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Research Leading to

Point-Contact Transistor

In this article T attempt to describe
the jdeas and experiments which led to
the discovery of the transistor effect as
embadied in the point-contact transistor.
Same of the important research done
subsequent to the discovery has been
described by William Shockley (1) and
Walter H. Brattain (2]. As we shall see,
the discavery was but a step along the
road of semiconductor research to which
a great many people in different coun-
tries have contributed. It was dependent
hoth on the sound theoretical foundation
largely built up during the 1930°s and
on improvement and purification of ma-
terials, particularly of germanium and
silicon, in the 1940°s. About half of this
article: is devoted to an outline of con-
cepts concerning electrical conduction
in semiconductors and rectification at
metal-semiconductor contacts as they
were known at the start of our research
program,

The discovery of the transistor effect
occurred in the course of a fundamental
research program on semiconductors
initiated at Bell Telephone Laboratories
in early 1946. Semiconductors was one
of several areas selected under a broad
program of solid-state research, of which
8. 0. Morgan and W. Shockley were
coheads. In the initial semiconductor
group, under the general direction of
Shockley, were W. H. Brattain, who was
concerned mainly with surface proper-
ties and rectification, G. L. Pearson, who
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was cancerned with bulk properties, and
I, who was interested in the theoretical
aspects of bhoth, Later, a physical chem-
ist, R, B. Gibney, and a circuit expert,
H. R. Moore, joined the group and
made important contributions, particu-
larly to chemical and instrumentation
prablems, respectively.

It is interesting to note that, although
Brattain and Pearson had had consider-
able experience in the field prior to
World War II, none of us had worked
on semiconductars during the war years.
We were able to take advantage of the
important advances made in that period
in connection with the development of
silicon and germanium detectors and at
the same time to have a fresh look at
the problems, Considerable help was ob-
tained from other groups in Bell Lab-
oratories which were concerned more
directly with war-time developments,
Particular mention should bhe made of
the work of J. H. Scaff, H, C. Theuerer,
and R. 8. OhL

Bases of the Work

The general aim of the program was
to obtain as complete an understanding
as possible of semiconductor phenomena,
not in empirical terms, but on the basis
of atomic theory. A sound theoretical
foundation was available from -the fal-
lowing work done during the [930%.

1} Wilson’s quantum miechanical the-
ory (3), based on the energy band
model, and describing conductien in
terms of excess electrons and holes. This
theory is fundamental to all subsequent
developments. It shows how the concen-
tration of carriers depends on the tem-
perature and en the impurities.

2) Frenkel’s theories of certain photo-
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conductive phenomena {4) {change of
contact potential with illumination and
the photomagnetoelectric effect] in
which general equations were intro-
duced that describe current when non-
equilibrium concentrations of hoth holes
and conduction electrons are present.
Frenkel recognized that flow may occur
by diffusion In a concentration gradient
ag well as by an electric field.

3) Independent and parallel develop-
ments of theories of contact rectifica-
tion by Mott (§), Schoctky (6}, and
Davydov {7). The rnost complete
mathemactical theories were worked out
by Schottky, and his coworker, Spenke.

Of great importance for our research
program was the development during
and after World War I1 of methods of
purification and control of the electric
properties of germanium and silicon.
These materials were chosen for most
of our work because they are well suited
to fundamental investigations with the
desired close coordination of theory
and experiment. Depending on the na-
ture of the chemical impurities present,
they can be made to conduct by either
excess electrons or holes.

Largely because of theilr commercial
importance in the manufacture of recti-
fiers, most of the experimental work ir
the 1930's was done on copper oxide
{Cu,0) and selenium. Beth chemicals:
have complex structures and conductivi-
ties which are difficult to control. . Al-
though the theories of their operation
provided a good qualitative understand-
ing of many semiconductor phenomena,
they had not been subjected to really
convincing quantitative checks. In some
cases, particulatly in rectification, dis-
crepancies hetween experiment and the-
ory were quite large. It was not certain
whether the difficulties were caused by
something missing in the theories or by
the fact that the materials used to check
the theoties were far from ideal.

In the United States, research on
germanium and silicon was carried out
during the war by a number of univer-
sity, government, and industrial labora--
tories in connection with the develop-
ment of point-contact or “cats-whisker”
detectors for radar. Particular mention
should be made of the study of ger-
manium by a group at Purdue University
working under the direction of K. Lark-
Horovitz and of silicon by a group at
the Bell Telephone Laboratories. The
latter study was initiated by R. §. Ohl
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befare the war and was carried out sub-
sequently by him and by a group under
J. H. Scaff. By 1946, it was possible to
produce relatively pure polycrystalline
materials and -to control the electric
properties by introducing appropriate
amounts of denor and aceeptor impuri-
ties. Some of the earliest work {1915)
on the electric properties of germanium
and silicon was done in Sweden by C,
Benedicks.

Beginnings

Aside from the intrinsic scientific in-
terest of semiconductors, an important
reason for choosing this group of mate-
rials as a promising field in which to
work was that they had many and in-
creasing applications in electronic de-
vices, which, in 1949, included diodes,
varistors, and thermistors. There had
long heen the hope of making a triode,
or an amplifying device, with a semi-
conductor., Two possibilities had been
suggested, One followed from the anal-
ogy between a metal-semiconductor
rectifying contact and a vacuum-tube
diade. If one could somehow insert a
grid in the space-charge layer at the
contact, one should be able to controi
the flow of electrons across the contact.
A major practical difficulty was that the
width of the space-charge layer is typi-
cally only about [0-* centimeter. That
the principle is 2 sound one was demon-
strated by Hilsch and Poh! {8}, who
built a triode in an alkali halide crystal
in which the width of the space-charge
layer was of the order of [ centimeter.
Because its amplification was limited to
frequencies of less than 1 cycle per sec-
and, this device was not practical for
electronic applicatiens.

