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Introduction

Electronics Technology

During the period from 1925 to 1975, the Bell Laboratories effortdevoted
to electronics technology was shaped by its being an integral part of the
overall Bell Laboratories effort, the ultimate purpose of which was the
design and development of communications systems. Scientists and en-
gineers in electrical and electronics device groups developed a clear sense
of mission and an understanding of opportunities and unfulfilled system
needs through close interaction with groups in basic research on the one
hand and groups in systems development on the other. As a consequence,
new devices and components again and again made possible new systems.
To give just a few examples, transistors led the way to modern computers,
quartz crystal filters and frequency control helped push transmission sys-
tems to ever-higher capacities, and work on lasers led to a new family of
optical transmission systems.

Dominating this volume of the History of Engineering and Science in the
Bell System is the story of the transistor and its remarkable progeny, silicon
integrated circuits (SICs). By 1960, we had about a decade of experience
with the transistor, and it had found a wide variety of applications in
switching, transmission, station apparatus, and power systems. But the
explosive growth of the SIC had only begun. From 1960 to 1975, the
number of interconnected components on a silicon chip doubled every
year—a factor of one thousand per decade—with corresponding spectacular
improvements in cost, size, performance, power consumption, and reli-
ability. Such prolonged exponential growth was unprecedented, and led
to the birth of entire new industries. Since the mid-1970s, growth in the
number of interconnected components per chip has slowed to perhaps a
factor of one hundred per decade, still enough to keep the industry in
turmoil.

Many of the technological innovations making transistors and integrated
circuits possible have come from Bell Laboratories. A few of the major
ones are zone refining, diffusion, oxide masking, epitaxial deposition, oxide
protection, photolithography, thermocompression bonding, ion implan-
tation, metal-oxide-semiconductor technology, and the self-aligned silicon
gate structure. The story of these and other developments, as told in this

. xi .
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book, is unique in many ways, not the least in the vigorous effort put into
educating rival companies in the art and science of the new field of semi-
conductors during the formative years of the transistor. One wonders if
we will ever again see such an interindustry cooperative effort voluntarily
undertaken in the private sector.

For the period covered by this history, the capabilities and limitations
of communications systems stemmed from the capabilities and limitations
of active devices. Transistors, SICs, and diode lasers have especially dom-
inated the last 25 years. One must not forget, however, that a very so-
phisticated and powerful technology based on the electron tube existed
before 1947, when the transistor was invented at Bell Laboratories. Electron
tubes were used with great versatility for a large number of applications:
as transmitters and amplifiers, rectifiers, visual indicators, and for displays.
Those old enough to remember how often we had to change electron
tubes in home radio receivers will be impressed to learn that the first
transatlantic cable laid in 1956 was removed from service after 22 years,
and not one of its 306 tubes had ever malfunctioned. In addition to the
undersea application, electron tubes were used underground, in aircraft,
and in space, as well as in more normal environments. In view of the
inherent problems associated with hot cathodes, vacuum envelopes, and
sizable power requirements, the achievements were remarkable. Indeed,
electron tubes in the form of cathode ray tubes, klystrons, and traveling
wave tubes are still very much a part of the contemporary scene.

Nothing can compete with the exponential growth in capabilities of
SICs, but in recent years, optical devices have come closest. Most of their
growth has occurred in the decade following 1975 and hence is beyond
the period covered by this history. But the pioneering developments de-
scribed here laid the foundation for explosive progress, for which the diode
laser was a key element. In conjunction with increasingly sensitive optical
detectors and ever-lower losses in the intervening fiber, the product of
capacity times distance (megabits per second times kilometers) has already
been doubling every year for many years, and it looks as if this progress
will continue. The true potential has so far hardly been tapped, especially
since work on monolithic integrated optoelectronics is still in its infancy.
If past experience with SIC technology is an indication, one would expect
integrated photonics to usher in a new era of capability and cost effectiveness
in the application of light waves to the communications needs of society.

Another active device—the electromagnetic relay—has played a large
role in the technology of communications for many years. After early
direct-dial systems based on the step-by-step switch, memory, logic, and
control functions were increasingly incorporated in relay form into many
generations of panel and crossbar telephone switching systems. Today,
most logic functions are realized in silicon, but reed contacts are still used
in large numbers for the talking-path circuits in electronic switching systems.

TCI Library: www.telephonecollectors.info



Introduction—Electronics Technology xiii

Furthermore, relays continue to play an important role in the per-line
circuits used to interface telephone lines with central offices.

Throughout the period covered by this book, active devices have been
the more glamorous, since they tended to pace system performance. Such
devices, however, must be complemented with passive components of
high performance and quality. Thus, considerable effort was devoted to
passive components, including magnetic devices, quartz crystals and other
piezoelectric devices, resistors and capacitors, and tantalum film circuits.

While transistors had a major impact on the development of digital
computers starting in the first half of the 1950s, it was only around 1970
that integrated circuits could perform the memory function economically.
In the interim, computer memories relied primarily on magnetic devices.
Bell Laboratories contributed its share to a variety of magnetic memories
that made the early application of stored program control to telephone
switching possible. Another contribution to magnetic technology is the
magnetic bubble, which supports large serial memories, all solid state and
nonvolatile.

Quartz resonators were first used in filters for frequency-division mul-
tiplexed telephone systems. During World War II, the requisite technical
and manufacturing information was shared with some fifty other com-
panies, and led to the creation of the quartz crystal industry. Subsequently,
considerable progress was made towards functional devices—primarily
the monolithic crystal filter. Instead of complex quartz structures, however,
we tend today to transfer the complexity to silicon circuits, leaving quartz
once again to its traditional function as a simple oscillator that provides
a precision frequency reference.

Work on capacitors and resistors had its origin in the early days of
telephony. These traditional components benefited greatly from the in-
troduction of new material systems and technologies leading to significantly
improved stability and to much reduced size.

Starting in the early 1960s, tantalum film circuit technology grew out
of the effort on capacitors and resistors to became a natural complement
to SIC technology. Tantalum films provide resistors and capacitors of a
precision beyond the capability of silicon. The ceramic substrate can be
batch fabricated with the precision film components, as well as the in-
terconnection paths, to which SICs are to be applied, leading to a high
degree of integration at the system level. It was widely predicted that
tantalum film circuits would rapidly decline as a result of the increasing
role of digital electronics, but this prediction has turned out to be an
overstatement.

This broad range of efforts was made possible by Bell Laboratories
having been an integral part of the large, financially strong telecommu-
nications entity known as the Bell System. AT&T’s top officers encouraged
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a long-range outlook and were able to provide for continuity of funding.
These were critical ingredients to the sustained success.

The service orientation of AT&T led to an emphasis more on life-cycle
costs than on first costs—an emphasis that in turn led to very high device
reliability. There was a great reluctance to commit any device to service
until it was fully understood. The search for this knowledge, however,
had to be pursued with an eye to schedules, since the belief that the not-
understood is not fit to be deployed can lead to missed opportunities in
the marketplace.

This environment—pushing for the ultimate in performance while si-
multaneously assuring very high reliability—explains the deeply ingrained
credo that sustained success depends on searching for, and gaining, fun-
damental understanding. This stubborn quest was the root of many in-
novations, such as the transistor and other semiconductor-based devices
that depended on a detailed understanding of device physics and its relation
to the structure of crystals and the energy states of their electrons.

AT&T is now in a new age of competitive pressures and opportunities
in which an important element of our future performance will be how
well we can capitalize on the strengths that made Bell Laboratories great.
Perhaps history does not help very much with our day-to-day problems,
but we should be wiser for knowing something about our predecessors
and what they did, since continuing and reinforcing the best features of
our heritage should help us in new marketplaces.

K. D. Bowers
January 28, 1985
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Chapter 1
The Transistor

The search for solid-state amplification led to the invention of the transistor.
It was immediately recognized that major efforts would be needed to understand
transistor phenomena and to bring a developed semiconductor technology to
the marketplace. There followed a period of intense research and development,
during which many problems of device design and fabrication, impurity control,
reliability, cost, and manufacturability were solved. An electronics revolution
resulted, ushering in the era of transistor radios and economic digital computers,
along with telecommunications systems that had greatly improved performance
and that were lower in cost. The revolution caused by the transistor also laid
the foundation for the next stage of electronics technology—that of silicon
integrated circuits, which promised to make available to a mass market infinitely
more complex memory and logic functions that could be organized with the
aid of software into powerful communications systems.

I. INVENTION OF THE TRANSISTOR

1.1 Research Leading to the Invention

As World War II was drawing to an end, the research management of
Bell Laboratories, led by then Vice President M. J. Kelly (later president
of Bell Laboratories), was formulating plans for organizing its postwar
basic research activities. Solid-state physics, physical electronics, and mi-
crowave high-frequency physics were especially to be emphasized. Within
the solid-state domain, the decision was made to commit major research
talent to semiconductors. The purpose of this research activity, according
to an internal document authorizing the funding of the work, was to obtain
“new knowledge that can be used in the development of completely new
and improved components . . . of communication systems.” Kelly was
convinced that advances in the communications art, leading to new, better,

Principal author: J. A. Hornbeck
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and cheaper services, were closely tied to advances in the understanding
of materials (e.g., conductors, semiconductors, dielectrics, and insulators)
and of components (e.g., vacuum, piezoelectric, and magnetic) from which
communications systems are assembled.

In succeeding months, an able group of scientists and technicians was
assembled by Kelly, assisted by J. B. Fisk, both from within Bell Laboratories
and by recruitment from outside, under the coleadership of W. Shockley
and S. O. Morgan, in the Physical Research area.

An important decision of the semiconductor group in January 1946 was
to focus its attention on the two simplest semiconductor materials, crystals
of silicon and germanium, and to ignore then technologically important
materials such as selenium, with its imperfect atomic arrangements, and
compounds such as copper oxide. The basis for this decision was two-
fold. First, at Bell Laboratories prior to 1945, J. H. Scaff, H. C. Theuerer,
and E. E. Schumacher had experience with these materials in the preparation
and discovery of p-n junctions in silicon;' and during the war, Scaff and
R. S. Ohl developed crystal rectifiers for radar application.? Second, there
had been extensive wartime research and development in crystal rectifiers
at the Radiation Laboratory of the Massachusetts Institute of Technology
(MIT) and at other laboratories in the United States and England. The
reason for the decision was the desire to improve opportunities, as research
progressed, to link theory and experiment. Exploitation of this linkage
required not only materials more amenable to physical calculation, like
the elementary semiconductors, but also the existence of in-house laboratory
expertise in the preparation, formulation, purification, and control of these
materials. This expertise was already present, or could be readily developed,
in the chemical and metallurgical laboratories.

The two decisions mentioned above—-the choice of semiconductors as
a primary field of research and the choice of silicon and germanium as
materials within the field on which to concentrate—were almost necessary
prerequisites to the early discovery of solid-state amplification. A third
factor in the discovery process was a challenging proposal advanced by
Shockley that guided the direction the research took, the choices of ex-
periments, and the line of thinking, and no doubt thereby significantly
shortened the time required for the invention to take place.> Shockley’s
substantive challenge was a straightforward quantitative calculation based
on a simplified physical model of a semiconductor. He showed that an
external electric field applied at the surface of a thin germanium slab (by
making the slab one plate of a capacitor, for example) should create a
space charge layer within the volume of the semiconductor, thus altering
(modulating electronically) the conductance of the slab. [Fig. 1-1] Further,
if the germanium slab in the capacitor configuration was connected in
series with a load and an external battery, Shockley concluded that an
appreciable power gain from the electric-field-modulated conductivity
should result, provided there were no losses in the dielectric through which
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Fig. 1-1. Schematic of W. Shockley’s field-effectidea. An external electric field applied
at the surface of a thin germanium slab creates a space charge layer within the volume of
the semiconductor, modulating the slab conductance electronically. [Shockley, Electrons
and Holes in Semiconductors (1950): 30.]

the external field is applied.* To Shockley and others in the group, these
calculations represented an existence theorem that field-effectamplification
was possible in semiconductors. By stating the goal of solid-state ampli-
fication in such understandable and concrete terms, the group leadership
provided a focus that both quickened the pace of semiconductor research
and enhanced its productivity. Within a remarkably short time—two
years—the transistor discovery took place.

The field-effect experiment at Bell Laboratories was tried in many ways
and the results were disappointing. Negligible changes in conductance
were produced, so it became obvious that there was a major discrepancy
between theory and reality for the field effect.

To explain this discrepancy, J. Bardeen proposed that not all the field-

* The basic concept of a field-effect transistor and the importance of an active solid-state
circuit element undoubtedly occurred to many workers in the early days of solid-state physics.
In particular, a 1935 patent* shows a structure very similar to Shockley’s concept. Other
patent applications date back to the 1920s,° but apparently all attempts to realize these
concepts were futile,
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induced charge was free to participate in changing the slab conductance.®
Rather, he theorized, a portion was immobile, tightly bound in energy
states localized at the semiconductor surface. A low density of surface
states, many times less than one per surface atom, would be sufficient to
shield the interior of the semiconductor from even a large field applied
to the surface. Even with improvements in technique, later experimental
results by Shockley and G. L. Pearson suggested that 90 percent or more
of the induced charge went into surface states.” These results, however,
were significant in that they did show a finite field effect of the proper
sign and that the conductivity change was proportional to the ap-
plied field.

Bardeen’s theory prompted the group to initiate experiments on the
surface properties of semiconductors to verify the predictions of the theory.
One of these predictions indicated that a double charge layer existed at
the free surface of a semiconductor, a property of the semiconductor in-
dependent of any contact. The theory was generally confirmed, and it
explained an assortment of apparently unrelated experimental facts about
semiconductor surfaces, e.g., the insensitivity of rectification characteristics
between germanium and metal contacts to the difference in contact po-
tential between metals. As Brattain explained it, “Further experiments
along these lines (designed to change the surface potential) led to the use
of an electrolyte to bias the surface, and it was during the course of this
work by J. Bardeen and W. H. Brattain® that the point-contact transistor
was born.””?

More specifically, in late 1947, at the suggestion of R. B. Gibney, Brattain
applied an electrolyte, actually a strange-looking chemical material (glycol
borate) commonly called Gu, to the surface of a single crystal of germanium
to which some wires and meters were attached. When he applied a voltage
to the Gu—to cause a strong electric field at the surface—he found that
the current flow between a metal contact and the germanium was affected.
Working with Bardeen, he then replaced the Gu, first with an evaporated
gold spot and a nearby reverse-biased point contact, next by two gold line
contacts made by cementing a single ribbon of gold foil over the sharp
edge of an insulating plastic wedge and cutting the foil with a razor blade
alongthe sharp edge. In each case, forward biasing the one contact increased
the reverse current in the other contact. On December 16, 1947, he spaced
the two contacts about 4 mils apart and observed a small power gain—
the phenoménon now known as transistor action or the transistor effect.
Figure 1-2 shows the original transistor structure. Figure 1-3 is a repro-
duction of a page from Brattain’s lab notebook recording the power gain
and the birth of the transistor.'’

