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FOREWORD

Our successes with major systems often overshadow the
importance of the basic supporting technology develop-
ments that make these successes possible. This report
covers one of these technologies—the integrated circuit—
its origin and development, its present status, and its
future impact.

The birth and explosive growth of integrated circuits can
be directly attributed to a combination of wise policy
direction by the Department of Defense; initiative, stimu-
lation and dynamic management by the Air Force Sys-
tems Command; and spirited response by industry. The
story is dramatic proof that the frontiers of our technology
can continue to be rolled back by intelligent and imagina-
tive assump(i(;n of risk, proper allocation of resources,
and reliance on scientific ingenuity.

It is important to understand that this technology was
based on a growing operational problem rather than the
normal evolution of a new technical phenomenon. The
problem demanded a major scientific advance involving
considerable financial and technical risk. The solution
proposed by the Air Force was criticized by some and
questioned by others. The fact that the technology was
successfully developed makes it important to review and
comprehend the degree of participation of our govern-
ment laboratories, so that existing and future programs
may profit by the lessons learned.

‘N\ ‘
11.().

B. A. SCHRIEVER
General, USAF
Commander, Air Force
Systems Command
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INTRODUCTION

In the short span of years from 1958 to 1964,
a revolutionary technique for fabricating elec-
tronic circuits was introduced, demonstrated,
and accepted. This new technique results in
exceptionally small, highly reliable complete
electronic circuits; commonly called inte-
grated circuits. This report discusses the de-
velopment of integrated circuits from their
earliest beginning to their present wide-
spread use in military and commercial elec-
tronic equipment.

- - 1962 '63 '64 '65

A comparison of the number of units shipped during
the early growth period of the transistor, 1953 to 1956,
and of the integrated circuit, 1962 onward, shows the
rapid growth of the integrated circuit. The growth of
integrated circuits is even more pronounced when it is
realized that each integrated circuit can displace
several transistors.

The development of integrated circuits is, in
large part, the story of imaginative planning
and aggressive management by the U. S. Air
Force in starting and supporting a bold, new
research and development program. This sup-
port, combined with substantial industry par-
ticipation, resulted in an accelerated break-
through in the field of electronics. The rapid
advance of integrated circuit technology is
attributable in large part to the management
decisions made by the Air Force and the De-




partment of Defense decisions such as to

e institute a high-risk researc h program

e initiate research and development with a
minimum of time-consuming revie w of tech-
nical feasibility,
utilize concentrated, massive funding to ob
tain rapid results
integrate government and industry efforts
In,rnmn‘(]\mk development ot each re-
search advance without detailed supervision
by all echelons of government,
incorporate the emerging technology into
existing projects to take early advantage ol
the breakthroughs and demonstrate their
technical value

It is the purpose of this report to pomnt up
the significance of these decisions on the de-
velopment of the integrated circuit, particu-
larly in light of their ]m\immd effects on the
military and industry.

The Minuteman Il Intercontinental Ballistic Missile was
the first major weapon system to make extensive use
of integrated circuits
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ROOTS OF THE CONCEPT

After World War 11, the trend was toward
more complex military electronic equipment
to meet expanding mission requirements. The
few simple groups of individual components
previously associated with electronic equip-
ment, such as transmitters and receivers, were
rapidly being sn])plum'nlul by additional,
more complex circuits. The result was a tre-
mendous increase in the number of individ-
ual components and interconnections between
them—each of which was a possible point of
failure. This, coupled with lack of highly re-
liable parts, compounded the failure rate prob-
lem. It was during this period that the time
between failures of complex airborne elec-
tronic equipment was occasionally measured
in minutes.

The invention of the more rugged and reli-
able transistor in 1948 promised some respite
froim the reliability problem. But the improved
reliability of transistors was not enough to
offset the rapid expansion in the number of
individual components necessary in the more
complex equipment.

THE PROBLEM

Continuing this trend through the late 1950’s,
Air Force electronic equipment had become
so immensely complex that component and

AIRCRAFT

ELECTRONICS

OF ACTIVE ELEMENT GR

NUMBER

YEAR

The increasing complexity of aircraft electronic equip-
ment after World War Il is demonstrated by the twelve-
fold increase in the number of active electronic compo-
nents from the B-17 to the B-58 bomber. An even
greater increase is depicted for ground based radars.




The Westinghouse integrated circuit held by the tweez-
ers is equivalent to all the resistors, capacitors, diodes,
and transistors shown in the foreground.

interconnection failures seriously threatened
the accomplishment of even routine opera-
tional tasks. Of equally serious consequence,
was the rapid snowballing of dollars, man-
power, and time necessary for the support
functions—such as supply, maintenance, and
training. In short, the entire mission capabil-
ity of the U. S. Air Force was threatened. A
new approach to electronic technology was
desperately needed.

THE NEW CONCEPT

The new concept, defined first by the Air
Force in 1958, was for a long technical leap
forward; not just a stop-gap improvement.
The pmpnscd new devices, however, required
an awesome set of specifications. They had to
be at least ten times more reliable than the
existing individual components and had to
feature an equally drastic reduction in size

ind weight. They had to cost less than the 1n

dividual parts thev n]-hxui but had to pro

vide at least the same performance levels

Stimulated by ideas emerging from industry
and from the s ientific community, the A
Force prope wsed to the Department of Delense
a revolutionary solution. Earlier improve-
ments in reliability had been brought about
by the transistor. From this already highly
(l(‘\(\upwl technology, 1t was pnxxlhh‘ to ex-
trapolate a concept of electronic design in
which a single block of material could be
made to perform the function of an entire
circuit. This radical con vptﬂmn}n ular elec-
tronics—was the approac h selected and pur-
sued by the Air Force to solve the reliability
problem. The integrated circuit 1s the first
[n.uti«.ul and useful output of this concept

In déciding on the molec ular electronics ap-
proach, the Air Force hoped to “leap frog”
two other techniques, because they did not
offer sufficient reliability improvement. These
techniques, then under study, were the modu-
lar and thin-film Jppl'ﬂ;l('h(’\

THE MODULAR APPROACH

In the late 40's and early 507, the National
Bureau of Standards, working under Navy
Spnn\nrihip. developed Tinkertoy, a mechan-
ized produc tion line for electronic assemblies.
The Tinkertoy consisted of a tiered assembly
of individual parts, with riser wire intercon-
nections and an electron tube mounted on the
top of the module. This allowed the removal
of heat and permim’d tube replacement in
case of failure. Size and cost reductions were
Tinkertoy's main advantages.

The Micro-module concept, .\p()nwred by the
Army Signal Corps, was a direct descendant
of the Tinkertoy program, with one major
change: the transistor, with its longer life,
could be made an integral part of the assem-
bly. The Micro-Module showed a reliability
improvement over other transistorized circuits
—however, it still ~ontained individual parts

- pg b= =
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Evolution of electronic circuits from the ear

. -

and interconnections, with their inhe!
liability problems. The justification

Micro-Module program was, again, sizé
tion, plus automated assembly, with it
tial cost reduction.

