checking is quite useful, still, for several situations. Assembling systcmé from cells
introduces errors in cell placement. Cells which interconnect must abut, not overlap or be
separated.  Cells which overlap maiz introduce design rule violations, even though the cells
themselves are correct. Cells which provide alternale interconnections for a given signal must
dispose of all unused connections. Wide-ranging interconnections between cells are often hard to

scan thoroughly and show up small and indistinct on checkplots which span their extent.
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2.3.6 Parameterizable design rule checking

In laboratories which experiment with different processes, the critical distances may vary from
month to month. In experiments with custom circuits, the objective may be to find how
exceptions to the design rules can be exploited. Therefore, while the types of rules may be rigidly

bound into a checking program, specific distances should not be.

Is it feasible t0 make a design rule checker in which the design rules arec paramcters? A
fundamental problem is that the nature of design rules varies. Some involve unconditional
distances: "metal runs must be at least seven microns wide." (Of course, verifying this can be
extremely difficult.) Others involve conditions: "polysilicon must extend at least four ticrons
beyond diffusion, unless the gate dimensions are small, where six microns are required”. It is an
unsolved problem to mechanically create a program which can efficiently verify geometrical
constraints of varying nature. It would seem harder to mechanically generate checkers tha;1 to
mechanically generate layouts. The latter is clearly preferable because of the greater range of

errors which are detected or eliminated.

2.3.7 Summary

Unless circuits are generated mechanically, they must be checked thoroughly.  Sight-checking of
critical distances is astonishingly cffective when done on a large, clean, high-contrast plot, due to
the pattern-recognition power of the brain. Mechanical checking can serve as a further check; it is

limited by machine resources and imprecise or insufficient descriptions of the rules.



A Guide to LSI Implementation 19

24 Simulation as an IC Design Tool
[section contributed by Richard Lyon, Xerox PARC]

Simulation is a design technique widely used in a variety of cngineering disciplines. When it is too
difficult 1o verify the correctness of a design by inspection, by proof, or by test, simulation may
help. Simulation allows the designer to test a design before building it, by modelling in detail the
components from which the design is built, and by computing their interactions under various
conditions. Simulation is useful at many levels in integrated circuit and system design; system-
level, register-transfer-level, logic-level, and circuit-level simulators are useful at various stages of
the IC design process. A related activity is the design of 1C fabrication processes, which can benefit
from process simulation; the simulation of process variations may become more important as VLSI
approaches the physical limits of device sizes, where the set of devices used by the system designer

must be carefully matched to the technology.

Unfortunately, not many generally useful simulators are readily available. Even when such a
program is available to run on your computer, the problem of preparing data in a form suitable to
the simulator can be formidable. It is easy to write a register-transfer-level simulator, for example,
but the hard part that makes it useful is to provide an automatic link from the design language to
the simulator input language. There is not yet enough commonality of design methods in the
digital system design ficld to result in wide availability of such a program. In the circuit design
field, on the other hand, the method of design has traditionally been standardized to drawing by
hand on paper the interconnection of standard types of lumped circuit elements. From here it is
logical 1o assume hand translation to the language of a circuit simulator. For this reason, circuit
simulators have been developed in standard languages (Fortran IV) and are widely available. Two
such simulators, somewhat tailored for IC simulation, arc SPICE from U. C. Berkeley, and MSINC

from Stanford; their input languages are similar, and one example should serve to illusirate both.

Circuit simulation can, be very useful to the integrated circuit/system designer if it is applied to
those problems that require it, but should not be rclied on to verify the correciness of a
complicated system design. In digital system design with a consistent design philosophy, it is
usually possible to identify the critical parts of the design (for examnple the longest chain of pass
transistors, the new RAM cell, or the node with the highest fanout); in this way, critical parts can
be identified for simulation (sec {Mead 1978] chapters 1 and 7 for infonnation on critical timing:
see chapter 4 for more on shmulation and testing). Of course, even simulation will not verify that '
the design will run fast enough if the simulation parameters and models do not realistically reflect

the process used to make the circuit.
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As an example, we have simulated the oulput pad driver called PadOut, which was designed in
fearus (Integrated Circuit ARtwork Utility Systemn, an interactive layoul desigh systemn) according to
the Mead and Conway design rules, with lambda equal to 3 microns. This is a driver intended lo
interface NMOS chips to other popular logic families, at speeds and voltages comparable to TTL.
It uses push-pull cnhancement-mode output drivers, driven in turn by super-buffers (sce {Mead
1978] chapter 1). The fanouts are generally somewhat higher than the theoretical optimum of e, to
reduce space and power at the cxpense of speed. Figure 2.4.1 is the lcarus layout picture of
PadOut; notice that the outpul transistors are both wrapped around the pad. The schematic
diagram is shown in Figure 2.4.2; it includes node numbers and clement names which are needed

for translation to the simulator input language.

The simulator SPICE was used at Xerox PARC, on the MAXC2 computer, which has no floating-
point hardware; therefore, the execution of the Fortran program was blindingly slow. Figure 2.4.3
shows the input deck, an ASCII text file. The SPICE program, like most widely available
programs, was written for the card-reader/line-printer/batch-computing environment which is found
at the typical university computing center. Therefore, be careful of input formats: only 72 columns
of 80-column cards are used -- long lines use continuation marks in column 1, as in Fortran. The
documentation is sparse, but keep in mind that you should not do anything you could not do on a
keypunch, such as lower case letters. See User’s Guide to SPICE by E. Cohen and D. O. Pederson,

from U. C. Berkeley Dept. of Flectrical Engineering and Computer Science.

In the input listing, each line is called a card. The first line is the title card, and lines starting with
* are comment cards. FEach element card names a component (the first letter of the name
determines the element type, such as M for MOSFET), tells what nodes it is connected to (in
order, such as drain, gate, source, substrate), and gives a few parameters (such as width and length
in centimeters). There are also model cards and control cards, which will not be described here, but

can be scen in the listing.

We have described in the element cards the circuit of Figure 2.4.2 (some of the parameters are
estimates, such as AS and ADD, areas of source and drain). The first inverter is not part of PadOut,
but represents a typical signal source, which is in turn driven by a 3.5 voli, 20 Mhz square wave

generator with 2 nsec rise and fall times.

The output file produced by SPICE from the input shown was 100 long to include here. The most
interesting part of it is shown in Figure 2.4.4, the graph of the time response of the various nodes,

which is plotted line-printer style by typing the node numbers in appropriate columns. To make it
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PAD DRIVER STMULATION

* RF LYON -- JULY 13,

*

VDD 10 0 DC 5VOLTS
VITL 7 0 DC 2VOLTS

VIN 9 0 PULSE 3.5VOLTS OVOLTS 2NS 2NS 2NS 23NS 50NS

*

MDO 1 9 0 O ENH W=12E-4 L=06E-4 AS=144E-8 AD=144E-8
MUO 10 1 1 O DEP W=06E-4 L=24E-4 AS=144E-8 AD=144E-8
MD1 2 1 0 O ENH W=24E-4 L=06E-4 AS=144E-8 AD=144E-8
MU1 10 2 2 O DEP W=06F-4 L=06E-4 AS=144E-8 AD=144E-8
MD2 3 2 0 O ENH W=24E-4 L=06E-4 AS=144E-8 AD=144E-8
MU2 10 3 3 0 DEP W=06E-4 L=06E-4 AS=144E-8 AD=144E-8
MD3 4 2 0 0 ENH W=96E-4 L=06E~4 AS=600E-8 AD=600E-8
MU3 10 3 4 0 DEP W=24E-4 L=06E-4 AS=144E-8 AD=144E-8
MD4 5 3 0 O ENH W=96E-4 L=06E-4 AS=60CE-8 AD=600E-8
MU4 10 2 5 0 DEP W=24E-4 L=06E-4 AS=144E-8 AD=144E-8
MD5 6 5 0 O ENH W=768E-4 L=B6E-4 AS=4000E-8 AD=4000E-8
MU5 10 4 6 0 ENH W=768E-4 L=6E-4 AS=4000E-8 AD=4000E-8
CLOAD 6 0  50P

