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Arguably the most important invention of the past
century, the transistor is often cited as the exemplar of
how scientific research can lead to useful commercial
products. Emerging in 1947 from a Bell Telephone
Laboratories program of basic research on the physics
of solids, it began to replace vacuum tubes in the 1950s
and eventually spawned the integrated circuit and
microprocessor—the heart of a semiconductor industry
now generating annual sales of more than $150 billion.
These solid-state electronic devices are what have put
computers in our laps and on desktops and permitted
them to communicate with each other over telephone
networks around the globe. The transistor has aptly
been called the “nerve cell” of the Information Age.

Actually the history of this invention is far more in-
volved and interesting than given by this “linear” ac-
count, which overlooks the intricate interplay of scien-
tific, technological, social, and personal interests and
developments. These and many other factors contrib-
uted to the invention of not one but two distinctly dif-
ferent transistors—the point-contact transistor by John
Bardeen and Walter Brattain in December 1947, and the
junction transistor by William Shockley a month later.!
The point-contact transistor saw only limited production
and never achieved commercial success. Instead, it was
the junction transistor that made the modern semicon-
ductor industry possible, contributing crucially to the
rise of companies such as Texas Instruments, SONY,
and Fairchild Semiconductor.

Given the tremendous impact of the transistor, it is
surprising how little scholarship has been devoted to its
history.2 We have tried to fill this gap in recent publica-
tions (Herring, 1992; Riordan and Hoddeson, 1997a,
1997b). Here we present a review of its invention, em-
phasizing the crucial role played by the postwar under-

This paper is based in large part on Riordan and Hoddeson
(1997a). The best scholarly historical account of the point-
contact transistor is that of Hoddeson (1981); on the invention
of the junction transistor, see Shockley (1976).

2In addition to the above references, see Bardeen (1957),
Brattain (1968), Shockley (1973,1976), Weiner (1973), Holo-
nyak (1992), Riordan and Hoddeson (1997b), Ross (1998), and
Seitz and Einspruch (1998b). Scholarly books that cover the
topic well include those of Braun and MacDonald (1978) and
Seitz and Einspruch (1998a).
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standing of solid-state physics. We conclude with an
analysis of the impact of this breakthrough upon the
discipline itself.

I. PRELIMINARY INVESTIGATIONS

The quantum theory of solids was fairly well estab-
lished by the mid-1930s, when semiconductors began to
be of interest to industrial scientists seeking solid-state
alternatives to vacuum-tube amplifiers and electrome-
chanical relays. Based on the work of Felix Bloch, Ru-
dolf Peierls, and Alan Wilson, there was an established
understanding of the band structure of electron energies
in ideal crystals (Hoddeson, Baym, and Eckert, 1987,
Hoddeson et al., 1992). This theory was then applied to
calculations of the energy bands in real substances by
groups of graduate students working with Eugene
Wigner at Princeton and John Slater at MIT. Bardeen
and Frederick Seitz, for example, wrote dissertations un-
der Wigner, calculating the work function and band
structure of sodium; studying with Slater, Shockley de-
termined the band structure of sodium chloride
(Bardeen, 1936; Shockley, 1936; Herring, 1992). By the
mid-1930s the behavior of semiconductors was widely
recognized to be due to impurities in crystals, although
this was more a qualitative than quantitative under-
standing. The twin distinctions of “‘excess” and “defect”
semiconductors could be found in the literature; their
different behavior was thought to be the result of elec-
trons added to the conduction band or removed from
the valence band by impurity atoms lodged in the crystal
lattice (Wilson, 1931; Mott and Jones, 1936).

There were a few solid-state electronic devices in use
by the mid-1930s, most notably the copper-oxide recti-
fier, on which Brattain worked extensively at Bell Labs
during that period (Brattain, 1951). Made by growing an
oxide layer on copper, these rectifiers were used in AC-
to-DC converters, in photometers and as “‘varistors” in
telephone circuitry made for the Bell System. But the
true nature of this rectification, thought to occur at the
interface between the copper and copper-oxide layers,
was poorly understood until the work of Nevill Mott
(1939) and Walther Schottky (1939) showed the phe-
nomenon to be due to the establishment of an asymmet-
ric potential barrier at this interface. In late 1939 and
early 1940, Shockley and Brattain tried to fabricate a
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solid-state amplifier by using a third electrode to modu-
late this barrier layer, but their primitive attempts failed
completely.

