Chapter 6

Creators and Creations in Electrical
and Electromagnetic Engineering

Nehmen Sie zum Beispiel dieses komische Rohr, You take for example that funny tube that
das sie in Amsterdam verkaufen. Ich habe they are selling in Amsterdam. I examined
es genau untersucht. Eine Hiilse aus griinem it closely. A casing of green leather and two
Leder und zwei Linsen, eine so—er deutet eine lenses, one like that—he indicates by gesture a
konkave Linse an—, eine so—er deutet eine concave lens—, one like that—he indicates a
konvexe Linse an. Ich hore, eine vergroflert convez lens. I hear that one enlarges and one
und eine verkleinert. Jeder verniinftige Mensch reduces. Any sensible person would think that
wiirde denken, sie gleichen einander aus. Falsch. they would cancel each other out. Wrong. One
Man sieht alles fiinfmal so grofl durch das Ding. sees everything five times as large through the
Das ist IThre Wissenschaft. thing. That is your science.

Bertolt Brecht. 1939. Leben des Galilei [Life of Galileo]. Scene 1. Ludovico.

This chapter gives an overview of some innovations in electrical and electromagnetic engineering
that have played major roles in the modern world and that were invented or discovered by scientists
and engineers who were trained in the predominantly German-speaking central European research
world in the nineteenth and early twentieth centuries.
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940 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING
Creators from the German-speaking world made major contributions to:!

6.1. Electrical equipment and circuits

6.2. Lighting technology

6.3. Communications and recording technologies

6.4. Lasers and holography

6.5. Solid state physics and microelectronics

6.6. Infrared vision and targeting

6.7. Computers and robotics

6.8. Radar and sonar technologies and countermeasures

6.9. Optical microscopes, telescopes, and other optical instruments

6.10. Electron microscopes

n addition to specific references that are cited in different areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Sollner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970-1990; Gimbel 1990a; Glatt 1994; Hall 2019a; Istvan Hargittai 2006, 2011; Linda Hunt 1991; Impey et
al. 2008; Jacobsen 2014; Koertge 2007; Kragh 2002; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and
Pyke 2000; Mick 2000; Murray 2003; Nachmansohn 1979; NDB 1953-2020; Neufeld 2012; Nouzille and Huwart 1999;
O’Reagan 2014, 2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For general overviews of large portions of the history of electrical and electromagnetic engineering in the
German-speaking world, see: Buchheim and Sonnemann 1990; Bunch and Hellemans 2004 Cardwell 1995; Challoner
2009; Gerhart Gobel 1953; Goock 2000; Heckl 2010, 2011; HeBler 2012; Hickethier 1998; Jankowsky 2000; Konig
2000, 2009; Konig and Schneider 2007; Ludwig 1974; Lundgreen and Grelon 1994; Radkau 1989, 2016; Technisches
Museum Wien 2011; von Weiher 1983; Weitensfelder 2009, 2013; https://www.cdvandt.org; https://www.gfgf.org;
https://www.radiomuseum.org.

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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To supplement this chapter, Appendix B provides examples of key documents on transistors, printed
circuits and multi-pin connectors, integrated circuits, light emitting diodes (LEDs), etc. These
documents demonstrate that German-speaking research groups invented, developed, and demon-
strated those revolutionary microelectronics technologies many years before Bell Laboratories and
other non-German firms claimed to have officially “invented” them. Moreover, the documents show
numerous examples of how the relevant technical information was transferred from the German-
speaking world to those firms.

Similarly, Appendix C provides considerable evidence for how directed energy technologies were de-
veloped within the German-speaking world and then transferred to other countries. Those directed
energy technologies include not only lasers, but also particle beams and X-rays, electromagnetic
pulse weapons, focused sound waves, and electromagnetic railguns.

Scientists from the German-speaking world also made numerous contributions to overlapping and
related areas listed in other chapters, especially Chapter 5 (physics).

In September 1945, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee (CIOS), listed examples of several German innovations in
electronics that would be copied by other countries [AFHRA A5186 electronic version pp. 904—
1026, Ch. 4, pp. 38-40):

1. The “Schornsteinfeger” project of radar camouflage is of definite interest. German
scientists were discovered to have developed various types of anti-radar coverings which
would prevent radar detection. These coverings were applied and used operationally in
coating submarine “Schnorkels.” Still further applications were contemplated by Ger-
man experts engaged on this project.

2. Enemy development of Continuous Wave Transmission Navigational Aids was found
to be well advanced. German equipment was capable of greater accuracy and greater
range than any hitherto known. Fundamental research data was obtained concerning
propagation conditions for use in CW Transmissions.

3. Infra-red development had received much attention by German experts, and their
technique was in advance of that of the Allies. Infra-red was used for night vision to
permit night driving of military vehicles, and night sighting and aiming of weapons
under conditions of total black-out. Another application was in infra-red searchlights
used for the protection of harbor entrances. An entire German combat element had been
equipped with infra-red and trained in its use for employment on the Eastern front.

4. The design of polyrod aerials had been rejected as a development project by British
and US authorities. It was discovered that the Germans had achieved successful use
of this equipment in many applications. The polyrod aerial possesses important space
saving advantages in centimetric radar work.

5. German scientists had conducted extensive ionospheric investigations. The bulk of
their research data has been obtained by Allied scientists.

6. The enemy had achieved much in the development of materials with a wide range of
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electrical and magnetic properties, and of materials which become superconducting at
relatively high temperatures.

7. Investigation revealed that German radio valve design was generally less advanced
than our own. However, particular types of special valve designs have proven of interest.

8. German electron microscopes, capable of a magnification of 200,000 times, while not
more advanced than our own, yield new information of interest.

9. Examination of anti-jamming circuits used by the Germans has provided new infor-
mation.

10. Much valuable information on the use of electronic control and telemetering equip-
ment in guided missiles of all kinds has been obtained.

American experts discovered the Bosch machine and control equipment used for the
manufacture of a new type of paper capacitors (condensers). Condensers produced by
this process have important advantages over the types generally used in the US and
United Kingdom. They are designed with a self-healing feature which will overcome
repeated breakdowns resulting from over-voltage surges. One complete unit of this man-
ufacturing equipment has been obtained for evacuation to the US.

In addition to large numbers of government reports, journalists also documented that many rev-
olutionary electronic technologies were transferred out of the German-speaking world after World
War II. For example, in October 1946, Harper’s Magazine reported [Charles Walker 1946]:

The head of the communications unit of Technical Industrial Intelligence Branch opened
his desk drawer and took out the tiniest vacuum tube I had ever seen. It was about half
thumb-size.

Notice it s heavy porcelain—not glass—and thus virtually indestructible. It is a thousand
watt—one-tenth the size of similar American tubes. Today our manufacturers know the
secret of making it. . . . And here’s something. . . .

He pulled some brown, papery-looking ribbon off a spool. It was a quarter-inch wide,
with a dull and a shiny side.

“That’s Magnetophone tape,” he said. “It’s plastic, metallized on one side with iron
oxide. In Germany that supplanted phonograph recordings. A day’s radio program can
be magnetized on one reel. You can demagnetize it, wipe it off and put a new program
on at any time. No needle; so absolutely no noise or record wear. An hour-long reel
costs fifty cents.” He showed me then what had been two of the most closely-guarded,
technical secrets of the war: the infra-red device which the Germans invented for seeing
at night, and the remarkable diminutive generator which operated it. German cars could
drive at any speed in a total blackout, seeing objects clear as day two hundred meters
ahead. Tanks with this device could spot targets two miles away. As a sniper scope it
enabled German riflemen to pick off a man in total blackness.
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There was a sighting tube, and a selenium screen out front. The screen caught the
incoming infra-red light, which drove electrons from the selenium along the tube to
another screen which was electrically charged and fluorescent. A visible image appeared
on this screen. Its clearness and its accuracy for aiming purposes were phenomenal.
Inside the tube, distortion of the stream of electrons by the earth’s magnetism was even
allowed for!

The diminutive generator—five inches across—stepped up current from an ordinary
flashlight battery to 15,000 volts. It had a walnut-sized motor which spun a rotor at
10,000 rpm—so fast that originally it had destroyed all lubricants with the great amount
of ozone it produced. The Germans had developed a new grease: chlorinated paraffin
oil. The generator then ran 3,000 hours!

A canvas bag on the sniper’s back housed the device. His rifle had two triggers. He
pressed one for a few seconds to operate the generator and the scope. Then the other,
to kill his man in the dark. “That captured secret,” my guide declared, “we first used
at Okinawa—to the bewilderment of the Japs.”

We got, in addition, among these prize secrets, the technique and the machine for making
the world’s most remarkable electric condenser. Millions of condensers are essential to
the radio and radar industry. Our condensers were always made of metal foil. This one
is made of paper, coated with 1/250,000 of an inch of vaporized zinc. Forty per cent
smaller, twenty per cent cheaper than our condensers, it is also self-healing. That is,
if a breakdown occurs (like a fuse blowing out), the zinc film evaporates, the paper
immediately insulates, and the condenser is right again. It keeps on working through
multiple breakdowns—at fifty per cent higher voltage than our condensers! To most
American radio experts this is magic, double-distilled.
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6.1 Electrical Equipment and Circuits

German-speaking scientists led the discovery of electrical principles and the application of those
principles to create essential types of electrical equipment and circuits.

In 1820, Johann Schweigger (German states, 1779-1857) developed the galvanometer for measuring
electric current. See Fig. 6.1.

Using galvanometers and different electrical conductors, Georg Ohm (German states, 1789-1854,
Fig. 6.1) studied the electrical properties of simple circuits. He demonstrated that the voltage
difference V across an electrical component depends on the current I through the component and
the electrical resistance R of the component, in accordance with the equation V = IR, which is
now known as Ohm’s law. Oxford University’s Biographical Dictionary of Scientists explained how
Ohm arrived at his conclusions [Porter 1994, p. 390]:

Ohm began the work that led him to his law of electricity in 1825. He investigated the
amount of electromagnetic force produced in a wire carrying a current|...] Ohm found
that a longer wire produced a greater loss in electromagnetic force. [...]

From this, Ohm reached the more general statement that the current is equal to the
tension (emf or potential difference) divided by the overall resistance of the circuit, thus
expressing the law in the form known as Ohm’s law.

Ohm went on to use an electroscope to measure how the tension varied at different points
along a conductor to verify his law, and presented his arguments in mathematical form
in his great work of 1827. He made a useful analogy with the flow of heat through a
conductor, pointing out that an electric current flows through a conductor of varying
resistance from one tension or potential to another to produce a potential difference,
just as heat flows through a conductor of varying conductivity from one temperature
to another to produce a temperature difference. |[...]

Ohm’s derivation of a basic law of nature from experiment was a classic piece of scientific
deduction.

Andreas von Ettingshausen (Austrian, 1796-1878, Fig. 6.1) designed the first machine to use elec-
tromagnetic induction to generate power.

Heinrich Lenz (Baltic German, 1804-1865, Fig. 6.1) formulated what is now known as Lenz’s
law, which describes how a changing magnetic field induces electric currents in nearby conductors
that create new magnetic fields opposing the changing field. He also discovered that the power
P consumed by an electric circuit depends on the current I flowing through the circuit and the
electrical resistance R of the circuit, P = I’R.

Heinrich Rithmkorff (German, 1803-1877) developed improved magnetic induction coils, now called
Rithmkorff coils, and used them in a variety of applications such as AC transformers and high-
voltage generators. See Fig. 6.2.
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Werner von Siemens (German, 1816-1892, Figs. 6.3 and 6.22) began his career by creating more
sophisticated telegraphs that could point to individual letters, and went on to invent and build
a wide range of additional electrical innovations such as electric generators (dynamos), electric
motors, transformers, electric elevators, and electric trains [Bahr 2016; von Siemens 1895]. The
American Council of Learned Societies noted [ACLS 2000, p. 810]:

First successful invention was an improved process for gold- and silverplating. After
improving upon the indicator telegraph of Wheatstone, he developed an entire tele-
graph system; in 1847, together with Halske, he founded the Telegraphenbauanstalt von
Siemens & Halske to manufacture and construct telegraph systems, eventually expand-
ing to London, St. Petersburg, and Vienna. Helped design the first special cable-laying
ship, the Faraday, and organized and constructed the Indo-European telegraph from
London to Calcutta (1870). His most outstanding contribution was his discovery of the
dynamo principle and its practical applications to streetcars and mine locomotives, in
electrolysis, and in central generating stations.

Gustav Kirchhoff (German, 1824-1887) worked in many areas of physics, chemistry, and engineering
(see also pp. 427, 599, 858, 915, and 957). He discovered a number of physical laws that now have
his name attached to them, including laws illustrated in Fig. 6.4 that describe the current and
voltage in electric circuits. Oxford University’s Biographical Dictionary of Scientists summarized
his contributions to electrical engineering and electromagnetism [Porter 1994, p. 390):

Kirchhoff made his first important contribution to physics while still a student. In 1845
and 1846 he extended Ohm’s law to networks of conductors and derived the laws known
as Kirchhoff’s laws that determine the value of the current and potential at any point
in a network. He went on to consider electrostatic charge and in 1849 showed that elec-
trostatic potential is identical to tension, thus unifying static and current electricity.
Kirchhoff made another fundamental discovery in electricity in 1857 by showing the-
oretically that an oscillating current is propagated in a conductor of zero resistance
at the velocity of light. This was important in the development in the 1860s of the
electromagnetic theory of light]...]

As shown in Fig. 6.5, Johann Sigmund Schuckert (German, 1846-1895) improved electric generators
and motors, and also created some of the first lighting systems for streets and buildings in the
1870s. His company, Schuckert & Co., competed with the Siemens company to develop and sell
new electrical products. After the deaths of their respective founders, the two companies merged.

Frantisek Kfizik (Austrian/Czech, 1847-1941) created electric generators, electric motors, electric
trains, electric cars, improved arc lamps, etc. (Fig. 6.6).? The company he founded, Krizik Works,
continued to be an important high-tech industrial center during World War II and the postwar
Soviet occupation of Czechoslovakia (e.g., pp. 3987-3998).

https://czech-presidency.consilium.europa.eu/en/news/frantisek-krizik-the-inventor-who-illuminated-the-world-
and-bohemia-with-arc-lamps/
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Nikola Tesla (Serbo-Croatian, educated in Austria, 1856-1943) invented a complete AC (alternating
current) electric power generation, distribution, and usage system for the Westinghouse company
in the United States. He also created a wide range of other revolutionary electrical innovations
[Cheney 1981; Cheney and Uth 1999; Tesla 1893, 1904, 1919, 1940]. See Fig. 6.7. Tesla biographer
Margaret Cheney summed up his impact [Cheney and Uth 1999, pp. vi—vii|:

Tesla is indisputably the father of alternating current power generation and transmis-
sion. His AC technology, first introduced on a large scale at Niagara Falls in 1896,
remains unchanged and unchallenged to this day. The same holds true for Tesla’s “Ap-
paratus for Transmission of Electrical Energy,” patented in 1900, which is still the basis
for transmitting and receiving all radio and television signals. These two technologies
alone merit the recognition and gratitude of every inhabitant on this planet.

Like other great inventors, Tesla was a true Renaissance man. He turned fresh loam
across half-a-dozen fields of science. He patented hundreds of inventions, crafted his
own tools, built his own machines, practiced and consulted as an electrical engineer,
handled his own press relations with dexterity and élan, and was even known to write
poetry. Not only did this 19th-century polymath perform such heavy roles under one
hat, he was also an environmentalist, a health and nutrition advocate, a philosopher,
and many would say a visionary genius.

Tesla was a “heroic” inventor—something we need more of today. He looked at invention
as a way to improve the lot of mankind, not just a means of enhancing wealth, or meeting
the demands of the marketplace. [...]

Though few inventors have contributed more to the development of the United States as
a world power, the prestigious Smithsonian Institution has never substantially acknowl-
edged Tesla’s contribution. His alternating current generator, for example, is included
in the museum’s exhibit on Thomas Edison. The Institution has also been reluctant to
credit Tesla’s critical role in the invention of radio even though the U.S. Supreme Court
affirmed his patent priority over Marconi in 1943. [...]

As a result of this historical bias, Tesla’s major inventions are usually attributed to
others. [...]

Every time we turn on a light, or a radio, or operate a remote control we continue his
legacy. His name should be respected everywhere electricity flows.

As illustrated in Fig. 6.8, Charles (Karl) Steinmetz (German, 1865-1923) invented a complete AC
electric power generation, distribution, and usage system for the rival General Electric company in
the United States. The Encyclopedia Britannica listed some of his key insights [EB 2010]:

Steinmetz’ experiments on power losses in the magnetic materials used in electrical
machinery led to his first important work, the law of hysteresis. This law deals with
the power loss that occurs in all electrical devices when magnetic action is converted to
unusable heat. Until that time the power losses in motors, generators, transformers, and
other electrically powered machines could be known only after they were built. Once
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Steinmetz had found the law governing hysteresis loss, engineers could calculate and
minimize losses of electric power due to magnetism in their designs.

His second contribution was a practical method for making calculations concerning
alternating current circuits. This method was another example of using mathematical
aids for engineering the design of machinery and power lines, so that the performance
of the electrical system could be predicted in advance. This accomplishment was largely
responsible for the rapid progress made in the commercial introduction of alternating-
current apparatus. [...]

Steinmetz’ third major achievement was in the theory of electrical transients—that is,
changes in electrical circuits of very short duration. A prime example of this phenomenon
is lightning, and Steinmetz’ investigation of lightning phenomena resulted in his theory
of traveling waves and opened the way for his development of devices to protect high-
power transmission lines from lightning bolts.

Brothers Wilhelm Emil Fein (German, 1842-1898) and Carl Fein (German, 1877-1977) invented
the electric hand drill in 1895. See Fig. 6.9.
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Johann Schweigger
(1779-1857)
invented the

galvanometer (1820)

Andreas von

Ettingshausen Heinrich Emil Lenz
Georg Ohm (1796-1878) (1804—1865)
(1789-1854) Electromagnetic Lenz’s law
Ohm’s law induction generator  Electric power law

Figure 6.1: Johann Schweigger invented the galvanometer, Georg Ohm discovered Ohm’s law, An-
dreas von Ettingshausen developed the electromagnetic induction generator, and Heinrich Emil
Lenz discovered Lenz’s law and the electric power law.
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Heinrich Riithmkorff (1803—-1877)
created AC transformers and electric generators

Fisnes

Figure 6.2: Heinrich Rithmkorff created AC transformers, electric generators, etc.
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Werner von Siemens
(1816-1892) invented 3%
electric generators, .
electric elevators,
electric trains, etc.
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E. W. SIEMENS. LT E. W. SIEMENS.
ELEOTRIO RAILWAY, ELEGTRIC METER.
No. 322,859, Patented July 21, 1885, No. 416,677, Patented Nov, 19, 1889,
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Figure 6.3: Werner von Siemens invented electric generators, electric elevators, electric trains, etc.
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11 Kirchhoff’s current law:
\ The sum of the currents
entering a junction
must be zero.

Gustav Kirchhoff
(1824-1887)

Vs R Kirchhoff’s voltage law:
> The sum of the voltages
around a closed loop
Ve must be zero.

Figure 6.4: Gustav Kirchhoff discovered laws for currents and for voltages that are still widely used
in analyzing electric circuits.
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Johann Sigmund Schuckert (1846-1895)
improved electric generators and motors, and also
created some of the first lighting systems for streets and buildings
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Figure 6.5: Johann Sigmund Schuckert improved electric generators and motors, and also created
some of the first lighting systems for streets and buildings.
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FrantiSek K¥izik
(1847-1941) created
electric generators,
electric motors,
electric trains,
electric cars, improved =—
arc lamps, etc.

Figure 6.6: Frantisek Kiizik created electric generators, electric motors, electric trains, electric cars,
improved arc lamps, etc.



954 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

Nikola Tesla (1856—1943) invented a complete AC electric power
generation, distribution, and usage system for Westinghouse in U.S.
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Figure 6.7: Nikola Tesla invented a complete AC electric power generation, distribution, and usage
system for the Westinghouse company in the United States.
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Charles (Karl) Steinmetz (1865-1923)

invented a complete AC electric power
generation, distribution, and usage
system for General Electric in U.S.
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Figure 6.8: Charles (Karl) Steinmetz invented a complete AC electric power generation, distribution,
and usage system for the rival General Electric company in the United States.
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Wilhelm Emil Fein (1842-1898) Carl Fein (18?7?-19??

Figure 6.9: Brothers Wilhelm Emil Fein and Carl Fein invented the electric hand drill in 1895.
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6.2 Lighting Technology

Creators from the German-speaking world pioneered all major categories of lighting science and
technology. They developed spectroscopy to study visible light, and also discovered infrared and
ultraviolet light (Section 6.2.1). They were directly responsible for inventing and developing all
major types of artificial lighting—incandescent light bulbs (Section 6.2.2), fluorescent light tubes
and their variations (Section 6.2.3), and light emitting diodes or LEDs (Section 6.2.4).

6.2.1 Tools for Analyzing the Visible Spectrum, Infrared, and Ultraviolet Light

Spectroscopy, the quantitative separation and measurement of different colors or wavelengths in
light, was developed and demonstrated by Joseph von Fraunhofer (Bavarian, 1787-1826), Robert
Bunsen (German, 1811-1899), and Gustav Kirchhoff (German, 1824-1887). See Figs. 3.4 and 6.10.

Using spectroscopy to search for energy beyond the colors of visible light, Friedrich Wilhelm
(William) Herschel (Hanover, 1738-1822) discovered infrared light in 1800 [Herschel 1800]. See
p- 1134. He also discovered the planet Uranus and made several other important astronomical
discoveries (p. 802). For more information on infrared technologies, see Section 6.6.

Using spectroscopy in a very similar fashion to search beyond visible light, Johann Ritter (Prus-
sian/Bavarian, 1776-1810) discovered ultraviolet light in 1801 (Fig. 6.10).

6.2.2 Incandescent Light Bulbs

There is significant evidence that Heinrich Gobel (German, 1818-1893) invented the first fully
functional incandescent light bulb in 1854, 25 years before the much more famous light bulbs
from Thomas Edison’s laboratory.? See Fig. 6.11. Modern historians and archivists should examine
Gobel’s work more closely to clarify exactly what he did.

Even the light bulbs that Thomas Edison’s laboratory produced in 1879 were heavily dependent
upon German-speaking creators whom Edison employed. Those creators included:*

e Leonhard Sigmund Bergmann (German, 1851-1927, shown in Fig. 6.12) studied engineering
in Thuringia. He was recruited by Edison in 1875, and he played an important role in the
development of Edison’s versions of the phonograph, telephone, and incandescent light bulb.
After that, he worked relatively independently of Edison to produce a variety of electrical
and mechanical devices in the United States. Around 1890, Bergmann returned to Germany,
where he built up an industrial empire producing everything from electrical systems to steam
turbines to automobiles.

3https://data.tmw.at/object/281276; https://www.zobodat.at/pdf/VeroeffFerd_83_0165-0184.pdf; Paturi 1998,
pp- 338-339. For a contrary opinion see Rohde 2007.

4Conot 1979; Josephson 1959; http://www.lamptech.co.uk; https://ethw.org/John_Kruesi
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e Ludwig Karl Bohm (German, 1859-after 1907, Fig. 6.13) was a student and assistant of
Heinrich Geissler, a German inventor of electric lighting (p. 958), during the period 1871-1878.
During the crucial period 1879-1880, he worked in Edison’s laboratory, where he drew upon
his previous experience to create the vacuum pumps, glass envelopes, electrical assemblies, and
other key details for the first incandescent lamps that were produced and patented there. He
appears to have become quickly disillusioned with Edison and spent the rest of his life working
for other companies or for himself. During his life, Bchm produced an astonishing variety of
inventions, including multiple types of electric lights, improved vacuum pumps, refrigerated
railroad cars, paper-making machines, acetylene gas generators, carbide furnaces, automated
money-handling machines, etc.

e Johann Heinrich “John” Kriisi (Swiss, 1843-1899, Fig. 6.14) was a skilled machinist and
machine maker who was educated and worked in Europe, then was recruited by Edison in 1872.
He became the head machinist in Edison’s lab, where he either invented or directly helped
to invent the Edison phonograph. After that, he worked on the development of incandescent
light bulbs, as well as other associated electrical and mechanical components and inventions.

Thomas Edison and his companies also made use of the innovations of a number of other creators
from the German-speaking world, including Robert Bosch (p. 1349), Johann Sigmund Schuckert
(p. 952), Charles Steinmetz (p. 955), and Nikola Tesla (p. 954). The accumulated mythology sur-
rounding Edison should be carefully reexamined by modern historians to assign proper credit for
the innovations to the appropriate people.®

Whereas the first incandescent light bulbs used short-lived, soot-forming carbon filaments, German-
speaking creators developed greatly improved incandescent bulbs that used longer-lived, cleaner,
and more efficient metal filaments:

e Walther Nernst (German, 1864-1941, Fig. 6.15) invented zirconium filaments in 1897.

e Carl Auer von Welsbach (Austrian, 1858-1929, Fig. 6.15) invented osmium filaments in 1898.
(He also invented the gaslight mantle in 1885 and the flint metal lighter in 1903, and he
founded Auergesellschaft, Treibacher Industrie, and Osram.)

e Werner von Bolton (German, 1868-1912) and Otto Feuerlein (Swiss, 1863-1930) invented
tantalum filaments in 1902. See Fig. 6.16.

e Alexander Just (German, 1874-1937) and Franjo Hanaman (Austro-Hungarian/Croatian,

1878-1941) invented tungsten filaments in 1904, and they have been widely used ever since
(Fig. 6.16).

6.2.3 Gas Discharge and Fluorescent Light Tubes

Heinrich Geissler (German, 1814-1879), Julius Plicker (German states, 1801-1868), and Johann
Hittorf (German, 1824-1914) developed and tested early high-voltage gas discharge tubes that were

SThere also appear to have been other inventors in the English-speaking world, such as William Sawyer (U.s.,
1850-1883) and Joseph Swan (English, 1828-1914), whose accomplishments have been unfairly slighted by all of the
hagiography focused on Edison.
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ultimately diversified into vacuum tubes, X-ray tubes, cathode ray tubes, neon lighting tubes, and
fluorescent lighting tubes. See Fig. 6.17.

As shown in Fig. 6.18, Leo Arons (German, 1860-1919) modified high-voltage gas discharge tubes
to create the mercury vapor lamp in 1892.

Edmund Germer (German, 1901-1987), Friedrich Meyer (German?, 1877-1977), and Hans Spanner
(German?, 1877-1977) further modified high-voltage gas discharge tubes to invent modern fluores-
cent lighting tubes in 1926. Specifically, they coated mercury vapor lamp tubes with fluorescent
chemical pigments to absorb the ultraviolet light emitted by the mercury and reemit that energy
as a range of visible light. See Fig. 6.19.

Nikolaus Riehl (German, 1901-1990, p. 1625), one of the leading scientists of Auergesellschaft,
also made important contributions to chemical pigments for fluorescent lighting and to the optical
spectroscopy of solid materials.

Both before and after World War 11, these lighting technologies were transferred from the German-
speaking world to other countries. BIOS 395, German Fluorescent Lamp Industry and Phosphor
Chemical Manufacture, pp. 3 and 5, provides an example of the transfer of information on improved
fluorescent light tubes to the United Kingdom and United States:

REPORT 2—DISCUSSION WITH DR. ABRAHAMOZIK, FORMERLY RESEARCH
CHEMIST OF THE WELT-POST INSTITUTE, HEIDELBERG. 14.11.1945.

