SPECIAL FEATURE: MATERIALS

www.iop.org/journals/physed

A brief history of ...

semiconductors

Tudor Jenkins

Institute of Mathematical and Physical Sciences, University of Wales,

Aberystwyth SY23 3BZ, UK

E-mail: tej@aber.ac.uk

Abstract

The development of studies in semiconductor materials is traced from its
beginnings with Michael Faraday in 1833 to the production of the first
silicon transistor in 1954, which heralded the age of silicon electronics and
microelectronics. Prior to the advent of band theory, work was patchy and
driven by needs of technology. However, the arrival of this successful
guantum theory of solids, together with a concentration on the growth of
pure silicon and germanium and an understanding of their properties, saw an
explosion in activity in semiconductor studies that has continued to this day.

Introduction

One shouldn’t work on semiconductors,
that is a filthy mess; who knows if they
really exist?

Wolfgang Pauli, 1931

Imagine a world without silicon. For physicists
of my generation, educated in the late 1960s,
this is just about possible. Thermionic valves
had just about disappeared from the scene, and
undergraduates were grappling with the discrete
transistor. Not too much later came the integrated
circuit or ‘chip’, and the rest is history. The
ubiquity of the PC today and many other electronic
devices (sometimes containing chips made out of
materials other than silicon, but still, in the popular
imagination, containing silicon chips!) means that
people under about 30 probably could not exist
without silicon.

Silicon belongs to a class of materials
known as semiconductors, which also includes
germanium (Ge), gallium arsenide (GaAs) and
indium phosphide (InP). This class of solid is the
essential element in all electronic devices today.
Of these, silicon is by far the dominant material.
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In this article, | am going to attempt to understand
how the science and technology of semiconductors
has developed into our present day situation. As
a prelude, let us look at what is understood by a
semiconductor.

The standard textbook approach is to say that
a semiconductor has an electrical conductivity
that lies somewhere between that of metals and
insulators. For pure materials, figure 1 shows
typical conductivities for metals, semiconductors
and insulators. Semiconductors can be seen lying
between metals and insulators; one important
difference is that semiconductor conductivities
are shown varying over several orders of
magnitude. This is a very important property of
semiconductors. We can vary the conductivity
of semiconductors by doping the semiconductor,
in a controlled fashion, with minute amounts
of impurity atoms. Another important property
of semiconductors is that this conductivity
increases as the temperature of the material
increases, whereas it will decrease in metals
with increasing temperature.  We can also
increase the conductivity of semiconductors by
shining light on them—a phenomenon known
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Figure 1. Comparison of electrical conductivities for insulators, metals and semiconductors.

as photoconductivity. We now understand these
phenomena in terms of the quantum mechanics of
electrons in solids, particularly the band theory of
solids as developed by Wilson in 1931 [1]). This
theoretical model represents one of the earliest and
greatest triumphs of quantum mechanics.

A nineteenth century phenomenon?

So, how far back should we go to understand
the roots of semiconductors? Back to 1947 and
the invention of the transistor or the 1920s and
the formulation of quantum mechanics? We
certainly cannot understand how semiconductors
work without quantum mechanics. The first use
of the word ‘semiconductor’ (or halbleiter in the
German of the paper it was used in) to describe this
class of material occurred in 1911 [2]. It might be
a surprise to learn that semiconductor studies go
back to the early nineteenth century. The pace of
suchwork was slow during this time, partly duetoa
lack of engineering applications. Once these were
found, the pace increased rapidly. Furthermore,
the peculiar properties of semiconductors could
not really be understood in terms of nineteenth
century science (their properties were referred
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to as ‘anomalous’ during this time), further
explaining why semiconductors did not attract the
attention of many scientists.

