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1. Introduction

With the 100th anniversary of Einstein’s birth occuring last weerk, on
March 14, this may be a time to reflect on the tremendous changes brought
about by the two revolutionary theories of the twentieth century, relativity
teory and quantum mechanics. Einstein made monumental contributions to
both of these developments. They have changed the way we view the universe,
with great impact on philosophy, science and technology. I will give a brief
review of one aspect of the revolution, the development of solid state physics
since the beginnings of the atomic era at the tutn of the century.

Solid state physics is concerned with the application of quantum
mechanics to understanding the properties of solid materials in terms of the
arrangement and motion of the atoms and associated electrons that make up
the solid. Many common solids, such as metals, minerals and salts are
formed of aggregates of microcrystals in each of which the atoms are arranged
in a regular periodic array. Some, such as diamonds, are single crystals in
which the same periodic array extends throughout the crystal. In polymers
and glasses there is no periodic structure but varying degrees of local order.
To include liquids as well as solids, the field is now often called the physics
of condenssd matter.

The field has grown very rapidly since the end of the second world war
and is now the largest branch of physics. During much of this period the
number of workers doubled aboult every five years. Research is carried out
in univetsities, research institutes and industrial laboratories throughout the
world, including strong programs in Venezuela. There have been spectacular
advances in both scientific understanding and applications. Concepts developed
to understand the properties of solids have been extenderd and applied in other
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areas of physics, such as high energy particle physics, nuclear physics, astro-
physics and biophysics.

Most materials in common use in every day life, such as metals, ceramics,
plastics and fibers, have evolved slowly over the vears, largely by empirical
methods independent of any knowledge of the atomic constitution. Progress
made in understanding solids at the atomic level has made possible the
design and fabrication of many novel materials and devices with unusual
properties. ‘

Applications cover a broad spectrum: microelectronics in which thousands
of components are built into a tiny single crystal of silicon, magnetic materials
for transformers, magnetic tapes and bubble memories for computers, lumi-
nescent materials for light sources and displays, photoconductors in copying
machines and cameras, tiny glass fibers that can transmit thousands of tele-
phone messages on a beam of light, superconductors in electromagnets and
very sensitive detecting devices and many others. Products that have come
from advances in solid state physics run to tens of billions of dollars per
vear.

In any field there are golden ages during which advances are made at
rapid pace. In solid state physics three stand out. One, the early years of the
present century, followed the discovery of the electron, X-rays, Planck’s
quantum of energy and the nuclear atom —the discoveries that ushered in the
atomic era. The foundations of the field were firmly estab'ished during a
second very active period, from about 1928 until the mid-thirties, which
followed the discovery of quantum mechanics. Quantum mechanics gives the
mathematical laws that govern the behavior of matter outside of the nucleus
of the atom, and thus in principle describes all of chemistry and all of solid
state physics. In practice exact solutions are not possible except for the
simplest cases and to make progress one must be able to select the relevant
variables and make suitable approximations to describe the properties of
solids. The third golden age is that following World War IT in which there
has been parallel progress in materials design and preparation, in instru-
mentation and in theoretical understanding. I will give a few brief highlights
of the first two periods and then will discuss the third in more detail.

2. Early years of the century

With the discovery of the electron, it was recognized that atoms are
constituted in part of electrons. It was suggested by Drude and Lorentz
that atoms that from a metal become ionized and the electrons released are
free to move about and conduct electricity and heat. An expression was
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derived for the ratio of electrical to thermal conductivity that is still valid.
But it was not understood why this does not happen in all materials, why in
semiconductors only a small fraction of the atoms are ionized and in insulators
none at all.

The quantum hypothesis of Planck resolved some questions, but at that
time there was no consistent theory and many internal contradictions. It was
Finstein who took the lead in applying the quantum ideas to solids. To
celebrate the anniversary of his birth, many symposia are being held through-
out the world to honor his contributions. I attended one recently at the
Institute for Advanced Study at Princeton where he spent the last quarter-
century of his life.

