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THE TRANSISTOR—
A CONSEQUENCE OF RESEARCH

The three Nobel Prize winners on our cover created
the earliest transistors in their laboratories at the Murray
Hill, N. J., location of Bell Labs. But, as they emphasize
in their observations on the 25th anniversary of this
revolutionary device (see pages 335-341), the key to their
work was not any detail of fabrication or laboratory
technique, but was instead the vital ingredient of under-
standing born of research. They knew that in all prob-
ability they could not reach a practical goal without new
knowledge. So, as John Bardeen puts it (page 337), “at
each stage [of the experimentation] we tried to have at
least a qualitative understanding of what was going on.”

A technology-dependent effort can proceed for some
time on the basis of old knowledge, but in such instances
efficiency soon drops off and innovations cease. What is
needed for a successful technical effort is a continued
influx of new knowledge, and a constant reference back
to the foundations of scientific knowledge that undergird
all technology.

In many cases the pursuit of research understanding—
this building of firm foundations—goes largely un-
noticed, since the practical results mostly appear through
the work of people with the important jobs of develop-
ing, designing and producing the things society needs.
But the transistor is an exception, so much so that it has
become a symbol of the benefits that can flow from learn-
ing more about nature and her secrets.

Cover

Left to right, John Bardeen, Willinm Shoekley and Walter
Brattain, Nobel laureates in physics, 1056, My, Bardeen also
shared the 1972 Nobel Prize in physies for his work on the
theory of superconductivity.
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“The Effecting of All Things Possible”

About 350 years ago, Francis Bacon described his “New Atlantis''—in effect a research and
development establishment. He decided that 36 people could achieve his corporate goal—*"the
knowledge of causes, and secret motions of things; and the enlarging of the bounds of human
empire, to the effecting of all things possible.” Bacon’s staff would “‘also declare natural div-

inations of diseases, plagues . . . tempests, earthquakes, great inundations . . . and divers other
things; and . . . give counsel thereupon, what the people shall do for the prevention and remedy
of them.”

However ambitious, Bacon’s concepts did clearly establish the direction and intent of what
we now call “modern science.” He realized that the understanding gained by a group of people
performing basic research should lead, ideally, to applications that will benefit mankind. The
invention of the transistor has done this—but not without a complex effort to realize its promise.

Since the early days, the list of specialities needed for solid-state research has grown to en-
compass large areas of physics, chemistry, and engineering. We have found this interdisciplinary
approach vital at Bell Laboratories. And the application of the transistor and other solid-state
devices in the Bell System has imposed formidable requirements on Western Electric. Western's
manufacturing engineers, working side by side with our designers, have had to develop new
processes and techniques. The interactions here—as well as the give and take among Bell Labs,
the Operating Telephone Companies and the American Telephone and Telegraph Co.—are in-
dispensable to our ability to help bring the benefits of solid-state technology to the communica-
tions user.

As much as it has changed our own company, however, the transistor has also changed
the world. Because of this device—and others it led to—our lives have improved. Computers,
made practical by these devices, manipulate previously unmanageable amounts of information
to extend our knowledge and its applications—for example, in medicine, architecture, engineer-
ing, sociology, psychology, and business. Solid-state devices help physicians diagnose our ill-
nesses and—in hearing aids and cardiac pacemakers, for example—they extend our useful lives.
Solid-state devices have conquered distances through fast, reliable, and inexpensive means of
communications. And such devices have helped man achieve one of his dreams—space travel.

From the perspective of the 25 years since the transistor's invention, we can assess its im-
pact—on the Bell System, on industry, and on society at large. The transistor began with basic
research, in Bacon’'s words, into the ‘“secret motions of things’—the mysteries of solid-state
physics—and has led to “the enlarging of the bounds of human empire.”” But the greatest impact
of the transistor may be yet to come—if its benefits can serve as a reminder to society that
solutions to many of our problems today, as well as future human progress, will depend heavily
on the continued pursuit of science and its responsible application.

James B. Fisk
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Three Men Who Changed Our World —25 Years Later

John Bardeen, Walter Brattain, and William Shockley, winners of
the Nobel Prize in Physics, give their recollections of the transistor’s

1
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John Bardeen

B wenty-fwe years ago it would have been impossible to imagine the re-
markable developments that have since taken place in semiconductor
,.anienﬁe and technology. Starting with primitive diodes and transistors, a
" whole series of breakthroughs has occurred-—single crystals, zone refining,
~ diffusion, oxide masking, planar technology, and integrated circuits, with
- capabilities in large-scale integration still increasing rapidly every year.
Semiconductor rectifiers are revolutionizing the electric power industry.
And we have by no means reached the end of the road, as indicated, for
example, by current progress in light emitting diodes and lasers, microwave
oscillators and charge transfer devices.

The theory on which these developments are based dates mainly from
the late twenties and thirties and is associated with such names as Frenkel,
Mott, Schottky, Wagner and Wilson. Nevertheless, during this period agree-
ment between theory and experiment was disappointing and at best qual-
itative. This is because semiconductors are what used to be called structure-
e sensitive; that is, their properties depend critically on the presence of minute
s amounts of impurities or other crystal imperfections. During the past quarter
| century we have learned how to control these structure-sensitive properties,
not only in the laboratory but on an industrial scale.

My introduction to semiconductors came just after the war, in late
1945, when I joined the Bell Laboratories research group on solid-state
physics which was being formed under the leadership of Stanley Morgan
and William Shockley. Following a Ph.D. under Eugene Wigner at Princeton
and post-doctoral years with John H. Van Vleck at Harvard, I had been
much interested in the theory of metals before the war and was anxious
to go back to solid-state physics after five years at the Naval Ordnance
Laboratory in Washington. While at Harvard, I was a good friend of James
B. Fisk (who in 1945 was Director of Research at Bell Laboratories) and
also knew Shockley when he was a graduate student at M.LLT. It was they
who persuaded me to join the group rather than return to my academic
post at Minnesota. I was the first outsider to be recruited: the rest of the
initial group had been at Bell Laboratories for some years.

Conditions were rather crowded when I arrived at the Murray Hill,
N. ]., Laboratory. The wind-up of World War II research was still going on.
A new building was under construction but was not yet completed, so I
was asked to share an office with Walter Brattain and Gerald Pearson.
I had known Walter since my graduate student days at Princeton. Although
at that time I had not decided what field of solid-state physics I would
work in, they soon got me interested in their problems and I became deeply
engrossed in trying to learn what was known about semiconductor theory.
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Like me, most of the group had worked in other areas during the war.
Very helpful in bringing ourselves up to date were seminars and discussion
groups in which we reviewed the literature. Of greatest relevance were
the papers of Schottky and Spenke on semiconductor barrier layers and
metal-semiconductor rectifiers, published just before the war, and reports

of wartime research on silicon and germanium diodes. |

My first publication after the war, with Brattain and Shockley as co-
authors, was on the growth of an oxide layer on copper, as is done in form-
ing copper oxide rectifiers. A second was on the ac impedance of a metal-
semiconductor rectifier. In a third, I showed that a Schottky barrier layer
could exist at the free surface of a semiconductor.

It was in following up some of the consequences of the third paper that
Walter Brattain and I initiated the series of experiments that led to the
invention of the point-contact transistor. Very important to these experi-
ments were Shockley's ideas on modulating the conductance of a semi-
conductor by an electric field, the effect now used in MOS [metal-oxide-
semiconductor) and field-effect transistors. Also vital was a close inter-
action between theory and experiment; at each stage we tried to have at
least a qualitative understanding of what was going on.

They were very exciting days after the invention of the point-contact
transistor. One of my jobs was to work with the patent attorney, Harry
Hart, and we spent many hours together trying to define the invention. wel
To get a good patent, it is necessary to have a good understanding of the R R
basic mechanisms, and there were still questions about just how the holes e LR e S R SRR
flowed from the emitter to the collector. How important was the surface e R
barrier layer in the transfer of holes from emitter to collector? Shockley e e e e i
initially suggested the junction transistor structure to help understand the T
mechanism. Independently, John Shive put the emitter and collector points
on the opposite sides of a thin wafer of germanium, and found that the
arrangement worked as a transistor. I can still remember the excitement I
felt when I first learned of this discovery, which showed definitely that
the holes from the emitter could flow appreciable distances through the
bulk of n-type germanium. o

A T Py
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The rapid exploitation of the semiconductor art has come from snunﬂig;jig
based theoretical concepts combined with ingenious methods developed by
many people for designing and controlling the distribution of the minute
concentrations of impurities on which the properties depend.




Walter Brattain

._ ;-:-The transistor and the development of solid-state electronics were tech-

8 .'_'=;_ildingical offspring of the revolution in physics that was born with the con-
= ception of the principles E = hv and E = mc® by Planck and Einstein
" at the beginning of this century. Since I am the oldest of the three Nobel
_ Prize winners, I can say that it all happened in my lifetime. I was fortunate
to take Professor Van Vleck's course in quantum mechanics the year he
first based his course on the Schrédinger wave equations and the Heisen-
berg-Born matrix mechanics at the University of Minnesota, 1927-28. This
may have been the first such course in the U.S.A.