The discovery and investigation of electrical
conduction in solids goes back as far as the
eighteenth century, with the work of people
like Gray (1731), Desagullier (1742) and \olta
(1782). Humphrey Davey found that the electrical
conductivity of metals decreases with increasing
temperature. The earliest study of semiconductors
is that of Michael Faraday in 1833. He investigated
the temperature dependence of the electrical
conductivity of silver sulphide (which he called
sulphurette of silver). Such is the importance of
this work to the development of semiconductors
that it deserves to be described in Faraday’s own
words [3].

The effect of heat in increasing the
conducting power of many substances,
especially for electricity of high tension,
is well known. | have lately met with
an extraordinary case, for electricity of
low tension, or that of the voltaic pile,
and which is in direct contrast with the
influence of heat upon metallic bodies, as
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observed and described by Sir Humphrey
Davey.

The substance presenting this effect is
sulphurette of silver. ...

When a piece of this sulphurette, half
an inch in thickness, was put between
surfaces of platina, terminating the poles
of a voltaic battery of twenty pairs of
four inch plates, a galvanometer being
also included in the circuit, the needle
was slightly deflected, indicating a feeble
conducting power.  On pressing the
platina poles and sulphurette together
with the fingers, the conducting power
increased as the whole became warm.
On applying a lamp with the sulphurette
between the poles, the conducting power
rose rapidly with the heat.... On
removing the lamp and allowing the heat
to fall, the effects were reversed. ...

Occasionally, when the contact of the
sulphurette with the platina poles was
good, the battery freshly charged, and
the commencing temperature not too
low, the mere current of electricity from
the battery was sufficient to raise the
temperature of the sulphurette; and then,
without any application of extraneous
heat, it went on increasing conjointly in
temperature and conducting power, until
the cooling influence of the air limited the
effects.

Occasionally, also, the effects would sink
of themselves and could not be renewed
until a fresh surface of the sulphurette had
been applied to the positive pole....

Here we have a description of the increase in elec-
trical conductivity with increasing temperature, a
signature of semiconductor behaviour. \We now
know that this is due to the exponential increase
in the number of charge carriers with temperature
that dominates the decrease in the mobility of the
carriers due to increased scattering by vibrations
of the atoms. In metals, the number of carriers is
essentially constant, so the electrical conductivity
decreases with increasing temperature.

Of course, it could be (and it was argued
for some time) that this was ionic conductivity.
However, it was not until 1933 that it was
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verified that this conduction in silver sulphide
was electronic and not ionic [4]. (It is a little
unfortunate that Faraday chose silver sulphide
because its properties depend sensitively on
the method of production of the material. It
also undergoes a phase transition at 170 °C
from an orthorhombic B-phase to a cubic a-
phase. Busch [5] gives a detailed account of the
problems of this semiconductor, but this should
not detract from the fact that this is the first,
albeit qualitative, experimental observation of
semiconducting behaviour.) It should be noted
that Faraday has also observed thermal runaway in
semiconductors as well as the problem of contacts
and surface states!

The next date of note is 1839. At this time,
a 19-year-old Alexandre-Edmond Becquerel, the
father of Antoine-Henri, was experimenting with
electrolytes. He worked with silver chloride-
coated platinum electrodes in an aqueous nitric
acid electrolyte. He noted that, if one of the
electrodes was illuminated with sunlight, the
emf generated between the electrodes increased
[6]. This was the first reported instance of the
photovoltaic effect, albeit not in a solid. The
photovoltage was generated at the Ag/AgCl metal—
semiconductor interface.

Semiconductor devices in the nineteenth
century

We now move forward to the 1870s. This
was a crucial period in the progress of
semiconductor science and technology. During
this decade, two discoveries were made in
the science of semiconductors that led to the
development of the first semiconductor devices,
significantly increasing the pace of semiconductor
development.