Arrangements were made to demonstrate the new effect to Bell Lab-
oratories officials. During the following week, H. R. Moore and Brattain
assembled the semiconductor device and other components to form an
audio amplifier. On the afternoon of December 23, this arrangement am-
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Fig. 1-2.  The original point-contact transistor structure, in-
vented in 1947.

plifying speech—a power gain of 18 times—was demonstrated by Brattain
and Moore to R. Bown, director of Research, H. Fletcher, director of Physical
Research, Shockley, Bardeen, Pearson, and Gibney.!! [Fig. 1-4] Intrigued,
Fletcher asked, “Will it oscillate?”” Oscillation was an unambiguous proof
of the existence of power gain. It did! The arrangement was operated as
an oscillator the next day, Christmas Eve of 1947, and management was
convinced that something really significant had been discovered.

The initial interpretation was based on Bardeen'’s theory of surface states
as holes* flowing from the gold point into a p-type (inversion) layer on

* A hole is a theoretical abstraction that emerged from the band theory of solids, beginning
with the work of A. H. Wilson in 1931. It represents the collective action produced by the
removal of an electron from the filled valence-band structure of a crystal, a deficit in negative
charge thus behaving as a positively charged hole. Experimentally, it should behave like a
free single positive charge with its own effective mass (different from that of a free elec-
tron). In silicon or germanium, weak concentrations of special chemical impurities cause
electrical conductivity by producing holes, while different impurities produce electrons. For
the former case, the current carriers are positive and the conductivity is called p-type, in
contrast to the negative n-type for the electron case. Understanding of these facts had developed
during wartime research on crystal detectors.
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Fig. 1-3. Page 193 of W. H. Brattain’s notebook, dated December 16, 1947: the birth of

the point-contact transistor. Voltage across the two contacts resulted in a power gain—the
phenomenon of transistor action.
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Fig. 1-4 (a). Page 6 of W. H. Brattain’s notebook, dated December 24, 1947: a description
of the December 23 in-house demonstration amplifying speech with a power gain of 18
times.
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Fig. 1-4 (b). Page 7 of Brattain’s notebook.

the surface of the n-type germanium, and along the surface layer to the

second point contact, thus increasing the reverse current of the contact.
Observation of the transistor effect led almost simultaneously to the

questions: Is the initial interpretation correct? How does one explain it in
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Fig. 1-4 (c). Page 8 of Brattain’s notebook.

detail? The responses to these questions by individuals in the research
group and others at Bell Laboratories led in the following months and
years to a new understanding of semiconductor phenomena, thereby cre-

ating the field of research and development we call today transistor elec-
tronics.
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10 Engineering and Science in the Bell System

The creative basis of the new understanding was the formulation by
Shockley of his p-n junction theory, conceptually elegant in its recognition
of the central role played by minority carrier injection at p-n junctions
and in body transport phenomena. Using his new concepts, which were
developed while he was trying to design experiments to determine the

Fig. 1-5 (a). Page 128 of W. Shockley’s notebook, dated January 23, 1948: the original
description of the junction transistor, then called the semiconductor valve.
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mechanisms of the transistor effect, Shockley immediately invented the
p-n junction transistor in which minority carriers (holes), injected by the
forward current of a p-n junction, flow through the body of n-type
germanium and are collected at an n-p junction.'*?* Figure 1-5 is a re-
production of two pages of Shockley’s lab notebook entry dated January
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Fig. 1-5 (b). Page 129 of Shockley’s notebook.
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12 Engineering and Science in the Bell System

23, 1948, in which the junction transistor (nee the semiconductor valve)
is described. Confirmation and general acceptance of the new understanding
took more than a year.

The Bardeen-Brattain experiments of 1947 and early 1948 continued
to suggest to them that, for the point-contact transistor, the hole flow from
emitter to collector took place in a surface layer.>!* Surface states played
an essential role in their theory of the hole-emission process.

In early February 1948, J. N. Shive obtained evidence for point-contact
transistor action taking place through the body of the semiconductor.'
Shive’s “’double-surface’”” point-contact transistor was prepared with two
phosphor-bronze cat whiskers, emitter and collector, connected to opposite
sides of a thin slab (0.01 cm) of germanium. This configuration and the
respectable power gain he realized are recorded in Fig. 1-6, a reproduction
of his laboratory notebook dated February 13, 1948. (Note that toward
the bottom of the page he refers to Brattain’s “’surface states” effect.) The
long surface path between emitter and collector of the double-surface
transistor ruled out a surface conduction layer as a reasonable purveyor
of the transistor action; Shive concluded that a body (volume) effect was
involved. Shockley immediately proposed an explanation of the experiment
using the concepts of his junction transistor invention made 26 days earlier:
penetration of excess holes from the metal emitter point into the body of
the n-type germanium (hole injection); and diffusion of a thin stream of
excess minority carriers, embedded in an ocean of majority carriers (elec-
trons), across the slab into the electric field at the collector point, where
they were “collected” as increased collector current.'?

In the six months following the discovery of the transistor, not enough
experiments had been performed to explain definitively the true nature
of point-contact transistor action—whether it was essentially a volume
effect, or whether, as proposed later by Bardeen and Brattain, when two
point contacts are placed close together on a properly conditioned plane
surface of germanium, holes may flow either in a surface layer or through
the interior of the germanium.!¢

The technological importance of the transistor discoveries, however,
had become much clearer. The performance of the point-contact transistor
had improved remarkably. Specifically, W. G. Pfann had modified the
Western Electric 1N26 shielded point-contact (silicon) diode to include
two spring-loaded cat whisker point contacts, making a three-electrode
configuration with good electrical amplifying properties. This configuration
became known as the Type A transistor. The promise for the future was
bright both for it and for other devices, yet to be constructed, based on
Shockley’s formulation of p-n junction theory and two-carrier transport
phenomena. The three inventors, subsequently winners of the 1956 Nobel
prize in physics, are shown together in Fig. 1-7.
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Fig. 1-6. Page 30 from J. N..Shive’s notebook, dated February 13, 1948: his experiment
suggested a volume effect rather than surface conduction.

1.2 Public Announcement

From the earliest days, weighty nontechnical questions concerning dis-
closure faced Bell Laboratories management. Who at Bell Laboratories
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14 Engineering and Science in the Bell System

Fig. 1-7.  The three inventors of the transistor (left to right): W. Shockley, W. H. Brattain,
and J. Bardeen.

should learn of the discovery? When to make a public announcement?
What to do about publication and adequate patent protection? These ques-
tions could be answered sensibly, it was decided, only after more was
known about the new device and its implications. Public announcement
should be deferred, it was decided, until the scientists felt they understood
the device better and could give other scientists enough information to
enable them to reproduce the work. Also, patent applications had to be
filed to protect the interests of the shareowners.

As it turned out, these activities required some six months, and public
disclosure took place by means of several carefully orchestrated actions
in June 1948. The patent application for the point-contact transistor was
filed on June 17 by Bardeen and Brattain. The transistor was disclosed to
a meeting of the technical staff in the research area in the Bell Laboratories
auditorium at Murray Hill, New Jersey on June 22. The following day, a
disclosure was made to the military, the National Military Establishment
(later, the Department of Defense) having concurred with a Bell Laboratories
recommendation that the transistor be unclassified. On June 25, the first
scientific publications, in the form of three letters to the editor were sent
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to the Physical Review, where they were published in the July 15, 1948
issue. These letters were entitled, respectively, “The Transistor, a Semi-
conductor Triode” by Bardeen and Brattain;® ““Nature of the Forward Cur-
rent in Germanium Point Contacts” by Brattain and Bardeen;'* and
““Modulation of Conductance of Thin Films of Semiconductors by Surface
Charges” by Shockley and Pearson.” The two Bardeen-Brattain letters
espouse the surface-effect interpretation of transistor action. On June 26,
Shockley filed his junction transistor patent application, and finally, on
June 30, the transistor was demonstrated to the press in the Bell Laboratories
auditorium at the West Street location in New York City, at which time
Bown exhibited Type A transistors with respectable performance. Power
output was 50 milliwatts (mW), frequency response went to 10 megahertz
(MHz), and power gain was 100 times. Voice frequency and TV video
signal amplification were demonstrated, as was a superheterodyne radio
containing only semiconductor elements. Significant progress had been
made in six months. Figure 1-8 is a photograph taken of the press con-
ference.

The conference, while well attended, generated little attention in the
public press. The New York Times included it with other items in a column

SOME TELEPHONE USES

Fig. 1-8. The June 30, 1948 press conference demonstrating the transistor to the public.
R. Bown, director of research, addresses the audience in the auditorium of the Bell Lab-
oratories facility on West Street in New York City.
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16 Engineering and Science in the Bell System

devoted to events in radio. The New York Herald Tribune carried an article.
The reporter, while noting engineers were predicting a minor revolution
in the electronics industry, went on to say: “However, aside from the fact
that a transistor radio works instantly without waiting to warm up, company
experts agreed that the spectacular aspects of the device are more technical
than popular.”?’

From the start, as the Herald Tribune implied, the transistor was faced
with intense, initially overwhelming, competition from the centerpiece of
electronics, the electron tube. The thermionic vacuum tube, or electron
tube, beginning with L. de Forest’s audion, had become the base of a
vigorous industry, creating the first electronics era. This era was marked
by a greatly expanded communications capability: transcontinental tele-
phony in 1914, and television transmitted between Washington, D. C.
and New York City in 1928. It was also marked by the advent of consumer
electronics, which offered a radio to every home. Further, more recent
high-frequency developments, notably klystrons, traveling wave tubes,
and the close-spaced triode, had made possible radio relay systems, home
television, and various radar applications, such as navigational aids. (A
more detailed discussion of Bell Laboratories contributions to tube de-
velopment appears in Chapter 3.) When the transistor was discovered, in
the public’s opinion, electronics technology was mature, sophisticated,
well understood, and complete.

The trade press, on the other hand, had more vision. For example, the
September 1948 issue of Electronics magazine made the transistor its cover
story. The accompanying article stated: ““Because of its unique properties,
the Transistor is destined to have far-reaching effects on the technology
of electronics and will undoubtedly replace conventional electron tubes
in a wide range of applications.””® And indeed, the transistor very soon
found special applications, such as in hearing aids, and in time, the transistor
was to become the dominant factor in electronics technology.

Initially, what did the transistor have in its favor? The transistor offered
much lower power consumption and, in addition, miniaturization. Since
no inherent wear-out mechanism, such as that associated with thermionic
emission from the hot cathode of a vacuum tube, was perceived in the
transistor, it was seen to offer the promise of indefinite service life. High
reliability was also hoped for because it was solid state—no cathode de-
struction due to a leaky vacuum, for example. But more specifically, to
displace the vacuum tube, the transistor had to be able to compete on the
bases of cost and/or performance, and its performance initially was severely
restricted. As it turned out, for the transistor to compete broadly, mastery
had to be achieved of both the physics of transistor action and the subtle,
complex art of processing the semiconductors, initially germanium and
then silicon. As the technology of transistor electronics matured through
breakthroughs in these two areas, lower cost, higher performance, and
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better reliability would follow. The result would be the second electronics
era, one based on the technology associated with the discrete transistor.

1.3 Establishing Fundamental Understanding

Within a year after the transistor announcement, great strides in un-
derstanding had been taken through a series of seminal experiments de-
signed to elucidate the behavior of holes and electrons in germanium. First
there was the question of how the point-contact transistor really worked—
a volume and/or a surface effect? By the time of the transistor announce-
ment, Shockley and J. R. Haynes had already initiated a classic investigation
to settle this point and establish the reality of minority carrier injection.

In the prototype setup of Haynes and Shockley, a longitudinal electric
field was established by a battery in a thin rod, or filament, of high-purity,
single-crystal n-type germanium.’® [Fig. 1-9] Point contacts were made to
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Fig. 1-9.  Schematic of the Haynes-Shockley experiment. Placing emitter and collector
points on opposite sides of the filament showed that the holes move in the bulk material—
a volume effect.

TCI Library: www.telephonecollectors.info



18 Engineering and Science in the Bell System

the rod, separated by a variable distance. One contact was biased as the
emitter and the other as the collector, as in a Type A transistor. In the
experiment (and as the experiment established), a pulse of holes was injected
into the filament by forward biasing the emitter point for a short period
of time. The holes drifted in the electric field down the rod toward the
collector. Their initial, and subsequent, arrival at the collector was detected
by an increase in the reverse current of the collector circuit. Placing emitter
and collector points on opposite sides of the filament showed that the
holes moved in the bulk material—a volume effect. Measurement of the
transit time from emitter to collector and the distance between the points
yielded the drift velocity of the holes. The ratio of the drift velocity to the
applied longitudinal electric field gave the hole (drift) mobility. By observing
the variation of signal amplitudes with time, and as the experimental
parameters and configuration were changed, Haynes, Shockley, and Pear-
son gained quantitative information concerning hole injection, hole mo-
bility, hole diffusion, hole lifetime, surface recombination velocity, and
the nature of conductivity modulation in semiconductors.?® [Fig. 1-10]
In his classic book, Shockley emphasizes the important role of excess
minority carriers (here, holes) in the conductivity process and in transistor

Fig. 1-10. G. L. Pearson (left) and J. R. Haynes (right) per-
forming their study on minority carrier injection in filamentary
transistors.

TCI Library: www.telephonecollectors.info



The Transistor 19

action by the summary statements: “In a semiconductor containing sub-
stantially only one type of carrier, it is impossible to increase the total
carrier concentration by injecting carriers of the same type; however, such
increases can be produced by injecting the opposite type since the space
charge of the latter can be neutralized by an increased concentration of
the type normally present. Thus we conclude that the existence of two
processes of electronic conduction in semiconductors, corresponding re-
spectively to positive and negative mobile charges, is a major feature in
several forms of transistor action.”?! Here, Shockley taught the two-carrier
concept of semiconductor transport phenomena and rectification.

The hole injection experiments measured the fraction of the emitter
current carried by holes, and it was found that this fraction could approach
unity—essentially all the emitter current i holes. Quantitative studies of
the presence of holes near a collector point determined properties, such
as the intrinsic o of a point—that is, the ratio of change in collector current
per unit change in hole current actually arriving at the collector. Ampli-
fication in a Type A transistor was attributed to the modulation of the
collector current by the holes in the emitter current. Thus the essential
features of the point-contact transistor and the nature of transistor action
were explained in simple physical terms.