RLOAD 6 7 2K

*

1978

_MODEL ENH NMOS (NGATE=1E20 TPS=1 XJ=1E-4
+ CGD=4E-12 CGS=4E-12 CGB=2F-12 TOX=95E-7
+ NSS=-22E10 NSUB=8E14 )
.MODEL DEP NMOS (NGATE=1E20 TPS=1 XJ=1E-4
+ CGD=4E-12 CGS=4E-12 CGB=2E-12 TOX=95E-7
+ NSS=80£10 NSUB=8E14 )

.TRAN 1.0NS 8ONS

.PLOT TRAN V(1) V(2) V(3) V(4) V(5) V(6) (0,8)
WIDTH OUT=72

.END

Figure 2.4.3. SPICE input Deck for PadOut
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readable, take a bunch of colored markers and draw in the curves for the nodes of inferest. You
will see that the response from node 1 to node 6 is noninverting, with ty, ,; of 13 nsec and t,);; of
9 nsec, measured at a 2 volt threshold (or more necarly symmetrical at 11 nsec if measured

somewhere below 1 volt)

Is PadOut really this fast? Probably not on most processes; the model cards used here have
estimates of the Spice model parameters which were felt to be realistic, but which gave results that
are probably too optimistic for most typical 1978 processes. The inverter-pair delay from node 1 to
node 3 is seen to be 6 nsec, where the inverter ratios are k=4 and the fanouts are f=35 (actually 6
for the first inverter). The delay estimate according 1o [Mead 1978] is then (k+1)fr =257 =6 nsec,
so we may conclude that we have simulated a process with +=0.24 nsec (tramsit time), which
certainly is optimistic. 'The actual performance of PadOut will have to be determined by test, and

will depend on where it is fabricated: some lines would be three times slower than this simulation.

IC designers have relied on simulation as a design tool for years. When the performance of a part
being designed is critical (as is typical in manufacturing for sale), and the production/test
turnaround is slow (also typical in the IC manufacturing business), circuit simulation is a necessity.
However, in the preliminary topological design phase, circuit simulation is not needed: and if
turnaround is fast, measurement may be a better way to determine performance than simulation is.
Thus, we are now at the point of being able to design complicated digital systems without the aid
of circuit simulation, by following strict design conventions; however, circuit simulation is still
useful for the analog and interface aspects of system design, and is a valuable aid in understanding
circuit behavior. We encourage the use of circuit simulation where it is appropriate. We also

encourage the development and use of higher-level simulation tools to aid the design of digital

systems.
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3. An Overview of IC Implementation

3.1 Mask Generation

MOS circuits are constructed as a sequence of patterned layers on the surface of a silicon wafer,
Each layer requires a different working plate, or mask, 1o provide the pattern; for Si gate NMOS
there are typically six working plates in a sel. A working plate is a sheet of glass about 100mm
square covered with palterned opaque material on one side. This material is usually one of three
materials - photographic emulsion, iron oxide, or chromium. Emulsion is the least expensive but
relatively ecasily damaged in the contact photolithography process (sce section 3.2 The Basic
Fabrication Process). Chromium and iron oxide give belter line resolution and are very hard, but

they are more expensive.

The first step in creating the working plates is plotting the files provided by the designer on a
photosensitized glass plate. This first plate, called a reticle, differs from a working plate in that it
contains only one copy of the relevant chip layer and is plotted at 10x the size of the chip on the
wafer. The plotting process takes place in a paftern generator, the Mann 3000 is typical of such
machines. The 3000 projects (flashes) the image of a variable size rectangle on the reticle, The size
of the rectangle, or aperture, the x and y coordinates of the center and the angle with respect to the
x axis are specified by the designer. The nature of the reticle making process has a number of
important implications for the designer. All shapes on the masks must be decomposed into simple
rectangles. The patiern generation process involves complex mechanical motion; proper sorting of
the individual rectangles of which the chip is composed can speed up the pattern generation process
considerably -- and thus lower the price, For example a Mann 3000 PG machine is fastest at

moving in the x direction, followed by aperture change, y dircction, and finally, angle change.

Special features have (o be included on the reticle which are used in mask making and in IC
processing. Critical dimensions (CD's} are simple lines or crosses of a fixed size appearing on each
layer: they are used by the mask house 1o adjust exposure and developing time to insure that these
marks and hence other features on the mask are the correct size. It should be noted that exposure
time has a definite effect on the feature sizes on the reticle, in particular overexposed areas tend to
“grow" slightly: for this reason the designer should avoid substantial overlap between flashes. A
parity mark, consisting of an arrow or triangle, is sometimes included on each mask layer to help
the operator orient the mask. The mark is placed outside of the boundary of the chip pattern. -
Fiducials are small crosses which also appear on each layer outside of the boundaries of the chip.

These are used in the step and repeat process (see below). Oflen the parity marks and fiducials are
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provided by the mask house thus making it unnccessary and undesiriable for the designer to supply

them. Parily marks and fiducials appear only on the reticles and not on the finished working

plates.

Because the interactions between layers are all important in MOS integrated circuits each layer
(with the exception of the first) must be critically aligned with a previous fayer so that features
overlap in the proper way. The fabrication line operators use a set of special patterns on the
working plates called alignment marks (further described in chapter 4 and section 7.1} to

accomplish this.

The reticles are used to make a set of master plates in a step and repeat machine which projects an
image of the reticle (reduced 10x) onto a photosensitized plate. By precisely stepping the image
across the master a matrix of images of the reticle is created. The fiducials are used to control the

distance between exposures and to align the reticle -images relative to each other,

The working plates are made directly from the masters by contact printing. In cases where a large
number of working plates are needed the mask house may make several sets of submasters and

print the working plates from them.

To facilitate checking of the various layers for mistakes the designer may request color
enlargements of the reticles for checking the various layers for mistakes; these hlowbacks are
typically about 100x-150x actual (chip) size. Black and clear transparencies (usually 8%" x 117)
may also be made at the same time. They are somectimes used in the interaction between the
operators on the fab line and‘ the designer to indicate features on the mask such as alignment

marks.
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32 The Basic Fabrication Process

The process discussed here is the standard Si gate n-channel MOS process. The reader need not be
concerned with learning all of the details of the process, indeed most of the decisions concerning
processing are made by the fabrication line. The designer may not. know which particular
techniques the fab line uses, and may not care as long as his standard circuits exhibit normal
performance. This section is presented to provide background for those interested in what really

happens behind the clean rocom doors.

Integrated circuits are buill in layers, some of which are patterned by a photolithographic process.
Such layers are created in a sequence of steps beginning with the deposition (or growth) of some
material on the surface of the wafer. It is then coated with a thin layer of photosensitive chemicals,
called photoresist, and exposed 1o ultraviolet light through the proper working plate. The exposure
can take place with the working plate pressed against the wafer (contact photolithography) or by
projecting an image of the working plate onto the wafer (projection photolithography). (Projection
techniques are becoming more widely used in spite of the extra equipment and maintenance
needed since the masks are subject to less wear and contamination than contact masks.
Consequently masks last longer and it is easier to control certain kinds of defects incurred in the
photolithography steps.) If negative resist was used those arcas of resist which were exposed to
light will be hardened while positive resist is sofiened in the exposed. areas. The resist is developed
by immersing it in a solvent which dissolves the unexposed (for negative resist) or exposed (for

positive resist) portions, leaving the desired pattern.