[...] With Dr. Lappe, a physicist, he had been engaged on the preparation of metallic
sulphides, selenides and tellurides by new methods employing furnacing at ultrahigh-
pressures circa 1,000 atmospheres. The object was to obtain improved efficiency of
transformation of long wave U.V. into visible radiation and secondly to produce fluores-
cent powders responsive to infra-red radiation of long wavelength corresponding with
400°C radiators.

Ultra-Violet Phosphors:

A large range of possible substances had been investigated of which the most effective
was found to be zinc sulphide containing 5% zinc selenide activated with 0.0001% Cu,
up to 1% Cu. This material was stated to be some 30% to 50% more efficient than a
simple zinc sulphide produced by the same method.

I.R. Phosphors:

To produce powders responsive to long wavelength I.R. radiation—zinc, lead, mercury,
cadmium sulphides, selenides and tellurides had been investigated. The zinc sulphide
+ 5% selenide was good and the telluride compound was probably better but less was
known about the properties.

These latter compounds were used in receiving circuits for detecting I.R. by employing
the phosphor as the dielectric of a condenser fitted in a sensitive valve receiver. Reception
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of I.R. radiation was indicated by circuit changes resulting from changes in the dielectric
constant of the phosphor.

Gilles Holst (Dutch, 1886-1968) and Willem Uyterhoeven (Dutch, 1877-1977) invented sodium va-
por lamps in 1932, as shown in Fig. 6.20. Holst was the research director at the Philips Eindhoven
laboratory [VanDelft 2014], which was closely tied to the rest of the predominantly German-speaking
research world from the late nineteenth century through World War II, including work on electron-
ics, communications, and directed energy beams.® Holst was also involved in research toward the
development of transistors (pp. 1056-1057 and 2686-2689).

6.2.4 Light Emitting Diodes (LEDs)

Bernhard Gudden (German, 1892-1945), Robert Pohl (German, 1884-1976), Zoltan Bay (Hun-
garian, 1900-1992), Gyorgy Szigeti (Hungarian, 1905-1978), and Kurt Lehovec (Bohemian/Aus-
trian/Czech, 1918-2012) developed light emitting diodes (LEDs). See pp. 1106-1108 and Section
B.4.

5See for example: CIOS ITI-1; CIOS VI-26, 27; CIOS X-13; CIOS XI-10; CIOS XII-22.
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Joseph von Fraunhofer (standing, 1787-1826), Robert Bunsen
(1811-1899), & Gustav Kirchhoff (1824-1887) developed spectroscopy

ann Ritter (1776-1810)

Figure 6.10: Joseph von Fraunhofer (standing), Robert Bunsen (Fig. 3.4), and Gustav Kirchhoff
(Fig. 3.4) developed spectroscopy. Johann Ritter discovered ultraviolet light.
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Heinrich Gobel (1818-1893)
demonstrated incandescent
electric light bulb (1854)
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Figure 6.11: There is significant evidence that Heinrich Gobel (1818-1893) invented the first func-
tional incandescent light bulb in 1854, 25 years before the much more famous light bulbs from
Thomas Edison’s laboratory.
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Figure 6.12: Leonhard Sigmund Bergmann helped to develop the first incandescent light bulbs that
Thomas Edison’s laboratory made, then went into business for himself creating various electrical
and mechanical devices.
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Figure 6.13: Ludwig Karl Bohm helped to develop the first incandescent light bulbs that Thomas
Edison’s laboratory made, then worked for other companies. In addition to light bulbs, he created
a wide variety of other inventions.
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Johann Heinrich “John” Kriisi
(1843-1899)
Incandescent light bulbs, phono-
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Figure 6.14: Johann Heinrich “John” Kriisi helped to develop the first incandescent light bulbs that
Thomas Edison’s laboratory made. He also invented or helped to invent the Edison phonograph
and other innovations that came out of that laboratory.
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Metal filaments
for incandescent
light bulbs

Walther
Nernst
(1864—

1941)

Zirconium
filaments
(1897)

" Carl Auer von Welsbach
(1858-1929)
Osmium filaments (1898)

Figure 6.15: Walther Nernst invented zirconium metal filaments for incandescent light bulbs in
1897. Carl Auer von Welsbach invented osmium filaments in 1898.
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Metal filaments for incandescent light bulbs

Werner von Bolton Otto Feuerlein Tantalum
(1868-1912) (1863-1930) filaments (1902)

Alexander Just Tungsten

(1874-1937) ‘LQ _ filaments (1904)
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S

Franjo Hanaman
(1878-1941)

Figure 6.16: Werner von Bolton and Otto Feuerlein invented tantalum metal filaments for incan-
descent light bulbs in 1902. Alexander Just and Franjo Hanaman invented tungsten filaments in
1904.
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Heinrich Geissler Johann Wilhelm Julius Pliicker
(1814-1879) Hittorf (1824-1914) (1801-1868)
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High-voltage gas discharge (Geissler) tubes, the forerunners
of vacuum tubes, X-ray tubes, cathode ray tubes,
neon lighting tubes, and fluorescent lighting tubes

Figure 6.17: Heinrich Geissler, Johann Wilhelm Hittorf, and Julius Pliicker created high-voltage
gas discharge (Geissler) tubes, the forerunners of vacuum tubes, X-ray tubes, cathode ray tubes,
neon lighting tubes, and fluorescent lighting tubes.
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Leo Arons

(1860-1919)
invented the

mercury vapor
lamp in 1892
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Figure 6.18: Leo Arons invented the mercury vapor lamp in 1892.
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Edmund Germer Friedrich Meyer Hans Spanner
(1901-1987) (1822-192?7?) (18?77-19??)
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Figure 6.19: Edmund Germer, Friedrich Meyer, and Hans Spanner modified mercury vapor tubes
to invent modern fluorescent lighting tubes in 1926.
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Sodium vapor
lamp (1932)

| Gilles Holst
(1886—1968)

Willem
Uyterhoeven
(1822-192?)
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Tag der Bekanntmachung iiber die Erteilung des Patents: 18. November 1937

Philips Patentverwaltung G. m.b.H. in Berlin#)

Mit einem entliifteten Raum umgebene, insbesondere zur Lichtausstrahlung dienende
gasgefiillte elektrische Entladungsrohre

Zusatz zum Patent 652 752

Patentiert im Deutschen Reiche vom 30. Oktober 1934 ab
Das Hauptpatent hat angefangen am 10. August 1932.

Die Prioritit der Anmeldung in den Niederlanden vom 4. November rg33 ist in Anspruch genommen.

Das Patent 652 752 beschreibt eine mit

einem entliifteten Raum umgebene, insbeson-
dere zur Lichtausstrahlung dienende elek-
trische Entladungsrohre mit Dampf schwer-
fliichtiger Metalle, wie Natrium, bei der dieser
Rawmn zwischen den Winden einer doppel-
wandigen ITiille gebildet ist, die die Réhre
mit einem Luft enthaltenden Zwischenraum
umschlieft. Dieser die Rohre umgebende,
entliiftete Raum bildet einen Wirme isolieren-
den Mantel, der das Erreichen einer hohen
Temperatur und eines hinreichenden Dampf-
druckes in der Entladungsréhre erleichtert.
Derartige Rohren sind bekannt.
15  Diese Anordnung hat u. a. den Vorteil, dafi
der Dampfdruck innerhalb der Réhre weniger
abhiingig ist von Anderungen der iuBeren
Atmosphiire, wie 2. B. von Temperaturinde-
rungen, Regenfall oder starkem Wind, als bei
Verwendung einer die Entladungsrohre ein-
schliefienden einwandigen Hiille, bei der der
Raum zwischen der Réhre und der Hiille
entliiftet ist.

o

s

N
3

Die Erfindung hat bezweckt, die Abhingig-
keit des Dampfdruckes innerhalb der Ent- 5
ladungsréhre von Anderungen der duferen
Atmosphire weiter zu verringern. =

Die Réhre und die doppelwandige Hiille
werden erfindungsgemif derart ausgebildet,
dafl beim Betrieb der der Sockelseite gegen- g4
iiberliegende Teil des Entladungsraumes die
niedrigste, in diesem Raum herrschende Tem-
peratur erhilt.

Es wurde ndmlich gefunden, dafl, wenn die
Iilteste, den Dampfdruck bestimmende Steile 35
des Entladungsraumes sich auf dem der
Sockelseite gegeniiberliegenden Teil der Wand
des Entladungsraumes befindet, die durch
Anderungen der Umgebungstemperatur her-
beigefiihrten Anderungen der Temperatur der o
Kkiiltesten Stelle kleiner sind, als wenn ein Fl
naher beim Sockel befindlicher Teil der Wand y.I+M g
des Entladungsraumes die Kkilteste Stelle
bildet.

Diese geringere Empfindlichkeit der Tem- 45
peratur e¢ines dem Sockelende gegeniiber-

#) Vou dem Patentsucher sz‘ud‘ als die Erfinder angegeben worden:
Gilles Holst und Willewm Uyterhoeven in Eindhoven, Holland.

Figure 6.20: Gilles Holst and Willem Uyterhoeven invented sodium vapor lamps in 1932.
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6.3 Communications and Recording Technologies

German-speaking creators invented and demonstrated communications and recording technologies
that revolutionized the world:

6.3.1. Telegraphs

6.3.2. Telephones

6.3.3. Radio

6.3.4. Mobile telephone systems

6.3.5. Optical communications systems

6.3.6. Disc phonograph records and players
6.3.7. Magnetic tape recording

6.3.8. Motion picture cameras and projectors
6.3.9. Television

6.3.10. Video telephone system

6.3.11. Scanners, facsimile (fax) machines, and printers
6.3.12. Photocopiers

6.3.13. Optical discs and digital file formats

Unfortunately, the modern world often does not attribute these inventions to their actual creators.

6.3.1 Telegraphs

Carl Friedrich Gauss (German states, 1777-1855) and Wilhelm Weber (German, 1804-1891), shown
in Fig. 6.21, worked out the laws of magnetism and electromagnetism. Using those, they invented
and demonstrated the world’s first electric (electromagnetic or electromechanical) telegraph in
1833, five years before Samuel Morse, whose work became much better known outside the German-
speaking world [Dunnington 1955]. (See also pp. 740, 793, 828, and 858.)

In a 20 November 1833 letter from Carl Friedrich Gauss to Heinrich Olbers, Gauss described the
design and successful operation of his telegraph [English translation by Guy Waldo Dunnington, in
Dunnington 1955, p. 147]:

I don’t remember my having made any previous mention to you of an astonishing
piece of mechanism that we have devised. It consists of a galvanic circuit conducted
through wires stretched through the air over the houses up to the steeple of St. John’s
Church and down again, and connecting the observatory with the physics laboratory,
which is under the direction of Weber. The entire length of wire may be computed at
about eight thousand feet; both ends of the wire are connected with a multiplicator,
the one at my end consisting of 170, that in Weber’s laboratory of 50, coils of wire each
wound around a one-pound magnet suspended according to a method which I have
devised. By a simple contrivance—which I have named a commutator—I can reverse
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the current instantaneously. Carefully operating my voltaic pile, I can cause so violent
a motion of the needle in the laboratory to take place that it strikes a bell, the sound
of which is audible in the adjoining room. This serves merely as an amusement. Our
aim is to display the movements with the utmost accuracy. We have already made
use of this apparatus for telegraphic experiments, which have resulted successfully in
the transmission of entire words and small phrases. This method of telegraphing has
the advantage of being quite independent of either daytime or weather; the ones who
receive it remain in their rooms, and if they desire it, with the shutters drawn. The
employment of sufficiently stout wires, I feel convinced, would enable us to telegraph
with but a single tap from Gottingen to Hanover, or from Hanover to Bremen.

Dunnington summarized further details about the history of the Gauss-Weber telegraph [Dunning-
ton 1955, pp. 147-148, 150]:

Gauss gave first public notice of the telegraph in the Géttingische gelehrte Anzeigen,
issue of August 9, 1834. He gives detailed information about the “great galvanic cir-
cuit” between the physics laboratory and the observatory, to which the new magnetic
observatory was connected, and emphasizes that this “unique setup” is due to Weber.
The two had begun their electrical measurements on October 21, 1832. Gauss ordered
magnetometers of varying size, from which he proceeded to larger magnets, and thus
a number of galvanometers of varying size and construction came into being, although
we do not know which ones were finally used in telegraphing. They were all to be used
for this purpose, but the two scientists realized that the apparatus with the smallest
magnets was best adapted for telegraphing on account of the magnets’ small period of
oscillation.

It is reported that the first words sent on the telegraph were: Michelmann kommt.
Michelmann was a servant who ran errands for Gauss and Weber. At first individual
words were sent, and then complete sentences. The telegraph was operated once in the
presence of the Duke of Cambridge, who seemed to take special interest in it.

Weber’s correspondence with the city council in April and May, 1833, gave exact infor-
mation about the purpose and date of origin of the telegraph. At first Weber had used
thin copper wire for the lines, which, however, did not stand up very well and had to be
replaced by stronger wire. Even the latter did not resist weathering and was replaced
by soft steel wire of one-millimeter strength. The lines existed until 1845, when they
were destroyed by lightning on December 16. |...]

The success of Gauss and Weber with their telegraph aroused great attention at that
time, at least in Germany. Steps were under way to use it on the railroad. Gauss and
Weber both wrote memoranda on the subject to the directorate of the Leipzig-Dresden
railroad then under construction.

In 1846, Werner von Siemens (German, 1816-1892, Fig. 6.22) created more sophisticated telegraphs
that could point to individual letters [Bahr 2016; von Siemens 1895]. Von Siemens also invented
and sold a number of other important electrical components and systems (p. 944). Backed by a
large industry and using more advanced designs, the von Siemens telegraphy systems overtook the
demonstrations and proposals of Gauss and Weber. Werner von Siemens and Carl Wilhelm Siemens
(German, 1823-1883), one of his younger brothers, designed and produced telegraph networks that
were used in Europe and worldwide.
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Wilhelm Weber (1804-1891)

Carl Friedrich Gauss (1777-1855)

Invented and successfully demonstrated
the world’s first electric telegraph in 1833
(S years before Samuel Morse)

Figure 6.21: Carl Friedrich Gauss and Wilhelm Weber invented and successfully demonstrated the
world’s first electric telegraph in 1833 (five years before Samuel Morse).
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Werner von Siemens
(1816-1892)

Figure 6.22: In 1846, Werner von Siemens created more sophisticated telegraphs that could point
to individual letters.
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6.3.2 Telephones

Johann Philipp Reis (German, 1834-1874) invented and successfully demonstrated the world’s first
microphone, speaker, and telephone in 1860 (Fig. 6.23). He then publicized and sought funding to
improve his telephone. Reis demonstrated this working telephone system 16 years before Alexander
Graham Bell’s version in 1876, yet nowadays Reis is virtually unknown in the non-German-speaking
world, and Bell is widely viewed as the inventor of the telephone. In 2003, BBC News confirmed
that “Bell ‘did not invent telephone™ [http://news.bbc.co.uk/2/hi/science/nature/3253174.stm:

Claims that a German scientist invented the telephone 15 years before Alexander Gra-
ham Bell are supported by evidence from newly surfaced archive papers.

Successful tests on a German device manufactured in 1863 were covered up to maintain
the Scot’s reputation, the previously unseen files have revealed.

They show the “Telephon”, developed by German research scientist Philipp Reis, could
transmit and receive speech.

It is alleged UK businessman Sir Frank Gill was behind the cover-up.
The evidence is contained in files from the archives of the Science Museum in London.

The documents were rediscovered in October by the museum’s curator of communica-
tions, John Liffen.

Gill was chairman of Standard Telephones and Cables (STC), the company that con-
ducted the tests on Reis’s device.

The company was at the time bidding for a contract from the American Telephone and
Telegraph Company, which evolved from the Bell Company.

Gill thought that if word got out of the test results, it would scupper STC’s chances of
winning the contract.

Some researchers have argued for many years that Reis beat Bell to the invention of the
telephone. The archived documents seem to support their claims.

A memo, dated 18 March 1947, from Gerald Garratt, a predecessor of Mr Liffen’s, show
STC’s reports on Reis’s device were given to him under the strict condition that they
would never be publicly referred to or published without permission.

STC then became anxious to retrieve the documents. In a subsequent letter, Garratt
wrote: “I am left with the thought that there is something so secret about [the docu-
ments| as to be a matter of first class historic interest.

“You must know as well as I the old controversy: ‘Did Bell invent the telephone?” and I
have here an unpublished manuscript of over 400 pages which proves pretty conclusively
that he didn’t.

“Does your anxiety to retrieve these reports rather suggest that you agree?”

Werner von Siemens (German, 1816-1892, Fig. 6.22) invented improved speakers.
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Telephone

Johann Philipp Reis
(1834-1874)
invented and
successfully demonstrated
the world’s first microphone
and telephone in 1860
(16 years before
Alexander Graham Bell)

Figure 6.23: Johann Philipp Reis invented and successfully demonstrated the world’s first micro-
phone and telephone in 1860 (16 years before Alexander Graham Bell).
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6.3.3 Radio

In 1888, Heinrich Hertz (German, 1857-1894) produced, detected, and measured electromagnetic
waves, specifically radio waves, making him also the true original inventor of radio transmitters and
receivers (Fig. 6.24). Unfortunately Hertz died very young; otherwise he would likely have played
even more of a role (and been recognized much more) in the early development of radio technology.
Because Hertz died before the first Nobel Prizes were awarded in 1901, he was not eligible for the
Nobel; nonetheless, the Nobel committee publicly praised his discoveries when they awarded other
scientists (see below and p. 859).

Nikola Tesla (Serbo-Croatian, educated in Austria, 1856-1943) publicly demonstrated a radio trans-
mitter and receiver in 1891, and a tunable transmitter and receiver in 1893 in St. Louis (Fig. 6.25).
Tesla biographer Margaret Cheney listed some of the key technical features of Tesla’s 1893 public
demonstration [Cheney 1981, p. 69]:

Although the St. Louis demonstration was no “message sent 'round the world” as Tesla
would doubtless of course have preferred it to be, he had nevertheless demonstrated all
the fundamental principles of modern radio: 1. an antenna or aerial wire; 2. a ground
connection; 3. an aerial-ground circuit containing inductance and capacity; 4. adjustable
inductance and capacity (for tuning); 5. sending and receiving sets tuned to resonance
with each other; and 6. electronic tube detectors.

Tesla’s 1893 lecture was published and translated around the world. Apparently it was the direct
inspiration for Guglielmo Marconi (Italian, 1874-1937) to repeat part of Tesla’s experiments a few
years later, albeit in a much cruder and less effective fashion [Cheney 1981, p. 69]. A series of
court cases over radio patents ultimately proved that Tesla’s public disclosures, publications, and
discoveries predated and directly informed Marconi’s claims [Cheney 1981, p. 176-184; Cheney and
Uth 1999, pp. 67-73]. Yet while Tesla continued working on his inventions, Marconi went on a
lengthy public tour of self-promotion in Europe. As a result, Marconi was awarded a Nobel Prize
for his “discovery,” Tesla was not, and Marconi has been erroneously considered worldwide to be
the inventor of radio.

Tesla further showed that radio waves transmit not only signals but large amounts of power over
considerable distances [Cheney 1981; Cheney and Uth 1999; Tesla 1893, 1904, 1919, 1940]. Tesla
also demonstrated a radio-controlled boat in 1898 (p. 1207) and invented many other electrical
devices (p. 954).

Beginning in 1897, Karl Ferdinand Braun (German, 1850-1918) developed improved radio trans-
mitters and receivers (Fig. 6.26), as well as phased array antennas. He also invented semiconductor
diodes (p. 1045), cathode ray tubes, and oscilloscopes (p. 1000). For his work developing and im-
proving radio technology, he won the Nobel Prize in Physics in 1909. H. Hildebrand, President of the
Royal Swedish Academy of Sciences, praised both Braun’s innovations and the earlier discoveries
by Hertz [https://www.nobelprize.org/prizes/physics/1909/ceremony-speech/|:

[I]t was Hertz who through his classical experiments showed that the new ideas as to
the nature of electricity and light had a real basis in fact. To be sure, it was already well
known before Hertz’s time, that a capacitor charged with electricity can under certain
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circumstances discharge itself oscillatorily, that is to say, by electric currents passing to
and fro. Hertz, however, was the first to demonstrate that the effects of these currents
propagate themselves in space with the velocity of light, thereby producing a wave
motion having all the distinguishing characteristics of light. This discovery—perhaps
the greatest in the field of physics throughout the last half-century—was made in 1888.
It forms the foundation, not only for modern science of electricity, but also for wireless
telegraphy. But it was still a great step from laboratory trials in miniature where the
electrical waves could be traced over but a small number of metres, to the transmission
of signals over great distances. |[...]

The electrical oscillations sent out from the transmitting station were relatively weak
and consisted of wave-series following each other, of which the amplitude rapidly fell-so-
called “damped oscillations”. A result of this was that the waves had a very weak effect at
the receiving station, with the further result that waves from various other transmitting
stations readily interfered, thus acting disturbing at the receiving station. It is due above
all to the inspired work of Professor Ferdinand Braun that this unsatisfactory state of
affairs was overcome. Braun made a modification in the layout of the circuit for the
despatch of electrical waves so that it was possible to produce intense waves with very
little damping. It was only through this that the so-called “long-distance telegraphy”
became possible, where the oscillations from the transmitting station, as a result of
resonance, could exert the maximum possible effect upon the receiving station. The
further advantage was obtained that in the main only waves of the frequency used by
the transmitting station were effective at the receiving station. It is only through the
introduction of these improvements that the magnificent results in the use of wireless
telegraphy have been attained in recent times.

Adolf Slaby (German, 1849-1913) and Georg von Arco (German, 1869-1940), shown in Fig. 6.27,
developed radio systems from 1897 onward. They founded and ran radio research and development
departments first at AEG and then at Telefunken.

By harnessing radio waves, Christian Hiilsmeyer (German, 1881-1957) invented and demonstrated
radar in 1903 (p. 1219). He also patented a radio remote control system in 1904.

Ernst Walter Ruhmer (German, 1878-1913) invented a number of electrical communications de-
vices, collaborating with Salomon Kalischer (German, 1845-1924) and Adolf Pieper (German, 1877—
197?) on some of them. In 1904, Ruhmer demonstrated a radiotelephone transmitter and receiver
capable of sending the first intelligible voice signals (Fig. 6.28).

Vacuum tube technology evolved from the work of a series of German-speaking scientists, including
Julius Pliicker (German states, 1801-1868), Heinrich Geissler (German, 1814-1879), Johann Hittorf
(German, 1824-1914), Eugen Goldstein (German, 1850-1930), Arthur Wehnelt (German, 1871—
1944), and others. See Fig. 6.17.

In 1906, Robert von Lieben (Austrian, 1878-1913), Eugen Reisz (Austrian, 1877-1977), and Sieg-
mund Strauss (Austrian, 1877-1977) invented and demonstrated the triode vacuum tube amplifier
(Fig. 6.29). It greatly improved the performance of radio circuits.
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No later than 1912, Alexander Meifiner (Austrian, 1883-1958) invented, demonstrated, and patented
the first modulated, amplified radio systems for high-quality transmission of voices and music. See
Fig. 6.30.

Eugen Nesper (German, 1879-1961, Fig. 6.31) conducted experiments with radio transmitters and
receivers from 1897 onward. Early in his career, he worked with Adolf Slaby and Georg von Arco.
Among other accomplishments, he developed and demonstrated a radio receiver with a powerful
seven-tube amplifier in 1923.

Hans Bredow (German, 1879-1959, Fig. 6.31) worked with electrical systems, especially radio, from
1900 onward. Throughout his long career, he was a strong proponent of public radio broadcasting
systems in Germany.

6.3.4 Mobile Telephone Systems

By combining telephone and radio technologies, German-speaking scientists invented and com-
mercialized the world’s first mobile telephone system. As shown in Fig. 6.32, such mobile phones
consisted of telephones and compact radio transmitter boxes, and were installed in German passen-
ger trains (the system was called Zugpostfunk or Zugtelefon). Transmitter/receiver towers near the
track connected the train mobile phones to the normal wired telephone network, allowing passen-
gers on trains to call (or receive calls from) people who either were not on trains or were on other
trains. Development of the system began during World War I, and the service was commercialized
and in service by January 1926. After World War II, the United States copied this mobile telephone
system and installed it in U.S. trains. Ultimately mobile telephone technology was miniaturized us-
ing microelectronics components and methods that had also been invented in the German-speaking
world (Section 6.5 and Appendix B).

6.3.5 Optical Communications Systems

German-speaking scientists also developed systems for transmitting and receiving voices and data
via light signals. See p. 1131.
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Figure 6.24: Heinrich Hertz transmitted and detected radio waves in 1888.
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Nikola Tesla (1856-1943) publicly demonstrated a radio transmitter
and receiver in 1891, and a tunable transmitter and receiver in 1893
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Figure 6.25: Nikola Tesla publicly demonstrated a radio transmitter and receiver in 1891, and a
tunable transmitter and receiver in 1893.
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Karl Ferdinand Braun (1850-1918) developed [}
improved radio transmitters and receivers in 1897
and won the Nobel Prize in Physics in 1909

Figure 6.26: Karl Ferdinand Braun developed improved radio transmitters and receivers in 1897
and won the Nobel Prize in Physics in 1909.
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Figure 6.27: Adolf Slaby and Georg von Arco developed radio systems from 1897 onward. They
founded and ran radio research and development departments at AEG and Telefunken.
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Figure 6.28: Ernst Ruhmer invented a number of electrical communications devices, collaborating
with Salomon Kalischer and Adolf Pieper on some of them. In 1904, Ruhmer demonstrated a
radiotelephone transmitter and receiver capable of sending the first intelligible voice signals.
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ﬁ\:\:\& PATENTAMT.

ROBERT von LIEBEN n WIEN.

Kathodenstrahlenrelais.

Patentiert im Deutschen Reiche vom 4. Mirz 1906 ab.

Die vorliegende Erfindung bezweckt, mit-
tels  Stromschwankungen kleiner Energie
solche von groBer Energie auszulésen, wobei
Frequenz und Kurvenform der ausgeléisten
Stromschwankungen denen der auslosenden
entsprechen.

Die diesem Zweck entsprechende Relais-
anordnung ermoglicht es, durch die Wahl
der Stirke des durch eine Entladungsrohre
flicBenden  Stromes die im beeinflussenden
Stromkreise vorhandenen Energiemengen zu
multiplizieren und eignet sich daher fur alle
Fille, wo eine derartige Multiplikation inner-
halb weiter Grenzen gefordert wird. Insbe-
sondere fiir manche Probleme der Telephonie
(Ubertragung  der Sprache auf groBe Ent-
. gen, Kabeltelept drahtl Tele-
phonie, Verstirkung der Sprach- und Musik-
ubertragung usw.) kann die Anwendung dieses
Relais von Vorteil sein; ferner auch fir
manches Problem der Fernphotographie,
Phonographie usw.

Um diesen Zweck zu erreichen, wird die
von Wehnelt gefundene Eigenschait glithen-
der Mesalloxyde benutzt, im Vakuum als
Kathoden bei verhiltnismaBig niedrigen Po-

hiingigen Stromkreises magnetisch oder elek-
trostatisch verschieden stark abgelenkt. Diese
Ablenkungen bewirken nun durch die Wahl
der im folgenden beschriebenen Anordnung
die gewiinsch starken Sch gen, die
im Stromkreis der Kathodenrohre erfolgen.

Letatere besteht nun, wie aus der Zeich-
nung ersichtlich ist, aus der hoch evakuierten
Glasréhre r, in welche die zur Erhitzung der
Kathode k erforderlichen Stromzufithrungs-
drihte 7, und §, eingeschmolzen sind.

