
Chapter 2 

Semiconductor Physics 

and Electronics-

The Transistor 

Semiconductor physics research has played a unique role at Bell Labora
tories. It not only gave rise to the invention of the transistor, thereby revolu
tionizing the electronics industry, but it also stimulated advances in the tech
niques of preparing materials in single-crystal form of unprecedented purity. 
This made possible the preparation of a variety of materials of known chemi
cal composition and structure, leading to research experiments with unambig
uous interpretation and furthering the science of solid-state physics. 

This chapter describes not only research on the physics of semiconductors 
involved in devices, for example, p-n junctions, transistors, photovoltaic cells, 
and light emitting diodes-but also research that has deepened the under
standing of semiconductor physics, such as band structure, pressure effects 
and multivalley bands, the phonon drag, and electron-hole liquids. Other 
aspects of semiconductors are discussed elsewhere in this volume
semiconductor surfaces in Chapter 3, heterostructure lasers in Chapter 5, ion 
channeling and ion implantation in Chapter 8, semiconductor materials in 
Chapter 11, and crystal growth and impurity doping in Chapter 19. 

In view of the historic importance of the invention of the transistor and the 
related Nobel Prize awarded to J. Bardeen, W. H. Brattain, and W. Shockley 
on December 10, 1956, for their research on semiconductors and their 
discovery of the transistor effect, this chapter contains a reproduction of a 
contemporary story of the "Genesis of the Transistor," and some personal 
reminiscences recorded by Brattain in 1975 expressly for this history. 

Principal authors: J. K. Galt, T. H. Geballe, J. C. Hensel, and E. 0. Kane 
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I. SEMICONDUCTOR RESEARCH UP TO 1948- THE POINT CONTACT 
TRANSISTOR 

In the mid-1940s the understanding of the physics of the rectifying 
properties of germanium and silicon, the principal semiconductors 
used as detectors in radar during World War II, was in a rudimentary 
state. Prior to this time, technological development proceeded mostly 
by the method of "cut and try." In 1945, scientists at Bell Laboratories 
realized that if semiconductor technology relevant to communications 
was to advance rapidly, a deeper understanding of the physical prin
ciples underlying semiconductors and their properties was impera
tive. It was also realized that little progress would be possible unless 
single-crystal specimens of high purity could be produced and the 
addition of very small amounts of specific impurities could be prop
erly controlled. Multiple efforts were launched in the areas of physi
cal research (experimental and theoretical investigations of semicon
ductors) and in metallurgy (the crystal growth and purification prob
lem), and it was decided to concentrate on the Group IV semiconduc
tors silicon and germanium (see Chapters 11 and 19 in this volume). 

At the same time the theoretical picture of semiconductivity was 
coming into better focus. The understanding of semiconductor prop
erties is based on the Bloch functions1 and on A. H. Wilson's theory 
of energy bands, which introduced the idea of filled (valence) bands 
and empty (conduction) bands separated by a forbidden gap.2 The 
rapid development of understanding in this period is beautifully 
summarized in the classic paper of G. L. Pearson and J. Bardeen, 
which concentrated mainly on the valence-band semiconductors, sili
con and germanium.3 The valence• band in these materials is associ
ated with electrons in covalent bonds. The four bonds are just 
enough to hold the four valence electrons per atom in a crystal struc
ture, where each atom is surrounded by four nearest neighbors. H 
was also known that impurities with valence 5 (such as arsenic) could 
be incorporated in the crystal lattice substitutionally. The extra 
valence electron would go into the conduction band, giving rise to 
conductivity by electrons (n-type conduction). Similarly, trivalent 
impurities like boron could also be inserted in the lattice substitution
ally. This would lead to conductivity by holes (p-type conduction) 
because one electron per boron atom is missing from the valence 
band. The hydrogenic effective-mass theory for these impurities was 
formulated, which yielded binding energies of the order of 0.01 elec:
tronvolts (eV) when scaled down from the binding energy of the 
electron of a free neutral hydrogen atom in the ground state by the 
large dielectric constants (12 to 16) and small effective masses (0.1 m0, 

where m0 is the free electron mass) characteristic of these materials.4 

The mobility of the carriers was measured and found to be large com-



Semiconductor Physics and Electronics 

Fig. 2-1. W. Shockley (seated), J. Bardeen Oeft), and W. H. Brattain (right), shown in 

an historic photograph taken in 1948. 
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pared to ionic conductors. The effects of lattice scattering and impur
ity scattering of the carriers were also studied at this time. Impurity 
scattering was found to be Rutherford scattering from charged impur
ities strongly reduced by screening due to the free carriers and the 
large dielectric constant. Lattice scattering was mainly caused by 
acoustic phonons as demonstrated by the T3

/
2 temperature depen

dence of carrier mobility in pure samples. 
The theory of lattice scattering was greatly advanced by the work 

of Bardeen and W. Shockley.5 [Fig. 2-1] Their study showed that the 
scattering was related to the shift of the energy bands under uniform 
stress. This deformation-potential method made possible an empirical 
correlation of the mobility with measurements of band-edge shift 
caused by uniaxial stress. Phonon scattering causes a modulation of 
the electron density, which matches the phonon wavelength and has 
maxima in the troughs and minima at the peaks. 

Experimental progress during the late 1940s did not lag. Initially it 
was deemed vital to pursue investigations into the physical properties 
of the semiconductor surfaces as well as the bulk, since the failure to 
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differentiate carefully between bulk and surface effects had caused 
some considerable confusion in the past. Bardeen and W. H. Brattain 
initiated an extensive investigation of the properties of germanium 
surfaces-surface states, surface traps, and the nature of contacts. The 
major achievement of their study was the discovery of the 
phenomenon of current injection of minority carriers by a forward
biased point contact. This principle led to the development of the 
point contact transistor, the first working transistor.6'7 

II. THE JUNCTION TRANSISTOR AND OTHER SEMICONDUCTOR 
AMPLIFIERS 

Soon after the discovery of the point-contact transistor, Shockley 
developed a theory for the p-n junction in semiconductors and the 
junction transistor.8 Because of the planar geometry of the p-n junc
tion theoretical calculations and predictions of electrical characteris
tics were very much simplified. Two years later, Shockley, M. Sparks, 
and G. K. Teal verified experimentally Shockley's theoretical ~redic
tions and produced the first junction-transistor amplifier. This 
formed the scientific basis for all the transistor technology that was to 
follow and the subsequent proliferation of integrated circuits in the 
electronics industry. 

2.1 The p-n Junction 

If one region of a semiconductor crystal such as germanium is 
doped with a trivalent impurity-for example, boron (resulting in p
type conductivity)-and the adjoining region is doped with a penta
valent impurity-for example, phosphorus (resulting in n-type 
conductivity)-a p-n junction is formed at the interface between the 
two regions. [Fig. 2-2] Such a junction acts as a rectifier. When no 
external potential is applied, some holes in the p region diffuse across 
the junction into the n region, and similarly, some electrons in the n 
region diffuse into the p region until a potential barrier is built, stop
ping the charge flow. When an external voltage is applied across the 
crystal with the p side made positive with respect to the n side (for
ward bias), the potential barrier is reduced. As a result, more elec
trons flow from the n region to the p region and also more holes flow 
in the opposite direction. When the p side is made negative with 
respect to the n side (reverse bias), only a very small current flows. 
This is caused by the small density of minority carriers (electrons in 
the p region and holes in the n region) normally present. 

2.2 p-n Junction Transistors 

A junction transistor is formed by putting two p-n junctions 
together back-to-back, giving rise to either a p-n-p or an n-p-n 
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Fig. 2-2. Distribution of holes and electrons, and energy as a function of position in a p-n 

junction under applied biases. [Shockley, Electrons and Holes in Semiconductors (1950): 

88]. 
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transistor. Focusing on the n-p-n transistor, and following the 
nomenclature used by Shockley, Sparks, and Teal, one of the n 

regions is called an emitter, the p region is called the base, and the 
other n region is called the collector.10 The emitter-base junction is 
forward-biased while the base-collector junction is reverse-biased. 
With this arrangement, electrons in the emitter region easily climb 
the small potential hill into the base region. Once in this region the 
electrons may diffuse so that some arrive at the base-collector junc
tion. If the base layer is made very thin, very few of the electrons 
will combine with the holes in this p region and efficient transmis
sion of electron current through the layer will occur. The current 
transmitted from the emitter through the base to the collector can be 
varied by applying a variable potential between the emitter and the 
base. Moreover, if the emitter region is made more highly conduct
ing than the base region, most of the current across the emitter-base 
junction will consist of electrons. The behavior of this device is 
analogous to that of a vacuum-tube triode, with the emitter 
corresponding to the cathode, the base corresponding to the region 
around the grid wires, and the collector corresponding to the plate. 
Small ac voltage variations across the emitter-base junction results in 
a much larger voltage variation across a resistive load inserted in the 
circuit supplying the potential between the base and collector, 

thereby giving rise to large power gain. 
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The operation of a p~n~p junction transistor is very similar to that 
of the n~p~n transistor. In the p~n~p transistor the n region is the base 
and the p regions are the emitter and collector, respectively. Most of 
the current across the p~n and n~p junctions is carried by holes 
instead of electrons. 