After the developed resist is hardened by baking at a low temperature the malerial in the
uncovered arcas is removed by efching. Two techniques are widely used today. In the older wet
etching process the wafer is immersed in a bath of chemical cichant under controlled temperature
conditions for a specific amount of time. Wet ciching depends on the availability of an etchant
which will dissolve the layer beneath the photoresist, yet not significantly attack the resist. The wet
etchants for some materials, for example silicon nitride, dissolve photoresist as well as the desired
material.  Such materials require an intermediate pattern to be formed in another layer which
serves as the actual etching mask. Dry erching techniques such as plasma ctching use a stream of
ions and clectrons {0 blast away material, The plasma clching technique gives better results for fine
geometries and also permits the direct use of resist as an etching mask. Following the ctching step

the remaining resist is removed, leaving a pattern in the underlying material.

This sequence is repeated for the various layers of the circuit. About six photolithography/etching
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cycles are required to build up a typical Si gate NMOS circuit. ‘The entire process entails over

forty individual steps, outlined here.

The wafer of p type (100 crystal orientation for lowest interface state density) silicon is scrubbed
and a thin layer of silicon dioxide (hereafler called "oxide") is thermally grown on the surface.
This layer serves as a mechanical buffer zone for the silicon nitride (SizNy) that follows. The
buffer zone is needed to relieve stress caused by differences in the coefficients of thermal expansion
of silicon and silicon nitride. A layer of 8i3Ny is deposited by chemical vapor deposition, then
another layer of oxide is grown. Photoresist is applied over the entire surface and the wafer is
exposed to ultraviolet light through the diffusion layer mask. The resist is developed, leaving open
areas over the field region (figure 3.2.1a). The top layer of oxide is ciched away whercver there is
no photoresist using a hydrofluoric acid solution. Afler the resist is removed this top layer of oxide
is used as a mask for patterning the nitride since the photoresist alone will not stand up to the
chemicals used in the wet etching of silicon nitride. A third etching step is used to remove the
bottom layer of oxide. ITon implantation is used to place the channel stop region and a thick field
oxide is grown over those areas. The ficld oxide and the channel stop are self-aligned with respect
to the source/drain diffused areas (the nitride covers the source/drain areas during channel stop
implant and prevents oxidation of the underlying silicon during ficld oxide growth). The remaining

nitride and the thin oxide under it are removed resulting in the profite shown in figure 3.2.1b.

Next a layer of photoresist is applied and the wafer is exposed through the depletion mode implant
mask. The resist is developed, leaving open spaces in the gate regions of the depletion load
transistors. Another ion implantation step occurs here (using the resist as a mask) to alter the
threshold voltages of the depletion load transistors. The resist is removed and a thin layer of gate
oxide is grown. If there are buried contacts used in the IC design more photoresist is applied, the
wafer is exposed through the buried contact mask, the resist is developed, the gate oxide is etched
away in the conlact arcas, and the resist is removed. This allows the pelysilicon gate material to

contact the substrate in selected arcas.

A layer of polysilicon is deposited from a chemical vapor and a thin layer of oxide is grown on top
of that to provide a surface that photorcsisi will adhere to. Resist is applied and the wafer is
exposed through the polysilicon layer mask. The development of the resist leaves the gates of the
transistors covered: the uncovered areas of oxide and polysilicon are eiched away (a little field

oxide is also removed). Afler the resist is removed the source and drain regions are doped (figure -
3.2.1¢) in a phosphine gas atmosphere. Since the edges of the polysilicon gates define where the

source/drain regions begin these features are also sclf-aligned. Here self-alignment results in a



Figure 3.2.1 Si Gate NMOS Processing Steps
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significant reduction in parasitic capacitance due to the near zero gate o source/drain overlap. A
thick layer of oxide containing POy is deposited over the surface of the wafer. This layer is
reflowed for better coverage of the steps in the surface and a layer of photoresist is applied.
Contact hole areas are defined using the contact cut mask and the oxide is elched away where the
metal layer will contact the underlying features. After the resist is removed the source and drain
are doped again (this is to prevent a phenomenon called spike-through -- essentially shorting of the
aluminum contacts and the substrate through the shallow source and drain regions). A layer of
aluminum is evaporated onto the surface of the wafer, followed by the application of more
photoresist. Exposure (and subsequent development) through the metal layer mask leaves resist
protecting the metal runs and contacts. The uncovered aluminum is etched away and the resist is
removed (figure 3.2.1d). The wafer is then annealed (heated at a low temperature) to remove
radiation damage resulting from the electron beam which is used to heat the aluminum during the

evaporation process.

A thick layer of oxide is deposited on the entire surface of the wafer to provide physical protection.
Windows (0 the bonding pads are etched through this layer in another photolithography step using
the overglass layer mask. At this point (figure 3.2.1e) the wafer is finished, ready to be broken
apart, bonded and tested.



32

4. Nasty Details and IC Pattern Preparation

At some point the designer has several complete 1C designs which are ready to be turned into
chips. Before his design can be realized, several important details have 1o be taken care of which
are not part of the actual circuit design process. Among these are the physical placement of several
projects and test patterns on the multi-project chip plus the the addition of some extra features
required by the fabrication line. Test patterns are useful for an evaluation of the quality of the
wafer processing, for checking standard circuit parameters, as well as post mortem debugging
should a chip fail to perform correctly. Most of these relatively fixed, universally required features
(c.g. CI¥'s, fiducial and parity marks, alignment marks and scribe lines) can be collected at each
research site and grouped together in a starting frame. This starting frame provides a set of
"symbols” (or whatever construct is appropriate in the local design system) which can be combined

with the individual design projects to provide the masks for a complete multi-project chip.

The most important features that must be added to the net circuit is the set of alignment marks,

which are needed to register subsequent layers on the IC with one another. Alignment marks take

many forms

light area on wafer dark arca on mask

-~ but their purpose is the same. There is little magic in designing alignment marks: in fact, almost
any reasonable features will do. However, a carefully designed set can mean the difference

between good devices and those which are only marginal.

When the designer is deciding on which alignment marks to use it may help to consider the .
following scenario. The fabrication line operator puts a partially processed wafer onto the movable

(x, v, rotation) stage.of the alignment machine. The next mask is held over the wafer and the
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operator looks through a microscope from above. First of all, is it possible to locate the alignment
marks? The designer can help by prov.iding "black and clears” on which he has indicated the
location of the alignment marks. A line or box enclosing the marks may also draw the operator’s
allention amidst the confusion of the other features. Afler the marks are located, is it possible for
the operator 1o successfully align with them? Consider the case where the alighment marks consist

of a large square on the wafer and a small square on the mask.

on wafer

on mask

Clear Field Dark Field

The operator is supposed to center the small square over the large one. This system is ﬁ_ne if the
small box is opaque on a clear field (sec the explanation of working plale polarity in chapter 5), but
not when the small box is clear on an otherwise opaque mask. In the latter case the designer
should have an alternate version of the alignment marks for opaque field masks, then one or the
other set will work for the mask polarity used in the particular fabrication step. Another alternative

is to design a set of marks which can be used regardiess of mask polarity.

As the operator trics to linc up the élignmcm marks, is it obvious which small square gocs over
which large one? A onc square shifl is certain to be disastrous. Some type of gross alignment
mark should be provided to prevent shifling; again there are many allernatives -- an enclosing box
or a simple square which is supcrimposed over one already on the wafer, or cven numbering the
small/large square combinations, Furthermore, it is important to climinale ambiguily rcgarding the
layer to which the current mask is aligned. For example, in figure 4.1 there are iwo large squares
in place on the wafer, one in diffusion, the other in polysilicon. The operator has two small

squares on the contact cut mask (0 line up over the two large squares. Unfortunately the large
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Figure 4.1 Alignment of Contact Cut Mask
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ones are not exaclly in line because of a small misregistration introduced in a previous step. The
operator must decide whether 1o align (o the diffusion or the poly feature, or perhaps to split the
difference between the two. Whichever course the operator chooses may affect device operation.
The designer should make this decision by providing only one pair of marks. (The actual set of

alignment marks chosen for our starting frame are discussed in section 7.1}

Uttimately the various individual designs and the starting frame have to be combined into a single
IC description. This involves merging of a number of files, usually in a geometric design language,
into a single file containing all of the integrated circuit designs. Fiducials and parity marks may
need 10 be added outside of the area occupicd by the designs and the starting frame. The chip
pattern is repeated on the surface of the silicon wafer many times; 2", 3", and 4" wafers are
commonly available - a 3" wafer holds about 45 10mm by 10mm chips. Exterior scribe lines (see
figure 4.2} are placed around the periphery of the area occupied by the project set. The purpose of
the scribe lines is to provide a "lane” down to the silicon substrate in which the diamond-tipped
scribe tool (see section 6.1) will ride. The wafer will be broken into chips (also called dies), as

defined by the scribe lines, following fabrication.