THE THIN-FILM APPROAC

Another approach for reducing the

increasing the reliability of electronid
ment was fostered by the Navy: thin
cuit technology. These circuits were p
by depositing films on an inactive subl
form individual resistive and capaci

tronic parts and their interconnection
devices, such as transistors, were fabr:
separate items and connected into the
Thin-film circuits are best characteri
pntcntial for small size and automati

THE MOLECULAR
ELECTRONICS APPROAC

To the Air Force, neither the Micro
nor the thin film represented an
solution to the most important prob
ability. A completely different app
needed; an approach in which the le:
lem, miniaturization, was secondary

Air Force management, working toge
such organizations as Westinghouse




The Westinghouse integrated circuit held by the tweez-
ers is equivalent to all the resistors, capacitors, diodes,
and transistors shown in the foreground.

interconnection failures seriously threatened
the accomplishment of even routine opera-
tional tasks. Of equally serious consequence,
was the rapid snowballing of dollars, man-
power, and time necessary for the support
functions—such as supply, maintenance, and
training. In short, the entire mission capabil-
ity of the U. S. Air Force was threatened. A
new approach to electronic technology was
desperately needed.

THE NEW CONCEPT

The new concept, defined first by the Air
Force in 1958, was for a long technical leap
forward; not just a stop-gap improvement.
The pmp()scd new devices, however, required
an awesome set of specifications. They had to
be at least ten times more reliable than the
existing individual components and had to
feature an equally drastic reduction in size

and weight. T hev had to cost 1ess than the 1in

dividual parts they repl «ced but had to pro

vide at least the same performance levels

Stimulated by ideas emerging from industry
and from the scientific community, the Al
Force pmpmul to the Department of Defense
a revolutionary solution. Earlier improve-
ments in reliability had been brought about
by the transistor. From this already highly
tlm\vlu}ml technology, it was p(‘\\\hl(‘ to ex-
trapolate a concept of electronic design in
which a single block of material could be
made to perform the function of an entire
circuit. This radical m'llu'})[-!lln]:‘lH{flr elec-
tronics—was the approac h selected and pur-
sued by the Air Force to solve the reliability
problem. The integrated circuit is the first
practic al and useful output of this concept.

In déciding on the molecular electronics ap-
proach, the Air Force hoped to “leap frog”
two other techniques, because they did not
offer sufficient reliability improvement. These
techniques, then under study, were the modu-
lar and thin-film approac hes.

THE MODULAR APPROACH

In the late 40’s and early 50's, the National
Bureau of Standards, working under Navy
sponsorship, developed Tinkertoy, a mechan-
ized production line for electronic assemblies.
The Tinkertoy consisted of a tiered assembly
of individual parts, with riser wire intercon-
nections and an electron tube mounted on the
top of the module. This allowed the removal
of heat and pcrmitted tube replacement in
case of failure. Size and cost reductions were
Tinkertoy's main advantages.

The Micro-module concept, \pnmnred by the
Army Signal Corps, was a direct descendant
of the Tinkertoy program, with one major
change: the transistor, with its longer life,
could be made an integral part of the assem-
bly. The Micro-Module showed a reliability
improvement over other transistorized circuits
_however, it still contained individual parts
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INTEGRATED
CIRCUIT

Evolution of electronic circuits from the early Tinkertoy to the modern integrated circuit.

and interconnections. with their inherent re-
liability problems. The justification for the
Micro-Module Program was, again, size reduc-
tion, plus automated assembly, with its poten-
tial cost reduction.

THE THIN-FILM APPROACH

Another approach for reducing the size and
increasing the reliability of electronic equip-
ment was fostered by the Navy: thin-film cir-
cuit technology. These circuits were produced
by depositing films on an inactive substrate to
form individual resistive and capacitive elec-
tronic parts and their interconnections. Active
devices, such as transistors, were fabricated as
separate items and connected into the circuits,
Thin-film circuits are best characterized by a
potential for small size and automation.

THE MOLECULAR
ELECTRONICS APPROACH

To the Air Force, neither the Micro Module
nor the thin film represented an adequate
solution to the most important problem—reli-
ability. A completely different approach was

needed; an approach in which the lesser prob-
lem, miniaturization, was secondary.

Air Force management, working together with
such organizations as Westinghouse, evolved

the cong ept of molecular electronics: a single

piece of solid material synthesized to achieve
a complete circuit function. Dr. H. V. Noble
and other research directors at the Wright Air
Development Center (WADC) were the first
to propose, in 1953, development of these
functional electronic bloc ks for the Air Force.
Nothing concrete resulted at this early date.
But the direction in which the Air Force ulti-
mately would move had been set. During the
period 1956 to 1958, Air Forc € study groups
established specifications for improved relia-
bility in electronic equipment. Their studies
confirmed that a drastic Improvement was
needed. Col. C. H. Lewis and Mr. F. E.
Wenger of the Headquarters Air Resear h and
I)vwlupmcnl Command (ARDC) supported
by the group under Dr. J- E. Keto at WADC,
documented in 1958 the need for solid blocks
of material capable of performing a complete
circuit function.

THE INTEGRATED
CIRCUIT CONCEPT

Another approach to molecular electronics,
called integrated circuits, was emerging. The
integrated circuit concept involves a block of
transistor-type solid material in which indi-
vidual areas are also synthesized to obtain cer-
tain electrical properties such as resistance.
These areas are interconnected within the
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block to perform for the first time in a solid
block a complete circuit function, similar to
the way in which individual parts are used to
make up a conventional circuit.

The origin of the integrated circuit concept
is traced to G. W. A. Dummer of the British
Roval Radar Establishment who, at the May
1952 Electronic Components Conference in
Washington, D. C., stated:

“With the advent of the transistor and the
work in semiconductors generally, it seems
now possible to envisage electronics equip-
ment in a solid block with no connecting
wires. The block may consist of layers of
insulating, conducting, rectifying and am-
plifying materials, the electrical functions
being connected directly by cutting out
areas of the various layers.”
This idea, and the inventions of such early
innovators as J. S. Kilby and Dr. H. W. Hen-
kels, are the roots of the integrated circuit as
we know it today.

In summary, there existed a defined need, pro-
posed to be satisfied by a vague researc h con-
cept known as molecular electronics. There

In 1958, a Technical Program Planning Document ar
nounced to industry the Air Force’s nterest in mole
C conference
f

r electronics. This same year, the first

on molecular electronics was held the proceedings

which were widely circulated

also existed a specific development, with no
defined goal, evolving from the advancing
semiconductor technology. It will now be
shown how these were merged into one vital

effort.

Magnified view of an integrated circuit showing the
individual areas that represent separate electrical com-
ponents, such as resistors, capacitors, and transistors.
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DEVELOPMENT OF THE CONCEPT

In 1957, the over-all industry response to Air
Force interest in molecular electronics was un-
enthusiastic. Nevertheless, the Air Force and,
in particular, the Aero-Elec tronics Directorate
of the Air Research and Development Com-
mand (ARDC) and the Electronic Technol-
ogy Laboratory of Wright Air Development
Center, actively supported immediate initia-
tion of a research and development program
in molecular electronics. Finally, in late 1957,
Colonel Lewis and other ARDC staff mem-
bers after surveying industry reaction struck
a responsive chord at Westinghouse. The
ARDC staff prepared a comprehensive out-
line of a program for the development of
materials and devices utilizing the molecular
electronics concept. The program called for
concentrated, massive funding to assure rapid
results, along with close liaison between the
contractor and government laboratories so
that prompt advantage could be taken of each
advance. Coordination of the over-all program
between the Air Force and other military
organizations was to be pm\'id(‘d by the Advis-
ory Group on Electron Tubes (AGET) of the
Department of Defense. To insure timely re-
sults, the Air Force proposed that the entire
program be conducted by one company, since
the materials, components, equipment and sys-
tems considerations were all interrelated in
the one concept. It was realized that breaking
up such a program would be highly detrimen-
tal to its timely success. By bringing forth this
proposal, the Air Force showed its willingness
to take a high risk if the potential rewards
were great enough.

oo

“In the light of the solid accomplishments of the past
years, it is interesting an4 amusing to remember the
intensity of the prophetic-visionary element in 1959
1960. A revolution of both impressive and disturbing
dimensions was predicted. The rapid annihilation of the
components industry (or, alternatively, of the equipment
manufacturing industry) was postulated along with the
doom of traditional technical disciplines (no more
physicists, chemists, etc., and certainly no circuit de-
signers, but just super-generalists with all-embracing
knowledge who will conceive systems and build them
using appropriate sets of molecules).”

