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PREFACE

Under ARPA Grant MDA903~74-G5, the University of Florida,
Gainesville, Florida, has undertaken a program of study on the
topic of Computer Engineering of Integrated Circuits. The

purpose of this program was to identify problem areas associated

with the design and development of integrated semiconductor

circuits; problem areas that result in excessive cost and
inadequate availability of the particular type electronic
Structures required by the DoD. An additiuvi: 1 purpose of this
study is to recommend a program of research and development
directed toward alleviating the identified problem areas.

This project was undertaken with full recognition of the
complexity of the task at hand. It was also expected that a
diversity of opinions would be encountered concerning the real
source of existing DoD IC procurement problems. This expecta-
tion was realized; there fore, many conclusions presented here
represent the most prevalent opinions drawn from rnumerous
scientists and engineers actively working in the field of
semi~-conductor integrated circuits. Among these individuals
are representatives from many industrial organizations engaged
in 1c design, development, and manufacturing. 1In addition,
among these individuals are representatives from various
branches of the Dob, and from several academic institutions
engaged in research of particular value to the goals of this

progranm,




E

oy MR o X A W,

As with any effort cf this type, I am indebted and owe
thanks to many people who have contributed their time and

effort to this project. 1In particular, special thanks are

due to all members of the program Steering Committee who
undertook hours of extra work in their desire to assure the

success of this study program.

D. P. Kennedy
Univ. of Florida

Gainesville, Fla.
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HUMMARY

This study program has identified an important difference
between the IC business for industrial applications and for
DoD system applications: namely, the relative number of IC
structures, of a given design, that are manufactured at a
given time. For economic reasons the commercial IC market is
based upon large volume manufacturing--where a new IC product
can be manufactured in large volume, and over an extensive
period of time. DoD system contractors sel-dom (if ever) have
a need for the quantity of IC structures that semiconductor
manufacturers consider economically practical. For this reason,
Dob system contractors are subject to many IC procurement
problems for which there is no immediate solution.

It is sugyested that this emphasis upon large volume manu-
facturing is a natural consequence of the state-of-the-art.

IC design and development is an exceedingly costly undertaking,
and the financial investment required to produce a new IC
structure is easily regained only in a large volume market.
Therefore, the 1C procurement problems experienced by DoD
system contractors frequently result from their small volume
requirements. 1f a procurement order can be satisfied by an

existing commercial structure (or by minor modifications of

such a structure))the order will be completed in a relatively




short period of time, and at a reasonable cost. If, instead,
a procurement order involves the design and development of an
entirely new IC structure, the total cost becomes excessive.
Semiconductor manufacturers recognize the crucial nature of
economical IC design methods in this highly competitive indus-
try. As a consequence, most (if not all) manufacturers utilize
computer techniques to solve design problems that would other-
wise require many man years of effort. Furthermore, the value
and effectiveness of these computer techniques are evidenced by
- . a continued development effort that is directed toward improving
existing computational capabilities; this effort also indicates -
recognition of the necessity to reduce future IC design and
development costs. Nevertheless, it is generally acknowledged
that fundamental constraints exist upon our ability to expand
these computer design techniques. These constraints arise from
: an inadequate understanding cf physical mechanisms associated
! with IC design and operation.
Computer techniques for IC design are based on the use of
i mathematical models to approximate the structure under consider-
ation. Some of these models are derived from first principles
and, as a consequence, they are highly accurate. In contrast
with these accurate mathematical models, many others are
heuristic in nature; these heuristic models are used to approxi-

mate mechanisms for which there is only incomplete understanding.
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The inadequacy of thesc heuristic models, in conjunction with
important difficulties associated with process measurement and
evaluation, contribute extensively to the excessive IC design
and development costs. Therefore, recommendations resulting
from this study program are directed toward alleviating existing
shortcomings in our present computer techniques for engineering
semiconductor integrated circuits.

Modeling of semiconductor device operation falls into two
broad categories: first, mathematical models that approximate
physical mechanisms associated with device operation anc,
second, network representations of these devices for circuit
analysis purposes. It is recommended that mathematical models
be developed whereby the IC design engineer can accurateoly
calculate the electrical properties of a semiconductor device
from proposed physical and geometrical data. In addition, it
is recommended that methods be established whereby these
physical models for semiconductor device operation can yield
the necessary parametric data for an accurate network repre-

sentation of the proposed structure. This device modeling

program is recommended to include both bipolar and MOSFET typc
of semiconductor structures.

An important implication drawn from this device modeling
effort is the need to accurately model physical processes used
for IC fabrication. For example, there is need for mathemati-

cal models that can predict the impurity atom distribution
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arising from diffusion into silicon. Similar needs exist for

predicting the impurity atom distribution arising from ion b
; implant techniques, and the subsequent thermal diffusion from
an implanted profile. It is recommended that a program of
research be initiated that will yield the basic information
needed to develop mathematical models for these (and other)
1C fabrication processes. In addition, it is recommended that
such mathematical models be implemented in computer programs
that are applicable for IC design and engineering purposes.
It is also suggested that software system development for IC
design have neglected some important aspects of this problem.
For example, problems of computational stability exist in
software systems for IC analysis, and there is little (or no)
effort directed toward the solution of these problems.
Furthermore, these software systems have not been developed
| with a view toward a rigorous application of device and process
| models. As a consequence, it is proposed that techniques of
l design optimization be applied in the design of IC structures
: at a process level; thereby, we can develop a capability to
| desensitize their electrical characteristics to fabrication

' process variations.

All recommendations presented here are a consequence of i
extensive investigai.ion into problem areas associated with IC

design and development. Three well-defined programs of effort

| are recommended:
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ih The development of models for semiconductor device

operation.