The filamentary experiments were extended by H. Suhl and Shockley
by placing the rod, in which the holes drifted in the longitudinal electric
field, in a transverse magnetic field.”? The experiments gave direct evidence
that the excess minority carriers (holes) were subjected to a sidewise thrust
(the Suhl effect) in the same direction as were the majority carriers (elec-
trons). In essence the experiment was an extension of the Hall effect (single
charge carrier) to the bipolar case (both positive and negative charge carriers
present simultaneously).

Thus, based on the Shockley theory, experiments with filaments—those
of Haynes on drift mobility, of Pearson and Haynes on conductivity mod-
ulation, and of Suhl on magnetic concentration of holes and electrons—
provided the linkage between theory and experiment that gave “operational
reality” (Shockley’s words) to holes and electrons as positive and negative
carriers of current in semiconductors. By their study of transient phenomena,
Haynes, Pearson, and Suhl showed that an excess hole actually does drift
in an electric field with a drift velocity, that it undergoes the random
thermal motion of diffusion, that it is deflected sidewise by a magnetic
field, and that it does behave as if it had a positive charge equal in magnitude
to an electron’s negative one. A similar statement could be made about
excess electrons in p-type semiconducting materials.

The experiments also provided clarification of the functioning of the
point-contact transistor. They put the action of both emitter and collector
points on a quantitative basis (with the principal exception of explaining
a collector intrinsic a greater than unity).

These experiments could not have been carried out without the avail-
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ability from chemists and metallurgists of large single crystals of germa-
nium—crystals of high chemical purity and of a high degree of crystal
perfection (relative absence of grain boundaries and lattice dislocations).
By modifying the Czochralski process, a single-crystal growth technique
first used by J. Czochralski in 1917, G. K. Teal and ]J. B. Little succeeded
in October 1948 in growing a single crystal of germanium by slowly with-
drawing a seed crystal from a melt of very pure germanium.?* Volume
recombination of excess holes with electrons, as differentiated from re-
combination at the filament surfaces, in single-crystal material was char-
acterized by a lifetime of more than 100 microseconds (us), 20 to 100 times
that characteristic of polycrystalline material. This was a major step forward
in terms of minority carrier lifetime and other crystal properties.

II. INITIAL TRANSISTOR DEVELOPMENT

2.1 Development of the Point-Contact Transistor

Simultaneous with the public disclosure of the transistor in June 1948,
a new transistor department in the device development area was set up
under J. A. Morton [Fig. 1-11], reporting to J. R. Wilson, director of Electron
Apparatus Development. The new device group worked in close partnership
with colleagues in chemical and metallurgical research, as well as with
Shockley’s device-oriented group in physical research. The chemists and
metallurgists contributed vital materials and /or processing know-how and
device creativity. Also at that time, a Bell Laboratories group in Allentown,
Pennsylvania, located within the Western Electric Allentown Works, started
work on transistors in anticipation of production.

The early point-contact transistors worked, but not too well. No two
performed exactly alike, and they were easily destroyed by inexperienced
experimenters. For the Type A transistor, a special method was devised
of electrically forming the emitter and collector point contacts made to the
n-type germanium chip.”> A phosphor-bronze wire was used for the col-
lector contact spring. Phosphorus from the spring wire was associated
later with the phenomenon of current multiplication at the collector contact
(intrinsic o very much greater than unity), presumably through a “hook”
collector action.?

By the summer of 1949, a fair amount of progress had taken place. The
Type A transistor was then made in two different versions, the M1729 for
small-signal linear amplification and the M 1698 for large-signal (ON-OFF)
switching applications. Small-signal circuitry was given a firm basis via
four-pole analysis?® analogous to the prior electron tube analysis of F. B.
Llewellyn and L. C. Peterson.?” Telephone system applications that seemed
attractive included a toneringer for the telephone handset, a tone generator
for toll signaling, and a photodetector-amplifier for a card translator used
in direct distance dialing. The photodetector was a light-detecting pho-
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Fig. 1-11. ]. A. Morton, who headed the first transistor
development group in 1948 and later became vice pres-
ident of Electronics Technology.

totransistor, essentially a point-contact transistor lacking an emitter.?® The
emitter function was replaced by light (photons) falling on the germanium
wafer, being absorbed, and thereby creating excess electron-hole pairs,
one pair for each absorbed photon.” Some excess holes drifted to the
collector region, creating a current at the collector enhanced by the col-
lector’s current multiplication factor.

Military applications and designs were also investigated. In June 1949,
a joint services (Army, Navy, and Air Force) contract was initiated to
enable Bell Laboratories to undertake specific developments related to
transistors for the military and to keep the military informed of newly
discovered information. Prominent workers in this activity were the early
transistor developers A. E. Anderson, Shive, and R. M. Ryder, shown in
Fig. 1-12. The first task of this study covered work, to quote from the
contract, “aimed at the creation of plug-in packages suitable for stan-
dardization; combining features of ruggedness, long life, small bulk and
weight, and low power requirements. The immediate objective is the de-
velopment of transistor package units suitable for application in the AN/
TSQ-1 Data Receiver-Transmitter Set and other circuits in which consid-
erable use is made of ‘flip-flops,” ‘and’ circuits, ‘not-and’ circuits, and the
like. "
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Fig. 1-12. Early developers (left to right) A. E. Anderson, |. N. Shive, and R. M. Ryder,
who worked on military applications of plug-in packages combining ruggedness, long life,
small size, and low power requirements.

This work required the cooperation of transistor device developers with
circuit and system designers, and a task force of such people was organized.
for the purpose. By the end of 1950, the group was able to demonstrate
all needed functions for the system.*' Circuit packages no bigger than a
contemporary miniature vacuum tube were encapsulated in plastic. Some
packages were interchangeable and therefore could be separately coded.
i.e., identified as procurable parts. This work demonstrated the feasibility
of building an all-transistorized digital data transmission system suitable
for use in the field. This led in 1951 to the start of the development under
the direction of ]. H. Felker of TRADIC (TRAnsistor Dlgital Computer),
which became the first successful airborne digital computer. (For a
comprehensive discussion of TRADIC, see a companion volume in this
series subtitled National Service in War and Peace (1925-1975), Chapter 13,
section 2.2.)

2.2 Crystal Growth and Demonstration of the Junction Transistor

Formulation of the concepts of the p-n junction transistor by Shockley
created a new challenge to the research and development community of
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chemists, physicists, and metallurgists at Bell Laboratories. How could the
new device structures be made? There were essential things that had to
be known before sophisticated devices could be fabricated. Importantly,
these things involved making large single crystals of germanium, and later
silicon, of extraordinarily high purity (i.e., sufficiently free from the effects
of imperfections and unwanted impurities); and making p-n junctions in
the crystals in a controlled way, junctions situated in a device such that
they were relatively unaffected by undesirable surface effects. P-n junctions
in silicon had been discovered and named by Ohl and Scaff before World
War II. (The work by Ohl and Scaff is covered from a materials research
point of view in another volume in this series subtitled Physical Sciences
(1925-1980), pp. 417-420.) Experiments by Theuerer had shown the junction
to be the result of the segregation of unknown impurities during the
freezing of a molten silicon charge in a crucible of fused silicon." The
concentrations of the impurities present were too low to be detected by
the techniques of chemical analysis. Theuerer discovered that adding small
amounts of boron increased the p-type conductivity of the ingots. He
concluded that phosphorus produced n-type conductivity, having suspected
earlier that phosphorus was present because he smelled a trace of phos-
phine. He concluded further that phosphorus opposed boron and that the
p-njunction occurred during solidification because phosphorus segregated
differentlyfrom boron. Thus from Theuerer’s ingenious contributions came
the beautifully simple picture that elements of column III of the periodic
table produce p-type conductivity in the column IV semiconductors silicon
and germanium; that elements from column V produce n-type conductivity;
and that these column III and V impurities can compensate each other in
the semiconductor crystal in the sense that the resultant conductivity is
proportional to the difference in their atomic concentrations.

Both silicon and germanium have four valence electrons and four bonds
to nearest neighbor atoms in their (diamond-type) crystal structure. Sub-
stituting a phosphorus atom (five valence electrons) for a silicon atom
leaves one electron additional to the four tied up in nearest neighbor
bonds, and it is free to conduct. With its negative charge, it gives n-type
conductivity, and the phosphorus atom is a donor of a free electron to the
system. Analogously, substituting a boron atom (three valence electrons)
for a silicon atom leaves the deficit of one electron, i.e., one hole that is
free to conduct with its associated positive charge. Hence we have p-type
conductivity, and boron is an acceptor of an electron from the collective
system.

The success in 1948 of Teal and Little*® in growing single crystals of
germanium led Morton, in keeping with his transistor development re-
sponsibility, to encourage and support increased crystal-growing activity.
P-n junctions in principle could be made in the crystals if methods were
found to control accurately the donor-acceptor impurity imbalance in the
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melt during crystal growth. This control had to be achieved in the presence
of very small quantities of other unknown and unwanted impurities, which
always were present. The growth of germanium single crystals containing
p-n junctions®? was followed by the fabrication of the first grown-junction
n-p-n transistor in April 1950.* [Fig. 1-13] It was made by a double-
doping technique in which pellets of gallium and antimony alloys of ger-
manium were added in quick succession to the melt of a growing n-type
crystal.®* This created a thin p layer between two n-type regions, the first
lightly doped and the second heavily doped. The crystal was then sawed
into many small n-p-n rods to which metal contacts were attached to form
three-electrode transistor structures. (This work is covered in greater depth
and with additional illustrations in Physical Sciences (1925-1980), Chapter
19, section 1.2.)

The devices were extensively characterized by R. L. Wallace and W. .
Pietenpol.®® [Fig. 1-14] A satisfying feature of the new germanium grown-
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Fig. 1-13.  The first grown-junction transistor, created in April 1950: (a) photograph;
(b) schematic.
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Fig. 1-14. R. L. Wallace (seated) and W. ]J. Pietenpol (standing), who characterized the
first grown-junction transistors.

junction devices, both the p-n junctions and the n-p-n transistors, was
that their electrical characteristics agreed quantitatively with the earlier
theory, thus confirming it. From this linkage, transistor electronics had
indeed acquired a solid foundation.

A marked departure from theory was observed, however, in the reverse
characteristic of the grown p-n junction. As the reverse-biased voltage
was increased, the reverse current initially approached a constant saturation
value independent of voltage as predicted by p-n junction theory. However,
as the reverse voltage was increased, a point was reached where the current
suddenly increased very sharply, almost without limit, in turn limiting the
voltage to that value at which current breakdown set in. Obviously some
new effect, which Shockley found “‘reminiscent of field emission,” was
occurring at the high reverse electric field. The first experimental
investigation® of this phenomenon concluded that it was the quantum
mechanical Zener effect, i.e., internal field emission tunneling by majority
carriers through the barrier at the junction, according to C. Zener’s earlier
theory of electrical breakdown in solid dielectrics.’” Further investigation
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showed this explanation of the effect to be incorrect, concluding that in
fact at high electric fields and high reverse voltage, electron-hole multi-
plication by impact ionization was taking place: electrons drifting in the
electric field at high fields gain enough energy to generate electron-hole
pairs.®® The newly formed charge carriers can also acquire energy from
the field, in turn creating more pairs. Above a certain threshold field, an
avalanche of free charge is created and avalanche breakdown occurs. (The
true Zener effect was later found in very narrow silicon junctions at low
applied voltage [too low for impact ionization] but still very high electric
field strength.)* Avalanche breakdown has been widely applied in circuitry
in the form of the Zener diode, so called first by Shockley, for voltage
limiting and regulation.

The new junction transistors behaved differently from, and in many
respects better than, the Type A transistor. Because they had a simple
reverse-biased p-n junction as a collector, no current multiplication was
associated with collector action. From a circuit viewpoint, this meant that
the negative resistance properties of the point-contact transistor were not
present, and the junction transistors were unconditionally stable. This
made them easier to use in many applications. As reported by Shockley,
Sparks, and Teal, “They have operated with gains of 50 dB and noise
figures of about 10 to 15 dB at 1000 cycles per second . . . improvement

of several orders of magnitude over point-contact transistors . . . [with]
full gain at voltages higher than 0.1 volt . . . [and] may be operated at
48 to 49 percent of the theoretical (Class A) maximum efficiency . . . an
oscillator . . . operates on 0.6 microwatt input.”’*°

Evidence had accumulated over a long period of time for the existence
of effectsin germanium other than those caused by the donor and acceptor
atoms introduced into the crystal-growing apparatus to make p- or n-type
material. The body lifetime of excess minority carriers seemed to be rel-
atively insensitive to the presence of the donor or acceptor impurities.
Heat treatment of germanium samples, however, could decrease this lifetime
markedly. This effect was attributed to the presence of some unknown
impurity, called “deathnium,” which acted as a hole-electron recombination
center. Heat treatment could also change the sample resistivity, tending
to convert n-type to p-type, an effect attributed to another unknown im-
purity, “thermium.” Bombardment by nuclear particles was found to pro-
duce p-type centers, which apparently also acted as recombination centers.
Grain boundaries, besides adding electrical resistance, also exhibited some
of the characteristics of p-type regions. The surface recombination process,
as distinct from body recombination, appeared to depend on the chemistry
of the surface as well as the electrical field at or just inside the surface.

In 1951, Pfann invented a technique for purifying germanium far more
accurately than any existing methods.** It is called zone refining, as
described in greater detail with illustrations in Physical Sciences (1925-1980),
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pp. 419, 597-600. This invention removed electrically active (i.e., mea-
surable) impurities from germanium to a concentration of less than one
atom in 10'° atoms of germanium. It established a new base from which
the search for very small concentrations of impurities and other imper-
fections could proceed. The problems associated with unwanted impurities
and their sources became one mostly concerned with recontamination
from vessels and chemicals used in subsequent processing—on its own,
a set of nontrivial problems. Deathnium and thermium in germanium were
later shown to be due to copper at low trace levels, derived largely through
recontamination from furnaces, jigs, reagents, “pure”’ water, etc.*’ Potas-
sium cyanide cleaning to remove trace copper impurities had previously
been anticipated.**

Pfann’s zone-refining technique consisted of melting a short section,
or zone, of germanium material placed in a long, open boat of very pure
graphite. Melting was achieved by a radio frequency (RF) induction heating
coil surrounding the boat. The molten zone was made to traverse the
length of the germanium material by moving the boat longitudinally along
the axis of the coil. The impurities tended to segregate selectively in the
molten zone, and thus were removed from the solid phase as the zone
passed through. Multiple zones, and thus multiple passes, could be made
by using an array of heating coils.