During this period James Franck, Irwin Schrodinger and Arnold Sommer-
feld, all of whom participated in this revolution, were visitors at Minnesota.
When I started work for J. A. Becker, Bell Laboratories was only four years
old. The vacuum tube and thermionics were just shedding their baby teeth.
It was Becker who dried my ears off as a green young Ph.D. and started
me on my career as a surface physicist, first in thermionics and next in the
study of rectification and the copper oxide rectifier.

My first experience with the impact of quantum mechanics on the under-
N R standing of solids was from Sommerfeld’s lectures on the new electron
b ey theory of metals at the University of Michigan in the summer of 1931.
c e Then came A. H. Wilson's papers on the band structure of semiconductors
2 —the first explanation from quantum mechanical principles of what we
now call n- and p-type conductivity. Hindsight makes me wonder whether
the analogy between the creation of an electron-hole pair in a semiconductor
and an electron-positron pair in free space might have influenced Wilson.

I vividly recall Becker's and my recognition of the close analogy between
the copper oxide rectifier and the vacuum tube diode, and of our calcula-
tions of the size of the grid that one might put into the space charge layer
of the rectifier to make a triode! It is an understatement to say that the
results did not look promising. So I was somewhat amused when, a year
or so later, Shockley came to me with an idea of making an amplifier out
of copper oxide. As I remember I nevertheless told him that any means of
doing this was so important that I would try to get the copper oxide device
he had in mind made as near as possible to the way he wanted it. This
attempt was not successful.

G. C. Southworth's revival of the cat's whisker detector of radio waves
for microwave use and R. S. Ohl's work with silicon purified by J. H. Scaff
and H. C. Theuerer leading to the first pn junction and subsequent events
have been documented in several places (see for example “Genesis of the
Transistor’ by W. H. Brattain, Physics Teacher, March 1968).

The importance of an active solid-state circuit element was thoroughly
recognized by anybody working in this area from about 1925 on, but I am
impressed with the fact that direct attempts to make such elements were



futile, whereas the research work to try to understand what was really
going on in the simplest semiconductors, silicon and germanium, finally
resulted in the breakthrough. One never knows beforehand, however, if
one's research is going to contribute to that understanding, and after four-
teen years of work I was beginning to lose faith. But I never felt any
pressure from management to continue or to change fields. Perhaps the
only real threat to my career came in 1932 when I, being then a bachelor,
would have been the next man in my group to go if the depression had got
worse. But this never happened, due to H. D. Arnold’s fight to protect his
research group. And later on I had to convince M. |. Kelly that I preferred
research to supervising.

Another incident, never before written down, took place when my
laboratory at West Street, New York City, was used to demonstrate C. .
Davisson's experiments on diffraction of electrons from a nickel crystal.
This was in 1937 when it was announced that Davisson had won a Nobel
Prize. The news services wanted movies and pictures. I was present, taking
it all in, possibly with my hands in my pockets and my mouth open. It was
hot under the klieg lights, and the news people would occasionally let
Davisson cool off. During one of these breaks he walked over to me and
said, “Don’t worry, Walter, you'll win one someday.” Little did I know
that the day would come when he'd be one of the people to nominate us
for the prize.

The technological use that society makes of the understanding that
science gives is not always what the scientist would recommend or condone.
I feel strongly, however, that the scientist has no right to dictate how his
understanding is used. He does have the right to advise and to act as any
other citizen when it comes to deciding what society should do, and all
citizens are equally responsible for what is done.

The use of the transistor of which I am proudest is in the small battery-
operated radio. This has made it possible for even the most underprivileged
peoples to listen. Nomads in Asia, Indians in the Andes, and natives in
Haiti have these radios, and at night they can gather together to listen.
When I was a boy the idealists said that the only hope for future civilization
was to see that every child learned to read and write. Even if he never
learns to read or write, however, almost every human learns to speak, listen
and understand. All peoples can now, within limits, listen to what they
wish, independent of what dictatorial leaders might want them to hear,
and I feel that this will eventually benefit human society. The thing I de-
plore most is the use of solid-state electronics by rock and roll musicians
to raise the level of sound to where it is both painful and injurious. Some-

times one wonders whether the will to survive will ever really triumph"_f:-‘-""’

over the human propensity for self-destruction.
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William Shockley

X

: N | When I think of the invention of the transistor, I think of the influences
" . —teachers, associates, laboratories, and many, many others—that go to
~ shape a person’s career. But here I'd like to dwell on just one of them—

the managerial attitudes at Bell Laboratories that stimulated my motivation
to try to invent a transistor and to make it serve the telephone system.

In 1936, Mervin |. Kelly, then Director of Research for Bell Labs and
later its President, made the final deal that brought me to Bell Laboratories
when he visited M.I.T. just as I was winding up my Ph.D. requirements.
One of the inducements was the opportunity to work under the eminent
and charming physicist C. ]. Davisson, who won a Nobel Prize in 1937 for
his experimental confirmation, published in 1927, of the wave-particle
duality of the electron. But when I reported for work, Kelly farmed me

. out for a training session to his own old vacuum tube department, and
e while I was there he gave me an eloquent pep talk on one of his own goals

——to take the relays out of telephone exchanges and to make the connec-
tions electronically.

After about a year in this department, [ expressed a strong leaning to
resume research in the field of my Ph.D. on the behavior of electrons in
crystals, and the management policy was flexible enough to allow me to
make the change. This research introduced me to Walter Brattain, later
to become, along with John Bardeen, one of the coinventors of the point-
contact transistor, and to his problems with semiconducting copper oxide
reclifiers.

Kelly's stimulus to look for new devices useful in the telephone busi-
ness, plus exposure to new theories about rectification mechanisms in
copper oxide, led me to invent a structure that would have worked as a
transistor. With Brattain's help, I experimented with some very crude
models that were total failures. Also, it was now 1940 and World War Il
was clearly foreseen. War-related, non-physics activities kept me busy
until I returned from the Pentagon in 1945. Kelly then made me co-head
of a solid-state research group, and I set as one important goal of the group
the making of solid-state amplifier structures that would work. I suggested
devices using principles like my pre-war idea. They would now be called
field-effect transistors or FETs. They failed. But this time the failure was
creative. Bardeen explained the failure in terms of the surface states that
produced the Schottky barrier at the free surface.

It is one of the virtues of management at Bell Labs that basic research
is encouraged. Two phrases apply: “Creative-failure methodology” and
“research on the scientific aspects of practical problems.” Our failure to



make a transistor was creative. It led to research on the scientific aspects
of Bardeen's surface states. How this basic research fathered the point-
contact transistor is described by Bardeen. The managerial art of optimizing
the interaction between pure and applied research is what makes Bell Labs
so eminent a leader in innovation.

Seven months after Bardeen and Brattain's first amplification of tele-
phone conversation, a demonstration including television amplifiers was
presented. All of us who were involved had no doubt that we had opened
a door to a new important technology and were chagrined to find that
The New York Times acknowledged the achievement on the radio program
page in the concluding four of the fourteen paragraphs in the “News of
Radio” column. At the time Bardeen and Brattain reported their results
in the scientific literature, Gerald Pearson and I also published the first
scientifically interesting but very feeble field-effect observations.

The name “transistor” selected for the invention was proposed by ]. R.
Pierce. The first publicly announced version had two sharply pointed wires
that contacted a slab of germanium. The theory of operation and fabrication
involved surface treatments carried out by team member R. B. Gibney,
a chemist. I still remember one agonizing week when treatments failed and
no transistors were made. Even years later, point-contact transistor tech-
nology still involved mysterious witchcraft.

Later, when I designed a basic research experiment to diagnose the
surface phenomena of the original point-contact transistor, I discovered
that I had an applied result. My research structure was itself a transistor.
[t was patented as the junction transistor. Exploiting its potential caused
many headaches. A colleague branded it a “persistor,” because persistence
was what it took to make it—several years and improved experimental
facilities were needed before really good ones were fabricated. But three
years later, the first microwatt junction transistors were what really in-
augurated the transistor era.

The creation of solid-state electronics was a complex effort. So many
individuals contributed significantly that I would have to write a book to
do them all justice. I have not tried to do so here. Instead, I have focused
on what might be overlooked-the foundation that supported the entire
effort-—the managerial skills that created the atmosphere of innovation at
Bell Labs. These skills were essential to creating the transistor and to con-
tributing the many benefits that have come to society as consequences.

mmmmmm




Morgan Sparks Reflects on...
25 Years of Transistors

Mnrgﬂn Sparks, who joined Bell Laboratories in 1943, entered the field of
semiconductor research shortly after the invention of the transistor and
has followed the field closely through its 25 year history. Mr. Sparks, in
fact, was the first to build a junction transistor, in 1951. Now President of
Sandia Corp., Albuquerque, New Mexico, he was until recently Vice Presi-
dent, Electronics Technology, at Bell Laboratories. The RECORD asked
Mr. Sparks to reflect on the transistor’s impact on communications, how
Bell Labs is changing its view of semiconductor research, and what might
lie ahead for the Bell System in this field. Here are his comments:

... nob just  better mousetnap.