It was in one of his famous papers published in 1905 that Einstein
introduced the idea of light quanta with energy proportional to frequency
to account for the photoelectric effect in metals. Although little experimental
data were available at the time, Einstein predicted that the energy of the
electrons emitted when light falls on a metal should very linearly with the
frequency, not the intensity of the light. This prediction was later verified in
detail by Millikan at the University of Chicago. From Planck’s work it was
not clear whether the quantum hypothesis applied only to emission and
absorption phenomena or whether, as Einstein proposed, a light wave itself
has particle aspects and can be thought of as consisting of photons with energy
and momentum. It was for this work that Einstein was cited for the Nobel
Prize.

Although X-rays were widely studied and used in the years following
their discovery by Rontgen in 1896, it was not known whether they were
particles or waves. In 1912, von Laue suggested that if they were waves of
short wave length, crystals might be used as diffraction gratings for the
radiation. X-ray diffraction patterns were soon observed, showing that X-rays
are indeed a form of light with very short wave lengths. The Braggs, father
and son, turned X-ray diffraction into a powerful method for determining
the way the atoms are arranged in crystals. This method has been extended
over they years so that now, with help from powerful computers, one can
determine the structure of crystals made up of molecules as complex as
protein with hundreds or even thousands of atoms.

Another important discovery in the eatly years of the century is that of
superconductivity in metals, first observed in 1911 by Kamerlingh Onnes at
Leiden. In superconductors, electrons flow without friction, so a current once
started flowing a coil will flow indefinitely with no battery of other source
of power (Fig. 1). Many metals and alloys exhibit superconductivity when
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cooled to very low temperatures, to within a few degrees of the absolute
zero (—273 °C or 0 °K).

Onnes thought of the possibility of making an electromagnet with a super-
conducting winding and mentions this possibility in his Nobel talk in 1913.

But in a footnote, he said that the attempt failed because it was found
that in the materials he had available at that time superconductivity is de-
stroyed by modest magnetic fields of a few hundred gauss. It was not until
half a century later, in 1961, that materials were found that withstand very
large magnetic fields. It was this discovery that made possible present day
superconducting magnets which produce fields much larger than those pro-
duced by iron-core magnets.

Superconductivity remained one of the outstanding mysteries of science
for nearly half a century but is now regarded as one of the best understood
of solid state phenomena.

3. Applications of quantum theory to solids: 1928-1935

It was not possible to give a rational explanation of the properties of
solids until the discovery of quantum mechanics by Heisenberg, Schrédinger
et al. in 1926. According to this theory, all matter, electrons, protons, ra-
diation, has both particle and wave aspects. The theory was soon applied
by two of the leading theorists, Pauli and Sommerfeld, to account for some
of the discrepancies of the earlier Drude-Lorentz theory. Heisenberg developed
a theoty of ferromagnetism based on electron spin. But most of the foundations
of the modern theory of solids were laid by young students in their twenties
doing thesis research on problems suggested by the leading professors. Many
of these students subsequently went on to distinguished careers in theoretical
physics and several have received Nobel Prizes.

Much of this research made use of the Bloch theory of energy bands in
crystals, based on electron waves moving through a periodic crystal lattice.
From this approach, one could understand the differences in electronic struc-
ture between metals, semiconductors and insulators. There was a great deal
of mobility of physicists in Europe in those exciting days. Young people had
the benefit of working with leading theoretical physicists at several different
universities.

It was toward the end of this second golden age, in 1933, that I first
became interested in problems of the solid state. After graduating in electrical
engineering and working for several years in geophysics, I decided to take
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graduate studies in mathematical physics at Princeton University. At that
time Professor Eugene Wigner and a graduate student, Frederick Seitz, were
applying quantum theory to calculate from first principles the electronic
structure of simple metals and the energy required to separate a metal into
its constituent atoms. This gave the first understanding of the metallic bond
as distinguished from the electron-pair valence bond of chemistry. It required
solving the manybody problem of large numbers of interacting electrons. For
my thesis problem, I extended the methods to a metallic surface and calculated
the energy required to remove an electron from a metal.