2 The development of models for IC proces§ing tech-
niqués.

3 The development of a software system for IC design

that can adequately utilize these new modeling
capabilities.
Each of the above programs involve fundamental research, the
development of mathematical models to approximate specific
aspects of IC operation, and an experimental verification of
these mathematical models. 1In addition, it is proposed that
each of these models be implemented into computer software

systems that are applicable to IC design and development.

vii
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CHAPTER I

INTRODUCTION

§1l.0 Generanl

Many Department of Defense (DoD) system contractors
nse integrated electronic circuits (1C's). These semi-
conductor structures are utilized in a large number of
different applications: communication systems, radar,
control circuits for ground-based equipment, etc. This new
technology provides a means whereby the packing density of
e]ectronic circuits can be a thousand-fold greater than
densities previously obtained using discrete component
circuitry. This large packing density offers important
advantages in many DoD systems.

A large number of different IC structures are available

in the commercial marketplace (and at an exceedingly low

cost). However, these structures seldom satisfy DoD require- .

ments. The integrated circuits required by DoD usually intro-
duce special problems of design and manufacturing, and these
problems are well known throughout the electronic industry.

In past years industrial organizations have enthusiastically
offered their facilities for the design and development of
electronic equipment specifically intended for DoD systems.
Today this situation has changed. The semiconductor industry

is often unresponsive to procurement requests for special IC

2
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ctructures , and when this industry is responsive the cost is
excessive.

In some situations this procurement problem has heen
alleviated by establishing DoD in-house IC design facilities.
Also, numerous DoD system contractors have established indepen-
dent in-house IC facilities. In many cases these in-house
facilities offer a means for obtaining IC structures that cannot
be easily (or economically) procured from commercial semicon-
ductor organizations. From a long term viewpoint, however,
it is not clear that these in-house IC facilities represent
an adequate solution for this procurement problem.

Prior to initiating this study project numerous represen-
tatives of the semiconductor industry were consulted in order
to obtain opinions concerning the source of this procurement
problem. Little was gained from these consultations--each
person offered a different opinion. Despite this divergence
of opinions there was one suggestion offered by many industrial
organizations: 1low cost IC structures could become readily
available to DoD system contractors if they based their IC
requirements upon commercially available structures. It was
also warned that if these IC requirements are not based upon
commercially available structures, an excessive procurement
cost must be expected. The only solution offered for procuring
nonstandard IC structures is to establish government supported
design and fabrication facilities throughout the semiconductor
industry. It was also stated that industry would not intro-
duce these special structures into their existing commercial

manufacturing facilities.
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For this reason the present study project was undertaken
with the purpose of understanding the fundamental sources of
this difficulty. After gaining this understanding, a second
goal for this project was to propose a solution that woulad
be consistent with present industrial practices and, in addi-
tion, would minimize the IC procurement problem.

This study project was initiated with some insight into

possible sources of this difficulty. It was recognized that

despite the availability of numerous computer software systems

for IC design, the total engineering costs for a new IC struc-
ture are excessively large. It was also recognized that DoD
system contractors place procurement orders for IC structures
that involve only a small quantity of devices of a given type;
a substantially smaller quantity than is economically feasible
for a large segment of the semiconductor industry. It was
assumed that these two problems (costly engineering and small
volume requirements) represent important sources of the present
procurement dirriculties.

A well-structured (and accurate) computer software system
for IC design was initially believed to offer the potential
for a substantial engineering cost reduction. In addition, it
was believed that any rigorous evaluation of existing computer
methods for IC design (and an alleviation of their short-
comings) would introduce a wide scope of fundamental questions
that could not be answered by any individuel engineer or
scientist presently working in the field. Detailed information
concorning the technical problems associatod with the computer

engincering of 1€ scemiconductor structures requires input from
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numerous specialists that are actively engaged in the solu-
tion of these problems on a day-to-day basis. Complications
also arise because only a very few highly knowledgeable people
in the semiconductor field would even be famiiiar with these
underlying IC design problems, or be in contact with scientific
specialists to whom specific questions could be directed.

For this reason, a steering committee was formed for this
study program. This steering committee was composed of
engineers and scientists who are recognized authoritiés in
various technical aspects of the semiconductor industry:

a list of steering committee members is given on page 6 of
this report. To further enhance our ability to gain

insight into this overall IC engineering and procurement prob-
lem, many steering committee members were requested to organize
and chair workshops on their individual areas of specialty.
The topics considered at these workshops were decided upon
during an initial steering committee meeting at the University
of Florida. It was also decided that for each workshop
approximately six guests would be invited to offer opinions on
yet unsolved problems that are known to prevent the develop-
ment of a rigorous, cost saving, computer software system for
IC design and engineering. In addition, these workshops
offered the steering committee members an opportunity to ques-
tion each specialist on IC design and engineering problems
that are presently encountered throughout the semiconductor

industry.
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The topics selected for these workshops are as follows:

Topic Chairman
process Prediction and Modeling C. Thornton (ECOM)
| Semiconductor Device Analysis D.P. Kennedy (U. of F.)
Test Sites for Manufacturing M. Bullis (NBS)
Process Evaluation
IC Analysis and Design S. W. Director (U. of F.)
Microprocessors G. Rudenburg (A.D. Little)

1 A detailed list of workshop guests is given in an Appendix

to this report,

The following sections of this chapter provide an overview
of some conclusions drawn from these workshops. In addition,

brief outlines are presented on research and development that

are recommended as a means to alleviate some of the existing

IC procurement problems.

§1.1 Industrial IC Design and Manufacturing

, An overview of industrial IC design and manufacturing
problems places in proper perspective some important difficul-
ties encountered throughout the semiconductor industry. 1In
addition, such an overview provides insight into problem areas E
that contribute to the existing IC procurement difficulties v
experienced by both the DoD and the DoD system contractors.
An important aspect of this overview is an jdentification of
those problem areas that industry can be expected to eliminate,
and those problem areas that will be eliminated in the near

future only by possible government funding.