The second suggestion was to control
the conductance of a thin film or slab of
semiconductor by application of a trans-
verse electric field {called the field of-
fect). In a simple form, the slab forms
one plate of a parallel-plate condenser,
the control electrode being the other
plate, When a voltage is applied across
the condenser, charges are induced in
the slab. If the induced charges are mo-
bile carriers, the conductance should
change with changes of woltage on the
control electrode. This form was sug-
gested by Shockley; his caleulations in-
dicated that, with suitable geometry and
materials, the effect should be large
enough to produce amplificacion of an
alternating-current signal {9},

DPoint-contact and junction transistors
cperate on -a different principle than
either of these two suggestions, one not
anticipated at the start of the program.
The transistor principle in which both
electrans and holes play a tole was dis-
covered in the course of 4 basie research
program on surface properties.
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Shockley’s field-effect proposal, al-
though initially unsuccessful, had an im-
portant hearing in directing the research
program toward a study of surface phe-
nomena and surface states. Several tests
which Shockley carried out at various
times with J. R. Haynes, H. J. Me-
Skimin, W. A. Yager, and R. §, Ohl,
using evaporated films of germanium
and silicon, all gave negative results. In
analyzing the reasons for this failure, it
was suggested (70) that there were states
for electrons localized at the surface,
and that a large fraction of the induced
charge was immobilized in these states.
Surface states also acegunted for a
number of hitherto puzzling features of
germanium and silicon point-contact
diodes.

In addition to the possibility of prac-
tical applications, research on surface
propetties appeared quite promising
fram the viewpoint of fundamental sci-
ence. Although surface states had been
predicted as a theoretical possibility,
little was known about them from ex-
periment. The decision was made, there-
fore, to stress research in this area, The
study of surfaces initiated at that time
{1946) has been continued at Bell Lab-
oratories and is how being carried out
by many other groups as well (/7).

It is interesting to note that the field
effect, originally suggested for possible
value for application to a particular de-
vice, has been an extremely fruitful tool
for the fundamental investigation of sur-
face states. Furthermore, with imprave-
ments in semiconductor technology, it is
now possible to make electronic ampli-
fiers with high gain which operate en
the field-effect principle.

Before discussing the research pro-
gram, I shall give first some general
background material on conduction in
semicenductors and metal-semiconductor
rectifying contacts.

Nature of Conduction

in Semiconductors

An electronic semiconductor is typi-
cally a wvalence crystal whose conduc-
tivity depends markedly on temperature
and on the presence of minute amounts
of foreign impurities. The ideal crystal
at absolute zero is an insulator. When
the valence bonds are completely occu-
pied and there are no extra electrons in
the crystal, there is no possibility for
current, Charges can be transferred only
when imperfections are present in the
electronic structure, and these can he of
two types: (1) excess elestrons which do
not fic into the valence bonds and which
can move through erystal and {ii)- holes,
places from which electrans are missing
in the bonds, which alse behave as mo-
bile carriers. Although the excess elec-
trons have the normal negative elec-

tronic charge, — ¢, holes have a positive
chatge, + e. It is a case of two negatives
making a positive; 2 missing negative
charge is a positive defect in the electron
structure,

The bulk of a semiconductor is elec-
trically neutral; there are as many posi-
tive charges as negative ones. In an
intrinsic semiconductor, in which current
carriers are created by thermal excita-
tion, there are approximately equal num-
bers of excess electrons and holes, Con-
ductivity in an extrinsic semiconductar
results from {mpurity lons in the lattice.
In n-type material, the negative charge
of the excess electrons is balanced by a
net pesitive space charge of impuriry
ions. In p-type, the positive charge of
the holes is halanced by negatively
charged impurities. Foreign atoms which
can become positively charged on intro-
duction to the lattice are cailed donors,
and atoms which become negatively ian-
ized are called acceptors. Thus, donors
make a semiconductor of the n-type, ac-
ceptors one of the p-type. When both
donors and acceptors are present, the
conductivity type depends on which is
in excess. Mobile carriers then balance
the net space charge of the impurity jons,
The terminology used is listed in Table 1.

These ideas can be illustrated quite
simply for silicon and germanium, which,
like carbon, have a valence of four and
lie below carbon in the periodic tahle.
Both crystallize in the diamond strue-
ture in which each atom is surrounded
tetrahedrally by four athers with which
it forms bonds. Carbon in the form of
diamond is normally an insulator: the
bond structure is camplete, and there are
no excess electrons. If ultraviolet light
falls on diamond, electrons can he
ejected from the hond positions by the
photaelectric  effect. Excess electrons
and holes so formed can conduct elec-
tricity; the crystal becomes phatocon-
ductive.

The energy required to free an elec-
tron from a bond position so that it and
the hole left behind can maove in the
crystal is much less in silicon and ger-
manium than it is in diamend: Apptre-
ciable numbers are released by thermal
excitations at high temperatures; this
gives intrinsic conductivity.

Impurity atoms in germanium and sili-
con with more than four valence elec-

Table 1. Terminalagy of semiconductors,

Designation Domi- -~
of con- Majority nantim-
ductivity carrier purity
type ion
n-type {excess) electron  donor
{n/cm?)
#-type {defect} hole accepter
(£/em?]
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