Pfann extended the zone-refining technique to zone leveling, a process
by which a desired impurity was introduced uniformly into a single crystal.
Starting with a zone-refined germanium charge in the graphite (or graphite-
coated) boat, he added a seed crystal at the starting end together with a
small pellet of, for example, antimony-germanium alloy. The initial molten
zone was arranged to melt the tip end of the seed crystal along with the
pellet. The zone was moved along the charge, leaving behind a single
crystal, attached to the seed, in which a constant amount of antimony
was incorporated into the lattice per unit length. Measurements of Pfann
and K. M. Olsen showed that the uniformity in antimony impurity con-
centration improved by a factor of ten with this technique over that as-
sociated with normal freezing from the melt.*®

2.3 Information Disclosure and Teaching

Historically, the Bell Laboratories policy on information disclosure had
been to publish information on advances in science and technology at the
“earliest time,” the major limitation in the determination of the earliest
time being the time prior to publication required to prepare and file patent
applications for design and process information thought to be of a pat-
entable nature. With the advent of the transistor and its wealth of new
technology, this policy was not only followed but in practice was consciously
turned into a procedure of active teaching. Leading in this direction was
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the publication in 1950 of Shockley’s treatise, Electrons and Holes in Semi-
conductors with Applications to Transistor Electronics.® It comprised a
thoughtful presentation not only of the fundamentals but also of almost
all that was known about the subject. As Shockley said in the book’s
preface, ““This material (Part I) is intended to be accessible to electrical
engineers or undergraduate physicists with no knowledge of quantum
theory or wave mechanics. It should serve as a basis for understanding
the operation of transistor devices and for elementary design considerations.
Part III, at the other extreme, is intended to show how fundamental quan-
tum theory leads to the abstractions of holes and electrons. . . . Problems
follow many of the chapters.” By this time, also, more than 3000 point-
contact transistors, small “packages of a scientific phenomenon,” had been
made at Bell Laboratories and distributed for study to other organizations
throughout the world.

The advances from 1948 to 1951 in transistor understancling and in
knowledge of transistor processing technology placed Bell Laboratories
and Western Electric in a unique position of know-how vis-a-vis the rest
of the world, despite the many publications. To communicate the results
of the transistor circuit task force and other recent information, and in
fulfillment of Task 3 of the Joint Services Contract, in September 1951,
Bell Laboratories sponsored at Murray Hill a five-day “Symposium on
Properties and Applications of Transistors.” The symposium was attended
by 121 members of the military services and their contractors, 41 university
people, and 139 industry representatives. The papers delivered at the
symposium were assembled into a book, and 5500 copies were delivered
to the military for their distribution.*¢ Highlights of the meeting were talks
by Shockley and others describing the first experimental grown-junction
transistors and the experiments confirming the nature of transistor action
in terms of the flow of holes and electrons in the body of the transistor.

A second cornerstone of the Bell Laboratories information disclosure
policy, one in addition to that of early and full publication, was the granting
of nonexclusive patent licenses to all comers at a reasonable royalty. In
April 1952, a second symposium was held to disclose transistor technology
in an orderly and efficient way to transistor licensees of Western Electric,
in practice, the effective owner of the Bell Laboratories patents. Admission
to the symposium cost each licensee a fee of $25,000, a mechanism designed
to limit attendance to those companies seriously interested in the transistor
business. The fee would be a credit to any future royalties to the Bell
System. Twenty-six domestic and fourteen foreign licensees, many of these
newly signed, attended the symposium, which convened at Murray Hill
for six days and at the Western Electric-Bell Laboratories location in
Allentown for two final days, where the point-contact transistor had
been introduced into Western Electric manufacture in October 1951.
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The symposium seems unique in the history of information transmitted
between potentially competitive members of the free world’s industrial
society. Bell Laboratories and Western Electric undertook to teach in eight
days the art and science of transistor technology, theory, and practice as
it was known to the host institutions. This included: point-contact tech-
nology through device fabrication, characterization, and manufacture; the
advances in materials, e.g., germanium oxide reduction, zone melting and
purification, crystal growing, and testing; the current status of the infant
grown-junction technology (controls for the n-p-n crystal-growing ma-
chine), surface treatments, and gold bonding; Zener diode characteristics;
and noise and reliability testing. The introduction to the program agenda
carried these words: It is hoped that the material to be presented will be
sufficient to enable qualified engineers to set up equipment, procedures,
and methods for the manufacture of these products.”*” The proceedings
of the symposium were published in September 1952.

Shortly after the transistor technology symposium, in June 1952, Bell
Laboratories researchers held a six-day “summer school” for teachers.
Participants came from more than 30 universities. The object was to en-
courage the introduction and teaching of transistor physics as part of the
scholastic curriculum. The course at Murray Hill included both classroom
and laboratory work. [Fig. 1-15] One result of this activity was a paper
published in the Physical Review, written by and signed ““The Transistor
Teachers Summer School.””*® The paper was extraordinary in that it was
coauthored by 60 authors from 33 academic institutions. The laboratory
experiment, set up and monitored by Haynes, which was performed by

Fig. 1-15. A laboratory session from the 1952 “summer school,” held to disseminate
transistor technology to professors from 30 universities so that transistor physics could
become a part of the university curriculum.
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the “students’” a number of different times, confirmed the Einstein rela-
tionship between mobility and the diffusion constant for excess holes.

The symposium succeeded as an information-transfer mechanism, cre-
ating almost overnight a broadly scattered base of know-how from which
the transistor industry could grow and flourish, both in the U.S. and
abroad. It also set a standard for the freer interchange of information in
the semiconductor arena, a standard that prevailed for many years. The
teachers summer school supplemented the symposium by planting seeds
of the new transistor electronics widely in the university environment,
thus encouraging the growth of new science, new technology, and new
graduates educated in the art. It seems reasonable to connect the initial
nearly exponential growth of the semiconductor business with the Bell
Laboratories practices of open publication, granting of nonexclusive licenses,
and of active teaching. These practices made it possible for others to make
their own contributions sooner. As an example, the simple, inexpensive
technique for making junction transistors by alloying metal pellets to ger-
manium was discovered by J. E. Saby and others at the General Electric
Research Laboratories before mid-1951.#

ITII. EARLY TRANSISTOR MANUFACTURE

The first point-contact transistor to go into manufacture in 1951 at
Allentown, the Type A, consisted of a small wafer of germanium soldered
to a metallic base, with two point contacts on the opposite surface spaced
about 0.001 inch apart. Its manufacture had been delayed in part by
problems involved in reliability and reproducibility. To improve the gain
and stability, the practice was to form (i.e., electrically pulse) the phosphor-
bronze collector point. Forming, a good example of the manufacturing
technique known as “black art” in electron device manufacture, probably
introduced impurities and imperfections into the immediate vicinity of the
collector point, resulting in current amplification, as has been noted, as
well as voltage amplification. The first designs were not sealed to exclude
the atmosphere.

With the Type A transistor, Western Electric was faced with handling
a completely new technology and its accompanying set of yet-to-be-un-
derstood manufacturing problems. Transistors were placed in a nonair-
conditioned area (actually the gate house of the main building) to see
whether their electrical characteristics would change under ambient tem-
perature and humidity conditions. They did. Problems were also encoun-
tered with the range of performance.

It was to solve and minimize problems similar to these in the manufacture
of electron tubes that electron device manufacture had been moved in
1947 from Hudson Street in New York City to a new Western Electric
facility in Allentown, which was specially designed to permit controlled
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manufacturing conditions. Kelly had also established there, with enthu-
siastic Western Electric concurrence, a branch of Bell Laboratories, which
consisted of a group of resident Bell Laboratories device engineers, under
the direction of V. L. Ronci, with their own equipped laboratories. [Fig.
1-16] The group was intended to work closely with Western Electric man-
ufacturing engineers. The branch lab concept was an attempt by man-
agement to create an even better interface between development and man-
ufacture, one the responsibility of Bell Laboratories, the other of Western
Electric. At this interface many basic questions arise, among them: Is the
Bell Laboratories device design inherently manufacturable? How does it
need to be changed to make it more so? Will the manufacturing changes
affect its circuit compatibility and function? In anticipation of transistor
manufacture, as mentioned before, the Allentown Laboratories staff had
been augmented by semiconductor device engineers. By 1954, the effort
had grown to a level where it was moved from Ronci’s responsibility into
a separate department headed by Pietenpol. That department became part
of Morton’s organization, who by then was director of transistor devel-
opment with three additional departments at Murray Hill. Together with
their Bell Laboratories colleagues, the Western Electric engineers went to
work on the common problem of producing an initial transistor product
that would meet Bell System requirements.

Fig. 1-16. Left to right: V. L. Ronci, W. K. Wiggins, J. R. Wilson, M. ]. Kelly, and
F. E. Hansen at the Western Electric facility in Allentown, Pennsylvania in 1947.
Ronci directed a group of Bell Laboratories device engineers to work with Western
Electric in order to promote a smooth transition from development to manufacture.
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To free the transistor from ambient variations in humidity, vacuum-
tight encapsulation was found to be necessary for long-term, reliable op-
eration. The first five years with this enclosure in the card translator ap-
plication gave a system reliability history of 1 million socket-hours per
transistor failure. This failure rate compared favorably with electron tube
experience.

The Type A transistor, together with the photodiode, was manufactured
for some ten years at Allentown for the card translator and other appli-
cations. Over a somewhat shorter span, it was also manufactured for
military applications at the Western Electric Laureldale, Pennsylvania shop
for the AN/TSQ data set. Each of these systems performed satisfactorily
in the field. The card translator was finally replaced by a new system after
20 years. The data set was made a North Atlantic Treaty Organization
(NATO) standard and remained in service for many years. The satisfied
customers made it difficult for Western Electric to discontinue manufacture
of point-contact technology until long after it had been made obsolete by
junction technology.

IV. THE EMERGENCE OF GERMANIUM JUNCTION TRANSISTORS

4.1 Junction Transistors: Concepts, Uses, Structures, and Technology

The new grown-junction transistor soon came to be appreciated as a
more understandable, more reproducible electron device than its earlier
cousin, the Type A. Its wider range of parametric properties extended the
number of potential applications. Several codes were made, with power
dissipation up to 50 mW and with frequency response to several megahertz.
The grown-junction transistor would also operate as a microwatt device.
The first large-scale use in the Bell System was in the telephone handset.
A single transistor amplified received voice signals, in one case to benefit
people with impaired hearing, and in another to improve service at noisy
locations. It had never been practical to provide amplification in telephone
sets, primarily because of the difficulty of supplying power required by
vacuum tubes over telephone lines from the central office.

Outside the Bell System, following the transistor licensee symposium,
many industrial organizations entered into commercial manufacture of
grown-junction devices. There were 35 domestic and foreign licensees in
1953. The first significant commercial product was the portable, miniature
transistor radio, still a ubiquitous sign of our technological society. In this
application, the lower power demand of the transistors improved battery
life by a factor of ten over the vacuum-tube version. The same factor-of-
ten improvement in battery life was obtained with hearing aids. The first
transistorized hearing aid was built at Bell Laboratories to demonstrate
this feature. Before long, commercial manufacture of transistors caused
the complete replacement of the vacuum tube in this application. Com-
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mercial applications of the grown-junction transistor did not grow more
rapidly, however, primarily because of cost, but also because of limited
performance parameters.

Soon accompanying the junction transistor idea were other device con-
cepts employing p-n junctions. In 1952, ]. J. Ebers carried out the first
analytic treatment of what he called the four-terminal p-n-p-n transistor.”®!
He showed that it could be represented by an interconnection of an
n-p-n transistor and a p-n-p transistor, a concept that he attributed to
Shockley.>? These devices have a current gain of greater than unity because
the third junction acts as a “hook” collegtor. The studies on these devices
helped in understanding the behavior of the point-contact transistor and
were the basis for subsequent work on p-n-p-n switching devices.

Shockley also arranged p-n junctions to invent a volume-type field-
effect transistor, later generally known as the junction field-effect transistor
(JFET), in which the electric field was applied within the interior of the
semiconductor crystal.’>** This was in contrast to the earlier field-effect
concept in which the field was applied at the surface. In a JFET, the
conductive channel of the semiconductor, through which majority current
flowed, was made to be one side of a p-n junction. When a reverse bias
was applied to the p-n junction (called the gate), free carriers were swept
away from the junction, leaving a space charge layer devoid of free carriers
(a depletion layer) in the region of the junction. As the reverse bias was
increased, the depletion layer spread, thus reducing the dimensions of the
conductive channel (i.e., modulating its conductance). The channel current
flowed through ohmic electrodes (contacts) attached to either end of the
channel, which Shockley called source (of free current carriers) and drain
(of free current carriers). The carriers involved are the majority carriers of
the channel conduction type—holes if p-type, electrons if n-type. Hence,
Shockley called field-effect transistors unipolar, involving (primarily) one
sign of charge carrier, to be distinguished from bipolar transistors, junction
transistors in which excess minority carriers play an important role together
with majority carriers. Unipolar transistors do not have the minority carrier
storage or transit-time effects associated with bipolar transistors. In Shock-
ley’s junction design, the transistor was expected to be relatively free of
variable surface effects.

The first JFET was realized in germanium by G. C. Dacey and 1. M.
Ross in 1952,%%¢ as described in a companion volume in this series subtitled
Physical Sciences (1925-1980), pp. 76-78. Their experimental results on the
device shown in Fig. 1-17 confirmed Shockley’s original analysis. They
reported a device with transconductance “‘as high as 0.3 mA /volt whose
characteristics were very stable . . . (and) flat frequency response up to
about 3 Mc/sec.”* The transconductance achieved, however, was low,
hardly competitive with electron tubes; and the power dissipation was
high compared to bipolar devices. These unattractive characteristics fol-
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Fig. 1-17. Schematic of the G. C. Dacey - I. M. Ross junction field-effect
transistor (JFET).

lowed directly from the (too large) linear dimensions and spacings associated
with the junction technology of that time. Also at that time, Pearson
realized a silicon JFET®® by cutting a slot into the p-type material of a p-
n junction, leaving just a thin p-type channel near the junction, as shown
in Fig. 1-18. The transconductance of his device was even lower than the
one reported by Dacey and Ross. Thus the JFET was a constructive and
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Fig. 1-18. G. L. Pearson’s silicon JFET.
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interesting piece of device research, but it was not worth pursuing for
development with then existing fabrication techniques. Dacey and Ross,
however, foresaw remarkable performance characteristics, ““1000 Mc/sec
cutoff . . . transconductance of 70 mA/volt . . . and low power opera-
tions,” provided techniques could be found to create a JFET with signif-
icantly smaller dimensions.*”

About the time of the first JFET, S. Darlington proposed that a pair of
transistors could be combined in a manner to give improved characteristics.*’
Such a combination became known as a Darlington pair. Moreover, Dar-
lington further proposed that the two transistors could be merged in a
common chip, presaging the integrated circuit (IC).