With the discovery of the neutron in 1932, there was increasing interest
in nuclear physics, the structure of the nucleus of an atom. Many of those who
had been working on problems of the solid state shifted to this new field.
With the foundations laid, the period of rapid expansion in solid state theory
came to an end. Work was continued mainly by those of the newer gene-
ration, such as myself.

The accomplishments of the 1930’s are summarized by Seitz in a book
published in 1940. This book was a bible to many genrations of budding
solid state physicists. Although advance in fundamental understanding was
considerable, there was in general only limited qualitative agreement between
theory and experiment. This was not due as much to limitations of the
theory as to lack of experiments on well defined systems. Many of the most
important properties of solids are what is called structure sensitive; that is
they depend sensitively on the presence of small concentrations of impurities
or other defects in the crystal lattice. Structure sensitive properties include
mechanical strength, electrical conduction in semiconductors, photoconduc-
tivity, luminescence and many others. For example, pure iron is very soft, but
addition of small amounts of carbon give in the strength of steel. These
structure sensitive properties were not well understood from either a theore-
tical or experimental point of view.

Althrough opportunities for research during the war were limited, im-
portant progress was made in a few directions. One of these was the develop-
ment of silicon and germanium for use with metal cats-whiskers as detectors
for radar. These elements are semiconductors whose ability to conduct electri-
city depends sensitively on the impurity elements present. A beginning was
made in learning the nature of these impurities and how to control them.
Important progress also was made during the war years on magnetic materials
and on mechanical strength.
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4. Postwar period, the iransistor

After the war, the field of solid state physics was ripe for exploitation.
The foundations for theoretical understanding had been laid and a start had
been made on understanding and controlling the structure sensitive properties.
This was recognized among other places at the Bell Telephone Laboratories,
where a research group was formed consisting of physicists and chemists,
including theorists with an understanding of the quantum theory of solids.
I joined the group at that time, in late 1945. From interactions with Walter
Brattain and William Shockley, I became interested in semiconductors, which
was one of several areas the group was involved in.

A long range goal of the group was to make new or improved electronic
components, with a distant dream of making an amplifying device to replace
the vacuum tube. Shockley had shown that in principle it should be possible
to make an amplifier using electron flow in a semiconductor rather than in a
vacuum, but practical attempts to do so had failed. In part to try to
undestand the reason for the failure, we decided to initiate a basic research
program on semiconductors, with work on both bulk and surface properties.
We concentrated on germanium and silicon because, being elements rather
than compounds, their properties should be easier to understand and control.

An amplifying device is essentially an electrical valve for controlling the
current flowing between two contacts by a voltage applied to a third. Schock-
ley’s suggestion for a semiconductor amplifier was based on an electric field
applied transverse to a semiconductor in the form of a thin film, the basis for
what is now called a field effect transistor.

In the course of the basic research program, Brattain and I discovered
a second way to make an amplifier. We found that by current flow from an
appropriate contact the concentration of electrons available for conduction
can be altered. This is the principle of the bipolar transistor. First applied
to the point-contact transistor (Figs. 2 and 3), it is now used in the
punction transistor configuration suggested by Shockley.

To successfully make field effect and junction transistors required tremen-
dous feats of materials engineering. One had to learn how to make single
crystals of silicon and germanium essentially defect free and with impurities
reduced to one part per billion of less (Fig. 4). Then foreign element (do-
pants) had to be introduced in controlled amounts in region whose size is
limited only by the wave length of light ~ a few micrometers. Progress
was rapid, every year or two seemed to bring a new breakthrough in increased
permormance. Through the work of a large number of people, modern
microelectronics gradually emerged in which thousands of transistors with
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associated circuitry are placed on a small chip of single crystal silicon. The
state of the art has gone far beyond what any of us would have thought
possible at the time of the initial discovery. It brought about a revolution
in electronics.

Some of the important steps in the growth of semiconductor technology
with approximate dates are

a) Point-contact transistor 1948
b) Growth of single crystals, zone refining 1949
¢) Junction transistor 1951
d) Hearing aids, radios 1952
e) Silicon transistor 1954
f) Planar technology 1960
g) Integrated circuits (IC) 1962
h) Metal-oxide-semiconductor (MOS) field effect transistor 1965
i) Large scale integration (LSI) 1968
j)  Microprocessor (“computer on achip”) 1971
k) Very large scale integration (VLSI) 1978

The number of components that can be placed on a chip has been
doubling every year or two for more than a decade, and this growth is likely
to continue well into the next decade. Figures 4-7 illustrate some of the
steps and progress made.