In 1873, Willoughby Smith discovered the
photoconductivity of selenium whilst working on
submarine cables [7]. In his own words:

Being desirous of obtaining a more
suitable high resistance for use at the
Shore Station in connection with my
system of testing and signalling during
the submersion of long submarine cables,
I was induced to experiment with bars of
selenium, a known metal (sic!) of very
high resistance. ...
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The early experiments did not place
the selenium in a very favourable
light for the purpose required, for
although the resistance was all that
could be desired. .. yet there was a great
discrepancy in the tests, and seldom
did different operators obtain the same
results. While investigating the cause of
such great differences in the resistance
of the bars, it was found that the
resistance altered materially according to
the intensity of light to which it had been
subjected.

The change in conductivity due to the absorption of
light—photoconductivity—had been discovered
although Smith considered selenium to be a
metal. It would be another 14 years before Hertz
discovered photoconductivity in metals! Itwas not
until 1907 that selenium was shown conclusively
to be a semiconductor. Although the effect was
not used at this time, it led to one of the two major
strands of semiconductor device engineering after
this period, the photovoltaic cell. In 1876, William
Grylls Adams and Richard Evans Day discovered
that selenium produced electricity when light was
shone on it [8].

The question at once presented itself
as to whether it would be possible to
start a current in the selenium merely
by the action of light. Accordingly, the
same piece of selenium was connected
directly with the galvanometer. While
unexposed, there was no action whatever.
On exposing the [selenium] to the light
of a candle, there was at once a strong
deflection of the galvanometer needle.
On screening off the light, the deflection
came back at once to zero....

Light, as we know...tends to promote
crystallization, and, when it falls on
the surface of such a stick as selenium,
probably tends to promote crystallization
in the exterior layers, and therefore to
produce a flow of energy from within
outwards, which. .. appears. . . to produce
an electric current.

The amount of electricity produced was very small
and not enough to power anything, but at least
it showed that solids could convert light into
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electricity without heat or any moving parts! In
addition to this effect, the paper indicates that
they observed rectification (of which more below).
Little note was made of this.

What is considered by many to be the first true
photovoltaic cell was constructed by Charles Fritts
soon after in 1883 [9]. The devices produced were
still inefficient, transforming less than 1% of the
absorbed light into electrical energy. This figure,
however, was not to be improved significantly for
many years. Fritts melted selenium into a thin
sheet on a metal substrate and then pressed a very
thin gold leaf film on the top surface as a second
contact. This film was thin enough to allow light
to penetrate to the selenium. The surface area
of the film was about 30 cm? and the thickness
around 30 um. In passing, Fritts also observed
rectification in his device.

In 1874 occurred the discovery of another
effect that was to have a profound influence
on the development of semiconductor devices.
This was the discovery of rectification in the
contacts between metals and some oxides and
sulphides. The most systematic study of this
phenomenon was by Carl Ferdinand Braun, who
studied the flow of electric current between various
sulphides such as galena (lead sulphide) and
thin metal wires touching the sulphides—the so-
called “cat’s whiskers’. Braun had made the first
semiconductor rectifier, the foundation for the
most basic and simple electronic device, the diode.
Indeed, it has been argued that Braun’s discovery
heralded the era of electronic devices in the
twentieth century. (Initially, Braun worked with
silver wires with the ends flattened and pressed
hard onto the galena. In 1883, he discovered that
the rectification was enhanced when one of the
metal contacts was sharpened to a point.)

With a large quantity of natural and
artificial metallic sulphides and greatly
varying pieces, the most perfectly formed
crystals that | could find as well as coarse
samples, | discovered their resistance
varied with the direction, intensity and
duration of the current. The differences
amount up to 30% of the total amount
[10].

In the same year, Schuster observed rectification
in the contact between tarnished and untarnished
copper wire. The copper oxide on the tarnished
wire acted as the semiconductor.
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These rectifiers saw little practical use until
the experiments of Hertz in 1887, showing the
existence of radio waves. Initially, a device
known as the coherer was used to detect these
radio waves but it was found to be difficult to
use and insensitive. Braun himself had begun
to experiment with wireless telegraphy in 1898
and, in 1901, used semiconductor rectifiers for
the reception of wireless signals. Also active at
this time was Sir J C Bose, who took out the first
patent for a semiconductor rectifier made from
galena [11]. The patent was filed in 1901. The
scene was ready for a significant leap forward in
semiconductor technology, with the emergence of
both silicon and germanium as semiconductors of
note.