“This mumbo-jumbo was somewhat irritating; prophets,
by definition inspired dilettantes, always irritated the
down-to-earth detail types. In reality, the prophets
fulfilled an important function beyond that of the
more sober analysts who favored integrated electronics
merely on the bases of needs and technical feasibility
Their description of the future injected emotion and a
degree of salubrious panic, shocking profession and
industry into rapid activity, an activity which soon
proved to be quite down to-earth scientific and
methodical

The combination of identified needs-objectives,
and available or semi-available technical base was aided
materially by stimulation and sophisticated management
on the part of the Department of Defense and by auspi-
cious competitive factors in the electronics industry
DOD recognized very early the need for integrated elec
tronics and its signifi for d y Not
only were substantial sums made available to industry,
but optimum use was made of these funds by concen-
trating them and not dispersing them in the form of
many micro-contracts with micro-objectives. A few con-
tracts with major objectives were placed with a few
industrial organizations The contracts soon produced
results and stimulated activity in those less fortunate,
companies who preferred entering integrated electronics
at their own expense to being left behind. .

“Incidentally, the successful history of integrated elec-
tronics, if viewed as primarily the result of clearly iden-
tified needs, efficient utilization of available technologi-
cal base, and good management by the Department of
Defense, is an interesting illustration of a contention of
2 well-known military figure that the solution of our prin-
cipal problems in defense systems resides not in the

area of technology, but in that of management.”"*

*From the preface by A. P Stern to the Special Issue on In
tegrated Electronics, Proceedings of the IEEE, Vol 52, No. 12
December, 1964.




THE FIRST MOLECULAR
ELECTRONIC CONTRACT

At the time in 1958 when the molecular elec-
tronics program was proposed, the Air Force
already had .1ppm'tinned all its research and
development funds for fiscal year 1959. But
with the very active support of James
M . Bridges of the Office of Defense Research
and Engineering of the Department of De-
fense. $2,000,000 in emergency funds were pro-
vided to start the program. The proposed plan
called for spending that money in only ten
months at Westinghouse—an approach severely
criticized by both the scientific community
and AGET, because it was based on “abstract”
requirements and not scientific fact. Fortu-
nately, however, this conservative attitude was
overruled and the contract begun in April
1959.

Westinghouse and the Air Force spent a diffi-
cult year attempting to deliver solid evidence
of accomplishment: namely, working circuit
blocks. Also undertaken were system studies
exploring the possibility of utilizing molecu-
lar electronics in specific pieces of electronic
equipment then in use. The success of this
initial contract led to a $2,600,000 extension
in early 1960.

THE FIRST
SILICON INTEGRATED
CIRCUIT CONTRACT

As a logical outgrowth of the rapidly expand-
ing transistor technology, the feasibility of
building integrated circuits had been dis-
cussed as early as 1955 at Texas Instruments
by P. J. Haggerty, President, and Dr. W. Ad-
cock, Director of Research. In 1958, J. S. Kilby
of Texas Instruments succeeded in fabricat-
ing the first complete circuit in a single piece
of material. The single material block con-
tained the equivalent elements for individual
components, suc h as transistors, resistors, and
capacitors, all interconnected in one circuit.
Reliability was increased greatly since com-

ponent interconnections were thereby elimi-

nated

By October 1958, working models of two types
of circuits, oscillators and multivibrators, had
been fabricated. These were shown to Captain
E. B. Richter of the Air Force Electronic
Technology Laboratory of WADC, who re-
ported on their development. Demonstrations
were arranged for Dr. H. V Noble and Mr.
R. Alberts of WADC. Based on these demon-
strations, the Air Force prnpns(*d a develop-
ment program to be conducted at Texas
Instruments to exploit this promising break-
through in circuit fabrication. Again, by imag-
inative planning and concentrated funding,

Early molecular circuit blocks on a dendritic
developed under the first Air Force contract
Westinghouse.

Magnified photo of an early integrated circuit devel
oped at Texas Instruments
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LOS ANGELES, Calif., Feb. 2, 1960 -- To demonstrate a new
electrical engineering concept known as molecular electronics, Westing-
house Electrical Corporation scientists utilized a phonograph system in
which the complete amplifier was replaced by the tiny units shown here.

A conventional amplifier, with its tubes, capacitors, resistors and
similar components, would have perhaps ten times as many soldered
connections as the molecular electronic system. Fewer such connections
mean a far greater degree of reliability. The phono-amplifier demon-
stration was one of a variety of working molecular electronic sub-systems
which were shown here by Air Force and Westinghouse representatives.

working circuit blocks in 1960




the Air Force proposed to bring a new devel-

opment to practical fulfillment in a short time

In June 1959, a $1,150,000 contract was
awarded to Texas Instruments. The contract
called for the development of integrated cir-
cuits capable of performing several specific
circuit functions. Rapid progress using silicon
as the basic material resulted in the develop-

ment of I)thlhl] models of various circuits

In late 1960, research and development had
progressed so rapidly that the integrated cir-
cuit was outgrowing its status as a laboratory

curiosity. Air Force planners recognized that

production facilities soon would be required

if the laboratory advances being made daily
were to be applied to new equipments then
being designed. To keep pace with this
growth, the Air Force awarded to Texas In-
struments in December 1960 a $2,100,000 pro-
duction refinement contract for the devel-
opment of production processes and special

An exhibit booth at the 1961 Institute of Radio Engi-
neers Convention in New York announcing the devel-
opment of Fairchild's first integrated circuits.
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equipment needed for the fabrication of in
tearated circuits in bulk quantities The con
tract resulted in a pilot issembly line. capable

of turning out 500 integrated circuits a day

THE FIRST INTEGRATED
CIRCUIT EQUIPMENT

As late as 1961, the industrial and scientific
communities still voiced doubts as to the
worth of integrated circuits from an equip-
ment and systems viewpoint. I'o alleviate
these doubts, and to further exploit the ex-
perience obtained under the earlier equip-
ment-oriented Westinghouse program, the Air
Force proposed the building of a represen-
tative piece of electronic equipment using

integrated circuits.

Under Air Force sponsorship, the building of
a digital computer was introduced into the
Texas Instruments production program. Two
identical computers were built: one with 9000
individual components, and one containing
onrly 587 integrated circuits. Demonstrations
of these two equipments in October 1961 were
made to packed tec hnical audiences in Day-
ton, Washington, and Los Angeles. The joint
Texas Instruments—Air Force demonstrations
were given by P. |. Haggerty of Texas Instru
ments, and Col. A. Wallace, Mr. R. Feik, and
Capt. L Roesler of the Air Force.