Industrial IC design and engineering techniques are,

from practicality, influenced by economic necessity. Design
and manufacturing problems receive extensive attention if
they place significant limitations on the margin of profit
realized from a given IC product. Problems having little
impact on this margin of profit receive little attention.
Sound business practices seek a maximum return. If technical
problems result in costly IC design techniques, these costly
techniques will be retained until there are sufficient
financial reasons for modifying the situation.

To date, the semiconductor industry has a large invest-
ment in the development of software systems for IC design and
engineering. These computational tools provide a means to
solve IC design problems that would otherwise require an
unreasonably large engineering staff. Clearly, this software
system development involved a large financial investment, and
this investment was directed toward the solution of problems
that have a substantial influence on the margin of profit.
Today, these systems are used by nearly every IC manufacturer
in the semiconductor industry, despite the fact that there
remain many important problems associated with the application
of these software systems.

Numerous examples of these problem areas can be found in
the application of modern software systems for IC design. For
example, computer programs for the analysis of integrated cir-
cuits, and computer programs for establishing the layout and

wiring of an integrated circuit, both suffer from unique prob-




lems associated with their application. Further, it is
generilly recognized that solutions to these problems would
substantially reduce IC design costs. Despite this situation,
these problems (and their solution) represent a low prieority
effort throughout the semiconductor industry. The economic
impact resulting from these application difficulties remains
small in a large-volume manufacturing situation.

Many aspects of IC manufacturing have a substantially
greater economic impact upon the semiconductor industry than
the initial design and engineering costs. A particularly
costly situation is the volume of defective products encountered
during IC manufacturing. Typically, 50% (or less) of all
production starts yield satisfactory product at the output of
a manufacturing line. If, indeed, a semiconductor manufacturer
is forced to throw away 100,000 potential IC structures per

month, in one year the loss of revenue from manufacturing scrap

can exceed the initial design and engineering costs.

The semiconductor industry has become resigned to the fact
that a poor manufacturing yield is inherent in the IC business,
and that little can be done to modify the situation. Thus, a
substantial financial investment is directed toward "cutting-
short" this manufacturing loss--identifying faulty IC struc-
tures during the initial phases of a manufacturing process.
Most semiconductor companies consider the continued processing

of scrap a significant part of their manufacturing costs,

and feel that the most expensive scrap are those bad IC struc-

tures reaching final test.
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Another potentially dangerous problem in IC manufacturing
is the stability of yield from a given production line. Few

(if any) IC manufacturers believe their fabrication processes

are under adequate control. Most manufacturers have experienced
periods when the yield of good devices from a production line
decreases to a disastrous level, and for no obvicus reason.
Thereafter, it may take several days (or weeks) to identify
the source of difficulty and return the yield to an economically
sound level. For this reason, the development of process
monitoring techniques represents a high priority effort through-
out the semiconductor industry.

For obvious reasons a substantial part of this process

monitoring effort has been directed toward process stabiliza-

tion, rather than toward the measurement of basic process para-

meters. It is often stated that the semiconductor industry

must develop on-line measurement techniques that quickly identify
inadvertent changes in any given process step. It would be
informative if these monitoring techniques yield quantitative
processes informatioa, yet this type of information is less
important than an ability to identify when changes have taken

place.

These IC manufacturing problems, alone, provide some in-
sight into the IC procurement problems experienced by the DoD
and their system contractors. The inadequacy of process
monitoring tochniques produces an unstable situation thal most
manufacturers fear; therefore there is great reluctance to
upset an IC production line that is producing a marketable
product. For this reason, it has been stated by numerous IC

10
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manufacturcrs that under no condition would they modify the
process procedures used in a going produztion line to
accommodate a small quantity order for special IC structures.

An important, and often unrecognized, aspect of the IC
manufacturing problem is associated with production line
start-up for a new product. Many well-established semi-
conductor organizations have undergone serious financial
difficulties during this critical period. 1In fact, some new
semiconductor component manufacturers are driven into bankruptcy
before their new product manufacturing lines have become
operational.

From a practical point of view, introducing a new IC
product into manufacturing represents a large financial gamble.
The techniques used for production line debugging are highly
empirical, and the problems to be solved are often a consequence
of many interrelated process variables. Further complications
result from the large in-process fabricaticn time for IC struc-
tures; in general, experiments designed to improve the yield of
good IC structures from a production line frequently require
several weeks for adequate evaluation.

It is emphasized that present IC design techniques provide
no satisfactory method whereby an engineer can evaluate, a
priori, the consequences of manufacturing process variables upon
the electrical properties of a new IC structure. Thus, an
important aspect of manufacturing start-up sometimes involves
redesign of the IC structure to accommodate these process
variables; this redesiqgn procedure is necessarily empirical

in nature. A need for computational methods to aid in the solu-

11
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tion of this problem has been stated by many IC manufacturers,
and some study is underway toward this end.

The foregoing overview of industrial IC design and manu-
facturing problems provides some insight into the procurement
difficulties experienced by the DoD and their system contrac-
tors. The large design and development costs for a new IC
structure have serious consequences upon the ultimate cost
for small quantity procurement orders. The semiconductor
industry has little need to reduce this cost through research
and development; adequate large volume business is available
to operate their manufacturing lines at near full capacity.
Present costs associated with IC design and development are
not necessarily excessive for the large volume markets to
which the semiconductor industry is presently directing its
attention.