In spite of the superior properties of the grown-junction device, its
limitations precluded use in many possible applications. Perhaps foremost
of these was frequency response. With a frequency cutoff of approximately
1 MHz, it was not capable of amplifying very high frequencies or very
broad bands. Effort to improve this deficiency led to the conception of
the junction tetrode transistor.®! By adding a fourth electrode (to decrease
the active area of the emitter junction) and by using germanium bars of
very small cross section (to reduce collector capacitance), it was possible
to raise the operating frequency of the grown-junction structure to the
100-MHz range. This was the first successful high-frequency transistor.
About 2000 of these devices were fabricated and applied in experimental
transmission circuits.

J. M. Early [Fig. 1-19] brought additional insight to the high-frequency
design problem. In an analysis of the effects of space charge layer widening
on frequency response in junction transistors, Early pointed the way towards
operation at thousands of megahertz rather than the one hundred or so
already demonstrated.®? To achieve these results, Early conceived the in-
trinsic barrier transistor, a p-n-i-p (or n-p-i-n) triode structure in which
an intrinsic (i) region was introduced into the single crystal between the
base region and the collector, effectively decoupling the two. (An intrinsic
semiconductor is essentially devoid of either donor or acceptor impurities,
ie., it is neither n type nor p type. Its natural resistivity depends on the
width of the gap between the valence and conduction bands.) The abstract
of Early’s paper presenting theoretical and experimental results read, in
part, “This structure will permit simultaneous achievement of high alpha
cut-off frequency, low ohmic base resistance, low collector capacitance,
and high collector breakdown voltage. . . . Oscillations as high as 3000
MHz may be possible.”’¢*> Crude fabrication techniques still permitted Early
to demonstrate experimentally a structure with frequency performance of
about 95 MHz. Perhaps more importantly, his intrinsic barrier design
theory correlated well with the properties of the experimental transistor,
thus validating the potential of high-frequency performance with better
construction techniques.
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Fig. 1-19. ]. M. Early and ]. A. Wenger testing an early model of the
p-n-i-p triode—the intrinsic barrier transistor—developed to increase
high-frequency capability.

4.2 Alloy Junction Technology

A major contribution to transistor technology originating outside of Bell
Laboratories came from the General Electric Research Laboratories in 1951:
the previously mentioned alloy junction transistor of Saby.*’ It was fab-
ricated by placing two small pellets of the metal indium on opposite sides
of a thin, n-type germanium wafer and heating the parts to about 450
degrees C. At this temperature, molten indium dissolves germanium, form-
ing an alloy. On cooling, part of the dissolved germanium, together with
some indium, recrystalizes onto the unmelted germanium crystal forming
indium-rich p-type regions on either side of the n-type material, i.e., a p-
n-p structure. The remaining indium solidifies (together with the remaining
dissolved germanium) into soft, metallic buttons in intimate contact with
the newly formed and heavily doped p-regions to which external con-
nections are easily made. Contacting the base region presents no problem,
as the base is physically a large piece of germanium, in contrast to the
small piece of germanium comprising the base region wedged between
emitter and collector of the grown-junction structure. [Fig. 1-20]
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Fig. 1-20. Photomicrograph of an alloy transistor developed by ]. Ebers and ]. J.
Kleimack. Alloy technology allowed low-cost manufacture and sped the entry of
the transistor in the marketplace.

The recrystallized p-regions of the emitter and collector, narrow and
heavily doped (low resistivity), together with the indium contact, gave
series resistance much lower than the grown-junction technique and there-
fore superior performance, particularly in ON-OFF switching applications
where the voltage drop in the ON condition had to be held to a minimum.
Low series resistance also lent itself naturally to designs for power ap-
plications.

The common alloy process for making n-p-n transistors consisted of
using lead doped with arsenic as the alloying metal (in place of indium)
and starting with a p-type germanium wafer. The alloy techniques were
accompanied by an unexpected but welcome by-product. It turned out
that, during the liquid phase of the alloying process, the metals indium
and lead would getter undetected minute amounts of copper*’ (deathnium
and thermium in germanium) from the germanium surface and prevent
it from diffusing into the crystal during the heating cycles. Earlier heating
experiments with germanium crystals at Bell Laboratories had been ac-
companied by unexplained, gross changes in resistivity (due to thermium)
and by a loss in minority carrier lifetime (deathnium). These uncontrolled
results prevented for years the successful application of high-temperature
diffusion as a process for making p-n junctions in semiconductor wafers
with the precise dimensional control demanded for high-frequency per-
formance.
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Alloy germanium transistors accelerated the growth of the transistor
industry and the appearance of transistorized products in the marketplace.
Alloy transistors were potentially inexpensive to manufacture. They were
efficient users of the entire “pulled” single-crystal material, not just the
slice containing the junctions, as in the grown-junction process. A large-
area, low-cost contact could easily be made to the base region. Although
frequency response was limited, a range of characteristics could be provided
readily. Relatively high-power audio output devices were designed for the
portable radio and low-power-drain devices for hearing aids. Other devices
were provided for both linear and digital uses. Alloy transistor manufacture,
much by fledgling companies, spread in the U.S. and to many foreign
countries, forming a part of the fast early growth of the transistor industry.

Even as the alloy germanium technology was beginning to provide the
commercial base for the solid-state electronics era in 1952, technological
events of potentially greater future importance to the industry were oc-
curring. Teal and E. Buehler reported to the May 1952 meeting of the
American Physical Society in Washington, D.C. their success in growing
large single crystals of silicon and p-n junctions.®* With this material,
Pearson and B. Sawyer made the prototype alloy silicon diode that had
remarkable properties compared to germanium (primarily because of its
larger bandgap).® [Fig. 1-21) With a reverse current less than 1 nanoampere
(nA), 1000 times less than that of germanium, a high and stable reverse
voltage, and a good forward characteristic, the new diode demonstrated
at once some of the very superior characteristics of silicon as a semiconductor
material. It could also be operated at 300 degrees C. The diode was made
by alloying an aluminum wire into one face of an n-type silicon chip, thus
forming a p-n junction, and similarly a gold wire, possibly antimony doped,
into the other face to make an ohmic contact. Based on applications of
this diode, a separate branch of the growing semiconductor industry came
into existence.

4.3 Germanium Alloy Transistors in the Bell System

The early germanium alloy junction development days were both fruitful
and frustrating. Particularly fruitful was the formulation of the analytic
design theory for bipolar devices and circuits. The basic model to enable
mathematical device description and the prediction of circuit performance
was contributed by Ebers and J. L. Moll.%¢ Moll extended this work to the
transient response of switching transistors.®” Transistor design theory com-
pleted the modeling activity.6268¢°

Effortsto obtain good junctions and to keep them good were frustrating.
In the alloy process, considerable mechanical damage surrounded the metal
button, caused by cracks that occurred while cooling. Chemical etching
removed debris and turned electrically ““soft” junctions into “hard” junc-
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Fig. 1-21. First practical silicon alloy diode, fabricated by G. L. Pearson and B.
Sawyer. The new diode, 1000 times smaller than its germanium predecessor, demonstrated
the superiority of silicon as a semiconductor material.

tions, which were clean and smooth in appearance. The quality and uni-
formity of the junctions depended on the process art and the skill of the
processor. An array of empirical etches soon developed, and junction etch-
ing became and remained a critical process step.

As with grown-junction transistors, the stability of the alloy junctions
was tied to residual ionic impurities on the surface and to the presence
of moisture there. Again, the “solution” to the stability problem was to
encapsulate the device in vacuum-tight enclosures (with a metal-to-glass
hermetic seal), often sealing in a moisture getter after employing repeated
drying cycles, i.e., flushing with a dry gas. Hermetic encapsulation was
deemed necessary to achieve the high reliability required for telephone
and military applications. It added substantially to the unit cost, however,
and was a grave disappointment for that reason; inelegantly, it also made
transistors more like vacuum tubes, which also required hermetic seals.
Even so, the low-temperature drying cycles by gas flushing did not con-
sistently remove all the moisture, and reliability suffered in some units.

High-frequency response was constrained by limitations of geometry
and structure, principally base width and the area of the metal alloy dots.*’
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In practice, control of chip thickness, dot size, and the alloy temperature
cycle limited frequency response to a few megahertz. This was not nearly
high enough for most broadband transmission and high-speed digital ap-
plications required in the Bell System.

Nonetheless, a first major application in the Bell System of the alloy
germanium transistor was in E-type repeaters.”® The transistorized negative
impedance repeater replaced a vacuum tube version because it offered
savings in space, power, and maintenance. It was an ideal first application:
only four transistors per assembly and a minimum of operating problems
inthe event of difficulty; unit transistor cost was not a primary consideration,
and, assuming success, a large production would be scheduled. Success
did come. Reliability was excellent, and millions of transistors were man-
ufactured over the years by Western Electric in Allentown, beginning in
1955, for use in a variety of applications.

Applications in the Bell System in the early 1960s included D1 and D2
channel banks, A5 channel modems, series E inband signaling, MF and
JR receivers, 43 Bl carrier, 404C and 404D tone generators, 800 private
branch exchange (PBX), 103 E6 data set, 1A data station, and N2 carrier.
The applications were nearly all linear. The alloy junction transistor was
not employed extensively in logic or digital circuits, although it was often
used in control circuits. It was used, however, in logic circuits in the Morris,
Illinois field trial of the pre-prototype electronic switching system, where
it performed well. By 1968, use grew to some 400 applications.

V. THE APPEARANCE OF SILICON

5.1 Diffusion and Silicon

With the successful efforts of Teal and Buehler in growing large single
crystals of silicon, a second single-element transistor material became
available, a potential rival to germanium, and it begged for research and
development effort to determine and explore its possibilities. The new
material, however, displayed low (excess) minority carrier lifetime, resistivity
far from intrinsic, and other evidences of impurity contamination, some
of which came from the fused silicon crucible in which the crystal was
grown. For example, while measuring the (deathnium) lifetime of specimen
crystals by a new photoconductive technique, Haynes and J. A. Hornbeck
went on to identify the existence of two sets of temporary (nonrecombining)
traps for electrons in p-type silicon.*”'”2 The traps manifested themselves

* In these traps, a trapped electron sits for a time and then is ejected back into the conduction
band as an excess minority carrier. There, the excess carrier faces the chance of being retrapped
(immobilized in one of the two kinds of temporary traps), or of recombining with a positive
hole and thereby disappearing from the conduction process. Similar trapping was found in
n-type silicon, but in germanium, such trapping was observed only at low temperature (below
—80 degrees C).
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as an apparently anomalously long minority carrier lifetime. This char-
acteristic was not observed in germanium at room temperature. While
zone refining succeeded almost from the beginning in purifying germanium,
molten silicon was so reactive that no satisfactory material for a crucible
was to be found, and the silicon ingots were loaded with oxygen as a
principal contaminant. More generally, silicon was an attractive new ma-
terial, but a technology for its use had to be developed.

Solid-state diffusion as a technique for making p-n junctions with fine
dimensional control was an attractive technology for some time. In 1947,
Scaff and Theuerer had proposed, in particular, diffusion from the vapor
phase’® This form of diffusion involved heating a single crystal wafer of
the semiconductor in the presence of the vapor of the desired impurity
to introduce enough of the impurity (donor or acceptor) into a surface
layer of the wafer to modify (i.e., dope) the conductivity of the wafer a
predetermined amount. No melting took place in this process. One keystone
of this technology to be mastered was the art of diffusing the desired
impurity without the simultaneous diffusion of contaminants, which were
usually present in very small quantities as well.

In 1952, C. S. Fuller provided a sound basis for diffusion technology
with his studies of the diffusion of donors and acceptors in germanium.”
He extended the diffusion experiments to single-crystal silicon, when it
became available.”® The first significant breakthrough for diffusion came
in the fabrication of large-area silicon diodes. Pearson and Fuller applied
these results successfully to make large-area p-n junction diodes with
remarkable electrical properties, which they saw as useful for the large-
quantity Bell System applications of power rectification and lightning pro-
tection.”® The technology was perhaps more spectacularly applied as a
p-n junction photocell for converting sunlight directly into electrical
power.”” As reported by D. M. Chapin at the annual meeting of the Amer-
ican Institute of Mining and Metallurgical Engineers in February 1954, its
conversion efficiency was more than 6 percent. This number, perhaps 15
times larger than the best previous solar energy converter, was high enough
to suggest the feasibility of isolated solar-powered transmission equipment
and relay stations. (Work on solar cells is also discussed in Physical Sciences
(1925-1980), Chapter 11, section 8.1.) The combination of silicon as a ma-
terial and diffusion as a process offered diode designers a vast range of
desirable electrical properties in devices that were potentially of low cost—
low cost because diffusion naturally lends itself to batch processing, which
is often more economical than one-at-a-time processing. The latter generally
requires a high degree of mechanization to be cheap.

The successes with silicon and diffusion, highlighted by the Bell Solar
Battery, were announced through a press conference held at Murray Hill
in the spring of 1954. In contrast to the small splash made by the 1948
announcement of the transistor, this one was covered widely and well
reported. Stories were written by science editors of the large New York
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dailies, by the national wire services, and also by trade magazine specialists.
Demonstrations of silicon diodes in several applications accompanied an
oral presentation by Fisk, then vice-president, Research and later president
of Bell Laboratories. The Bell Solar Battery was introduced by a demon-
stration in which a portable FM radio transmitter, powered by sunlight
through a cloudy, overcast sky, transmitted to a receiver in the press room
inside a Bell Laboratories building. All could hear the reception and, at
the same time, observe the demonstrator and transmitter designer, D. E.
Thomas, walking around outside with the transistor radio transmitter and
its solar power supply. [Fig. 1-22] The latter was a small array of individual
quarter-sized p-on-n silicon diodes, which connected together formed the
solar battery. A similar array was used to power a miniature water pump
which, with energy from the light of a bright, incandescent lamp, pumped
a stream of water from a lower reservoir into a sandy surface pool. Each
p-n junction diode (or cell) gave photovoltaic output of about 0.5 volt (V),

Fig. 1-22. A 1954 demonstration at Murray Hill, New Jersey in which
sunlight falling on a solar cell powered a small radio transmitter. The voice
of D. E. Thomas (foreground) was received in the press room inside the
building.
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so that the voltage supplied by the solar battery was about one-half the
number of series-connected cells in the array.

A field demonstration of a Bell Solar Battery in a remote location was
begun about 18 months later. In October 1955, a 20-V, 1-watt (W) solar
conversion power supply was installed on a telephone pole near Americus,
Georgia in connection with a field trial of a transistorized rural carrier
transmission system. The demonstration of the battery turned out to be
an engineering success while predicting an economic failure. The com-
bination of then experimental nickel-cadmium batteries charged by the
solar array performed satisfactorily as a power supply, but was judged to
be more costly than competing alternatives.