The success of the demonstrations in obtain-
ing acceptance of integrated circuits was re-
vealed by renewed industry interest. Compa-
nies that had been watching from the sidelines
the progress of the Air Forc e-supported pro-
grams at Westinghouse and Texas Instruments
began company-funded research and devel-
opment programs. Fairchild, without govern-
ment support and spurred by the increasing
tempo of government and industry efforts, de-
veloped its first circuits in 1961.

In summary, the years 1960 and 1961 were
eventful ones. Early in 1960, both the Army
and Navy expressed extreme interest in inte-
grated circuit feasibility models. However,

Military and industrial personnel viewing the
integrated circuit computer produced by Texas
Instruments. The computer is entirely contained
in the block (blue) mounted on the hexagonal
display board. The unit at the left is the same
computer constructed using individual compo-
nents. A close-up of the integrated circuit com-
puter is shown below.
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they elected to continue to emphasize previ-
ously selected ipproaches—leaving the exploi-
tation of the integrated circuit concept to the
Air Force. These two services and NASA, how
ever, also conducted modest programs in inte-

grated circuit development and application

In 1961 v variety of functional electronic
blocks were delivered by Westinghouse. Texas
Instruments published specification sheets and
announced commercial availability of a line
of integrated circuits, such as the SN-51 digi-
tal circuits developed in part with NASA sup-
port. Fairchild and other companies entered
the integrated circuit market. Articles on in-
tegrated circuits began to appear in journals,
technical magazines, and newspapers. Mr. P. J.
Klass in Aviation Week and Space Technology
continuously reported the latest advances as
did Electronics News, Electronics, and other
trade publications.

the end of 1961, Westinghouse had shifted
its research from the broadest concept of
molecular electronics to focus on its first prac
tical outegrowth: integrated circuits. Westing-
house established a Molecular Electronics Di-
vision to ’nrufm( silicon mtegu i.hl! circuits
while Texas Instruments formed a Molecular
Flectronics Branch for advanced research and

exploitation of the silicon integrated circuit

I'he rapid development of the integrated cir-
cuit concept during these early years was duce
in large part to effective management and un-
equivocal support by the Air Force. The over-
all achievement was the merging, with spec-
tacular results, of two separate programs—one
to satisfy a critical military need for reliabil-
ity; the other to advance the state of transistor
technology. Out of this came the first signifi-
cant molecular electronic device: the silicon
integrated circuit

Ehe New YJork Times

BUSINESS
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Non-technical articles on integrated circuits appeared in many newspapers and magazines such as the above.
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A PERIOD OF GROWTH

Momentous tec hnological advances in the de-

sign and fabrication of mtegrated circuits were

made between 1961 and 1964 The Air Force
Sponsored a program at Motorola to improve

mtegrated circuits by combining the best char-

weeristics of thin-ilm tec hnology with the
integrated circuit. Fairchild Semiconductor,
under a company-funded program, success-
fully adapated the planar tec hniques then
used for fabricating transistors to the inte-
grated circuit. With these tec hniques, Fair-
child produced a line of off-the-shelf inte-
grated logic circuits to add to the existing

Texas Instruments off-the-shelf line

I'he availability of off-the-shelf integrated cir-
cuits reduced drastically the time required for
design of digital electronic equipment. By spe-
cifying an available integrated circuit, the
equipment designer could save the many
hours required for design of individual cir-
cuits. If necessary, the designer could origi-
nate his own integrated circuit. But in most
development programs, it was too expensive
to set up the manufacturing processes for a
special integrated circuit. To overcome this,
universal integrated circuits blocks that could
be used as the basis for a variety of circuits
were developed. These universal integrated

This Sprague universal integrated circuit block, only
0.070 inch by 0.200 inch, is equivalent to 31 individual
components: 7 transistors, 7 diodes, 9 resistors and 8
capacitors. The small rectangular areas representing
these components can be interconnected by depositing
metallic conductors to form several types of circuits.
The interconnections shown are for a flip-flop.

Magnified view of an early Fairchild planar integrated
circuit.

circuits consisted of many unconnected com-
ponents on a single circuit block. The equip-
ment designer who needed only a few inte-
grated circuits of a certain type could arrange
the specific interconnection pattern that would
satisfy his particular requirements. In this way
useful integrated circuits could easily be de-
veloped for design purposes—at a cost well
below that for custom production integrated
circuits. The availability and reasonable cost
of these universal circuits has done much to
encourage the use of integrated circuits in
all phases of new equipment research and
development.

THE SYSTEMS RESEARCH
VEHICLE CONCEPT

Once the feasibility of integrated circuits was
established, the next step was their applica-
tion to electronic equipments. To demonstrate
the feasibility of these applications, the Molec-
ular Electronics Group at Wright-Patterson
Air Force Base originated, and had included
in the original Westinghouse contract, the




This 30-megacycle command control receiver, also
built with integrated circuits, contains a high percent-
age of linear and digital circuit blocks. The interior of
this tiny receiver is shown below.

pments
transistors previously

inteerated circuits where

i

had been used

I'he group, m ler R. D. Alberts, sponsored
the deve HI\HM)IHT(?.U( [x!(yaxutr‘(/r!wnn
"\‘.1]‘”1(1” H[z‘\/lHLHl[\‘ﬂ‘d[l\ll”(l“l\ 1com

munications receivel a telemetry encoder, and

n infrared tracker. The construction of these
equipments contributed a signihcant amount
of new knowledge to the design of mtegrat d

circuit equipment— ind the successful accom-

plishment of these projects resulted in a new

Ipproac h to u]u:]\:m‘m design

COMMUNICATIONS RECEIVER
AN/ARC-63

I'he desien and fabrication of the AN /ARC-
63 communications receiver began at West
inghouse in 1960. The receiver was the first
non-digital w!m;umm to make extensive use
of inteerated circuits. The AN /ARC-63 rep-
resented a 35-to-1 reduction in size and weight
and a 5-to-1 improvement n reliability over
a comparable transistor version ol the same

receiver.

The AN/ARC-63 communications receiver was the first
non-digital equipment to make extensive use of inte-
grated circuits—with a resulting 35 to 1 reduction in
size and weight over a comparable transistor version of
the same receiver

TELEMETRY ENCODER

velopment of a telemetry encodé

izing integrated circuits was started at

Instruments in 1961. This encoder wa
the first integrated circuit version of
ing transistorized equipment LU'se 0
orated circuits resulted in a much moq
ible equipment and a 957 reduction
and weight over the equivalent transis
equipment. In addition, the required
ing power was only 107 of that requi

the transistorized version

INFRARED TRACKER

Design and fabrication of an infrared

employing integrated circuits began a

The complete infrared search tracker made p
this system is in the 18-inch collector optics md
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in these designs, close cooperation was re
quired between the equipment group and the
integrated circuit group. Equipment design-
ers could not request integrated circuits which
were beyond the current state of the art, and
integrated circuit designers could not design
their circuits independently of equipment de-
sign problems. From the working relationship
a new industry design team emerged: an
equipment designer assisted by an integrated
circuit designer.