Die Kathode k besteht aus einem durch
den elektrischen Strom heizbaren, hitzebe-
stindigen Korper, dem die Form eines Hohl-
spiegels gegeben wird. Die dem Merall-
korper f zugekehrte Oberfiiche dieses Hohl-
spicgels k ist mit einer diinnen Schicht eines
nach Wehnelt wirksamen Metalloxydes(Ca O,
Ba O usw.) iiberzogen. Wird nun das nega-
tive Potential der Stromquelie b an den bei-
spielsweise durch die Batterie b, elektrisch
geheizten Hohlspiegel & angelegt, so ent-
sendet derselbe Kathodenstrahlen, die sich in
cinem Brennpunkte (oder in einer Brenn-
linie) schneiden. Wie man sieht, falit dieser
Brennpunkt in die Offnung o des Faraday-

tentialen (etwa zoo Volt) Kathod ahlen
zu emiltiecren. Die so erzeugten Kathoden-
strahlen besitzen geringe Geschwindigkeit und
werden deher schon von schwachen magne-
tischen oder clektrostatischen Feldern stark
abgelenkt. Diese Kathodenstrahlen befinden
sich hier in dem zu beeinflussenden Strom-
kreise end werden durch die schwachen
Stromschwankungen  eines  zweiten  unah-

schen Hohlzylinders f.  Durch diese Offinung
gelangen die Strahlen weiter in den inneren
Hohlzylinder f,. Beide Hohlzylinder sind ken-
zentrisch, voneinander elektrisch isofiert und
durch  die  eingeschmolzenen  Zujithrungs-
drihte §; 7, nach auBen abgeieitet. Wie dic
Schaltung zeigt, fiilirt 5, ( r Vorse
eines passenden Widerswindes ) dirckt, g,
unter Zwischenschaltung eines fiir Strom-
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Figure 6.29: Robert von Lieben, Eugen Reisz, and Siegmund Strauss invented and demonstrated
the triode vacuum tube amplifier in 1906. It greatly improved the performance of radio circuits.
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Alexander Meifiner (1883—-1958) invented, demonstrated,
and patented the first modulated, amplified radio systems
for high-quality transmission of voices and music (1912)

1o Mittel hervorgerufenen Anfangsschwingungen | fiihrten Stromkreis auf, wobei die vermehrte
dem Relais zugeffibrt werden und die von | Energie dieser Strome aus der den Dauer- 45
dicsem  verstirkten Stréme wieder auf die | strom liefernden Stromquelle entsteht.
Schwingungskeeise  einwirken, wodurch die Eine Ausfilwungsform der Schaltung unter
Amplitude der Eigenschwingung der Kreise | Zugrundelegung eines solchen Relais ist in

15 erhoht wird. Da der wirksame Bestandteil | der Figur dargestellt,
dicser Relais im Gegensatz zu mechanisch 1 ist das Kathodenstrahlirelais, das die von so
arbeitenden keine Masse Dbesitzt, so ist es | der Batterie 2 geheitzte Kathode 3 und die
gerade mit diesem Relais méglich, elektrische | Anode 4 enthdlt, 5 ist eine Ililisclektrode,
Schwingungen bis zu den héchsten Frequenzen | die mit der Kathode 3 iiber, die Kopplungs-

20 in der angegebenen Einrichtung zu erzeugen | spule 6 leitend verbunden ist. 7 ist ein
und da die Frequenz der Schwingungen nur | Schwingungskreis, der aus dem Kondensator 8 55
durch die Eigenschwingung des Schwingungs- | und den beiden Selbstinduktionen g und 1o be-
systems bedingt ist, und im Relais andererseits | steht. Dieser Schwingungskreis 7 steht ciner-
keine stérenden Einfliisse sich geltend machen, | seits mit der Anode 4 und andererseits, Gber

25 so erzielt man mit dieser Einrichtung zum | die Stromquelle 11, mit der Kathode 3 in Ver-
ersten Mal ungeddmplte Schwingungen. von | bindung. Der Schwingungskreis 7 ist also so- 6
absolut  konstanter  Schwingungszahl und | wohl mit der Primir-, wie mit der Sckundir-
Amplitude. : strecke des Relais gekoppelt. 12 ist cine .

Line z, B. fir diesen Zweck sehr geeignete | Drosselspule, die gemeinsam mit der Kapa-

30 Form dieser Relais besteht aus cinem ganz | zitat 13 erforderlich ist, sofern als Strom-
oder teilweise evakuierten oder mit Gasen oder | quelle 1x nicht ecine Batterie, sondern cine 6
Dimpfen unter geringem Druck gefiilllen Glas- | Maschine zur Speisung des Entl ohres ©

benutzt wird. In diesem TFall dient die Ein-

AUSGEGEBEN '
Al 23, JUNT 1999

REICHSPATENTAMT. -

PATENTSCHRIFT

— A 291604

KLASSE 2fa GRUPPE 66 .

GESELLSCHAFT FUR DRAHTLOSE TELEGRAPHIE m. 5. H.
- w BERLIN.

Einrichtung zur Erzeugung elektrischer Schwingungen.

Patentiert im Deutschen Reiche vom 10. April 1913 ab.

Die voiliegende Erfindung betrifft eine Ein-
richtung zur Erzeugung elektrischer Schwin-
gungen, die darauf Leruht, daB ein oder
mwehrere Schwingungskreise mit ecinem  elek-
trischen Relais, dessen die Relaiswirkung aus-
Ubendes  Mittel aus Kathodenstrablen oder
einem ionisicrenden Gas o, dgl. besteht, so ver-
bunden wird, daB die in den Schwingungs-
kreisen durch irgendwelche StdBe oder andere

gefiB, das eine erhitzte ICathode und ‘eine
oder mehrere Anoden enthilt. Die von der

| Kathode ausgehenden Kathodenstrablen sind
entweder selbst das wirksame Agens oder be-
wirken eine Ionisation des Gases, so daf ein
dauernder Stromweg im Relais hergestellt wird.
Die zu verstirkenden Strome kdnnen der er-
hitzten Kathode und ciner Hilfsanode {Primiir-
seite des Relais) zugefihrt werden, Die ver-
stirkten Strdme treten dann in dem dber die
Kathode und Hauptanode (Sekundiirseite) ge-

richtung dazu, dic storenden Wirkungen des

Figure 6.30: No later than 1912, Alexander Meifiner invented, demonstrated, and patented the first

modulated, amplified radio systems for high-quality transmission of voices and music.
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Radio
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Figure 6.31: Some other important early radio pioneers included Eugen Nesper and Hans Bredow.
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The world's first mobile telephone system began
commercial operation on German trains in 1926

Figure 6.32: The world’s first mobile telephone system began commercial operation on German
trains in 1926.



990 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

6.3.6 Disc Phonograph Records and Players

Emil(e) Berliner (German, 1851-1929) was educated in Germany and then moved to the United
States. In 1886, he invented disc phonograph records and the corresponding player, which he called
the Gramophone (Fig. 6.33). Earlier phonographs had used cylinders made of wax, which were quite
cumbersome in shape and also very fragile and temperature sensitive. Berliner’s flat discs made
of hard rubber were durable recordings that could be easily stored, stacked, played, and flipped.
Berliner also developed improved microphones, acoustic tile, and an improved loom for producing
cloth, and he experimented with proto-helicopters and autogyros (p. 1804).

6.3.7 Magnetic Tape Recording

Fritz Pfleumer (Austrian, 1881-1945), Walter Weber (German, 1907-1944), and Hans-Joachim von
Braunmiihl (German, 1900-1980) developed magnetic plastic tape recorders, dubbed the Magne-
tophon, with the first demonstration in 1927 [Albert 2014]. See Fig. 6.34. Weber and von Braunmiihl
also invented improved designs for microphones.

German-speaking creators also developed a magnetic tape recorder that used steel tape instead
of plastic tape. In 1930, Kurt Stille (German, 1873-1957) and Ludwig Blattner (German, 1881—
1935) invented the Blattnerphone magnetic steel tape recorder, shown in Fig. 6.35. However, the
advantages of the plastic tape soon won out.

Magnetic tape recording technology was transferred to other countries after World War II. For
example, BIOS 951, The Magnetophon Sound Recording and Reproducing System, reported:

This report describes a system for the recording and reproduction of sound, making
use of the well-known magnetic principle, which has been developed in Germany both
before and during the war. During the war an improvement in performance has been
achieved and the quality of reproduction of speech and music now obtainable by means
of this system is of a high order and, it is claimed, consistently better than that achieved
with other systems.

There were a number of other postwar Allied reports on German magnetic tape recorders, such as
BIOS 1379, Plastics in German Sound Recording Systems, and FIAT 705, High Frequency Magne-
tophone Magnetic Sound Recorders. In addition to the reports, many magnetic recorders and reels
of tape were seized and later copied by Allied countries (Figs. 6.36-6.37). For example, a U.S. Army
officer, John T. “Jack” Mullin, confiscated several German Magnetophon units, shipped them to a
private address in the United States, and then presented their technology to potential customers
and investors as his own invention. Mullin became much more famous and wealthy than the actual
German and Austrian inventors, and he was part of a pattern, not an isolated case.

¢

In 1963, small reels of magnetic audio tape were packaged and marketed as “compact cassette
tapes” by Philips Eindhoven, and that format was dominant worldwide for over three decades. (For
more information on Philips Eindhoven, see p. 1019.)

The Magnetophon is just one example of the revolutionary magnetic recording technologies for au-
dio, video, and data that were invented and perfected in Germany, then transferred to Allied coun-
tries in 1945 and used worldwide for decades [Gimbel 1990]. Gunter Guttwein (German, 1906-1978)
also developed magnetic recording and magnetic memory technologies in Germany, and brought
those to the U.S. Army’s Fort Monmouth electronics laboratory after World War II [Fort Monmouth
Historical Office 2008].
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Figure 6.33: Emil(e) Berliner invented the disc phonograph record and player in 1886.
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Figure 6.34: Fritz Pfleumer, Walter Weber, and Hans-Joachim von Braunmiihl developed magnetic
plastic tape recorders (first demonstrated in 1927).
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Figure 6.35: Kurt Stille and Ludwig Blattner developed the Blattnerphone magnetic steel tape
recorder (1930).
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DECLASSIFIED | NARA RG 40, Entry UD'75, Box 58,
Authority NAID Qg Folder Replies to Letters of April 29, 1947

Figure 6.36: After World War II, German magnetic tape recorders, tape, and designs were taken
by the United States and directly copied by U.S. companies NARA RG 40, Entry UD-75, Box 58,
Folder Replies to Letters of April 29, 1947].
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Authority

DECLASSIFIED

NARA RG 40, Entry UD-75,
Box 58, Folder TIID Discards

II1

MAGNETOPHONE

The discovery of the Magnetophone, an extremely high-fidelity device
developed by the Germans as a result of wartime research, has aroused
great interest in this country and gives excellent promise of revolu-
tionizing the Ameriecan sound recording and reproduecing industry.

The machine uses a metallized plastic tape one-quarter of an inch in
width instead of the usual flat disc or cylinder. Sound recording

and reproduction is accomplished by magnetization of the metallized
plastie tape. Since there is no needle wear involved in the process,
there is no noise or seratch and no record wear. Also, a reel of tape
will record from twenty to sixty minutes of sound; and proper synchron-
ization of the operation of the equipment can be employed where opera-
tion of several hours duration is necessary for continuity purposes.
The fact that a reel of tape will cost approximately fifty cents
indicates the potential economies inherent in the development.

Indications are, as a result of industry interest in this development,
that it will revolutionize not only the sound recording and reproducing
equipment industry but also, because of its extremely low noise ratio
and program continuity characteristies, most of the radio programs will
econsist of reproductions rather than direct broadcast transmissions as
is the case at present. The use of reproduced rather than direct radio
program broadeasts will provide for the more flexible and conseguently
more economical radio program production than can be accomplished at
present on a direct program broadecast basis. This feature alone will
be of inestimable value for the recording, reproduction and radio trans-
mission of complete symphonic orchestrations of sufficiently high
fidelity that the fact that reproduction is being employed will be
impossible for listeners to detect.

The extent of industry interest in this development is indicated by the
fact that Audio Products Company of New York City is manufacturing

the tape, and the Rangertone Company of Newark, New Jersey is manu-
facturing the machine. The "know-how" used in the manufacture of these
items was obtained directly from Report No. PB-12659 published by the
Office of Technical Services of the Department of Commerce.

Shown below are samples of the tape produced in Germany and that manu-
factured in this country:

German Tape American Tape

See attached letters.

Figure 6.37: After World War II, German magnetic tape recorders, tape, and designs were taken
by the United States and directly copied by U.S. companies NARA RG 40, Entry UD-75, Box 58,

Folder TIID Discards].
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6.3.8 Motion Picture Cameras and Projectors

As shown on p. 634, the brothers Max Skladanowsky (German, 1863-1939) and Emil Skladanowsky
(German, 1866-1945) created the Bioscop motion picture camera and projector in 1892 and pre-
sented the first public films in 1895.

Methods of recording audio tracks on visual film reels were developed by Josef Benedict Engl
(German, 1893-1942), Joseph Massolle (German, 1889-1957), Hans von Ohain (German, 1911-
1998), and Hans Vogt (German, 1890-1979).

6.3.9 Television

In the English-speaking world, television is generally regarded as an invention that originated
with experiments before World War II by Philo Farnsworth (U.S., 1906-1971), Vladimir Zworykin
(Russian but worked in the United States, 1888-1982), and John Logie Baird (Scottish, 1888-1946),
and that led to the first major television systems and programs in the 1950s. While those scientists
and events were indeed part of the history of television, scientists from the great German-speaking
world were responsible for most of the key steps in the development of television, from the earliest
experiments through the world’s most advanced television systems in 1945 and beyond.

In the first important step toward television development, Julius Pliicker (German states, 1801—
1868) discovered magnetic deflection of electrons in a vacuum tube in 1857. See Fig. 6.38.

By harnessing Pliicker’s discovery, Karl Ferdinand Braun (German, 1850-1918) invented and demon-
strated cathode ray tubes and oscilloscopes in 1897 (Fig. 6.38). Oscilloscopes are essentially televi-
sion sets that visually display sine waves corresponding to electrical input signals; they have been
used in various forms ever since as important diagnostic and readout instruments for electronic
systems. In much of the world, cathode ray tube screens are still called Braun tubes. Braun also
invented semiconductor diodes in 1874 (p. 1045) and won the Nobel Prize in Physics in 1909 for
his radio-related research (p. 978).

Paul Nipkow (German, 1860-1940, Fig. 6.38) worked on an electromechanical television system
that used a “Nipkow disk” to guide its scanning pattern. Nipkow’s work greatly facilitated and
inspired research by many other scientists after that.

In 1909, Ernst Ruhmer (German, 1878-1913) demonstrated a proof-of-concept 5x5 pixel CCD-like
semiconductor television camera and a 5x5 pixel flat-panel television display (Fig. 6.39). He sought

funding to build television cameras and displays with 100x100 pixels, but unfortunately he fell ill
and died.
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Some other early pioneers of television included August Karolus (German, 1893-1972), Kalman
Tihanyi (Hungarian, 1897-1947), Max Knoll (German, 1897-1969, one of the inventors of electron
microscopes—see p. 1290), and Erhard Kietz (German, 1909-1982), as shown in Fig. 6.40.

Siegmund Loewe (German, 1885-1962) and Manfred von Ardenne (German, 1907-1997) developed
a complete television transmitter and receiver system in 1931, and then an improved and larger
television receiver in 1936 (Fig. 6.41). Figure 6.42 also shows a competing Telefunken commercial
television receiver from 1933.

Emil Mechau (German, 1882-1945), Walter Heimann (German, 1908-1981), and Werner Flechsig
(German, 1900-1981) developed the long-range zoom television cameras that were used to broadcast
the 1936 Berlin Olympics (Fig. 6.43).

Fritz Schroter (German, 1886-1973) at Telefunken developed interlaced television scanning and
rectangular picture tubes, such as the 1937 television receiver shown in Fig. 6.44; he also did
seminal work on pulse code modulation and analog-to-digital converters [FIAT 865]. Fritz Fischer
(Swiss, 1898-1947) and Edgar Gretener (Swiss 1902-1958, also important in cryptography) devel-
oped television projectors. Friedrich Gladenbeck (German, 1899-1987, also important in robotics,
p. 1209) developed high-frequency radio, remote control, and television systems.

Figure 6.45 shows a Telefunken television camera and Einheitsempfanger E1 home receiver, both
from 1939. Late 1930s German television broadcasts featured a wide variety of regular news and
entertainment shows with 441 horizontal lines of resolution for the height of the picture and 50
interlaced frames per second (25 full frames per second), fully comparable in both quality and
content to American television of two decades later [Kloft 2000].

German-speaking scientists miniaturized television systems for use in smart bombs and missiles,
decades before that technology became popularized in the first U.S.-Iraq war (pp. 1842-1844, 5412—
5417). The same technology was also employed in battlefield robotics (pp. 1209-1210). Figures
6.46-6.48 show a shoebox-sized Fernseh television receiver/picture tube and shoebox-sized Tonne
television camera/transmitter that were first operational in 1942.

CIOS XXXII-125, German Guided Missile Research, pp. 139-143, described the miniaturized tele-
vision systems and some of their applications (see pp. 5412-5417):

3. Television System for Guided Missiles.

This consists of two units (camera and transmitter) in the missile, and a further two
circuits (receiver and indicator) in the controlling aircraft.

All units measure 77 x 77 x 14%”. Only the camera and indicator were designed by
Fernseh, the radio link being designed by another firm.

In the early models a 441 line interlaced picture was used, the picture frequency being
25 per second (frame frequency 50 per second). |[...]

The picture quality obtained would appear to be excellent. Some photographs have been
obtained of the picture given by the 441 line interlaced equipment. These pictures were
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taken using the whole equipment, including the radio link, but a large, good quality
receiving tube was used. The photographs indicate that the definition was about as
good as can be obtained with a 441 line system. |[...]

The D.F.S. have been concerned with the testing and installation of the Fernseh televi-
sion in the Hs 293. [...]

On one test a range of 263 kms. was obtained with the controlling aircraft at a height
of 4,000 metres and the bomb at a height of 1,000 metres. |...]

It is understood that the Fernseh television camera using the infra-red tube was also
used in the robot tank. [...]

An interesting television camera of very compact design is being developed for Wasser-
fall. [...]

In “Nazis Had Television Eye to Guide Missile’s Path,” the New York Times reported [NYT 1949-
05-22]:

DAYTON, Ohio, May 21—German scientists during World War IT developed a television
device similar to the human eye for controlling guided missiles or aircraft but never put
it to use, the Air Materiel Command at Wright Field disclosed today.

The device was built into missiles such as bombs and guided them toward a pre-set
target without outside help, it was said. It used a movable mirror which reflected the
target to a television tube. This tube transmitted electrical impulses to the missile’s
steering device, keeping the missile constantly pointed at the target.

The pilot aligned his target in the television picture in his sighting mechanism, switched
on the bomb’s steering device and released the bomb. The missile then was on its own.

The entire device was no bigger than eight inches in diameter and weighed only four
pounds. Some were as small as five inches in diameter.

In addition to such military applications, handheld compact video cameras based on this technology
were used for many decades after the war.

These wartime video cameras and television receivers could also achieve remarkable resolution. Some
systems transmitted images up to 1029 horizontal lines in height at 25 frames per second [Faensen
2001, p. 90], comparable to modern high-definition television (HDTV, 1080 lines) and far greater
than the 480-line standard resolution that was used for U.S. commercial television broadcasts until
the early 2000s.

Walter Bruch (German, 1908-1990) operated television cameras at the 1936 Berlin Olympics and
then developed the color PAL television system after the war. See Fig. 6.49.
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Peter Carl Goldmark (Hungarian, 1906-1977) developed magnetic video recording (the Electronic
Video Recording system, 1967), as well as LP records and a color television system in the United
States (Fig. 6.49).

Robert Adler (Austrian, 1913-2007, Fig. 6.50), a physicist from Vienna, joined Zenith Electronics
in the United States in 1941 and patented a huge number of television-related inventions, includ-
ing remote controls (using ultrasonic or optical signals), subscription television channels (using
scrambled and descrambled signals), and color television systems.

German-speaking scientists also invented both light-emitting diodes (LEDs, pp. 1104 and 2888)
and liquid crystals (p. 506), which are the basis of modern video screens.
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Television
Julius Pliicker (1801-1868) Karl Ferdinand Braun
Magnetic deflection of (1850-1918)
electrons in vacuum tube Cathode ray tube; oscilloscope
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Figure 6.38: In the first steps toward television development, Julius Pliicker discovered magnetic
deflection of electrons in a vacuum tube, Karl Ferdinand Braun created cathode ray tubes and oscil-

loscopes, and Paul Nipkow worked on an electromechanical television system that used a “Nipkow
disk” to guide its scanning pattern.
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Television

Ernst Ruhmer (1878-1913) demonstrated a proof-of-concept
5x5 pixel CCD-like semiconductor television camera and a
5x5 pixel flat-panel television display (1909).

He sought funding to build television cameras and displays
with 100x100 plxels, but unfortunately he fell ill and died.
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Figure 6.39: In 1909, Ernst Ruhmer demonstrated a proof-of-concept 5x5 pixel CCD-like semicon-
ductor television camera and a 5x5 pixel flat-panel television display [Gernsback 1909]. He sought
funding to build television cameras and displays with 100x100 pixels, but unfortunately he fell ill
and died.
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Television August Karolus (1893-1972)

Kalman Tihanyi Max Knoll Erhard Kietz
(1897-1947) (1897-1969) (1909-1982)

.-‘
Figure 6.40: Other pioneers of television included August Karolus, Kdlmén Tihanyi, Max Knoll,
and Erhard Kietz.
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Television

Television transmitter and receiver (1931)

y

Siegmund Loewe Manfred von Ardenne Television

(1885-1962)

receiver (1936)

(1907-1997)
or Sk

Figure 6.41: Siegmund Loewe and Manfred von Ardenne developed a complete television transmitter
and receiver system in 1931 and then an improved and larger television receiver in 1936.
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Television Telefunken television receiver (1933)
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Figure 6.42: Telefunken commercial television receiver in 1933.
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Television 1936 Berlin Olympics TV camera with long-range zoom
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Emil Mechau Walter Heimann Werner Flechsig
(1882-1945) (1908-1981) (1900-1981)

Figure 6.43: Emil Mechau, Walter Heimann, and Werner Flechsig developed the long-range zoom
television cameras that were used to broadcast the 1936 Berlin Olympics.
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Television
Fritz Schroter (1886-1973)
Interlaced TV scanning;
rectangular tubes
Television
receiver
(1937)

Fritz Fischer Edgar Gretener Friedrich Gladenbeck
(1898-1947) (1902-1958) (1899-1987)

Television Television projector; High-frequency radio;

projector cryptography television

Figure 6.44: Fritz Schroter at Telefunken developed interlaced TV scanning and rectangular picture
tubes, such as the 1937 television receiver shown here. Fritz Fischer and Edgar Gretener (also
important in cryptography) developed television projectors. Friedrich Gladenbeck (also important
in robotics, p. 1209) developed high-frequency radio, remote control, and television systems.
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Telefunken TV camera and home TV receiver (1939)
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Figure 6.45: Telefunken television camera and Einheitsempféanger E1 home receiver, both from 1939.
Late 1930s German television broadcasts featured a wide variety of shows with 441 vertical lines
of resolution and 50 interlaced frames per second, comparable in quality to American television of
two decades later.
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Shoebox-sized television
receiver/picture tube
(first operational 1942)

Figure 6.46: German-speaking scientists miniaturized television systems for use in smart bombs
and missiles (pp. 1842-1844), as exemplified by this shoebox-sized television receiver/picture tube,
which was first operational in 1942. (See also pp. 5412-5417.)



6.3. COMMUNICATIONS AND RECORDING TECHNOLOGIES 1009

Shoebox-sized television
camera/transmitter
(first operational 1942)

Figure 6.47: German-speaking scientists miniaturized television systems for use in smart bombs and
missiles (pp. 1842-1844), as exemplified by this shoebox-sized Tonne television camera/transmitter,
which was first operational in 1942. (See also pp. 5412-5417.)
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Figure 6.48: German-speaking scientists miniaturized television systems for use in smart bombs and
missiles (pp. 1842-1844), as exemplified by this shoebox-sized Tonne television camera/transmitter,
which was first operational in 1942. (See also pp. 5412-5417.)
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Television Walter Bruch (1908-1990)
Operated TV cameras Developed color PAL
at 1936 Berlin Olympics television after the war
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Peter Goldmark (1906-1977)
Magnetic video recording;
LP records; color television Electronic video recording (1967)

Figure 6.49: Walter Bruch operated TV cameras at the 1936 Berlin Olympics and then developed
the color PAL television system after the war. Peter Goldmark developed magnetic video recording
(the Electronic Video Recording system, 1967), as well as LP records and a color television system.
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Figure 6.50: Robert Adler made many television-related inventions including remote controls and
subscription television channels.
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6.3.10 Video Telephone System

Georg Oskar Schubert (German, 1900-1955), working with other engineers at Fernseh and the
Reichspost, combined the new television technologies with the already advanced German telephone
system, and offered the first public video telephone system beginning in 1936 (Fig. 6.51). The system
featured two-way video and audio, a broadband coaxial cable network, and service for customers
in cities such as Berlin, Hamburg, Leipzig, Munich, Nuremberg, etc.”

During the war, this system was greatly expanded (for example, even including service to un-
derground installations in remote parts of the Reich—see p. 4508) but used only for government
business.

Although this system ceased operation in 1945, it was many decades ahead of its time, and the
direct forerunner of now-common video teleconferencing calls.

Nearly three decades after the introduction of the German public video telephone system, and after
a massive postwar transfer of technologies from Germany (Section B.5), AT&T Bell Laboratories
announced it had just then “invented” the “first” public video telephone system [Look, 11 August
1964, p. 9]. See Fig. 6.52.

6.3.11 Scanners, Facsimile (Fax) Machines, and Printers

High-speed electronic scanners and facsimile or fax machines were developed in the German-
speaking world and transferred to other countries after World War II [NARA RG 40, Entry UD-75,
Box 58, Folder TIID Discards]. See Figs. 6.53-6.54. Many people were involved in their develop-
ment, but special mention should go to Arthur Korn (German, 1870-1945) for doing some of the
earliest work on this topic, and to Rudolf Hell (German, 1901-2002) for creating fully functional
scanners, fax machines, and printers. See also FIAT 908, The Siemens and Halske Teleprinter,
T-Typ 68.

"Gehrts 1940; Gerhart Gobel 1953; Hickethier 1998; Nature 1936; von Weiher 1983;
https://www.economist.com/babbage/2010/10/12/telepresence-1936-style
https://vsee.com/blog/a-missing-link-in-the-history-of-the-videophone/
https://web.archive.org/web/20120603145806 /http: //w3.siemens.de/siemens-stadt /schubrt0.htm
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Georg Schubert (1900-1955)

Created and offered the first

public video telephone system
(Fernseh/Reichspost, 1936-):

* Two-way video and audio

* Broadband coaxial cable
network

* Serving customers in Berlin,
Hamburg, Leipzig, Munich,
Nuremberg, etc.

* Expanded during the war

but used only for government
business 1940-1945

Figure 6.51: Georg Schubert, working with other engineers at Fernseh and the Reichspost, created
and offered the first public video telephone system in 1936.
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Both ends of telephone conversations are Bell System PICTUREPHONE service now cities listed at the left. Bell System attendants
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'if w wish tana to-{s
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Washington (National Geographic munications we provide with better, warmer, more nearly complete
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Bell System ... ..

American Telephone & Telegraph Co. and Associated Companies

Figure 6.52: Nearly three decades later, and after a massive postwar transfer of technologies from
Germany (Section B.5), AT&T Bell Laboratories announced it had just then “invented” the “first”
public video telephone system [Look, 11 August 1964, p. 9].