The problems associated with manufacturing yield are most

important to the semiconductor industry. These yield problems

are of minor direct importance to the small quantity user of
IC semiconductor structures. For example, if a DoD system
contractor requires 100 IC structures of a particular type,
the ccst differential is small if these structures are fabri-
cated to either al0% yield or a 75% yield of satisfactory
components. This situation is particularly true in view of
the cost for design and development of such a component.
There are indirect problems associated with these manu-
facturing difficulties that do, indeed, affect the small
quantity user of IC structures. These problems pro-

duce a reluctance on the part of the IC manufacturers to
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modify (in any way) the processes used in an operating
production line. For this reason, fabrication of small
quantity orders of IC's is often limited to off-line
production facilities, which again increases the cost and

1imits the availability of such structures.

§1.2 Multiple Source IC Procurement

In §1.1 (Industrial IC Design ari manufacturing) many
problems of IC design and manufacturing were outlined, with
reference to the manner in which these problems impact the
small quantity user of IC structures. In a similar manner
we discuss here some difficulties these problems produce in
establishing a second-source (or multiple-source) for IC
structures. One must conclude from this discussion that a
true "second source" for a given IC cannot often be established
without a significant degradation of the electrical charac-
teristics during initial design and development. This need
for degrading the electrical characteristics is recognized by
many IC design engineers, and it is often stated to be a
serious (and important) problem.

A properly designed and documented discrete component
electronic structure can, in general, be successfully produced
by any qualified electronic manufacturer. Today, complex
discrete component electronic circuits can be designed by one
manufacturer and produced in large volume by another. Few
problems arise in the transfer of information necessary to
duplicate a given discrete component circuit by any knowledgeable

electronic organization. To date, a similar situation has not
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been achieved in the design and fabrication of semiconductor

integrated circuits. In the absence of special design

considerations, integrated circuits designed by one industrial

organization can be adequately reproduced only by that
organization. 1In fact, serious problems frequently arise
within a given company when manufacturing for a particular IC
is transferred from one production line to another.

The reasons for 'this situation are manyfold. One
important source of difficulty is the small, inadvertent,
process variabilities encountered in any IC manufacturinj
facility. Each step in the fabrication process (diffusions,
oxidations, metallizations, etc.) is subject to small degrees
of variability, and the magnitude of these variabilities differ
from one production line to the next. Experience shows that
two different production lines in a given company can exhibit
substantially different process variabilities; an even greater
difference can be expected between the production facilities
of two differe=t semiconductor manufacturers.

An additional source of difficulty arises from inadequate
process monitoring techniques that are used throughout the
semiconductor industry. Seldom will these monitorina *“echniques
provide adequate characterization of an IC fabrication process.
Most monitoring techniques are designed to show changes in a
given process rather than quantitatively establish the important
process parameters. Resulting from this situation is a self-
consistent set of process monitoring tools within any one given
semiconductor manufacturer; in general, all production lines

can be expected to utilize the same monitoring methods. 1In

14
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contrast with this situation, it is unlikely that two different
semiconductor manufacturers will use an identical set of process-
monitoring techniques. For this reason, transfer of an IC
manufacturing process from one industrial organization to an-
other can represent an exceedingly costly task. It has been
found that the ultimate cost of such a transfer can sometimes
be approximately equal to the cost of two independent design and
development projects for the same IC structure.

Presently, this type of problem is successfully solved only

through a significant loss of electrical performance. The IC

designer first samples the electrical characteristics of devices
(and other components) presently being fabricated by numerous

1C manufacturers; this sampling is accomplished using special

test structures. Thereafter, the new IC is designed while
assuming a worst-case situation--the design is based upon the
worst electrical characteristics selected from the entire set of
experimental measurements. Experience shows this design technique
yields an IC that can be procured on a multiple source basis.
Unfortunately, a significant loss is realized in the resulting

electrical characteristics.

§1.3 oOverview of Proposed Research and Development

From the foregoing sections of this chapter it is evident
that the present difficulties of IC procurement are a consequence
of many interrelated problems. Some of these problems are self-
evident and require l1ittle elaboration. Other problems are not

frequently viewed as a source of difficulty within the semi-




A, RS o

27

( §1.3

conductor industry; IC design engineers have learned techniques

‘ whereby they can by-pass these problems, making a rigorous 3
solution unnecessary. The purpose of this section is to provide
an overview of problems that influence the procurement of
small quantities of IC structures of an unique design. In
addition, presented here is an outline for research and
development that will alleviate the most important of these

procurement problems.

There is substantial verification that computer software
systems for IC design offer a significant cost reduction. The
semiconductor industry has made a large financial investment
in such software systems; thereby, heretofore difficult
problems of IC design and engineering are solved
at a cost that is economically practical within the framework
of industrial requirements. An important difficulty arises
because industry has little immediate need to further improve
these software systems and, hence, to further reduce IC design
costs. The semiconductor industry is directing ils energy
(and financial resources) toward yet unsolved problems that A
have greater impact on their margin of profit.
| For this reason, it is suggested that this software

development effort be continued under the sponsorship of ARPA.
| Implicit in this effort is an identification of problem areas
| in IC design that are costly and, thereafter, undertaking

research directed toward the solution of such problems. In

addition, solutions resulting from research must be implemented

into software systems that are cost effective for the semi- F

conductor industry.
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The type of research necessary for this recommended

program becomes evident by viewing those areas of industrial

IC design where computational techniques are linked to

| engineering empiricism. One well-known link arises in the
characterization of semiconductor devices for circuit design
purposes. It is suggested these equivalent circuit approxima- \
tions for semiconductor devices represent a technical boundary
between two contrasting aspects of IC design:
1. Highly sophisticated computational techniques
that apply classical methods of network analysis

to the solution of complicated circuit design
problems,

2. Heuristic methods of analysis where transistor
engineers introduce extensive empiricism to
solve problems for which there is only a limited
amount of basic understanding.
There is ample evidence to show that research must be directed
| toward the solution of this particular problem.
Present industrial engineering practices effectively "by-

pass" this problem. Highly heuristic engineering techniques

are used to develop laboratory prototypes of new semiconductor

i devices. Thereafter, having fabricated a number of such

' devices, they are subjected to an extensive experimental
characterization procedure: their electrical properties are

l measured throughout a wide range of operating conditions.

l ’ similar heuristic methods are next used to develop equivalent

e ———

circuits to approximate the measured electrical properties of

-

these devices. These equivalent circuits are used for
) computational investigations of the IC structures in which

. the devices are to be used. There are many obvious short-

17




comings of this overall technique but, in general, it has

proven successful in an industrial environment. One

important shortcoming is the necessity to fabricate and measure

the semiconductor devices prior to circuit analysis.