THE FIRST MAJOR SYSTEM-
MINUTEMAN 1I

In 1962, the Autonetics Division of North
American Aviation and the Air Force Ballis-
tic Systems Division were in the midst of a
design improvement program for one of the
country’s most important weapon systems: the
Minuteman intercontinental ballistic missile.
An improved Minuteman capable of longer
range with no decrease in payload or reliabil-
ity was needed. To design a new, higher per-
formance propulsion system would involve a

costly and lengthy program of Inn;mlwm Sys-
tem development and testing. The only other
wav to increase the missile’s range was to re-
duce the size and weight of the existing elec-

tronic guidance package

At this time, three pns\\bililuw for electronic
miniaturization existed: thin films, Micro-
Modules, and the integrated circuit. After ex-
haustive research, Autonetics pmpmc(‘. to the
Air Force the use of the then emerging inte-
grated circuit tec hnology. In 1962, Minute-
man 11 became the first major weapon system

in development using integrated circuits.

I'wo vears later, the first Minuteman I1 guid-
ance computer using integrated circuits was
successfully flight tested. A 507 reduction in
weight with a resulting increase in range of
many tiles, and significant improvement in
equipment reliability was ac hieved. Successful
completion of this computer in such a short
time served notice that integrated circuits
must be accorded a competitive position in
every future system design. The decision to
use integrated circuits was of particular im-
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Charting the component density possible with various miniaturization techniques showed that integrated circuits held
weight that is attainable.

the greatest promise for weight reduction in Minuteman I.
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FIRST COMMERCIAL
APPLICATION

The first commercial application of the inte-
grated circuit .«}n[)mn'd in a hearing aid devel-
oped by Zenith. The integrated circuit used
was an adaptation ol a highly reliable circuit
developed for the Interplanetary Monitoring
Platform (IMP) satellites of NASA. Zenith has
reported that the integrated circuit hearing
aid is 5009, more reliable than their previous
model.

THE WORD IS SPREAD

To keep abreast of advances in the integrated
circuit field, the Air Force published word of
new breakthroughs in technical reports. In
1962, it sponsored a program at ARINC Re-
search Corporation to recommend means for
the rapid changeover to integrated circuits in
electronic equipment. Reports of this work
were given wide distribution and helped to
further focus industry’s attention on the inte-
grated circuit. In addition, articles on the new
technology appeared in all technical journals
and magazines. By 1964, interest was so wide-
spread that the Institute of Electrical and
Flectronic Engineers (IEEE) puhlishvd an
issue of the “Proceedings of the IEEE" de-
voted exclusively to integrated circuits

In summary, the period from 1961 to 1964 was
one of extraordinary growth for the integrated
circuit. Rapid advances were made at fabrica-
tion and prndluli()n techniques. Emergence
of the system research vehicle concept made
it possible to prove the feasibility of utilizing
integrated circuits in many equipments. Orig-
ination of the systems design concept resulted
in new equipment designs that were previ-
ously impractical. Successful development of
the first major system using integrated cir-
cuits encouraged their use in many other

systems

Upper photo is of Zenith's small behind-the-ear hearing
2id, weighing 14 of an ounce with battery. Below is the
integrated circuit for the unit
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IN 1965
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INTEGRATED CIRCUITS
IN 1965

In 1965, integrated circuits have come of agc
I'he predic ted 10-to-1 improvement in relia-
bility has been ac hieved along with dramatic
size and weight reductions. Increasing capa-
bilities at higher frequencies and higher power
ratings are being demonstrated. Production
of integrated circuits has increased tremen-
dously, while prices have ~pimlmi downward
to below the cost of comparable ¢ ircuits using
individual parts. Applic ations to various elec-
tronic equipment have reached a point where
integrated circuits are considered for use in

almost all new equipment.

RELIABILITY

I'oday the reliability of the it orated circuit
is so high that it is difficult to obtain enough
u[»m.umn.xl failures to verify the forecasted
failure rates. The best reliability data to date
has been collected by the M.LT. Instrumen-
tation Laboratory in designing the guidance
computer used in the manned space program,
Project Apollo. Exhaustive tests since 1962 of

the integrated circuits used in this computer
indicate an expected life of 20,000,000 hours,
or over 2000 years. The reliability of other in-

tegrated circuit equipment promises to equal
and even exceed that of this guidance com-
puter. However, these equipments have not at
this writing been in testing long enough to
provide definitive data.

The only requirement for demonstrating re-
liability is that enough qlmhhul devices and
enough patience be available to accumulate

The first use of integrated circuits in space was aboard
the Interplanetary Monitoring Platform (IMP) satellite
launched by NASA in November 1963.

An integrated circuit's performance is evaluated by
functional testing on the wafer. This is done to avoid
expensive single circuit handling and packaging of
inoperative units.

the necessary test data. In some programs, it
was feasible to assume that integrated circuits
were reliable and to proc eed without proving
this by tests. When a production facility is
mature and quality ¢ ontrols are such that fool-
ish failures are minimized, this approach
seems justified by experience. A good example
is the integrated digital circ uits used on the
IMP satellite, which was launched in Novem-
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ber 1963. These integrated cir
first put into space orbit and ha

satisfactorily since launci

Improved reliability was the most important
n’»;uh\( of the Air Force when it sponsored
development of integrated circuits. Early e
pectations of a 10-to-1 improvement already
have been achieved, and further improve
ments are anticipated. Implications of th
improved reliability are just starting to be-
come apparent: these include increased sy
tem effectiveness and operating time. reduced
maintenance time, and lowered spare parts
requirements. The real savings will com¢
when more integrated circuit equipments ar

put into service

PERFORMANCE

Technological advances in integrated circuits
have been occurring so rapidly that perform-
ance characteristics of even the most recent
types probably will become outmoded in rhe
near future. At present, integrated circuits are
(J}).I')i(‘ of amplifying signals of 125 mega
cycles. For integrated circuit switches, such as
those used in computers, the maximum switch
ing speed is approximately 40 megacycles. For
circuit applications where low power drain is
required, integrated circuits which operate
with total power dissipations of only 1 milli
watt are available, and for high power appli-
cations, circuits capable of 20-watt output have

been developed

PRODUCTION

In the seven years since the first integrated
circuit was fabricated, production has grown
at a fantastic rate, while costs have dropped
dramatically. During 1964, approximately two
million integrated circuits were sold, at a total
cost of $40,000,000. This number is expected
to quadruple to eight million units in 1965
In 1966, it is estimated that 27 million inte-
grated circuits will be produced. However, the
number of circuits produced does not in itsclf

give the actual growth picture since the cur-

Comparison of the integrated circuit market growth in
1963 vs. 1964. In 1963 the increase in units shipped
was reflected in a rise in sales each quarter. In 1964,
a major decrease in the average unit price resulted in
fairly steady quarterly sales even though four times as
many units were shipped

rent trend is toward combining mor
more circuit functions in each integratd
cuit block. The integrated circuits desig
1963 were equivalent to 20 to 30 i

ual components; those designed in 1965
ire equivalent to 80 or more indi
components.