One of the principal problems with this research dur-
ing the 1930s was that the substances generally consid-
ered to be semiconductors were messy compounds such
as copper oxide, lead sulfide, and cadmium sulfide. In
addition to any impurities present, there could be slight
differences from the exact stoichiometric ratios of the
elements involved; these were extremely difficult, if not
impossible, to determine and control at the required lev-
els. Semiconductor research therefore remained more
art than science until World War 1II intervened.

During the War, silicon and germanium rose to
prominence as the preferred semiconductors largely
through the need for crystal rectifiers that could operate
at the gigahertz frequencies required for radar receivers.
Driven by this requirement, the technology of these two
semiconductor materials advanced along a broad front
(Torrey and Whitmer, 1948). Where before the War it
was difficult to obtain silicon with impurity levels less
than one percent, afterwards the DuPont Company was
turning out 99.999 percent pure silicon (Seitz, 1994,
1995; Seitz and Einspruch, 1998a). The technology of
doping silicon and germanium with elements from the
third and fifth columns of the periodic table (such as
boron and phosphorus) to produce p-type and n-type
semiconductor materials had become well understood.
In addition, the p-n junction had been discovered in
1940 at Bell Labs by Russell Ohl-—although its behavior
was not well understood, nor was it employed in devices
by War’s end (Scaff and Ohl, 1947; Scaff, 1970; Riordan
and Hoddeson, 1997a, 1997c).

There was also extensive research on semiconductors
in the Soviet Union during the same period, but this
work does not seem to have had much impact in the rest
of Europe and the United States (Herring, Riordan, and
Hoddeson, n.d.). Of course, contributions of well-known
theorists, such as Igor Tamm on surface-bound electron
levels and Yakov Frenkel on his theory of excitons, at-
tracted wide interest (Tamm, 1932; Frenkel, 1933, 1936);
published in German and English, they were quickly in-
corporated into the corpus of accepted knowledge.

But the work of Boris Davydov on rectifying charac-
teristics of semiconductors seems to have eluded notice
until after the War, even though it was available in
English-language publications (Davydov, 1938). Work-
ing at the Ioffe Physico-Technical Institute in Leningrad,
he came up with a model of rectification in copper oxide
in 1938 that foreshadowed Shockley’s work on p-n junc-
tions more than a decade later. His idea involved the
existence of a p-n junction in the oxide, with adjacent
layers of excess and deficit semiconductor forming spon-
taneously due to an excess or deficit of copper relative
to oxygen in the crystal lattice. Nonequilibrium concen-
trations of electrons and holes—positively charged
quantum-mechanical vacancies in the valence band—
could survive briefly in each other’s presence before re-
combining. Using this model, Davydov successfully de-
rived the current-voltage characteristics of copper-oxide
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rectifiers; his formula was essentially the same as the one
that Shockley would derive a decade later for p-n junc-
tions (Shockley, 1949). But his cumbersome mathemat-
ics and assumptions may have obscured the importance
of his physical ideas to later workers. Bardeen, for ex-
ample, was aware of Davydov’s publications by 1947 but
does not seem to have recognized their significance until
a few years later.

li. THE INVENTION OF THE POINT-CONTACT
TRANSISTOR

Both the point-contact transistor and the junction
transistor emerged from a program of basic research on
solid-state physics that Mervin Kelly, then Bell Labs Ex-
ecutive Vice President, initiated in 1945. He recognized
that the great wartime advances in semiconductor tech-
nology set the stage for electronic advances that could
dramatically improve telephone service. In particular, he
was seeking solid-state devices to replace the vacuum
tubes and electromechanical relays that served as ampli-
fiers and switches in the Bell Telephone System (Hod-
deson, 1981; Riordan and Hoddeson, 1997a). He had
learned valuable lessons from the wartime efforts at Los
Alamos and the MIT Radiation Laboratory, where mul-
tidisciplinary teams of scientists and engineers had de-
veloped atomic bombs and radar systems in what
seemed a technological blink of an eye (Hoddeson et al.,
1993).

Kelly perceived that the new quantum-mechanical un-
derstanding of solids could be brought to bear on semi-
conductor technology to solve certain problems con-
fronting his company. “Employing the new theoretical
methods of solid state quantum physics and the corre-
sponding advances in experimental techniques, a unified
approach to all of our solid state problems offers great
promise,” he wrote that January. “Hence, all of the re-
search activity in the area of solids is now being consoli-
dated... .” (Riordan and Hoddeson, 1997a, pp. 116~
117.) At the helm of this Solid State Physics Group he
put Shockley and chemist Stanley Morgan. Soon Brat-
tain and Bardeen joined a semiconductor subgroup
within it headed by Shockley.