And so to the twentieth century

With the increasing use of radio, and the
development of semiconductor rectifiers (even
though the mechanism of rectification was a
mystery), the prospects for semiconductors must
have seemed bright at the beginning of the
twentieth century. Of special note at this point
is Greenleaf Whittier Pickard, who worked for
AT&T between 1902 and 1906. During this
period, he worked on wireless telephony using
semiconductor rectifiers. Pickard tested a large
number of materials in order to discover the most
effective detector of radio waves. It is said that
he tested in the region of 30000 materials, of
which some 250 proved to be effective as rectifiers.
Of particular note, Pickard used fused silicon
that he obtained from the Westinghouse Electric
Company and found this material to be the most
stable of the rectifiers he tested. In 1906, Pickard
filed a patent on a silicon crystal detector for radio
waves [12]. Thus, silicon made its entry onto the
semiconductor stage.

The patent application indicated that Pickard
thought the rectifying effect to be of thermal origin,
as was widely believed at the time. However, even
in 1878, Braun had concluded that rectification
was neither an electrolytic nor a thermoelectric
process, but he believed that the behaviour was
similar to the behaviour of a gas discharge. It
was not until 1938 that Braun’s hypothesis was
confirmed by Schottky [13].

It was not too much longer before germanium
appeared on the scene as well. In 1915,
Carl Benedicks published a paper on ‘Electric
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properties of rare metals’ [14]. Benedicks was
a Swedish scientist, well known for his work on
metals. In this work he used germanium, which
had been presented to Uppsala University by its
discoverer, Clemens Winkler. He noted that the
resistance of his germanium lay between that of
silicon and tin, and also produced a rectifier in
the material using point contacts of platinum and
copper. The two major players in the next phase
of semiconductor development had now arrived on
the scene.

These rectifiers or ‘cat’s whisker’ diodes had
their limitations. They required careful adjustment
and could easily be knocked out of alignment.
In addition, at around this time, vacuum electron
tubes (thermionic valves) were being developed
(see en.wikipedia.org/wiki/Vacuum_tube for a
brief history of thermionic valves and their
development). Sir John Ambrose Fleming had
developed a diode in 1904 [15] based on a
thermionic valve that acted as an efficient detector
of radio waves (he called his device an oscillation
valve). In 1907, Lee de Forest took out a patent
for a three-electrode thermionic valve (a triode),
in which an additional electrode (grid) was placed
between the anode and cathode in the diode valve.
He called this device an Audion [16]. It was
soon recognized that, by applying a small voltage
to the grid, the flow of relatively large currents
though the valve could be controlled. The grid
allowed the triode to operate as a power amplifier
for an analogue signal. With valves producing
significant amounts of power, it was possible
to transmit speech and music—the broadcasting
industry was born. Interest in the semiconductor
diode detector waned rapidly.

The birth of the transistor

Nature abhors the vacuum tube.
J R Pierce, Bell Labs engineer who
coined the term ‘transistor’

Interest in semiconductors began to revive in
the 1920s with the development of barrier layer
rectifiers and photovoltaic cells, in particular
devices made from copper oxide and selenium.
The former were made by growing cuprous oxide
on a plate of copper whilst, for the latter, selenium
was melted and spread on to a metal washer. The
rectifying interface was a relatively large area,
unlike the cat’s whisker devices, and it could
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handle larger currents. These devices went into
commercial production, finding uses in battery
chargers, exposure meters in photography, in
modulators and nonlinear circuit elements.