Shockley, Sparks, and Teal also discussed more complicated forms 
of junction transistors. One form, involving three junctions, is the p~ 
n~p~n transistor called the hook~collector transistor. In this transistor 
the single n~type collector is replaced by a p~n junction, and holes 
injected by the p~n junction (biased forward) provoke enhanced elec~ 
tron flow, yielding current gain. A second type of transistor is the 
photo-transistor, which is constructed in the same way as the hook
collector transistor. The photo-transistor has four elements separated 
by three junctions, but the hole injection by the emitter junction is 
replaced by hole~electron pair generation produced by light shining 
in the surface of the p region. Electrical connections are made only to 
the two n regions. 

2.3 Field Effect Transistors 

An interesting example of the use of p-n junctions is in the junc
tion field effect transistor (JFET) proposed by Shockley in 195211 and 
subsequently demonstrated by G. C. Dacey and I. M. Ross. 12,13 

[Fig. 2-3] The initial objective of semiconductor research was to 
develop a solid~state amplifier based on the principle of field effect. 
Early attempts showed only a small effect caused by the unavoidable 
influence of the surface states as elucidated by Bardeen. Shockley 
correctly predicted that the p-n junction, when used as a gate of a 
field-effect transistor, would be free of surface state problems since 
the p-n junction gate can be located away from the surface. 

The surface~state problems, hoWiever, were eventually resolved by 
an unexpected discovery. In 1959, D. Kahng and M. M. Atalla found 
that silicon and clean, thermally··grown Si02 interfaces contain a 
sufficiently small amount of surface states so that a true field-effect 
transistor can be built on this unique material system. The field-effect 
device they described also made use of p-n junctions, as well as sur
face inversion layers studied and characterized by W. L. Brown14 and 
included in a device proposed by Ross. 15 

The inversion layer in the Kahng-Atalla device is a unique many
electron system. It is bound on on,e side by the Si02 with a potential 
barrier of 3.2 eV, and on the other side by the band bending in sili
con, which is controlled by the voltage applied to the metal gate of 
the device. The bound states associated with the electron motion nor
mal to the surface (their wave functions spread several tens of 
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Fig. 2-3. (A) I. M. Ross (seated) and G. C. Dacey measuring the 
characteristics of a field-effect transistor. Ross later became executive vice 
president, and then president of Bell Laboratories. (B) Schematic of a field
effect transistor, the operation of which is described in Chapter 7. The space
charge layers that modulate the conductance of the n-type germanium are 
indicated by the shaded volumes extending into the crystal from the two p-type 
gates. [Proc. IRE 41 (1953): 9701. 
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angstroms and their energy levels separate by several tens of mil
lielectronvolts) were characterized in great detail by a combination of 
magneto-transport, electron tunneling, and far infrared absorption 
and emission experiments.16 The two-dimensional character of the 
inversion layer was also verified directly. Its cyclotron energy 
depends only on the magnetic field perpendicular to the surface and 
its plasmon energy goes to zero at long wavelengths.17 The influence 
of screening by the metal gate on the two-dimensional plasmon 
dispersion was also confirmed. The inversion layer constitutes a 
degenerate, two-dimensionat one-component plasma, whose density 
can be varied continuously to about 2 x 1013/cm2 by varying the gate 
voltage on the device. It behaves as a simple two-dimensional metal 
in the high density (~ 1012/cm2

) limit, and goes into a nonmetallic 
state at lower densities. The metal-to-nonmetal transition occurs at 
approximately 5 x 1011/cm2, depending on the condition of the 
Si-Si02 interface.18 From measurement at low temperatures down to 
0.05K, using silicon metal-oxide semiconductor field-effect transistors, 
it was shown that there is no true metal-nonmetal transition in two 
dimensions, but rather a continuous transition from exponential to 
logarithmic localization.19 

The Kahng-Atalla field-effect device, which became known as the 
MOSFET (metal-oxide semiconductor field-effect transistor), was the 
basic building block of metal-oxide semiconductor (MOS) integrated 
circuits. The MOSFET represents fruition of the original objective of 
the semiconductor research initiated at Bell Labs in 1946. (See "The 
Genesis of the Transistor.") 

2.4 The Read Diode 

After the successful realization of a solid state triode, the transistor, 
a search was launched for negative resistance in a solid state diode 
structure as a potential source of high-frequency oscillation. Such a 
negative resistance had been known to exist in a vacuum-tube diode 
structure for some time, arising from carrier transit delays. Shockley 
had proposed two possible mechanisms through which negative resis
tance effects could be obtained in three-layer structures.20 However, it 
was thought that oscillation of much higher frequency would be pos
sible with a diode than with a triode, since the triode-based oscilla
tors proved to be rather inefficient at higher frequencies. 

It was first pointed out by W. T. Read that avalanche multiplication 
has a desirable dynamic property as a cathode because the emitted 
carrier current lags the applied field by 90 degrees.21 Because of this 
initial phase lag, any further phase lag due to carrier transit delay 
immediately delivers forward oscillation energy. The diode oscillator 
with a tailored drift region based on this principle has become 
known as the Read Diode and has evolved into a practical and 
efficient microwave source. 
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The first observation of significant microwave oscillation was made 

by R. L. Johnston, B. C. DeLoach, Jr., and B. G. Cohen in a silicon 

diode with quasiuniform doping, somewhat different from the origi

nal Read structure and mounted in a microwave cavity.22 The Read 

structure was also shown to oscillate in a similar cavity by C. A. Lee 

and coworkers.23 Read's proposal stimulated many careful fundamen

tal investigations into the avalanche multiplication process. Another 

study by Lee and collaborators served not only the later development 

of practical microwave sources but also aided the development of 

avalanche radiation detectors. 24 

2.5 Acoustic-Wave Amplifiers 

In 1960, while exploring possible means to amplify microwave sig

nals, P. K. Tien proposed an acoustic-wave amplifier that was made of 

a semiconductor film that carries a current and a piezoelectric slab in 

which an acoustic wave propagates.25 The thin semiconductor film is 

in close proximity with the piezoelectric slab. The piezoelectric fields 

generated by the acoustic wave in the slab are capable of interacting 

with the electrons in the film, thereby extracting kinetic energy from 

the electrons. This results in the amplification of the acoustic wave. 

Therefore, the amplifier is a solid-state version of the traveling wave 

tube, with the acoustic wave replacing the electromagnetic wave, 

which is normally carried by a slow wave circuit such as a helix. 

Shortly after Tien's study, another form of the acoustic wave 

amplifier, consisting of a single block of the piezoelectric semiconduc

tor, was proposed by D. L. White.26 The first acoustic wave amplifier 

was constructed and demonstrated by A. R. Hutson, J. H. McFee, and 

White in 1961.27 Both types of amplifiers have been studied for appli

cation to real-time wideband signal processing, active delay lines, and 

radio-frequency amplification in television receivers. 
Stimulated by these inventions, a large amount of research has 

been devoted to the acoustoelectric effect and the formation of high

field domains caused by that effect. In 1968, comprehensive, non

linear calculation was carried out b~ Tien that provided all necessary 

data for the design of these devices. 8 

III. THE BELL SOLAR PHOTOVOLTAIC CELL 

The invention of the silicon solar cell followed C. S. Fuller's 

pioneering study of impurity diffusion and p-n junction formation in 

germanium.29 Pearson and P. W. Foy had previously made small-area 

junction rectifiers in silicon by alloying an aluminum wire with n

type silicon.30 This junction demonstrated the advantages of silicon 

over germanium. Since silicon has a larger energy gap between the 

conduction band and valence band, it has a higher rectification ratio 

and can operate at much higher temperatures than germanium. By 
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diffusing boron into n-type silicon, Pearson and Fuller succeeded in 
making large-area silicon rectifiers, and by making the junctions close 
to the surface, they achieved an efficiency of 6 percent.31 (For a more 
detailed discussion of the silicon solar cell and other solar cells see 
section VII of Chapter 11.) 