While planning the new solid-state group in April
1945, Shockley proposed a device now called the “field-
effect” transistor (Shockley, 1976; Hoddeson, 1981).
Here an externally applied transverse electric field is ar-
ranged so that it can increase or decrease the number of
charge carriers in a thin film of silicon or germanium,
thus altering its conductivity and regulating the current
flowing through it. By applying suitable voltages to two
circuit loops passing through this semiconductor mate-
rial, Shockley predicted that an input signal applied to
one loop could yield an amplified signal in the other. But
several attempts to fabricate such a field-effect device in
silicon failed. So did Shockley’s theoretical attempt to
explain why, on the basis of Mott and Schottky’s rectifi-
cation theory, his conceptual field-effect device did not
work as predicted (Hoddeson, 1981, pp. 62-63).
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In October 1945 Shockley asked Bardeen, who had
just joined the group, to check the calculations that he
had made in an attempt to account for the failure of his
field-effect idea. By March 1946 Bardeen had an answer.
He explained the lack of significant modulation of the
conductivity using a creative heuristic model, based on
the idea of “surface states” (Bardeen, 1947). In this
model, electrons drawn to the semiconductor surface by
the applied field become trapped in these localized
states and are thus unable to act as charge carriers.® As
Shockley (1976, p. 605) later recalled, the surface states
“blocked the external field at the surface and
... shielded the interior of the semiconductor from the
influence of the positively charged control plate.”

But were these postulated states real? If so, how did
they generally behave? These questions became in-
tensely interesting to the Bell Labs semiconductor
group, which in the following months responded to
Bardeen’s surface-state idea with an intensive research
program to explore this phenomenon. Bardeen worked
closely on the problem with the group’s experimental
physicists, Brattain and Gerald Pearson.*

On 17 November 1947, Brattain made an important
discovery. Drawing on a suggestion by Robert Gibney, a
physical chemist in the group, he found that he could
neutralize the field-blocking effect of the surface states
by immersing a silicon semiconductor in an electrolyte
(Brattain, 1947b, pp. 142-151; 1968). “This new finding
was electrifying,” observed Shockley (1976, p. 608); <At
long last, Brattain and Gibney had overcome the block-
ing effect of the surface states.” Their discovery set in
motion events that would culminate one month later in
the first transistor.

Four days after this discovery, Bardeen and Brattain
tried to use the results to build a field-effect amplifier.
Their approach was based on Bardeen’s suggestion to
use a point-contact electrode pressed against a specially
prepared silicon surface. Rather than the thin films em-
ployed in the 1945 experiments by Shockley and his col-
laborators, Bardeen proposed the use of an n-type ““in-
version layer” a few microns thick that had been
chemically produced on the originally uniform surface of
p-type silicon. Because charge carriers—in this case,
electrons—would have higher mobility in such an inver-
sion layer than they had in vapor-deposited films,
Bardeen believed that this approach would work better
in a field-effect amplifier (Bardeen, 1957). In particular,
this layer would act as a shallow channel in which the
population of charge carriers could be easily modulated

3Previous work on surface states had been done by Tamm
(1932) and Shockley (1939). Bardeen, however, was the one
who applied these ideas to understanding the surface behavior
of semiconductors (Bardeen, 1946, pp. 38-57; 1947).

“The research program is described in the laboratory note-
books of Bardeen (1946), Brattain (1947b, 1947c), Pearson
(1947), and Shockley (1945); it is summarized by Hoddeson
(1981). The sequence of steps to the point-contact transistor
detailed here largely follows the account in Hoddeson (1981)
and Riordan and Hoddeson (1997a).
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by an applied external field. The device tested on 21
November used a drop of electrolyte on the surface as
one contact and the metal point as the other; Bardeen
and Brattain obtained a small but significant power am-
plification, but the device’s frequency response was poor
(Bardeen, 1946, pp. 61-70).

The next crucial step occurred on 8 December. At
Bardeen’s suggestion, Brattain replaced the silicon with
an available slab of n-type, “high-back-voltage” germa-
nium, a material developed during the wartime radar
program by a research group at Purdue directed by Karl
Lark-Horovitz (Henriksen, 1987). They obtained a
power gain of 330—but with a negative potential applied
to the droplet instead of positive, as they had expected.
Although the slab had not been specially prepared,
Bardeen proposed that an inversion layer was being in-
duced electrically, by the strong fields under the droplet.
“Bardeen suggests that the surface field is so strong that
one is actually getting P type conduction near the sur-
face,” wrote Brattain (1947b, pp. 175-176) that day,
‘““and the negative potential on the grid is increasing the
P type or hole conduction.” > This was a crucial percep-
tion on Bardeen’s part, that holes were acting as charge
carriers within a slab of n-type germanium.