The designs are arranged to minimize the area of the chip bearing in mind a number of important
factors. Optical equipment limitations at the mask house make it difficult to generate masks for
chips larger than 10mm by 10mm. Defect-free reticles become harder to gencrate as the chip size
increases, thus it is disproportionately expensive to make masks as the chip gets large. The 10mm x
10mm size limit is somewhat misleading because of an additional restriction imposed by current
packaging technology. The cavity size of a standard 40 pin dual inline package (DIP) is about
7.5mm x 7.5mm, thus projects should be limited 1o this size unless therc is access to special
packages. The 10mm x 10mm chip must be subdivided 1o mect this constraint by placing interior
scribe lines between projects: these scribe lines must extend all the way across the chip (and thus

across the wafer), that is, interior "tees” are not allowed.

Yield the fraction of the IC's- which function correctly, is greatly affected by chip size. As the
active area {the area containing active devices but excluding empty space, bonding pads, etc.) grows
the yield decreases geometrically. Typical yields for a 6mm by 6mm circuit, assuming standard
defect densilics, are about 20-40%: in industry, yiclds much below this figure are not acceplable
profit-wise. Designers in a research environment may well be able (o tolerate low yields since even
a yield of a few percent gives the designer cnough chips to verify his design, measure the

performance and demonstrale feasibility.



Exterior Scribe Lines

Interior Scribe Lines |

Figure 4.2. Overall View of a Multi-Project Chip
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Afler the integrated circuits are fabricated one must determine whether or not they are functioning
correctly. While the designer has the option of simply powering up his circuit and sceing if its
input/ouput behavior is correct, a more satisfactory test method might use several fest sfructures
included on the chip, Simple struclures like inverlers can answer yes/no questions (Were the
wafers processed to a minimum level of competence? Do individual transistors work?) and thus
indicate whether more complete testing is warranted. More importantly, test patterns can provide
information which is useful in determining why a batch of chips does not work, or performs poorly.
Properly designed test patterns can show wafer processing problems, or eliminate this cause,

narrowing the scarch to the areca of design errors.
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5. Mask Specification

When the chip has been laid out it must be converted into a format suitable for the pattern
generator used by the mask house. This involves converting all of the shapes in the design file into
rectangles and sorting them. The sorting order depends on the pattern generator: a penalty is paid
in terms of the amount of time # lakes to flash the reticle if the rectangles are oul of order.
Unfortunately the optimum order is based on a complex function which depends on mechanical
considerations as well as the pattern being flashed: in general this function is not known to the
designer. The moral is that unless the designer has detailed knowledge about the PG machine
being used he is probably better off using a simple sorling algorithm (for instance lexicographic
ordering based on what the particular PG machine is fastest at) than trying to second guess the

-

pattern generator.

Before the PG tape can be sent off to the mask house some information must be obtained from the
fabrication line regarding their process. The designer must tell the mask house the polarity of the
working plates -- whether the plates for each layer should be opague field (clear features) or clear
field (opaque features). Typically a fab line will require a mixture of opaque and clear field plates,
depending on the process step and the type of photoresist. The linewidths required by the process
influence the choice of resist. More important, however, is the field area involved with the
particular working plate. A speck of dust on an otherwise clear area of the working plate will cause
a pattern to be made in the photoresist. If negative resist is being used the speck will make a hole
in the resist which will enlarge somewhat due to undercutting in the subsequent etching process.
Positive resist will leave a small dot where the speck was; this dot will probably be etched into
oblivion. The fabrication line decides which of these factors to trade off in choosing the polarity of

the working plates.

Varying etch conditions may cause the fab line to request that features on the masks for certain
layers be altered by a constant amount (e.g. 0.5 micron around any border) in order to produce the

desired dimensions on the silicon. The dimensional adjustments can be made in one of three ways:

The circuit designer can be required to change his design to take into account the over- or
under-ctching at the fabrication line. ‘This probably entails considerable work on the part
of the designer each {ime the circuit is implemented on a different fab line, but has the

advantage that the designer retains complete control of the layout geometry.

Software could be provided to input the original design file and produce a new design file
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which had the borders of features expanded or contracted in the appropriate way. This
approach may require the use of complex algorithms in order to correctly modify the
original file since minimum spacing design rules may be violated by enlarging adjacent
features while gaps and discontinuities may be introduced by shrinking features which abut

in the original design.

The mask house may be able to effect the changes by adjusling exposure time and other
parameters in the mask generation process. This produces satisfaclory results if the

expansion or contraction is within the range attainable by the mask house.

In general it's a good practice to identify which layer each mask belongs to: the fabrication line

may have specific codes thal they wish placed on the masks for identificalion purposes.

Once all of this information has been collected and reduced to a PG tape and some wrilten
instructions the mask house takes over. When the working plates are returned they are passed in
turn to the fabrication line along with more instructions. The total clapsed time for mask making
and wafer fabrication can be 8-12 weeks. During this time the designer should be preparing for the

day when the wafers are finished.
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6. When The Wafers are Delivered..,

The return of the finished wafers is an exciting moment for the IC designer. Proper preparation
for this day can help to prevent frustrating delays in wafer separation and packaging, thus bringing
the wafers to the testing stage more quickly. This, in turn, promotes rapid feedback concerning
the success of the designs. The following discussion of wafer separation and chip bonding

techniques is primarily aimed at those in a research, rather than a production environment.

6.1 Wafer Separation

The wafers, as returned from the fabrication line, are 3" disks of silicon which must be broken into
chips the size of a DIP cavity. Wafer separation is accomplished in one of two ways: scribing or

sawing.

Scribing is a simple operation similar to glass cutting. The wafer is held on a vacuum table (which
is an integral part of the scribing machine, or scriber) and a diamond-tipped scribing tool is
dragged across the surface within the confines of the scribe lines. The tool, where it slides over
bare silicon, induces stress cracks in the vertical direction under the diamond tip. The pressure
that the scribing tool exerts on the silicon is critical, too little results in random breakage in the
fracturing operation, while too much produces stress cracks in the horizontal direction. Such cracks
cause splintering of the wafer radially from the scribe lines, probably into active circuit elements.
After each scribe line in the grid has been “scratched” in this fashion, the wafer (at this point it is
still in one piece) is removed from the scriber and broken into chips. This may be achicved in a
number of ways, for example by sandwiching the wafer in some soft material (e.g. rubber sheeting,
filter paper). supporting il on a foam rubber block, and rolling a cylindrical bar over it. If the
wafer was properly scribed the flexing force is concentrated at the scribe lines and the wafer

fractures cleanly along the scribe lines.

Sawing is an alternative to scribing. In this technique a thin saw blade with an edge containing
diamond-dust is used 1o cut approximatcly half-way through the silicon wafer. Again, the wafer is

removed from the saw in one piece and fractured by techniques similar to the one outlined above.