This work was followed by an analysis of the solar cell by M. B. 
Prince.32 He showed that the expected efficiency of an ideal cell 
depended on the energy gap of the semiconductor. The energy gap 
of silicon was nearly optimum and an ideal efficiency of about 23 per
cent was expected. By the late 1970s, silicon solar-cell efficiency had 
been increased to 17 percent.33 

The first application of the silicon solar cell was as a power source 
for a repeater of the Bell System Type P rural carrier. The test, con
ducted in 1957 in Americus, Georgia, lasted for six months.34 An 
array of cells, delivering 9 watts in bright sunlight, charged a nickel
cadmium storage battery to provide continuous operation. The solar 
cell was also used in the 1960s as a power source in the Telstar satel
lites. Solar cells are now used exh~nsively on all satellites for electric 
power generation. (See Chapter 7, section 2.1.) 

IV. TRANSPORT PROPERTIES 
Extensive studies on the transport properties of semiconductors 

were initiated by many researche.rs soon after the discovery of the 
transistor. Conductivity and Hall ,effect measurements were made on 
germanium and silicon single crystals in both the intrinsic (carriers 
thermally activated across the band gap) and the extrinsic (carriers 
thermally activated from shallow impurity states)regimes. When stud
ies were carried out as a function of temperature, the carrier concen
tration, and in turn, the appropriate activation energies, as well as the 
carrier mobilities and lifetimes, Wj~re obtained. A classic example of 
this approach was the Haynes-Shockley drift experiment.35 A "sweep
ing field" was set up in a rod of germanium by a direct current 
flowing from end to end. An em:itter contact that injects a pulse of 
minority carriers was attached at some point along the length of the 
rod. Detection of the drifting carrier pulse downstream by a suitable 
collector contact gave the time of flight and, hence, the minority car
rier mobility. 

Transport experiments in selectively doped crystals of germanium 
and silicon provided the first knowledge about the nature of the shal
low states introduced in the energy gap by the trivalent and penta
valent substitutional impurities. F. J. Morin and coworkers measured 
thermal activation ener-gies and located the energy position in the 
band gap of the impurity ground states.36 H. J. Hrostowski and R. H. 
Kaiser confirmed these "thermal" energies by measurements (in the 
infrared) of optical transitions from impurity ground states to excited 
states.37 
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4.1 Phonon Drag and Thermal Transport 

After the discovery of the transistor, the availability of large single 

crystals of germanium and silicon, obtained by pulling from the melt 

and zone refining, created the opportunity to study transport 

phenomena in specimens with well-defined geometry and controlled 

chemical composition. (See also sections I and II of Chapter 19.) At 

that time, it was well known that an electric current could perturb 

thermal energy distribution among lattice modes. It was also known 

that thermoelectric power or, more correctly, the Seebeck voltage, Q, 

results from the tendency of the mobile charge carriers to diffuse 

from hot to cold when a thermal gradient exists in the lattice. The 

lattice remains in local equilibrium, and the diffusion continues until 

balanced by the buildup of an electric field of just sufficient magni

tude to counteract the diffusion. 
It was discovered experimentally by T. H. Geballe at Bell Labora

tories and by H. P. R. Frederikse at Purdue University that there was 

a spectacular rise in Q of germanium and silicon at low tempera

tures.38 This was almost immediately interpreted in terms of the drag 

exerted on the charge carriers by the asymmetric distribution pho

nons that travel from hot to cold in the thermal gradient.39 This pos

sibility was first considered by L. Gurevich and has become known as 

the phonon-drag effect.40 

C. Herring simplified the problem by transforming it to a problem 

by means of the Kelvin relation, Q = 1r /T, where 1r is the Peltier heat 

flux transported per electron in isothermal current flow, and T is the 

absolute temperature.41 He obtained quantitative expressions for 

phonon-phonon and phonon-electron scattering times. The impor

tance of anisotropy in the velocity of sound in removing divergencies 

to which energy and momentum conservation lead in an isotropic 

model was recognized. Those phonons of interest that drag the elec

trons have wavelengths as much as an order of magnitude longer 

than the thermal-energy phonons that carry the bulk of the heat in 

thermal conductivity experiments. Herring further established that it 

is meaningful to define a relaxation time for phonon-drag, long

wavelength, low-energy phonons because they chiefly interact with 

the bath of thermal energy phonons and relax back to equilibrium 

independently of the occupation of the low energy modes. 

Early studies of the phonon-electron scattering times in doped n

type germanium and p-type silicon were undertaken by W. P. Mason 

and T. P. Bateman.42 They used ultrasonic techniques at 500 

megahertz (MHz) and obtained values for the intervalley scattering 

time. The phonon-drag phonons typically have frequencies in the 

range of 1011 hertz (Hz), higher than can be generated by microwave 

techniques, and lower than can be studied by conventional thermal 

experiments. Thus, the phonon-drag experiments opened up a new 
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region of the vibrational spectrum for study. Geballe and G. W. Hull 
used single crystals cut into the shapes of tuning forks with tines of 
different cross-sectional areas to measure the phonon-drag contribu
tion to Q. It was possible to establish almost identical thermal gra
dients in each of the tines of the tuning fork by a simple null 
method. The relaxation times of the phonons traveling down the 
parallel paths differed because boundary scattering in the one with 
the smaller cross-sectional area oeo:urred more frequently. It was also 
possible to measure the effect of sample dimensions on thermal con
duction all the way up to lOOK (a sensitivity that to date has not been 
exceeded) due to the very large relaxation times of the phonon-drag 
phonons. 

The application of a magnetic field in different orientations with 
respect to the crystal axes and to the thermal gradient led to the mea
surement of a number of magnE•to-thermoelectric longitudinal and 
transverse effects. The study of these effects facilitated sorting the 
contributions of phonon drag and electron diffusion, and clarified the 
role of different types of scattering that affect phonon drag.43 

Unfortunately, for the possible applications of phonon-drag 
phenomena to devices such as thermoelectric generators, a saturation 
effect was found for concentrations of carriers greater than 
1016 to 1017 per cubic centimeter.44 This is due to the fact that there is 
only a finite amount of nonequilibrium momentum in the phonon 
system to be fed into the electronic system so that the amount per 
carrier becomes less with increasing carrier concentration. 

Another cause of phonon scattering resulting from fluctuations in 
mass caused by the random distribution of isotopes in naturally 
occurring elemental germanium was suspected following the ideas of 
Pomeranchuk45 and Slack.46 This was verified by experiments in the 
sensitive temperature region near 20K.47 [Fig. 2-4] A small amount of 
enriched Ge74 obtained from the Oak Ridge National Laboratory was 
purified to semiconductor purity by H. C. Theuerer and pulled into a 
single crystal by P. Freeland. Its thermal conductivity became, at the 
maximum, three times greater than that of the crystals of highest pur
ity grown from natural germanium. The anticipated, even greater, 
increase was found to be suppressed by the strong dispersion 
discovered about the same time in the transverse acoustic spectrum of 
germanium. 