Later that week Brattain evaporated a gold plate onto
a specially prepared germanium slab that already had an
inversion layer. In an attempt to improve the frequency
response by eliminating the sluggish droplet, he em-
ployed instead a thin germanium-oxide layer grown on
the semiconductor surface. He thought the gold would
be insulated from the germanium by this layer, but un-
known to him the layer had somehow been washed
away, and the plate was now directly in contact with
germanium. This serendipitous turn of events proved to
be a critical step toward the point-contact transistor
(Hoddeson, 1981).

The following Monday, 15 December, Bardeen and
Brattain were surprised to discover that they could still
modulate the output voltage and current at a point con-
tact positioned close to the gold plate, but only when the
plate was biased positively—the opposite of what they
had expected!® “An increase in positive bias increased
rather than decreased the reverse current to the point
contact,” wrote Bardeen (1957) ten years later. This
finding suggested “‘that holes were flowing into the ger-
manium surface from the gold spot and that the holes
introduced in this way flowed into the point contact to
enhance the reverse current. This was the first indication
of the transistor effect.”

SThis was the first recorded instance we can find in which
Bardeen and Brattain recognized the possibility that holes
were acting as charge carriers. Note that Bardeen still pro-
posed that the flow occurred within a shallow inversion layer at
the semiconductor surface.

®Hoddeson (1981, p. 72) states that this event occurred on
Thursday, 11 December. A closer examination of Brattain
(1947b, pp. 183-92) indicates that there was a period of con-
fusion followed by the actual breakthrough on 15 December.
See Riordan and Hoddeson (1997a), Chapter 7, for a more
complete discussion of this sequence of events.
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FIG. 1. Photograph of the point-contact transistor invented by
Bardeen and Brattain in December 1947. A strip of gold foil
slit along one edge is pressed down into the surface of a ger-
manium slab by a polystyrene wedge, forming two closely
spaced contacts to this surface. (Reprinted by permission of
AT&T Archives.)

Although Brattain and Bardeen failed to observe
power amplification with this configuration, Bardeen
suggested that it would occur if two narrow contacts
could be spaced only a few thousandths of an inch apart.
Brattain (1947b, pp. 192-93) achieved the exacting
specifications by wrapping a piece of gold foil around
one edge of a triangular polystyrene wedge and slitting
the foil carefully along that edge. He then pressed the
wedge—and the two closely spaced gold contacts—
down into the surface of the germanium using a make-
shift spring (see Figs. 1 and 2). In their first tests, made
on 16 December, the device worked as expected. It
achieved both voltage and power gains at frequencies up
to 1000 Hz. The transistor had finally been born. A week
after that, on 23 December 1947, the device was offi-
cially demonstrated to Bell Labs executives in a circuit
that allowed them to hear amplified speech in a pair of
headphones (Brattain, 1947c, pp. 6—8; Hoddeson, 1981).

. THE FLOW OF CHARGE CARRIERS

An important issue that has engendered much recent
debate is how Bardeen and Brattain conceptualized the
flow of charge carriers while they were developing the
first transistor. Memory is imperfect, and later accounts
are often subject to what is called ‘“‘retrospective
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input
signal

output
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FIG. 2. Schematic diagram of the first transistor (Fig. 1). The
signal current I; flows through the input circuit, generating
holes in a p-type inversion layer that modulate the flow of
current I, in an output circuit. (Reprinted from M. Riordan
and L. Hoddeson, Crystal Fire.)

realism,”” a process whereby conjectures become im-

bued with an aura of certainty, or embellished with de-
tails that became known only at a later time. Fortu-
nately, we have available several telling entries that
Bardeen, Brattain and Shockley made in their labora-
tory notebooks durinsg those pivotal weeks before and
after Christmas 1947.

On 19 December, three days after the first successful
test of their device, Brattain (1947c, p. 3) wrote: “It
would appear then that the modulation obtained when
the grid point is bias+is due to the grid furnishing holes
to the plate point.”” By grid point and plate point, he was
referring to what we now call the emitter and collector:
he was obviously using a familiar vacuum-tube analogy.
Although we cannot determine from this passage exactly
how he conceived the details of their flow, we can be
sure he understood that holes were responsible for
modulation.