It is proposed that research be directed toward the
solution of problems that will eliminate this particular
empirical aspect of IC design and development. A substantial
cost reduction would be realized if a capability exists
whereby the electrical properties of semiconductor devices
could be mathematically predicted (from basic process para-
meters) prior to laboratory experimentation. Assuming this
capability, the IC engineer could calculate the electrical
performance of an IC and thereby establish necessary process
modificaticns prior to fabricating such structures. This
capability would eliminate the costly experimental empiricism
presently used to optimize IC characteristics and maximize
fabrication yield.

The availability of such computational techniques would
offer important advantages to the DoD and their system
contractors. Specifically, the design of an IC could be
based upon measured process parameter information from each
individual vendor. Suitable design modifications could be
introduced into a reguired IC structure to assure that each
vendor can satisfy the necessary electrical specifications
using his particular fabrication processes. It woild no
longer be necessary to design on a "worst-case" basis to

assure multiple sources for a given IC structure.

18
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This proposal immediately introduces questions concerning

the availability of such processing data from IC manufacturers.

Traditionally, the semiconductor industry con.iders this type
of information a company secret. Despite such problems, one
IC manufacturer (Motorola) has given assurances that process
information could be made available on a need-to-know basis.
In addition, it has been stated that if unique IC structures
could be fabricated on existing large-volume manufacturing
facilities, it would represent a relatively simple (and in-
expensive) solution to the problem. Under no conditions
would these manufacturers modify the processes used in their
production lines, although to wtilize an existing fabrica-
tion facility represente cnliy a bookkeeping problem that is
easily solved.

Thus, the proposed research and development effort
resulting from this study is directed toward the solution of
the numerous problems of IC design that are presently solved
by empirical techniques. Having gained this basic knowledge,
it is proposed that computer snftware systems be developed
that utilize this knowledge in the form of mathematical models
suitable for engineering purposes. The most important of
these problems is found in the area of semiconductor device
physics and the fabrication processes for these devices.

It is also proposed that the availability of these computa-
tional tools will make evident some important shortcomings
in our existing computer techniques for IC design. These

shortcomings must also be eliminated.

19
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§1.4 Subdivision of Proposed Research and Development

The research and development proposed for this ARPA
program falls into three well-defined categories:

A. Software Systems for IC Design

B. Semiconductor Device Research and Modeling

C. Process Prediction and Modeling
In each of these categories mathematical models are
available to describe mechanisms for which there is
presently adequate understanding. In contrast with these
areas of adequate understanding, many problems must be
solved for which present understanding does not agree with
experimental observation; such problems are solved by

emnirical techniques. It is unrealistic to believe that

this empiricism can be entirely eliminated from this IC

design procedure. A more realistic goal is to undertake
research directed toward those aspects of the IC design
problem that are presently solved by empiricism and, at the
same time, have a significant influence upon the ultimate

cost of design and engineering.

A. Software Systems for IC Design

The software system aspects of this proposal have been
influenced by two important factors: first, the successful
industrial effort in this area and, second, the extensive
financial support (both industrial and government) being
directed on this topic. This proposed ARPA project ! .is been
desigred to place emphasis upon the solution of problems

presently rnot being undertaken by either government or industry.
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It is often stated by IC design engineers that important
difficulties arise in IC fabrication from inadvertent varia-
tions in the manufacturing process. Furthermore, a need
has been recognized for computational techniques whereby one
can calculate the consequences of these process variabilities
upon the electrical properties of an IC. Attempts have been
made to implement this capability into an existing IC circuit
analysis program (ASTAP) . These attempts, to date, have been
unsuccessful. For this reason, it is suggested that research
be undertaken that is directed toward the development of
mathematical techniques whereby one can calculate the conse-
quences of fabrication process variabilities upon the electrical
properties of an IC.

Practical limitations of modern electronic computers
place serious restrictions upon the size fnr complexity) of
electrical circuits that can be evaluated by computational
techniques. For this reason, computer analysis of electrical
circuits is accomplished on a basic cell format. These cells
are experimentally interconnected to form a complete IC
structure. This interconnection is accomplished with only
limited knowledge of potential difficulties in the overall IC
structure that can arise from electrical parameter variabilities
(due to fabrication process variabilities) in each basic cell.
As a consequence, it is not infrequent that one combination
of cells is easily manufactured while another combination

yields no satisfactory 1IC structures.
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The semiconductor industry is presently developing
methods whereby the electrical properties of each cell are
representable as basic elements, and the consequences of

their ianterconnection can be studied on a computer. This

computational technique is called 'macro-modeling'. There is

little indication that these macro-modeling development
projects are directed toward the evaluation of difficulties
that may arise from electrical parameter variabilities from
each cell.

For this reason, it is recommended that the foregoing
research on process variability analysis be undertaken on
two levels:

l. on an elemental circuit level

2. on a complete IC level (using macro-modeling).

This computational capability will offer a means whereby IC
design engineers can evaluate the adequacy of a new structure
from a parameter variability point of view.