Many of the questions raised by the pioneering experiments of 
Geballe are being answered by high-frequency phonon techniques 
that have moved up to frequencies of 7 x 1011 Hz. These techniques 
involve the use of thin, superconducting, tunnel-junction transducers 
that act as generators and detectors of gap-frequency phonons.48 The 
different acoustic branches can also be distinguished when these tech
niques are combined with time-of-flight techniques. The first reso-
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nance spectroscopy experiments using these techniques were per

formed by R C. Dynes, V. Narayanamurti, and M. Chin on antimony 

donors in germanium.49 These techniques have also been applied by 

Narayanamurti, R. A. Logan, and Chin to study electron phonon 

coupling in epitaxial layers of GaAs.50 These measurements have 

shown directly the disequilibrium between the long wavelength pho

nons (which couple to the electrons) and the thermal reservoir, and 

are related to many of the early concepts of Herring. The polariza

tion dependence of the isotope scattering in germanium has been 

vividly demonstrated using ballistic phonon techniques by 

J. C. Hensel and Dynes.51 

V. SEMICONDUCTOR SPECTROSCOPY 

5.1 Band Structure in Semiconductors 

Band structure is fundamental to all semiconductor physics. The 

first goal in understanding band structure of germanium and 

silicon-delineation of the conduction and valence band edges

seemed relatively modest at the beginning, but turned out to require 

a surprising degree of sophistication to achieve. The experimental 
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breakthrough came with the cyclotron resonance technique, follow· 
ing its proposal by Shockley in the early 1950s.52 With the announoe· 
ment of cyclotron resonance experiments in 1953 (carried out by 
scientists at the Universi~ of California at Berkeley and at the Lin· 
coln Laboratory of MIT5 ), the quantitative understanding of sem· 
iconductor physics advanced by an enormous step. It was found that 
electrons were in multivalley energy bands with highly anisotropic 
effective masses. In addition, the hole was found to play as important 
a role as the electron in conductivity. Never before had the hole's 
existence been demonstrated so graphically as it was by its own 
identifiable lines in the cyclotron resonance spectrum. Holes were 
found in a pair of degenerate bands, one having a light effective mass 
and the other a heavy effective mass. These novel effective masses 
were then shown to be responsible for a number of interesting tran· 
sport effects. As part of a study of band structure at Bell Labs, C. S. 
Smith measured the piezoresistanoe coefficients of germanium and sil· 
icon, and found them to be very large in certain crystal directions.54 

Mason pointed out the potential usefulness of those semiconductors 
as strain gauges.55 W. G. Pfann and R. N. Thurston conceived a 
variety of strain gauges that, unlike conventional metal strain gauges, 
utilized the sensitivity of these semiconductors to transverse and 
shear strains. 56 

The theoretical techniques for handling these rather exotic holes 
and electrons were developed in large part by J. M. Luttinger and W. 
Kohn, working at Bell Labs in the summer of 1954, and appeared in 
their paper in 1955.57 The simple "hydrogenic" theory of impurity 
states was then extended to the more realistic situation, giving quan· 
titative confirmation between theory and experiment. Small 
discrepancies were identified with "central cell" corrections. 

Perhaps the most advanced application of this Kohn·Luttinger 
effective mass formalism is their theory of the "free" (band) carrier 
moving in the presence of an external magnetic field. The theory 
predicts the result that cyclotron resonance (and, indeed, aU 
magneto·optical phenomena) involving holes would exhibit "quan· 
tum" anomalies at very low temperatures. Observation of these quan· 
tum spectra by R. C. Fletcher, W. A. Yager, and F. R. Merritt,58 and by 
Hensel and K. Suzuki59 provided a very rigorous test of the effective 
mass approach, a cornerstone of semiconductor physics. 

The unpaired electron of the donor state is paramagnetic, making ilt 
a natural candidate for spin resonance experiments. A series of spin 
resonance experiments conducted in silicon by Fletcher and cowork· 
ers,60 and by G. Feher,61 provid,ed further information about the 
donor state, and demonstrated the onset of delocalization of donor 
electrons with increasing impurity concentration. This work pro· 
vided a catalyst to P. W. Anderson's thinking on disordered systems, 



Semiconductor Physics and Electronics 85 

which was part of the work for which he was awarded the Nobel 
Prize in physics in 1977. A high point of the resonance experiments 
was Feher's invention of the ENDOR (Electron-Nuclear Double Reso
nance) technique, which made it possible to map out the donor wave 
function by resolving the electron's hyperfine interactions with the 
Si29 nuclei that were randomly located on silicon lattice sites with an 
abundance of about 5 percent. 

In the late 1950s, one of the landmark experiments in semiconduc
tor spectroscopy was J. R. Haynes' discovery of the recombination 
luminescence from free excitons and from excitons bound to impurity 
states in silicon and germanium.62 These experiments not only pro
vided valuable information about germanium and silicon (for 

example, the identification of the momentum-conserving phonons in 

these "indirect" transitions fixed the zone boundary phonon energies) 
but also paved the way for the explosive growth of luminescence 
spectroscopy that was soon to follow. In his last paper, Haynes 
reported an intriguing luminescence from strongly pumped silicon at 
liquid helium temperatures, which he attributed to recombination of 
free biexcitons.63 Subsequently, it became known that, in reality, he 

observed the electron hole liquid (see section 5.6 in this chapter). 

5.1.1 Optical Studies and Band Structure 

The important role of optical studies in clarifying the quantitative 
understanding of electronic band structure was first recognized by J. 
C. Phillips.64 Structure in the fundamental reflectivity was seen to be 
caused by optical energy extrema (optical critical points, where the 
curve of optical energy versus momentum has zero slope) which gen
erally occur at high symmetry points in k-space (crystal momentum 
space). Parallel with this development, Phillips also applied the 
pseudopotential concept to energy band studies, and obtained the 
striking result that the silicon and germanium band structures could 
be very accurately described in terms of only three Fourier 
coefficients of the pseudopotential. Optical critical point energies 
were then used to provide a purely empirical determination of 
energy band structure that is still remarkable for its accuracy and 
broad applicability. In the early 1970s the investigation of optical 
critical points was greatly advanced by the electroreflectance studies 
of D. E. Aspnes.65 

Another valuable concept introduced by Phillips is the dielectric 
definition of ionicity.66 [Fig. 2-5] It is based on the dielectric proper
ties of simple compounds with eight valence electrons per formula 
unit (for example, zincblende materials and rock salt compounds). 
From the dielectric ionicity, it is possible to predict very accurately 
which compounds form in the rock salt and which form in the zinc-
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Fig. 2-5. Binary compounds with formula An B 8-N (where 
N valence) are separated into two distinct groups when 
their ionic energy gap, C, is plotted against their homopolar 
energy gap, En- The group below the line crystallizes with 
fourfold coordinated structures; those above the line 
crystallize with sixfold or eightfold coordinated structures. 
The compounds MgS, MgSe, and MgTe fall on the line and 
are found in both structures. The partial ionic character, 
F; [- C/(C+E'h) 17 ), has the value 0.785 for the line. The 
compounds falling below th1: line have F; values below 
0.785; those falling above the line have F; values greater 
than 0.785. 

blende structure. Materials on the borderline transform from zinc
blende to rock salt under pressure. Many other fundamental proper
ties of electrons and phonons are found to correlate well with the 
ionicity. 
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5.1.2 Effect of Pressure on the Conduction Band of a Multivalley Semiconductor 

The large effort in semiconductor physics research led naturally to 

pressure experiments. It was found that the energies of the different 

minima in the conduction band in a multivalley semiconductor 

varied at different rates with increasing pressure.67 One experiment 

that stands out is the unambiguous determination of the mechanism 

of the Gunn effect by A. R. Hutson and coworkers.68 When a de 

potential is applied to a short sample of n-type GaAs, the current

voltage curve follows Ohm's law at low voltages. With increasing 

voltage, oscillations occur sharply at a certain threshold voltage. This 

phenomenon, which has device applications in solid-state microwave 

generators, was first observed by J. B. Gunn at IBM.69 The high

pressure experiment at Bell Labs showed that the threshold for the 

effect decreases as the interband separation decreases with increasing 

pressure, and that the effect disappears when half of the electrons 

have been transferred to the lower mobility band, as predicted by the 

proposed electron transfer mechanism for the Gunn effect. 

5.2 Pair Spectra 

Rapid advances in optical techniques were largely responsible for 

opening new frontiers of semiconductor research in the 1960s. This 

avenue turned out to be particularly well suited for investigations of 

compound semiconductors in which interest was widening rapidly. 

In the early stages traditional tools were employed, such as lumines

cence, reflectance, and absorption. Later, differential methods came 

into vogue-for example, electroreflectance, piezoelectroreflectance, 

and wavelength modulation. Uniaxial stress was another new 

spectroscopic technique pioneered at Bell Labs that contributed 

greatly to the spectroscopy of semiconductors. 

The optical research effort was spearheaded by the research of D. G. 

Thomas and J. J. Hopfield [Fig. 2-6] on the II-VI compound CdS, a 

well-known but hitherto poorly understood luminescent material.70 

They clarified the role played by excitons, both bound and free, 

through the introduction of the concept of the polariton, a mixed 

photon-exciton mode, analogous to the photon-phonon excitation 

characteristic of infrared-active vibrations. Later, they turned their 

attention to the 111-V compound GaP, technologically important for 

its luminescence in the visible part of the electromagnetic spectrum. 