Bardeen gave a more detailed explanation in a note-
book entry on 24 December, the day after the team
made its official demonstration. After describing their
setup, which used a slab of n-type germanium specially
prepared to produce a shallow inversion layer of p-type
conductivity near its surface (see Fig. 3), he portrayed
the phenomenon as follows (Bardeen, 1946, p. 72):

When A is positive, holes are emitted into
the semi-conductor. These spread out into
the thin P-type layer. Those which come in

"This phrase and concept is due to Pickering (1984).

8Some of the entries in Brattain’s notebooks during those
critical weeks in December 1947 are written in Bardeen’s
handwriting. The two obviously were working side by side in
the laboratory.
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FIG. 3. Entry in Bardeen’s lab notebook dated 24 December
1947, giving his conception of how the point-contact transistor
functions. (Reprinted by permission of AT&T Archives.)

the vicinity of B are attracted and enter the
electrode. Thus A acts as a cathode and B as
a plate in the analogous vacuum tube circuit.

Again it is clear that Bardeen also attributed the tran-
sistor action to the holes, but he went a step farther and
stated that the flow of these holes occurs within the in-
version layer.

This emerging theory of the transistor based on the
flow of holes at or near the surface of the germanium
developed further during the following months, the pe-
riod in which Bell Labs kept the discovery of the tran-
sistor ‘“laboratory secret,” while patent applications
were being drawn up. A drawing found in Bardeen and
Brattain’s patent application of 17 June 1948 (revised
from a version submitted on 25 February) suggests that
although the flow of charge carriers was thought to oc-
cur largely within the p-type inversion layer, they were
by this time allowing that some holes might diffuse
through the body of the n-type germanium. They state
(Bardeen and Brattain, 1948a):

...potential probe measurements on the
surface of the block, made with the collector
disconnected, indicate that the major part of
the emitter current travels on or close to the
surface of the block, substantially laterally in
all directions away from the emitter... .

In a famous letter submitted to the Physical Review
on 25 June 1948, they wrote (Bardeen and Brattain,
1948b) that as a result of the existence of the shallow
p-type inversion layer next to the germanium surface,
“the current in the forward direction with respect to the
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block is composed in large part of holes, i.e., of carriers
of sign opposite to those normally in excess in the body
of the block.” In a subtle shift from their earlier concep-
tion, they envisioned that holes flow predominantly in
the p-type inversion layer, but with a portion that can
also flow through the n-type layer beneath it.

It is not clear from these entries just how and why this
shift occurred. But both the revised patent application
and the Physical Review letter are dated well after
Shockley’s conception of the junction transistor in late
January and a crucial mid-February experiment (dis-
cussed below) by John Shive.

IV. THE CONCEPTION OF THE JUNCTION TRANSISTOR

During the weeks that followed the invention of the
point-contact transistor, Shockley was torn by conflicting
emotions. Although he recognized that Bardeen and
Brattain’s invention had been a ‘“magnificent Christmas
present” to Bell Labs, he was chagrined that he had not
had a direct role to play in this obviously crucial break-
through. “My elation with the group’s success was tem-
pered by not being one of the inventors,” he recalled a
quarter century later (Shockley, 1976). “I experienced
frustration that my personal efforts, started more than
eight years before, had not resulted in a significant in-
ventive contribution of my own.”

Since the failure of his field-effect idea more than two
years earlier, Shockley had paid only passing attention
to semiconductor research. During the months before
the invention, he had mainly been working on the
theory of dislocations in solids. He had, however,
thought about the physics of p-z junctions and their use
in such practical devices as lightning arrestors and high-
speed thermistors (Shockley, 1945, pp. 71, 76-78, 80,
88-89).

Brattain and Gibney’s discovery in November 1947
stimulated Shockley’s thinking. A few days after that he
suggested fabricating an amplifier using a drop of elec-
trolyte deposited across a p-z junction in silicon or ger-
manium; this approach worked when Brattain (1947b,
pp. 169-70) and Pearson (1947, p. 75) tried it. On 8
December 1947, more than a week before the point-
contact transistor was invented. Shockley (1945, p. 91)
outlined an idea in his laboratory notebook for an n-p-n
sandwich that had current flowing laterally in the inte-
rior p-layer and with the n-layers around it acting as
control electrodes.