1016 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING
Arthur Korn (1870-1945) worked on early scanners and fax machines
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Figure 6.53: High-speed electronic scanners and facsimile or fax machines were developed in the
German-speaking world by a series of creators including Arthur Korn and Rudolf Hell (who also
developed printers).
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DECLASSIFIED NARA RG 40, Entry UD-75,
Authorty FATD 3R Box 58, Folder TIID Discards

XiI

HIGH SPEED FACSIMILE

The discovery of German developments accomplished in the field
of Facsimile Communications Systems as a result of wartime
research which they conducted for the purpose of meeting high
speed communications requirements between airplanes and ground
stations will provide American communication companies with
information which will be of inestimable value in their efforts
to increase the speed of transmission of such communications.

The Germans were seeking a method for transmitting images of
messages or pictures very rapidly and in short bursts, as a
further means of secret communication. The speed of trans-
mission which the Germans developed was not only considerably
faster than that developed thus far domestically but also could
be varied. The combination of these factors resulted in the
elimination of the possibility of interception of such commu-
nications.

By the use of the highest speed developed by the Germans,

facsimile communications can be transmitted approximately

twenty times faster than that used thus far by domestic
communications carriers. Recording of the messages at the
receiving station was done photographically and the resolution

was of such high quality that only an expert could distinguish
between the copy and the original. Such resolution is unobtainsble
py the American method which employs a dry reproduction process
12v§}ving the use of a carbon impregnated paper at the r;ceiving
gtatlion.

All indications are that the exploitation of this development by
Americﬁn communications companies will result in reducing such
domestic communication transmission costs if for no other reason
than the fact that the circuit use time required for the trans-
mission of such messages can be appreciably reduced,

Information concerning this German development will be made avail-

able thro th i
RS Gommerzf? e Office of Technical Services of the Department

Figure 6.54: High-speed electronic scanners and facsimile or fax machines were developed in the
German-speaking world and transferred to other countries after World War II [NARA RG 40, Entry
UD-75, Box 58, Folder TIID Discards].
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6.3.12 Photocopiers

Photocopier technology was developed in the German-speaking world and then transferred to other
countries during and after the Third Reich. Early forms of the technology used chemically coated,
light-sensitive paper. There is some evidence that the modern form of photocopiers, using pow-
dered ink electrostatically attracted to uncoated paper, may have also been developed in wartime
Germany, although much more archival research is needed on this topic.

Allied investigators wrote many reports on German photocopier technology after the war. For
example, BIOS 1255, Research in the German Printing Industry, p. 17, stated:

The Suitability of Mercury Vapour Lamps for Exposing
Pigment Paper for Photogravure: by J. Albrecht and O. Watter.

Comparisons were made on the copying effect of carbon arcs, high-pressure mercury
vapour lamps and fluorescent lamps.

At even-distance carbon arcs are superior in using the least energy for equal copying
effect but in practice the conditions are varied by the fact that the carbon arc does have
a point source combined with high heat-output whereas fluorescent tubes distribute
the light emission over a fairly large area with consequent lower heat generation per
unit area and permit exposure at much closer distances at the time, giving better light-
distribution.

High-pressure mercury vapour lamps are not quite as suited as fluorescent tubes.

Description of a practical arrangement of fluorescent tubes for exposing pigment papers
is given.

Among other examples of Allied reports on German photocopier technology, see:

BIOS 435. Ozalid Light-Sensitive Materials, Kalle € Co., Wiesbaden—Biebrich (I.G.
Farbenindustrie A.G.). [Ozalid chemical-coated paper for dry photocopying]

BIOS 1475. Engineers’ Sensitised Material and Allied Products. [Light-sensitive papers
for photocopying]

FIAT 528. German Patents and Patent Applications Concerning Light Sensitive Re-
production Materials and Summary of Patents Issued 1917 Through 1939. With 62
supplements.

FIAT 813. Photo-Reproduction Research of Kalle €& Co., A.G. Index of Microfilmed
Reports.

As an example that electrostatic rollers for carbon powder were known and used for various appli-
cations in wartime Germany, see BIOS 1035, Metallgesellschaft A.G. and Lurgi Bau, Frankfurt am
Main. Electrostatic Separation of Coal and Other Minerals.
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6.3.13 Optical Discs and Digital File Formats

In 1935, Edwin Welte (German, 1876-1958) created a system for recording and playing back music
from optical discs, as shown in Fig. 6.55. He patented and produced the system, and continued to
improve it through World War II. Much of Welte’s work was destroyed in Allied bombing near the
end of the war, yet his innovations appear to have exerted direct or indirect influence on postwar
work.

The development of lasers (which also originated in the German-speaking world—see Sections 6.4
and C.3) made it much more practical to record and read data on high-density optical discs. The
most important postwar laboratory for developing laser optical discs was the Philips Eindhoven
research center, which had been closely tied to the rest of the predominantly German-speaking
research world from the late nineteenth century through World War II, including work on electron-
ics, communications, and directed energy beams.® Various types of laser optical discs (LaserDiscs,
compact discs or CDs, digital video discs or DVDs, etc.) were produced from 1969 onward at Philips
Eindhoven by Gijs Bouwhuis (Dutch, 1977-), Piet Kramer (Dutch, 1977-), Klaas Compaan (Dutch,
1977-), Kees Schouhamer Immink (Dutch, 1946-), Lou Ottens (Dutch, 1926-), and Joop Sinjou
(Dutch, 1977-). See Fig. 6.56. Laser optical disc technology was rapidly adopted by Japan, the
United States, and other countries.

Beginning in 1970, Dieter Seitzer (German, 1933-) at the University of Erlangen pioneered methods
to compress digital files without a noticeable loss of signal detail. Based on those methods, the now-
ubiquitous MP3 digital audio file format was developed and perfected at the Fraunhofer Society
by Seitzer’s students and associates, including Karlheinz Brandenburg (German, 1954-), Ernst
Eberlein (German, 1977-), Heinz Gerhduser (German, 1946-), Bernhard Grill (German, 1961-),
Jiirgen Herre (German, 1977-), and Harald Popp (German, 1956-). See Fig. 6.57.

8See for example: CIOS ITI-1; CIOS VI-26, 27; CIOS X-13; CIOS XI-10; CIOS XII-22.
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Figure 6.55: In 1935, Edwin Welte created a system for recording and playing back music from
optical discs.
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Laser optical discs
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Figure 6.56: Laser optical discs (LaserDiscs, compact discs, digital video discs, etc.) were produced
from 1969 onward by Gijs Bouwhuis, Piet Kramer, Klaas Compaan, Kees Schouhamer Immink,
Lou Ottens, and Joop Sinjou.
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Figure 6.57: The MP3 digital audio file format was developed by Dieter Seitzer, Karlheinz Bran-
denburg, Ernst Eberlein, Heinz Gerhauser, Bernhard Grill, Jiirgen Herre, and Harald Popp.
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6.4 Lasers, Holography, and Laser Spectroscopy

Creators from the greater German-speaking world played key roles in the development of lasers
(Section 6.4.1), holography (Section 6.4.2), and laser spectroscopy (Section 6.4.3).

6.4.1 Lasers

A laser (Light Amplification by Stimulated Emission of Radiation) produces light that all has the
same wavelength and the same phase, which enables all of the optical power to be concentrated into
just one wavelength or color instead of a broader spectrum, and also allows the beam to remain
much more tightly focused than a normal beam of light can. (Because the laser light all has the
same wavelength and phase unlike a normal light beam, constructive interference with itself keeps
it on course, and destructive interference with itself prevents it from veering off course.) According
to official histories, the idea of a laser was not proposed until the late 1950s by Charles Townes,
Arthur Schawlow, and Gordon Gould, and the first laser was not built until 1960 by Theodore
Maiman, all in the United States.”

In fact, most of the discoveries and innovations that led to lasers were made decades earlier by
German-speaking scientists. Their discoveries prompted the far more publicly visible U.S. work in
this field in the late 1950s and early 1960s.

As shown on pp. 1025 and 3102-3104, Albert Einstein (German, 1879-1955) first proposed the
idea of stimulated light emission from atoms (amplification of the number of photons of light from
atoms) in 1916.

During the period 1919-1926, Christian Fiichtbauer (German, 1877-1959), James Franck (German,
1882-1964), Max Born (German, 1882-1970), Walther Bothe (German, 1891-1957), and Hendrik
Kramers (Dutch, 1894-1952) separately wrote several journal articles further developing the theory
of stimulated light emission from atoms. See pp. 1026 and 3105-3115.

Putting those theories into experimental practice, Rudolf Ladenburg (1882-1952), Hans Kopfer-
mann (1895-1963), and other members of the Ladenburg group at the Kaiser Wilhelm Institut
fiir Physikalische und Elektrochemie investigated and demonstrated stimulated photon emission
from atoms of electrically excited gases during the period 1921-1931. See pp. 1027 and 3115-3127.
Because Ladenburg was Jewish and faced rising antisemitism in Germany, he had to discontinue
his experiments there and move to the United States. Unfortunately, the U.S. research system at
the time had little interest in his work on stimulated photon emission, so his revolutionary progress
toward lasers ended.

In 1934, Franz Weidert and Hans Loffler invented neodymium-doped glass with unusual spec-
tral properties that made it suitable for a variety of optical applications, eventually including
neodymium glass lasers. See pp. 3128-3132.

9See for example: Bertolotti 2015; Bromberg 1991; Hecht 2010; Taylor 2000; Townes 1999.
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Ladenburg’s research was carried further by Wilhelm von Meyeren (German, 1905-1983). In a 20
February 1945 report to Walther Gerlach, von Meyeren described his 1944 experiments with laser-
like monochromatic stimulated light emission from electron population inversions in argon, cesium,
or rubidium gases (pp. 1028 and 3137-3156). Von Meyeren appeared to be on the verge of creating
an argon laser or other gas laser (or perhaps he succeeded, if he conducted further experiments not
mentioned in this one surviving document). However, after the war ended in 1945, von Meyeren’s
Prague laboratory was ransacked, and von Meyeren was imprisoned for a while and eventually sent
empty-handed to West Germany. His hardware and files may well have contributed to the later
development of lasers in the Soviet Union.

There is also evidence that there was other major work on lasers in the German-speaking world

during the war, and possibly even demonstrations of fully functional prototype lasers (pp. 3157—
3179).

For more information on this early developmental work toward lasers, see Section C.3. Much more
archival research is needed to investigate the complete history, full accomplishments, and ultimate
influence of work in this field by German-speaking scientists.'"

Semiconductor lasers or laser diodes were also created by German-speaking scientists. Laser diodes
were designed and developed by John von Neumann (Hungarian, 1903-1957), Walter Heywang
(German, 1923-2010), and Herbert Kroemer (German, 1928-). See pp. 1109-1111 and Section B.4.

10 Albrecht 2019; Bertolotti 2015; Lemmerich 1987.
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Lasers
(Light Amplification
by Stimulated Emission
of Radiation)

Albert Einstein
(1879-1955)

Theory predicting

stimulated emission

of photons (1916)

Strahlungs- Emission und - Absorption
nach der Quantentheorie;

von A. Einstein.

(Eingegangen am 17. Juli 1916,)

Als PLanck vor 16 Jahren die Quantentheorie ins Leben
rief, und seine Strahlungsformel aufstellte, schlug er folgenden
Er berechnete die mittlere Energie £ des Resonators
in Funktion der Temperatur nach von ihm neu aufgestellten,
quantentheoretischen Grundsitzen und bestimmte dann hieraus
die Strahlungsdichte ¢ in Funktion der I'requenz » und der
Temperatur, indem er auf elektromagnetischem Wege die Be-
ziehung zwischen Strahlungsdichte und Resonatorenergie [ auf-
stellte:

Weg ein.

E = rﬁp,- 1)
sx vt

Seine Ableitung war von beispielloser Kiihnheit, fand aber
glinzende Bestitigung. FEs bestiitigte sich nicht nur die Strah-
lungsformel selbst und der aus derselben berechnete Wert des
Elementarquantums, sondern auch der fiir J/ quantentheoretisch
berechnete Wert durch die spiiteren Untersuchungen iiber die
spezifische Wiirme. Es bestiitigte sich somit auch die auf rein
elektromagnetischem Wege gewonnene Gleichung 1). Unbefriedi-
gend blieb es aber, dafi die elekiromagnetisch-mechanische De-
trachtung, welche zu 1) fiihrt, mit der Grundidee der Quanten-
theorie nicht vereinbar ist, und es ist nicht verwunderlich, wenn
Praxck selbst und alle Theoretiker, die sich mit der Materie
befassen, unaufhorlich bemiiht sind, die Theorie so umzugestalten,
dafi sie auf widerpruchsfreien Voraussetzungen beruht.

Seit die Boursche Theorie der Spektra ihre grofien Erfolge
erzielt hat, scheint es nicht zweifelhaft zu sein, dal die Grund-
idee der Quantentheorie festgehalten werden mull. Es scheint
also die Einheitlichkeit der Theorie dadurch hergestellt werden
zu miissen, daB die elektromagnetisch-mechanischen Betrach-
tungen, welche P'Laxck zu der Gleichung 1) fiihrten, durch
quantentheoretische Betrachtungen iiber die Wechselwirkung von

Separat-Ahdruck aus:
Mitteilungen der Physikalischen CGiescllschaft Zirich - Nr. 18, 1016,

Zur Quantentheorie der Strahlung
von A. Einstein.

Die formale Abnlichkeit der Kurve der chromatischen Ver-
teilung  der Temperaturstrahlung mit dem Maxwell'schen Ge-
schwindigkeits-Verteilungsgesetz ist zu frappant, als dal} sie lange
hiitte verborgen bleiben konnen. In der Tat wurde bereits
W. Wien in der wichtigen theoretischen Arbeit,-in welcher er
sein- Verschiebungsgesetz

¥
p=»1| 'r) 4
ableitete, durth diese Ahnlichkeit auf eine weitergehende Be-
stimmung  der Strahlungsformel gefilhrt. Er fand hiebei be-
kanntlich die Formel

h

p=uar'e L (2)

welche als Grenzgesetz fir grofle Werte von T auch heute als

richtig anerkannt wird (Wien'sche Strahlungsformel). Heute wissen
wir, dafl keine Betrachtung, welche aunf die klassische Mechanik
und Elektrodynamik aufgebaunt ist, eine brauchbare Strahlungs-
formel liefern kann, sondern dal} die klassische Theorie notwendig
auf die Reileigh’sche Formel
P L. ™ (3)
h
fiilhr. Als dann Planck in seiner grundlegenden Untersuchung
seine S{rahlungsformel
e=nart 1 (4)

T
0T

auf die Voraussetzung von diskreten Energie-Elementen gegriindet
hatte, aus welcher sich in rascher Folge die Quantentheorie ent-
wickelte, geriet jene Wien'sche Uberlegung, welche zur Gleichung
(2) gefithrt hatte, naturgemill wieder in Vergessenheit.

Vor kurzem nun fand ich eine der urspriinglichen Wien'schen
Betrachtung ') verwandte, auf die Grundvoraussetzung der Quanten-

Figure 6.58: Albert Einstein first proposed the idea of stimulated light emission from atoms (am-
plification of the number of photons of light from atoms) in 1916.
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Lasers V. N

Christian

o Fiichtbauer
Theory predicting (1877-1959)

stimulated emission of
photons (1919-1926)

James Franck Max Born
(1882-1964) (1882-1970)

145

Die riaumliche
Energieverteilung in der Hohlraumstrahlung.

Von W. Bothe in Charlottenburg.

(Eingegangen am 23, Oktober 1928,)

Kinleitung. Die Hohlranmstrahlung ist ein statistisches 1’hi.
nomen und mub als solches auch Schwankungserscheinungen aufweisen.
Die theoretische Bedentung der Energieschwankungen schitzt 1. A.
Lorentz') so hoeh cin, daB er von ihnen den Schliissel fir die ganze
Strablungstheorie erwartet. Dies ist folgendermalen zn verstehen:
Ist dic mittlere Energic E eines Systems als Funktion der Tempe-
ratar I' bekannt, so liefert die statistische Mechanik ohne weiteres
einen Ausdruck filr das mittlere Quadrat der Energieschwankungen A #):

i E
2 o "
V) —kl"“_,. (1)

;::‘:lu::::f::;l:lnnnnnnchu Konstante ist. Auf die Plancksche Walthel' BOthe Hendrik Kramers
B - v @ (1891-1957) (1894-1952)

or—1

angewandt, lautet diese Gleichang:

h E?

a4 = hvE+4 an ¥

(3)
wenn V das betrachtete Strabhlungsvolomen ist; die (brigen Bezeich-
vungen sind die iblichen®). Jede Hypothese iiber die Struktur der
Strablung mul mit dieser Gleichung im Einklang sein. Nimmt wan
z B. an, daB die Energie der Schwingungszahl » in diskreten, von-
einander unabbingigen Strablungsquanten von der Grobe kv kon-
zentriert ist, so findet man nach Avalogie mit den Dichteschwankungen
in einem idealen Gase:

a4 = hv E.
1) H. A. Lorentz, Les Theories Statistiques en Thermodynamique. Leipzig,
Teubner, 1916. B. 59,
%) Vgl.z. B. F. Reiche, Die Quantentheorie. Berlin, Springer, 1921, 8.178.

3) A. Einstein, Phys. Z8. 10, 189, 1909; vgl. auch M. v. Laue, Verh. d.
D. Phys. Ges. 17, 108, 1915,

Figure 6.59: Christian Fiichtbauer, James Franck, Max Born, Walther Bothe, and Hendrik Kramers
further developed the theory of stimulated light emission from atoms (amplification of the number
of photons of light from atoms) during the period 1919-1926.
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Lasers

Experiments with stimulated emission of photons (1921-1931)

T

Rudolf

(Mitteilung aus dem Kaiser Wilhelm-Institut
fiir physikalische und Elektrochemie.)

Untersuchungen iiber die anomale Dispersion
angeregter Gase.
V. Teil*.
Negative Dispersion in angeregtem Neon **,
Von H. Koplermann und R. Ladenburg in Berlin-Dahlem.

Mit 6 Abbildungen. (Eingegangen am 12. August 1980.)
Bei Steigerung der Stromdichte in der positiven Siule einer Neon-Entladung
findet man zunichst ein Ansteigen der anomalen Dispersion an den rotgelben
s-p-Linien, gemessen durch die Werte 9, und swar verhalten sich alle sum
gleichen unteren s-Zustand gehorigen Linien in gleicher Weise — dies entspricht
dem Ansteigen der Atomdichten im s-Zustand N,. Vermehrt man aber die
Stromdichte wiber ~ 0,1 Amp./qem (bei 1 mm Neondruck), so nehmen die
3! Werte wieder langsam ab, und swar fiir die verschiedenen Linien 8; — p,q.

e Py - - . bis p, in merklich verschiedener Weise (Fig. 4 und 5). Dies ist
dun'h du allmiihliche und verschieden starke Anwachsen der Atomdichten in
den p-Zustinden, Ny, ,, Np, ... su deuten und durch die dadurch hervorgerufene
wnegative Dispersion” gum”lﬂ der Formel

Non guy )

Resmp = Nog fespy (1 ~ Ny 9

Diese Deutung wird durch Untersuchung der ,,Umkehr' der Neonlinien bestiitigt,
die ein .dhnliches Anwachsen des Verhiltnisses V = Npy INuy « Ga/op, veigt.
Aus den Messungen liBt sich unter gewissen theoretisch niher begriindeten
Annahmen fiber die Stromabhiingigkeit der Atomdichte im sy-Zustand das
Verhiltnis ¥ und der Anstieg der N, -Werte mit dem Strom berechnen (Fig. 6).
Bei dem groBten bisher erreichten Strom von 700 mA in einem 0,8 em weiten
Rohr nihern sich die Ny-Werte einem ,,Sittigungswert’” es scheint sich ein
statistisches Gleichgewicht gzwischen den Atomdichten in den verschiedenen
Zustinden und den anregenden und vernichtenden Elektronen aussubilden.
Definiert man die zu den s- und p-Zustinden gehorige spegifische Temperatur @
durch die Formel
P Ep — E.u he 1
W Sy k 8y — " Khpup’

* Teil I, II, III und IV der U. a. D. siehe Z8S. {. Phys. 48, 15, 26, 51 u. 192,
1928. BSie werden hier als U. a. D. I . . . IV zitiert.

** Ein Teil der in vorliegender .\lit.t.eilung dargestellten Versuche und
Uberlegungen wurde bereits in dem Haber-Band der Z8S. {. phys. Chem. (A) 875,
1928 verdtfentlicht,

Ladenburg
(1882-1952)

Kopfermann
(1895-1963)

Hans

Experimenteller Nachweis der ,negativen” Dispersion’).
Von
H, Kopfermana und R, Ladenbarg,

(Aus dem Kaiser Wilbelm-Institut fir physikalische Chemie und
Eloktrochemie, Berlin-Dablem.)

(Mit 5 Figuren im Text.)
(Eingegangen am 12. 9. 28.)

Bel wachsender 8 dichte in der positiven Saule einer Neonentladung bis
etwa 01 Amp. pro Quadratzentimeter findet man «in Ansteigen der anomalen
Dispersion an dem gelbroten ¢ — p-Linlen (p ist der hohere, energiereichere, # der
tiefere, energiedrmere Zustand). Das bedeutet ein ebensolches Anwachsen der an-
MMAW in den s-Zustanden. Bteigert man aber die Stromdichte weiterhin,
80 beobachtet man br cine allmihliche Abnahme des Betrages der anomalen
Dispersion (der %-Werte) an den verschiedenen sy — p,-Linien (k =10, 9, 8, 6, 4, 2)
mit steigendem Sirom, M. wie d.-e q-nh-lhmm Dispersionsformel
wegen des Einfl der infolge strk An-
ﬂumdﬂdhﬂﬂhpg—zmmu Kontrollversuche schliossen
andere Devtungen der Vi aum, vor allem wegen der systematisch
mnmunw«uuumhmMm
nierenden #y-Linien: Je tiefer nkmlich das betreffende p-Nivesu liegt, und je stirker
e angeregt wird, um so gromer ist die Abpahme der zugehorigen snomalen Dispersion.

1. Die Theorie des Strahlungsgleichgewichts im Hohlraum und
die Ableitung der PLaxckschen Strahlungsformel erfordern neben der
Beriicksichtigung der gewohnlichen Absorptionsprozesse die Annahme
einer , negativen Absorption”. Je nach dem Schwingungszustand, in
dem ein Oszillator von der auffallenden Strahlung getroffen wird,
kann er ihr Energie entzichen oder hinzufigen. In der Bomgr-Eix-
sTEINschen Auffassung tritt an Stelle des Oszillators ein Atom, das
unter der Einwirkung auffallender Strahlung aus einem tieferen Quan-
tenzustand j in einen hoheren Zustand & unter Absorption von Strah-
lungeenergie gehoben — oder aus dem hoheren Zustand in den
tieferen unter Emission von Strahlung der gleichen Frequenz »,, zu-
rickgebracht wird. Diese Prozesse ,erzwungener Emission” addieren
sich im Strahlungsgleichgewicht zn den Prozessen ,spontaner Emis-

1) Vi

1928,

in Mosknu am 6. August

getrgen auf dem 8, i Phywikerkong

Figure 6.60: Rudolf Ladenburg, Hans Kopfermann, and other members of the Ladenburg group at
the Kaiser Wilhelm Institut fiir Physikalische und Elektrochemie investigated and demonstrated
stimulated light emission from atoms (amplification of the number of photons of light from atoms)
during the period 1921-1931.
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Figure 6.61: In a 20 February 1945 report to Walther Gerlach, Wilhelm von Meyeren described his
1944 experiments with laser-like monochromatic stimulated light emission from electron population
inversions in argon, cesium, or rubidium gases.
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6.4.2 Holography

Ludwig Mach (Austrian, 1868-1951) and Ludwig Zehnder (Swiss, 1854-1949) developed the Mach-
Zehnder interferometer during the period 1891-1892. A Mach-Zehnder interferometer splits a col-
limated and preferably monochromatic beam of light into two beams, passes one beam through a
transparent object (or reflected off a non-transparent object), then recombines the beams, which are
projected onto a screen. Phase changes to the light waves caused by the object create constructive
and destructive interference and thus visible patterns that can provide useful information about
the object. See Fig. 6.62.

Ludwig Mach was the son of Ernst Mach (Austrian, 1838-1916). Ludwig and Ernst Mach used
similar principles to visualize shock waves around bullets traveling faster than the speed of sound
through air (p. 1657).

The Mach-Zehnder interferometric approach was later applied to microscopes, resulting in phase
contrast microscopy (p. 1274).

In 1947, Dennis Gabor (Hungarian but educated and worked in Germany, 1900-1979) invented
holography by applying Mach-Zehnder interferometry to photography (Fig. 6.63). Essentially, a
holographic recording system is a Mach-Zehnder interferometer used as a camera, with photographic
film placed at the final point to record the constructive and destructive interference produced when
half of the light beam encounters an object and then the two halves of the beam are recombined.
Such an image appears three-dimensional to human eyes, unlike regular photographs. (Though
invented in 1947, holography later became a more powerful and more practical technique once
lasers were readily available to be used as the light source.)

For introducing and developing holography, Gabor won the Nobel Prize in Physics in 1971. Professor
Erik Ingelstam of the Royal Academy of Sciences discussed the far-reaching applications of Gabor’s
methods [https://www.nobelprize.org/prizes/physics/1971 /ceremony-speech/|:

[...JJmportant information about the object is missing in a photographic image. This is
a problem which has been a key one for Dennis Gabor during his work on information
theory. Because the image reproduces only the effect of the intensity of the incident
wave-field, not its nature. The other characteristic quantity of the waves, phase, is
lost and thereby the three dimensional geometry. The phase depends upon from which
direction the wave is coming and how far it has travelled from the object to be imaged.

Gabor found the solution to the problem of how one can retain a wave-field with its
phase on a photographic plate. A part of the wave-field, upon which the object has not
had an effect, namely a reference wave, is allowed to fall on the plate together with
the wave-field from the object. These two fields are superimposed upon one another,
they interfere, and give the strongest illumination where they have the same phase, the
weakest where they extinguish each other by having the opposite phase. Gabor called
this plate a hologram, from the Greek holos, which means whole or complete, since
the plate contains the whole information. This information is stored in the plate in a
coded form. When the hologram is irradiated only with the reference wave, this wave
is deflected in the hologram structure, and the original object’s field is reconstructed.
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The result is a three dimensional image.

Gabor originally thought of using the principle to make an electron microscope image
in two steps: first to register an object’s field with electron rays in a hologram, and
then to reconstruct this with visible light to make a three dimensional image with high
resolution. But suitable electron sources for this were not available, and also for other
technical reasons the idea could not be tested. However, through successful experiments
with light Gabor could show that the principle was correct. In three papers from 1948
to 1951 he attained an exact analysis of the method, and his equations, even today,
contain all the necessary information. |[...]

The fascinated observer’s admiration when he experiences the three dimensional space
effect in a holographic image is, however, an unsufficient acknowledgement for the inven-
tor. More important are the scientific and technical uses to which his idea has led. The
position of each object’s point in space is determined to a fraction of a light wave-length,
a few ten-thousandths of a millimetre, thanks to the phase in the wave-field. With this,
the hologram has, in an unexpected way, enriched optical measurement techniques, and
particularly interferometric measurements have been made possible on many objects.
The shape of the object at different times can be stored in one and the same hologram,
through illumination of it several times. When they are reconstructed simultaneously,
the different wave-fields interfere with each other, and the image of the object is covered
with interference lines, which directly, in light wavelengths, correspond to changes of
shape between the exposures. These changes can also be, for example, vibrations in a
membrane or a musical instrument.