Assuming the successful development of the foregoing
coxrmtational techniques, a new method must be developed
whereby the multitude of process variables associated with IC
fabrication can be adjusted in a systematic fashion to gain
the desired results. This technique will provide a means
to establish the combination of process parameters that
essentially desensitize an IC structure to small process

parameter variations.




1t is emphasized that the foregoing multi-variable
optimization technique would be applicable to many different
aspects of 1C design, other than at a circuit level. Heuristic
methods are traditionally used in the design of transistors,
resistors, etc., and there is need for a systematic design
technique to accommodate the inadvertent process variabilities
encountered during fabrication.

A final topic of research arises from problems of convergence
and stability in IC circuit design programs. This problem is
associated with the equivalent circuit representations of
transistors that is used in these circuit design programs. A
given equivalent circuit representation yields excellent (fast)
convergence during circuit analysis of one type logic configu-
ration, and poor (slow) convergence for another type logic
configuration. Purther, it is not uncommon te encounter
instabilities during circuit design which implies a need to

restructure the equivalent circuit.

The origin of this stability problem is not adequately
understood, and there is substantial confusion concerning
its elimination. For example, a given equivalent circuit
representation will work satisfactory in one type of circuit
analysis program, and it will produce instabilities in
another circuit design program.

It is proposed that research be directed toward under-

standing, and eliminating this particular problem. Many
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persons have suggested tne problem could stem from algorithms
presently used {or analysis of integrated circuits, but there

is little factual information on this subject.

i

In summary, the recommended research in,areas of software
sy *ems are directed toward the evaluation of process vari-
abilities upon the electrical properties of an IC. In addi-
tion, this research is directed toward designing IC's that are
tolerant to those process variables. This research includes
the development of computational methods for the following

tasks:

A. Fabrication process analysis on an elemental
. circuit level.

B. Fabrication process analysis on a chip level (using
macro-modeling).

C. Multi-variable optimization of IC structures.

D. Stability problems in circuit analysis programs.

B. Semiconductor Device Research and Modeling

| During IC design, semi-heuristic network approximations
(equivalent circuits) are used to gepresent the transistors
in computer programs used to calculate the electrical
properties of IC structures. The parametric information

i required for these equivalent circuit approximations is
presently obtained by laboratory measurements upon typical

l transistors. This parame-ric information is often in the form

’ of median values and the statistical spread for each parameter
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(if available). It is frequently found that network approxima-
tions developed in this fashion do not adequately characterize
the devices under consideration; when such inadequacies are
encountered, heuristic modifications are introduced to satisfy

a given requir=ment.

Fundamental problems arise when these equivalent
circuits are used to calculate the consequences of manu-
facturing process variabilities upon the electrical properties
of an IC (as in the IBM ASTAP program). Processes variabilities
are introduced into circuit analysis through measured para-
metric data of the relevant semiconductor components. Thereby,
it is implied that no correlation exists between the para-
metric variabilities in an IC and, as a consequence, unreal-
istic (and overly pessimistic) results are obtained. 1In
short, this technique produces a "worst-case" solution that

is inadequate for engineering purposes.

It is proposed that research be directed toward the
development of rigorous mathematical models of semiconductor
operation. The purpose of these models is to provide a
computational link between the process parameters used for
IC manufacturing and the electrical properties of the
resulting semiconductor devices. Thereby, a means will be
available for the IC circuit designer to establish para-
metric data needed for the equivalent circuit approximation
for each semiconductor device. 1In addition, these models
will provide a means whereby an engineer can establish the
correlation between the electrical parameter variabilities

that are encountered in any IC structure.
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An initial research effort should be directed toward
the most frequently used semiconductor devices: the MOSFET

and the bipolar transistor. The purpose of this research is

to obtain a quantitative understanding of numerous physical

mechanisms contributing to the electrical properties of these

semiconductor devices. After having gained this understanding,

mathematical models that approximate these mechanisms must be
implemented into computer software systems for the evaluation
of practical semiconductor devices.

An intended goal for this effort is to provide IC
engineers with a computational capability whereby basic fabrica-
tion process parameters can be introduced into a computer program,
and from this input data the electrical parameters can be
established for the resulting semiconductor devices. Having
this capability, it will be unnecessary to undertake extensive
empirical laboratory studies as a means to obtain a required
semiconductor device.

In conjunction with the development of mathematical models
for transistor operation, it is recommended that models also be
developed for semiconductor structures to be used in fabrication
process evaluation. Presently, the National Bureau of Standards
has an experimental program underway that is aimed toward
developing new semiconductor structures (test-patterns) for

process evaluation. This recommendation would represent a

joint effort with NBS on the evaluat ' -n of these structures;




such a cooperative effort would be advantageous to the over-

all goals of the DoD.

C. Process Prediction and Modeling

Important IC design prcblems result from an inability to
quantitatively predict the impurity atom profiles in semi-

conductor material that result from some widely used fabrication

processing techniques. For example, during the past 20 years
the semiconductor industry has been using thermal diffusion
for transistor fabrication, yet today we cannot adequately
predict the impurity profiles resulting from a diffusion
process. As a consequence, semiconductor device design is
accomplished by empirical methods; the required electrical
characteristics of a transistor are obtained by empirical
process variations.

The purpose of this proposed research is to develop
methods whereby the consequences of conventional semiconductor
fabrication processes can be predicted, and thereby eliminate
the need for empiricism. Substantial judgement is necessary
in the selection of these research topics. This effort must
be directed toward those processing techniques used extensively
throughout the semiconductor industry, techniques also expected
to be used in the foreseeable future. In addition, research
must also be directed toward those processing techniques now

under development. These techniques are expected to eventually

be in widespread use throughout the semiconductor industry.
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For this reason, it is recommended that research be
directed toward a solution of the thermal diffusion problem.
One goal for this research is to develop a mathematical model
for impurity atom diffusion into silicon. This model should
contain the numerous physical mechanisms known to influence
impurity atom diffusion, thereby providing the degree of
agreement between theory and experiment that is needed for
semiconductor device design.

