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held symposiums to inform the scientific 
and technical community about these de- 
velopments. Publications promptly dis- 
closed new developments. 

Inevitably, the gathering momentum 
of the semiconductor industry brought 
unparalleled career opportunities outside 
and new activities were nucleated in Dal- 
las, Phoenix, and Mountain View. The 
authors, both alumni of Bell Laborato- 
ries, acknowledge the enormous and pub- 
lic-spirited contribution of the Bell Labo- 
ratories to semiconductor electronics in 
our American free-enterprise system. 

The past three decades have witnessed 
revolutions in semiconductor electronics 
and in electronic computers. Progress in 
each has stimulated and directed the oth- 
er. Today, the American semiconductor 
industry employs approximately 120,000 
people, and the foreign semiconductor 
industry provides employment for anoth- 
er 150,000. But the true importance of 
semiconductor devices is not revealed 
by such numbers. Without these de- 
vices, the computer industry would not 
exist in its present form and size. Many 
electrical and electronic devices that we 
accept as commonplace today-such as 
the hand-held calculator and shirt-pocket 
radio-would probably not exist at all. In 
this article, we focus attention on semi- 
conductor electronics, reviewing its evo- 
lution from a unique scientific base, 
showing how it served and was strength- 
ened by space and defense missions, and 
pointing out the remarkable devel- 
opment of new enterprises and new 
teams that formed as the revolution 
spread. The point of looking back, of 
course, is to gain insight for moving 
ahead. We shall look ahead by express- 
ing predictions and imperatives for the 
future based on the progress of the elec- 
tronics revolution to this point. 

Semiconductor Electronics: 

Its Beginnings and Development 

At the end of World War II, there was 
significant interest in semiconductor rec- 
tifiers and in microwave diodes used as 
detectors and mixers. The dominant 
base for the imminent electronics revolu- 
tion brought by semiconductors con- 
sisted of new developments in solid-state 
physics and technology. 
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vice chairman of the Board of Fairchild Camera and 
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Solid-State Physics-An Open 

Scientific Base 

The first paragraphs of Ralph Bown's 
foreword to Shockley's book (1) give an 
eloquent account of the scientific base 
for semiconductor technology: 

If there be any lingering doubts as to the 
wisdom of doing deeply fundamental research 
in an industrial laboratory, this book should 
dissipate them. Dr. Shockley's purpose has 
been to set down an account of the current 
understanding of semiconductors, an under- 
standing which incidentally is comprised in no 
mean degree of his own personal contribu- 
tions. But he has done more than this. He has 
furnished us with a documented object lesson. 
For in its scope and detail this work is obvi- 
ously a product of the power and resource- 
fulness of the collaborative industrial group of 
talented physicists, chemists, metallurgists 
and engineers with whom he is associated. 
And it is an almost trite example of how 
research directed at basic understanding of 
materials and their behavior, 'pure' research 
if you will, sooner or later brings to the view 
of inventive minds engaged therein opportuni- 
ties for producing valuable practical devices. 
The program of work which Dr. Shockley 
leads was aimed at understanding a kind of 
materials, the semiconductors, which had al- 
ready received considerable application in the 
communications business in the form of recti- 
fiers, regulators and modulators. Not only 
were improvements in such devices hoped for 
but the possibility of creating an amplifier was 
envisioned. In the course of three years of 
intensive effort the amplifier has been realized 
by the invention of the device named the 
transistor. 

A set of fundamental developments 
came from the Bell Laboratories. Single- 
crystal germanium and silicon were first 
grown there; zone refinement to provide 
new orders of material purity was devel- 
oped. Other firsts include the junction 
transistor, silicon-aluminum diodes, ther- 
mal-compression bonding of metals to 
semiconductors, impurity diffusion, and 
epitaxial growth of new layers on a seed 
crystal. 

Open communication of the new sci- 
ence of semiconductors stimulated in- 
tense activity. The Bell Laboratories 

Government Support of Semiconductor 

Electronics for Defense and Space 

The importance of the transistor to 
defense electronics was immediately 
obvious. Army, Navy, and Air Force 
agencies immediately began the support 
of transistor electronics for the defense 
need. The pursuit of excellence was in- 
tense; competition developed among the 
various defense agencies to support the 
best ideas and the best teams in the 
various industrial laboratories and in the 
universities. Moreover, the commonality 
of interest among the contractors to the 
federal government promoted the high 
diffusion rate of new information in semi- 
conductor electronics. The annual De- 
vice Research Conferences and the Phila- 
delphia Solid-State Circuits Conferences 
were two forums for communication 
among the participants in the emerging 
field. 