The 16 December invention of the point-contact tran-
sistor and Bardeen’s interpretation of its action in terms
of the flow of holes galvanized Shockley into action.
Bardeen’s above-quoted analogy with the operation of a
vacuum tube—in which the current carriers were holes
instead of electrons—was in fact due to Shockley,9 who
applied it in his first attempt at a junction transistor,
written in a room in Chicago’s Hotel Bismarck on New

°Bardeen (1946) credits Shockley with this suggestion in his
notebook on p. 72.
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FIG. 4. Entry in Shockley’s lab notebook dated 23 January
1948 recording his conception of the junction transistor. He
wrote this page at home on a piece of paper, which he later
pasted into his notebook. (Reprinted by permission of AT&T
Archives.)

Year’s Eve of 1947. In this first stab at a junction tran-
sistor, one can see a clear analogy with a vacuum tube;
its “‘control” electrode acts as a grid to control the flow
of holes from a “‘source” to a “plate” (Shockley, 1945,
pp. 110-13). On this disclosure of a p-n-p device, how-
ever, Shockley (1976) admitted that he had “failed to
recognize the possibility of minority carrier injection
into a base layer ... . What is conspicuousiy lacking [in
these pages] is any suggestion of the possibility that
holes might be injected into the n-type material of the
strip itself, thereby becoming minority carriers in the
presence of electrons.”

A little more than three weeks later, this time working
at his home on the morning of 23 January, 1948, Shock-
ley conceived another design in which n-type and p-type
layers were reversed and electrons rather than holes
were the current carriers (see Fig. 4). Applying a posi-
tive voltage to the interior p-layer should lower its po-
tential for electrons; this he realized would ““increase the
flow of electrons over the barrier exponentially”” (Shock-
ley, 1945, p. 129). As Shockley (1976) observed nearly
thirty years later, this n-p-n sandwich device finally con-
tained the crucial concept of “exponentially increasing
minority carrier injection across the emitter junction.”
Minority carriers, in this case the electrons, had to flow
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in the presence of the dominant majority carriers—the
holes of the p-type layer.

V. A CRUCIAL EXPERIMENT

Almost another month passed before Shockley re-
vealed his breakthrough idea to anyone in his group
other than physicist J. Richard Haynes, who witnessed
the entry in his logbook. Why did Shockley keep the
information to himself? Did he recognize that he had
made a major conceptual advance but decide to keep it
quiet to give himself more time to follow up its theoret-
ical and practical ramifications? Was he afraid that
Bardeen and Brattain were so close to making a similar
discovery themselves that knowledge of his idea would
push them to publish before him?!° Or was he simply so
unsure of the idea that he avoided discussing it with
them until he could think about it further? We do not
know.

In order to function, Shockley’s n-p-n device re-
quired additional physics beyond that involved in the
point-contact transistor. It was crucial to understand
that minority carriers are able to diffuse through the
base layer in the presence of majority carriers. Bardeen
may have in fact had such an understanding, but it is not
obvious from his logbook entries at the time. And at the
time, he and Brattain were preoccupied with preparing
patent documents dealing with their point-contact de-
vice. They still apparently believed that nearly all the
hole flow occurred in a micron-deep p-type layer at the
semiconductor surface.

Evidence for the required diffusion of the minority
carriers into the bulk material was not long in coming. In
a closed meeting at Bell Labs on 18 February 1948,
physicist John Shive revealed that he had just tested a
successful point-contact transistor using a very thin
wedge of n-type germanium, but with the emitter and
the collector placed on the opposite faces of the wedge
(Shive, 1948, pp. 30-35). At the position where the two
contacts touched it, the wedge was only 0.01 cm thick,
while the distance between these points along the ger-
manium surface was much larger. Shockley immediately
recognized what this revelation meant. In this geometry,
the holes had to flow by diffusion in the presence of the
majority carriers, the electrons in the n-type germanium,
through the bulk of the semiconductor; they were not
confined to an inversion layer on the surface, as Bardeen
and Brattain had been suggesting occurred in their con-

ONick Holonyak gave a reasonable argument that once the
point-contact transistor and the notion of minority carrier flow
were on hand, the p-n junction transistor was “bound to fol-
low.” He recalled a dinner in the mid-1980s in Urbana at
which Bardeen stated that he and Brattain had planned to
move on to that device as soon as they completed their time-
consuming work of preparing patents for the original transis-
tor, only to find that Shockley had already tied up this area of
work with the Bell Labs patent attorney (who, in John’s words,
“was in Shockley’s pocket”). Holonyak interview by L. Hod-
deson, 10 January 1992.
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traption. “As soon as I had heard Shive’s report,”
Shockley (1976) recalled, “I presented the ideas of my
junction transistor disclosure and used them to interpret
Shive’s observation.”