Many other applications of semiconductors have emerged, including
power rectifiers, luminiscent devices (including lasers), solar cells, and de-
tectors for various types of radiation. These applications also required bring-
ing the elusive structure sensitive properties under control.

Work on carefully prepared single crystals has characterized post-war
research in other areas of solid state physics as well, with a close interaction
between theory and experiment. There is now detailed quantitative agreement
for many phenomena. New experimental methods and advances in instrumen-
tation have emerged, many depending on advanced in solid state. An example
is the electron microscope of Professor Fernandez-Moran which allows one
to see structures down to the molecular level. The microscope makes use of
superconducting magnets to focus the electron beam.

5. Phase changes, superconductivity

Another trend of the postwar years has been increased understanding
of the collective aspects of large numbers of interacting particles in a solid or
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liquid. Condensed matter undergoes various phase changes, from liquid to
solid, from nonmagnetic to magnetic, from metallic to semiconducting or
insulating, from normal conduction to superconduction, etc. These are charac-
terized by an increasing degree of order with decreasing temperature. It has
been found that phase changes have many common features that depen
mainly on the dimensionality of the system: one-dimensional chains, two-di-
mensionals layers or three dimensional solid or liquids.

One of the most puzzling problems had been the nature of the order
that gives rise to the remarkable properties of a superconductor. L. N. Cooper,
J. R. Schrieffer and 1 showed that superconductivity is essentially a quantum
phenomena and that electrons in superconductors exhibit quantum phenomena
on a macroscopic scale rather than on the scale of atoms or molecules.
Electrons in a superconducting metal behave as if they are in a single large
quantum system. The allowed cutrents flowing in a superconducting ring
(Fig. 1) are quantized in such a way that the total magnetic flux threading
the ring is an integral multiple of a small flux unit. It is the difficulty of
changing this col'ective state that accounts for the fact that scattering of
electrons does not cause resistance as it does in normal metals.

The quantum aspects are made use of in making by far the most sensi-
rive detecting devices for voltages, currents and magnetic fields. Research is
being done on superconducting computer components which are much faster
and require far less power than those based on semiconductors. Aside from
superconducting magnets, possible large scale applications include supercon-
ducting generators and motors and underground transmission lines.

Another interesting example is a related phase change in liquid helium
of isotopic mass three. Helium is the lightest of the rare gases and the one
with the lowest boiling point, about four degrees above the absolute zero,
or 4 °K. In the helium atom there are only two electrons outside of the
nucleus which form a clased shell. Helium is chemically inert with a simple
radial force between helium atoms, attractive at large distances and repulsive
at small. Thus one might expect liquid helium to have simple properties, but
this is not the case. The common isotope of helium of mass four obeys Bose
startistics and becomes superfluid when cooled below about 2,2 °K. The
isotope of mass three obeys Fermi statistics, like electrons in metals, and
becomes a superfluid with very complex structure when cooled below about
10-3 °K. The superfluidity and complex structure can be accounted for by an
extension of the theory of superconductivity in metals. This gives hope that
the very complex world we live in has a simple underlying structure. Progress
has been made in identifying the substructure of neutrons and protons and
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other particles of high energy physics with help from concepts derived from
superconductivity.