Governmental support of semiconduc- 
tor R & D was large. From 1958 through 
1974, various branches of the U.S. gov- 
ernment pumped $930 million into re- 
search and development in the semicon- 
ductor industry. A very legitimate de- 
bate exists today as to whether govern- 
ment support of R & D in this industry 
has been as pivotal as the demand by 
military and space efforts for the devices 
manufactured by the industry. Very little 
objective data exist that can be used to 
support either side of this debate. How- 
ever, it is our opinion that government 
support of university-operated research 
in this area was necessary in providing 
the atmosphere for training the brilliant 
students who then quickly found their 
places in the industry. 

It is probable, however, that govern- 
ment-sponsored R & D in the industry 
itself was not as productive as the R & D 
which the industry chose to support it- 
self. The reason for this is simply motiva- 
tion. Government-sponsored R & D usu- 
ally demands production of final devices 
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Fig. 1.(Top) Wafer manufactured in 1966; 1? inches in diameter; 9000-square-mil dice; and 12- 
/A,m lines. (Bottom) Digital watch circuit; 4-inch wafer manufactured in 1976; 24,000 square-mil 
dice; 5-/um lines. 
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that might or might not be considered 
useful (that is, profitable) for the compa- 
ny involved. If the company chooses to 
sponsor R & D itself, then it is highly 
motivated to direct this R & D effort into 
products that it feels will be profitable to 
the company. In spite of this difference 
in motivation resulting in a difference in 
productivity, this $930 million provided 
useful effort that undoubtedly advanced 
the state of the art during its expendi- 
ture. 

The U.S. Department of Commerce 
has published figures indicating that pri- 
vate industry supported $1.2 billion of 
R & D during the same period of time. 
So, all together, American industry was 
able to put more than $2 billion into 
R & D during this 16-year period. The 
total technical effort-including applica- 
tions engineering, technical marketing, 
process control, and production areas- 
probably raises the investment that 
brought this industry into being between 
1955 and 1975 to at least $3 billion. 

In addition to R & D expenditures by 
the U.S. government, another important 
component of governmental support was 
contracts for production preparedness. 
Very early in the history of the transis- 
tor, the U.S. Army, Air Force, and Navy 
supplied capital dollars to the American 
semiconductor industry to build produc- 
tion equipment in order to have a capa- 
bility to produce these new devices. The 
first such dollars were supplied in 1952 
so that our industry could build produc- 
tion lines to manufacture alloy transis- 
tors. 

While many companies were willing to 

support R & D efforts in this exciting 
new technology in 1952, few would have 
had the courage to build multimillion- 
dollar production lines at such an early 
date. This expenditure would have re- 

quired the approval of the board of di- 
rectors of the companies involved, and 
even if they had the foresight at that early 
time to begin production, their approval 
would have introduced a delay of at least 
several months. With the funds available 
from the U.S. government, an enterpris- 
ing manager could build a production 
line without the approval and perhaps 
even without the knowledge of his board 
of directors. 

As early as 1952 many American com- 

panies were motivated to build produc- 
tion lines for alloy transistors. Those 
who did found the business profitable. 
They got an early jump on their com- 

petitors who were still justifying this dar- 

ing move. This technology diffused as 

rapidly through the United States as did 
R & D knowledge. Even though this ini- 
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tial investment by the U.S. government 
to build alloy transistor lines amounted 
to only $11 million, it provided a critical 
time advantage. 

In 1957, the U.S. government pro- 
vided another $15 million to industry to 
buy capital equipment to build produc- 
tion lines for diffused-base transistors. 
Again, while this amount was small com- 
pared to the money that private industry 
had to put up, it nevertheless gave an 
initial stimulus. As early as 1959, the 
services supplied another $10 million to 
American industry to buy or build the 
equipment necessary to build a produc- 
tion capability for integrated circuits. 

Now, it is true that the $36 million 
supplied by the U.S. government in 
these contracts is a fraction of what our 
industry had to supply itself in order to 
build the enormous production capabili- 
ty that we now have. Nonetheless, the 
U.S. Signal Corps and Air Force, in 
particular, deserve credit for the fore- 
sight that they had so early in the game 
which led them 'to supply these needed 
capital dollars. 