This experiment may have injected a heady dose of
urgency into the Bell Labs solid-state physics group. On
26 February, the company applied for four patents on
semiconductor amplifiers, including Bardeen and Brat-
tain’s original application on the point-contact transis-
tor. Their two landmark papers, “The Transistor, a
Semi-Conductor Triode” (Bardeen and Brattain, 1948b)
and “Nature of the Forward Current in Germanium
Point Contacts” (Brattain and Bardeen, 1948), were sent
to the Physical Review four months later, on 25 June.
One day later, Bell applied for Shockley’s patent on the
junction transistor, and on 30 June it announced the in-
vention of the transistor in a press conference.

In July 1948 Shockley proved that hole ““injection” (as
he dubbed the flow of minority carriers in transistor ac-
tion) was indeed occurring in n-type germanium. Work-
ing with Haynes, he showed that the charge carriers
traveling from the emitter to the collector were in fact
“positive particles with a mobility of about 1.2
X 10° cm?volt-sec” (Haynes and Shockley, 1949). Their
paper was published in early 1949 together with Shive’s
article (Shive, 1949) on the two-sided transistor. Much
of this research was discussed in detail in Electrons and
Holes in Semiconductors, with Applications to Transistor
Electronics (Shockley, 1950), which became the bible of
the new discipline.

Shockley had another blind spot to overcome in his
thinking about minority carriers before it finally became
possible to fabricate working junction transistors. One
of the problems behind the failure of his field-effect
transistor had been how slowly charge carriers diffused
through the polycrystalline silicon and germanium films
used in the early experiments. Gordon Teal, a Bell Labs
physical chemist, recognized the merits of using single
crystals of germanium and silicon (Teal, 1976; Goldstein,
1993). He realized that in polycrystalline films minority
carriers cannot survive long enough to make it from
emitter to collector in sufficient numbers, but that they
would have lifetimes 20 to 100 times longer in single
crystals. Teal tried to convince Shockley of this critical
advantage, but Shockley ignored his suggestion.

Fortunately Jack Morton, an engineer who headed
the Bell Labs efforts to develop the point-contact tran-
sistor into a commercially viable product, took Teal se-
riously and in late 1949 gave him a small amount of
support to pursue this avenue. Working with physical
chemist Morgan Sparks, Teal modified the crystal-
growing machine that he and a colieague had developed
for pulling single crystals out of molten germanium
(Goldstein, 1993). This alteration allowed them to dope
the germanium in a controlled manner and thereby fab-
ricate the first practical n-p-n junction transistor in
April 1950. On the date of its demonstration, 20 April
1950, Shockley (1945, p. 128) penned a note in the mar-
gin of his 23 January 1948 entry (see Fig. 4): “An n-p-n
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unit was demonstrated today to Bown, Fisk, Wilson,
Morton.” 1!

VI. CONCLUSIONS

On 10 December 1956 Shockley, Bardeen, and Brat-
tain (in that order) were awarded the Nobel prize in
physics for their “investigations on semi-conductors and
the discovery of the transistor effect.”” 12 Taken together,
their physical insights into the flow of electrons and
holes in the intimate presence of one another were what
made the invention of the transistor possible. Following
Brattain’s initial experiment indicating that the surface
states could be overcome, Bardeen recognized in early
December 1947 that holes could flow as minority carriers
in a surface layer on a slab of n-type germanium; they
employed this understanding to invent the point-contact
transistor. But the possibility of minority-carrier injec-
tion into the bulk of the semiconductor, which made the
junction transistor feasible, apparently occurred first to
Shockley. In 1980 Bardeen reflected on the two interpre-
tations of transistor action:

The difference between ourselves [Bardeen
and Brattain] and Shockley came in the pic-
ture of how the holes flow from the emitter to
the collector. They could flow predominantly
through the inversion layer at the surface,
which does contain holes. And the collector
would be draining out the holes from the in-
version layer. They could also flow through
the bulk of the semiconductor, with their
charge compensated by the increased num-
ber of electrons in the bulk ... .

It was this detailed understanding of semiconductor
physics, which emerged in the course of a basic research
program at Bell Labs, that overcame the barriers that
had foiled all previous attempts to invent a solid-state
amplifier.

It is important to recognize, however, that this physi-
cal insight was applied to a new technological base that
had emerged from World War II. The very meaning of
the word “semiconductor” changed markedly during
that global confrontation. Where before the War, scien-
tists commonly used the word to refer to compounds

This work was published (Shockley, Sparks, and Teal, 1951)
in Physical Review over a year later, after a microwatt junction
transistor operating at 10 kHz had been announced to the
press. For the full story of the invention and development of
the junction transistor, see Riordan and Hoddeson (1997a),
Chapter 8.