During this period, engineers were becoming
interested in communications at higher and higher
frequencies. In particular, the development of
radar was crucial. At these sorts of frequencies
(the first practical radar operated at around
300 MHz and the magnetron worked at 3 GHz
in 1940), valves were unreliable and noisy
due to interelectrode capacitances. However,
point contact semiconductor diodes had very low
internal capacitances and so were seen as ideal for
this application.

The 1930s saw a renaissance in semicon-
ductor development, chiefly due to the pressures
of impending war and the need to develop radar.
In addition, the band theory of solids, which
has become fundamental for an understanding
of the behaviour of semiconductors, arrived with
the seminal work of Alan Wilson in 1931 [1]—
guantum theory meets semiconductors! In this
theory, the electron states in a crystal exist as
bands of energy separated from each other by
energy gaps, in which, in a pure crystal, there
are no allowed energy states. This picture was
able to explain the difference between insulators,
metals and semiconductors based on the idea
of filled and empty bands. In addition, it
also showed how the controlled introduction of
small amounts of particular impurity atoms into
a semiconductor could strongly influence the
electrical conductivity. Band theory immediately
explained the exponential increase of electrical
conductivity with increasing temperature, and the
existence of bipolar conduction in semiconductors
(electrons and holes). The scene was now set for
the explosion of experimental and theoretical work
in the field of semiconductors.

The earliest work in this period was in the
UK using point contact diodes made of silicon.
This silicon was about 98% pure, with the main
impurity being aluminium (but crucially also
boron and phosphorus, which are difficult to
remove from silicon). Unfortunately, these cat’s
whisker diodes tended to behave erratically on
occasions, and in the early stages of radar it was
common for an operator to carry a number of these
diodes and search for one that worked, replacing
it if it stopped working or behaved erratically.
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This behaviour was believed to be due to the
impure nature of the silicon that was used. This
sparked a push to produce pure silicon, an event
that should be seen as a transformation in the
fortunes of semiconductor theory and devices.
A metallurgist, R S Ohl, initiated the effort in
1935 at the Bell Laboratories. The best material
was obtained by sealing the highest purity silicon
available in a quartz vessel, heating it up past
its melting point and then allowing it to cool
slowly. As the melt cools and freezes from the
top surface, there is a segregation of impurities.
Depending on the type of impurity, impurities are
redistributed through the silicon. By cutting a
relevant section out of the ingot, a highly pure
piece of polycrystalline silicon could be obtained.
In this way, 99.999% pure silicon was available
by 1942. It was noticed that, when a piece of
silicon was cut from one of the ingots, rectification
was observed [17]. In addition, the diode thus
produced showed a very strong photovoltaic effect,
the first time this had been observed in silicon.
By good fortune, p-type impurities (boron) and
n-type impurities (phosphorus) had redistributed
themselves during solidification of the silicon,
with a sharp boundary between the two regions.
The silicon had been cut perpendicular to and
including the interface boundary, producing a p-n
junction diode rectifier—serendipity indeed! This
controllable way of forming a junction would give
more reliable diodes than the point contact, cat’s
whisker diodes.

Work on producing p-n junction diodes
in germanium began again at about this time.
In 1942, work was underway at Purdue
University under Karl Lark-Horowitz, originally
on lead sulphide but rapidly moving to studying
germanium and the production of high purity
germanium [18]. Germanium belongs to the
same group in the Periodic Table as silicon, but
melts at a lower temperature (937 °C compared
with 1415 °C for Si) and is not as reactive as
molten silicon. This made it a very attractive
proposition, and soon high quality germanium
cat’s whisker diodes were being used in radar
circuitry as a result of the high purity germanium
being produced. These diodes had excellent
rectifying properties and high current-carrying
capacity. The work was not only technological
but produced an enormous amount of knowledge
about the physics of semiconductors. It was this
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improved understanding and the availability of
high quality germanium that led to the production
of the first transistor.