It is also proposed that research be directed toward

a solution of the auto-doping problem encountered during

epitaxial growth of silicon on silicon. Again, an important

goal for this research is to develop detailed knowledge about
impurity atom doping of the epitaxial layer, from a buried
layer. Thereafter, the knowledge gained during this research
is to be directed toward the development of a mathematical
model for the buried layer impurity atom distribution, after
epitaxial growth.

In conjuwiction with research on diffusion and epitaxial
growth, it is also recommended that research be directed toward
problems of ion implantation. This fabrication technique
introduces technical problems for which there is little under-
standing. The purpose of this research is to gain 3 basis under-
standing to the degree required for semiconductor device
design. After having gained this understanding, an important
aspect of the research is to develop mathematical models for
ion implantation that accurately predict those semiconductor

parameters important to device analysis.




Oxide growth on silicon represents an important process
in MOSFET fabrication, yet little understanding is available
on this subject. The oxide growth rate is influenced by
many factors. For this reason, processes necessary to attain
a given oxide thickness have been determined empirically.

Further, the electrostatic charges encountered in an oxide

layer have a significant influence upon the resulting MOSFET;

thus, empirical methods have been developed to reduce these
charges. It is proposed that research be undertaken on the
overall topic of oxide growth on silicon as a means to
eliminate an important source of empiricism in the semi-

conductor industry.
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CHAPTER II

Proposed Program Organization

§2.0 Introduction

It is recognized that this program of effort is of suffi-
cient magnitude to require several years for its completion;
at this time it is estimated the entire program will involve
5 to 7 years of research and development. It is also
recognized that the technical scope of this proposed
project is too large to be undertaken by any individual
university, or other semiconductor organization. For this
reason, the plan for this program is to utilize, on a sub-
contract basis, the technical expertise of other organiza-
tions that have world recognition in the field of semicon-
ductors.

It is proposed that the University of Florida form a
program office for this proposed project--see Fig. 1. The
program office will have the responsibility for project organi-
zation and evaluation, setting goals and benchmarks for the
individual projects, financial planning, etc.; all decisions
made by this office will be subject to review and approval
by an executive committee. Further, this executive committee
will have for technical guidance an advisory committee
composed of scientists selected from both project associates

and other knowledgeable versons in this field.
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In addition, it is proposed that the University of
Florida, on a subcontract basis, form four centers to under-
take responsibilities associated with many different aspects
of this program:

Title Location
Center for Device Modeling University of Florida
Center for Industrial Liaison University of Florida
Center for Process Modeling Stanford Univ., Stanford, CA.

Center for Software Development Unspecified

Each center will have a specified mission under this program,
and the authority to issue subcontracts, hire consultants,
etc. Further, these centers will have the responsibility
to organize their individual programs, consistent with the

overall project plans of this effort.

§2.1 Center for Device Modeling (Univ. of Fla.)

The Center for Device Modeling has the responsibility
to develop mathematical models that adequately represent
semiconductor device operation. This modeling task should
be accomplished using two different approaches, and both of
these approaches are of equal importance. First, from
specified geometrical and physical properties for the semi-

conductor devices used in an IC, mathematical models are

required whereby we can accurately predict the resulting

low-frequency and high-frequency electrical characteristics.




Second, from these physical models of device operation,
equivalent circuit approximations must be developed that are
suitable for circuit analysis purposes.

In conjunction with this research, it will also be the
responsibility of this Center to quantitatively evaluate

the engineering capabilities of our present theory of semi-

conductor device operation. Clearly, this quantitative

evaluation will be obtained only through a detailed compari-
son between the predicted electrical characteristics of
semiconductor devices and their experimentally measured
characteristics. This experimental evaluation will consist
of both controlled laboratory experiments and a cooperative
experimental program with large volume semiconductor manu-
facturers.

An important goal of this project is to establish
computational methods whereby the electrical properties of
semiconductor devices can be accurately established, without
requiring ti.> nse of an unreasonable amount of computer time.
In addition, such computational techniques must offer an
ability to calculate the influence upon these electrical
parameters of process parameter variabilities encountered
during IC manufacturing. These aspects of device modeling
will be the responsibility of this Center for Device

Modeling.




$2.1

There have been several different proposed methods for
computing the consequences of manufacturing process vari-
abilities upon the electrical characteristics of semicon-
ductor devices. Some of these proposed methods appear
satisfactory for the analysis of devices, yet unsatisfactory
from a circuit analysis point of view. Similarly, methods
that appear most satisfactory for circuit analysis have not
been adequately studied from a device analysis point of
view. Thus, techniques to be used for this aspect of the
proposed IC design procedure remain undefined.

It will be a responsibility of the Center for Device
Modeling to establish the method to be used for this aspect
of the proposed IC design technique--which we cail Manu-
facturing Process Simulation. A study of the associated
problems will be established in cooperation with the Center
for Software Systems; the purpose of this study is to
develop a computational method that is practical from both
a circuit analysis point of view and from a device analysis
point of view. From this study should evolve a prescribed
program of research to be undertaken by both Centers that
will lead to an ability to computationally simulate IC
manufacturing.

In conjunction with modeling the physical mechanisms

associated with semiconductor device operation, this Device

Modeling Center is also responsible for modeling test sites




for process analysis of IC manufacturing faciiities. The
experimental aspects of this program will be done under the
ARPA/NBS program, and the Device Modeling Center will pro-
vide computational back-up for this ARPA/NBS effort. An
important aspect of this computational work is to investi-
gate relative sensitivities of various process parameters
upon the measured electrical characteristics of specific
test site structures. Thereby, it is intended to select
those test site structures most suitable for the nreviously
mentioned analysis of IC manufacturing facilities.