2Quoted from Felix Belair, Ir., “Nobel Physics Prize Goes to
3 Americans; 2 Chemists Honored,” The New York Times, 2
November 1956, p. 1.

BInterview of Bardeen by L. Hoddeson, 13 February 1980
(AIP Niels Bohr Library archives, College Park, MD), p. 2.
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FIG. 5. Variation with time in the annual numbers of papers
on semiconductor physics listed in Physics Abstracts and (for
1954-56) in the Russian publication Refarativny Zhurnal.
Symbols represent the number of papers from the United
States, the Soviet Union, and the entire world, as indicated.
The correspondence to actual publication rates is only rough,
as the abstract journals fluctuate in the breadth of their cover-
age and in the time lag from publication of the papers to ap-
pearance of the abstracts.

such as copper oxide, lead sulfide (or galena), and cad-
mium sulfide, afterwards it meant silicon and germa-
nium doped with small amounts of highly controllable
impurities. These crucial technological advances were
mainly due to the work of physical chemists and electro-
chemists working in relative obscurity (Scaff and Ohl,
1947; Scaff, 1970; Seitz, 1995; Seitz and Einspruch,
1998a). Thus the “linear model” of technological
development—wherein scientific research precedes
technological development, from which useful products
emerge—does not encompass very well what happened
in the case of the transistor.

This new technology and the invention of the transis-
tor have influenced the progress of science in many ways
through the revolutionary impact of computers and elec-
tronic information processing. A more immediate im-
pact was the stimulus on the field of solid-state physics
that came in the few years after the breakthrough; a
- ‘rough measure of this stimulus is given by the publica-
tion statistics plotted in Fig. 5 (Herring, 1957). The pub-
lication rate for research papers in all fields of physics
showed a sizable decline during the combat years fol-
lowed by a postwar recovery to a level above the pre-
war rate—as one might expect due to lessened monetary
and manpower resources during the War, followed by
eventual return to a slowly expanding peacetime rate. In
contrast, the publication rate in semiconductor physics
suffered a gradual decline even in the pre-war years and
almost disappeared during the War, but it recovered to a
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nearly level value in the period 1950-53 and then rose
again spectacularly. We can reasonably attribute this
great burst of activity to an increase in the number of
people working in the field, and in the industrial and
governmental support for such research.!

The research that led to the transistor had a psycho-
logical and intellectual impact that not only accelerated
the growth of semiconductor research but also stimu-
lated work in other areas of solid-state physics. Like
semiconductors, most of these areas had seemed ““dirty”
to many physicists because relevant measurements were
sensitive to factors such as the purity of materials, clean-
liness of surfaces, and perfection of crystals, which made
the phenomena too complicated to be understood in
terms of simple theories. The research involved in the
invention and development of the transistor showed that
materials and experimental conditions could indeed be
controlled, after all, and that many phenomena, such as
the behavior of p-n junctions could be interpreted quan-
titatively using soundly based theories. Awareness of
these advances was probably a major factor in the en-
thusiasm and resulting wave of publication that swept
through the solid-state community in the early 1950s.”

The transistor discovery has clearly had enormous im-
pact, both intellectually and in a commercial sense, upon
our lives and work. A major vein in the corpus of
condensed-matter physics quite literally owes its exis-
tence to this breakthrough. It also led to the micromin-
iaturization of electronics, which has permitted us to
have powerful computers on our desktops that commu-
nicate easily with each other via the Internet. The result-
ing globalization of science, technology, and culture is
now transforming the ways we think and interact.
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1Note that a similar rise appears in the world totals of papers
on semiconductor physics, as listed by the Soviet abstract pub-
lication Referativny Zhurnal. But when one compares the
curves for papers published in the United States with those in
the Soviet Union, the rise in the latter seems to begin about a
year later, a modest delay in view of the poor communication
between scientists of the two countries during the Stalin years.

5There were, of course, other favorable influences, such as
the new availability of microwave tools. And the Cold War
confrontation of the United States and Soviet Union probably
also played a part. Another indication of the change in per-
spective can be seen in some of the statistics on ten-minute
papers presented at meetings of the American Physical Society
on non-semiconductor solid-state work done at governmental
or industrial laboratories (other than Bell Labs): in 1949-50,
about a sixth of such papers were theoretical; in 1956, about a
third.
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