Many Americans argue that a large 
maj6rity of the companies that got this 
early production support do not now 
exist as semiconductor suppliers and, 
hence, that the money was wasted. This 
is nonsense. Two of the largest recipi- 
ents of the U.S. government support in 
the early days were Texas Instruments 
and Motorola. They did survive, and this 
early help was critical in helping them to 
an early start in the business. As for the 
companies that received support and 
failed, other successful companies hired 
their people and American industry was 
automatically farther along on the pro- 
duction learning curve because of the 
investment. 

The largest markets in semiconductor 
electronics from the invention of the tran- 
sistor through the middle 1960's were the 
computer industry and the military-aero- 
space industry. Two customers, because 
of their use volume, were absolutely piv- 
otal in the early establishment of Ameri- 
can semiconductor firms. 

The first was IBM. In 1960, IBM was 
probably the largest single customer of 
every American semiconductor compa- 
ny. The second major customer was the 
Minuteman missile system. This missile 
system poured hundreds of millions of 
dollars into the semiconductor industry 
at a very important time in its history. 
This money went into diffused transis- 
tors and integrated circuits; in particular, 
it provided funds necessary for the re- 
finements to achieve a high level of re- 
liability for semiconductor devices. All 
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Fig. 2 (top). CCD imaging chip manufactured in 1976; 3-inch wafer. Fig. 3 (bottom). Individu- 
al CCD imaging die showing 4-t,m structure. 
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subsequent semiconductor systems bene- 
fited from the technological advances 
with the new levels of electronic reliabil- 
ity. 

Emergence of New Ventures 

As electronics moved from the vacu- 
um era to the semiconductor era, many 
observers expected that the industrial 
participants who dominated the vacuum 
tube component business would be the 
ones to establish leadership as semicon- 
ductor manufacturers. In 1955, the top 
ten American manufacturers of vacuum 
tubes in order of the worth of their sales 
were 

RCA 
Sylvania 
General Electric 
Raytheon 
Westinghouse 
Amperex 
National Video 
Rauland 
Eimac 
Lansdale Tube 

The top ten American semiconductor 
manufacturers by sales volume in 1976 
were 

Texas Instruments 
Motorola 
Fairchild 
National Semiconductor 
RCA 
Intel 
ITT 
Signetics 
General Instruments 
General Electric 

Only two names appear on both lists. 
Clearly, the electronics industry in the 
United States exists within an economic 
and cultural system which not only 
spawned but actually encouraged the 
new order that was necessary for the 
proper winning of the vigorous new semi- 
conductor market. The two key factors 
in this environment are the availability of 
venture capital and the mobility of Amer- 
ican professional people. Vigorous 
young companies, with the motivation of 
partial ownership to their managers, 
have dominated the semiconductor in- 
dustry. The American industry has been 
so successful that today it supplies ap- 
proximately 75 percent of the world's 
integrated circuits. 

Four separate market strategies have 
been successful in the development of 
new business connected with the semi- 
conductor industry. The first strategy is 
market capture by price advantage in a 
widely used product. The leaders of the 
1976 list (above) have all pursued this 
strategy with great success. They have 
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exhibited remarkable capabilities to in- 
corporate technological advances into 
their production to cut costs. They have 
responded rapidly to developing mar- 
kets. Their performance has provided 
tremendous incentive to place electronic 
components throughout American indus- 
try in places where they had earlier been 
assessed as too expensive. 

Some companies are of sufficient size 
to have sufficient internal markets for 
their products. Notable examples are 
the Bell system and IBM. Generally, 
the semiconductor devices produced for 
these internal, special markets contain 
similarities in some lines to the devices 
produced for commercial use by the 
large suppliers, but many devices are 
custom designed for the telephone and 
computer industries. 

A third successful strategy is that of 
the instrument or system manufacturer 
which establishes and maintains semi- 
conductor development and manufactur- 
ing capability for its internal use. The 
key idea here is to develop proprietary 
components that give the manufactured 
system an essential advantage over com- 
petitive systems. An outstanding case in 
point is Hewlett-Packard, which manu- 
factures custom integrated circuits for its 
instruments, computers, and calculators. 
Intel, in its development of the micro- 
processor, exhibited a somewhat similar 
strategy. However, the microprocessor 
at this point is becoming a volume com- 
ponent of great importance. 