Also, very rapid sequences of events, even in plasma physics, are amenable to analy-
sis through hologram exposures at certain times with short light flashes from modern
impulse lasers.

Gabor’s original thought to use different waves for both steps within holography, has
been taken up in many connections. It is especially attractive to use ultra sound waves
for exposures, so that, in the second step, a sound field is reconstructed in the shape
of an optical image. Despite significant difficulties there is work, with a certain amount
of progress, being done in this area. Such a method should be of value for medical
diagnosis, since the deflected sound field gives different information from that in X ray
radiography.
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Figure 6.62: Ludwig Mach and Ludwig Zehnder developed the Mach-Zehnder interferometer during
the period 1891-1892.
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Dennis Gabor Nicolaas Bloembergen Theodor Wolfgang
(1900-1979) (1920-2017) Laser Hansch (1941-)
Holography frequency changes Frequency standards

Setup for making
holograms

Figure 6.63: Dennis Gabor invented holography (essentially using a Mach-Zehnder interferometer
as a camera), Nicolaas Bloembergen used nonlinear optics to increase or decrease laser frequencies
by multiples, and Theodor Wolfgang Hansch developed more precise laser frequency standards.
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6.4.3 Laser Spectroscopy

Nicolaas Bloembergen (Dutch, 19202017, Fig. 6.63) developed early magnetic resonance imaging
(MRI) machines and invented methods of using nonlinear optics to convert laser beams of one
frequency or wavelength into beams of other frequencies or wavelengths (for example by halving
or by doubling the frequency). He won the Nobel Prize in Physics in 1981 for his laser work.
Professor Ingvar Lindgren of the Royal Swedish Academy of Sciences described that research and
its applications [https://www.nobelprize.org/prizes/physics/1981/ceremony-speech/]:

Nicolaas Bloembergen has contributed to the development of laser spectroscopy in a
different way. Laser light is sometimes so intense that, when it is shone on to matter,
the response of the system could not be described by existing theories. Bloembergen and
his collaborators have formulated a more general theory to describe these effects and
founded a new field of science we now call non-linear optics. Several laser spectroscopy
methods are based upon this phenomenon, particularly such methods where two or more
beams of laser light are mixed in order to produce laser light of a different wave length.
Such methods can be applied in many fields, for instance, for studying combustion
processes. Furthermore, it has been possible in this way to generate laser light of shorter
as well as longer wave lengths, which has extended the field of application for laser
spectroscopy quite appreciably.

Theodor Wolfgang Hénsch (German, 1941—-, Fig. 6.63) developed more precise laser frequency
standards, for which he won the Nobel Prize in Physics in 2005 (along with John Hall). Professor
Stig Stenholm, a member of the Royal Swedish Academy of Sciences, explained the importance of
the innovation [https://www.nobelprize.org/prizes/physics/2005/ceremony-speech/|:

John Hall and Theodor Hansch have worked on ever-improved standard references for
frequency measurements. In order to compare an unknown period of light with the
reference, they have developed the frequency comb technique. This gives a sequence
of exactly separated frequencies and a method to set this measuring rod against an
unknown frequency. Thus one obtains an extremely accurate number for the unknown
period. This allows spectroscopic measurements with extremely high precision. Today
this technique is as exact as the methods developed for this purpose during earlier
decades, but it promises many times improved accuracy.

The history of physics shows that, when the accuracy of measurements is improved,
new physics may be discovered and explored. The work honored today facilitates tests
of our basic theories in physics. The character of time and space may be clarified, and
the limitations of the laws of physics may be established.
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6.5 Solid State Physics and Microelectronics

German-speaking creators made many of the revolutionary advances in solid state physics and
microelectronics that have made the modern world possible, yet to date, the full extent of their
contributions has not been widely understood and recognized.!!

This section gives an overview of the critical roles played by creators from the German-speaking
world with regard to:

6.5.1. Solid state physics

6.5.2. Semiconductor materials and devices

6.5.3. Transistors

6.5.4. Postwar transfer of microelectronics technologies
6.5.5. Capacitors

6.5.6. Printed circuits

6.5.7. Integrated circuits

6.5.8. Light emitting diodes and laser diodes

6.5.9. Superconductivity

6.5.10. Piezoelectricity

For more extensive documentation in these areas, see Appendix B.

6.5.1 Solid State Physics

Solid state physics, the basic science underlying microelectronics, describes the motions of negatively
charged electrons and positively charged ions in crystal lattices. Figure 6.64 gives a simple visual
explanation of some of the major aspects of solid state physics.

"¥or individual pieces of the history of this area, see the documents in Appendix B and also: Arns 1998; Bernstein
1984; Crawford 1991; Eckert and Schubert 1990; Eisler 1989; Gertner 2012; Gimbel 1990a; Handel 1999; Hicks 2012;
Hilsch 1939; Hilsch and Pohl 1938; Hoddeson et al. 1992; Hoddeson and Daitch 2002; Medawar and Pyke 2000;
Metzler 2020; Mertz 1946; Nagel 2006; Noll and Geselowitz 2011; Pierce 1975; Rhoads 2005; Riordan and Hoddeson
1997; Sarkar et al. 2006; Saxena 2009; Sullivan 1949; Sze 1991; Teichmann 1988; Warnow-Blewett and Teichmann
1992.

There is a great need for someone to write a comprehensive and scientifically detailed history
of German-speaking contributions to the combined area of solid state physics and microelectronics.
Such a history should include all of the creators, creations, and evidence listed in this section and in
Appendix B, and draw upon further archival research to solve many of the remaining mysteries.
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As shown in upper part of Fig. 6.64, electrons belong to different energy levels, or energy bands,
depending on whether the electrons behave like waves with peaks between the ions (higher energy,
conduction band) or like waves with peaks at the ions (lower energy, valence band). In the illustra-
tion, electrons moving through a simple one-dimensional lattice of positively charged ions behave as
standing waves with a wave function ¥(z). The magnitude of the wave function squared, |¥(x)|?,
represents the probability that the electrons will be at a given location, so electrons will usually
be found near the antinodes (maxima) of the standing waves. If the electron wave function has
antinodes between the ion locations as in the upper graph, the negatively charged electrons will
tend to be found far away from positively charged ions, so they will have higher energies. If the
electron wave function has antinodes near the ion locations, the negatively charged electrons will
tend to be found very close to the positively charged ions, so they will have lower energies. Thus
there are different possible levels or bands of energies for the electrons, and they are separated by
an energy band gap.

The lower part of Fig. 6.64 is a schematic illustration of the occupation of electron energy bands
in metals, insulators, semiconductors, and semimetals:

e In metals, an energy band is 10-90% filled. That provides plenty of electrons in the band, but
it leaves them lots of nearby vacant energy states they can move to in order to run around
and conduct electricity.

e In electrical insulators, each band is either completely full or completely empty. Completely
full bands do not provide their electrons with nearby vacant states they can move to in order
to conduct electricity, and completely empty bands do not have any electrons to conduct
electricity. The band gap between the highest filled band and the lowest empty band is large
enough that essentially no electrons from the filled band can jump up to the empty band and
conduct electricity.

e Semiconductors are very similar to insulators, except that the energy band gap between the
highest filled band (the valence band) and the lowest empty band (the conduction band) is
much smaller. Because the band gap is smaller, a small but significant number of electrons
can jump up to the conduction band and conduct electricity. These electrons leave behind
vacant states in the valence band; the vacant states are called “holes” and act like positive
charge-carrying particles.

e Just like semiconductors, semimetals also have a small but significant number of electrons
in one band and a corresponding collection of holes in another. However, in semimetals,
this effect is due to a negative energy band gap between two bands; an essentially full band
overlaps in energy with an essentially empty band, causing some electrons to leave the full
energy band and occupy lower energy states in the nearly empty band.

While the ions cannot move as freely as the electrons in a solid, they can vibrate in place, and
those vibrations can carry energy. By considering the motions of both the electrons and the ions,
solid state physics is able to explain the electrical, magnetic, optical, and thermal properties of
solid materials.
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Figure 6.64: Solid state physics, the basic science underlying microelectronics, describes the motions
of negatively charged electrons and positively charged ions in crystal lattices. Electrons belong to
different energy levels, or energy bands, depending on whether the electrons behave like waves with
peaks between the ions (higher energy, conduction band) or with peaks at the ions (lower energy,
valence band). Metals have a band partially full of electrons, with plenty of room for them to gain
energy and run around. Electrical insulators have bands filled with electrons, and a large energy gap
separating those from unfilled bands where they could run around. Semiconductors and semimetals
have bands that can be more or less full, depending on the conditions.
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In a crystalline solid, the ions are arranged in a three-dimensional periodic pattern or lattice,
which has a large effect on the properties of the solid. For different solids with different crystal
shapes, those three-dimensional lattice structures can be quite complex. Real crystals often have
imperfections such as individual ions that have been knocked out of their correct locations within
the lattice. Such lattice defects often absorb certain colors of visible light and are known even in
the English-speaking physics community as “F centers” for the German word for color, Farbe.

Some creators who made major contributions to solid state physics are shown in Figs. 6.65-6.69.

Franz Ernst Neumann (German, 1798-1895) was one of the first scientists to make a detailed study
of the optical behavior of crystals based on their composition and shapes.

Woldemar Voigt (German, 1850-1919) made contributions to several areas of physics and wrote
the first textbook on solid state physics (Lehrbuch der Kristallphysik) in 1910.

Arthur Schoenflies (German, 1853-1928) applied advanced mathematical methods such as group
theory to the analysis of crystal structures. “Schoenflies notation” is still widely utilized in crystal-
lography and solid state physics.

Eugene Wigner (Hungarian, 1902-1995) greatly extended the group theory methods of Schoenflies
with applications in solid state physics and particle physics. He won a Nobel Prize in Physics in
1963 for this work (p. 1535).

Hendrik Lorentz (Dutch, 1853-1928) used what were then the latest ideas about electromagnetic
waves and electrons to create one of the first mathematical models for the electrical and optical
properties of solids. He won the Nobel Prize in Physics in 1902 (p. 891).

Paul Drude (German, 1863-1906) also created a mathematical model for electrons in solids. Al-
though the Drude model only considered classical mechanics and electromagnetism, it can be used
to analyze and obtain the correct expressions for several important solid state phenomena.

Gustav Wiedemann (German, 1826-1899) and Rudolph Franz (German, 1826-1902) measured the
thermal conductivity and the electrical conductivity of metals at different temperatures. They
showed empirically that the ratio of the thermal and electrical conductivities increased in direct
proportion to the temperature, which came to be called the Wiedemann-Franz law. While the Drude
model could explain many properties of solids, it could not correctly explain the Wiedemann-Franz
law.

Wolfgang Pauli (Austrian, 1900-1958) showed that electrons obey what is now called the Pauli
exclusion rule; every electron in an atom, a solid, or other system is an individualist that refuses to

do exactly the same thing as any other electron in that system. For this discovery, Pauli won the
Nobel Prize in Physics in 1945 (p. 899).

Arnold Sommerfeld (German, 1868-1951) greatly improved the Drude model by using the Pauli
exclusion principle to explain the behavior of electrons in metals. The resulting Sommerfeld or
Drude-Sommerfeld model of free electrons yielded theoretical predictions that agreed with the
experimental measurements of the Wiedemann-Franz law.
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Max Born (German, 1882-1970) wrote an early textbook (Dynamik der Kristallgitter) on solid
state physics in 1915, and contributed to the subject further as one of the pioneers of quantum
physics in the 1920s. He won the Nobel Prize in Physics in 1954 (p. 896).

Felix Bloch (Swiss, 1905-1983) incorporated the wave-like behavior of electrons into models of solids,
and the mathematical wave functions of electrons in solids became known as Bloch functions. Bloch
won a Nobel Prize in Physics in 1952 (p. 1516).

Ralph Kronig (German, 1904-1995) extended Felix Bloch’s calculations of the wave-like behavior
of electrons in solids; the updated theory later became known as the Kronig-Penney model. Kronig
was also one of the first physicists to propose electron spin. Kronig and Hendrik Kramers (Dutch,
1894-1952) independently developed the Kramers-Kronig relations for the optical and electronic
properties of solids.

Gregory Wannier (Swiss, 1911-1983) further improved the calculations of the wave-like behavior of
electrons in solids, resulting in the Wannier functions. With Hendrik Kramers, he also discovered
the Kramers-Wannier duality for the magnetic properties of solids.

Wilhelm Lenz (German, 1888-1957) and Ernst Ising (German, 1900-1998) developed what became
known as the Ising model to explain the magnetic properties of solids.

Walther Nernst (German, 1864-1941) made important contributions to the statistical physics and
thermal properties of solids. He won the Nobel Prize in Chemistry in 1920 (p. 913).

Peter Debye (Dutch, 1884-1966) calculated the effects of vibrations of the ions in a crystal lattice
on the thermal properties of the crystal. He won a Nobel Prize in Chemistry in 1936 (p. 914).

Erwin Madelung (German, 1881-1972) modeled the electrostatic effects of all the ions on an indi-
vidual ion or on the electrons, resulting in what is now known as the Madelung constant.

Rudolf Peierls (German, 1907-1995) made many major discoveries in solid state physics, including
the behavior of the positive “holes” left behind by negative electrons that have left atoms, the prop-
erties of phonons or vibrations of the ion lattice, and the shapes of repeating zones in momentum
space corresponding to the shapes of repeated crystal shapes in regular space (a fundamentally
important discovery that was incorrectly later attributed to Léon Brillouin).

Walther Kossel (German, 1888-1956) studied the structure, bonding, and growth of crystals. He
was the son of Albrecht Kossel (p. 90).

Hans Bethe (German, 1906-2005) wrote his doctoral thesis on solid state physics and continued to
make new discoveries in the field until after World War II. He won a Nobel Prize in Physics in 1967
(p. 1542).

Georg Joos (German, 1894-1959) gathered a wide variety of solid state physics theories and experi-
ments and assimilated them into organized textbooks that taught several generations of physicists.
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Scientists from the German-speaking world pioneered solid state physics
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ANNALEN No. 8.

'DER PHYSIK UND CHEMIE.
BAND LXXXIX.

1853

L. Ueber die W drme- Leitungsfihigkeit der Metalle;
con G. FFiedemann und R. Franz.

kL

Ueber 2wanzig Jahre sind verflossen, seit Hr. Despretz
durch seine miihevollen Untersuchungen zuerst einige sichere
Zahlenwerthe fiber die relative Leitungsfshigkeit verschie-
dener fester Korper fiir die Wirme aufgefunden hat. —

Die grofse Genauigkeit und Sorgfalt, mit welcher die
Versuche von Hrn. Despretz angestellt wurden, hat ge-
wils mit Recht zar Folge gehabt, dafs die von ibm aunfge-
stellten, nach dem damaligen Zustande der Wissenschaft
glinzenden Resultate als Grundlage unserer Kenntnifs in
dem bearbeiteten Felde dienen mufsten.

Indefs erschien es doch wiinschenswerth, die nach der
von Hrn. Despretz angewandten Methode erzielten Beob-
achtungen nach lingerer Zeit wieder einmal einer Priifung
zu unterwerfen, um so mehr, als durch die Entdeckung der
Thermoskule ein Mittel gegeben war, unabhlingig von man-
chen zur Zeit der D espretz’schen Arbeit unvermeidlichen
Fehlerquellen, die Untersuchung der Wirmeleitung fester
Korper von Neuem vorzunehmen.

Hr. Despretz hat bei seinen Versuchen Stangen von
quadratischem Querschnitt an dem einen Ende durch eine
Lampe erhitzt, und in bestimmten Entfernungen von dem-

1039
1913, M 10,

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 41

1. Theorie des lichtelektrischen Effektes
vom Standpunkt des Wirkungsquantums;
von P, Debye und A, Sommerfeld.

Inhalt: § 1. Einleitung und Allgemeines p. 873. — 1 Teil. Mono-
chromatisches Licht p. 881. § 2. Vollkommene Recsonanz zwischen auf-
fallender Welle und Eigenechwingung p. 881. § 8. Unvollstindige Resonanz
p.-887. §4. Die Kurven der Wirkung und der kinetischen Energie
p. 890. § 5. Ergiinzungen und Modifikationen p. 894. § 6. Einflub der
Diampfung p. 898. — JII Teil. Natiirliches Liwcht p. 803, § 7. Allgemciner
Ausdruck fiir die durch natilrliches Licht erzeugte lichtelcktrische Energie
und die zugehbrige Akkumulationszeit p, 903. § 8. Die Schwankungen
der Energie und der Akkumulationszeit p. 903. § 9. Nachtriigliche Be-
rechnung zweier Integrale p. 914, § 10, Zusammenfussende und kritische
Bemerkungen zu der vorgetragenen Theorie. Vergleich mit der Er-
fahrang p. 922.

§ 1. Binleitung und Allgemeines.

Withrend die Ausbreitung der elektromagnetischen Wir-
kungen in Raum und Zeit nach unserer Krfahrung durch die
Maxwellschen Gleichungen ilire vollkommene Darstellung
findet, steht die heutige theoretische Physik vor ernsten
Schwierigkeiten, wo es sich um die Erzeugung oder Absorption
von Licht, die Erzeugung lichtelektrischer Wirkungen oder
sekundiirer Strahlungen handelt. Diese Schwierigkeiten haben
sogar (in der Lichtquantenvorstellung) zu einer volligen Ab-
kehr von der urspriinglichen Maxwellschen Theorie und zu
Konstruktionen gefiihrt, die zwar die genannten Schwierig-

8. Zur Theorie der spexifischen Wdrmen;
von P, Debye.

Die Beobachtungen, welche im Laufe der letzten Zeit im
Nernstschen Laboratorium fiber die Temperaturabhiingigkeit
der spezifischen Wirmen ausgefiihrt wurden, haben in wber-
zeugendster Weise auch fiir materielle Kérper die Unrichtigkeit
des Satzes von der gleichmiBigen Energieverteilung dargetan.
Bekanntlich hat Einstein’) zuerst auf die zu erwartenden
Verbilltnisse aufmerksam gemacht und unter Benutzung der
von Planck? fir die Bediirfnisse der Strahlungstheorie ent-
wickelten Quantenformel die spezifische Wiirme als Funktion
der Temperatur durch eine Formel dargestellt. Nun zeigen
alle Messungen zwar einen Verlauf, welcher qualitativ der
Einsteinschen Formel entspricht, quantitativ aber treten Ab-
weichungen zwischen Theorie und Erfahrung zutage, welche
um so erheblicher werden, je tiefer die Temperatur wird. Um
diesen Ubelstand abzuhelfen, haben Nernst und Lindemann
die Einsteinsche Formel dahin abgeiindert, daB sie neben
der vorhand Schwingungszahl » noch eine zweite Schwin-
gungszahl »/2 in bekannter Weise einfiihren.®) Die Einfihrung
dieser zweiten Schwingungszahl entspricht zwar durchaus dem
praktischen Bedfrfnis nach einer besseren Formel als die
Einsteinsche, es ist indessen bis jetzt nicht gelungen, irgend
einen stichhaltigen Grund fur gerade diesen Wert »/2 aus-
findig zu machen. Wir werden im folgenden sehen, daB ein
tieferer Grund daftir auch nicht existiertt Wenn nun auch
der Wert »/2 selbst keine weitere theoretische Begriindung
hat, so liBt sich doch andererseits die Notwendigkeit der Ein-
fithrung mehrerer Schwingungszahlen plausibel machen, wie

1) A. Einstein, Ann. d. Phys. 22, p. 180. 1907,

2) M. Planck, Wirmestrahlung p. 157. Leipszig 1908,

8) W. Nernst u. Lindemann, Zeitschr. f. Elektrochemie p. 817
1911; Berl. Ber. p. 26. 1910,

11. Zur Elektronentheorie der Metalle;
von P. Drude.

L Teil

Dass die Elektricititsleitung der Metalle ihrem Wesen
nach nicht allzu verschieden von der der Elektrolyte sei, in-
sofern der elektrische Strom durch den Transport kleiner
elektrischer Teilchen bewirkt wird, ist eine Anschauung, welche
von W. Weber zuerst ausgesprochen und spiiter von Giese?)
weiter durchgefithrt ist. Ich will diese elektrischen Teilchen
im Anschluss an neuvere Bezeichnungen Flektronen, oder (um
einen bequemeren Ausdruck zu haben) elektrische Kerne, oder
auch kurz Kerne nennen. Den Ausdruck Corpuskeln oder
Ionen mochte ich vermeiden, da mit beiden Ausdrilcken die
Anschauung verbunden ist, dass die elektrischen Teilchen auch
eine gewisse, wenn auch sehr kleine ponderable Masse mit
sich fiihren. Ich glaube, es ist zweckmiissiger, wenn der Aus-
druck ,Jonen* fiir die Aggregate elektrischer Kerne und pon-
derabler Masse reservirt bleibt, welche wir in den Elektrolyten
antreffen.

Ob ein Elektron eine sehr kleine ponderable Masse mit
sich fihrt, oder nicht, lassen wir vorliufig unentschieden. Ich
«will nur gleich hier bemerken, dass es durchaus nicht ndtig
ist, einem KElektron ponderable Masse beizulegen, um ihm
trotzdem eine gewisse kinetische Energie seiner Bewegung zu-
zuschreiben und eine Triigheit fiir Bewegungsinderungen, wie
sie z B. aus den Ablenkungen der Kathodenstrahlen im Magnet-
feld und aus den optischen Kigenschaften der Metalle hervor-
geht. Da jedes bewegte Elektron einen elektrischen Strom
repriisentirt, welcher eine gewisse Anzahl magnetischer Kraft-
linien im umgebenden Aether érzeugt, so miissen bei Antrieben,
welche Richtung und Grosse der Geschwindigkeit des Elektrons
zu iindern suchen, entgegenstehende Kriifte einsetzen, welche
durch die Veriinderung der vom bewegten Elektron hervor-

1) W. Giese, Wied. Ann. 37, p. 576. 1889.

Figure 6.65: Scientists from the German-speaking world pioneered solid state physics, as illustrated
by these examples of some of their original papers [Wiedemann and Franz 1853; Debye and Som-
merfeld 1913; Debye 1912; Drude 1900].
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Hans Bethe Felix Bloch Max Born
(1906-2005) (1905-1983) (1882-1970)

g

Peter Debye Paul Drude Rudolph Franz
(1884-1966) (1863-1906) (1826-1902)

Figure 6.66: Some creators who made major contributions to solid state physics include Hans Bethe,
Felix Bloch, Max Born, Peter Debye, Paul Drude, and Rudolph Franz.
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Solid state physics

Ernst Ising Georg Joos Walther Kossel
(1900-1998) (1894-1959) (1888-1956)

Hendrik Kramers Ralph Kronig Wilhelm Lenz
(1894-1952) (1904-1995) (1888-1957)

) ?ﬂ

\‘

Figure 6.67: Other creators who made major contributions to solid state physics include Ernst
Ising, Georg Joos, Walther Kossel, Hendrik Kramers, Ralph Kronig, and Wilhelm Lenz.
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Hendrik Lorentz Erwin Madelung Walther Nernst
(1853-1928) (1881-1972) (1864-1941)

Franz Ernst Neumann Wolfgang Pauli Rudolf Peierls
(1798-1895) (1900-1958) (1907-1995)

Figure 6.68: Other creators who made major contributions to solid state physics include Hendrik
Lorentz, Erwin Madelung, Walther Nernst, Franz Ernst Neumann, Wolfgang Pauli, and Rudolf
Peierls.
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Arthur Schoenflies  Arnold Sommerfeld Woldemar Voigt
(1853-1928) (1868—-1951) (1850-1919)

Gregory Wannier Gustav Wiedemann Eugene Wigner
(1911-1983) (1826-1899) (1902-1995)

Figure 6.69: Other creators who made major contributions to solid state physics include Arthur
Schoenflies, Arnold Sommerfeld, Woldemar Voigt, Gregory Wannier, Gustav Wiedemann, and Eu-
gene Wigner.
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6.5.2 Semiconductor Materials and Devices

Harnessing solid state physics effects, especially those in semiconductors, led to the development
of numerous microelectronic devices for various applications. Scientists from the greater German-
speaking world took the lead in that area.

Karl Ferdinand Braun (German, 1850-1918) invented and demonstrated semiconductor diodes in
1874, using point contacts and crystals of metal sulfides for his first diodes (Fig. 6.70). Braun
continued to experiment with and improve semiconductor diodes over the following years and
ultimately harnessed them to develop radio systems. Braun also produced many other innovations
in electronics, including oscilloscopes and phased array antennas. He won the Nobel Prize in Physics
in 1909 for his radio-related research (p. 978).

In 1893, Julius Elster (German, 1854-1920) and Hans Geitel (German, 1855-1923) invented the
semiconductor photoelectric cell, which could detect and measure the amount of light and produce
a corresponding electrical output signal (Fig. 6.71). They continued to test photoelectric cells and
devise applications for them for at least a decade, launching what became a large German industry.
Elster and Geitel also made important discoveries on a wide variety of other topics in atmospheric
physics, astronomy, nuclear physics, and other scientific areas.

In 1916, Jan Czochralski (Polish/German, 1885-1953) at the huge AEG electronics company devel-
oped a method for growing single, large, high-purity crystals of semiconductors or other materials
(Fig. 6.72). The Czochralski method, as it became known, is now used worldwide to prepare semi-
conductor crystals, which are usually then sliced into wafers and chips.

Bernhard Gudden (German, 1892-1945) and Robert Pohl (German, 1884-1976) developed improved
photoelectric cells and also electroluminescent semiconductor devices, the direct forerunners of
light emitting diodes (LEDs), during the period 1919-1923 (pp. 1104, 1106). After that time, both
Gudden and Pohl separately continued to conduct research on advanced semiconductor devices and
microelectronics through World War II, including developing prototype transistors.
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Karl Ferdinand Braun (1850-1918) invented semiconductor diodes
(1874), improved radio transmitters and receivers (1897), cathode ray
tubes and oscilloscopes (1897), phased array antennas (1905), etc.

VI. Ueber die Stromleitung durch bc?zwefel-
metalle, von Fer dznand Braun.

Annalen der Physik 229 12: 556—563 (1875)

Em 9. Hefte dieser Annalen (Bd. 153) befindet sich eine
Arbeit von Herwig: ,Einige. Beobachtungen iiber das
Verhalten von Exsen- und Stahlstdben im galvamschen
Strome®, wonach diese Korper je nach Richtung, Inten-
sitét' wnd Dauer des Stromes demselben verschledenen
Widerstand entgegensetzen. Die Aenderuncren schwanken
im Allnrememen zw1schen oo und g5 des ganzen Wer-
thes. Diese Arbeit vera,nldfat mich, emtges iiber dhnliche
Erfdhrunﬂ'en rmtzuthexlen, welche zch bei anderen Korpern

Figure 6.70: Karl Ferdinand Braun invented semiconductor diodes (1874), improved radio trans-
mitters and receivers (1897), cathode ray tubes and oscilloscopes (1897), phased array antennas
(1905), etc.
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Figure 6.71: Julius Elster and Hans Geitel invented the photoelectric cell in 1893.
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Jan Czochralski (1885-1953)
Method for growing semicon-
ductor crystals/wafers (1916)

Ein neues Verfahren zur Messung
der Kristallisationsgeschwindigkeit der Metalle.

Yon
J. Czoohralski.

(Mit 8 Figuren im Text.)
(Eingegangen am 19. 8. 16.)