Sawing offers several advanlages over scribing. The saw can slice anywhere on the wafer, thus no
scribe lines are needed. This allows dense packing of projects on a multi-project chip; when the
wafers are returned from fabrication each designer can have a wafer sliced up without regard to

the location of other projects on the wafer (i.e. by sacrificing ncighboring projects to the saw
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blade). Sawing also leaves square edges afler fracturing which makes manipulating the chips with

tweezers an easy  task.

Disadvantages include the necessity of removing the silicon dust (sfurry) gencrated in the sawing
process -- this means an ¢xtra cleaning step following wafer separation. More importantly, sawing
equipment is complex and expensive ($12,000-$20,000} compared to scribers ($2,000-$5,000).
There is also more maintainance required and more selup overhead involved. At this time it
seems that scribing is a more economical, less finicky approach to wafer separation, especially in an

environment where only a few wafers are handled each month.

6.2 Chip Bonding

-

Once the wafers are fractured into chips only bonding remains before they are ready to be tested.
Bonding encompasses two different operations, chip attachment and wire bonding. In the first
operation the chip is permanently affixed to the IC package: the second involves connecting the
aluminum pads on the chip to posts surrounding the package cavity. These posts are connected

through the package to the external pins.

Chip attachment is a straightforward process, especially in a low volume research environment.
The chip must be solidly attached to the mounting pad (header) in the package cavity. The bond
should exhibit low thermal resistance and make good electrical contact with the silicon substrate.
Common means of attachment include solder bonding (both header and chip must be heated to
the melting point of the solder used) and eutectic bonding (usually utilizing a gold-silicon alloy, see
[Glaser 1977]). By far the most convenient for the researcher is epoxy bonding: the backside of
the chip is dabbed with a commercially available gold/epoxy mixture and then pressed onto the
header. Tweezers suffice for handling the chips. The header and chip are baked at a low

temperature for a few hours to cure the epoxy and the assembly is ready for wire bonding.

Both of the manual wire bonding technigues in widespread use require considerable skill on the
machine operator’s part. Thermocompression bonding relies on pressure and heat to produce a
strong bond. Typically a gold ball (on the end of a finc gold wire) is squashed against the
aluminum bonding pad on the chip. The header and the capillary holding the wire are maintained
al about 300 degrees centigrade and the bond is formed in a fraction of a second. As the capillary
is withdrawn from the bonding pad, wire is automatically payed out; the operator maneuvers the
capillary over the desired post and the wire is mashed against il. forming the second bond. As the

capillary is backed away, the wire is cut by a gas flame, which simultancously forms a gold ball for
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the next bhond.

Ultrasonic bonding utilizes aluminum wire and ultrasonic cnergy o make bonds. The aluminum
wire is pressed against the bonding pad and a short burst of ultrasonic cnergy locally heats the
wire/pad interface so that a bond is formed. Similarly, a second bond is made on a post, and the

wire is cut, usually by mechanical means. The header may be heated 1o assist the bonding process.

Ultrasonic bonding offers low materials cost but is less flexible than the thermocompression
technique, which allows "daisy-chaining” of connection points. Thermocompression also gives
more freedom to choose the angles at which wires leave the bonding pads, cnabling some further

flexibility which may be needed in a research environment

In general, rescarch chips need not be hermetically sealed in their packages, often a piece of tape
over the cavity (or no cover at all) will prove adequate. Users should be aware, however, that

MOS circuits exhibit very different device characteristics when operated in light.
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6.3 1C Testing
[section contributed by Peter Dobrowolski, UC Berkeley]

Although IC’'s are quickly becoming cheaper and caster to use, their complexity, and the difficulty
of testing them, is increasing quickly, too. It is important for both IC designers and users to

consider lesting in some detail.

The process of 1C design may soon resemble the programmming process. Programs are written,
tested, rewritten and retested. This iteration continues until correct and perhaps optimized
software is produced. Since it isn't absolutely necessary that a program work the first time, it can
be written somewhat less conservatively, with an emphasis on creativity rather than cautious
restraint. Once the procedure for producing IC's from symbolic logic diagrams is streamlined, IC
designers will be able to apply the same principles that programmers use now. Quick and effective
testing and debugging of prototype chips then becomes a crucial issue for this experimental
approach, which is much different from today's industrial environments which must, of necessity,
be more conservative, than research groups and individuals who guickly want to produce a few

IC's to try out some novel ideas.

Testing involves such concepts as:

functionality Daoes the IC work as it should?

if yes:
quality How well does the IC perform?
reliability Will the IC always work as it should?
testability How ecasy is it o determine functionality,

qualily, and reliability?

if no:
reason for Bad processing run
failure Bad mask set

Misplaced or misshaped features in the layout

Logic crrors at the circuit level
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"These questions should be kept in mind during all phases of the the design process, and duting

evaluation of the finished chips.

Aésuming that the reader will participate in all the stages of 1C design, this section provides some
guidance for the testing process by dividing it into \wo parts: defensive design and systematic

testing.

6.3.1 Before ICs are made - defensive design
In order to facilitate IC design, a number of simple rules should be followed:

Observe the design rules. The chip may work even if a design rule is broken, butl the odds are

against it.

Keep your chip size within reasonable bounds. The smaller the better. A typical maximum size (for
1978) should be aboul 6 millieters on a side. Yield decreases sharply with increasing circuit size

and with design rule violations.

Include test patterns on your wafer. Test patterns consist of simple structures such as single
transistors or ring oscillators; examples are described in detail in section 7.2. Test patterns can be
used to determine the process and circuit (device) parameters. For cxample, we can determine the

basic inverter stage delay by taking measurements on a ring oscillator test structure.

Think about how you will test every module you design. When you design an LS1 cell or subsystem,
think through how you will test it, just as in writing a subroutine you should plan some tests to

check its correctness before using it in a larger program.

Consider input/output. Use a lightning arrestor circuit 1o protect your input pads against damaging
overvoltages from static discharges. Outputs should be buffered to enable them Lo drive capacitive

loads of up to S0pf  Standard input and output structures arc described in Appendix E.

Provide access to internal paths of the circuit. In the event of a malfunction it may be desirable to
access internal nodes for debugging. Typically on experimental IC chips there is room for
additional bonding pads. Not all of them have 10 be connected when the chip is mounted in a
package. Several chips of the same IC can be mounted in different ways in separate dual in-line

packages.  Alternatively the test bonding pads can be accessed on the wafer prober.
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Consider the testability of the overall system. 1t is very likely that the 1.8 module that you are
designing is going lo exist as a small paﬁ of a large system. Then it may not be sufficient Lhat
every module be testable by itself, but necessary that every module be individually testable within a
large system. This is because modules, unlike subroutines, cannot be reproduced exactly. Cerlain
flaws may depend critically on the working cnvironment of the chip (loading factor, noise pickup)
and can not be seen in a separate test selup. Providing the capability to detect and isolate, or even
correct, defects in large systems is perhaps one of the most challenging tasks facing LSI system

designers today.

Provide self-testability on very complex structures. Microprocessors and other related devices should

contain testing algorithms in their microcode store.

6.3.2 After ICs are made - systematic lesling

The first and most burning question is: does the chip work? When it doesn’t, it is often possible to
find the problem by looking at the chip under a microscope or by studying photomicrographs of it.
If the chip is functional, one should test its performance and reliability (speed and power

dissipation, for exampie).

Today's IC’s are rarely simple enough to allow manual testing. Circuit complexity, the large
number of inputs and outputs, and the multitude of possible states make manual testing
prohibitively time-consuming. A betler solution is to have a computer perform the tests (see figure
6.3.1). ‘The IC is exercised by applying a properly defined excitation vecfor, provided by the
computer’s output pori, to the inputs of the circuit under test. ‘The response vector of the device
under test can then be read by the computer's input port and compared to a stored correct
response. The computer could be programmed to respond with an error message upon detecting
deviation from the expected pattern. The test patterns must be carefully sclected if they are to
supply any information about the nature of the error. A more intclligent program may cven do

suilable branching dependent on the outcome of a few preliminary tests.