These increases in production rate and

ber of components replaced have resulg

This miniature television camera incorporating
grated circuits is similar to the type included g
Apollo spacecraft

Norden integrated circuits in equipment for Polaris.
marines are expected to be nine times more rel
than previous conventional components. Left is an
put buffer. Right is a low noise preamplifier. The|
units were designed for the Ships’ Inertial Navigi
System (SINS) equipment
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This miniature television camera Incorporating inte
grated circuits is similar to the type Included on the
Apollo spacecraft

Norden Integrated circuits in €quipment for Polaris sub-
marines are expected to be nine times more reliable
than previous conventional Ccomponents. Left is an out-
put buffer Right is a low noise preamplifier. The two
units were designed for the Ships’ Inertial Navigation
System (SINS) equipment

stic reduction in price. Today integrated
Ircurts are 'mpetitive i cost with equiva
ient circuits onsisting of individual compo-
nents. In many cases the integrated circuits
e even che iper. Four vears ago, deve \u;umn-
tal samples of mtegrated circuits cost ibout
$50 per circuit function: today equivalent
models cost only $1.50

APPLICATIONS

I’Iummn: applications are emerging in prac

tically all types of electronic cquipment. As
of early 1965, the Army, Navy, and \ir Force

had active Cquipment contracts which call for

the use of these devices

One of the | rgest users of inteoy ited circuits
at this time is the \pollo manned spacecraft
pProgram. Intearated cire uits are being used in
the guidance computer, the inertial naviga-
ton system, and the cround support systems
I'vo mimnature teley ISION cuneras .Hw\!;urm['
INg mtegrated circuits are also mcluded in the
Spacecralt. And, the digita] control computer
that monitors the fuel level in the attitude
control engines will also employ intéerated
arcuits. In face, mntegrated circuits will be
used in most significant preces of electroni

] 1

equipment « oard the spacecraft

Ihe Air Foree Minuteman I1 program is an-
ther Faroc user of integrated circuits, with
over 340,000 units produced for its guidance
computer, flicht control, and ground support
cquipments. Recently \utonetics ordered an
additional $15,000.000 worth of integrated cir-
cuits for this program. Sylvania also is incor-
porating inteerated crcutts mto the missile's

silo command and ommunications systems.

I'he Phoenix Ar-to-air missile system for the
IF'FX F-111B airc raft will employ over 6000
Integrated circuits, the majority of which wilj
be used in the fire control computer. An inte-
grated circuit logic multiplexer for the missile

tlso has been vlr‘\dw,»ul by Westinghouse

I'he Navy's new Mark 48 torpedo and the

sround-based computer for the pew cable
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General Electric’s 18 Ib.. Model A-212 aerospace-oriented integrated circuit computer is shown here. In the cabinets
in the background is 2 GE Model 225 general purpose computer using transistor circuits. The A-212 requires only 67

watts for operation.

sonar submarine-detection system both will
use a multitude of integrated circuits. An in-
tegrated circuit version of the AN/UCC, a
system that makes possible simultaneous trans-
mission of multiple teletypewriter signals be-
tween ships or land stations over radio chan-
nels, is under construction at Honeywell. Fifty
thousand integrated circuits will be supplied
by Fairchild for use in this system. The Uni-
vac 1830 airborne computers, to be carried by
the Navy E-2A aircraft as part of the Navy's
“A-New” antisubmarine warfare program
each will use 3000 integrated circuits. An-
other 24,000 integrated circuits will be used in
each airborne processor. Additional integrated
circuits will be used in the E-2A radar com-
puter indicator and automatic pilot systems.

Approximately 8000 integrated circuits will
be employed in each of the seven Tactical
Data Systems being built for the Marine
Corps, as well as in the Army's AN /GXC fac-
simile equipment and TF-600 forward area
secure communications system. Integrated cir-
cuits also are being used in a range-counter

24

for a laser rangefinder, an FM/FM telemetry
equipment for the Lance missile, a PCM data
buffer subscriber set, and other Army equip-
ments. In commercial equipment, particularly
the data processing type, integrated circuits
ilso hold promise of wide application. Inte-
orated circuits will be used extensively in the
Spectra line of computers rec ently announced
by RCA. They are also being used by Univac,
Control Data, and other data-processing
vqnipmcnt manutacturers.

In summary, 1965 was the year integrated cir-
cuits truly came of age. Improvements in re-
liability and performance have encouraged
their widespread use in many new equip-
ments. Increased production and the resultant
drop in prices has made them economical for
use in equipments ranging in size from small
devices to complete systems. New applications
for the integrated circuit are being discov-
ered daily. A multitude of new equipment
designs utilizing integrated circuits are now
under development in both the military and
industry

THE FUTURE

I'he future of the integrated circu
related technology is expected to

pressive as its relatively short past.
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THE FUTURE

The future of the integrated circ uit and its
related te hnology s expected to be as im-
Pressive as its relatively short past. The pre-
diction of these future (l('\(*lnpnu-nts, how-
ever, finds a much more receptive audience
among the scientific and technical communij.
ties than did the initial predictions about the
integrated cir uit. Achievements to date pro-
vide a large measure of assurance that the
present indications wil] be realized.

I'he most Important single advance predicted
IS a further 10-to-1 increage in reliability, This
increase is to be obtained by inc reasing the
number of circuit functions that can be per-
formed on j single block. The consequent
decrease in number of mttr(rmnc(tinns will
result in a higher over-al] reliability. One pro-
posed approach to reducing the number of
interconnections Is to eliminate the cutting
of the silicon block into individual integrated

THESE EARLY PREDICTIONS
MET WITH
WIDESPREAD SKEPTICISM

MOLE
ELECTRONICS THE THIRD MAJOR
BREAKTHROUGH in the history of electronics . .
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These forecasted Curves were used by P. E. Haggerty of
Texas Instruments in his address of October 1961 intro-
ducing the first major molecular electronics equipment,




Breadboards such as these assist the engineer In de-
Signing integrated circuits into new equipment. These
breadboards are for an FAA VOR receiver now under
development.

circuits. Instead, metallic connecting wires
would be deposited right on the block to link
all the circuits together in the desired arrange-
ment. In 1961, only about 50 circuits could
be deposited on a standard l-inch block. To-
dav. over 150 circuits can be deposited on the
same block, and it is anticipated that in the
future the figure will be increased to as many
as 1000 simple circuits Two such blocks
probably could provid the same performance
as the 587 integrated circuits used in the first
integrated circuit computer built in 1961.

Another important advance predic ted 1s ex-
tended use of the systems research vehicle
concept in designing new equipment not prac-
tical with conventional circuits. Some military
electronic equipment must be capable of de-
livering large amounts of electric al power, far
above the amounts possible with reliable
solid-state devices, such as transistors and in-
dividual integrated circuit blocks. By using
the systems research vehicle concept and by
taking an over-all systems approac h, the power
of these individual devices effectiv ely can be
added together to obtain a higher power level.
An example is the fully solid-state, phased-
array terrain-avoidance radar being developed
bv the Air Force. The usual high-power trans-
mitter tube and mechanical scanning antenna
are being replaced by about 600 solid-state

devices, each powering its own small antenna
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Gen. Marvin C. Demler, USAF
speech given before NAECOM
May 4, 1959

These past Air Force expectations have already been
fulfilled to a great extent. Future developments will
further justify this early optimism

clement. These antenna elements are elec-
tronically scanned and their outputs added
thgether to pu»\uh' a sufficient power le vel
In effect, the output tube and mechanical ro-
tating antenna are being replaced by solid-
state devices, with their increased reliability
and lower power I('(]llll(‘lll(‘lll. and with no

weight penalty

Perhaps the most important promise the fu
ture holds in electronics is further develop-
ment of the molecular elec tronics concept
Continued advances in chemistry may result
in electrical circuit functions ;mump]ixhvd
close to the molecular level, with groups of
chemical molecules actually performing the
circuit functions. Such futuristic thinking is
based. in fact, on research now being con-
ducted on the light oenerated from semi-
conductor junctions. Investigation of such
areas as phonon-phonon interactions, phonon-
electron interactions, solid-state plasma, metal-
based transistors, masers, and piezo-junction
phenomena is providing insight into molecu-
lar processes. Organic chemists are close to
possessing the tools and knowledge require d
to form complex materials with various de-
sired properties. I these properties can be
synthesized into major electronic functions, it
may be possible to produce complete circuits
in test tubes.