As a result of this effort many of the long-standing mysteries of 

luminescence phenomena in solids were cleared away. Thomas and 

Hopfield set out with the objective of understanding the radiative 

and nonradiative recombination processes and their relation to the 

chemistry of impurities in GaP crystals. Studies of the photolumines-
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Fig. 2-6. J . J. Hopfield Oeft) and D. G . Thomas conducted theoretical and 
experimental studies of impurities in Ill-Y compounds, leading to the 
development of efficient light-emitting semiconductor diodes . 

cent spectroscopy of nominally pure GaP at low temperatures 
revealed an amazingly complicated spectrum with about 100 sharp 
lines in the green part of the visible spectrum near the bandgap. The 
presence of many lines in such a simple system led to a theoretical 
analysis in 1962 by Hopfield, Thomas, and M. Gershenzon.71 The 
crystals, although pure by the standards of the time, contained resi
dual donors and acceptors that trapped negative and positive charges, 
respectively, at low temperatures. 

An analysis of the behavior of donor-acceptor pairs irradiated with 
ultraviolet light led to a satisfactory explanation of the complicated 
spectra, not only in terms of the number and location of the lines, but 
also of their intensities. [Fig. 2-7] In terms of the interactions of the 
charged entities involved-electrons, holes, donors, and acceptors
isoelectronic impurities (for instance, nitrogen substituting for phos
phorus in GaP) were found to introduce trapping states important in 
producing fluorescence.72 Two major mechanisms curtailing lumines
cence were also discovered. Studies by D. F. Nelson and coworkers 
displayed curtailed luminescence caused by nonradiative Auger 
recombination on certain traps?3 Nonradiative multiphonon capture 
of electrons on levels strongly coupled to the crystal lattice was 
another luminescence-curtailing mechanism discovered by C. H . 
Henry?4 

Through studies of pair spectra, the ionization energies of virtually 
all the substitutional donors and acceptors in GaP have been accu
rately determined. Pair spectra have also been used as an analytical 
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Fig. 2-7. Donor-acceptor pair spectra in GaP. Light is emitted in fluorescence as many 

sharp lines of different energies. The emission of light arises from the recombination of 

electrons and holes trapped on distant donor-acceptor pairs. The discrete energies of 

emission result from the discrete distances of separation of the donor-acceptor pairs as they 

lie on the lattice sites of the crystal, because a Coulomb energy term with an r-1 

dependence is added to the fixed atomic energy levels. Two patterns of lines have been 

found. Type I corresponds to a donor atom and an acceptor atom on the same type of 

lattice site-both on gallium or both on phosphorus sites. Type II corresponds to a donor on 

one type of lattice site and an acceptor on the other. The intensity of the lines is related to 

the number of pairs at a particular separation distance. Experiment compares well with 

theory for both types of spectra. [Hopfield, Thomas, and Gerschenzon, Phys. Rev. Lett. 10 

(1963): 163]. 

tool to identify unknown donors and acceptors not intentionally 

introduced. In the pure material mentioned earlier, the sharp line 

spectra arose from acceptor-donor pairs composed of carbon and sul

phur. This simple, yet elegant, explanation of these very complicated 

spectra represented a major advance toward understanding radiative 

recombination in semiconductors and was very important to the 

development of efficient electroluminescent diodes. 

5.3 Light Emitting Diodes 

In the late 1950s, attention was focused on the compound gallium 

phosphide, which has an energy gap of about 2.3 eV. The energy gap 

is the energy separating the conduction band from the valence band. 

When an electron drops from the conduction band to an empty state, 

or hole, in the valence band, the recombination process can result in 

electroluminescence. With an energy gap of 2.3 eV, this semiconductor 
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can potentially generate light in the wavelength range corresponding 
to the red and green part of the visible spectrum, where the red and 
green photon energies are 1.8 eV and 2.4 eV, respectively. From the 
late 1950s to the late 1960s, scientists investigated this material and 
demonstrated the feasibility of the light emitting diode (LED) device 
technology. Significant advances were made, especially in the fields 
of controlled addition of chemical impurities to the crystal and in the 
physics of radiative recombination. It was demonstrated that the 
radiative mechanism responsible for efficient light generation was 
associated with isoelectronic impurities. [Fig. 2-8] (For more on this 
topic, see section 5.2 of this chapter.) The impurities trap excitons and 
provide the momentum required for radiative recombination. In 
addition, p-n junctions were made that demonstrated the generation 
of both red and green light at commercially attractive levels. 

In the late 1960s the work on LEOs gradually moved into the de
vice technology area, where a mass-production technology was 
developed using large-area crystall substrates grown by a high
pressure liquid encapsulation Czochralski method. Efficient junctions 
were formed by a newly developed high-capacity liquid-phase epitax
ial process, representing the first commercial application of this tech
nique. This led to the production of red as well as green indicators, 
illuminators, numeric displays, and optically coupled isolators using 
GaP as well as ternary compounds by Western Electric and many 
other manufacturers. These devices find wide application in the Bell 
System as reliable, low-power lamps and numeric displays for tele
phones, consoles, test panels, and station apparatus, and as efficient 
low-noise couplers and isolators in various transmission and switch
ing systems. 

5.4 Thin Layers 

The 1960s was an era distinguished by increased optical sophistica
tion and consolidation. A completion of the picture of semiconduc
tors seemed almost attainable. Still, the quest for new horizons con
tinued into the 1970s. A. Y. Cho succeeded, by using molecular beam 
epitaxy, in growing lattices with a controlled periodicity by alternat
ing layers of GaAs and GaAlAs. R. Dingle, W. Wiegmann, and Henry 
grew multilayered films in which they observed quantum states of 
confined electrons?5 Electrons (or holes, as the case may be) are 
found to be confined to a layer and behave as a two-dimensional elec
tron gas, the lowering of dimensionality giving rise to a variety of 
interesting phenomena. Another example of an analogous two
dimensional system is the electrons confined to a surface inversion 
layer of silicon in a MOSFET device, as discussed earlier in this sec
tion. This ~roblem has undergone extensive study by D. C. Tsui and 
S. J. Allen. 6 
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Fig. 2-8. Three means of hole-electron recombination. At the top, an electron (-) is 

bound to a donor impurity (D+) and a hole ( +) to an acceptor (A-). The donor and 

acceptor are separated by a distance r. The overlap between electron and hole allows 

recombination to occur and light to be generated. In the center illustration, a hole and 

an electron are both bound to an "isielectronic trap" (ISO) causing a much greater 

overlap. Rapid recombination occurs and generates light. In the bottom illustration, a 

hole and electron are bound to a neutral donor, with an extra electron bound to the 

donor. Recombination of the hole and electron can occur to give off light (left), 

leaving the extra electron on the donor. t/Jr, instead, the energy of the hole and 

electron can be given to the extra electron (right), which is ejected with kinetic energy 

and no light is generated. The latter process is dominant. All of these processes occur 

at low temperatures and help in understanding effects observed at room temperature. 

5.5 Deep Levels 

91 

Interest in certain long-neglected but very important areas of semi

conductor physics reawakened in the 1970s. One such area is that of 

defects and impurities with energy levels deep in the gap. After two 

decades of preoccupation with shallow impurity states, attention 
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turned to deep levels, especially for the wide-gap materials GaAs and 
GaP. These states are of particular interest for the very same reason 
that they are difficult to study-the nonradiative nature of recombina-· 
tion through them not only spoils light-emitting devices but pre
cludes their study using the usual luminescence methods. 