The semiconductor industry, particu- 
larly on the San Francisco Peninsula, has 
generated a wide variety of small, suc- 
cessful companies which manufacture 
production equipment, materials, and 
components and provide services for the 
industry. Diffusion furnaces, ion implan- 
tation machines, epitaxial growth sys- 
tems, mask-making sy'stems, and others 
are all products of industries that are 
ancillary to semiconductor device pro- 
duction. 

The Projection Forward 

With the view of the dominant com- 
ponents of the development of the semi- 
conductor industry to this point, we are 
in a better position to anticipate the de- 
velopments ahead and to draw certain 
recommendations from them. 

Centers of Action Ahead 

A principal sector of the semiconduc- 
tor industry is devoted to making potent 
microprocessors, memory chips, and 

standard linear circuits which can be 
used in enormous numbers. The last dec- 
ade has seen a dramatic move from 
small-scale integration to large-scale in- 
tegration. This change is illustrated in 
Fig. 1 (top) which shows a photograph of 
a wafer made in 1966-67 with individual 
dice 9000 square mils in area and having 
12-micrometer lines on a wafer of 112 
inches. Below it is a photograph of a 4- 
inch wafer containing 5-A/m lines on 
24,300-square-mil dice of a 1976 digital 
watch circuit. Figures 2 and 3 are photo- 
graphs of a wafer and die for a charge 
controlled device (CCD) imaging chip. 
The wafer is 3 inches in diameter, with 
each die having an area of 200,000 square 
mils and containing 180,000 imaging ele- 
ments and 180,000 shifting elements. 

There has been a great increase in the 
market share of integrated circuits. One 
decade ago, 86 percent of the sales of 
semiconductor manufacturers were dis- 
crete devices and only 14 percent con- 
sisted of integrated circuits. These cir- 
cuits were very simple by today's stan- 
dards. The most complex circuits of that 
time were dual J-K flip-flops with less 
than 25 transistors interconnected on 
one chip. In 1976, the share of total 
semiconductor sales attributed to inte- 
grated circuits had risen to 58 percent. 
Today, the state of the art is 16-bit micro- 
processors and 16,000-bit memories with 
approximately 1000 times the complexity 
of the devices built in 1966. The price for 
the 16,000-bit memory chip today is ap- 
proximately the same as the price of a 
J-K flip-flop in 1966. 

Both the staggering increase in com- 
plexity and the drastic reduction in cost 
have had a dramatic impact on the nature 
of the semiconductor business. In order 
to keep up with the rapidly decreasing 
prices, the industry has been forced to go 
from 1-inch wafers to 2-inch, then 3- 
inch, finally arriving today at the indus- 
try's standard 4-inch wafer. The diffu- 
sion furnaces have become larger, more 
accurate in temperature and gas-flow 
control, and much more complex. 

In 1966, diffusion furnaces cost ap- 
proximately $3000 per tube. Today, they 
cost $12,000 per tube. Today, a single 
mask aligner costs $50,000, an evapora- 
tor costs $80,000, 4-inch crystal growers 
cost $210,000, an epitaxial reactor costs 
$185,000. Each of these numbers is be- 
tween a factor of 4 and a factor of 20 
more expensive than typical equipment 
costs one decade ago. Ion implant equip- 
ment costs range between $100,000 and 
$300,000, depending on the flexibility re- 
quired by the manufacturer. 

Very new electron beam mask-making 
equipment requires a capital expenditure 
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of $1.5 million for one electron beam 
machine. A typical wafer fabrication pro- 
duction area in 1976 uses four times as 
much deionized water per square foot of 
factory space as it did in 1966; it uses 
four times as much electric power. 

Some of the increase in costs of equip- 
ment between 1966 and today has been 
due to inflation, but most of the increase 
has been due to the fact that increased 
size of the wafers and complexity of cir- 
cuits being built have demanded larger 
pieces of equipment with much more 
exquisite control. To be sure, today's 
diffusion furnaces turn out ten times as 
many square inches of silicon as did the 
cheaper models of a decade ago, but the 
sales value of the output of a furnace 
has not increased. 