342

The transistor is a remarkable phenomenon. It's not just a better mouse-
trap, which so many inventions are. There have been many other outstand-
ing inventions—those that make a lot of money, those that make big
splashes—but for the most part, other inventions have been “contained’;
their impact has been easily described and localized. The transistor, how-
ever, is ubiquitous.

Originally, we thought of it only as a replacement for the vacuum tube.
But semiconductor technology has developed far broader implications.
The refinement of vacuum tube technology did lead to greatly improved
performance. But, with the principal exception of the cathode coating, the
tube technology was not dominated by the subtle chemistry of materials,
which is the key to semiconductor technology. Vacuum tube materials were
mostly glass and metal, and improvements were achieved principally by
novel and more precise geometrical arrangements. Semiconductor tech-
nology, on the other hand, has evolved over 25 years in a continuous, per-
haps expanding, rate, and I don’t see any let-up. It has not only improved
a thousand-fold in performance, reliability, and cost—it has opened up a
still expanding list of entirely new effects. It's gone far beyond what any-
one thought it would be and now, transistor electronics, most recently in
the form of integrated circuits, is pervading our lives in subtle ways that
most people aren’t even aware of. But just think of the wide expansion of
our communicating and computing abilities made possible by semiconductor
electronics.

Others have said this, and it's a thought that I like: the industrial revolu-
tion was an extension of muscle, through a controlled use of energy—steam

Bell Laboratories Record




power, for example. Now, the electronics revolution is an extension of the
mind—new means of communications, and computers that aid in calcula-
tions, thought processes, decisions, automatic controls, etc. And this would
not have happened without the transistor and the other solid-state devices
that have evolved from it. Since there's no doubt that the mind is more
powerful than muscle, the potential here is greater than that of the indus-
trial revolution. In that sense, we must be just on the very first rung of

the ladder.

amo.ging .. how vernatile semiconductons NP,

It's been amazing to me how versatile semiconductors are. There's
almost no electronic function that can't be performed with semiconductors.
They're amplifiers, rectifiers, thermistors, memories, oscillators, switches,
particle detectors, lasers, imaging devices, photodetectors, light-emitters—
the list goes on. This versatility is one reason for the cornucopia that we've
had during the 25 years of this expanding technology. I can’t think of a
single system that's under development now at Bell Laboratories that
doesn't depend in a basic way on semiconductor electronics. Electronic
switching systems are the most important example in terms of people in-
volved and dollar impact on the Bell System, and they go back to Mervin
Kelly's (President of Bell Labs, 1951 to 1959) original vision that some day
we'd have to escape from restrictions that electromechanical relays imposed
on speed, reliability and cost. Another application that bears mentioning
is the L-5 coaxial repeater, which will use new microwave transistors.

.. Bl Laby finat importants policy ... wos nob to keep it os secret.

December 1972

One way of measuring the transistor’'s impact is to realize that it took
literally years and years, a lot of money, and many people to fill out the
scientific background needed to solve the problems of making semicon-
ductor devices. Diffusion constants, solid solubilities, band structure cal-
culations, impurity energy levels, hole and electron mobilities—an entire
technical field was established. Germanium and silicon, little more than
laboratory curiosities before, became the best understood solids of all.
That was the focus of our research and development from the early 1950's
to about 1960. Such efforts can be made only rarely; we simply don't have
enough resources.

Even though the Bell System represents only a small part of today's
total semiconductor production and use, we have been dominant in tech-
nological innovations. Our developments in zone refining, zone leveling,
epitaxy, diffusion, and oxide masking were important steps in bringing the
devices out of the laboratory into production. Oxide masking is the de-
velopment that made the planar process, and therefore, integrated circuits
possible. Oxide masking, together with photolithographic techniques, ex-
tended precise dimensional control to surface patterns and made evaporated
interconnections feasible.

Bell Labs’ first important policy was not to keep transistor information
secret. Not only was it not kept a secret, but we actively expounded the
art as well as the science of practicing the technology. Several seminars

343




were held in the early 1950's where we effectively told all we knew about
transistor technology.

The whole tone of open information exchange within the emerging
semiconductor industry was set by Bell System policies of patent licensing
and publication. This industry is different from other technologically based
industries in which secrecy of technical know-how is the norm. The semi-
conductor industry's remarkable, almost overnight, growth is due in large
measure to relatively open information exchanges.

Other things, of course, helped spread the information—Wall Street,
for example, became enamored with growth and glamor industries, and
there was a period when investment money was readily available for semi-
conductor enterprises. This fostered many entrepreneurs, and in turn en-
couraged movement of people, who helped spread the technology from
company to company. Bell Laboratories was the fountainhead; a corps of
our alumni carried the word literally around the world including, importantly,
the faculties of many leading universities. Back home at Bell Labs, we con-
tinued to expand the science and technology of semiconductors.

... now (s when the payoff comes.

In recent years, the emphasis in semiconductor work has changed at
Bell Laboratories. The shift of this emphasis went, as one would expect,
from research to development and finally to systems applications.

Our effort started with a small group of a half-dozen or so and grew
rapidly until it leveled off in about the middle sixties. I would estimate
that now about half of all our R & D activity on electronic phenomena
is in semiconductors and that we will likely continue at this rate for the
next few years.

Our present emphasis on development and applied research is
reflected in the growth of our Pennsylvania
1y~ Branch Lab operations, which are almost
i .xk all related to semiconductors. Final develop-
7% ment and production of semiconductor de-
' vices are so interrelated that Bell Labs design
J engineers must work closely with Western Elec-
tric manufacturing engineers at the actual facil-
ities where the devices are to be made.

The important question is not whether we
can perform electronic functions with semi-
% conductors—we have shown that. The question
§ is how can we do them more economically to
¢ meet the needs of Operating Companies and
help hold down costs at the same time. We
™ have large numbers of people working with
Western Electric engineers to try to improve
device vields, for example. These developments
tend to be a little less newsworthy, but they're
even more important in the long run.

Right now is when the payoff comes, because

.....
JJJJJJ
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even small changes in the processes mean very large savings. For example,
we have a rather large group now that is investigating the use of tungsten
for interconnections between individual devices on a silicon chip. This might
replace the three-metal system—successive layers of titanium, platinum, and
gold—originally developed for the beam-lead, sealed-junction devices. The
motivation for this project is fewer process steps with attendant higher
yields and lower costs. This is an example of today’s primary emphasis in
semiconductor development—doing cheaper and with better control what
we already know how to do.

" wo havent uw outs of poasibifities ...

December 1972

But I don't think it's at all appropriate for us to stop doing research on
new devices—because we haven’t run out of possibilities or ideas.

Looking into the future, we will certainly continue to have important
new inventions. Charge-coupled devices (CCD’s) are the most recent ex-
ample. They offer many opportunities to improve systems—PICTURE-
PHONE?®, for example, will give us an opportunity to really take a look
at the CCD’s as area imaging and variable-delay storage devices, but these
devices have potential uses in many other systems.

Field-effect transistors built in the MOS (metal-oxide-semiconductor)
structure are not now in the telephone plant, but they are committed in
some major development programs. These devices are hardly new—they
actually have the same theoretical basis as the devices that William Shockley
proposed before the transistor effect was discovered. MOS-type semi-
conductor memories are under development for No. 2 and No. 3 ESS, and
to replace the piggy-back twistors in the Traffic Service Position System.

I’'m sure that high-frequency devices are going to get a lot of attention—
there will be new inventions for use at microwave frequencies and even
beyond. IMPATT diodes are another example of how we often come back to
things when their time comes. One of the ideas that Shockley and Thornton
Read (now in the Mathematics Analysis Department, Murray Hill) and
others worked on were negative resistance devices based on transit-time
principles. Such devices were analogs to a kind of vacuum tube, where
device operation is directly related to the transit time of electrons from one
electrode to another. Now we have IMPATT devices in silicon and gallium
arsenide that are committed to some of our most important transmission
systems—for example, the millimeter waveguide system.

Ion implantation is another old idea. Incidentally, Friedolf Smits (Director
of the MOS Technology and Memory Laboratory, Allentown) came to Bell
Labs in 1950 from Germany by way of England with the intention of work-
ing on ion implantation in germanium. However, we weren't ready for it
then. Now, ion implantation is seriously challenging diffusion as the basic
process for making transistor structures. Diffusion is a mass phenomenon,
dominated by thermodynamics, whereas ion implantation is literally a
rifle-like technique—each impurity is banged into a semiconductor one at
a time. Ion implantation gives higher yields through better control over
the number of impurities put in such critical structures as microwave tran-
sistors. It also allows creation of impurity profiles that are impossible by
diffusion, and thus permits entirely new devices to be built.
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The adaptability of ion implantation to mass production has been
questioned. However, calculations indicate that this is not going to be a
serious problem. Diffusion handles thousands of devices at a time, but it
takes hours to accomplish. An ion beam writes a line at a time as it sweeps
over a wafer surface, one at a time. But it moves rapidly and can complete
a circuit in a matter of seconds.