The excitation vector may nced to be wider than the lypical 8 or 16 bits in a word of the host
computer: if so, use rmultiplexing to assemble successive words end-to-end in a vector of latches.

Those latches should be contained on an interface board together with drivers and connectors.

The method just described requires a minimum of hardware in addition to the computer. Such a

sofiware-based testing syslem, however, might not be fast enough to ‘capture some quickly



Figure6.3.1

Software approach to IC testing. A computer is dedicated to
exciting the device under test {DUT) and collecting the response.
The disadvantage of this method is that it is slow and wasteful of
computer time. Note that the computer is directly connected to
the device under test.
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changing response vectors, or il may have trouble exercising a complex device such as a
microprocessor which may require some minimum data/clock rates for proper operation. Testing
the speed performance of an IC also requires vector speeds which often can not be provided by a

simple software system.

Higher 170 vector speeds can generally be obtained by moving more functions from software into
hardware. Such a tester can use a scmiconductor memory to store all excitation vectors. A
counter is used to sequence the memory through the required words. The response vectors are
simultaneously captured by another memory, and can later be analyzed at a slower rate. The tester
is now a peripheral device 1o the host computer (see figure 6.3.2). The advantage of this method is
two-fold: it allows higher testing spceds and frees the computer to perform other tasks while

testing is in progress.

One would like a tester to be flexible enough 1o test any conceivable digital IC. If we imagine the
excitation vector for the DUT to be a set of eontrol words emanating from a computer’s control
unit, and the result vector out of the DUT 10 act as a condition vector to this control unit, we can
construct a tester based on the principle of a microprogrammed controller. This kind of a tester
could be easily adapted to any task by simply changing the microcode (see figure 6.3.3). A tester
based on this principle can exercise very complex devices due to its inherent ability to make logical
decisions based on some of the results. When the test is concluded, relevant results are as before

stored in a result RAM, and the host computer is signaled to fetch them.

Almost any computer or microcomputer can be used as the host. The only requirement is that it
have an accessible 170 port. The control unit for the tester could be built using one of the fast

bipolar Dir-slice microprocessors.

It should be emphasized (hat preparing for the day when the wafers come back from the fab line
may be as large and complicated a task as lhe original design. The proper custom made interface
board between the DUT and the tost syslemn has to be built and the test routines have to be
written, In preparing these routines the designer should keep in mind the possibility that the chip

does not work at all and plan a strategy to deal wilth this case.

In summary. testing is the responsibility of the designer and should be kept in mind from the early
stages of the design process to the day of the delivery of a finished product to a customer.  The
availability of quick turnaround IC implementation permits large integrated systems (o be designed

modularly and hierarchically, somewhat like programmers now design large software systems. It is



Figure 6.3.2

Hardware approach to IC testing. The computer initializes an IC Tester
which is connected as a peripheral device. The sequencer (counter)
steps both RAMs, sending an axcitation vector and collecting the
result vector. When the test is over, the sequencer interrupts the
computer. This method is fast and requires little CPU time. Note that

the computer is no fonger directly connected to the DUT.
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Figure6.3.3

Block diagram of a Microprogrammed IC Tester. This approach
allows maximum Hexibility by being programmable. The computer
initializes the controller which outputs the address of the first
microinstruction to the microprogram RAM. The microprogram RAM
supplies the next address and enables the controller to sequence
through varicus testing microsubroutines.

{opcode) ead
CONTROLLER ] input port
HOST
COMPUTER
oyt 1
EXCITATION RAM
control word
Pipeline Register
xCita DEVICE
dd
nexl address inpuls UNDER
condition select " TEST
control word
ocutputs
Programmable Clocks
sondition vector

result vector

RESULT RAM

IC TESTER




A Guide 10 18] Implemenlation 50

clear that this ilerative design loop will be closed when 1C designers possess the necessary “tools

and practical knowledge for effectively testing the LSl modules they dcsign.
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7. An Example Project Chip and Starting Frame

The steps outlined in this guide have been applied to build an actual 1C at Xerox PARC during
the summer of 1978. Four summer students and four employees of Xerox PARC contributed
designs, ranging from wafer processing cvaluation testers to novel arithmetic and memory circuits,
Ten such projects have been combined into a Multi-Project-Chip by Bob Hon. Figure 7.1 shows
the overall layout and one mask layer of the chip. The chip includes a set of alignment marks and
line-width testers laid out by Bob Hon and Dick Lyon and a general processing test chip laid out
by Rick Davies. In this chapter the feaiures of the starting frame are first presented, followed by a
discussion of the general test chip. Finally in section 7.3, Robert Baldwin, the youngest student on
the team, describes his experience as a novice who had to design his first IC without prior

knowledge of the subject.

7.1 The Starting Frame

The multi-project chip is divided into two parts separated by one internal scribe line so that both
parts are small enough to fit inside the cavity of a 40 pin DIP. Further, the layout is enclosed by
exterior scribe lines placed around the periphery. The exterior lines differ from the interior lines in
that the former are missing the outside "shoulder” (figure 7.1.1), the exterior lines of one pattern
are completed by the overlap with the exterior line of the next chip. The scribe lines were
designed simply to provide access to the Si substrate for the scribe tool to contact during wafer

separation (see section 6.1).

The alignment marks designed were intended to unambiguously indicate which layers are to be

aligned relative to each other. The marks consist of a number of "squares” and "fortresses”.
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Figure 7.1. The Summer 1978 PARC Multi-Project Chip -
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Figure 7.1.1 Scribe Line Profile
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Bottom layer (on wafer)

L Top layer {on mask} :

Alignment Mark

g T T T T T

A square mark is placed on those layers which will serve as reference layers for masks in following
fab steps. Each square has a corresponding fortress, located on a different mask, which will be
aligned over it during the appropriate step (see figure 7.1.2). Each layer includes a large reclangle
around the alignment marks to help the operator to locate them and to insure that the sequence is
not shifted. The featurcs are lines rather than areas, permitting the operator (o align edges relative

to one another. This makes the marks usable for clear as well as opaque working plate fields,

The fortress/square pairs are used in a lefl to right progression: a digit (omitted in the figures
below for clarity) is placed in each fortress 1o indicate when it is to be used. A fortress is always
aligned over a square and there is never more than one fortress per mask. The alignment sequence
has the depletion mode implant, buried contacts (when used), and the polysilicon layer both aligned
relative to the diffusion layer. The contact cuts are aligned relative to the polysilicon since there
appeared to be more tolerance to misalighment between contact cuts and diffusion. The metal
aligns 10 the contact cuts and the overglass to the metal layer. ‘The following illustration represents
the way an operator might align the mask for the polysilicon layer to the wafer. The pattern on the

partially processed wafer is:



Figure 7.1.2 Alignment Marks for Mask Layers
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=7

Fully Aligned

The third square will be used to align the contact cut layer; a fourth square is placed on the wafer

during the contact cut step and will be used to align the metal layer.

The critical dimension marks are simple crosses made of lines. The line widths vary from layer to

layer, and are typical of the fealure dimensions found on the particular layer.

— —

Critical Dimension Cross

28 A

I
2.4 A

A set of features used 10 monitor the quality of the working plates and fabrication process was also
included. This etch test paitern consists of a set of nested "L™'s with the same spacing between L's
as the width of the feature; (wo different sizes were placed 1o check the guality of the mask and the

quality of the photolithographic process.

1
| I2] I 10 | I

‘ T l | N
Etch Test Pattern E I]:'L' 10

20 —_

alt dimensions in )\ { = 3microns in 1978)
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DIFFUSION (on wafer)

The operator must now align the polysilicon mask which contains one fortress and one square.

] POLYSILICON {on mask)

The diffusion and depletion implant steps are already complete, thus the first fortress/square pair
has been used. The operator lines up the second pair using the gross alignment mark for guidance.

The following diagram shows the mask in partial alignment with the features in place on the wafer.