In 1966, a small semiconductor compa- 
ny could be started with an initial invest- 
ment of less than $1 million. Today, a 
similar company would require a mini- 
mum of $6 million. The design time and 
cost to bring today's state-of-the-art 
devices (16-bit microprocessors and 
16,000-bit memory chips) is at least ten 
times, and probably 20 times what it was 
to bring state-of-the-art devices to mar- 
ket in 1966. Thus, the pendulum has 
swung in the sector of industry that pro- 
vides sophisticated large-scale in- 
tegration (LSI) devices for a mass mar- 
ket to favor the large and well-en- 
trenched companies. 

Semiconductor technology has 
brought a rapid succession of more and 
more able components costing contin- 
ually less. The digital system designer at 
present has as basic building blocks the 
integrated microprocessor and memory 
chip. The potency of these blocks is 
illustrated by Table 1, which compares 
the parameters of a Fairchild F8 micro- 
computer, pictured without its power 
supply in Fig. 4, with the ENIAC, the 
first electronic digital computer. A brief 
study reveals that, for about $100, a sys- 
tem designer can now incorporate into 
any system he wishes a contemporary 
ENIAC, 20 times faster and 10,000 times 
more reliable, and requiring 56,000 times 
less power and 1/300,000 as much space. 
But better integrated circuit components 
of the same nature are ahead in the imme- 
diate future. Electron beam lithography 
and, ultimately, electron beam process- 
ing on the wafer promise still more dense 
integrated circuits. If the industry re- 
mains on the curve of complexity plotted 
as a function of time given by "Moore's 
law" (2), it will achieve a complexity of 
10 million interconnected components 
by 1985. These developments constitute 
the on-going evolution in semiconductor 
technology. What is its goal? When it is 
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Table 1. Comparison of parameters of ENIAC with the Fairchild 8 (F8) microprocessor. Abbre- 
viations: CPU, central processing. unit; TTY, teletype terminal; ROM, read only memory; 
RAM, random access memory. 

Item Parameter ENIAC F8* Comments 

1 Size 3,000 cubic feet 0.011 cubic feet 300,000 times smaller 
2 Power con- 140 kilowatts 2.5 watts 56,000 times less power 

sumption 
3 ROM 16K bits 16K bits Equal amount 

(relays and 
switches) 

4 RAM 1K bits (flip- 8K bits Eight times more RAM 
flop accum- in F8 
ulators) 

5 Clock rate 100 kilohertz 2 megahertz 20 times faster clock 
rate with F8 

6 Transistors 18,000 tubes 20,000 About the same 
or tubes transistors 

7 Resistors 70,000 None F8 uses active devices 
as resistors 

8 Capacitors 10,000 2 5,000 times less 
9 Relays and 7,500 None 

switches 
10 Add time 200 ,tsec 150 tzsec About the same 

(12 digits) (8 digits) 
11 Mean time Hours Years More than 10,000 

to failure times as reliable 
12 Weight 30 tons < 1 pound 

*For comparison in this table, the F8 microcomputer is assumed to consist of one 3850-CPU, one 3856-PSU 
(2K bytes of ROM), eight 1K RAM packages, and the static memory interface chip 3853, plus teletype ter- 
minal interface circuitry. 

reached, will the electronics revolution 
cease? 

Let us look to the ultimate goal in the 
evolution of components. That goal is 
the availability of (i) microprocessors of 
arbitrary speed and reliability, (ii) memo- 
ries of as large capacity and of as small 
size as one could want, and (iii) opera- 
tional amplifiers with no limit of open- 
loop gain, response speed, input imped- 
ance, and output conductance. Of 
course, at the goal the cost of the com- 
ponents should not be a hindrance to 
their use. But this limit of component 
evolution is not the end of the electronics 
revolution-the revolution in electronic 
systems just then begins in earnest. The 
systems engineer is challenged to con- 
ceive and design systems that exercise 
the potency of the component. Program- 
ming the flow of information and control 
signals through the system becomes a 
problem focus. Thus, an impending cen- 
ter of action in electronics is conception 
and design of new systems which har- 
ness more potent components to tasks 
earlier adjudged interesting but impracti- 
cal to perform. 