Another contribution to the technology that’s yet to come, but I think
is inevitable, is the substitution of electron-beam processing for the optical
methods now universally used to delineate surface patterns on semicon-
ductor surfaces. One of the key steps in making an integrated circuit today
is to expose a semiconductor wafer to light through a series of masks to
define the various parts of the devices and the interconnection pattern.
Electrons, with their much smaller wavelengths, have a potential of several
orders of magnitude improvements in precision geometries.

Some of the processing techniques developed for the transistor have
also been directly borrowed in other areas. In magnetic bubbles, for ex-
ample, photolithography and epitaxy are used. The growth of thin epitaxial
films for magnetic bubble devices has been the most important single
advance in bringing us to the point where we're going to find out in less
than a year whether bubbles really are economically competitive with other
solid-state memory and logic devices. In magnetic bubbles, as in semi-
conductor technology, it's the control of the materials that ultimately de-
termines the performance and, maybe even more particularly, the economics.

"...thes proof thaty neseanchy pays off.
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I think that one of the important consequences of the transistor may be
that it has been heralded as the proof that research pays off. In almost
every discussion of industrial research that I read, the transistor is cited
as the prime example to show that it is economically advantageous for a
technically-based industry to do research. And it is a valid example, al-
though one must be careful not to oversimplify the comparisons. As I
pointed out earlier, a result like the transistor has produced can occur
only rarely.

As soon as some companies get into a financial squeeze the first thing
they cut out is R & D: I think it's important that the Bell System didn't.
In the 1930’s, our owners were wise enough to recognize that improving
technology was our lifeblood, and Bell Labs was supported through some
difficult periods.

I spoke earlier of the way the transistor and some of its progeny have
pervaded our lives. But they also have pervaded the whole fabric of this
company in a way that no other new idea ever did—in our own R & D,
in our relations with Western Electric and in the way we have organized
and grown.

In summary, I think the whole transistor story—its discovery, its de-
velopment, its continually broadening content and applications—adds up
to a remarkable achievement. It is a tribute to the men and women who
have done the work, to the understanding support of our management, and
to the enlightened policies of the Bell System in handling such an important
creation. A final observation—it has been a lot of fun to be a part of it.
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A Glossary of Solid-State Electronics

Since the invention of the transistor 25 years ago,
transistor technology and solid-state electronics have
given rise to many new technical terms. Here for your
use is a short dictionary which emphasizes the ways in
which various solid-state devices and techniques may
be used. Readers desiring more engineering detail
should consult the IEEE Standard Dictionary of Elec-
trical and Electronic Terms, Wiley-Interscience, 1972.

acceptor — an impurity that can make a semiconductor
P-type by accepting valence electrons, thereby leav-
ing “holes” in the valence band. The holes act like
carriers of positive charge.

alloyed junction — a PN junction formed by recrystal-
lization of a molten region of P-type material on an
N-type substrate, or vice versa.

avalanche diode — a diode that conducts current only
above a certain “breakdown’” voltage, by virtue of
high-field impact ionization (avalanche). Useful for
voltage-limiting or microwave generation. See also
IMPATT diode, avalanche multiplication.

avalanche multiplication — a high-field effect in semi-
conductors which leads to an increase in current.
High-energy charge carriers create additional carriers
by impact ionization of valence electrons. See
IMPATT diode.

base — along with emitter and collector, one of the
three semiconductor regions of the bipolar type of
transistor. See bipolar transistor.

beam lead (for integrated circuits) — a deposited metal
lead, usually of gold, which projects beyond the edge
of the semiconductor chip. Used for both mechanical
and electrical contact to the chip.

BIGFET — Bipolar Insulated Gate Field-Effect Transis-
tor. A simple integrated circuit combining a field-
effect transistor and a bipolar transistor. See FET.

bipolar transistor — a transistor consisting of an emitter,
base and collector whose action depends on the in-
jection of minority carriers into the base by the
emitter and the collection of these minority carriers
from the base by the collector. Sometimes called
NPN or PNP transistor to emphasize its layered
structure.

CCD — Charge Coupled Device. A semiconductor de-
vice whose action depends on the storage of electric
charge within a semiconductor by an insulated elec-
trode on its surface, with the possibility of selectively
moving the charge to another electrode by proper
manipulation of voltages on the electrode.

CDI — Collector Diffusion Isolation. A process for
fabricating integrated circuits whereby the collector
diffusion also electrically isolates the transistors from
one another.

channel — a region of surface conduction opposite in
type from that expected from the bulk doping. Chan-

nels are often introduced intentionally by charging
external electrodes (see IGFET) or unintentionally by
surface ionic contamination. See sealed junction.

charge carrier — a carrier of electrical charge within
the crystal of a solid-state device, such as an electron
or a hole.

chip — any small piece of semiconductor, especially
one fabricated for semiconductor devices.

collector — along with the emitter and base, one of the
three regions of the bipolar type of transistor. See
bipolar transistor.

cutoff frequency — the frequency at which the intrinsic
gain of a device falls to some predetermined value.
For example, the frequency at which the gain of a
bipolar transistor in a common-emitter amplifier con-
figuration is equal to unity.

Darlington pair — a circuit, often integrated, consisting
of two bipolar transistors with the collectors con-
nected together and the emitter of one connected to
the base of the other. The combination behaves like
a very high gain transistor. See supergain transistor.

depletion layer — the region in a semiconductor where
essentially all charge carriers have been swept out by
the electric field which exists there.

diffusion — spontaneous intermingling of substances,
as, for example, the diffusion of an impurity into a
semiconductor at high temperature to create a de-
sired concentration of N or P charge carriers.

DIP — Dual In-line Package. A circuit package some-
what longer than it is wide, with the leads coming
out of the two long sides.

donor — an impurity that can make a semiconductor
N-type by donating extra "free” electrons to the con-
duction band, The free electrons are carriers of neg-
ative charge.

doping — the introduction of an impurity into the crys-
tal lattice of a semiconductor to modify its electronic
properties—for example, adding boron to silicon to
make the material more P-type.

drain — along with the source and gate, one of the
three regions of a unipolar or field-effect transistor.
See FET.

emitter — along with the base and collector, one of the
three regions of the bipolar type of transistor. See
bipolar transistor.

energy gap (of a semiconductor) — the region, accord-
ing to quantum mechanics, of forbidden electron
energies. The gap lies between the energy band for
valence electrons and the energy band for conduction
electrons.

epitaxial layer — a deposited layer of material having
the same crystallographic characteristics as the sub-
strate material.




extrinsic conductivity — electrical conductivity depen-
dent on the impurities in the material. (Compare in-
trinsic conductivity.)

FET — Field-Effect Transistor. A transistor consisting
of a source, gate, and drain, whose action depends
on the flow of majority carriers past the gate from
source to drain. The flow is controlled by the trans-

verse electric field under the gate. See unipolar tran-
sistor, IGFET.

FIC — Film Integrated Circuit. See thin-film integrated
circuit.

gate — along with the source and drain, one of the

three regions of the unipolar or field-effect transistor.
See FET,.

grown junction — PN junction made by controlling the
type of impurity in a single crystal while it is being
grown from a melt.

Gunn oscillator — microwave oscillator based on the
velocity dependence of charge carriers as a function
of electric field in some semiconducting materials
such as gallium arsenide. Invented by J. B. Gunn.

HIC — Hybrid Integrated Circuit, consisting of an as-
sembly of one or more semiconductor devices and a
thin-film integrated circuit on a single substrate, usu-
ally of ceramic.

hole — the absence of a valence electron in a semicon-
ductor crystal. Motion of a hole is equivalent to
motion of a positive charge.

IC — see integrated circuit.

IGFET — a field-effect transistor whose gate is in-
sulated from the semiconductor by a thin intervening
layer of insulator, usually thermal oxide.

IMPATT diode — Impact Avalanche and Transit Time
diode. An avalanche diode used as a high-frequency
oscillator or amplifier. Its negative resistance de-
pends upon the transit time of charge carriers through
the depletion layer.

ingot — material prepared by solidification from a melt.

injection — in a semiconductor, the introduction of ex-
cess minority carriers. Injection can take place at a
conducting PN junction or in a region illuminated by
light,

integrated circuit — a circuit in which many elements
are fabricated and interconnected by a single process,
as opposed to a “nonintegrated” circuit in which the
transistors, diodes, resistors, etc. are fabricated sep-
arately and then assembled.

interface states — extra donors, acceptors, or traps that
may occur at a boundary between a semiconductor
and some other material.

intrinsic conductivity — electrical conductivity of an
apparently pure material—i.e., without the presence
of any significant impurities.

ion implantation — introduction into a semiconductor
of selected impurities in controlled regions (via high-

voltage ion bombardment) to achieve desired elec-
tronic properties.