LESSONS FOR THE FUTU
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ing the new technology. In this way,
military users and industry leaders were
more easily conving ed of the value of
the advances being made.

In today’s procurement climate, it is doubtful
if any of the previously mentioned high-risk

high-potential programs could be approved
in the expeditious fashion afforded the inte-
grated circuit program in 1959. By act of Con-
gress, approval by the Secretary of the Air
Force is required for procurement of almost
all research and development programs. In
addition, the program must be reviewed to
ensure that the approach selec ted is techni-
cally feasible. High-risk and costly programs
are subjected to ever-increasing scrutiny. As a
result, program objectives frequently are re-
duced so that they will not be subjected to
continued, detailed reviews with their inher-
ent loss of time. The few large programs final-

SUB-MINIATURE
TUBES

TRANSISTORS l

INTEGRATED ‘
CIRCUITS l

I
EQUIPMENT & \

COMPLEXITY OTHER FORMS OF 1
MOLECULAR ELECTRONICS

1950 1955 1960 1965 1970

YEAR

The relative decrease in the size of electronic equip-
ment as a result of using smaller components is shown
in this graph. Only through the development of more
advanced molecular electronics can the size of the
equipment be reduced further.

ly .||>|n.nu{ then undergo another series of
detailed reviews by the Department of D¢

fense with additional delays

in addition to the time delays, these reviews
hmlm'nll\ voice criticisms to the effect that
industry can Auulllpll\h this program without
military support, and the approach is not ade-
(|n.|u'l\ defined to ensure achievement. As a
result, military resear h programs are becom-
ing increasingly conservative in their goals
The high-risk approac h is avoided—even
though it may result in a significant break-
through. The consequence of this policy may
be felt in the future as a te hnological gap. It
is hoped that the lessons learned in develop-
ing the integrated circ uit may to some extent

counteract this trend.

Cromley—
Planning Timidity
Slowed Down Pace

Of Space Program

By RAY CROMLEY

WASHINGTON (NEA) — The super-
functioning of Gemini and Ranger shows the
highly rofessional, steady progress the
United States is making in space.

But it also illustrates (remember Gemini
was 16 months behind schedule) that we are
not taking full advantage of scientific break-
throughs.

The government sets up & technical plan
for defense or space, then tends to stick to it,
even though radical new discoveries made
along the way may make that plan obsolete.

ONE OF the most sensational electronic
advances in history is taking place right now
in the development of molecular electronics
in which tiny particles of certain materials
can replace entire circuits. Research and de-
velopment ex to take almost a decade
were achieved in four years.

But the United States hasn’t done the
military-space planning necessary to make
immediate full use of this extraordinary
break-through. Some of the value of the speed
of the research has thereby been lost.

Major leaps forward depend on standing
back every so often and looking at the pro-
gram with new glasses. As one top-ﬂight
military scientist puts it, “our planning has
been a little too timid.”

Another part of the space problem is that
much government-financed research has be-
come slow and plodding. Scientists are not
allowed full freedom to exploit new ideas that
aren't part of the program....

A newspaper article from the Durham Sun on April 13,

1965.
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APPENDIX
THE TECHNOLOGY BASE

Ihis report has been aimed at all those in
industry and government interested in the
story of the integrated circuit. Technical de
tails and descriptions have been avoided in the
mterest of the nontechnical reader. However
this appendix is included for those who desire
more mformation on the specific technological
advances that both accompanied and made
possible the integrated circuit as we know it
today

The rapid transition of the integrated circuit
from a research idea to a }ll(l(llhll()l] reality
can be attributed largely to the previously
well-developed and well-understood solid-state
technology from which it grew. This tech
nology was also the reason that the molecula
electronics research program adopted the sili-
con integrated circuit as its first practical ap-
proach. The availability and advancement of
this technological base is an important part of
the integrated circuit story.

Before 1948, semiconductor rescarch was sup-
ported at the universities and in a few indus-
trial laboratories. The invention of the tran-
sistor by Bardeen, Brattain, and Shockley in
1948 (for which they received a Nobel prize)
was dependent on the availability of pure
single<crystal semiconductor materials. Ex-
tremely pure material is a direct result of the
development of zone refining by Pfann of the
Bell Telephone Laboratories. In zone refin-
ing, a molten zone is established by heating
one end of the ingot. The heat source, with
the resulting molten zone, is then moved

slowly to the other end. The impurities are

much more soluble in the liquid and thus stay
in the molten zone. The low (a few parts per
billion mpurity levels which are essential for
transistor operation are obtained by repeated

tpphcation of this refining method

I'he specific  technical improvements that
made the silicon inteerated circuit possible in
1958 are traceable to 1951-1952 when a major
Air Force effort on silicon devices was initi-
ated. This effort imcluded the 4{(‘\('|n[)ll|('lll of
rectifiers and transistors, as well as crystal-
growing and purification techniques. Over
$5,000,000 in government funds and an even
larger amount of corporate funding were re
quired to bring the first silicon transistors to
the market in 1953. The announcement by
I'exas Instruments of the successful operation
of a company-developed silicon transistor
further focused industry’s attention on the im-
portance of this material.

From 1958 to 1962, the Molecular Electronics
Program at Westinghouse was based on proc-
esses which were used primarily for manufac-
turing hi:h—pm\ er silicon devices. In the
fabrication of integrated circuits, the ideal
processes must be capable of introducing
necessary impurities under conditions where
the quality and dimensions are precisely con-
trolled. It also is desirable that the processes
can be used for manufacturing many circuits
at the same time (called batch processing). The
carly processes used by Westinghouse did not
maintain good dimensional tolerances and
were not amenable to batch processing. Texas
[nstruments and Fairchild used diffusion tech-




EPITAXIAL GROWTH

The total process sequence consists of a number of
photoresist and diffusion steps that utilize the funda
mental property of silicon oxide for prevention of im
purity diffusion. Thus, the process starts with the
deposition of an n-type epitaxial layer on a p-type sub
strate that has a resistivity of 10 ohm per cm. The
n-type epitaxial region can be synthesized to have
resistivities anywhere between 0.1 and 0.5 ohm per cm,
as desired

P-TYPE SUBSTRATE 1

ISOLATION DIFFUSION

The n-type region is formed into individual islands by
diffusing a heavy concentration of p-type impurity
through the epitaxial layer until it connects with the
p-type substrate.

BASE DIFFUSION

Following reoxidation and photoresist, the base diffu-
sion is achieved by diffusing a p-type impurity. Note
that this region forms both the base of the transistor
and the resistors.

EMITTER DIFFUSION

In this step, the oxide is shown removed to permit the
shallower n-type emitter diffusion to occur. This step
simultaneously forms the transistor emitter, the
n-region of the diodes, and the ohmic contacts to the
collector region of the transistor. After reoxidation, the
oxide is removed at those points where the interconnec-
tions are to make electrical contact.