During this period of development of the
diode, a number of scientists had thought about
producing the solid-state equivalent of the triode
valve, which could be used as an amplifier.
(A poll amongst Bell Lab staff for a name for
this semiconductor triode can be found at www.
bellsystemmemorial.com/pdf/transistorname.pdf.
The eventual name was, of course, the transistor,
short for transfer varistor.) The most frequently
proposed solution was based on the field effect,
whereby an electric field, applied through the
surface of a semiconductor, would modify the
density of mobile charge carriers (electrons or
holes) in the bulk of the solid and hence its
electrical conductivity. The earliest proposal for
such a transistor device goes back to 1925 [19],
and William Shockley, a seminal figure in the
development of the transistor, was reported to be
trying to make a field effect transistor in 1940.

The end of the war saw a change in emphasis
of semiconductor work, with emphasis now on
economic benefits of semiconductor technology.
A team was brought together in Bell Laboratories
in 1946, including Shockley, John Bardeen and
William Brattain, with the intention of improving
the understanding of semiconductors and the
development of devices that might replace the
short-lived and high-power-consuming thermionic
valves currently being used in automatic telephone
dialling and switching and microwave radios. An
important decision made at the inception of this
work was to concentrate only on silicon and
germanium as material for possible devices.

The initial work to produce a field effect
transistor failed. Theory indicated that this was
because the electric field did not penetrate the bulk
of the semiconductor but was terminated by charge
carriers trapped in quantum states associated with
the surface. Bardeen and Brattain set out to
confirm this hypothesis, attempting to control and
modify the surface states. Using germanium
with metal point contacts on the surface, they
surrounded the metal contacts with electrolytes.
An evaporated gold spot adjacent to the contact
later replaced the electrolyte. (Gold forms an
ohmic, not a rectifying, contact to Ge.) Finally,
the contacts were replaced with two strips of gold
foil, separated by about 50 pum, pressed onto the
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Figure 2. Schematic diagram of the first point contact
transistor.

germanium surface. To achieve this, a single
strip of gold foil was attached over the point of
a plastic triangle. With a razor blade, the gold
was sliced through at the top of the triangle. The
whole triangle was then held over a crystal of
germanium using a spring, so that the contacts
lightly touched the surface. The germanium sat
on a metal plate attached to a voltage source.
With one gold contact forward biased and the
other reverse biased, power gain was observed
and the transistor effect had been discovered [20].
This event took place on 16 December 1947.
On 24 December, positive feedback was applied
to the device and oscillation occurred—the acid
test of power gain. For the next few months,
frenzied work was performed to understand the
operation of the device, to determine applications
and to sort out patenting. The momentous
discovery was announced in June 1948, by which
time the gold foil had been replaced by two
closely spaced point contacts about 50 pum apart
(figure 2). The point contact transistor had arrived.
Bardeen and Brattain received the Nobel Prize for
this discovery, together with Shockley, in 1956
(figure 3).

There was controversy as to the mechanism
of this transistor. Was it a surface effect (as
believed by Bardeen and Brattain) or a bulk
effect? Shockley believed it was a bulk effect
and concluded his analysis with a proposal for a
different type of transistor—the junction transistor
[21]. This was a sandwich of a thin, lightly
doped piece of n-type semiconductor between two
regions of p-type semiconductor. If one p-n
junction was forward biased and the other reverse
biased, this would produce power gain. This was
the junction transistor.

In February 1948, John Shive applied two
phosphor bronze contacts on opposite sides of a
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Figure 3. Left to right: Shockley, Bardeen and Brattain. Photograph reprinted with permission of Lucent

Technologies Inc./Bell Labs.

100 pm thick piece of germanium and transistor
action was observed. The length of the surface
around the semiconductor, from contact to contact,
ruled out a surface effect. Transistor action had
been proved to be effectively a bulk effect as
described by the theories of Shockley [22].

Because the point contact transistor was
difficult to make, difficult to control and unstable,
effort was now made to produce a junction
transistor.  Initial efforts used polycrystalline
semiconductor material, but the use of such
material, where charge carriers would be scattered
and trapped unpredictably by grain boundaries
and twins, would produce devices that were
irreproducible and of low quality, hardly a good
thing for mass production. It was recognized,
notably by Gordon Teal, that what was needed was
high purity, single crystal material.