Increased attention must be focused 
on the parts of the system, the trans- 
ducers, to which the perfected electron- 
ics part interfaces. These transducers- 
sensors, actuators, display devices- 
have typically not benefited from the 
orders of magnitude of improvement that 
have occurred in the purely electronic 
devices. Transducers are susceptible to 
improvement through the use of strate- 

gies which succeeded in purely electron- 
ic components. Broad understanding of 
solid-state science suggests improve- 
ment in transducers; light-emitting di- 
odes and photodetectors are existing cas- 
es in point. Microfabrication tech- 
nique-photochemical machining, for in- 
stance-is readily extended to trans- 
ducers. The transducer area will cer- 
tainly become an important center of 
action in electronics. 

Thus, we see two centers of action due 
to achieve increasing importance ahead, 
the areas of electronic systems and 
the component-like area of transducers. 
Both of these represent a wide range of 
opportunity. In each, there are unique 
opportunities for the new entrepreneur 
in operations of high mobility and mod- 
est size. 

The Continued Importance of the 

Entrepreneurial Sector 

We have seen in the recent history of 
semiconductor electronics an important 
role for new ventures. A major part of 
the success of the electronics revolution 
has come from companies that did not 
exist at the end of World War II. An 
account of the development of new com- 
panies on the San Francisco Peninsula 
has been given by Bylinsky (3). A recent 
report (4) of the Commerce Technical 
Advisory Board points out that young, 
high-technology companies exhibit 
larger growth in sales and in jobs (42.5 
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and 40.7 percent per year over the period 
1969 to 1974) than do older companies 
classed as either "innovative com- 
panies" or "mature companies." In the 
period between 1945 and 1974, the group 
of six "mature companies" studied ex- 
hibited annual average growth in sales of 
7.8 percent and in jobs of 1.9 percent. 
The five "innovative companies" stud- 
ied showed average annual growth of 
sales and jobs, respectively, as 16.5 per- 
cent and 10.8 percent. Thus, the impor- 
tance of successful new ventures is clear 
both for the economy and job market as 
well as for the provision of new electron- 
ic systems. 

The need for and benefits of profit- 
ability in new ventures are sometimes 
poorly understood. Appropriate profit 
levels benefit all sectors. An incentive is 
provided to entrepreneurs for their initia- 
tive. To the company, profits provide 
capital for expansion or for new prod- 
ucts. To the customer, a profitable enter- 
prise is necessary to sustained produc- 
tion and continued service. To the gov- 
ernment, tax revenue is provided, and to 
the public, products are provided con- 
currently with the provision of more 
jobs. 

An Expanding Role for Schools of 

Engineering and Science 

Semiconductor and computer elec- 
tronics are founded on an increasing 
depth of scientific base. Accordingly, 
new professionals require an increasing 
level of preparation. This situation auto- 
matically involves the university in a 
stronger way than was the case a few 
decades back. 

The university has long been recog- 
nized as an effective location for basic 
research. The coupling of the research 
mission with graduate education pro- 
duces some essential economies. Edu- 
cated people and research are coprod- 
ucts in the university. Knowledge re- 
search by its nature is speculative; more- 
over, predictions of the nature, place- 
ment, and timing of breakthroughs are 
uncertain at best. These uncertainties 
are much less troublesome in the gradu- 
ate school environment than in industry. 
A negative result may bear practically 
the same educational value as a positive 
one if it contributes to knowledge. This 
is an essential economy as compared to 
industry, where all bets are placed on the 
research result. 

While the synergistic relationship be- 
tween education and basic research (or 
pure knowledge research) has long been 
recognized, at Stanford University a 
strong synergism has emerged between 
graduate education and applied research 
in integrated circuits. A research pro- 
gram in integrated circuits demands an 
advanced working technology to be most 
effective. At the same time, problems of 
great contemporary interest to industry 
are hazardous to undertake in the univer- 
sity. The small university team is ex- 
posed to difficult competition from much 
larger industry teams. At Stanford, inter- 
esting applications not yet of commercial 
interest have motivated successful and 
demanding work in custom integrated 
circuits. A reading aid for the blind and a 
series of medical instruments requiring 
custom integrated circuits have provided 
dissertation topics for more than 60 
Ph.D. candidates. 