However, this experimental problem was solved by a capacitance 
technique77 that was used to obtain information about nonradiative· 
centers in GaP by H. Kukimoto, Henry, and Merritt.78 D. V. Lang 
subsequently developed a practical spectroscopic capacitance tech-· 
nique called deep-level transient spectroscopy that proved extremely 
useful in studying nonradiative processes in large numbers of sem· 
iconductor devices?9 Among the results that have been obtained 
using this technique are the observation of recombination-enhanced 
defect migration in p-n junctions,80 the identification of multiphonon 
capture as an important mechanism for nonradiative capture,81 and 
the discovery of centers responsible for low temperature, persistent 
impurity photoconductivity in Ill-Y semiconductors.82 

These experimental studies stimulated efforts to understand theoret
ically deep levels in semiconducto:rs. G. A. Baraff and M. Schluter 
developed theoretical methods for calculating the electronic energy 
states of deep levels.83 A major triumph of this theoretical under
standing was the prediction84 and subsequent observation85 that the 
deep levels associated with a lattice vacancy in silicon should behave 
in a very peculiar way, namely, as if two electrons had a net attrac
tion instead of the normal repulsion felt by electrons for each other. 
This was the first direct observation of the apparent electron-electron 
attraction effect, caused by an interaction with the lattice strain 
energy, which had been suggested earlier on more general grounds 
by P. W. Anderson.86 

The success of the study of deep levels in crystalline semiconduc
tors led to efforts to understand deep gap states in amorphous sem
iconductors, where such states play a major role in the observed tran
sport and optical properties of the material. An extension of the 
deep-level transient spectroscopy method to the case of hydrogenated 
amorphous silicon made possible the first direct measurement of the 
spectrum of deep gap states in this technologically important 
material. 87 

5.6 Electron-Hole Liquids 

Certainly one of the more exotic developments in semiconductor 
physics was the discovery of the condensation of excitons into an 
electron-hole liquid in many semiconductors. The idea was originally 
presented by L. V. Keldysh88 in an address at the 1968 International 
Semiconductor Conference held in Moscow and was verified in sub-
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stance a few months later by experiments conducted in the Soviet 

Union.89 Experimental90 and theoretical91 collaborations at Bell Labs 

have done much to elucidate the nature of this very unusual 

phenomenon. It has been found that at liquid helium temperatures, 

photogenerated free excitons, the "gaseous phase," can condense into 

a liquid state when the average density exceeds a certain well-defined 

value. [Fig. 2-9] The nature of the condensate, after the theoretical 

model of W. F. Brinkman and coworkers,92 is that of a metallic liquid, 

made up of "free" electrons and holes, in the form of drops. The 

overall analogy with the vapor-liquid transformation of a conven

tional gas is striking. 

VI. MOLECULAR BEAM EPITAXY 

An outgrowth of the study of semiconductor single crystal surfaces 

was the work on the interaction of beams of gallium atoms and 

arsenic molecules on heated GaAs surfaces initiated by J. R. Arthur in 

the mid-1960s. Utilizing modulated beams, Arthur observed that 

while the sticking coefficient for gallium was unity, the sticking 

coefficient of arsenic (from As2 molecules) was small and highly 

dependent on the gallium coverage of the crystal surface.93 By mak

ing the arsenic beam intensity much higher than gallium, he was able 

to achieve a deposit of one arsenic atom on the surface for each added 

gallium atom. This observation provided the basis for an epitaxial 

growth technique for stoichiometric GaAs that did not require precise 

control over the As/Ga beam intensity ratios, provided the arsenic 

beam was significantly more intense than the gallium beam. 

[Fig. 2-10] This very versatile vacuum-epitaxial growth technique was 

further developed largely by Cho and is called molecular beam epi

taxy (MBE).94 (This technique, and its application to heterostructure 

lasers, varactor diodes, IMPATT diodes, and other semiconductor de

vices, is discussed in some detail in Chapter 19 of this volume.) 

[Fig. 2-11] 
Cho's work demonstrating extremely smooth epitaxial layers and 

heterostructures of GaAs and AlxGa1-xAs by MBE was a precursor to 

studies of ultrathin, or superlattice, structures by A. C. Gossard and 

coworkers.95 Two classes of new crystal structures were prepared. In 

the first, alternate layers of GaAs and AlAs were grown. It was 

demonstrated that artificial crystal structures with a periodicity of one 

monolayer could be obtained by suitable shuttering of aluminum and 

gallium beams. Although these structures had rather small domain 

sizes (approximately lOOA), structures in which the individual layers 

were several monolayers thick had very large domains. 
The second class of superlattice structures has somewhat thicker 

(50-IOOA) alternating layers of GaAs and AlxGa1-xAs. The GaAs has a 
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Fig. 2-9. Phase diagram repres,:nting the two-phase system of 
electron-hole liquid drops and exciton gas. Exciton gas alone exists 
at low average density (above the c:urve, at the right); the two-phase 
coexistence region exists at high densities (above the curve, to the 
left). The critical temperature, Tc, in germanium is 6.7'K. 

narrower band gap than AlxGa1-xA:s. A sandwich consisting of a thin 
GaAs layer between AlxGa1-xAs layers is a two-dimensional quantum 
well for holes and electrons. The absorption spectra of undoped 
superlattice crystals, consisting of a stack of such sandwich structures, 
clearly show the well-defined, confined hole and electron states.96 

A further elaboration of quantum well structures is the 
modulation-doped superlattice reported by Dingle, H. L. Stormer, and 
coworkers.97 In these, only the AlxGa1-xAs layers are doped and the 
carriers are in their minimum energy state when confined in the 
quantum well. Thus, the GaAs layers contain the carriers and the 
AlxGa1-xAs layers contain the immobile fixed charges. These new 
anisotropic crystals have electron mobilities greater than GaAs 
because impurity scattering has been eliminated. Together with 
modulation-doped interfaces between single pairs of layers, they have 
provided materials for a number of studies of spectroscopy and tran-
sport in two-dimensional electron gases. In 1980, K. Von Klitzing 
showed that a two-dimensional electron gas in a silicon inversion 
layer exhibits the quantized Hall effect.98 The electrical resistance of 
the modulation-doped superlattices also showed strong quantum 
effects in response to magnetic fields, with the resistance parallel to 
the layers dipping close to zero over certain ranges of field. At the 
same time, their Hall resistance became precisely quantized in 
integral submultiples of Planck's constant divided by the square of 
the electron charge C14/e 2). These effects, observed previously only in 
silicon at higher fields, challenged theorists and offered new 
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Fig. 2-10 . Renection electron diffraction patterns of GaAs [001] (40 

keY , I 00 degrees azi muth) and the corresponding electron 

micrographs C38.400X) of Pt-C replicas of the sa me surface. (A) 

Br2-methanol chem ica ll y polished GaAs substrate heated in vacuum to 

580 C for 5 minutes. The diffraction pattern consists of spots. and the 

surface is micro-faceted. (B) A laye r of GaAs of average thickness of 

150A was grown on the surface of the subst rate in (A) with molecu lar 

beam epitaxy. The diffraction pattern becomes more streaked and 

patches of smooth a reas are formed on the substrated. (C) A !

micrometer GaAs layer was grown on the surface of the subst rate in 

(A). The diffraction pattern is uniformly st reaked norm al to the 

crys tal surface. and the morphology appears completely featureless . 

The additional diffraction features ("half-order" streaks) that appea r 

in (B) and (C) are due to the formation of reconstructed unit-ce ll s of 

the surface a toms, which have a unit-mesh length twice the dimension 

of the bu lk. 
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approaches to a precise measurement of 'it/e2 and the fine structure 

constant and for realization of a new fundamental standard of resis

tance. Conductivity perpendicular to the layered structures was also 
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Fig. 2-11. J. R. Arthur (left) and A. Y. C~o pioneered in t he development of Molecular Beam Epitaxy. a process particularly suited for thin-film growth. 

studied and revealed the ability to control the detailed profile of 
potential barriers by crystal growth of graded layers. Asymmetric 
barriers with graded bandgaps wE·re created that produced unipolar 
rectification, involving motion only of semiconductor charge carriers 
of one sign. The layered structures may result in new devices that 
utilize these high-mobitity and a isotropic-conductivity characteris
tics. 

VII. SEMICONDUCTOR RESEARCH SUPPLEMENT- THE STORY OF 
THE "GENESIS OF THE TRANSISTOR" 

The story of the "Genesis of the Transistor" is reproduced in three 
parts: 

1. "The Genesis of the Transistor," by W. S. Gorton, Assistant 
to the Director of Physical Research, J. B. Fisk, dated 
December 27, 1949. 

2. A letter from J. B. Fisk to R. Bown , Director of Research, 
dated February 17, 1950. 

3. Personal remin iscences by W. H. Brattain, recorded by 
Brattain in 1975 for this History. 
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7.1 "The Genesis of the Transistor" 

December 27, 1949 

MEMORANDUM FOR RECORD 

The history of the transistor begins with the decision to study intensively the 

properties of silicon and germanium. This decision was made in 1946 as a result 

of a series of conferences intended to establish a plan for semiconductor research, 

which was then being resumed after a war-time lapse. 

Although silicon and germanium were the simplest semiconductors, and most of 

their properties could be well understood in terms of existing theory, there were 

still a number of matters not completely investigated. It was also thought wise to 

develop techniques with these well-known substances before experimenting with 

a wider variety of materials. The Plan was thus directed definitely toward establishing 

fundamental understanding of phenomena and proper experimental techniques and not 

toward the solution of problems of technological rather than scientific importance. 