JFET — Junction Field-Effect Transistor (see FET), in
which the gate electrode is formed by a PN junction.

junction — the interface between two semiconductor
regions of differing conductivity. Usually refers to a
PN junction, at which the conductivity changes from
P-type to N-type.

junction transistor — a bipolar transistor constructed
from interacting PN junctions. The term is used to
distinguish junction transistors from other types,
such as field-effect and point-contact transistors.
See bipolar transistor, PN junction.

LASER — Light Amplification by Stimulated Emission
of Radiation. In the laser, excited electrons give up
their excitation in step with the light that is passing
by to add energy to the transmitted light. Some lasers
can generate or amplify extremely pure colors, in very
narrow beams, often with very high intensity.

LED — Light-Emitting Diode. A semiconductor device
in which the energy of minority carriers in combining
with holes is converted to light. Usually, but not
necessarily, constructed as a PN junction device.

lifetime — term used to describe the life of a minority
charge carrier in a semiconductor crystal—for ex-
ample, how long a free electron exists in a P-type
material before it combines with a hole and is
neutralized.

LPE — Liquid Phase Epitaxy. The formation of an
epitaxial layer by placing the substrate in contact
with a molten liquid and allowing crystallization onto
the substrate to take place. See VPE and epitaxial
layer.

LSA diode — Limited Space-charge Accumulation di-
ode. A microwave oscillator diode similar to the
Gunn diode (see Gunn oscillator) but attaining higher
power or higher frequency by avoiding the formation
of “domains” or regions of nonuniform distribution
of charge.

majority carrier — the mobile charge carrier (hole or
electron) that predominates in a semiconductor ma-
terial—for example, electrons in an N-type region.

mask — pattern or template used in photolithographic-
like processes employed in making integrated cir-
cuits. The pattern prescribes regions of the circuit,
electrical leads, etc.

mesa — a device structure fabricated by selective etch-
ing which leaves flat portions of the original surface
(“‘mesas'’) projecting above the neighboring regions.
The mesa technique is often used to limit the extent
of the electronically active material to the area of
the mesa. (Compare planar structure.)

minority carrier — the nonpredominant mobile charge
carrier in a semiconductor—for example, electrons
in a P-type region.




monolith — a semiconductor chip containing a multi-
plicity of devices interconnected into an integrated
circuit. The term is contrasted with hybrid circuitry.

MOSFET — a field-effect transistor containing a metal
gate over thermal oxide over silicon. The MOSFET
structure is one way to make an IGFET.

multicrystalline — see polycrystalline.

NPN — a semiconductor structure consisting of a layer
of P-type material sandwiched between layers of
N-type material, as commonly used in the bipolar
type of transistor.

N-type — semiconductor material in which the major-
ity carriers are electrons and are therefore negative.

ohmic contact — contact to a semiconductor or other
part of a device having low electrical resistance and
not showing rectifying behavior. See rectifying
contact.

oxide masking — use of an oxide on a semiconductor
to create a pattern in which impurities are diffused
or implanted.

OXIM — Oxide-Isolated Monolith. A method of making
integrated circuits in which an oxide layer is intro-
duced to insulate semiconductor regions from each
other.

passivation — treatment of a region of a device to pre-
vent deterioration of electronic properties through
chemical action or corrosion. Usually passivation
protects against moisture or contaminants.

photodiode — an optically sensitive diode. Often the
current is accurately proportional to the intensity of
the incident light.

photolithographic process — technique used in making
integrated circuits, which uses light and selective
masking to develop a fine-scaled pattern of areas in
a semiconductor; analogous to processes using photo
negatives in offset printing.

photoresist — a photosensitive material which, after
selective exposure to ultraviolet light, resists the
action of a chemical. Used in conjunction with a
mask to selectively process certain areas of a semi-
conductor device.

PIN diode — diode constructed of an I-type (intrinsic)
layer between P and N layers and used in high-speed
or high-power microwave switching.

planar structure — a flat-surfaced device structure
fabricated by diffusion and oxide-masking, with the
junctions terminating on a single plane. The struc-
tural planarity is often advantageous for photoresist
processing. (Compare mesa structure.)

PN junction — within a crystal, an interface between
a P region that conducts primarily by holes and an
N region that conducts primarily by electrons.

PNIP — semiconductor crystal structure consisting of
layers that are P-type, N-type, Intrinsic, and P-type.
Used for high-voltage, high-frequency bipolar
transistors.

PNP — semiconductor crystal structure consisting of
an N-type region sandwiched between two P-type
regions, as commonly used in bipolar transistors.

PNPN — a semiconductor crystal structure in which
the layers are successively P-type, N-type, P-type
and N-type. When ohmic contacts are made to the
various layers, a silicon controlled rectifier (SCR],
or thyristor, results.

point-contact transistor — the original transistor, in-
vented at Bell Laboratories, which was made by
placing sharp metal points in contact with the surface
of an N-type semiconductor crystal.

polycrystalline — descriptive of a material that consists
of many small crystallites rather than a single crystal.

P-type — semiconductor material in which the majority
carriers are holes and are therefore positive.

quasi-intrinsic — descriptive of a semiconductor ma-
terial whose conductivity is kept low, close to the
intrinsic value, by doping with impurities which
create carrier-traps lying near the center of the

energy gap.

recombination — in a semiconductor, the combining of
holes and electrons. Recombination tends to reduce
the minority carriers to their equilibrium number
after injection has taken place. See lifetime.

rectifying contact — an electrical contact through which
current flows easily in one direction (the *“forward”
direction), but with difficulty or not at all in the re-
verse direction.

rise time — for an instantaneous change in voltage ap-
plied, the time required for the steady-state current
to rise from 10 percent to 90 percent of its maximum
value.

SBC — Standard Buried Collector. A method of making
integrated circuits in which diffused collector areas
are “buried"” by overlying layers.

Schottky barrier — a potential barrier formed between
a metal and a semiconductor. The term usually refers
to a barrier which is high enough and thick enough
to serve as a rectifier but which avoids the slowing-
down effects that result from injection of charge in
PN junction rectifiers.

SCR — Silicon Controlled Rectifier. A PNPN device
useful for switching and power applications because
it can have both high breakdown voltage and high
current-carrying capability. See PNPN, thyristor.

sealed junction — a PN junction sealed by covering it
with an inert material which does not allow trouble-
some impurities to reach the junction and cause
changes in its electrical characteristics. See
passivation.

semiconductor — an element such as silicon or germa-
nium (or equivalent compounds; see III-V com-
pounds) that is intermediate in electrical conductivity
between the metals and insulators.

SIC — Silicon Integrated Circuit. An integrated circuit
where all the elements such as transistors, diodes,




resistors and capacitors are successively fabricated
in or on the silicon and interconnected.

silicon controlled rectifier — see SCR.

single-crystal material — a material all of which con-
sists of a single crystal, as distinct from most ma-
terials, which are polycrystalline.

slice — a thin slab of semiconductor, sawed from an
ingot for the purpose of making semiconductor
devices.

snap-back diode — a kind of diode which, when
switched from a forward to a reverse direction,
passes current for a short time and then very rapidly
turns off. The sudden change in current is very rich
in harmonics. Used as frequency multiplier or pulse
generator.

solar cell — large-area diode in which a PN junction
close to the surface of a semiconductor generates
electrical energy from light falling on the surface.

solid-state electronics — designation used to describe
devices and circuits fabricated from solid materials
such as semiconductors, ferrites, or films, as distinct
from devices and circuits making use of electron tube
technology.

source — along with the gate and drain, one of the

three regions of the unipolar or field-effect transistor.
See FET.

space charge — the electrical charge of carriers in the
depletion layer of a semiconductor.

spreading resistance — the ohmic resistance of a small
ohmic contact to a large volume of semiconductor
material.

storage time — the time required to withdraw the
minority carriers from both sides of a PN junction
when the junction is switched from a forward to a
reverse bias.,

substrate — the underlying material upon which a de-
vice, circuit, or epitaxial layer is fabricated.

supergain transistor — a transistor with a common
emitter current gain of about a thousand or more,
usually fabricated as a Darlington pair.

surface states — extra donors, acceptors or traps,
usually undesired, which may occur on a semicon-
ductor surface because of crystal imperfections or
contamination and which may vary undesirably with
time.

thermal oxide — on silicon semiconductor devices, an
oxide fabricated by exposing the silicon to oxygen
at high temperatures. The resulting interface is out-
standingly free of ionic impurities and defects. See
surface states.

thin-film integrated circuit — a circuit consisting of
patterns of tantalum or other materials laid down on
a substrate of glass or ceramic, typically larger than
silicon integrated circuits. Sometimes designated FIC.

thyristor — a PNPN device useful as a controlled rec-
tifier that can conduct high currents by injection of

a highly conducting hole-electron plasma. So-called
by analogy to a thyratron electron tube. (Same as

SCR).

transistor — a semiconductor device that uses a stream
of charge carriers to produce active electronic ef-
fects. The name was coined from the electrical char-
acteristic of “'transfer resistance.” As compared with
electron tubes, transistors are usually advantageous
because of their greater efficiency, lifetime, reliabil-
ity and compactness.

transit time — the time a charge carrier takes to go
from one part of a semiconductor to another. For
example, in a reverse-biased diode the time a carrier
requires to move through the depletion region.