5.2 Diffused-Base Transistors

A diffused-base method of fabricating transistors with high-frequency
response was discussed at a departmental conference Shockley held in
December 1953. Successful fabrication of the structure in germanium was
achievedin July 1954 by C. A. Lee.”® [Fig. 1-23] He diffuseda 1.5-micrometer
(um) layer of arsenic into p-type germanium, forming a base layer; an

Fig. 1-23. M. Tanenbaum (left) and C. A. Lee (right), who
fabricated the first diffused-base transistors in silicon and
germanium, respectively.
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emitter layer about 0.5 pm thick was then made by alloying lightly a thin
layer of evaporated aluminum into the base region. [Figs. 1-24: and 1-25]
Lee employed pure germanium material that was essentially devoid of
unwanted critical impurities, i.e., those which during the diffusion heat
treatment would also diffuse and interfere with the formation of the desired
n-p junction. He found it essential, also, to use painstaking methods to
clean trace impurities both from the surface of the germanium and from
the diffusion furnace.*® The transistor was disclosed at the June 1955 Solid
State Device Research Conference held at the University of Pennsylvania.
Lee reported nearly unity current gain (e, = 0.98) and a cutoff frequency
of 500 MHz while predicting even higher values. The related patent was
broad, describing virtually every diffused transistor structure, including
double diffusion, field effect, and intrinsic layers (i.e., n-p-i-n), in a variety
of materials—germanium, silicon, and Groups III-V compounds.”®

Successful fabrication of the first diffusedsilicon transistor took somewhat
longer. Ultrapure material was not available, and silicon diffusion required
higher temperatures than germanium. As a result, the control of silicon
resistivity at diffusion temperatures was poor, and minority carrier lifetime
was predictably small. During high-temperature diffusion experiments,
drastic pitting and roughening of the surface occurred, for reasons unknown
at the time, which prevented the formation of smooth, planar junctions
near the surface. In silicon solar cells and other large-area diodes, the
junction was formed deeper into the material to avoid the effects of surface
roughness. These devices tolerated the higher-resistive components as-
sociated with deeper diffusion.

~EMITTER

ALUMINUM ~ . _
STRIPE

GOLD STRIPE-

Fig. 1-24. Details of the germanium transistor. Two metal stripes are evap-
orated on the raised mesa area; wires from the headers are bonded to these
stripes to form the transistor’s base and emitter connections.
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Fig. 1-25. Internal structure of a diffused-base germanium transistor.

In the face of these difficulties, in March 1955, M. Tanenbaum [Fig.
1-23] and Thomas were able to fabricate a diffused silicon transistor with
superior high-frequency properties (for silicon).®* They accomplished this
fabrication using double-diffused silicon wafers prepared by Fuller and
J. A. Ditzenberger. By simultaneously diffusing both a donor element,
antimony, and an acceptor element, aluminum, into a wafer of n-type
silicon, the smaller atom, aluminum, moved more rapidly, ahead of the
antimony atoms to form a p-type base region where it overcompensated
the original n-type silicon. By starting with a greater surface concentration
of antimony, an emitter n-layer formed behind the advancing aluminum.
The result of the double diffusion, then, was an n-p-n structure with base
layer width of about 4 um. The transistor had a high-frequency cut-off of
120 MHz and an «, of 0.97, which might be correlated with about a 3-
percent loss by recombination of minority carriers (electrons) in traversing
the base region. This would correspond to a base lifetime, damaged by
the heat treatments, of the order of 0.1 us. These results were disclosed,
together with Lee’s results on diffused germanium, at the same June 1955
Solid State Device Research Conference. From this work it was clear that,
in the application of diffusion technology, the less reactive germa-
nium was more tractable and controllable than silicon for transistor
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development.?! Overall, the details of the diffusion process were found to
be much more complicated than originally perceived.

Because the current gain in silicon transistors increases with current,
p-n-p-n silicon devices have bistable characteristics.?? At low currents, a
p-n-p-n diode typically exhibits the high impedance of a reverse-biased
junction. Once breakdown is reached, the current increases, and with it,
the internal current gain. Once the current gain exceeds unity, the device
switches into a low-impedance state characteristic of a forward-biased
junction.

At Bell Laboratories, such diodes were extensively studied for potential
solid-state switches because the ON-OFF impedance ratio is adequate for
telephone switching applications. However, because of the inability of the
diode to handle the high currents and voltages required for the telephone
ringer, solid-state switching proved uneconomical in the 1950s.

If connections are made to at least one internal region of a p-n-p-n
diode, a three-terminal p-n-p-n switch results. Today, this device is called
a thyristor (derived from “thyratron” and “transistor’’; a thyratron is a
gas-filled, grid-controlled tube, with two stable states, functionally similar
to a p-n-p-n device). Thyristors have found widespread application in
power switching and control.

P-n-p-n diodes were later manufactured by a semiconductor company
started by Shockley in Palo Alto, California in 1955, at which time they
became known as Shockley diodes. (This company spawned what became
Silicon Valley—the area between Palo Alto and San Jose, California—
which became a major center of the electronics industry.)

The successful demonstration of diffused transistor structures by mem-
bers of the research area of Bell Laboratories prompted a reaffirmation of
semiconductor development goals. Morton was convinced that the most
promising paths toward high-performance, low-cost devices for Bell System
applications involved exploitation of diffusiontechnology and, ultimately,
silicon as the preferred material. This interest was translated into committing
development effort to diffused silicon diodes, diffused germanium transis-
tors, and diffusedsilicon transistors, as pieces of technology critical to their
development became available through the effort of both research and
development groups.* Low cost would follow from batch processing, a
natural use of diffusion;and the electrical properties of silicon junctions
were vastly superior to germanium, particularly as the temperature of
operation rose. Germanium alloy transistor designs and alloy silicon diodes,
both healthy products, were to be supported to meet customer demand,

* The remarkable, perhaps unique, electrical properties of a clean thin film of silicon dioxide
on a clean silicon (single-crystal) surface, i.e., the clean system Si-SiO,, of course, were then
unknown and unanticipated. These properties, when discovered, insured that silicon was
the right choice.
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i.e., development effort would be confined to supporting devices already
committed to manufacture. No further effort, however, was to be devoted
to grown-junction technology, silicon or germanium, alloy germanium
diodes, or possible variants of germanium alloy transistors; a small effort
on alloy silicon transistors was canceled.

Work was to continue on diodes designed for microwave applications.
Stimulated by Shockley’s suggestion of using the transit time delay as-
sociated with diffusion of free carriers to construct a transit time (negative
resistance) oscillator,®® W. T. Read, Jr., in 1954 proposed that microwave
oscillation and amplification could be achieved by a structure employing
both avalanche multiplication and transit time delay in a low-field drift
region to yield negative resistance.** The technology and ingenuity of the
time were unable to make these proposals work. Progress was striking,
however, in understanding and utilizing the nonlinear voltage-dependent
capacitance of a p-n diode to perform circuit functions. In studying fre-
quency conversion effects, A. Uhlir, Jr. [Fig. 1-26] realized that the variable
reactance of the diode normally led to power gain in the upward frequency
shift induced by mixing a signal with a local beating oscillator.?> Using a
gold alloy diode, experimentally he obtained an up-conversion gain of 5.7
dB between 75 MHz and 6175 MHz output. M. E. Hines and H. E. Elder

Fig. 1-26.  A. Uhlir, Jr. (standing) and P. I. Sandsmark (seated), who carried
on early work with microwave diode modulators.
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demonstrated parametric amplification at microwave frequencies.®® They
placed a varactor (variable reactance) diode in a waveguide circuit such
that it could be pumped at 12 gigahertz (GHz); they observed negative
resistance gain near 6 GHz, as predicted by the fundamental theoretical
work on parametric amplification codified by J. M. Manley and H. E.
Rowe.”

In keeping with the Morton philosophy of diffusion and silicon, late in
1955, the diffused silicon diode was taken to the Allentown Laboratory
for final development and design for manufacture. It was intended to
serve the Pennsylvania location as a vehicle for learning diffused silicon
technology. The project was organized into a closely knit effort involving
Western Electric and Bell Laboratories. Prior Murray Hill work, led by
K. D. Smith, was published by M. B. Prince, who initially supported the
new activity from New Jersey.?®

Diffusion and silicon were the theme of a second symposium held in
January 1956 for licensees of Western Electric to bring them up to date
on recent technical breakthroughs at Bell Laboratories. As a group, the
licensees on this occasion were considerably more sophisticated and
knowledgeable than they had been four years earlier. Most were conducting
profitable semiconductor enterprises, and many had acquired more man-
ufacturing experience than Western Electric. The commercial transistor
business rested upon the manufacture and sale of germanium alloy tran-
sistors. The silicon alloy diode also served as a production base for both
new and established manufacturing operations. About 1 million transistors
valued at $4.8 million were manufactured in 1954, and production value
grew to about $14 million the following year. By 1956, silicon alloy diodes
were manufactured by perhaps 15 companies in the United States
and half that number abroad. There was a ready, expanding market for
both these products, the technology was relatively simple, and the price
was right.

From the point of view of the licensees, in the short term, diffusion did
not appear to be timely for the needs of the commercial market except as
an adaptive add-on technique for improved frequency response, where
this was required. Thus, the symposium aroused little enthusiasm among
the licensees to undertake and master the major change in technology
represented by diffusion.

The record shows, however, that while the first diffused-base transistor
was manufactured by Western Electric, the first to be marketed generally—
a high-frequency device—was introduced by Texas Instruments in the
spring of 1957, barely a year after the symposium. The first diffused-silicon
transistor marketed widely was offeredin 1959 by Fairchild Semiconductor,
a subsidiary of Fairchild Camera and Instrument Corporation. Western
Electric in Allentown had introduced earlier a double-diffusedsilicon tran-
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sistor into pilot line manufacture. It was a switching-type transistor and
not generally available,

For several reasons, applications of the new, more sophisticated diffused
transistors surfaced more rapidly in military development than in Bell
System telephone development. From the viewpoint of the Bell System,
it was going to be difficult to achieve significant economic gains by tran-
sistorizing existing products in the telephone plant, many of which had
benefited from years of cost-reduction activities by Western Electric. Also,
the new communications systems going into large-scale manufacture, mi-
crowave radio as an example, were being made possible by advances in
vacuum tube technology, notably the traveling wave tube and the close-
spaced triode, both of which could operate at frequencies and power
outputs unattainable with transistors. The U.S. military, on the other hand,
needed new systems to perform functions, often digital, not then being
performed. This need led to different cost considerations and to a different
technical confrontation between tubes and transistors.

A major segment of military systems development at Bell Laboratories
after World War II was in the Nike ground-to-air radar-guided missile
systems, under contract to the U.S. Army in cooperation with Douglas
Aircraft Company, the missile contractor. Nike Ajax and Nike Hercules,
both antiaircraft systems, were designed, manufactured, and deployed
during the late 1940s and 1950s. (See National Service in War and Peace
(1925-1975), for a discussion of Bell System involvement with the armed
forces.) Concern over the potential Soviet ballistic missile threat led the
Army to ask Western Electric and Bell Laboratories to develop a radar
missile system designed to intercept incoming ballistic missiles armed with
nuclear warheads. The new antiballistic missile (ABM) was called Nike
Zeus. Bell Laboratories military designers at the Whippany, New Jersey
location worked with transistor developers to arrive at transistor circuit
functions, many digital in nature, that optimized the design specification
of the transistor to the circuit. Functions that these circuits performed were
to convert analog quantities accurately, like radar measurement of range
or the pointing of an antenna, to digital numbers that a computer could
then manipulate. Thus the military system requirements, passed on to the
diffused-base transistor developers, were for transistor oscillators capable
of operation in the hundreds of megahertz range, radar intermediate-
frequency (IF) amplifiers, and video amplifiers—all of very high reliability.

By means of much thoughtful planning, the system design needs were
evolved in parallel with the diffused-base transistor development and design
efforts, and also in parallel with creation of the production facilities and
expertise to supply the quantities needed, both for development and pro-
duction systems. This came about over a period of time through a common
desire of Army personnel and Western Electric and Bell Laboratories leaders
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and engineers to accomplish several objectives in a timely and cost-effec-
tive way.

Development responsibility for the diffused-base germanium transistor
rested with Ryder and Early in the development area at Murray Hill
Military funding was available to support development of designs for
military applications. Manufacture of devices for military systems was
centered at the Laureldale shop of Western Electric’s Radio Division, a
facility that had been acquired and equipped using government funds for
this purpose in 1952. Bell Laboratories design support to Laureldale, which
was the predecessor of the Reading, Pennsylvania plant, came both from
the Allentown Laboratory and from the Murray Hill location. Military
supply contracts initiated in 1956 accelerated the availability of the new
transistors. These contracts called for delivery in quantity of high-perfor-
mance devices, i.e., beyond the capabilities of alloy and grown-junction
technologies. The contracts paid for final development work, the resolution
of small-scale manufacturing processes, and the production of samples
for circuit and systems development use, including reliability assessment.
The Signal Corps also had funds available to establish production facilities
under so-called preparedness contracts.

In the spring of 1957, there were problems of supply, reliability, and
cost at Laureldale with the new military devices. W. C. Tinus, Bell Lab-
oratories military vice president, and L. C. Jarvis, the Western Electric shop
manager, approached Morton with the proposal that a branch laboratory
be set up at Laureldale. Morton responded by forming a task force to
attack and solve the problems. S. O. Ekstrand, of Bell Laboratories in
Allentown, the task force leader, was supported by knowledgeable per-
sonnel on loan to the task force from Murray Hill, Allentown, and Western
Electric. The task force was greatly assisted by the work of a committee
of device people and military systems engineers, work that specified ex-
plicitly the types of devices to be designed and manufactured at Laureldale.
The list included diffused germanium and silicon transistors, silicon diodes,
and alloy transistors. Dates for completion of the various tasks were also
set. The task force operated daily at Laureldale, performing its assignments
directly on the manufacturing floor—a new and effective method of pro-
cedure for Bell Laboratories and Western Electric—except when lack of a
particular facility necessitated a trip elsewhere. The task force effortresulted
in industry-coded devices such as the diffused germanium transistor 2N559,
the silicon diode 1N673, and later the diffused silicon transistor 2N560.