Partially Aligned

Final corrections are made uvsing the fortress/square pair.
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Measurements on each mask laver provide a check on the dimensional correctness of the working
plaies while measurements on the wafer are used to verify that the fab line performed as

anticipated (e.g. that lines over- or under-ctched as expected).

Appendix A contains a copy of the information sent to the mask house.

7.2 Test Patlerns
[section contributed by Rick Davies, Xerox PARC]

The starting frame contains a number of simple test structures to answer the following two

questions.

Was the wafer properly processed? Specifically are all the layers properly patterned, are
gate oxide and deposited oxide films of acceptable diclectric integrity, arc contact holes
properly opened, etc.?

What are the first-order device and circuit performance characteristics such as transistor
threshold voltages, extent of short- or narrow-channel effects [Dennard 1974, Wang 1978],
polysilicon sheet resistivity, and inverler propagation delay obtainable with the process?

The test structures described here are general enough so that it is assumed that they will prove
useful to most participants in a mutti-project chip. This should not deter any designer from
adding his own special test structures. It may be desirable in the future to add additional patterns
to the common lest structure, to test such paramelers as the qualily of the buried contacts
connection of diffusion o polysilicon or the limits of wafer processing (e.g. At what spacing do

metal lines begin to show bridging?).

The test pattern consists of several separate regions which are described betow. 1t occupies 2 mm

* 2 mm and has this general layout;
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*® * % * * * * * * * %* * % * o *
* * *
* CV Capacitor * Test .
* * Devices *
* * * * * * * * * * *
* * *
* Layer * * * * * * *
* Tester * *
* * *
* * *
* * * * %* * * * * * Shlﬂ. *
* * * Register *
* Ring *  Contact * *
*  Oscillator * Hole * >
*  of Inverters *  Tester * *
*® * * *
* * *® * * * * * * * * * L3 * * *

7.2.1 Layer Tester (Fig. 7.2.1)

This is a long serpentine metallization path that runs between two interdigitated metal combs and

lies over a serpentine of polysilicon and active transistor arca. It tests the following features.

a. Metal bridging. There is a 25,000 pm periphery of minimum-spaced metal lines (9 pm,
3\ spacing) between the serpentine and combs. Conductance between the sc_:rpeﬁtine and
either comb indicates bridging caused by failure to properly image the pattern in
photoresist and then etch it in the aluminum.

b. Metal step coverage. 'The 12 pm-wide serpentine passes 266 limes over a 6 pm-wide
region of pulysilicon, over gate oxide, between 6 pm-wide source-drain diffusions. 'This
should provide a good indication of step-coverage quality (assuming that the above
bridging test passed), mcasured as a low end-to-end impedance ( <10082). Mctal running
over diffusion and polysilicon is the worst-case condition for metal step coverage: the
limited solid angle provided by the evaporation source can make it difficult to transport
aluminum to the vertical fealures in small-geometry device structures.

¢.  Guate-oxide dielectric integritv.  The presence of approximately 100,000 pmz of
polysilicon over gate oxide provides a test for pinholes and shorts between gate and
transistor-channel arca. This is equivalent to the gate area of about 1000 transistors of
typical transistor geometry. To pass this test there must not be measurable conductance
belween the polysilicon and the diffusion.

d. Deposited-Oxide dielectric integrity. The presence of approxim:ilcly 100,000 ,umz of
melal over active area (polysilicon gate or source-drain diffusion) provides a test for
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Figure 7.2.1 Test
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pinholes and shorts to the metallization; this could result from improper annealing of the
metal causing spiking through the deposited oxide layer. No conductance should be
~observed between the metal and either diffusion or polysilicon,

e. Polysilicon and aluminum sheet resistivity.  Although the most accurate resistivity
measurement uses a Van der Pauw structure (separate forced-current and sensed-voltage
terminal pairs), the present structure provides a quick estimate by inspection of the end-to-
end resistance. About 700 squares are present in either level

7.2.2 CV Capacitor.

A 200pm x 900pm MOS capacitor with a diffusion guard-ring is provided for analysis of the
process parameters Qgg (density of fixed charges at the oxide-silicon interface), Ngg (density of
trapping states at the interface) and the gate oxide thickness [Grove 1967]. A minor amount of
final wafer preparation may be required to form a suitable chmic backside substrate contact for

reliable measurements.

Measurements on this structure would allow separate determination of the implant dose and
interface characteristics components of the threshold voltages of the enhancement and depletion

NMOS transistors. This structure may also be used to test gate oxide dielectric integrity; 180,000

}Lmz are present.

7.2.3 Contact Hole Tester

The following two contact-hole tests are incorporated on this test patiern (Fig. 7.2.2).

a. A series connection of 270 metal-polysilicon contacts (6pm x 6pmn) tesls for failure to
make electrical comlact between metallization and the underlying layer. A measured
resistance significantly above the expected impedance corresponding to the parasitic 135
squares of connecting polysilicon indicates poor quality ohmic contacts. This could be
caused by improper imaging of the pattern in the photoresist (in particular a scum residue
might have been left in the bottom of a hole), improper etching of the oxide, or by metal
breakage around the nim of the etched contact hole,

b. A special tester consisting of 2 columns of 36 metal-diffusion contacts compares contact
holes which are properly centered over a diffused area and others which overiap the field
oxidé region. The latter is used to test whether one could overlap contact holes onto the
field oxide, in order Lo save the area otherwise consumed by alignment tolerance. Because
the phosphorus-doped SiO5 (sometimes called P-glass, see section 3.2 for a description of
the fabrication process) deposited before contacl hole definition etches much faster than
doces the thermally grown field oxide, the contact holes should open before the field region
is etched through.
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The two columns have identical bottom-wall diffusion area, diffusion periphery, and
contact hole area over diffusion; the right one differs from the lefl only by the
incorporation of a strip of field oxide in the middle of the contact hole. If the two
columns reveal the same leakage characteristics 1o the substrate, then this overlap
technique 1s probably acceptable.

7.2.4 Discrete devices.

Four enhancement and four depletion mode transistors are provided for dc testing (Figure 7.2.2).
They are organized as four inverters for convenient transfer curve analysis, with uncommitted gates
for the depletion-mode transistors to allow full testing of those devices. To minimize the number
of bonding pads, the enhancement-gates are shared, as are the depletion-gates: all enhancement-
sources and all dc})lction-drains are also shared. The four inverters are:

a. 12pm-width/6pm-length enhancement NMOS with 6/12 deptetion NMOS, forming a
standard 4:1 inverter with 2\ layout rules.

b. 12/6 enhancement and slightly narrowed 5/10 depletion load device. One expects a
higher threshold in the narrowed channel because the channel potential is raised by the
increased influence of edge effects. The use of scaling [Wang 1978] (which involves
altering the fabrication process) would permit this smaller layout without disturbing the dc
characteristics.

¢. 10/3 enhancement and 6/12 depletion load devices, Short-channel effects should cause
a lowering of the (hreshold voltage and produce increased output conduction in the
enhancement device [Dennard 19741,

d. 120/60 enhancement and 60/120 depletion load devices. These devices should permit
one 10 check device characteristics with little interference from peripheral effects.

Two transistors with closed layouts -- one with a metal and the other with a polysilicon gate -- on
thick field oxide, are provided 1o test for isolation-region channeling or other parasitic leakage. A
threshold voltage above about 25v should exist on each device. in both cascs the transistor gate
clectrode overlaps the source and drain regions. The poly-gate structure makes gate-oxide devices

at source and drain that are in serics with the ficld-region under test.
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7.2.5 Ring Oscillator of Inverters.