TRAPATT — Trapped Plasma Avalanche Transit Time
diode. A diode used as microwave oscillator in a
manner analogous to the IMPATT diode.

traps — impurities or defects in a semiconductor that
can capture an electron or hole and hold it for a
period of time. After trapping, the carriers may be
released or recombined, with probability depending
on trap energy. Recombination of minority carriers
is expedited by the presence of “deep” traps, so the
lifetime of a minority carrier can be varied by vary-
ing the type and concentration of trap impurities.

tunnel diode — a diode that exhibits negative resistance
because of tunneling through a thin depletion layer.

tunneling — in quantum mechanics, a process that ex-
plains how charge carriers can penetrate insulating
regions that are sufficiently thin.

unipolar transistor — a transistor such as an FET whose
action depends on majority charge carriers only.

varactor diode — a diode making use of the variation
of capacitance that takes place as reverse bias is
varied. Can be used as a frequency multiplier, as a
tuning element in a tuned circuit, or as a low-noise
parametric amplifier.

VPE — Vapor Phase Epitaxy. The formation of an epi-
taxial layer by deposition from the vapor phase onto
the substrate. See LPE and epitaxial layer.

wafer — same as chip.

Zener diode — a voltage-limiting diode with high im-
pedance at low voltages but low impedance above a
“breakdown" voltage. Most voltage-limiting diodes
break down by impact ionization (“‘avalanche") rather
than by cold-field emission (the Zener effect).

zone refining — technique of purifying a semiconductor
or other substance by ‘‘sweeping” or passing a
molten zone through the otherwise solid material.

III-V compound — a compound consisting of an ele-
ment from column III of the periodic table and an
element from column V, as distinct from semicon-
ductor elements like silicon and germanium from
column IV. Several III-V compounds are advanta-
geous for semiconductor devices such as oscillators,
lasers, or light-emitting diodes.




The Growth of a Technology —
A Look at the RECORD

In the 25 years following the invention of the transistor, Bell Labora-
tories scientists and engineers continued to advance solid-state
technology, with developments in materials processing and device
fabrication, as well as in new devices. Here are some of their
major innovations—as described in the Bell Laboratories RECORD.

Point-contact transistor. “An
amazingly simple device, cap-
able of performing efficiently
nearly all the functions of an
ordinary vacuum tube, was
demonstrated publicly for the
first time on June 30 (1948) in
the auditorium of Bell Labs’
West Street, New York loca-
tion. Known as the transistor,
the device works on an entirely
new physical principle dis-
covered in the course of funda-
mental research into the elec-
trical properties of solids. Al-
though the device is still in the
laboratory stage, it is expected
to have far-reaching signifi-
cance in electronics and elec-
trical communication.” [Aug-
ust, 1948). Right, one of the
first experimental transistors,
and far right, an early version
of a point-contact transistor.
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INTERACTION BETWEEN
TRANSISTOR ELECTRODES

EMITTER-~._ --COLLECTOR

REGION OF
INTERACTION-~_

’l’ .- REGION OF . ) o o
, RECTIFICATION Point-contact transistor. “The transistor’'s amplification

e process can be understood in terms of the discovery

- - of Dr. Bardeen and Dr. Brattain that the input point is
INPUT OUTPUT surrounded by an ‘area of interaction.” Within this area

the electronic structure of the semiconductor is mod-
== e ified by the input current. Now, if the output point is

placed in this area, the output current can be controlled
by the input current. This control of output current by
input current is the basic mechanism of amplification.”
(August, 1948). Left, a sketch used at the first demon-
stration to help explain the concept of transistor action.

Junction transistor. “Researchers have now developed a rad-
ically new, and in many ways more effective, type of amplifier
called a junction transistor. This transistor has no point contacts;
instead, it consists of a tiny rod-shaped piece of germanium,
treated so that it embodies a thin electrically positive layer
sandwiched between the two electrically negative ends. The
new transistor, unlike any earlier amplifier, can be operated on
about a millionth of a watt, which is just sufficient to carry the
signal without waste.” (August, 1951). Left, an early version of
a junction transistor; left above, Morgan Sparks, one of the de-
vice developers, examines a section of germanium to locate a
1 layer having the desired structure and type of conductivity.
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Single-crystal silicon. “The science learned with germanium
predicted that p-n junctions built into very pure silicon single
crystals would perform many functions for which germanium
was not ideally suited: for computers and switching elements,
for solar-energy conversion, and for all kinds of transistor
action at higher temperatures. To apply this new knowledge to
devices, the first successful step was taken by G. K. Teal and
Ernest Buehler, who grew silicon single crystals.” (June, 1954).
Above, Ernest Buehler and Morgan Sparks view crystal growth.

Zone refining. “Faced with the challenge of supplying single-
crystal germanium of ultra-high purity for the transistor, metal-
lurgists at Bell Laboratories devised a new approach. The
method of zone refining consists of slowly passing a series of
molten zones through a relatively long charge, or ingot, of im-
pure solid. As a molten zone advances, impure solid melts at
its leading interface, and purified solid freezes at its trailing
interface. Each molten zone which passes through the charge
carries a fraction of the impurity toward the end of the charge.
The purification increases with the number of zone passes.
Germanium purified by zone refining is probably the purest
known manufactured material.” (June, 1955). Above, W. G.
Pfann, left, inventor of the process, is shown operating the
equipment while J. H. Scaff, who was closely associated with
the development of zone refining, holds a large single crystal
of germanium that was purified by this basic technique.

Bell solar battery. “New silicon devices for use in communica-
tions, including the Bell solar battery—the first successful de-
vice to convert useful amounts of the sun’s energy directly and
efficiently into electricity—were demonstrated by Bell Labora-
tories late in April at the annual meeting of the National Acad-
emy of Sciences in Washington. In its present experimental
form, the solar battery can achieve a six percent efficiency in
converting sunlight into electricity. This approaches the effi-
ciency of steam and gasoline engines, in contrast with other
photoelectric devices which have never achieved more than
one percent. Developed by a three member team of Bell Labora-
tories scientists—G. L. Pearson, C. S. Fuller and D. M. Chapin,
physicist, chemist, and electrical engineer, respectively—the
experimental device uses strips of silicon about the size of
razor blades.” (June, 1954). Left, G. L. Pearson, D. M. Chapin
and C. S. Fuller examine the response of experimental devices.



Diffusion. “A technique developed by C. S. Fuller, which has
been successfully used in a variety of silicon devices, consists
of the preparation of p-n junctions by diffusing impurities into
the surface of a silicon wafer. These diffusion techniques show
great promise of being widely applicable to many kinds of
semiconductor devices made from both germanium and silicon.
The process consists simply of heating the semiconductor wafer
in the presence of a suitable impurity vapor. In this way, p- or
n-type layers of controlled thickness are formed just below
the semiconductor surface.” (June, 1954). Above, C. S. Fuller
holds a tube used to prepare silicon for the Bell solar battery.

Thermocompression bonding. “A significant break-through in
the technique of attaching electrical leads to semiconductor
devices has been achieved at Bell Laboratories. Research by
O. L. Anderson, H. Christensen, and P. Andreatch has shown
that a combination of heat and pressure can be employed to
provide a firm bond between various soft metals and clean,
single-crystal semiconductor surfaces. Called thermocompres-
sion bonding, the new technique provides a bond that is stronger
than the lead itself. Temperatures and pressures required are
not high enough to affect the properties of the semiconductor.”
(September, 1957). Above, O. L. Anderson, H. Christensen, and
P. Andreatch are shown with the experimental equipment.

Junction field-effect transistor. “The ‘field-effect’ transistor is
one of the latest additions to the transistor family. Although it
operates on a principle quite different from that of the point-
contact or junction type, it is capable of performing many of
the same functions such as amplification or oscillation, and it
has the advantages of small size and low power consumption
common to the others. Field-effect transistors have been made
at Bell Laboratories and in every respect their performance
has been found to be in good agreement with theory.” [May,
1955). “FET’s using a reverse-biased p-n junction as the control
electrode were proposed by W. Shockley in 1952 and later
fabricated by G. C. Dacey and I. M. Ross.” [September, 1968).
Left, P. W. Foy operating a heater used in making junction FET’s.



Oxide masking. “Oxide masking is a proven pro-
cess step for a new silicon transistor currently in
production at the Western Electric Company at
Allentown, Pennsylvania. In the oxide masking
technique, silicon dioxide is used to mask silicon
from certain impurity diffusants, while permitting

others to pass through. Masking is basically a
simple process that is economical and compatible
with mass production. Therefore, it can take its
place with those techniques required to meet in-
dustry’s demands for transistors.” (November,
1960). Above, L. Derick observes a masking set-up.