More specifically, the Laureldale germanium diffused-base codes were:
2N559, a 20-MHz switching transistor; 2N509, an oscillator capable of
producing 100 mW at 100 MHz; 2N&37, designed for 100 mW at 250
MHz; and 2N694, for small-signal video applications. The 2N694 offered
a gain of 15 dB with 25- to 30-MHz bandwidth. These devices, with
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internal doping similar to Lee’s p-n-p, had a 0.001- by 0.002-inch aluminum
emitter stripe separated by less than 0.001 inch from a similar rectangular
gold stripe, which contacted the diffused-base region. Electrical contacts
to the stripes were made by small gold wires that were thermocompression
bonded to the stripes, a process developed by O. L. Anderson, H. Chris-
tensen, and P. Andreatch.®?° [Fig. 1-27] The thermocompression bond
was a timely solution to a perplexing problem: how to attach connections
to the tiny electrode stripes. In this process, an operator used a micro-
manipulator and a microscope to align a 0.001-inch gold wire to the stripe.
Bonding was accomplished by pressing a hard wedge down on the wire
with the application of heat. Subsequently, the wire was drawn to a header
post where a second bond was made. This operation in large part accounted
for the sight familiar in the early transistor industry: employment on the
production floor of many operators seated at bench tables, looking through
microscopes and delicately operating micromanipulators. Definition of the

Fig. 1-27. (Left to right) H. Christensen, O. L. Anderson, and P. An-
dreatch, developers of thermocompression bonding,.
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collector junction area was accomplished by etching away the top surface
of the germanium die outside a circle enclosing the emitter and base strips.
This process formed a mesa—a tiny, flat mound standing above the exposed
base collector junction and the collector material below—and the general
structure became known as a mesa transistor.

As before, a vacuum-tight encapsulation of the transistor was found to
be necessary (but in itself not sufficient) to attain high reliability. Proven
techniques of encapsulation were borrowed from electron tube technology
to accomplish hermetic sealing. As shown in Fig. 1-28, three Kovar*-to-
glass seals brought three lead wires through the bottom Kovar header.
(Kovar is a special alloy suitable for glass-to-metal seals.) After the transistor
was connected to the three lead wires, a can shaped like a top hat was
sealed by a weld to the outside rim of the header. A small tubulation
through the top of the top hat permitted final vacuum exhaust and other
desired processing before sealing the tubulation.

The Kovar piece parts, i.e., the Kovar header and can, were plated with
nickel and then with gold to avoid corrosion and subsequent hydrogen
ion penetration. The gold-to-gold header-to-can interface would weld under
moderate pressure and at a temperature the semiconductor system would
tolerate. Later, a copper surface was added to each piece part, and a
copper-to-copper cold weld was shown to give satisfactory results. The
tubulation was sealed off by mechanically pinching together and cutting
the tubing, a cold-welding process in which, again, copper performed
satisfactorily.

The wire leads (Kovar) through the glass seals became stubby posts
inside the header enclosure. These posts were gold plated, and the collector
side of the germanium die (or chip) was alloy bonded to the header,
making contact to the collector. This process was improved by introducing
a small “preform” of gold-germanium eutectic mixture between the die
and the header prior to alloying. One of the leads was bonded to the
header to become the collector lead, as seen in Fig. 1-28. The gold wires
from the emitter and base stripes were bonded to the two remaining posts,
completing the electrical connections to the lead-through wires.

Exhausting the gas from this structure through the tubulation and then
sealing the tubulation at a reasonably good level of vacuum did not yield
devices of adequate reliability. The vacuum-tight enclosure was necessary
to prevent water vapor in the ambient atmosphere from penetrating to
the transistor p-n junctions. Simply pulling a vacuum, however, did not
eliminate traces of water vapor, stray ions, and other forms of uncleanliness
that remained absorbed and/or attached to surfaces inside the sealed can.
High-temperature heating (baking) during exhaust was traditionally an
effective means of eliminating the offending molecules; however, the ma-

* Trademark of Carpenter Technology Corp.
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(a) (b)

(c) (d)

Fig.1-28. The Laureldale 2N559 transistor in a so-called TO-18 package.
(a) Front view. (b) Three Kovar-to-glass seals brought the three lead
wires through the bottom Kovar header. (c) Top interior view. The wire
leads became stubby posts inside the header. One post was bent and
welded to the header to become the collector lead. (d) Enlarged view of
chip and wires connecting chip to posts.

terials systems of the transistor could not withstand a baking temperature
nearly high enough for adequate purification. So reliance was placed on
several unsophisticated procedures that, in the combinations employed,
gave an empirical solution to the problems. Very reliable transistors resulted.
The procedures included: moderate temperature bakes and dry gas flushing;
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assembly in “dry boxes,” which had rubber gloves for the assembler’s
hands sealed into openings in the wall of the box; introduction of a getter
consisting of unreconstructed Vycor* (a glass frit) to absorb water vapor
and thus decrease the likelihood that the troublesome molecules would
settle on a sensitive site, for example near the collector junction.

The diffused-base mesa transistor was a very good product, but it was
important to find out how good. This, in principle, could be determined
from measurement of device failure rate as a function of time and from
a knowledge of failure mechanisms. The latter could be determined from
autopsies of failed devices by diagnostic experts in the laboratory. The
former, determination of failure rates, presented an awkward problem of
numbers and time. If the transistors were a sound product with a long-
time failure rate of 0.01 percent per 1000 hours, then a life test performed
under rated conditions on a sample of 1000 transistors would turn up
only about one failure after one year of continuous testing. To improve
the statistics and confidence in the result, both longer times and larger
samples needed to be introduced into the reliability test plan-—making it
all the more costly and time consuming.t Clearly, faster and cheaper means
than brute force life testing needed to be found to evaluate transistor
reliability.

The Laureldale 2N559 transistor was chosen as the principal vehicle in
a program to learn more about evaluating transistor reliability. To meet
its specifications for application in Nike Zeus circuits, it had to have high
reliability. It was also available in sufficient quantity; transistors from in-
dividual production lots could be identified, and thus their exact process
history established. B. T. Howard and G. A. Dodson solved the numbers
problem most elegantly by devising a method of accelerated aging.®! Called
step-stress aging, this process applies stress in uniform increasing steps to
a limited sample of devices for a fixed time interval at each step until all
devices fail. From the high failure rates obtained at the high values of
stress, it is possible to predict the much lower failure rates under normal
operating conditions.

With the aid of this technique, D. S. Peck [Fig. 1-29] was able to char-
acterize the 2N559 transistor as delivered from Western Electric manu-
facture.”? He found that this transistor had a more than respectable reliability
failure rate of nearly 0.001 percent per 1000 hours (10 failures in 1 billion
hours—or 10 Failure unlITs [FITs]), adequate to meet the stringent reliability

* Trademark of Corning Glass Works.

t To be able to establish that a device will perform for a given number of years, in general
the device must have existed for an appreciable fraction of that time. For example, a 20-
year failure-free life was the design objective for the tubes in the repeaters of the original
submarine telephone cable system. When the first transatlantic cable was laid in 1954, the
design of the vacuum tubes in the submerged repeaters was two decades old.
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Fig. 1-29. D.S. Peck, who implemented reliability characterization
processes and criteria that permitted stringent reliability requirements
to be met for transistors.

needs of Nike Zeus. The elusive property of solid-state reliability, somehow
foreseen from the early days of the point-contact transistor, was thus
achieved and demonstrated for the first time.

By mid-1958, Western Electric germanium transistors of this general
type were encircling the earth in Explorer and Vanguard satellites. At the
Whippany location, the Bell Laboratories designers of military systems
were convinced that enough experience with transistor digital circuits had
been gained to allow a confident commitment to a very large system like
the Nike Zeus ABM system. Anticipating the lead time required for large
production, the Signal Corps in the fall of 1958 asked Bell Laboratories
to select and qualify two second sources of supply of Nike Zeus transistors
in addition to Western Electric. The selection process was initiated but not
completed, as Nike Zeus was destined not to go into production. If second
sourcing of the 2N559 had occurred, the intent of Bell Laboratories and
Western Electric was that each second source duplicate exactly in its lines
the Western Electric production processes and procedures, not just produce
a transistor that conformed to the 2N559 performance specifications. The
feeling was that true device interchangeability could be achieved only
through similar processing.
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By the fall of 1958, the success of the Laureldale task force led to visible
changes there. The Western Electric facility, originally a silk mill, grew
from a few hundred employees to over 2000, and was upgraded from a
shop to a plant designation. Also, Bell Laboratories established there an
independent branch laboratory under the direction of Ekstrand. This move
was followed in a few months by a decision actively to market Laureldale
semiconductor products more generally. In contrast to entertainment quality
devices, so-called Hi-Rel transistors, distinguished by both high reliability
and high performance, were not widely available in the marketplace. So
there was an outside need for a product that happened to mesh with a
strong desire of Western Electric and Bell Laboratories engineers to build
up production rates and thus acquire more production experience sooner.
The engineers were convinced, through knowledge of learning curve stud-
ies,* that transistor unit cost is related to production experience: those
who acquire the production experience will tend to have the lowest cost.

The decision to promote external sales not only satisfied the engineers,
it also expressed the sales interests of Western Electric’s Radio Division,
which operated the Laureldale plant, and coincided with the interests of
the Signal Corps. The military had funded the facility with the general
purpose of making state-of-the-art products available on a timely basis
for use in military systems. External sales of high-quality semiconductor
devices would augment the Laureldale product line. It became apparent
that in order to cover both the internal and external markets, it would be
necessary to establish a sales engineering force. Accordingly, a group of
sales engineers was assembled at Laureldale.

To help in stabilizing the Laureldale production operation, the magnetron
production facility, together with principal personnel, was transferred from
St. Paul, Minnesota. The major production consisted of two magnetrons:
the 5780, a tunable X-band 250-kilowatt (kW) tube, and the 5795, a tunable
S-band 1000-kW tube. The new Laureldale Laboratory was assigned design
responsibility. It also initiated final development of a coaxial-cavity mag-
netron conceived by J. Feinstein (see Chapter 3, section 3.3). The 100-kW
tube designed for the Ku-band was coded 7208 and was introduced into
the magnetron production line.

Thus, by the end of the 1950s, Bell Laboratories had solved most of

* A learning curve is a plot of unit cost (usually log cost) versus accumulated production
(usually log production) of a given product, in which unit cost decreases monotonically with
accumulated production. Typically, the slope of the curve is found to be a 20- to 30-percent
reduction in cost for each doubling of cumulative product manufactured. This empirical
relationship was first noted in the aircraft industry during World War II. Later, it was found
to apply to vacuum tube production and was then believed (late 1950s) to apply to transistors.
This has since been verified.
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the reliability problems in germanium transistor production and paved the
way for future introduction of high-quality, inexpensive transistorized
products.

5.3 Improving Silicon Technology

While zone refining as a technique for purification of germanium worked
very well, as indeed it did with many solids, it became a partial failure
with silicon. The problem resided in the boat, or crucible, for holding the
silicon charge. No material for the boat could be found that did not react
with molten silicon. For example, the least reactive container material,
very pure fused quartz, reacted with moltensilicon, releasing contaminants
(mainly oxygen) into the melt. To circumvent this problem, Theuerer in-
vented an ingenious technique called float zoning that eliminated the
crucible.’*** He employed a vertical rod of silicon clamped at both ends.
With an induction heater, he formed a short molten zone into which the
molten silicon was confined by surface tension. The zone was then passed
along the length of the rod by moving the rod with respect to the heater
coil. This method removed impurities in silicon with the important exception
of boron, which was not segregated efficiently. (See also Physical Sciences
(1925-1980), pp. 582-583, which includes illustrations.) A specially devel-
oped chemical process for removing boron corrected this deficiency. These
techniques, plus the Pfann process of zone leveling,** produced single-
crystal silicon remarkably free of unwanted impurities and also uniformly
doped with desired impurities. It was a splendid starting material for
diffusion.

The surface pitting on silicon, which occurred during high-temperature
diffusion experiments, received attention from both the research and de-
velopment areas. Until it was brought under control, transistors with close
emitter-collector spacing could not be made with good yield. The solution,
easily explained in terms of simple chemical thermodynamics, was found
by C. J. Frosch and L. Derick.”® They discovered that by covering the
silicon with a thin film of silicon dioxide, the diffusion could then be carried
out without surface pitting and roughening. The oxide protection was
formed in the diffusion furnace by simply exposing the silicon to oxygen
at a high temperature. The subsequent diffusion was carried out under
conditions such that the oxidizing potential of the carrier gas (generally
by the addition of water vapor) favored formation of SiO, rather than SiO.

Frosch found this solution in the course of his effortto develop an open
tube diffusion process to replace the cumbersome vacuum-tight sealed
systems. Protection of the silicon by an oxide layer was the key to the
process. For a long time, his experimental runs were damaged by oxide
pitting, giving poor diffusion layer profiles. One day, while he was ex-
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perimenting with a hydrogen gas atmosphere, the hydrogen accidentially
ignited inside the diffusion tube, adding water vapor to the system. This
time the surfaces were smooth. With this discovery, pitting was easily
explained as due to the reduction of SiO, to SiO, which is volatile.

Frosch and Derick went on to use properties of the thermal oxide for
the very important technique of oxide masking, which is now used uni-
versally (together with photolithography) for selective, localized diffu-
sions.”>% They discovered that SiO, a few thousand angstroms (A) thick
on the surface would prevent the diffusion of (i.e., mask) certain diffusants
while being transparent to others. For example, an SiO, layer masks dif-
fusion of phosphorus; thus it protects a p-type base layer while permitting
formation of emitters by phosphorus diffusion through windows etched
in the oxide layer. The technique was a natural batch process. (See also
Physical Sciences (1925-1980), pp. 607-608.)

Precise etching of windows was accomplished by photolithography
techniques whose application to silicon structures was pioneered by J.
Andrus and W. L. Bond.?”*® Andrus laid on the surface oxide a layer of
photosensitive polymer that was also etch resistant (i.e., a photoresist).
The polymer was exposed to light from a mercury lamp through a mask
that shaded the small emitter window areas. After exposure and removal
of the mask, the silicon sample was immersed in a photodeveloper solution.
A subsequent wash in water deionized for cleanliness removed the unex-
posed polymer coating, forming the emitter windows in the photoresist
through which the oxide below was removed by an etch. The remaining
photoresist coating was then removed by an organic solvent. Thus a pre-
cision-controlled opening for the subsequent emitter diffusion was made
in the oxide, which becomes the mask for this process.