Die Bestimmung der Kristallisationsgeschwindigkeit (K G) geht, wie
Tammann gezeigt hat!), bei den nichtmetallischen Stoffen in der Regel
glatt von statten. Bei den Metallen konnte dagegen infolge deren Un-
durchsichtigkeit das Tammannsche Verfahren nicht angewandt werden.
Einige Untersuchungsergebnisse des Verfassers legten es nahe, die Messung
der Kristallisationsgeschwindigkeit von Metallen auf einfache Weise durch-
sufiihren. Das Verfahren beruht auf der Messung der Hochstgeschwindig-
keit, mit der man einen diinnen Kristallfaden des betreffenden Metalles
aus seiner Schmelze kontinuierlich ziehen kann, ohne dass ein Abreissen
des Fadens erfolgt.

Die erforderliche, in Fig. 1 wiedergegebene Vorrichtung besteht
aus dem Stativ 8, der Fithrungsscheibe F” mit den beiden Fiihrungen F*
fir den Seidenfaden F', an dem ein Mitnehmer M aus Glas fiir den
Kristallfaden K befestigt ist. Die Schmelze Sch befindet sich in einem
Holzkohlentiegel H mit einer seitlichen Bohrung fiir das Thermometer.
Durch ein leicht regulierbares Uhrwerk U kann der Seidenfaden F
leicht aufwiirts und abwiirts bewegt werden. Zur Messung der Ge-
schwindigkeit dient der Zeiger Z und die Millimeterskala M.S. Um das
Anbaften der Schmelze an dem Mitnehmer M zu erleichtern, versieht
man dessen Spitze a (Fig. 2) durch Reiben in dem halberstarrten breiigen
Metall mif einem diinnen Metalliiberzug.

Fiir die Versuchsausfiihrung wird der Mitnehmer 3/ in das fliissige,
etwas f{iberhitzte Metall getaucht und der Apparat, nachdem sich die
Temperatur des Schmelzpunktes eingestellt hat, in Titigkeit gesetzt. In-
folge der Kapillarkraft zieht der Mitnehmer M zunichst eine kleine

L]

~Z
TfM.S
1

- F'

Fig. 2.

Fig. 1.

Figure 6.72: Jan Czochralski at AEG developed a method for growing semiconductor crystals and

wafers in 1916.
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6.5.3 Transistors

According to official histories, the first transistor was invented at Bell Laboratories in late 1947
and early 1948 by John Bardeen (American, 1908-1991), Walter Brattain (American, 1902-1987),
and William Shockley (American, 1910-1989). However, there is significant evidence that at least
12 different groups of German-speaking scientists may have invented transistors earlier:

1. Julius Edgar Lilienfeld (Austrian, 1882-1963) invented an improved X-ray tube in 1912, the field
effect transistor in 1925, and an improved electrolytic capacitor in 1931, as shown on pp. 1084—
1052 and 2657-2677. Lilienfeld filed several patent applications on his field effect transistor during
the period 1925-1928. The great level of detail in those applications regarding the production and
performance of such transistors suggests that he built and tested them [Arns 1998; Crawford 1991],
although exactly what results he achieved are not clear from currently available documents. Much
later, Bell Laboratories secretly built functioning devices based directly on Lilienfeld’s patents,
lending further support to the view that the patents were based on Lilienfeld’s own successful
experimentation [Arns 1998; Shockley and Pearson 1948]. In the 1920s Lilienfeld moved to the
United States, where he married an American woman. It appears that he was unsuccessful in
finding sufficient support for his transistor idea in the United States. In the 1930s Lilienfeld and
his wife moved to the island of Saint Thomas in the Caribbean, where they lived the rest of their
lives.

2. Oskar Heil (German, 1908-1994) filed a detailed patent application on field effect transistors
in 1934; see pp. 1054 and 2679-2681. Currently it is unclear just what experimental work Heil
may have done on the concept either before or after filing the patent application, or whether other
German-speaking scientists may have taken up the ideas proposed in the application.

3. Gilles Holst (Dutch, 1886-1968) and Willem Christiaan van Geel (Dutch, 1895-1967) filed a
German patent application on transistors in 1935. See pp. 1056-1057 and 2686—2689. Holst was
the research director at the Philips Eindhoven laboratory [Van Delft 2014], and van Geel was an
expert there on metal and semiconductor materials. Both were nominated for the Nobel Prize in
Physics but never won.'? Holst was also one of the inventors of the sodium vapor lamp in 1932
(p. 971). Philips Eindhoven was closely tied to the rest of the predominantly German-speaking re-
search world from the late nineteenth century through World War 11, including work on electronics,
communications, and directed energy beams.'® More archival research is needed to determine how
far the work of Holst and van Geel got by 1945, or how much it was influenced by or influenced
transistor-related work by other research groups.

https://www.nobelprize.org/nomination /archive /show.php?id=4874

https://www.nobelprize.org/nomination/archive/show.php?id=4936

13See for example: CIOS I1I-1; CIOS VI-26, 27; CIOS X-13; CIOS XI-10; CIOS XII-22.
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4. Rudolf Hilsch (German, 1903-1972) and Robert Pohl demonstrated a proof-of-concept point-
contact transistor in 1938 [Hilsch and Pohl 1938]. As shown on pp. 1058 and 2691-2692, like a
modern transistor, this solid-state semiconductor device had three electrodes, with the current flow
into the middle electrode (the base, in modern terminology) controlling and greatly amplified by
the much larger current flow between the other two electrodes. For the 1938 experiments, that
signal amplification was approximately a factor of 20. These results were extremely impressive, but
the reason they are best described as “proof of concept” is that they were obtained in a material
(a potassium bromide crystal) that became a good semiconductor only at a very high temperature
(490°C) and voltages (100-150 Volts), which would not be practical for use in normal electronic
circuits.

Hilsch recognized those limitations and promptly proposed that the results be replicated by modi-
fying existing room-temperature semiconductor diodes to add a third electrode for the base [Hilsch
1939]:

Durch diese Messung ist zum erstenmal
gezeigt worden, dafl man auch in fes-
ten Korpern Strome steuern kann. Die
Tragheit der Strome in diesem “grofien”
Modell ist naturgemafl groB. Es ist jetzt
nur eine Aufgabe der Technik, auch in den
diinnen Sperrschichten der technischen Gle-
ichrichter das Steuergitter unterzubringen.
Wenn die Losung dieser Aufgabe gelingt,
kann der Dreielektroden-Kristall auch tech-

This measurement has shown for the first
time that it is also possible to control cur-
rents in solid bodies. The inertia of the
currents in this “large” model is naturally
large. It is now only a technical task to add
the control grid in the thin barrier layers of
engineering rectifiers. If the solution to this
problem is successful, the three-electrode
crystal can also gain technical significance
alongside the three-electrode tube.

nisch neben dem Dreielektroden-Rohr seine
Bedeutung erhalten.

From available documentation, it is unclear exactly what projects Hilsch worked on between 1939
and the post-war period. Given his determination to replicate the transistor amplifier results in a
more practical semiconductor device, and given the extensive wartime work on new and improved
semiconductor devices, it seems likely that he would have carried his transistor work further, or
collaborated with other scientists to do so. In any event, the 1938 Hilsch and Pohl paper and the
1939 Hilsch paper were published in physics journals that were highly regarded and widely read in
the German-speaking world, so they would have encouraged many other scientists (such as those
listed below) to try to replicate and extend that work.

5. Erich Habann (German, 1892-1968) filed a very detailed patent application on point-contact
transistors, their fabrication, and use in 1942 (pp. 1060 and 2695-2699). The level of detail suggests
that Habann may well have already produced and demonstrated such transistors at his Hessenwinkel
laboratory. Although documentation on his results is not currently available, it is known that
Habann worked on a number of secretive research projects during the war and was well funded by
the German military [Nagel 2006].
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6. Walter Schottky (Swiss/German, 1886-1976) published detailed analyses of semiconductor prop-
erties necessary for transistors in 1942 [Handel 1999]. See pp. 1062 and 2701-2709. All of Schottky’s
papers were seized by the United States in 1945 and never returned to him or publicly disclosed.

7. Heinrich Welker (German, 1912-1981) and Herbert Mataré (German, 1912-2011) began develop-
ing a point-contact transistor in Germany during the war, filed a detailed patent application based
on that wartime work on 6 April 1945, and publicly announced their transistor in 1948 in France.!
See pp. 1064 and 2711-2720.

8. Erwin Weise (German?, 1977-197?) admitted to Allied investigators that he “had demonstrated
the possibility of using thin films or control electrodes in semi-conducting materials to provide
control of current flow similar to the control of current flow in high vacuum tubes” to create
“electronic amplifiers without vacuum” (pp. 1066 and 2722-2733).

9. Frank Rose (German?, 1977-1977), Eberhard Spenke (German, 1905-1992), and Erich Waldkétter
(German?, 1977-1977?) filed detailed patent applications on transistors in 1949, as shown on pp. 1068
and 2735-2744. Because of the extreme political and financial restrictions on conducting research
in Germany after the war, it seems likely that their patent applications were based on wartime
work [Handel 1999]. Indeed, large numbers of patent applications on wartime inventions were filed
in 1949 when the West German patent office opened.

10. Karl Seiler (German, 1910-1991) and Paul Ludwig Giinther (German, 1892-1969) developed
methods for designing and fabricating silicon semiconductor devices throughout the war and into
the postwar period (pp. 1070 and 2746-2754). Their work was applied to transistors after the war,
and it may have been used for that purpose during the war [Handel 1999].

11. Helmar Frank (Moravian, 1919-2015) and Jan Tauc (Bohemian, 1922-2010) worked in very
large, secret, German-run laboratories in Tannwald (now Tanvald, Czech Republic) during the
war [Lojek 2007]. When Czechoslovakia salvaged what was left of those laboratories and restarted
them after the war, one of the first actions that Frank and Tauc carried out was to produce and
demonstrate transistors. Those postwar Czech transistors were based at least in part, and quite
possibly entirely, on wartime German work (pp. 1072, 2756-2757, 3983, 5503, 5513, and 5549).
Both Frank and Tauc continued to develop semiconductor and microelectronics technologies in
Czechoslovakia for many years. Frank was interrogated by the United States in 1945 regarding his
knowledge of advanced electronics technologies. Tauc eventually moved to the United States.

“Handel 1999; Ringer and Welker 1948; Riordan 2005; Van Dormael 2004, 2009, 2012.
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12. During the war, Bernhard Gudden (German, 1892-1945) and Kurt Lehovec (Bohemian/Aus-
trian/Czech, 1918-2012) ran a secretive and well-funded group that was developing advanced semi-
conductor devices at Charles University in Prague [Lojek 2007]. After the war, Gudden refused to
assist Russian or Russian-backed forces and died in a Czech prison. Lehovec was extensively inter-
rogated by the United States and then moved to the United States, where he filed patents on light
emitting diodes, transistors, and integrated circuits. His first U.S. patent application on transistors
covered a design that had several advantages over the transistors from Bell Laboratories, and that
may well have been based on wartime work that he and Gudden had been conducting. See pp.
1074, 1097, 2757-2763, 2818-2832, and 2895-2910.

In addition to these 12 groups, were there any other German-speaking groups developing transistors,
for example at laboratories run by AEG, Askania, Blaupunkt, Fernseh, Loewe Radio, C. Lorenz,
Philips, the Reichspost, Siemens, the SS, Telefunken, various universities, or other laboratories in
Germany, Austria, Czech territory, Polish territory, or elsewhere? Much more archival research is
needed.
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Transistors (1)
Julius Edgar Lilienfeld
(1882—-1963) invented the

field effect transistor (1925)
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Figure 6.73: Julius Edgar Lilienfeld invented the field effect transistor in 1925 and filed a number

of highly detailed patent applications on it.
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Patented Jan. 28, 1930

UNITED STATES

1,745,175

PATENT OFFICE

JULIUS EDGAR LILIENFELD, OF BROOELYN, NEW YORK

METHOD AND APPARATUS FOR

ING ELE cyU

The invention relates to a method of and
apparatus for controlling the flow of an elec-
tric current between two terminals of an elee-
trically ducting solid by ishing a

& third potential between said terminals; and
is particularly adaptable to the amplification
of oscillating currents such as prevail, for

le, in radio icati ereto-
fore, thermionic tubes or valves have been
10 generally employed for this purpese; and
the present invention has for its object to dis-
peénse entirely with devices relying upon the
transmission of electrons thru an evacua;
space and especially to devices of this char-
15 acter wherein the electrons are given off from
an incandescent filament. The invention
has for a further object a simple, substan-
tial and inexpensive relay or amplifier not
involving the use of excessive voltages, and
in which no filament or equivalent element is
present. More particularly, the invention
consists in affecting, as by suitable incoming
oscillations, a current in ‘an electrically con-
ducting solid of such characteristics that said
current will be affected by and respond to
electrostatic changes. Means are associated
with the aforesaid conducting solid whereby
these electrostatic changes are set up con-
formably with the incoming oscillations

8
g

w
&

e
38

in the circuit, suitable means being provided,
also, to apply a potential to the said conduet.
ing solid portion of the amplifier circuit as
well as to maintain the electrostatic produe-

85 ing means at a predetermined potential
which is o be substantially in excess of a
potential at an intermediate point of said
circuif portion.

The nature of the invention, however, will

40 best be understood when described in connec-
tion with the accompanying drawings, in
which—

Fig. 1 is a perspective view, on a greatly
enlarged scale and partly in section, of the

45 novel apparatus as embodied by way of
example in an amplifier.

Fig. 2 is a diagrammatic view illustrating
the voli characteristics of an amplifier
as shown in Fl;ig. 1

60 Fig. 3 is a diagrammatic view of a radio

Sept. 13, 1932.

Transistors (1)

which are thus reproduced greatly magnified 1

J. E. LILIENFELD
AMPLIFIER FOR ELECTRIC CURRENTS
Filed Dec, 8, 1928

Application filed October 8, 1826, Serial No. 140,363, and in Canada October 22, 1925.

receiving circuit in which the novel ampli-
fier is employed for two stages of radio fre-
quency and two of audio frequency amplifi-
eation.

Referring to the drawings, 10 designates
a base member of suitable insulating mate-
rial, for example, glass; and upon the upper
surface of which is secured transversely
thereof and along each side.a pair of con-
ducting members 11 and 12 as a coaiing of
platinum, gold, silver or copper which may
be provided over the glass surface Ey well-
known methods sus ical i

Jan. 28, 1930.
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J. E. LILIENFELD 1,745,175
METHOD AND APPARATUS FOR GONTROLLING ELECTRIC CURRENTS
Filed Oct. 8, 1926

V!

ete. Tt is desirable that the juxtaposed edges
of the two terminal members 11 and 12 be
located as closely as possible to each other;
and substantially midway of the same there
is provided an electrode member 13, which
is of minimum dimensions to reduce capacit;

effect. This member consists of a snitable
metal foil, preferably aluminum foil, and
may conventently be secured in position by
providing a transverse fracture 14 in the
glass and then reassembling the two pieces
to retain between the same the said piece
of aluminum foil of a_thickness approxi-
mating one ten-thousandth part of an inch.
The upper edge of this foil is arranged to
Hie flush with the upper surface of the glass

0.

. Over both of the coatings 11 and 12, the
intermediate nﬁ)per surface portion of the
glass 10, and the edge of the foil 13 is pro-
vided a film or coating 15 of a compound
having the property of acting in conjunction
with said metal foil electrode as an element
of uni-directional conductivity. That is to
say, this coating is to be elecirically con-
ductive and possess also the property, when
associated with other suitable conductors, of
establishing at the surface of contact a con-
iderable drop of p s thick

of the film, moreover, is minute and of such
a degres that the electrical conductivity
therethru would be influenced by applying
thereto an electrostatic fores. "A suitable
material for this film and especially suitable
in conjunction with aluminum foil, is a com-
pound of copper and sulphur. A convenient
way of providing the over the coatings
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Figure 6.74: Julius Edgar Lilienfeld invented the field effect transistor in 1925 and filed a number
of highly detailed patent applications on it.



1054 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

Transistors (2)

Oskar Heil (1908—-1994) filed a patent
application on field effect transistors (1934)
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Figure 6.75: Oskar Heil filed a detailed patent application on field effect transistors in 1934.
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Transistors (2)
Oskar Heil (1908-1994) filed a patent application on field effect transistors (1934)

Nr. 184396

1055

Klasse 112

SCHWEIZERISCHE EIDGENOSSENSCHATFT

I

\(®

EIDGEN. AMT FUR

PATENTSCHRIFT

Veroffentlicht am 1. August 1936

gl

GEISTIGES EIGENTUM

~——

Gresuch eingereicht: 25. Februar 1935, 20 Uhr. — Patent eingetragen: 31. Mai 1936.
(Prioritit: Deutschland, 2. Mirz 1934.)

HAUPTPATENT

Dr. Oskar HEIL, Berlin-Grunewald (Deutschland).

Yerfalhren zum Steuern oder Verstirken elektrischer Strome.

Die vorliegende Erfindung betrifft ein
Verfahren und eine Vorrichtung zum Steuern
oder Verstirken elektrischer Strome.

Wiihrend man bisher zu diesem Zweck
fast ausschlieflich Elektronenrohren verwen-
det hat, beruht das erfindungsgemifl bean-
spruchte Verfahren auf einem ganz neuen
Effekt, der zum ersten Mal beobachtet wurde.

Es wurde festgestellt, daB diinne Schich-

ten von Halbleitern ihren Widerstand fiir~

den elektrischen Strom in weiten Grenzen
#indern, wenn man diese Schichten als Elek-
troden von Kondensatoren ausbildet und die
Elektroden auf verschiedeneSpannung auflids.

Zur nitheren Erliuterung diene die sche-
matische beispielsweise Darstellung in Fig. 1.
Zwischen den Metallelektroden 1 und 2 be-
findet sich die diinne Schicht des Halbleiters
3. Die Batterie 4 schickt einen Strom durch
die ditnne Halbleiterschicht, der mittels Am-
peremeter 5 gemessen wird. Li#dt man nun
die Elektrode 6 positiv oder negativ gegen-
ttber der Schicht 3 auf, so #ndert sich der

elektrische Widerstand dieser Schicht und
damit anch die am -Amperemeter 5 gemes-
sene Stromstirke. Es ist also moglich, durch
Anlegen einer irgendwie geformten Wech-
selspannung an die Klemmen 7 den Strom
in 5 zu steuern. Mit solchen Anordnungen
lassen sich in dhnlicher Weise wie mit Elek-
tronenrshren Verstirker bauen. Ks ist vor-
teilhaft, den Abstand zwischen der Elektrode
6 und dem Halbleiter 8 moglichst gering zu
machen, etwa durch Verwendung einer diin-
nen Isolierschicht von weniger als /i mm
Dicke zwischen beiden. ZweckmiiBigerweise
findet dabei ein Isoliermaferial von hoher
Dielektrizititskonstante Anwendung (mit
einem Zahlenwert von 10 oder dariiber).
Statt eine Steuerelektrode 6 kann man
auch zwei Steucrelektroden 6 zu beiden
Seiten der Schicht 3 anordnen; statt dessen
konnen solche auch nur auf einer Seite an-
gebracht werden. Man kann sie in diesem
Falle nebeneinander oder hintereinander, be-
zogen auf die Stromrichtung im Halbleiter,

Figure 6.76: Oskar Heil filed a detailed patent application on field effect transistors in 1934.
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Transistors (3)
Gilles Holst and Willem Christiaan van Geel filed a patent application on transistors (1935)

Figure 6.77:
in 1935.

CHAPTER 6.

10

50

56

Patented Sept. 26, 1939

UNITED STATES

2,173,904

PATENT OFFICE

2,178,904
ELECTRODE SYSTEM OF UNSYMMETRICAL
CONDUCTIVITY

Gilles Holst and Willem Christiaan van Geél.
Eindhoven, Netherlands, assign
Philips’ Gloeilampenfabrieken,

Netherlands

to N. V.
Eindhoven,

Application March 4, 1936, Serial No. 67,052
In Germany March 9, 1935

3 Claims.

The invention relates to an electrode system of
unsymmetrical conductivity formed by two layers
of different emitting capacity which are sepa-
rated from one another by a layer of insulating
material.

It is known already that if cuprous oxide recti-
flers form the starting point, a three-electrode
system may be produced by providing in the
semi-conductive oxide layer a grid to which an
auxiliary voltage is applied in order to act upon
the electron current flowing from the copper
electrode to the semi-conductor. Experiments
have shown, however, that a detector thus pro-
duced does not function satisfactorily.

Furthermore, it has previously been proposed
to form a detector as a dry rectifier in which the
electron current between the metallic electrode
and the semi-conductor is acted upon by the
fleld variation of a magnetic circuit of which
the rectifier forms a part. This form of con-
struction has the drawback that it takes up
much room and cannot be operated in a simple
manner.

The invention has for its object to provide a
detector or amplifier capable of taking the place
of the present valves with thermal emission
which are complicated and expensive in initial
cost as well as in operation, for example, due to
the current consumption for heating the cathode.

According to the invention, an electrode sys-
tem of unsymmetrical conductivity is formed by
two layers of different emitting capacity which
are separated from one another by a layer of
insulating material, and embedded in the insu-
lating intermediate layer is a grid provided with
a supply conductor for applying potentials for
the control of the electron current and/or for
screening purposes.

A detector of this kind may consequently take
the place of a usual detector or three-electrode-
amplifying valve for it likewise comprises both
an emitting electrode and an electrode which
does not or substantially does not emit and,
between these two electrodes, a grid which cor-
responds to a grid arranged in a valve in the
vacuum between the cathode and the anode. In
accordance with the invention. the grid is located
in the insulating layer, which, as has been found,
has the most favorable result. It is clear that
the number of grids need not be limited to one.

A favorable form of execution of an electrode
system according to the invention is that which
follows:

The grids are constituted by perforated layers
of conductive material which are contained in

(CL 179—171)

the insulating intermediate layer, said perforated
layers being obtained, for example, by applying
to one of the electrodes alternately an insulating
layer and a perforated conductive layer and
finally to the last conductive layer again an insu-
lating layer. It is consequently possible to form
electrode systems which correspond to the pres-
ent radio valves having three or more electrodes
such as, for example, the triodes, tetrodes,
pentodes, hexodes, etc.

It is particularly important and advantageous
that the insulating intermediate layer which con-
tains the grids be formed independently of the
adjacent electrode layers, for this renders it
possible to contrel at will both the thickness of
the layer and the position of the grids. The
intermediate layer may be constituted of, for
example, artificial resin which is applied in liquid
condition to one of the electrodes. It is thus
possible to apply a perfectly homogeneous layer.

It is of course very desirable to make the inter-
mediate layer as thin as possible in order to
raise as much as possible the electrical field
strength between the main electrodes, as this has
a great effect on the favorable operation. Due
to the presence of a conductive grid there arises
however the possibility that due to the too slight
thickness of the insulating layer at & single, for
example, accidentally projecting point, said grid
may short-circuit one of the electrodes. In one
favorable form of execution the risk of a short
circuit is avoided by providing the grids with an
insulating coating before they are applied to the
insulating layer.

When choosing a grid material it should be
considered that on account of its own emission
a grid of emitting material acts upon the elec-
tron current between the anode and the cathode.

According to a favorable mode of execution
use is therefore made of a grid material being
a semi- or bad conductor and having a slight
emitting capacity.

The invention will be explained more fully
with reference to the accompanying drawing
which represents, by way of example, one em-
bodiment thereof.

The main electrodes | and 2 are formed, re-
spectively, by a conductor consisting of a metal
of high emitting capacity such as aluminum,
copper or silver and by a semi-conductor as is
usual in dry rectifiers. Selenium is a very suita-
ble material for the semi-conductor.

The drawing represents, by way of example,
a six-electrode-system. Besides the main elec-
trodes | and 2 there are consequently four further

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING
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Gilles Holst and Willem Christiaan van Geel filed a patent application on transistors
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Transistors (3)

2

QéctMu (sﬁreen and control grids and the
like). . The main electrodes are separated from

one another by means of an insulating material’

3. In the example shown there are a plurality
of grids which have been applied so as to alter-
nate with the insulating layers. o

In producing such an electrode system one

_ starts, for example, with » main electrode 2 with

10

15

smooth contact surface. To this electrode is
applied, for example, by spraying, an insulating

“layer 3 to which is applied a grid 4 which is pro-

vided with a supply conductor § in order to apply’
potentials, Then an insulating layer 3’ is ap-
plied again and subsequently again a grid 4’ pro-
vided with a supply conductor 6. Thus one pro-

- ceeds until the required number of grids is pres-

F \
GRIO FLECTRODES
2 \
Willem Chrlstlaan METAL OF LOW ENTTING CAPACITY
van Geel (1895-1967) (SELENIUM) |

_ent and lastly an insulating layer is applied to -

the last grid. .
The grids consist of perforated plates which
before being applied to the insulating layers may
be provided with an insulating coating. They
may be constituted, for example, by a perforated
and electrolytically oxidized plate of aluminum
or by a perforated plate coated with a thin layer
‘of artificial resin, Alternatively, the grids may

be formed as wire gauze.

Gilles Holst
(1886—-1968)

Errmi—
——77///7, W7/ R 71777, W 111 MR 100 R 1 R
R

‘What we claim is:

1. An electrode system for the detection or
amplification of electrlc currents comprising a
pair of main electrodes in spaced relation, one
of which has a high emitting capacity and is

.made of a metal from the group including silver,
copper and aluminum, and the other of which
-has a low emitting capacity and is made from
selenium, a plurality of control electrodes also
in spaced relation interposed between the main
electrodes, and thin layers of insulating material

1057

Gilles Holst and Willem Christiaan van Geel
filed a patent application on transistors (1935)

2,178,004

10

interposed between and contacting with the sur- -

‘faces of adjacent control electrodes and the sur-
faces of adjacent main and control electrodes.
" 2. An electrode system as defined in claim 1,
wherein an artificial resin constitutes the layers
of insulating material between the several elec-
trodes.

3. An electrode system as defined in claim 1
wherein the control elecirodes are made from

aluminum, the surfaces of which have been -

oxidized.
GILLES HOLST,"

WILLEM CHRISTIAAN VAN GEEL. 25

METAL OF HIGH EMITTING CAPACITY
(S/LVER COPPER OR ALUMINUM)
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Figure 6.78: Gilles Holst and Willem Christiaan van Geel filed a patent application on transistors

in 1935.
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Transistors (4)
Rudolf Hilsch and Robert Pohl demonstrated a proof-of-concept
point-contact transistor with 20x signal amplification (1938)

P &G Rudolf Hilsch and
) Robert Pohl. 1938.
o | [ e Zeitschrift fiir Physik
111:399.
bg

ly,
—|| L+
I !
Fig. 6. Schema und Schaltung
eines Dreielektrodenkristalles.

Gezeichnet ist die durch Farb-
zentren sichtbar gemachte Elek-

tronenverteilung wihrend einer

Abnahme des Anodenstromes.

Die negative Aufladung des

Gitters ist vergroBert worden,

der Anodenstrom hat aber uoch

nicht seinen stationidren Wert

erreicht.  (Kristallabmessungen
2 X 5 X 10 mm).

Anodenstrom

Gittersirom

AL . N
5| / \
; A ,\\
48 . y

Gliferspanmung f¢ |-

20

7w

s |
Steuerberenhe

Fig. 7 und 8. Die beiden XKenulinien
eines  Dreielektrodenkristalles mit
20facher Verstirkung, 7T = 4900(C.

Figure 6.79: Rudolf Hilsch and Robert Pohl demonstrated a prototype point-contact transistor in

1938 [Hilsch and Pohl 1938].
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Transistors (4)

Rudolf Hilsch (1903-1972)

Robert Pohl (1884—1976)
"3:"; e ' ‘-!.

v

Hilsch and Pohl demonstrated a proof-of-concept point-contact
transistor with 20x signal amplification (1938).