The use of single crystal materials for
semiconductor devices was controversial at this
time. Much of the progress in this field was
due to a team led by Teal. In 1948, Teal and
John Little grew a single crystal of germanium
based on atechnique developed by Jan Czochralski
in 1918 [23]. Teal used a small single crystal
(known as a seed crystal) taken from a large
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polycrystalline rod of germanium. This was
dipped in a melt of germanium, rotated and slowly
withdrawn, or pulled, from the melt. As the seed
crystal is withdrawn from the melt, the molten
germanium adhering to the crystal solidifies, using
the crystal structure of the seed as a template.
In this way, large single crystals of germanium
were grown, which could be doped in a precise
fashion [24]. In April 1950, Teal’s team grew
a single crystal of germanium containing a thin
region of p-type material embedded in an n-type
material. As the seed crystal was pulled out of
an n-type germanium melt, gallium was quickly
added to make the melt p-type. When a layer
of p-type material had formed of the required
thickness, antimony was added to the melt. This
compensated the gallium and turned the melt back
into n-type material. This crystal was cut into n—
p—n rods and contacts applied to the three regions
of doping [25]. The electrical properties of the
transistor thus made were largely consistent with
Shockley’s proposed junction transistor.  This
transistor was more reliable than the point contact
version, generated less noise and could handle
higher powers. The junction transistor was now
the rival of the thermionic valve ... if only it could
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be mass-produced. The problem was that only one
region or slice of, say, p-type material could be
grown in one crystal to produce an n—p-n transistor
(and vice versa for a p—n—p transistor). This was a
very expensive way to make devices. In 1952,
John E Saby at the General Electric Company
came up with the solution by producing the alloy
transistor [26]. This germanium alloy transistor
was the first to be readily manufactured.

The pieces of the jigsaw are now almost
all in place. The final piece was to make
transistors from silicon. From the outset, it
had been recognized that silicon would make a
superior transistor to germanium. Silicon has a
larger bandgap than germanium. The number
of electrons and holes generated by thermal
energy in pure silicon is much less than in pure
germanium. These thermally generated carriers
lead to reverse currents in a p—n junction, which
can degrade device performance. The problem
was to grow single crystals of silicon, which, in
its melt state, is very reactive with any container.
Following the growth of single crystal silicon
in 1952 [27], H C Theurer, using a ‘floating
zone’ technique [28], produced single crystals of
silicon with a purity commensurate with that of
the best germanium (one impurity atom in 100
silicon atoms!). The starting silicon material
did not need support in a vessel and hence the
contamination problem was effectively removed.
In this way, silicon crystals with a purity level of
the best germanium were produced. In 1954, Teal
announced the first silicon transistor at a meeting
of the Institute of Radio Engineers in Ohio. The
rest, as they say;, is history.

Conclusion

Just as the electrical conductivity of semicon-
ductors shows an exponential increase with
temperature, so activity in semiconductors shows
an exponential increase with time (even to the
present day!). The real take-off point occurs
with the understanding of the theory of semicon-
ductors and the almost simultaneous production
and experimental investigation of highly pure
germanium and silicon. However, it may be truly
said that semiconductors were discovered in the
nineteenth century. All the fundamental properties
of semiconductors had been observed during that
century.

438

PHYsICS EDUCATION

Acknowledgments

I should like to thank Mrs Tegwen Meredith of the
Physical Sciences Library, Aberystwyth, for her
invaluable help in tracking down many original
sources.