7. Concluding remarks

I have given you just a few highlights of the remarkable growth of solid
state physics. We may compare the growth with that of a fruit tree. The
seed was planted in the early years of the century. The seed sprouted and the
young plant began to grow vigorously in the years following the discovery of
quantum mechanics in 1926. It took sobe years, however, before it was
mature enough to bear fruit. The first real harvests did not occur until the
years following World War II. The tree continued to grow rapidly, sending
out many new branches and each year brought an increasing harvest. Now
the tree is mature and is not growing as rapidly as in its youth, but it is
still vigorous and healthy. Each year brings a new harvest of discoveries and
advances in applications. Some branches may be dying out, but others are
growing and sending out new shoots in various directions. We may expect
the tree to bear fruit for many yeats to come.
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Fig. 1—Flujo persistente de cortiente circulando en un anillo superconductor. Se ven
también las lineas de flujo magnético producidas por la corriente circulante

Fig. 1—Persistent current flowing in a superconducting ring. The magnetic flux lines
produced by the circulating current are also shown.
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Fig. 2.—Primer modelo de demostracién de laboratorio de un transistor (Dic. 1947). Una
hoja de oro enrollada en torne de una cufia aisladora ha sido hendida en la parte infetior
(borde inferior) para establecer dos contactos de lineas cercanas cuando se la com-
prima sobre una superficie especialmente preparada de un pequefio bloque de germanio.
Hay también un electrodo de 4rea amplia de baja resistencia en la base del bloque. La
conductividad del bloque en la vecindad de los contactos con el oro puede ser modulada
por el voltaje aplicado entre el electrodo de base y uno de los contactos con el oro
(el emisor) de un modo tal que permita regular el flujo de corriente entre la base y el
segundo contacto con el oro (el colector) ‘

Fig. 2.—The first laboratory demonstration mode! of a transistor (December, 1947). A
gold foil wrapped around an insulating wedge is slit at the bottom edge make two
closely spaced line contacts when pressed onto a specially prepared surface of a small
block of germanium. There is also a large area low resistance electrode at the base of the
block. The conductivity of the block in the vicinity of the gold contacts can be modulated
by the voltage applied between the base electrode and one gold contact (the emitter)
i such a way as to control the current flow between the base and the second gold
contact (the collector)
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Fig. 3—Primer modelo de produccién de un transistor de contacto de punta. Dos pun.

tas de contacto “bigotes-de-gato” situadas contiguamente presionan la superficie de un

pequefio bloque de germanio. Un tercer electrodo establece un contacto de baja resis-
tencia en la base del bloque. Es mds o menos del tamafioc de un borrador de ldpiz

Fig. 3—The first production model of a point-contact transistor. Two closely spaced

cats-whisker point contacts are pressed on the surface of a small germanium block. A third

electrode makes a low resistance contact to the base of the block. It is about the size
of an eraser at the end of a pencil
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Fig. 4—Un cristal de silicio grande, altamente perfecto y excepcionalmente puro, de unos

12,5 cm de didmetro. El cristal es rebanado en pequefios discos circulares (v. fondo)

sobre los cuales pueden formarse potr procesos en setie, cientos de transistores o circuitos
idénticos integrados. {Cortesia de Monsanto Co.)

Fig. 4—A large highl perfect and exceptionally pure single crystal of silicon, about

12.5 c¢m in diameter. The crystal is sliced into thin circular wafers (bottom) on which

hundreds of transistors or identical integrated circuits can be formed by batch processing
(Courtesy Monsanto Co.)
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Fig. 5—Circuito integrado (IC) que consta de varios transistores con circuitos asociados
en una pequena astilla de silicio. Al ser agrupados las gufas externas son adosadas a los
contactores existentes en la periferia. (Cortesia de Laboratorios Bell, Inc.)

Fig. 5—An integrated circuit (IC) consisting of several transistors with associated
crcuitry on a tiny chip of silicon. When packaged, external leads are attached to the
contacts on the periphery. (Courtesy Bell Laboratories, Inc.)
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Fig. 6.—Circuito integrado de amplia escala (LSI) para una memoria de mdquina
computadora con centenares de transistores (hacia 1968)

Fig. 6.—A large scale integrated circuit (LSI) for a computer memory with hundreds
of transistors. (Circa 1968)
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Fig. 7—Porcién aumentada de un circuito memorizador (o de almacenamiento de datos)
con el trazado de una ameba, superimpuesto, para mostrar la escala. Cortesia de Interna-
tional Business Machines, Inc.)

Fig. 7—A magnified portion of a memory citcuit with an outline of an amoeba superim-
posed to show the scale. (Courtesy International Business Machines, Inc.)
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