Work was begun actively in January 1946 under the direction of W. Shockley. 

J. Bardeen worked on the theory, G. L. Pearson conducted the experiments on 

bulk properties, and W. H. Brattain those on surface properties. This work was 

aided by results obtained by J. H. Scaff and H. C. Theuerer during the war, as well 

as those obtained by other laboratories. 
From the point of view of the communications art, it appeared that the most 

important development likely to arise from semiconductor research, and quite pos

sibly from any branch of solid state research, would be a useful semiconductor 

amplifier. This consideration influenced the emphasis of the work in various parts of the 

solid state area. Very early in the program it was predicted by Shockley from the 

existing theories for silicon and germanium that appreciable resistance modulation 

of thin layers of semiconductor could be produced by inducing a net charge on 

them with a strong electric field. This proposed form of modulation, which 

became known as the "field effect, " was electronic, rather than thermal as in the 

case of a thermistor, and it appeared that it might lead to new and useful semicon

ductor amplifiers. Since the then-hypothetical field effect did· not violate any of the 

basic laws of nature, it constituted a theoretical "existence proof" of an electronic 

semiconductor amplifier and thus served to focus attention on such possibilities. 

A number of experimental tests of the proposal were carried out by J. R. Haynes, 

H. J. McSkimin, W. A. Yager and R. S. Ohl. All gave negative results; in the case 

of the experiment of Ohl the expected effect was more than one thousand times 

the minimum detectable indication of the measuring instruments. 

These results led to a re-examination of the theory and the postulation by J. Bar

deen of the trapping of electrons in the surface layers of, or adsorbed layers on, 

semiconductors, especially silicon and germanium.1 This concept, referred to as 

electrons in surface states, led to the idea that a space-charge layer may exist at the 

free surface of a semiconductor independent of a metal contact. It provided an 

explanation of several puzzling facts about point-contact rectifiers using ger

manium and silicon. These included (1) lack of dependence of rectifier charac

teristic on work function of metal, (2) lack of contact potential difference between 
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samples of n- and p-type germanium and between n- and p-type silicon, and 
(3) current-voltage characteristics observed by S. Benzer of Purdue University 
between two similar pieces of germanium. • The theory suggested that at 
sufficiently low temperatures electrons might be frozen in the surface states so that 
the field effect could be observed. Experiments by Pearson and Bardeen showed 
that this was the case.2 The effect was much smaller than had been predicted from 
properties of bulk samples, but there was evidence that the remaining discrepancy 
was due to an abnormally low mobility of electrons in these films. 

The nature of surfaces and surface phenomena have always posed some of the 
most difficult problems in solid state physics. Bardeen's theory afforded a means 
of investigating the electronic behavior of the surface and of determining the pro
perties and origin of the surface states·-results which would constitute important 
contributions to the science of surface phenomena. There was also the possibility 
that if action of the surface states could be prevented, then the field effect would 
become efficient, and electronic semiconductor amplifiers might become practical. 
Research on the nature of surface state effects was thus seen to have the usual 
combination of advantages of being physical research of fundamental scientific 
importance, of involving skills, instruments and materials which were available 
almost uniquely at Bell Telephone Laboratories, and of having, at the same time, 
the possibility of leading to developments of great practical importance. The obvi
ous decision was, therefore, made to stress research on surface states, and as 
described below, the phenomena which led up to the invention of the transistor 
were discovered in the course of this fundamental research program. 

Experiments to test further predictions of the surface state theory were sug
gested by Bardeen, Shockley and Brattaiin. By varying the impurity content of sili
con, Brattain found that he could systematically change the contact potential in 
accordance with the changes in the surface state effected by changing the impurity 
content? The change was found to be in accordance with Shockley's prediction 
that increasing the impurity content of silicon would increase the difference 
between the contact potential of the n-type (where the impurity produces an 
excess of electrons) and the contact potential of the p-type (where the impurity 
produces a defect of electrons). A large number of experiments, particularly by 
Pearson and H. R. Moore, to obtain experimental confirmation of Bardeen's 
surface-state theory and direct evidence of the existence of his predicted space .. 
charge layer at the free surface of a semiconductor failed. The effects looked for 
were small and were generally masked by extraneous phenomena. 

An experiment which did indicate the presence of a space-charge layer was car
ried out by Brattain. He found that shining light on n-type silicon produces a 
change in contact potential which is interpreted as a defect of electrons at the sur
face, and on p-type an excess of electrons.4 The former effect is generally 
described as·bringing holes to the surface. In order to investigate a possible tem
perature effect, the surface was cooled to a low temperature. A large hysteresis in 
the effect was observed, which was considered as possibly due to the condensed 
water on the surface which was noticed at the end of the experiment. In order to 
avoid this effect, the surface was immersed in a liquid dielectric. A greatly 
enhanced effect of light was observed. Various dielectric liquids were tried, and 
then electrolytes.5 The effect was larger with the electrolytes. 

In the experiments involving electrolytes, R. B. Gibney suggested changing the 
de bias which had been incorporated in the circuit to counteract the contact poten
tia1.6 The results indicated that the electrolyte was transmitting a strong electric 
field to the surface layer of the silicon and that the experiment was another test of 
the field effect mentioned earlier in this memorandum? Gibney and Brattain 
pointed out that the effect could be used to control the passage of current through 
the silicon and, consequently, that a suitable arrangement could be made to func-
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tion as an amplifier.8 They also remarked that a solid, instead of a liquid, dielectric 

could be used, the only requirement being a sufficient ionic mobility to furnish 

ions for the requisite dipole layer at the surface of the semiconductor. 

Bardeen suggested an experiment by which the amplification effect with an 

electrolyte could be studied. Instead of using a thin semiconductive film, as had 

been used in earlier tests of the field effect, he suggested using a block of semicon

ductor of one conductivity type on which there was a thin surface layer of oppo

site conductivity type. This avoided the use of thin films with questionable electr

ical properties. This suggestion was made to Brattain, and he and Bardeen 

immediately tried the experiment with a block of p-type silicon on which a surface 

layer of n-type silicon had been produced by oxidation. A contact was made to 

the layer by a metal point, and a large-area low-resistance contact was made to the 

base of the block. The point contact was surrounded by, but insulated from, a 

drop of electrolyte. When a voltage is applied between the point and the base 

electrode in the high-resistance direction for the n-p barrier between the layer and 

the body, current flows to the point mainly in the thin surface layer. It was found 

that the magnitude of this current could be controlled by a potential applied to the 

electrolyte. The strong electric field applied to the layer by the electrolyte 

changed its resistance in the way predicted by Shockley's theory of the field effect. 

Current amplification and, at very low frequencies, power amplification were 

~;~~::~r ~~: 1~~~-9voltage amplification. This experiment was performed on 

The semiconductor was next changed, at Bardeen's suggestion, to high-back

voltage germanium furnished by Scaff and Theuerer. Experiments were continued 

by Brattain and Bardeen, with the aid of Gibney on chemical problems. Although 

the effect was again limited by the electrolyte to very low frequencies, 

amplification of voltage, as well as current and power, was achieved. Although 

there was no prior reason to suspect a p-type layer on the n-type germanium 

block, the sign of the effect indicated that holes were flowing near the surface, and 

that the magnitude of the hole current was enhanced by a negative potential 

applied to the electrolyte. 
In order to increase the freWfency response, Bardeen suggested replacing the 

electrolyte by a metal contact. Gibney prepared a surface by anodizing it and 

then evaporating a number of gold spots on it. It was hoped that a field produced 

by a gold spot could be used to modulate the current flowing near the surface. 

When the experiment was tried by Brattain, a new effect, now known as transistor 

action, was observed.11 It was found that current flowing in the forward direction 

from one contact influenced the current flowing in the reverse direction in a 

neighboring contact in such a way as to produce voltage amplification. This sug

gested that holes were flowing from the contact biased in the forward direction to 

the contact biased in the reverse direction. At first there was no power 

amplification. It was estimated that power amplification could be achiev~d if the 

separation between the rectifying contacts were of the order of 0.001 inch. 