Many collateral positive effects have 
emerged. An important liaison with the 
medical community has been established 
in which medical doctors participate 
with engineers in the development of 
new instruments of great importance to 
their research or practice. These in- 

Fig. 4. The Fairchild F8 computer which is compared in Table 1 to the ENIAC. 
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struments (an ultrasonic imaging system, 
a series of blood-flow meters, new force 
transducers are examples) require cus- 
tom integrated circuits which are the fo- 
cus of study of graduate student teams. 
Liaison and collaboration with the in- 
tegrated circuits industry has flourished. 
Industry has provided important inputs 
on contemporary technology. Early con- 
tact with promising candidates for em- 
ployment has benefited both industry 
and the candidates. In one case, a new 
company was spawned to produce the 
blind reading aid using integrated circuits 
developed at Stanford. It has been profit- 
ably operating for 5 years with sales over 
the last year of $4 million. 

From Our Crystal Ball 

In the last quarter-century we have 
seen semiconductor electronics arise in 
the telecommunications industry and 
then provide the technological means to 
implement an emerging digital computer 
revolution, so that the individual today 
can personally own a more potent com- 
putational capability than his company 
or organization had then. Semiconduc- 
tors have given the means to provide 
electrical power for space vehicles, to 
control their travel, and maintain their 
communication with the earth. 

This electronics revolution has been 
fueled by a science base, promoted by 
government agencies vitally interested in 
the implements it promised, and carried 
out by new ventures with bold managers 
who perceived the opportunities and de- 
livered outstanding performance. Elec- 
tronics has grown in its utilization to 
address the urgent problems of defense 
and space, and its development from 
application to these problems has stimu- 
lated use in other areas. The $ 0.5-billion 
U.S. semiconductor business in 1960 
was about half government and half pri- 
vate. By 1975, the $1.75-billion semicon- 

ductor industry had only a 22 percent 
government portion. We foresee that fur- 
ther development will proceed in the in- 
dustrial and consumer sectors from the 
start already evident. We should like, 
however, to conclude with a forecast on 
the impact of electronics on the problem 
of this decade-the energy problem. 

Semiconductor electronics will have a 
significant influence first in the area of 
energy conservation, in more efficient 
utilization of energy. Semiconductor 
high-energy ignition systems in vehicles 
are already improving efficiency. Micro- 
computer control of the variables of com- 
bustion (spark timing and fuel and air 
input) through measurement of engine 
temperatures and pressures and engine 
and vehicle speeds will make a further 
step in conserving fuel in transportation 
uses-uses that consume a quarter of our 
petroleum needs. In a similar way, more 
precise control of other systems that con- 
sume energy-heating, lighting, refriger- 
ation, processing of food and material- 
can readily lead to economies not neces- 
sary with cheap fuel. 

But, electronics also promises to bring 
power from renewable sources. We be- 
lieve that photoelectric conversion of so- 
lar energy can be made viable as a source 
of power for terrestrial use within a dec- 
ade. The harvesting of the average flow 
of 230 watts of solar power per square 
meter in the Southwest in significant 
quantities presents difficult problems. 
The necessary, large collection struc- 
tures in a severe environment require a 
major capital outlay. The key to viability 
of solar energy is a sufficient conversion 
efficiency to support the capital outlay. 
An analysis (5) indicates that an over- 
all conversion efficiency of 28 percent 
would produce power at the converter at 
2 cents per kilowatt-hour. One method 
(5) with potential efficiency above this 
level is thermo-photo-voltaic (TVP) con- 
version. In TVP converters, silicon cells 
are irradiated by a 2000?K source heated 

by the sun. Silicon cells irradiated by a 
2000?K source promise an efficiency 
greater than 40 percent if carrier lifetime 
can be kept as long as 1 millisecond. The 
processing of silicon cells at this point 
deteriorates the lifetime two orders of 
magnitude below the required value. We 
predict that perfection of photovoltaic 
converters can occur within a decade if 
sufficient effort is mounted to address the 
problem. 

To us, this seems less remote than 
did the construction of components for 
Minuteman in 1958. At that point, a 
failure rate of 0.0007 percent per 1000 
hours was required with a then-current 
failure rate for transistors of about 1 
percent per 1000 hours. Actually, im- 
provements were achieved in about 3 
years and these reduced failure rates to 
about 0.0003 percent per 1000 hours. 

The solar conversion program must be 
addressed with the same composite of 
forces that brought reliable components 
to Minuteman. Outstanding teams of en- 
gineers and scientists must attack the 
problems. The government agencies in- 
volved must exhibit the same vision of 
mission and persistent support of goal 
attainment. As viable designs emerge, 
production and installation must proceed 
with the same industrial competitiveness 
and efficiency that has characterized the 
past three decades of the electronics rev- 
olution. 
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