Diffused-base transistor. “A major advance in
transistor technology—new fabricating techniques
for an entirely new kind of transistor, technically
known as the diffused-base transistor—was re-
cently announced by Bell Laboratories. The new
techniques involve the adaptation of the chemical
process of diffusion used in treating silicon for
the Bell solar battery. Diffusion is a process by
which controlled minute amounts of impurities
are introduced into a material. In the new tran-
sistor, an impurity is introduced only once into
the growing crystal. The fully grown crystal re-
ceives two other doses of impurity in easily con-
trolled diffusion processes.” (February, 1956).
Left, an early diffused-base germanium transistor.



Epitaxy. “Research at Bell Laboratories has recently brought
about major improvements in the diffused-base transistor
through the use of the epitaxial technique. Epitaxial films—
those formed on the surface of a crystal—are identical to the
crystal in structure of the lattice. These films have made pos-
sible silicon transistors whose switching times are less than a
tenth of those made previously, and which have a comparable
reduction in the collector resistance. The development is ex-
pected to have far-reaching implications in both the fabrication
and application of semiconductor devices. The addition of the
epitaxial film technique to the well established diffusion tech-
nology gives the device engineer an extra degree of freedom
in design which should result in new devices, formerly difficult
or impossible to achieve.” (July, 1960). Above, Joseph ]. Klei-
mack, left, and Henry C. Theuerer observe epitaxial growth.
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Insulated-gate field-effect transistor. “In the late
1950’s and early 1960’s, advances in silicon tran-
sistor technology paved the way for the insulated-
gate field-effect transistor {IGFET). The control
electrode, or gate, in this device is a metallic film
applied to the surface of the semiconductor but
separated from it by a thin laver of insulating
material. D. Kahng and M. M. Atalla, both of Bell
Laboratories, reported the first IGFET in 1960. It
is possible to fabricate many IGFET’'s simulta-
neously on the same substrate without having to
perform an operation to isolate them from each
other. A number of highly complex circuits are
now under development for Bell System applica-
tions. These include shift registers and memory
arrays containing up to several hundred compo-
nents per chip and operating up to several mega-
hertz.” [September, 1968). Above, a magnified
view of one of the first silicon insulated-gate
FET's that use silicon dioxide as the insulator.

Beam-lead, sealed-junction device. “A new type
of structure for semiconductor devices and cir-
cuits has been devised at Bell Laboratories. The
structure uses strong electrical leads—called beam
leads—to provide mechanical support for the
semiconductor and to make electrical connec-
tions. This development is expected to simplify
fabrication and assembly procedures for many
tvpes of semiconductor devices and circuits—in-
cluding transistors, diodes, and integrated circuits.
Beam leads are integral parts of the devices and
circuits and extend out from the structure like
cantilever beams.” (January, 1965). Left, M. P.
Lepselter holds a model of a beam-lead transistor.

Bell Laboratories Record



Hybrid integrated circuit. “Beam-lead, sealed-junction chips
containing many components will be interconnected with thin-
film circuits, thereby eliminating complex wiring and bulky
circuit boards. This will lower costs, improve performance, in-
crease reliability, and save space. In addition, as the fabrica-
tion costs decrease, it will become economical to eliminate such
outsize components as transformers, inductors, and large ca-
pacitors.” (October-November, 1966). Above, a hybrid inte-
grated circuit used for tone generation in the TOUCH-TONE" set.
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PICTUREPHONE" camera tube target. “A new camera tube for
the PICTUREPHONE" visual telephone combines some of the
best features of the ‘old’ and the ‘new’ arts of electron device
design. From electron tube technology it takes the low cost and
simplicity of electron beam scanning; from integrated circuit
technology, the reliability and sensitivity of a silicon photo-
diode array. The target structure is an array of reverse-biased
diodes on a silicon wafer about the size of a nickel. A typical
array contains close to 300,000 individual diodes. The result is
a vidicon-type camera tube far more sensitive than any now
being used.” (June, 1967). Above, an enlarged portion of the
image-sensing area with a human hair shown for comparison.
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IMPATT. “Researchers have sought a usable solid-state source
of microwave frequencies for many years. One of the most
promising devices so far developed is the IMPATT [IMPact
Avalanche and Transit Time) diode. There are three basic
IMPATT diode structures: the Read diode [proposed in 1958 by
W. T. Read of Bell Labs), the p-i-n diode, and the p-n junction.
IMPATT operation was first achieved in 1964, at Bell Labs,
using a p-n junction diode.” (May, 1967). Above, Bernard C. De-
Loach and Ralph L. Johnston adjust an IMPATT power source.

o
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Collector diffusion isolation. “New structures that promise to
reduce the cost of bipolar integrated circuits have been de-
veloped at Bell Labs. In all integrated circuits, the individual
components have to be electrically isolated. In the past this has
been done in bipolar structures with special processing steps.
Naturally, these processing steps raise the cost of the circuits.
Bell Labs scientists have found new ways of making bipolar
circuits without the extra steps. Instead, components are isolated
as an integral part of the process of making them. The first of
the new methods is called collector diffusion isolation (CDI).
With CDI, costly operations are eliminated.” (April, 1969). Above,
an enlarged portion of an integrated circuit made with CDI.
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Primary Pattern Generator. “Bell Laboratories engineers have
designed and developed an entire system to create the masks
that are used in the fabrication of integrated circuits. The sys-
tem features a computerized laser in a high-speed scan to
‘write’ the primary patterns for the masks. The new system in-
cludes a primary pattern generator (PPG) which gives a com-
bination of speed and precision exceeding anything previously
used in mask making. It takes the PPG about 10 minutes to
write a pattern, or small array of patterns, on a photosensitive
glass plate. Loading the pattern plate on the PPG and taking
it off when the pattern is complete takes another two minutes.
Many of the new complex interconnection patterns, while re-
quiring only 12 minutes on the PPG, would take 24 hours with
the previous method.” (May, 1970). Above, Alfred Zacharias
shows an integrated circuit mask made in minutes by the PPG.

Ion implantation. “Schottky-barrier diodes may be the key to
faster, low-power, integrated circuit memories and other logic
circuits in economical, small packages. The low and high energy
diodes are formed on lightly doped p- and n-type silicon, respec-
tively. The desired doping levels can be attained by bombarding
the silicon with boron or phosphorus ions in a process known as
ion implantation.” (July, 1969). Right, A. U. MacRae inserts semi-
conductor wafers into the implantation chamber of Bell Labora-
tories ion implantation equipment, which is being used to form
semiconductor devices with electrical characteristics superior
to those obtained by conventional impurity diffusion techniques.

-

Charge-coupled device. “Scientists at Bell Laboratories have
created a new class of simple semiconductor devices. Called
Charge-Coupled Devices [CCD’s), these three-layer structures
can be used for imaging, logic, and memory functions. Accord-
ing to the inventors, W. S. Boyle and G. E. Smith, the ultimate
usefulness of the CCD’s is still difficult to assess. As a result of
the CCD’'s inherent simplicity, small size, and fewer critical
processing steps, the cost of information processing may be
reduced.” (June/July, 1970). Above, Michael Tompsett and
Edward Zimany test a color TV camera using CCD image sensors.
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J. G. Chevalier and Michael W. Rolund 120-123
New Networks for E6 Repeatered Circuits 201
New PBX Distribution Field 99
New Solid-State Video Camera 158
NTE{]TEgi Line for Coin Phones, A, J. Arthur Grandle

-1
Noise oN DDD NETWORK  19-21
No.1 ESS 120-123, 271, 273-275
No.1A ESS 265
No. 101 ESS 271,274
No.2 ESS 276-277
No.2A ESS 129
No. 4 CROSSBAR  T0-79
No.4 ESS 264-265, 273, 276
No. 4 ESS Will Triple Toll Capacity 264-265

)

1A PROCESSOR 265, 275-276

130-Volt Converter Offers 3-Ampere Capacity 201

OPERATING COMPANIES, SYSTEMS ENGINEERING
ProOGRAMS FOR 114-119

OPTICAL FIBERS, see GLASS FIBERS

OPTICAL TRANSMISSION, GLASS FIBERS

Optional Features for T-2 128

Osifchin, Nicholasg, Connective Systems: Evolving New
Strategies 44-51

102-109

P

PARK K1osk 178-179

PBX,801A 134-139

PBX/CTX STANDARDIZED CONSOLES 128

Pearson, A. David, Low-Loss Glass Fibers For Optical
Transmaission 102-109

Peoples, W. Ren, The F'ield Representative: Consultant,
Engineer, Ambassador 222-228

Pefjas?gél L., Telephone Headsets With a New Look

Pfeiffer, Sigmund B., A Portable Test Set for Detecting
Errors on T-1 Lines 14-17

PHONONS, HIGH-FREQUENCY 126-127

PHYSICAL DESIGN OF ELECTRONIC SYSTEMS (Book) 125

PIC WATERPROOFING 160

PLANNING, EXCHANGE PLANT 36-43

Planning for BIS Installation, John E. Yingling, Jr.
189-193

PoLLuTiON CONTROL IN BELL SYsTEM 199, 282-289

POLYETHYLENE INSULATED CONDUCTORS, see PIC

PoLYMERS 238-242

Portable Test Set for Detecting Errors on T-1 Lines, A,
Grant H. Burwell, J. J. Connelly, and Sigmund B.