KBr semiconductor crystal only worked at high temperature
(490°C) and voltages (100-150 Volts).

Hilsch proposed that the results be replicated by modifying existing
room-temperature semiconductor diodes to add a third electrode for
the base.

Rudolf Hilsch. 1939. Elektronenleitung in Kristallen. Die
Naturwissenschaften 27:489-492:

“This measurement has shown for the first time that it is also
possible to control currents in solid bodies. The inertia of the
currents in this ‘large’ model is naturally large. It is now only a
technical task to add the control grid in the thin barrier layers of
engineering rectifiers. If the solution to this problem is successful,
the three-electrode crystal can also gain technical significance
alongside the three-electrode tube.”

What did Hilsch and Pohl work on 1938-1945? At the very least,
their 1938 paper inspired other German-speaking scientists.

Figure 6.80: Rudolf Hilsch and Robert Pohl demonstrated a prototype point-contact transistor in
1938 [Hilsch and Pohl 1938].
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Transistors (5) »

- ‘\

Erich Habann (1892-1968)
filed a very detailed patent
application on point-
contact transistors, their
fabrication, and use (1942)

Erich Habann’s
Hessenwinkel
laboratory

Figure 6.81: Erich Habann filed a very detailed patent application on point-contact transistors,
their fabrication, and use in 1942, which suggests that he had already demonstrated them at his
Hessenwinkel laboratory.
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Transistors (5)
Erich Habann

1942 patent
application

-
[—-& 8
2 G
=
=
z L wf |
<:Ur-0 I
~wvy — _§&
g I~ =25
[_‘mﬁ:::%
EZ%‘mm:
z T
2 B of
< 2
(a ¥ é
:

Dr. Erich Habann, Berlin-Hessenwinkel
ist als Erfinder genannt worden
Dr. Hildegard Koepke, Berlin-Zehlendorf
Einrichtung zur Verstirkung elektrischer Stréme und Spannungen
Patentiert im Gebiet der Bundesrepublik Deutschland vom 22. September 1842 an
Der Zeitraum vom 8. Mai 1945 bis einschlieBlich 7. Mai 1950 wird auf die Patentdauer nicht angerechnet
(Ges. v. 15, 7. 1951)

Patentanmeldung bekanntgemacht am 20. August 1953

cht am 12, Mérz 1959

teilung bek

Die Erfindung benutzt zur Verstirkung elek-
trischer Strome oder Spannungen einen Trocken-
gleichrichter. Dieser bestcht z. B. beim Selen-
trockengleichrichter aus Selen in kristallisiertem
Zustande als Halbleiter, das sich als diinne Schicht
zwischen zwei Elektroden befindet, die bei gleicher
TFeldstirke als Kathoden verschieden groBe Elek-
tronenstréme in das Selen hineinzusenden ver-
mégen. Je unterschiedlicher die beiden Elektroden
in ihrer Emissionsfihigkeit sind, desto besser
arbeitet der Gleichrichter. In der Praxis wird
Selen bei so hoher Temperatur auf einer Nickel-

und einer Metallelektrode auf der andern Seite be-
findet, wird groBe Stréme hindurchlassen, wenn
die Metallelektrode Kathode ist, und nur sehr ge-
ringe Stréme hindurchlassen, wenn die Nickel-
selenidelektrode Kathode ist.
Die Erfindung geht von diesen Erkenntnissen
aus. Sie geht ferner von der Erkenntnis aus, daB
der Strom in der Selenschicht ein reiner Elek-
tronenstrom ist, daB dieser auBer von der Elek-
tronenemissionsfihigkeit der anliegenden Kathode
von der elektrischen Feldstirke abhidngt, die an
dieser Kathode herrscht, und daf demgemdB die
Verhiltnisse dhnlich liegen wie bei Hochvakuum-
réhren mit Glithkathode. Infolgedessen mufl sich
mit dem Trockengleichrichter auch ein Verstirker
analog den Glithkathoden-Verstirkerrdhren zu-
sammenbauen lassen. Da wegen der diinnen Selen-
schicht der an sich bekannte Einbau eines Gitters
nicht zum gewiinschten Ziel fithrt, wird die eine
Elektrode erfindungsgemafl unterteilt, derart, dafi
der eine Teil als Steuerorgan dient und aus einem
Metall Dbesteht, das mit der Gleichrichterschicht
durch chemische Reaktion eine Ubergangsschicht
bildet. Grundsitzlich ist es mdglich, dieses Steuer-
organ entweder auf der Anodenseite unterzu-
bringen oder, wie in der Zeichnung, auf der
Kathodenseite. Die beiden Elektroden ¢ und b
liegen hier in einer Ebene auf derselben Seite der
Selenschicht, wihrend auf der andern Seite der
Selenschicht die Anode A4 anhaftet. @ ist die Steuer-
elektrode und entspricht dem Gitter in den Ver-
starkerrohren, b ist die Emissionskathode und ent-
spricht dem Glithfaden in Verstirkerrhren. Damit
die von der Steuerelektrode ausgehenden elek-
trischen Kraftlinien sich moglichst zwischen
Emissionskathode b und Steuerelektrode ¢ aus-
bilden und weniger zwischen Steuerelektrode a und
Anode A, verdient die Anordnung gemiB der Zeich-
nung den Vorzug vor einer Anordnung des Steuer-
organs auf der Anodenseite. Auflerdem werden in
der Zeichnung die Steuerelektrode @ und die Emis-
sionskathode b in Streifen rasterartig ineinander-
geschachtelt, wobei moglichst keiner der Streifen
breiter gehalten wird, als die Selenschicht dick ist.
Die Streifen ¢ werden unter sich elektrisch verbun-
den, und ebenso sind die Streifen b unter sich elek-
trisch verbunden. Die Streifen sind durch diinne
Isolationsblattchen (Glimmer) voneinander gegen
seitliche Beriihrung isoliert. Die Anode A stellt in
iiblicher Weise eine zusammenhingende Fliche aus
einem aufgespritzten oder angepreften Metall dar.
Die Verstirkung hingt hauptsichlich von dem
Verhiltnis der Oberflichen der Streifen der Emis-
sionskathode zu denen des Steuerorgans ab. Natiir-
lich kommen die Oberflichen nur so weit in Be-
tracht, als die Emissionskathode und die Steuer-
elektrode die Selenschicht tatsichlich beriihren.
Das Verhiltnis spielt eine dhnliche Rolle wie der
Durchgriff bei Verstirkerrhren: je kleiner das
angegebene Verhiltnis ist, desto grofer ist der
Verstirkungsgrad. Die Schaltung ist der der Ver-
stirkerréhren analog: Der zu verstirkende Strom
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unterlage geschmolzen, daB sich zwischen dem
Nickel und dem Selen eine diinne Schicht von
Nickelselenid bildet. Dieses Nickelselenid vermag
als Kathode nur sehr geringe Elektronenmengen
in das Selen zu emittieren, im Gegensatz zu den
Metallen wie Cadmium, Blei, die als Kathoden bei
gleich groBer Feldstirke erheblich groflere Elek-
tronenmengen in das Selen hineinzusenden ver-
mégen. Die Metalle selbst unterscheiden sich im
fibrigen nur wenig in ihrem Emissionsvermdgen
untereinander. Eine Selenschicht, die sich zwischen
einer Nickelselenidelektrode auf der einen Seite

elektrode a gelegt. Der verstirkte Strom wird zwi-
schen Emissionskathode b und Anode 4 abgenom-
men. Zwischen der Kathode b und der Anode 4
liegt stindig eine entsprechend bemessene Gleich-
spaunung, und zwar mit dem negativen Pol an der
Emissionskathode & und mit dem positiven Pol an
der Anode A. Die Steuerelektrode ¢ mul} eine nega-
tive Gleichspannung vorgespannt erhalten, dhnlich
der negativen Vorspannung der Gitter bei Ver-
stirkerréhren. Diese Gleichspannung — ehenfalls
optimal bemessen — liegt also mit dem negativen
Pol an der Steuerelektrode @ und mit dem posi-
tiven Pol an der Emissionskathode b.

Eine solche Einrichtung wiirde auf der Steuer-
seite noch zuviel Energie verbrauchen, als Ver-
stirker also noch wenig oder gar nicht funktio-
nieren. Die Steuerelektrode ¢ wird nun aus einem
Material angefertigt, das moglichst schlecht Elek-
tronen in die Gleichrichterschicht (Se) emittiert,
z. B. Nickelselenid, wihrend die Emissions-
kathode b aus einem Material hergestellt wird, das
moglichst gut und reichlich Elektronen in die
Gleichrichterschicht emittiert (praktisch alle Me-
talle). Unter den hier moglichen Metallen kommen
besonders diejenigen in Betracht, die sich nicht mit
Selen verbinden. Dies sind aufler Graphit Chrom
und Aluminium. Das Material der Anode ist gleich-
giiltig. ZweckmiBig besteht es aus Blei oder Cad-
mium oder Zinn oder einer leicht aufspritzbaren
Metallegierung.

Der Raster wird aus entsprechend geschnittenen
Streifen, aus diinnem Nickelblech fiir die Steuer-
elektrode ¢ und aus diinnen Aluminiumfolien fiir
die Emissionskatode b, gebildet. Die der Selen-
schicht zugekehrte Fliche der Streifen wird mog-
lichst eben gemacht. Auf ihr wird Selen in etwa
/10 bis %10 mm dicker Schicht zum Schmelzen ge-
bracht. Die Fliche mit der Selenschicht wird dann
so hoch erhitzt, bis das Nickel mit dem Selen rea-
giert und eine oberflichliche Nickelselenidschicht
bildet, aber nicht so hoch erhitzt, daff auch das Alu-
minium reagiert (300° C geniigen). Die Erhitzung
erfolgt so lange, bis sich die Nickeloberfliche voll-
stindig mit der Nickelselenidschicht von aus-
reicher Dicke bedeckt hat. Darauf wird die Schicht
bei 200° C oder hesser durch Abschrecken zum Er-
starren gebracht. Dann wird zweckmiBig mit
einem Graphit- oder Aluminiumstempel die Selen-
schicht fest an ihre gerasterte Unterlage gepreBt
und mehrere Stunden unter diesem Prefidruclk bei
etwa 120°C und dann bei 210°C angelassen.
SchlieBlich wird auf die fertige und abgekiihlte
Schicht nach Entfernung des Druckstempels eine
leicht schmelzende Metallegierung, z. B. aus Cad-
mium und Zinn, als Anode A aufgesprizt oder auch
nur eine Bleiplatte als Anode 4 gegen die Selen-
schicht gepreBt. Fiir die Selenschicht ist eine be-
stimmte Dicke optimal. Ist sie zu dick, so spielen
die Unterschiede in der Elektronenemissionsfihig-
keit der anliegenden Elektroden nicht mehr die ent-
scheidende Rolle. Der Strom wird dann hauptsich-
lich von der Eigenleitfahigkeit des Selens be-

wird zwischen Emissionskathode b und Steuer-

stimmt. Bei zu diinner Schicht leidet die Durch-

Figure 6.82: Erich Habann filed a very detailed patent application on point-contact transistors,
their fabrication, and use in 1942, which suggests that he had already demonstrated them at his

Hessenwinkel laboratory.
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(Mitteilung aus der Zentralabteilung der Siemens & Halske A.-G.,
Berlin-Siemensstadt.)

Vereinfachte und erweiterte Theorie der Randschicht-
gleichrichter.

Von W. Sehottky.

Mit 14 Abbildungen. (Eingegangen am 27, September 1941.)
1. Die Schicht konstanter Raumladungsdichte. 2. Die allgemeine St
Spannungsbeziehung bei Gleichstrom. 3. Verhalten in Sperr- und FluBrichtung.
4. Vergleich mit der strengen Theorie. 5. Die Schicht konstanter Raumladungs-
dichte bei Wechselstrom. 6. Kapazititsbeobachtungen an Selengleichrichtern.
7. Zur Frage des Gleichstromverhaltens von Selengleichrichtern. 8. Beob-
htete und berechnete Konnlini von Selengleichrichtern. 9. Bildkraft-
Wirkungen bei Selengleichrichtern. 10. Wirkungen der diskreten Raumladungs-
verteilung in der Randschicht. 11. Verhiltnisse bei unvollstindiger Storstellen-
dissoziation, 12. Anwendung auf den Kupferoxydulgleichrichter. (Zusammen-
fassung am SchluB.)

Das genauere Studium der Kupferoxydul- und Selengleichrichter !)
hat zu der Krkenntnis gefthrt, daB bei diesen beiden Gleichrichter-
anordnungen, die bisher als die technisch wichtigsten anzusehen sind,
eine villige Ionisierung der (Defekt-)Elekironen abgebenden Storstellen
in einer etwa 10~8om dicken, unmittelbar an das Gleichrichtermetall an-
grenzenden Schicht des Halbleiters anzunchmen ist. Ferner hat sich heraus-
gestellt, daB das Gleich- und Wechselstromverhalten dieser Gleichrichter
ganz tiberwiegend durch die Eigenschaften dieser , Erschopfungsrandschicht*
(yDurchfithrung®, 8. 285) bestimmt ist, wihrend die Schichten, in denen
eine unvollkommene Ionisierung der Storstellen oder cine teilweise Kom-
pensation der Stdrstellenladungen durch (Defekt-)Elektronenladungen
vorhanden sind, nur eine geringe Rolle spielen.

Diese Erkenntnis ist nicht nur von physikalischem und technischem
Interesse, sondern ermoglicht auch eine stark vereinfachte mathematische
Darstollung der fur diesen Gleichrichtertyp maBgebenden Erscheinungen;
——

') W.Bchottky u. E.Spenke, Zur quantitativen Durchfithrung der
Raumladungs- und Randschichttheorie der Kristallgleichrichter, Wiss. Veroff.
Siemens-Werke 18, 226, 1899; im folgenden sitiert als , Durchfithrung;
W.Bchottky, Abweichung vom Ohmschen Gesets in Halbleitern, Phys. 48.
A1, 670, 1940; W. Schottky, Uber Sperrschichten, Schweizer Archiv fiir an-
gewandte Wissenschaft u. Technik, 7, 2029 u, 82— 86, 1941, im folgenden
mitiert als , Archiv''; Annemarie Schmidt, Messungen an Selengleichrichtern
und Sperrschichtzellen, Z8. f. Phys. 117, 7564, 1041.

Zeitschrift fiir Physik
118:9-10:539-592 (1942)

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

Transistors (6)

Walter Schottky (1886—1976)
published detailed analyses of
semiconductor properties
necessary for transistors. The
U.S. seized all his papers in 1945
and never returned them.
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Figure 6.83: Walter Schottky published detailed analyses of semiconductor properties necessary for
transistors in 1942. All of his papers were seized by the United States in 1945 and never returned.
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Walter Schottky

Dr. Walter Schottky, Pretzfeld (OFr.)

PATENTSCHRIFET

ist als Erfinder genannt worden

Ne 841 174
KLASSE 21§ GRUPPE 102

prisroVilicf2rg D

Siemens & Halske Aktiengesellschaft, Berlin und Miinchen

Halbleiteranordnung
Patentiert im Gebiet der Bundesrepublik Deutschland vom 2. Oktober 1948 an

Patentanmeldung bekanntgemacht am 21. Dezember 1950

Patenterteilung bekanntgemacht am 24. April 1952

Es sind Anordnungen bekanntgeworden, bei
denen ein Storstellenhalbleiter (Germanium) von
beispiclsweise flachzylindrischer Form so mit Elek-
troden verschen wird, daB die Grundfliche mit
einer groben. im folgenden als O-Elektrode bezeich-
neten Metallelektrode im Kontakt ist, wihrend auf
der oberen Fliche eine Metallspitze mit positivem
Potential von etwa 1V gegen die O-Elektrode als
Steuerelektrode, im folgenden als G bezeichnet,
dient und eine etwa !/, mm davon entfernt auf-
gesetzte Spitze, im folgenden mit B bezeichnet, den
zu beeinflussenden Strom nach der O-Elektrode
abfithrt; die B-Elektrode hat hierbei ein negatives
Potential von etwa 10V gegen die O-Elektrode.

Die Steverwirkung derartiger Anordnungen be-
ruht darauf, daB die G-FElektrode bei den gewihlten

hangt, ist es moglich, diesen Elektronenstrom da-
durch zu beeinflussen, dafl die von ¢ kommenden
Defektelektronen teilweise zur Elektrode B ab-
flicBen: hei den groBen Absolutstromdichten, von
der GroBenordnung 100 Afem?, um die es sich
dabei handelt, bilddn die nach B abflicfenden
Defektelektronen in den unmittelbar an B an-
grenzenden Schichten des Halbleiters eine positive
Raumladung aus, die in der hekanntgewordenen
Anordnung  anscheinend noch dadurch verstarkt
wird, dab in eciner diinnen dic obere Fliche des
Halbleiters bedeckenden Schicht Defektelektronen
abgebende Storstellen eingebaut sind, die im Be-
triehszustand weitgehend ihrer Defektelektronen
beraubt sind (Erschépfungsrandschicht) und in-
folgedessen die von (; durch den Halbleiter nach B
wvelangenden Defektelektronen zu binden vermogen,
<o daf im Effekt die Defektelektronen zu lingerem
Aufenthalt im Randgebiet vor B gezwungen und
somit in ihrer felderhdhenden Raumladungswirkung
unterstiitzt werden.

In Erkenntnis dieser in der Literatur bisher nicht
heschriebenen Wirkungsweise der an sich bekannten
Anordnungen, in denen iibrigens die Rolle der Uber-
schuB- und Defektelektronen hei geeigneter anderer
Wah! der Storstellen und evtl. des Grundmaterials
sowie der Spannungen vertauscht werden kann, er-
scheint s als Idealziel, das Eindringen der Defekt-
elektronen in die B-Elektrode, das deren Raum-
ladungswirksamkeit gewissermaBen vorzeitig be-
endet, ganz zu vermeiden und die Defektelektronen
so lange in der vor B wirksamen Raumladungs-
kathodenschicht des Halbleiters verweilen zu lassen.
bis sie durch Wiedervereinigung mit den diese
Schicht passierenden Elektronen, ihr unvermeid-
liches und natiirliches Ende finden. In dieser Rich-
tung bieten sich im Rahmen der bekannten Anord-
nung  gewisse Moglichkeiten, indem man die
Defektelektronen abgebende Storstellenschicht vor
der B-Elektrode gentigend breit macht und die Ab-
losungsarbeit der Defektelektronen von ihren neu-
tralen Storstellen geniigend groB, so dab eine durch
das starke Randfeld ihres Defektelektrons beraubte
und dann durch cin aus dem Halbleiter kommendes
Defektelektron wieder neutralisierte Storstelle ihre
neutrale Ladung geniigend lange behilt, ehe sie
durch thermische Anregung in Form eines ahge-
spaltenen Defektelektrons wieder negativ aufgeladen
wird.

Doch sind diesen Retardierungsmethoden der auf
Jdie B-Elektrode zustromenden positiven Ladungs-
teilchen gewisse Schranken gesetzt. Erfindungs-
gemiB wird nun, alternativ oder in Kombination
mit der Storstellenretardierung ein anderes Mittel
angewandt, um die aus (- kommenden Defektelek-
tronen am Eindringen in die B-Elektrode zu ver-
hindern und sie so lange in der vor B ausgebildeten
Raumladungsrandschicht zuriickzuhalten, bis sie
durch Wiedervereinigung mit den aus B kommenden
{*herschuBelektronen ihr natitrliches Ende gefunden
haben. Dieses Mittel besteht darin, dal man die

Elektrode B nicht in direkte Berithrung mit dem |

benutzten Halbleiter, der im folgenden als Grund-
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Betrichsspannungen einen durch kleine Anderungen
von U, stark variierenden Strom von Defektelek-
tronen in den Halbleiter entsendet, wobei dieser
Halbleiter infolge eines gewissen Zusatzes von
Elektronen ahgebenden Storstellen als UberschuB-
halbleiter wirkt. Die B-Elektrode, die als Kathode
gegeniiber der O-Elektrode geschaltet ist, stoft die
Uberschufielektroden des Halbleiters ab und ver-
mag, solange kein G-Strom flieBt, nur dadurch
einen Strom zu fithren, daB Elektronen aus B in
d‘?.n Halbleiter entsendet werden, was bei dem ge-
wihlten Halbleiter bedeutend héhere Spannungen
erfordert als in umgekehrter Richtung zur Emission
von Defektelektronen notwendig sind. Da unter
diesen Bedingungen die Elektronenemission von der

an der B-Elektrode herrschenden Feldstirke ab-

Ay
! kristall Gr bezeichnet wird, bringt, sondern zwischen

Grundkristall und B-Elektrode cine vorzugsweise
10-5 bis 1o—4cm dicke Schicht eines anderen
kristallinen Stoffes mit besonderen Eigenschaften, im
folgenden als Fremdschicht I¥ bezeichnet, zwischen-
schaltet.

Um die erfindungsgemib verlangten Tigen-
schaften und die Wirkungsweise dieser Fremd-
schicht zu erldutern, sind in Fig. 1 die Energie-
niveaus fiir Uberschufi- und Defektelektronen fiir
zwei storstellenfreie, einander unmittelbar beriih-
rende verschiedenartige Kristalle dargestellt, wie
sie gemiB der Erfindung fiir die Fremdschicht und
den Grundkristall vorgeschrieben werden.

E__bedeutet das Energieniveau, das ein iiber-
schiissig in den Kristall eingebrachtes Elektron im
Ruhezustand einnehmen wiirde, . das Energie-
niveau, das ein von auBen eingebrachtes Elektron
vorfindet, wenn es sich an den Ort einer ruhenden im
Grundgitter des betreffenden Kristalls vorhandenen
Elektronenliicke einbaut, (Im Rahmen der wellen-
mechanischen Vorstellungen bedeutet E_denunteren
Rand des tiefsten elektronenfreien Energiebandes,
E, den oberen Rand des hichsten noch mit Elek-
tronen voll hesetzten Energiebandes). Der Niveau-
unterschied zwischen E_ und £ innerhalb jedes
Kristalls bedeutet den Energieaufwand, um im un-
gestorten Kristall ein Elektron aus seinem normalen
gebundenen Zustand in den freien beweglichen
Zustand zu bringen, wobei gleichzeitig eine Elek-
tronenliicke (Defektelektron) und ein Uberschuf-
clektron entsteht. Dieser Energieunterschied wird
deshalb im folgenden als Elektronenpaarbildungs-
arbeit oder kurz als Paarbildungsarbeit hezeichnet.
Die relative Lage von E_ bzw. E . in den beiden
aneinandergrenzenden Kristallen kann, auBer 'von
den verschiedenen chemisch und strukturell be-
dingten Kriften, mit denen die Elektronen im E_
bzw. E . Niveau der beiden Kristalle gebunden sind,
noch von etwaigen molekularen elektrischen Doppel-
schichten an der Kristallgrenze abhingen, ist aber
bei reinen Substanzen und reinen Oberflachen sowie
gegebenenfalls festgelegter Kristallorientierungeine
eindeutige Eigenschaft der beiden Kristalle.

ErfindungsgemaB wird nun fiir den Grundkristall
eine Substanz mit kleiner Paarbildungsarbeit ge-
wihlt, wie z. B. Ge, wihrend die Fremdschicht eine
mindestens um mehrere Zehntel ¢} griBere Paar-
bildungsarbeit aufweisen soll, z. B. Si. Ferner soll
E, im Grundkristall mindestens einige Zehntel eV
oberhalb des E_-Niveaus in der Fremdschicht
liegen, wihrend E_ im Grundkristall entweder
unterhalb oder nur knapp oberhalb des E_-Niveaus
in der Fremdschicht liegen soll. Da, wie durch
die Pfeile in Fig. 1 angedeutet, die mit — bezeich-
neten UberschuBelektronen jeweils das niedrigere
Energieniveau zu erreichen strehen, hesteht unter
den Verhiltnissen von Fig. 1 keine Hemmung fir
den. Ubergang der (herschufielektronen aus der
Fremdschicht in den Grundkristall. Dagegen be-

deutet der Ubergang ciner Elektronenliicke, d.h.
| eines Defektelektrons +. von unten nach oben den
| Ubergang eines Elektrons von oben nach unten;

Figur.e 6.843 Walter Schottky published detailed analyses of semiconductor properties necessary for
transistors in 1942. All of his papers were seized by the United States in 1945 and never returned.
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Detailed patent application
based on wartime work
filed 6 April 1945

Augeiss 6, 4, 1045

Offenlegungstag: —

Auslegetag:

P 98 00 84.4-33 (F 7622)

980 084

Aktenzeichen:

Ausgabetag:

Beginn

des Patents:
Der Zeitraum vom 8. Mai 1945 bis einschlieBlich 7. Mai 1950 wird auf

die Patentdauer nicht angerechnet (Ges. v. 15. 7. 1951)

Patentschrift

Halbleiteranordnung zur kapazitiven Steuerung von Strémen

in einem Halbleiterkristall
Siemens AG, 1000 Berlin und 8000 Miinchen;

Telefunken GmbH, 1000 Berlin;
Standard Elektrik Lorenz AG, 7000 Stuttgart

Bezeichnung:
Ausscheidung aus:
Patentiert fiir:

Zusatz zu:
Vertreter gem. § 16 PatG:

Als Erfinder benannt:

Patentanspriiche:

1. Halbleiteranordnung mit einem Halbleiter-
kristall, der mit zwei stromfithrenden Elektro-
den kontaktiert und auBerdem mit einer Steuer-
elektrode versehen ist, welche den zwischen den
beiden stromfiihrenden Elektroden im Halb-
leiterkristall im wesentlichen parallel zur
Fliche der Steuerelektrode flieBenden elektri-
schen Strom kapazitiv steuert, dadurch gekenn-
zeichnet, daf zwischen dem stromfiithrenden
Halbleiterkristall und der ebenfalls als Halb-
leiterkristall ausgebildeten Steuerelektrode eine
elektronische Sperrschicht (Verarmungsrand-
schicht) erzeugt ist.

2. Halbleiteranordnung nach Anspruch 1, da-
durch gekennzeichnet, daB die Kristallite der
Halbleiterkorper so groff sind, daB eine etwaige
weitere Auskristallisation den Widerstand des
gesamten Halbleiters nicht mehr verindert.

3. Halbleiteranordnung nach Anspruch 1
oder 2, dadurch gekennzeichnet, daB ein elek-
tronenleitender Halbleiterkristall durch einen
defektelektronenleitenden Halbleiterkristall ge-
steuert ist.

4. Halbleiteranordnung nach Anspruch 1
oder 2, dadurch gekennzeichnet, daB ein defekt-

elektronenleitender ~ Halbleiterkristall durch
einen elektronenleitenden  Halbleiterkristall
gesteuert ist.

5. Halbleiteranordnung nach einem der An-
spriiche 1 bis 4, dadurch gekennzeichnet, dafl
zusitzlich zu dem 4uBeren Feld der Steuer-
elektrode noch innere Felder vorgesehen sind,
die von geordneten atomaren oder molekularen
Schichten ausgehen.

6. Halbleiteranordnung nach einem der An-
spriiche 1 bis 5, dadurch gekennzeichnet, daf
die Halbleiter aus Silicium oder Germanium
bestehen.

7. Halbleiteranordnung nach einem der An-
spriiche 1 bis 6, dadurch gekennzeichnet, daB
die Halbleiter aus CU,0, Se, PbS oder ZnS
bestehen.

8. Halbleiteranordnung nach einem der An-
spriiche 1 bis 7, dadurch gekennzeichnet, daB
an der Steuerelektrode ein Spannungsabfall
aufrechterhalten ist.

9. Halbleiteranordnung nach einem der An-
spriiche 1 bis 8, dadurch gekennzeichnet, daf
die Stromelektroden auf die Halbleiterkristalle
sperrschichtfrei aufgebracht sind.