Received 21 February 2005
doi:10.1088/0031-9120/40/5/001

References

[1] Wilson A H 1931 The theory of electronic
semiconductors Proc. R. Soc. A 133 458-91
[2] Koenigsberger J and Weiss J 1911 Ueber die
thermoelektrischen Effekte (Thermokréfte,
Thomsonwarme) und die Wérmeleitung in
einigen Elementen und uber die
experimentelle Priifung der Elektronentheorie
Ann. Phys., Lpz. 35 1-46
[3] Faraday M 1839 Experimental Researches in
Electricity vol 1 (London: Bernard Quaritch)
section 432-6
[4] Wagner C 1933 Ueber die Natur des electrischen
Leitvermorgens des a-Silbersulfids Z. Phys.
Chem. 21 42-7
[5] Busch G 1989 Early history of the physics and
chemistry of semiconductors—from doubts to
fact in a hundred years Eur. J. Phys. 10 254-64
[6] Becquerel A E 1839 On electric effects under the
influence of solar radiation C. R. Acad. Sci. 9
711-4
[7] Smith W 1873 The action of light on selenium
J. Soc. Telegraph Eng. 2 31-3
[8] Adams W G and Day R E 1876 The action of
light on selenium Proc. R. Soc. A 25 113-7
[9] Fritts C E 1883 A new form of selenium cell Am.
J. Sci. 26 465-72
Braun F 1874 Ueber die Stromleitung durch
Schwefelmetalls Ann. Phys. Chem. 153
556-63
Bose J C 1901 Detector for electrical
disturbances US Patent 755840, application
filed September 1901
Pickard G W 1906 Means for receiving
intelligence communicated by electric waves
US Patent 836531, application filed August
1906
[13] Schottky W 1938 Halbleitertheorie der
Sperrschicht Naturwissenschaften 26 843
Benedicks C 1915 Electrischerwiderstand einiger
seltener Metalle; Thermokraft und
Gleichrichterwirkung des Germaniums Int. Z.
Metallgraphie 7 225-38
Fleming Sir J A 1904 British Patent Specification
24850
[16] de Forest L 1906 The audion: a new receiver for
wireless telegraphy Trans. AIEE 25 753-63
[17] OhI R 1941 Alternating current rectifier
US Patent 2402661, application filed March
1941

[10]

[11]

[12]

[14]

[15]

September 2005



A brief history of ... semiconductors

[18] Henrickson P W 1987 Physics at Purdue Osiris 3 [25] Shockley W, Sparks M and Teal G K 1951 p-n

237 junction transistors Phys. Rev. 83 151-62
[19] Lilienfeld J E 1926 Method and apparatus for [26] Saby J E 1952 Fused impurity p—n—p transistors
controlling electric currents US Patent Proc. IRE 40 1358-60
1745175, application filed October 1926 [27] Teal G K and Buehler E 1952 Growth of silicon
[20] Bardeen J and Brattain W H 1948 The transistor, single crystals and single crystal silicon Phys.
a semiconductor triode Phys. Rev. 74 230-1 Rev. 87 190
[21] Shockley W S 1949 The theory of p—n junctions  [28] Pfann W G 1952 Principles of zone refining
in semiconductors and p—n junction transistors Trans. Am. Inst. Mining Metall. Eng. 194
Bell Syst. Tech. J. 28 435-89 747-53
[22] Shive J 1948 Double-surface transistor Phys. Rev.
75 689-90 Tudor Jenkins hails from the Rhondda

Valley and is currently a Senior Lecturer
in Physics at the University of Wales,
Aberystwyth. He teaches a wide range of
subjects and his research interests are in
™ the optical properties of semiconductors,
particularly using polarized light. His
other interests include karate and playing
the tuba, both of which he uses to inform
his teaching.

[23] Czochralski J 1918 Measuring the velocity of
crystallisation of metals Z. Phys. Chem. 92
219-21

See also Sze S M 2002 Semiconductor Devices:

Physics and Technology (New York: John
Wiley) for details of the process

[24] Teal G K and Little J B 1950 Growth of
germanium single crystals Phys. Rev. 78 647

September 2005 PHYSICS EDUCATION 439