Another important responsibility of this Center is an
extension of the forementioned analysis of semiconductor
device operation: the development of equivalent circuit
representations of semiconductor devices that are appli-
cable to the computer analysis of IC structures. These
equivalent circuits must adequately characterize both the
low frequency and high frequency electrical properties of
semiconductu: “Jevices and, at the same time, these equiva-
lent circuits must be sufficiently simple to be practical.

All of the forementioned areas »f responsibility will
involve the development of computer programs. The compu-
tational techniques, and other aspects of those programs

important to user application, must be taken into consider-

ation and suitably documented for user application.
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§2.2 Center for Industrial Liaiéon

It has been often stated that industrial involvement is
an important ingredient in a program of this type. This
involvement can take many forms: direct financial assist~
ance, technical assistance in the solution of identified
tasks, application and evaluation of the computational
techniques developed under this program, etc. The responsi-
bility of this Center is to actively encourage and solicit
this needed indnstrial involvement.

One technique suggested to encourage the participation
(and help) of the semiconductor industry is by the organi-
zaticn of periodic workshops on topics investigated under
this program. During such workshops, members of this
research team could present technical results that are
directly applicable to industry, and offer the necessary
technical information for industrial implementation.

It has also been suggested that researchers involved
in this project should be encouraged to present the results
of their efforts at appropriate scientific meetings, in
technical journals, etc. Further, publication of this
research should take place at the earliest practical time.

Experipn;e has shown that many industrial organizations
are receptive to visitation and discussions with persons
involved in this project. Initial efforts in this direction

have produced offers of assistance and cooperation in the
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solution of a large class of technical problems. It is
believed that a concentrated effort in this direction will

generate substantial industrial participation, and insure

that the results of this research program become accepted

(and used) thrcughout the semiconductor industry. It is
the responsibility of this Center for Industrial Liaison
to actively solicit industrial assistance in the solution
of problems associated with the aims and goals of this
project. Included in this responsibility is the formation
of a suitable technique for information flow between this

research program and the semiconductor industry.

§2.3 Center for Process Modeling

During past months an important deficiency in our
present knowledge was continuously reinforced by this study
program: an inability to predict a priori the consequences
of most IC fabrication processes. It was generally agreed
that this Aifficulty has been overcome by industry in a
practical, yet inefficient, way--by laboratory empiricism.
A major responsibility of the Center for Process Modeling
is the elimination of this situation. Specifically, it is
the responsibility of this Center to develop mathematical
models for each IC fabrication process that is required for

the design of an IC structure.
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Clearly, this area of investigation is very broad in
scope, and it includes many different IC fabrication pro-
cessess: ion implantation, therm.l diffusion, oxide growth,
etc. As a consequence, it is important that detailed value
judgments be made concerning each and every processing
investigation to be undertaken under this program. These
value judgmepts must be based upon a need, with relation to
the overall aims and goals of this project. Specifically,
it will be necessary to establish that each investigation .
is being directed toward the solution of a problem that must
be solved before we can inexpensively design IC structures
on a computer.

An important goal for each individual investigation is
the development of mathematical models that adequately pre-
dict the consequences of a particular fabrication process.
In many situations this mathematical model will take two
different forms: first, a complex (and rigorous) model
that provides the required accuracy and, second, a simplified
(approximate) model that needs little computation time,
yet offers sufficient accuracy for small variations from a
given median. It is the responsibility of this Center to
develop both types of mathematical model.

Ion implantation has become an important technique for
IC fabrication. For this reason, a mathematical model for

ion implantation must be developed that is suitable for IC
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design and development. This mathematical model must
adequately describe the ion distribution in silicon after
implantation--both directly into silicon and through an
intervening oxide layer. Furthermore, this mathematical
model must provide all additional information required
(distribution of lattice damage, etc.) to calculate the
subsequent diffusion of these ions throughout the semicon-
ductor material.

An important application of ion implantation is found
in the fabrication of IC structures using MOSFET devices:
ion implantation is often used to tailor the threshold
voltage of previously fabricated MOSFET's. It is hoped
that future research into fabrication processes will elimi-
nate the need for such a tailoring procedure. Nevertheless,
as a contingency measure it is believed that a moacl should
be developed for ion implantation into a thin surface layer
of silicon, through an intervening SiO, layer. This model
should yield adequate information concerning the distribu-
tion of implanted ions and, in addition, it should yield
adequate information concerning the states introduced into
both the Si0O, layer and the silicon during implantation.

During the past 20 years impurity atom diffusion into
silicon has been used extensively for device fabrication.
Despite this world-wide experience with diffusion as a device

processing technique we cannot, today, adequately predict
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the resulting impurity atom distribution; such information
is necessary before one can accurately predict the electri-
cal characteristics of devices fabricated by diffusion.
Furthermore, many of the mathematical models used to charac-
terize impurity atom diffusion in silicon are exceedingly
heuristic in nature, and provide poor agreement with experi-
ment. For this reason, it will be the responsibility of
this Center to develop a mathematical model for impurity
atom diffusion into silicon that is adequate for the aims
and goals of this project. '

Another aspect of this process modeling problem is the
development of an adequate mathematical model for autodoping
of epitaxially grown silicon during growth upon a silicqn
substrate. The important information to be gained from this
effort is a model for the initial epitaxial layer doping
produced by autodoping, prior to diffusion. From this par-
ticular model, it is intended to obtain an accurate mathe-
matical description of the initial conditions from which
buried layers of impurities diffuse into the epitaxially
grown material during all stages of IC fabrication.

In addition to these forementioned tasks, it will be
the responsibility of this Center to undertake research
leading to an understanding, and characterization, of both
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