While the photolithography technique is described above in terms of
an emitter fabrication process, it was actually first used by Andrus as a
technique to delineate the device structure of the silicon stepping device
of Ross, L. A. D’Asaro, and H. H. Loar, as discussed in Chapter 2.%°

Precise control of the thin transistor base layer—a requirement for both
good yield and higher frequency—was best achieved through a special
two-step diffusion, a process developed by B. T. Howard.!°® Howard used
a predeposition of boron, which formed both a borosilicate glass deposit
on the surface and a boron-diffused region a short distance into the silicon.
The glassy boron deposit, a surface source of diffusant, was then removed
chemically. The boron atoms remaining in the silicon were diffused further
by a high-temperature drive-in step. In effect, Howard’s predeposition
deposited a set number of dopant atoms in the silicon and arranged them,
by the later drive-in, into a carefully constructed base layer. Much later,
the initial number of atoms could be preset more precisely by ion im-
plantation (see Chapter 2, section 4.4).
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About this same time, mid-1957,* the mysterious and worrisome source
of lifetime degradation in silicon during high-temperature diffusions was
identified.’” The offending material was gold—in minute amounts. One
part in a billion was enough to cause deterioration. The solution had in
fact been found earlier but not applied to transistors.!?*1%* Gold prefers
nickel to silicon, and a nickel plating of the silicon slices could be carried
out prior to diffusion to getter the stray gold atoms. A short time later,
gold was deliberately introduced to kill lifetime in high-speed (fast-recovery)
diodes in which “long” lifetime contributed undesirable delay; for the
delay to be as short as several nanoseconds, then the lifetime must also
be as short.!>1% Long-lifetime silicon material, free of gold deathnium,
found its real home in p-i-n power diodes, wherein the long lifetime
contributed to lower effective internal resistance, by conductivity mod-
ulating the high-resistivity region.!”-1%

Thus, the bulk properties of both germanium and silicon could be con-
trolled well. In a straightforward but expensive way, materials scientists
could make 10,000- to 20,000-ohm cm (£ cm) silicon (i.e., intrinsic silicon
at room temperature) with millisecond lifetime by the float zoning method.
Primarily, only second-order effects remained as special problems, such
as the origin of a remaining 1-percent resistivity change during heat treat-
ment of silicon. More thought on materials was turning to III-V compounds,
the intermetallic compound semiconductors formed from the third and
fifth column of the periodic table, e.g., indium phosphide and gallium
arsenide (GaAs). Following the pioneering work of H. Welker at Siemens
in Germany,'®*? assessment of compound semiconductors was undertaken
by a group led by J. A. Burton. GaAs, it turned out, was promising because
of its higher energy bandgap (1.4 electron-volts [eV]) compared to silicon
(1.12 eV) and because of the high mobility of its conduction electrons
(8500 cm?/V-sec) compared to silicon (1500 cm?/V-sec). Also, high-re-
sistivity GaAs material was becoming available for device work through
the application of crystal growth and purification techniques already de-
veloped for silicon.

* This is also the time that Leo Esaki of Sony, in Japan, discovered the tunnel diode.!”! He
observed a negative resistance region, at a voltage of approximately 0.1 V, in the forward
current-voltage characteristic of a heavily doped germanium p-n junction. He interpreted
the characteristic in terms of quantum mechanical tunneling of majority electrons from the
valence band through the potential barrier at the junction, analogous to a phenomenon
known as field emission at the surface of a conductor when a very high electric field (about
10’ V/cm) is applied. While negative resistance is a well-known and useful effectin electronics,
the Esaki effect was recognized as unusual when it was realized that the tunneling time is
very short compared to conventional transit times. As a negative resistance oscillator, it can
be operated in the microwave region and well into millimeter-wave frequencies.
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VI. TRANSISTORS/DIODES FOR BELL $YSTEM APPLICATIONS:
FALL 1957

A carefully selected array of different devices had been developed for
Bell System applications by the autumn of 1957. A description of these
devices illustrates the state of the transistor art at the close of the transistor’s
first decade. The characteristics listed in some cases were design objectives,
not all of which had yet been achieved.

6.1 Two-Region Devices—Diodes

6.1.1 Power Rectifiers

Made of silicon by diffusion techniques, the structure was n*-p-p*.*
The heavily doped p* segment reduced forward resistance and made pos-
sible a good ohmic contact to the external leads. There were three sizes
for maximum forward currents of 0.1 ampere (A), 0.5 A, and 10 A. Reverse
saturation current at room temperature was less than 5 microamperes (rA),
except slightly higher for the 10-A code. Peak inverse voltage was at least
200 V (600 had been achieved). Recovery time was about 5 us. All devices
had a forward drop of less than 1 V at rated currents.

6.1.2 Computer Diodes

These were p*-n-n" silicon devices made by diffusion. Their rated char-
acteristics were: current, 50 milliamperes (mA); reverse voltage, 45 V; series
resistance, 30 §; capacitance, less than 4 X 1072 farad (F); reverse saturation
current, less than 10™° A at 10 V; forward drop, less than 0.7 V at 2.5
mA; recovery time, less than 1078 sec. The fast recovery time, essential to
the computer diode application, was achieved by the combination of low
capacitance (small diameter), low series resistance, and short lifetime. At
that time, short lifetime was achieved by quenching the original crystalline
material from high temperature or by electron bombardment; both treat-
ments disrupt the regularity of the underlying crystal lattice.

6.1.3 Intermediate-Speed Power Diode

This structure was a diffusedsilicon n*-p-p* diode to be used in electronic
switching for such things as core drivers. Its characteristics were similar
to power diodes with 1-A rating and 0.3-us recovery time.

* Nomenclature: n* means much more heavily doped material (i.e., more donor atoms, lower
resistivity) than n. Similarly, p* is more heavily doped with acceptors than p.
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6.1.4 Voltage Limiters

These were n*-p-p* diffused silicon devices. They were designed for
ten values of voltage between 6.2 and 150 V, rated at 3-W dissipation
continuously. A larger-area device to be used as a surge protector could
dissipate 1 kW for 0.5 millisecond. For limiters below 6 V, forward-biased
silicon diodes were used. These could be stacked to give voltage limits in
multiples of 0.7 V, which is a characteristic of silicon junctions.

6.2 Three-Region Devices

6.2.1 High-Frequency Germanium Transistors

These transistors (3 codes) were p-n-p germanium with a base region
diffused to a depth of 1 um and an aluminum-alloyed emitter junction.
Leads were attached to both the alloyed and diffused layers by the new
thermocompression bonding technique. These devices had bandwidths of
several hundred megahertz with the ““best” specimens observed to oscillate
at 1300 MHz and higher. Applications were as oscillators, video amplifiers,
and small-signal amplifiers.

6.2.2 High-Frequency Silicon Transistor

This device, a diffused-base, diffused-emitter n-p-n silicon transistor,
was being developed as a switching transistor. Its high-frequency perfor-
mance (frequency cutoff) was at least ten times lower than the germanium
devices being developed. As a switching transistor, its total switching time
(which includes turn-on, storage, and turn-off) was less than 0.1 us with
a collector current of 30 mA. Anticipated applications were gates, flip-
flops, and similar digital functions in switching and computer systems.

6.3 Four-Region Devices

6.3.1 Two-Terminal Bistable Switch (Shockley Diode)

This device was a diffused silicon p-n-p-n structure with base layers
7.5 to 50 um. Typical characteristics were: breakdown voltage, 50 V; turn-
on current, nominally 1 mA but controllable from 50 uA to 100 mA by
high-energy electron bombardment; OFF impedance, 10° Q; capacitance,
less than 20 picofarads (pF); dynamic ON impedance, less than 3 ©; ON
voltage drop, somewhat greater than 0.7 V. This device would switch on
in nanoseconds and off in tenths of microseconds. Applications included
talking path switch, function generator, flip-flops, etc.
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6.3.2 Three-Terminal Bistable Switch (Thyristor)

With the addition of a base contact to the two-terminal bistable switch,
the device can be turned off by introducing a signal current through the
base lead. This current, however, has to be nearly equal to the controlled
current—quite different from the turn-on condition in which only a small
control current is required.

6.4 Applications

Within the larger Bell System framework, diffused-base germanium as
a technology had matured before big system demands occurred, e.g., elec-
tronic switching systems. Therefore, its use was limited, principally in
transmission applications, among these the first transistorized submarine
cable. The first broadband (6 MHz) submarine cable system (designated
SF) was laid in 1968. When the decision was made some years earlier to
design its transistorized repeaters, silicon technology was in a state of flux,
undergoing rapid evolution. Germanium devices were both better known
and better understood, and they more nearly met the time criterion (see
footnote, p. 54) of havingexisted a number of years as a mature technology.
Even so, several changes, primarily in the metalization technology, were
introduced in 1962 along with dimensional changes to improve the stability
and reliability of the devices for the submarine cable application. Also,
the collector was brought under control by means of a deep diffusion of
zinc to make it more p-type (p*). The operational performance of the SF
cable systems has been as impressive as the remarkable performance of
its two narrower-band predecessor systems, both based on vacuum tube
repeaters. In the early 1970s, the SG cable (30 MHz versus 6 MHz) was
designed around a double-diffused silicon transistor developed and man-
ufactured at Western Electric in Reading. This cable was laid in 1976.

VII. PROGRESS IN SILICON TECHNOLOGY AND DEVICE
STRUCTURES

7.1 Epitaxial Transistor

The speed, or cutoff frequency, of a diffused-base transistor could be
increased by narrowing the collector region. The electrically useful part
of the collector was perhaps 10 um, whereas the collector thickness in
practice was 100 to 200 um. This dimension was set by the thickness of
the thinnest silicon wafer that could be handled without excessive breakage.
The additional collector material contributed series resistance (called ‘‘se-
rious” resistance in the lab), which degraded frequency performance. A
possible solution to this problem would be to grow a thin layer of high-
resistivity single-crystal silicon (i.e., material suitable for good collector
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characteristics) on a thick substrate of low-resistivity (i.e., low series re-
sistance) material. Such a thin film, or layer, is called an epitaxial layer if
its orientation and lattice structure are identical to that of the substrate on
which it is grown. (Actually, it is isoepitaxial if the atoms in the film and
substrate are identical, but this term is rarely used.) A group led by Ross
initiated development to provide an epitaxial silicon layer in which a
diffused-base silicon transistor could be made.

The effort of that group could build on previous work by Christensen
and Teal, who had demonstrated the feasibility of depositing germanium
epitaxially on germanium in the mid-1940s.*'"! For silicon, the process
involved, under super-clean conditions, the thermal decomposition of a
gas, SiCl, for example, onto a substrate of single-crystal silicon heated
comfortably below its melting point. The resistivity of the layer could be
established separately, and in any case it was independent of that of the
low-resistivity substrate. The development was successful; the epitaxial
layer could be made of device quality. At the June 1960 Solid State Device
Research Conference, Theuerer, J. J. Kleimack, Loar, and Christensen de-
scribed the new, practical epitaxial transistor, in which transistor structures
had been formed in an epitaxial layer by diffusion.’*[Fig. 1-30] The epitaxial
technique was anticipated to be broadly and generally applicable, as indeed
it has turned out to be.

EMITTEH\\

COLLECTOR
I

DIFFUSED BASE~<
e

LIGHTLY DOPED,

HIGH-RESISTIVITY

EPITAXIAL FILM
b

HEAVILY DOPED,
VERY LOW-
RESISTIVITY ===~

SINGLE-CRYSTAL |
SUBSTRATE

Fig. 1-30. Epitaxial diffused transistor. A thinlayer of high-resistivity silicon,
grown on a low-resistivity substrate identical in lattice structure and ori-
entation—an epitaxial layer—forms the material in which a diffused-base
transistor is made. The low-resistivity substrate significantly reduced series
resistance, avoiding a major problem experienced in nonepitaxial structures.

* They later proposed forming a transistor by growing successive layers of opposite conductivity
type. This approach had not proved practical, however, primarily because of the difficulty
in forming p-n junctions good enough for transistor action.
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7.2 Oxide Stabilization and the Metal-Oxide-Semiconductor Transistor

From early transistor days, it had been recognized that the properties
of a p-n junction, where it reaches the surface, affect both the fabrication
and stable operation of silicon and germanium transistors. Furthermore,
it was well known that the conductance between the emitter and collector
of an n-p-n transistor, with base floating, was increased by the presence
of a channel over the p region. A channel was a surface layer of opposite-
sign conductivity (n-type on p), an inversion layer, which could arise, for
example, from the local electric field associated with ions absorbed on the
surface.

It was these surface layers that obscured the early field-effect experi-
ments. Inversion layers had been studied extensively at Bell Laboratories
by W. L. Brown, Brattain, C. G. B. Garrett, and H. C. Montgomery'!311¢
and others.'"> With the adoption of oxide covering and masking techniques,
the properties of the interface between an SiO, layer and silicon became
very important to understand and control. M. M. Atalla headed a group
whose responsibility was surface properties and related SiO, growth and
characterization. In their studies, Atalla’s group soon discovered oxide
passivation, the stabilization of silicon surfaces by clean, thermally grown
oxides.!'® They also discovered that working with oxide films was a con-
tinuous fight to keep the films and interfaces free of contaminants.

The observation of oxide passivation was an important clue that guided
the direction of future bipolar device development. It suggested that p-n
junctions emergent at a surface could be protected by a covering oxide
and that channels could be avoided. But it also suggested that channels
(inversion layers) could be induced by an electric field. And, at the device
conference where the epitaxial bipolar transistor was first described, D.
Kahng and Atalla reported, in a less heralded paper, the first demonstration
of an Si-SiO, metal-oxide-semiconductor (MOS) transistor, the first modern
surface-field-effect transistor.!!” (Fig. 1-31]

In this device, Kahng and Atalla induced an inversion layer over a
narrow region separating two regions of like conductivity by creating an
intense electric field in a thermal SiO, film grown on the underlying semi-
conductor. Voltage was applied to a metal-film gate deposited on the SiO,
insulating layer, which was perhaps only 0.2 pm thick. Conductance was
measured between the two like-conductivity regions, source and drain in
field-effect parlance.

By contrast, in the very early field-effect experiments of Shockley and
Pearson,” surface states vitiated observation of the field effect, or reduced
its strength many times. The Kahng-Atalla experiment was intended to
probe for the presence of surface traps at the Si-SiO, interface as well as
to test the quality of a particularly good thermal oxide as an insulator.
(Lack of cleanliness would lower its dielectric strength and increase its
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Fig. 1-31. The metal-oxide-semiconductor (MOS) transistor.

loss.) The particular oxide was that of J. R. Ligenza, who had grown good-
quality SiO, films by high-pressure steam oxidation of silicon.'’® These
films had yielded improved device (transistor/diode) stability, and the
Kahng-Atalla experiment was designed to quantify this improvement. As
Kahng reported, the quality of oxide was good enough to allow demon-
stration of the unipolar insulated gate field effect, an existence proof that
Si-SiO; interfaces can contain manageably small amounts of surface traps.'*’
As it has turned out, this may be a unique property of the Si-SiO, system,
in which the concentration of surface traps is on the order of 10 per
cm?, i.e., about one per 10,000 surface silicon atoms. This is perhaps 100
times lower than other known systems. The performance of the novel
device, som