This arrangement was set up, and a voltage gain of 15 was secured at 

1,000 cycles per second; the gain was slightly larger at 100 cycles per second.12 

The experiments were continued, and on December 23, 1947, a speech amplifier 

giving a power amplification of 18 or more, with good quality, was demonstrated 

by W. H. Brattain and H. R. Moore to R. Bown, H. Fletcher, W. Shockley, J. Bar

deen, G. L. Pearson and R. B. Gibney.13 The arrangement was operated as an oscil

lator on December 24, 1947.14 

The elements of one of the arrangements were given to H. S. Black. His group 

found that amplification occurred up to at least 107 cycles per second.15 

Brattain found that the practical spacing of the rectifyin~loints had to be less 

than 0.010 inch and that the optimum was about 0.002 inch. The points could be 
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improved by electrical forming. 17 

At the suggestion of J. R. Pierce thE• device was designated the transistor; it was 
disclosed to a meeting of the BTL Research Department Technical Staff in the audi· 
torium at Murray Hill on June 22, 1948. It was demonstrated to the press on 
June 30, 1948, in the West Street auditorium. The first scientific publication was in 
the form of three letters to the editor, published in the Physical Review for July 15, 
1948. 

(Original signed by) 
W. S.GORTON 

1 This theory of trapped electrons is recorded in Notebook 20780, pages 38-53, March 18-April 23, 
1946. It is published in Physical Review 47, 717, 19147 (May 15). 
• (one of p-type and one of n-type). Note added by W. H. Brattain, 1975. 

2 Notebook 20912, pages 1-11, April22, 1946. 
Notebook 20780, pages 47-53, April23, 1946. 

3 Notebook 21373, pages 88-108, May 20, 1947. (W. H. Brattain and W. Shockley, Phys. Rev. 72, 345, 1947.) 

4 Notebook 18194, page 78, April 2, 1947. (W. H. Brattain, Phys. Rev. 72, 345, 1947) 
5 Notebook 18194, pages 138-141, November 13-ll7, 1947. 
6 Notebook 18194, page 142, November 17, 1947. 
7 This whole matter was discussed in conferencE• with P. J. W. Debye. It was agreed that the con

cept was correct and that the experiment had been a test of Shockley's suggestion. (Recollection of W. H. Brattain.) 

8 Notebook 18194, pages 151-153, November 20, 1947. 

9 Notebook 20780, pages 61-67, November 22, 1947. 
10 Notebook 20780, pages 69-70, November 23, 1947. 
11 Notebook 18194, pages 190-192, December 15, 1947. (NOTE. Bardeen and Brattain were working in very close cooperation at this time and had been so working for some weeks previously. Bar
deen had spent much time in the laboratory watching the experiments as they were made, and often suggesting them and participating in them. This arrangement facilitated interpretation and discussion and enabled the ideas of both to be tried out with a minimum of delay.) 
• Footnote added by W. H. Brattain in 1975: 

We were using glycoborate at the electrolyte and noticed an anodic oxide film growing on the 
surface of the germanium so we anodized the surface of a piece of germanium, washed off the 
glycoborate and evaporated the gold spots on it. As it turned out the germanium oxide was 
soluble in water and we had also washed it off! So these experiments were done on a freshly 
anodized surface of germanium, and the fi:rst transistor was made on one of these samples 
anodized in this way! 

12 Notebook 18194, pages 193-194, December 16, 1947. 
13 Notebook 21780, pages 708, December 24, 1947. 
14 Notebook 21780, page 9, December 24, 1947. 

15 Notebook T23265, page 2, January 20, 1948, andl subsequent entries to February 10, 1948. 
16 Notebook 21780, pages 56-61, January 26, 1948. 
17 Notebook 21780, pages 26, 31, January 15, 1948. 
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7.2 J. B. Fisk's Letter to R. Bown 

February 17, 1950 

MR. RALPH BOWN: 
I send you herewith Mr. W. S. Gorton's memorandum of December 27, 1949, 

entitled "The Genesis of the Transistor". This has been written in compliance 

with your request of June 22, 1948, to him to prepare an account of the thinking, 

work, and events which resulted in the transistor. 

Mr. Gorton had repeated interviews with Messrs. W. Shockley, J. Bardeen, 

W. H. Brattain, and G. L. Pearson; he also read the significant portions of per

tinent notebooks, especially the references cited in the memorandum. The 

memorandum was written, submitted to those named, altered, often extensively, 

and resubmitted. Count has been lost of the number of times this process was 

repeated. The final result was submitted to you on September 12, 1949. 

After you had referred the manuscript to Mr. H. A. Burgess, Mr. Gorton dis

cussed it with him and Mr. H. C. Hart. The note to footnote No. 11 was added, 

and they then approved the account in toto. The changed memorandum was 

again submitted to Messrs. Shockley, Bardeen, Brattain, and Pearson; it was 

approved by them and constitutes the attached memorandum. 

Throughout the work Mr. Gorton repeatedly raised the question as to whether 

full credit was being given to all to whom it was due; he was assured that it was. 

It is to be noted that the names of twelve persons appear in the memorandum as 

having taken substantial part in the work. 
The interviews showed that memory was beginning to get hazy in a few 

respects but discussion and time cleared it up. To counterbalance any such effect 

it is thought that the account has benefited from the better perspective due to the 

passage of time. Taking everything into account, including the fact that all of the 

pertinent documents were at hand for study, I think we may reasonably regard 

this account of the genesis of the transistor as definitive. 

Copy to 
Mr. H. A. Burgess-Mr. H. C. Hart 
Mr. W. Shockley 
Mr. J. Bardeen 
Mr. W. H. Brattain 
Mr. G. L. Pearson 

(Original signed by) 
J. B. FISK 

7.3 Walter H. Brattain's Personal Reminiscences, Recorded by Brattain 

in 1975 

When the question was asked, "What should we name it?", Bardeen and I were 

told, "You did it; you name it." We were aware that deForest had called his three

electrode vacuum tube an audion, and that this name did not survive. We also 

knew that whatever we named it might not take. We knew a two-syllable name 

would be better than three or more syllables. J. A. Becker had originated names 
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for other semiconductor devices, namely, varistor for the rectifier and thermistor 
for the temperature-sensitive device. We wanted a name that would fit into this 
family. We had many suggestions, some ending in "-tron," which we did not like. 
Bardeen and I were about at the end of our rope when one day J. R. Pierce walked 
by my office and I said to him, "Pier,ce, come in and sit down. You are just the 
man I want to see." 

I told him all about our dilemma, including that we wanted something to fit in 
with varistor and thermistor. Now Pierce knew that the point contact device was 
a dual of the vacuum tube, circuitwise; i.e., the device was short circuit unstable 
and the vacuum tube was open circuiit unstable. (This, by the way, was a stum
bling block for electronic engineers when they first tried to use the new device.) 
He mentioned the most important property of the vacuum tube, "trans
conductance," thought a minute about what the dual of this parameter would be 
and said, "transresistance," and then said "Transistor," and I said, "Pierce, that is 
it!" 

The sequel to this is: some years later, I came across a story by J. J. Coupling 
entitled "The Transistor'' in a science fiction journal and read it. The last phrase 
in the story was "and an obscure individual by the name of]. R. Pierce named it." 
Pierce had written many science fiction stories, and he signed them all J. J. Cou
pling. I knew this and was somewhat chagrined that maybe we had not given 
him proper credit. Though everybody knew who had named it. 

My late wife, Karen, said, when she first heard the name, that it would probably 
be shortened to "sistor" before too long. When the Award of Nobel Prize to Bar
deen, Shockley, and me was announced, my father was out in the Bitteroot Moun
tains of Idaho. The only way my mother could send him a message was by forest 
reserve telephone to tell Ross Brattain, etc... She wanted him to get the news 
before everybody else on the line kn,ew, so her message was "Tell Ross Brattain 
the transistor won a Nobel Prize." The message my father received was, "Your sis
ter won a Nobel Prize!" My father did have a sister, but he knew that she had not 
won this prize. When we went to the first International Semiconductor Confer
ence held at the University of Reading in England (1950), the English scientists 
were not using our name for the device. We asked them if by chance they did not 
think the name "transistor" was appropriate. Their answer was that they thought 
we had copyrighted the name and were, therefore, being very proper in not using 
it. We told them this was not so, that they could use the name if they wished! 

William Shockley's work on the thE!Ory of the p-n junction (first discovered by 
Russell Ohlin a silicon ingot made for him by Scaff and Theuerer in 1939 or 1940) 
led to his investigation of the n-p-n or p-n-p transistor. 

The impact of all these results on solid state research was tremendous! Single 
crystals for germanium by Teal and Little; the p-n junction, a surface or phase 
boundary in a single crystal well understood from first principles; zone refining, 
etc. by Pfann, making possible single crystals of an unheard of purity; in addition 
to the impact on the electronic technology. 
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