This structure (Fig. 7.2.1) tests ac device performance in a probe environment without hindrance
from the inherent parasitic capacitances. Because it is an actual circuit, it should provide more
reliable and directly usable information than making scparate detailed ac device measurements and
then using circuit equations. The ring oscillator is 25 stages long to provide a low frequency
output signal. The average propagation delay is one half of one twenty-fifth of the inverse of the
loop natural oscillation frequency. Inverters with 12/6pm enhancement drivers and 6/12pm
depletion loads are used: a buffer/inverter taps the Joop. giving one of the 25 loop inverters a
fanout of two. The buffer in turn feeds an output transistor with W/L of 20/1; this may be used

as a common-source outpul driver or could be used as a source-follower if desired.

7.2.6 Shift Register.

This 33-stage circuit is similar to the above ring osciliator, with the addition of a passgate in front
of each inverter (they are 24/6um enhancement drivers and 6/12pm depletion loads: the passgates
are 6/6pm devices). The passgates are bussed in two phases that alternate between inverters (16
passgates per phase). The 33rd passgate is brought out to a separate bonding pad so that one can
open the shift register loop. The complement of this signal is applied to another passgate which

connects the shift register to a secparate, inverting input buffer.

This configuration provides the following operations:

a. With both passgate phases and the control passgate line high, the circuit implements a
33-stage ring oscillator using passgate signal transmission. The measured average
propagation delay may be compared to that of the simple ring oscillator (described in
section 7.2.5).

b. Wilh the control passgale line low and alternate clocking of the passgate phases, the
circuit acts as a shift register which may be loaded with an arbitrary bit pattern. Raising
the control passgate line while continuing two-phase clocking (at a rate below that of the
loop self-oscillation frequency) forms a recirculating shift register.
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7.3 An Example Project
[section contributed by Robert Baldwin, MIT]

The project illustrated in this section, named AccumulatorTest, was my first LSI design. 1t may be
representative of what a beginner, who knows nothing about device physics or LSI. can expect to
accomplish in three or four weeks. The organization of this section follows the design process

chronologically. The four parts are: Conception, Refinement, Decomposition, and Implementation.

7.3.1 Conception and Refinement

This project started out with the desire 10 test a serial Adder/Subtractor cell that Dick Lyon had
previously designed, but not implemented. The A/S cell takes two numbers in serial form, LSB
first, and produces a serial output, which is either their sum or their difference, depending on the
mode control input. Intemally, it saves the carry (which represents a borrow if subtracting), and
adds or subtracts it from the next pair of input bits. The A/S needs to know when to reset the
carry, so it has an LSBtime signal input that marks the time slot of the LSB of each input. In
order to be able to cascade the A/S's it also outputs an LSBrime signal, which marks the LSB of

the result.

To enhance the usefulness of the test chip and reduce the external testing hardware required, I
made one of the inputs the result of the last operation. All of the numbers arc supposed to be 24
bits long (to conform to the format of another project), so a 23-bil shifl register is needed between
the A/S’s outpu.L and one of its inputs (the A/S contributes one bit of delay itself). This leaves
the chip with a single serial input, which can be added to or subtracted from the accumulator. In

addition, there should be some way to initialize the accumulator to zero, thus a clear signal is

provided.

Two more refinements were made to make testing easier. First, a multiplexer was added so that
the A/S could be tested even if the shift register failed. Second, a circuil was added to

synchronize the control signals (mode and clear). sce section 7.3.3 (Implementation).



A Guide to LSI Implementation

The whole chip has the following block diagram:

External SR —l \l

Use
External

Clear

Input
LSBtime

Subtract

64

—_—
over—

Mux

:l 2
*1 Serial
Add/Sub

23-bit Delay

—

Ca

Result Qut

> LSBtime Cut

SR Qut

At the next higher level of abstraction, the chip has the following connections to the outside world:

Vdé Gnd

| |

Input

LSBtime >
Clear >
Subtract e

7.3.2 Decomposition

(I

Phi1 Phi2

External In

e |Jse External
3> Result Out
—s | SBtime Qut

The 170 was done through two columns of pads placed on either side of the project. Since the

Cell Library (see Appendix E) contained pads and drivers, I didn’t have o design them myself.

Each block in the above functional diagram needs to be decomposed until it is clear how to

implement it in silicon. First the decomposition of the A/S will be given, then the SR, and finally

the Mux.

The first thing that was decided about the adder was the timing. A non-overlapping (wo-phase
clock is employed. All the computation is done during phase Phil, and latched during Phi2.
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During Phil the adder computes the sum/difference bit which is used as the result, and the
carry/borrow bit which is used during the next bit time. This suggested that the adder should be
implemented with two logic blocks, and a set of double inverters 1o produce (he true and
complement of the inputs (a2 function block performs a three-input XOR function, and a 2-of-3
majorily gate generates the carry). The outputs of these blocks are then latched by a second set of
double inverters. Double inverters are used wherever possible in order to lake advantage of
existing library cells, and to reduce the number of cells used in the design. The A/S also
computes LSBtime Out by delaying LSBtime In by one clock cycle {(i.e., doubly inverted during
phasel, and latched during phase2). The following diagram shows the general layout of the adder.

\llphn \lPhi?

LSBtime > —> LSBtime Out
i {
N N
INPUL A e E Sum . g .
INputB = =——>st R F——— Logic 1 R > Result Qut
T 9 T
E E
Subtract =31 R R
S Carry 5
A"
Logic

Thus the entire Adder/Subtractor can be layed out in a simple and regular way. For this project,
layout optimization would have been pointless and wasteful of time. Often in such éxperiments it
is appropriate to trade dcnsity.and speed for shorter design time, increased reliability, and greater
ease of modification. As in software oplimization, only a few frequently used critical cells

(subroutines) in the system need be optimized in order to realize most of the potential benefit.

To give the project an overall squarish shape. the shift register was folded so that the data weaves
back and forth between the clock lines. This layout is composed of cleven and one-half double
cells stacked on top of each other; cach contains one complete weave (i.e. two bits of delay). |
would like to acknowledge the hcl'p of Dick Lyon in laying out the final version of

DoubleDelayCell, a descendant of the library’s InverterPair and BackwardlnverterPair,
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The multiplexer selects cither SR Out or External In to be used as one of the inputs to the adder.

Its decomposition (which includes the logic for clearing SR Our) is best described by a circuit

diagram:
External | [
Use
External

~SR Out
T Dc To Adder
~Clear

The inverters are implemented using the library's InverterPair cell, and the NOR gate is

implemented as an InverterPair with an aiternate path to ground for the input node,

7.3.3 Implementation

Because library cells were uscd wherever possible, very little needs to be added about the
implementation. The detailed layout of each cell can be seen in figure 7.3.1. The basic blocks

were stacked on top of each other in the order; Mux, SR, and A/S.

All the control signals are synchronized with LSBtime by passing them through pass gates

controlled by LSBtime.

The layout of power and clock lines was not random. T chose to run both power and clocks in
vertical metal, because 1 knew there would be horizontal feedback signals in the A/S and the SR,
which were most conveniently run in poly. Vertical power lines made il easy o design horizontal
puliups, which in turn led w0 low wide inverters, suitable for.vertical stacking. The spacing

belween the metal lines allowed inverters after each clock line, and a function block between clock

phases.
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Figure 7.3.1 An Example Project: AccumulatorTest
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The following example checkplot of the three-input XOR gate illustrates these ideas:

hietal Diffusion S Implant

% Contact B Poly

When checking the completed design, one major source of problems was found to be the mis-use
of library cells. One such error was a misunderstanding of the interface to the library cell Padln,
which I had connected with poly instead of diffusion. Other bugs were due to treating library cells
as black boxes, and wiring them up without checking for resulting design rule violations. Several
times I forgot that butting contacts have metal over them, and ran other metal lines 00 close; for
example, there is a butting contact in the InverterPair, which is only 2 lambda away from the
connection point. 1 located these errors by plolting the project without the metal layer to check
for poly-diffusion-implant violations, and without the poly and diffusion layers to check for metal-

metal and metal-contact violations.