TRANSISTOR
RESISTOR DIODES CBEBC
-
- N
P - P

METALIZATION

In this last step, the aluminum metalization intercon-
nections after evaporation and photoresistance are
shown. This completes the process sequence in which
resistors, diodes and transistors are formed simultane
ously in a silicon wafer.
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The oxide layers (shown in color) isolate various se
tions of the integrated circuit and improve
frequency response

An ultra-high-speed logic circuit made by
beam-lead structure devised at Bell Telephone Laborz
tories. Conventional planar techniques are used to form
the transistor and resistor regions. Electrical isolation
is accomplished by removing all unwanted material
between components. The beam leads then remain to
support and interconnect the isolated components

cause of the increased size of the apparent

market

New technologies are currently being evalu-
ated which should alleviate many of the per-
formance limitations of integrated circuits. Be-
cause of the close proximity of the functional
areas on the silicon chip, electrical isolation is
extremely important. Several methods of isola-
tion have been proposed: the most far-reac hing
requires the formation of single- rystal silicon
films on a sapphire substrate. Another, and
apparently more practic al, approach involves
the formation of oxide layers to isolate various

sections of the integrated circuit substrate,
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technoloey, they now could be fabricated hav-
ing more useful properties both as individual
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metal-oxide senmconducton NMOS) structure

This duo-decade counter by General Micro-electronics is

constructed on a single monolithic silicon chip. It is

used for low power applications below a 100 kc count-

ing rate. There are r 100 simple MOS figjd effect

transistor circuits on this chip measuring only 0.068
0.084 inch
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they have broad ln\!'.HH‘ll for future large

arrays of integrated circuits

Early equipment programs such as the tele-
metry encoder and the Minuteman IT guid-
ance system rapidly proved that in integrated
circuit developments neither the equipment
man nor the component man could be domi-
nant. Both are essential to obtain the full ben-
efit of reliability as offered by monolithic
structures in silicon. Circuit designers must
understand the limitations of silicon technol-
ogy so that the circ uitry is adapted to the mate-
rial rather than attempting to ¢ hange the basic

silicon technology

This adaption to the unique properties of sili-
con technology can be illustrated by several
examples. Close-tolerance resistors are difficult
to obtain, but in many applic ations can be re-
placed by resistor ratios which can be accurate-
ly fabricated. Disadvantages due to the close
proximity of the various regions on the inte-
grated circuit were predicted. Close thermal
coupling has s« ymetimes proved to be an advan-
tage, allowing better temperature stability
than in discrete component circuits. Extreme
shortness of conduction paths l¢ ads to higher

frequency performance.

A more dramatic example of how the circuit
designers’ inherited ideas must change is illus-
trated by the inverted economics of active and
passive components. For many years a major
circuit-design objective was to minimize the
number of expensive and unreliable active ele-
ments. With the transistor, pd\si\(' compo-
nents u'pn-wnlwl dimes and the transistors
rv]nrwnlc«l dollars, even though the reliabili-
ties were similar. For silicon integrated cir-
cuits. however, the most expensive items are
resistors and capacitors, because they consume
a relatively large area on the silicon chip. A
reorientation is necessary to maximize the ac-
tive-device count and to minimize the number
of passive components New research directed
toward functions using a multitude of acuve

devices 1S necessary

The packaging and interconnection problems
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Differences in design approaches between conventional
and integrated circuits are illustrated in these two am
plifier stages The integrated circuit design utilizes
more transistors but reduces the number of resistors
and eliminates the high value of capacitance

with integrated circuits have been among the
most difhcult to solve I'he Air Force, as early
as 1059, encouraged We stinghouse and Texas
Instruments to use the flat. rectangular her-
metic package for inteorated circuits. Others
including Fairchild continued using tran-
sistor-type ¢ans The Minuteman II program
and cwners have .1(1«)}:[('(1 the mulu-layer
printe d circuit board fon interconnections
New 1»<u‘r\‘x:1n; techniques are being investi-
cated. These mc lude the hybrid tec hnology of
mounting integrated circuit dice on ceramic
walers. on which are also the film components

and interconnections. Pac kaging and inter-

Integrated circuit packages, as typified by these from
Motorola, include TO-5 cans and flat packages of vary
ng dimensions and with a variety of pin numbers and
lead configurations

connection improvements musy
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integrated circuit
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“Those who are not designing equipment today
using integrated circuits are already behind the
main flow of American technology. None ol us
knows for certain where this new te hnology will
lead wus. It appears evident, however, that we are
only at the beginning ol a tre mendous revolution
in electronic system techniques, which has been
made possible by mankind’s increasing knowledge
of the behavior of solidstate materials. We at
Motorola think we are fortunate to be part of a
profession that allows us to take part mn this
exciting progress.

Dr. C. Lester Hogan

Vice-President and General Manager
Motorola, Inc.

Semiconductor Products Division

“We feel that the most far-reaching effect of inte-
grated circuits on electronic equipment will be
realized through the use of circuits of ever-
increasing complexity. This is presently being
most successfully pursued through the use of the
metal-oxidesilicon technology and is already
resulting in circuitry one to two orders of
magnitude more complex than the older types of
integrated circuits. The resulting savings in
development and manufacturing costs coupled
with improved reliability should be of funda-
mental importance to the equipment manufac-
turer and user.”

J. P. Ferguson

President,

General Micro-electronics, Inc.

“There is little question, I feel, but that inte-
grated circuitry will be revolutionary both in its
impact on electronics itself and in the expanded
applications of electronics it will make possible.
One clear illustration of the impact on electronics
is the shift in design opportunity and respon-
sibility it creates—a shift which becomes even
more marked as the level of complexity of inte-
grated circuits increases from what might be
described as simple circuits to the electronic
function level. As the volume requirements for
integrated circuits increase, highly-;mmnmlul,
u)mlxmu-umlmllc(l and relatively flexible pro-
duction lines will supply circ uits and electronic
functions with the whole circuit or function at-
taining levels of reliability now achieved by high
reliability individual devices. Costs will be appre-
ciably less than for conventional circuitry, aver-
aging perhaps one-half, but in some cases, such as

for much digital circuitry, far below that. The
electronics engineer will specify his integrated
circuit or electronic function requirements in
terms of input and output parameters expressed
in a common computer language. The total pro-
duction cycle time required from this specifica-
tion of parameters to delivery of integrated cir-
cuits need be no more than two or three weeks.
Further, the design engineer will have a much
higher confidence level that his initial model will
function as he intended than he can with conven-
tional circuitry today. Moreover, the sharp im-
provement in reliability, accompanied by a
marked decreased in cost, coupled with the ability
to produce working models to spec ification rapid-
l\.‘will allow the electronics engineer to devise
equipment solutions which would be considered
to be too complex to be pr;uli(;ll today. In sum-
mary, the engineer will be able to apply elec-
tronics to solve not only more complex but a
wider variety of problems. It is my strong convic-
tion that integrated circuitry, because of these
important gains in reliability, economy, and sim-
plicity, is probably the key technical link which
has long been needed for electronics to broaden
its usefulness to all segments ol our technologi-
cally-based society.”

P. E. Haggerty

President,

Texas Instruments, Inc.

Integrated circuits are of principal importance
in the realization of the reliable and extremely
complex electronics that will be required for the
defense of our country and, in addition, allow this
to be done at greatly decreased system costs.”

Robert N. Noyce
Vice President and General Manager
Fairchild Semiconductor

“The use of devices such as flat-pack modules in-
corporating integrated circuits has an important
potential in our military and space programs.
Being ultra-microminiaturized and with whole
function capability, their use makes possible the
high-density packaging and ruggedness required
for specialized applications. Continued develop-
ment of integrated circuits with many more cir-
cuits on a single chip should further increase their
value in the future.”

D. Brainerd Holmes
Senior Vice President
Raytheon Company
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