Pfeiffer 14-17

364

Power Failure Transfer for PBX Trunk Repeaters 99

Prince, Terry, A Telephone for the “Checkless” Society
248-253

PRIVATE BRANCH EXCHANGE, see PBX

PROBE, STATIONMAN 89

PROCESSOR, 1A 265, 275-276

PROGRAMMING 36-43, 114-119, 279-281, 311-315

PuBLiC TELEPHONE FOR THE HANDICAPPED 110-113

PuLse TRAIN, T-1 CARRIER 16

PVC (Polyvinyl Chloride) 238-242
Q
QUARTZ CRYSTALS 296-297
R

RApiATION DETECTOR, MICROWAVE 261

Rapio, MoBILE 96-97

Ramsey, Raymond B., Connective System for Customer
Premises 217-221

RANGE EXTENDER WITH GAIN, see REG

Rare-Earth Compounds Convert Carbon Monoxide 298

READY-AcCCESS TERMINAL (49A) 47

RECORDING TROUBLE CALLS IN No. 4 ToLL CROSSBAR 73-T4

RECYCLING 282-289

REG Cireuits Extend Central O ffice Service Areas,
Joseph C. Burgiel and James L. Henry 243-247

REG (Range Extender with Gain) 60-64, 243-247

RELIABILITY, CARRIER SYSTEM  2-T

Remote Testing for No. 1 ESS 201

REPAIR SERVICE BUREAU 52-57, 279-281

REPEATERS, TESTING UNDERSEA 290-294

REPRESENTATIVES, F1ELD 222-228

Resouwrces, the Environment, and the Bell System,
Tom D. Schlabach 2B82-289

Rolund, Michael W., New Memory Reduces No, 1ESS
Cost and Size 120-123

RURAL SERVICE, DIGITAL MULTIPLEXER FOR 80-86

S

SAC, see SERVING AREA CONCEPT

Salmon, Warren A., A New Insulation for Central Office
Wiring 238-242

SB CABLE SYsTEM 290, 293-294

SCANNING X-RAY 186-187

SCATTERING OF LIGHT IN GLASS FIBERS 302-310

SCHEDULING BIS INSTALLATIONS 190-192

Schenker, Leo, Testing in the Loop Plant 52-57

Schlabach, Tom D., Resources, the Environment, and
the Bell System 282-289

SD CABLE SYSTEM  290-294

SENDER RETRIAL 71-73

SERVING AREA CONCEPT
concept 48, 212-216
interface 214
interface connector 49-50

Serving Area Conecept—A Plan for Now With a Look
to the Future, J. O. Bergholm and P. P. Koliss

212-216

7018 PBX Is Modified 267

7018 PBEX Updated 163

SHELF, WALL MOUNTED 175

Shockley, William, Three Men Who Changed Our
World—25 Years Later 340-341

Sick PIC Salve: New Medicine for Water-Logged Cable
160

Sievert, R. F., But Can You Talk Through It? 75-79
SiLica  104-106

SIMULATOR, TRANSMISSION-LINE 19

SLM (Subscriber Loop Multiplexer) 60-64, 80-86

Bell Laboratories Record



SMALL-TALK SHELF 176
Smith, G. A., Testing Undersea Repeaters 290-294
Smith, Larrabee M., Communicating With Computers

Over Data Concentration Systems 144-149
Sopa-LiME GLAss  104-106
SOLID-STATE

color video camera 262-263

video camera 158
SOLID-STATE ELECTRONICS, A GLOSSARY OF 347-350
SOLID-STATE ELECTRONICS, BELL LABS INNOVATIONS

beam-lead, sealed-junction device 356

Bell solar battery 353

charge-coupled device 358

collector diffusion isolation 357

diffused-base transistor 355

diffusion 354

epitaxy 256

hybrid integrated circuits 357

IMPATT 357

insulated-gate field-effect transistor 356

ion implantation 358

junction field-effect transistor 3554

junction transistor 352

oxide masking 355

PICTUREPHONE?® camera tube target 357

point-contact transistor 351, 352

primary pattern generator 358

single erystal silicon 353

thermocompression bonding 354

zone refining 353
Solid-State Power Systems 99
SPACE-DIVISION SWITCHING 272-273
Sparks, Morgan, Morgan Sparks Refleets on 25 Years

of Transistors 2342-346
Speaker Verification: A Step Toward the “Checkless”

Society, Robert C. Lummis 254-259
SPEECH, COMPUTER-GENERATED 98
STANDARD SHELF 166-179
Standardized PEX/CTX Consoles 128
STATIONMAN PROBE 89
STORED PROGRAM SWITCHING 270-278
SUBSCRIBER LooP MULTIPLEXER (SLM)
SURFACES, MATERIAL 180-188
SWITCHING, ELECTRONIC ToOLL 264-265, 273, 276
SWITCHING FOR AIR TRAFFIC CONTROL 66
SWITCHING, MAJOR TRENDS IN  270-278
SYSTEMS ENGINEERING PROGRAMS FOR OPERATING

CoMPANIES 114-119

60-64, B0O-86

T

TANDEM CROSS-SECTION PROGRAM 40
TAT III AND TAT IV CABLES 294
TCR (Test Control and Recording Circuit) 76
TD-2, TD-3 Test Set Replaced 130
TELEPHONE BooTHS 166-179
TELEPHONE FACILITIES FOR LARGE BUILDINGS 217-221
Telephone for the “Checkless’” Society, A, Terry Prince
and Dan Miller 248-253
Telephone Headsets With a New Look, J. L.. Peterson
140-143
Terminal Equipment for L-4, L-5 130
TEsT LINE FOR COIN PHONES 57, 150-154
TEST SETS
breakdown 90
go/no-go BT
T-1 carrier 14-17
TESTING
cable pairs 87-92
coin station 57, 150-154
loop plant 52-57, 279-281
trunk 75-77, 322-329
undersea repeaters 290-294
Testing Cable Pairs ... Fast, M. W. Bowker 87-92

Testing in the Loop Plant, Leo Schenker 52-57
Testing Undersea Repeaters, G. A. Smith and
A. F. Berger, Jr. 290-294
Thermal Design of Integrated Cireuits, V. E. Holt and
N. E. Hardwick 22-27
Three Men Who Changed Our World—25 Years Later,
John Bardeen, Walter H. Brattain, William Shockley
335-341
301 A SWITCHING SYSTEM 66
Thru-Dialing for 800A and §01A PBX’s 201
TIME-DIVISION SWITCHING 272-273
Tiny Glass Waveguides Make Possible Miniature Gas
Lasers 162
ToLL-COMPLETING TRUNKS T78-79
ToLL SWITCHING 264-265, 273, 276
T-1 CARRIER SYSTEM
portable test set 14-17
reliability 6
with D-3 channel bank 229-233
Tools for Removing Wires 99
ToucH-ToNE®" CREDIT-CARD DIALER 248-253
Tower to Pilot: Telephone Switching For Air Traffic
Control 66
TRANSISTOR, 26TH ANNIVERSARY 334-360
TRANSMISSION-LINE SIMULATOR 18-21
Transmission Objectives for Voiceband Data,
J. H. Fennick 18-21
TraANSMISSION, OPTICAL 102-109
TRANSMISSION TESTING IN 4A CROSSBAR  75-T7
TRIMLINE® TELEPHONE 331
TRUNK TESTING 75-77, 322-329
TSPS (Traffic Service Position System)
T-2, OPTIONAL FEATURES FOR 128
TV CAMERA
solid-state 158
solid-state color 262-263
2A RanGE EXTENDER 60, 245, 247
Tyvnes, Arthur R., Measuring Loss in Optical Fibers
302-310

276-277, 331

U

UNICCAP (Universal Cable Circuit Analysis Program)
41,114

UNIVERSAL PHONE BoorH 173

[Tnloeking the Seerets of Microwave Propagation,
K. Bullington 8-13

v

VANDAL-RESISTANT C0OIN TELEPHONES

enclosure for 176

mount for 266
Vandal-Resistant Mount for Coin Telephones 266
VIiDEO CAMERA

solid-state 158

solid-state color 262-263
Voice Alarm Feature for 7A Announcement System 267
VoI1CEBAND DATA, TRANSMISSION OBJECTIVES 18-21

W

WALK-IN ENCLOSURE, “ARCHITECTURAL"” 169-170
WALK-Up DRIVE-UP ENCLOSURE 175

WEDGE SHELF 176-177

WIRING ON A CUSTOMER’S PREMISES 217-221
WoopEN PHONE BooTH 171

Y

Yingling, John E. Jr., Planning for BIS Installation
189-193
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