10. Halbleiteranordnung nach einem der An-
spriiche 1 bis 9, dadurch gekennzeichnet, daB
der stromfiihrende Halbleiterkristall auf eine
elektrisch isolierende Trigerplatte moglichst
hoher Wirmeleitfihigkeit dufgebracht ist.

Welker, Heinrich, Prof. Dr. habil., 8520 Erlangen

Bei Untersuchungen iiber die Wanderung von
Farbzentren in einem Alkalihalogenidkristall, die
von R. W, Pohl in den Nachr. von der Ges. d.
Wiss. zu Gottingen, Jahresber. 1933/34, S. 55, be-
schrieben sind, ist der Gedanke geiuflert worden,
die Elektronenrohren in den Rundfunkgeriten
durch kleine Kristalle zu ersetzen. Zu einem mo-

<«

o

L

©

o

dellméBigen Versuch iiber die Steuerung von Elek-
tronen in Kristallen kam es jedoch erst mehrere
Jahre spiter, als man die Bedeutung der Sperr-
schichten fiir die Gleichrichtung erkannt hatte. Es
ist damals vorgeschlagen worden, in die Sperr-
schicht eines Alkalihalogenidkristalls ein Steuer-
gitter einzubauen; vgl. hierzu R. Hilsch und
R.W. Pohl, Z.S.Phys., 111, 399, 1938. Die
Sperrschicht ist hier der glasklare, an eine Elek-
trode grenzende Teil des sonst mit Farbzentren
erfiilllten Kristalls. Sie ist bei diesen Versuchen
von makroskopischen Abmessungen, und der zu
steuernde Strom durchflieft dabei die Sperrschicht
senkrecht, oder genauer gesagt, er flieft im wesent-
lichen parallel zur Dickenausdehnung der Sperr-
schicht. Im allgemeinen ist die Trégheit der mit
Alkalihalogenidkristallen arbeitenden Anordnung
ungeheuer grofl, und ein stationdrer Zustand stellt
sich iiberhaupt nicht ein. Aus diesen Griinden ha-
ben die genannten Versuche nicht zu einem tech-
nisch brauchbaren Gleichrichter oder gar Verstir-
ker gefiihrt.-

Ganz anders liegen die Verhiltnisse bei den
technischen Gleichrichtern (Selen- u. Kupferoxy-
dulgleichrichter, Spitzendetektor). Die hier auftre-
tenden Sperrschichten sind nicht wie die glaskla-
ren Sperrschichten bei den Alkalihalogenidkristal-
len elektrisch neutral, sondern besitzen eine merk-
liche, mit der ZuBeren elektrischen Spannung ver-
inderliche elektrische Raumladung. Zur Erliute-
rung des Sachverhaltes wird festgestellt, daf bei
obigen Versuchen aufler den beweglichen Elektro-
nen (gewdhnliche Elektronen oder die neuerdings
viel diskutierten Defektelektronen) gleichzeitig
auch bewegliche Ionen vorhanden sind. Eine
Sperrschicht entsteht in diesem Falle dadurch, dafl
sowohl die Elektronen als auch die Tonen aus dem
fraglichen Gebiet herauswandern. Die Bewegung
erfolgt so, daB nirgends ein Uberschufl an Ladung
auftritt; es treten daher auch keine riicktreibenden
Krifte auf; die Dicke der Sperrschicht kann daher
unbegrenzt wachsen. Bei den technischen Gleich-
richtern hingegen ist die Ionenbeweglichkeit ver-
nachlissigbar klein. Das Herauswandern der Elek-
tronen aus einem Randgebiet fithrt notwendig zur
elektrischen Aufladung dieses Gebietes. Die dabei
auftretenden riicktreibenden Krifte verhindern,
daB die Sperrschichten beliebig dick werden. Neuer-
dings, vergleiche hierzu W. Schottky: Uber
Sperrschichten, Schweizer Archiv, 1941, Heft1
und 3, insbesondere S. 29 oben rechts und Anmer-
kung 13, hat man die Dicke dieser Sperrschichten,
die wir zur Unterscheidung von den Sperrschichten
bei Alkalihalogenidkristallen elektronische Sperr-
schichten nennen wollen, zu 10-5cm abgeschitzt
und auch aufgeklirt, weshalb gerade bei den tech-
nisch brauchbaren Kristallgleichrichtern der Ein-
bau eines Steuergitters in die Sperrschicht und da-
mit der Bau eines Kristallverstirkers auf rein
elektronischer Grundlage unmdglich ist.

Heil beschreibt in der britischen Patentschrift
439457 eine Anordnung, bei der die nach dem
geschilderten Stand der Technik sich darbietenden
Schwierigkeiten teilweise vermieden werden. Bei
dieser bekannten Anordnung werden in Kristallen
unter der Wirkung eines elektrischen Steuerfeldes
elektronische Randschichten erzeugt und verindert,
und der zu steuernde Strom wird senkrecht zur

Figure 6.85: Heinrich Welker and Herbert Mataré began developing a point-contact transistor in
Germany during the war, filed a detailed patent application based on that wartime work on 6 April
1945, and publicly announced their transistor in 1948 in France.
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PATENT OFFICE

2,673,948
CRYSTAL DEVICE FOR CONTROLLING ELEC-

Heinrich Welker
(1912-1981)

=

SEMICONDUCTOR

3 Claims,

This invention relates to crystal devices for
controlling electric currents by means of a solid
semiconductor with the use of one or more con-
trol electrodes, either in a barrier layer of the
semiconductor (see for example patent of addi- 5
tion No, 38,744 of July 5, 1930, to French Patent
No. 649,432 of January 28, 1928, and French Pat-
ent No. 866,372 of October 5, 1942), or closely
| adjacent to semiconductive layers with a suitable
insulator interposed therebetween (see French
Patent No. 786,454 of March 1, 1935).

However, such systems were so difficult to ap-
ply on a commercial scale that they had to be
abandoned or development had to be restricted
to simple experimental models or laboratory sam- 15
ples. This experience is supported by publica-
tions such as: Nachrichten der Gesellschaft der
. Wissenschaften zu Gottingen, Yearly Report, by
- R.'W. Pohl, 1933/34, page 55; Schweizer Archive,
1841, volumes 1 and 3: Ueber Sperrschichten, by
‘W. Schottky; Zeitschrift fur Physik, vol. 111,
volumes 5 and 6, 1938 (R. Hilsch and R, W.
Pohl) ; Modern Theory of Solids, 1940 (F. Seitz) ;
Crystal Rectifiers, 1948 (H. C. Torrey and C. A.
Whitmer).

In order practically to carry into effect sys-
tems comprising solid semiconductors arranged
to produce electronic relay effects similar to those
occurring in electronic tubes, two essential diffi-
culties must be overcome. Firstly, the diameter 30
of the contact area between metal needle and
crystal should be of an order proportional to
the thickness of the erystal barrier layer, Sec-
ondly, the gap between the conductive electrodes
where engagement occurs with the semicon- 35
ductor should be so selected that one of the con-
ductive electrode point members will be positioned
inside the barrier layer area of the other point
member.

With the thickest barrier layer made hitherto,
it would have been necessary to use values lower
than 5 x both for the diameters of the contact
areas, on the one hand, and for the gap be-

Herbert Mataré
(1912-2011)

TRIC CURRENTS BY MEANS OF A SOLID

Herbert Frangois Mataré and Heinrich Welker,
Vaueresson, France, assignors to Societe Ano-
nyme dite: Compagnie des Freins et Signaux
Westinghouse, Paris, France

Application August 11, 1949, Serial No. 109,752

Claims priority, application France
August 13, 1948

(CL. 317—235)

2

or n-type excess and p-type deficiency concen-
tration, respectively, that the inner resistivity
of the device becomes very high. Arrangements
of this type cannot be used practically for tech-
nical purposes,

The present invention permits to eliminate the
above-mentioned difficulties and to realize on a
commercial scale multi-electrode crystal devices
of this kind for producing electronic relay ac-
tion.

A more specific object of this invention is a
multi-electrode device with at least two semi-
conductors of different conductivity character-
istics; one of the semiconductors forms a con-
trol electrode and includes a surface barrier layer.

According to another feature of the invention,
one of the semiconductors preferably the control
electrode has a p-type (deficiency) or non-
electronic conductivity and the other semicon-
ductor an n-type (excess) or electronic condue-
tivity.

According to a further feature of the inven-
tion, a semiconductor, preferably the other semi-
conductor mentioned above also includes a sur-

5 face or internal barrier layer.

In one embodiment of the invention, the semi-
conductors or electrodes of the crystal are formed
simultaneously from a single semiconductive ele-
ment (such as germanium). In this element, by
any suitable known method, zones of different
conductivity characteristics are created.

Still in accordance with the invention, in at
least one of said semiconductors or in one of the
zones thereof such geometrical configuration is
provided as to assure substantial radial distribu-
tion of the lines of force of the electric fields.

Furthermore, the invention relates to mnovel
commercial products comprising multi-electrode
crystal devices wherein external conductive elec-
trodes are in direct contact with each semi-
conductive electrode, and wherein there is a gap
between the contact points which is greater than
50 p.

£ P

oy

Point-contact transistor

publicly announced
in 1948 in France

e

S

Figure 6.86: Heinrich Welker and Herbert Mataré began developing a point-contact transistor in
Germany during the war, filed a detailed patent application based on that wartime work on 6 April
1945, and publicly announced their transistor in 1948 in France.
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Transistors (8) 1. Target No.

2.3. Laboratory of the Technical High School, Berlin, evacuated to
Bad Liebenstein. Person interrogated: Dipl.Ing. Erwin Weise,
formerly of Osram, now attached to this laboratory.

4. Interview only. Ovens and vacuum equipment for experimental work
are in workable ccroditicn.

5. (1) Semi-conducting materials such as titanium-titaniur dioxide
resistors.
(11) Investigatiom of very thin films of titanium dioxide (Ti0p)
(111) Practical epplications involving the use of these thin films:-

. . +« Pyrometers.
El'WlIl welse ;. Gas preu:rc and flow devices.
. id act: simulated dulum.
(19? ?_19??) (1) Bloct:icllln.py oo:::romlfod ﬁ‘iutimp;:vic:: for control and

eamplification of mechanical forces.

described a
@ 6. Laboratary subject to guard regulations of 8th Corps Area.
transistor A book was just being written on the subject of semi-conductors
% by Mr. Weise, and it is desirsble to obtain a ocpy when available.
to Allied

investigators

7. Priority.

8. Mr. Weise spoke disparegingly of Dr. Peerson's published works on
semi-canductors (Bell Laboratories). He was scheduled to lecture
in America on this subject prior to the war at the request of

, Western Electriocal Instrument Co., Irvington, NY. Claims to be
a friend of Henry Behring of this campany.

9. 5th June 1945.

10. Investigators: Mr. C.W. Hansell
Lt. Col. J.J. Slattery
Maj. J.M. Sepabria
){){)I Pfc. F. Koppl
CIOS I 2 11, Documents removed: "Uber ein Messgerat fur hohe und niedrige
Gasdrucke mit Halbleiterwiderstanden” by Erwin Weise.
Zeitschr.f. techn, Physik, No., 1943, pages 66 to 69.
No reports were available at the time but Mr, Weise stated that
a manuscript of his should be produced within thirty days, and
it is suggested that this matter be further investigated.

With the development of the new titanium dioxide semi-
conductors this old ebandoned development has been revived with much
more promising results, because of the relative perfection, uniform-
ity and hardness of the new materials. It has been suggested by Mr.
Weise and others that electrically contrvlled friction clutches may
very well assume considerable importance in the future.

In general the cluiches provide control of mechanical
power by electrical power in & manner to give very great amplifi-
cation and rapid response, For many applicatious they might replace
the Amplidyne or Metadyne control devices which are now in use on a
large scale in military equipment and in industry.

S ZLECTRCMOT PORCE CF TiO, SEMI-CONDUCTCRS
Mr. Woise saié that titanium dicxide types of semi-
conductors had been found tc provide thermal electromotive forces

about ten times greater than that of metals and that this might lead
to important applications.

ELECTRONIC AMPLIFIERS WITHOUT VACUUM.

According to Mr. Weise he had some ideas and had demon-
streted the possibility of using thin films or control electrodes in
semi-conducting materials to provide control of cwrrent flow similer
to the control of current flow in high vacuum tubes., This work hed

Figure 6.87: Erwin Weise told Allied investigators that he “had demonstrated the possibility of
using thin films or control electrodes in semi-conducting materials to provide control of current
flow similar to the control of current flow in high vacuum tubes” to create “electronic amplifiers
without vacuum.”
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Erwin Weise
(1977-19??)
described a
transistor
to Allied
investigators

Research

Equipment and

1658

INTERROGATION OF ERWIN

and Development of Semi-Conduc

1067

(Interrogation Report No. 600)

WEISE
ting Materials

Practical Applications for Ultra-Sensitive Temperature Measuring

Automatic Control and Stabilizing Problems

This report is issued with the warming that, if the subject matter should be protected

7 Eritisk Patents or Patent applications, this publication cannet be held to give any

BIOS 1658

prote

All the shove publications were written by Weise either alone
or in collaboration with another,

The following patents relate to inventions made by Weise:

DRP 607 L4l Carrier with two regords of oseillatioms in one trace
618 982 control resistor to diminish the starting time of

cathedes

" 632 B20 Network for the guick starting of cathodes in dis-
charge tubes

" 641 680 Pipe-shaped high frequency furnace.

" 696 k63 Mamfacture of very thin semi-conductors.

" 697 174 Resistors of semi-conducting materials.

" 701 478 Electrical measurement of low gas and steam pressures

" 716 052 Equipment for fitting very thin semi-conductors

" 721 677 Stabiliser for D,C, and A,C, voltages.

" 730 251 Bquipment for fitting very thin semi-conductors,

" 743 780 Measurements of the velocity of gases, slight changes
in air pressure, and altitudes of aircraft.

% 743 575 Network to raise the slope of the characterlstics of

Seeret 1

Use of resistance contrcller as an amplifier and
ensrator of slow electrical csoillatima.
strumen
incorporating sanlwconductora of l:.ttle mertia.

Secre

I questioned Weise as to details of some of these patents and
obtained the following explanations:-

DRP 618 982, This patent relates to method of accelerating the
warming up of indirectly heated cathodes. A vcoliage of same two or
three times the working voltage of the heater is applied, The relay
R at this stage is resting on its back contacts thereby short
clrcuiting Rq. As soon as anode current coammepnces R operates leaving
R1 in serles thereby dropping the heater voliage to its nommel value.

HT+ /

coon ag’ﬂ‘.bt action for in; -agement. [

Remarks, Exact details may not be guite as above, but will serve to
11lustrate the principle which no doubt is capable of considerable
refinement. The system might be applied as a hot wire microphone in
Sound Ranging if not already entirely superseded by the Moving Coil
type.

DRP, 743 575. ‘ihere it is desired to raise the slope of a thermionic
valve a resistor of high value made of semi-conductor material is
placed in the anode lead as under:

TN

\S

HT+

VA

Any increase in ancde current brought about variation of grid
volts will raise the temperature of Rt thereby lowering its resistance
and bringing about a larger increase in anode current per unit change
in grid volts than would have otherwise been the case.

Remarks, Only spplicable where grid voitage changes are fairly slow
such as in a Valve Voltmeter. Correction for ambient temperature may
be cbtained if required by comnecting a suitable metallic resistor in
series with R although there is no material the exact counterpart of
the semi-conducting material it is possible by careful selsciion of

values to obtain almost exact compensation over a fairly useful range.

Secret 1. This application appears to be samewhat of an extension of
The ldea in the previous patent. By evolving a suitable valve/
resistance/capacity network using semi-conductor resistors and their
negative temperature/resistance characteristics it is possible to
produce very slow and regular oscillationms,

Heater Supply

Ramarks. Weise was unable to remember exact details of the circuit.
Tt was not clear what the Gemmons proposed to use this for and as it
was getting late the matter was not pursued further.

Figure 6.88: Erwin Weise told Allied investigators that he “had demonstrated the possibility of
using thin films or control electrodes in semi-conducting materials to provide control of current
flow similar to the control of current flow in high vacuum tubes” to create “electronic amplifiers

without vacuum.”
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Transistors (9)

Frank Rose Erich Waldkaotter Eberhard Spenke
(197?7-19??) (197?7-19??) (1905-1992)

Filed detailed patent
applications on transistors in 1949
(based on wartime work?)
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Figure 6.89: Frank Rose, Eberhard Spenke, and Erich Waldkotter filed detailed patent applications
on transistors in 1949, likely based on wartime work.
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Eberhard Spenke,
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Erich Waldkotter
filed detailed patent
applications
on transistors
in 1949 (based on
wartime work?)
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SCHWEIZERISCHE EIDGENOSSENSCHAFT
EIDGEN#SSISCHES AMT FUR GEISTIGES EIGENTUM

PATENTSCHRIFT

Verdffentlicht am 5. Januar 1953

Klasse 1 1 2

Gesunch eingereicht: 80, Mai 1950, 18 Uhr. — Patent eingetragen: 15. September 1952,

(Priorititen: Deutschland, 30. Mai, 24. und 27. Oktober 1949.)
HAUPTPATENT
Siemens-Schuckertwerke Aktiengesellschaft, Berlin und Erlangen (Deutsc

Widerstandzel t d
1der

4 .

Anordnung mit mind

3

Widerst

von wenigstens einer Steuerspannung abhiingt.

(tegenstand der Erfindung ist eine Anord-
nung mit mindestens einem Widerstandsele-
ment, dessen Widerstand von wenigstens einer
Steuerspannung abhiingt.

s Die FEifindung niitzt jene Erscheinung
aus, die man — insbesondere bei Halbleitern,
wie z B. Selen — als Sperrschichthildung
bezeichnet. Bei Halbleitern und bel versehie-
denen andern Stoffen treten, wie seit langem

o bekannt ist, an denjenigen Stellen, die mit
einem gecigneten Metall kontaktiert sind, soge-
nannte Sperrsehichten auf, dasheifit Sehichten,
die in ihrem Auftreten und in der Stiirke von
der (+réfe der angelegten Spannung abhingig

15 $ind und fir den Stromdurchgang einen gro-
Ben Widerstand bilden. Dieses Verhalten wird
z. B. bei den sogenannten Trockengleichrich-
tern aunsgenutzt, bel denen eine diinne Halb-
leiterschicht auf der einen Seite sperrfrei kon-

1 taktiert ist, wiihrend sie auf der andern Seite
mit ciner sperrschichtbildenden Belegung, der
Sperrelektrode, versehen ist. Die Wirkungs-
weise soleher (leichrichter ist hekanntlich die,
dafl sich bei Anlegung einer Spanmung in der

ss éinen Riehtung eine Sperrschicht aushildet,
die den Stromdurchgang in dieser Richtung
praktiseh sperrt, das heifit den Strom in
dieser Richtung sehr klein sein laft. Es ist
nun heohachtet worden, dafi die Dicke der

30 sich aushildenden Sperrsehicht von der Gréfie
der angelegten Spannung abhiingig ist. Bei
wachsender Spannung dehnt sich die Schicht

\‘\..,»‘I NN DN

o 7 23 2%

Fig.13
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hohen Widerstandes, das heifit die Sperr-
sehicht, weiter in den Halbleiter oder den
sonstigen, den Sperrschichteffelt aufweisen- ss
den Stoff hinein aus. Die von der Sperrschicht
unberiihrt bleibende Schicht des Stoffes wird
also um die Schichtstirke der Sperrschicht
Ikleiner. Bei der Anordnung nach der vorlie-
genden Erfindung ist diese Erscheinung aus- 4
genutzt; und zwar dadurch, dafl erfindungs-
gemil wenigstens ein Strompfad des Wider-
standselementes in einem Halbleiter verlduft
und von einer Sperrschicht eingegrenzt ist,
dic eine Blende fiir den Strom bildet, deren
Offnungsweite von der Steuerspannung ah-
hiingig ist (Sperrschichtblende).

Die Erfindung betrifft ferner ein Verfah-
ren zur Herstellung einer besonderen Ausfiih-
rungsform dieser Anordnung. Dieses Verfah- s
ren wird an Hand der Fig. 4 beispielsweise
crliiutert werden,

Es bestehen verschiedene Miglichkeiten
fiir den Aufban einer solehen Anordnung.
Zum Beispiel kann der Widerstand aus einem s
mit zwei AnsehluBelektroden versehenen Halb-
leiterkorper gebildet werden, wihrend die in
seinem Strompfad liegende Sperrschicht-
hlende durch eine Stelle starker Zusammen-
dringung der Strombahnen und durch eine e
an dieser Stelle angebrachte Sperrelektrode
gebildet wird, Diese Zusammendringung der
Strombahnen 1Bt sich durch entsprechende
Formgehung des Halbleiterkivpers herbeifiih-

&

3

20a
2 '212, 23’ 2
ORI - 60
2 e
20 21 23 M
Fig.15

Figure 6.90: Frank Rose, Eberhard Spenke, and Erich Waldkotter filed detailed patent applications
on transistors in 1949, likely based on wartime work.
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Design and fabrication
of silicon semiconductor _
devices (wartime onward)

b ""£OMBINED INTELLIGENCE CBJECTIVES SUBCOMMITTEE
EVALUATION REPORT 350 (28 August 1945)

INTERVIEW AT HEIDENHEIM WITH PROF. DR. PAUL GUNTHER,
UNIVERSITY AND HOCHSCHULE OF BRESLAU,
ON SILICON CRYSTALS

(Target No. C-22/1326)

Prof. Gunther's work was done in the Hochschule at
Breslau under the direction of Major Rossler of the Gernan;
alr Corps research organization. The crycstals were used au
detectors in ultra high frequency equipment.

Accoprding to his theory, the main difficulty with sil.-
cn erystals has becn iupurity. In general, the technijuc
same as reported from interrogations oi Dr. Bertels atl
1delberg and Dr. H. Rothe (Telefunken) al Dachau, but is
worted here as recerved.

The carbon used was supplied by Siemens-Plania of Ber-
1in, 2s "homogencous" cerbon made into rods 1.5 mm. in diai-
er and 6 mm. long from graphite powder. The rods are
ar nitric acld and piled like cordwood in a try within a
co that only the two ends are coated with =ilicon to & thicl-
ne of .01 mn. and then broken in two making two detector
wii In the same tube, about 12" long and 1.5" diameter ..:
a vessel h very pure aluminum pellets. The cube 18 placcd
il a vecuun systen and vithin an electric oven. At the for
end of the system from the vacuum pump is a bulb of Si Cly
kept in a cold container. Between the bute and the pump iz
& laiguid air trap to keep Si Cly from reaching the pump and

& Lercury type shut-off valve. z Karl Seiler (1910_1991)

In operation the oven 1s heated to 750°C and the ays
evacuated for ten to twenty minutes. When the pressure
down to 104 mm. and the Si C1% has purged the gystem of a.x
the temperzture is held at between 720° and 950° for thrce
s:x,hours. The temperature »>f the 31 Cly normally rises ir
-z0"C to -15°C and the pressurc of the system is 40.mm.
ry. The conditions give 2 super-saturat vapor of 21
ch condenses on the carbon. The aluminum chloride ap;
remains in the alunnum container zlthough according to ur.

Tre “;ifciiog?"d""ses on the tube and acts as an indicator af Erteilt auf Grund des Ersten Uberleitungsgesetzes vom 8. Juli 1949
(WiGBL S.175) .

Dr. Gunthecr discleims knowledge of tlic mounti. of tiwse

tals and their elecirical ch:u:--:;ghcr;‘ 1cs, but :ﬁlnk: 194 BUNDESREPUBLIK DEUTSCHLAND
nuam wirr contacts were used. Dr. Zeiler, 2lso at Brezio

d on thet problem. Nevertheless, he atatec
best samples zdiula stand up to 30 volts and the averasc
«d well at 15 volis. At the '"Nullpunkt widerstandt”

¢ resistence was 50 ochus ond at the "Bandwiderstandt" 30

» the current ratios at these two poiniz being 1:200.
crystals were considered good if when the voltagz was 100
llivolts, the ratis of forwerd to reversc current was grooicr

AUSGEGEBEN AM
28. SEPTEMBER 1953

than fiymy DEUTSCHES PATENTAMT

Gunther hed z2lsc worked on Fe Sp as o detector but found
crystals of it variable. He had commenced an investigatiun to
:‘."“'“r:un: whother their detector action at high froquency brocks PATE NTSC H RI FT
down because of chemical or physical changes. 3 891 426

i

Gunther wes intercsted In work done at Munich by Heinrich
Welker under Clusus on Germanium erystals. Using similer reac- KLASSE Ay (GRUEEE fo
tions and technijue to those he had used with silicon, Gunther T 5268 VIIIc [ 21g

hed found that the dusl conductivity of the resulting crystals
“i caused by the presencc of up tc 20% of aluminum in the crys-
tols. When he succssded in getting good crystals, they werc good . : ; e N 5
detcctors with posistances ronging from 15,000 ta'eo,ogo ohn ? Dr. phil. habil. Karl Seiler, Klein Kreidel bei Methne
The good crystals wurc obtained by exposing GE Cly to o strcam
of Ha at T00°C.

ist als Erfinder genannt werden

Thgr-: secncd to be some cvasiveness on the part of Dr.

Gunthor because when therce were questicns concerning the grow- ii it i
the B¢ quaits ciYatuls, e At Lk it e oauetha B Telefunken Gesellschaft fiir drahtlose Telegraphie m. b.H,, Bezlin
Chytrck of Breslauw, one of his students who was experimenting
with growing quortz crystels in 2 solution of sodium carbonate, Hodhfrequenz-Kristalldetektor

Patentiert im Gebiet der Bundesrepublik Deutschland vom 16. August 1944 an

26 July 13945 R. H. McCarthy ) i er Bundes: : _
e All from Der Zeitraum vora 8. Mai 1945 bis emwd:lmﬁgch v,M;.; ;95;: wird auf die Patentdauer nicht angerechnet
P. Mertz (Ges. v. 15.7.51)

CIOS ER 350 Consultants AT&T Bell ' Patenterteilung bekmngemam:;.mmta;s?z

Figure 6.91: Karl Seiler and Paul Ludwig Giinther developed methods for designing and fabricating
silicon semiconductor devices throughout the war and into the postwar period.
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United States Patent Office

2,701,216
Patented Feb. 1, 1955
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2,701,216

MET[{OD OF MAKING SURFACE-TYPE AND
'OINT- E RE( RS AND CRYSTAL-~
AIVIPL]F]ER LAYERS FROM ELEMENTS

Karl Seiler, Nurnberg, Germany, assignor to International
Standard Electric Corporation, New York, N. Y., a cor-
poration of Delaware

Application Apxil 5, 1950, Serial No. 154,064

Claims priority, application Germany April 6, 1949

4 Claims. (CL 117—106)

Unlike the large variety of point-type rectifiers (crys-
tal diodes) there are only a few combinations of metals
and semiconductors which exhibit a surface-type rectif

ect, Schottky’s analysis of semiconductor recti-

fication (see f. i. Zeitschrift fiir Physik, vol. 118, 1942,
Pp. 539-592) sets forth several reasons which may serve

10 the provided

20

2

electrode. distance, however, is extremely small
so it is obvious that rather erratic results are liable to
oceur in the few processes available for controlling the
ng_umy concentration.

whacks of the known methods are avoided in
this_invention by providing that the ultimate structure
of the layer pattern is no longer obtained from two in-
dependent individual processes, but that the basic and
the impurity substances are deposited simultaneously on
foundation, and that the specified relative
impurity concentration is controlled to fit the needs of
each particular layer while the Iayer is_being built, so
ﬂéc desired space distribution of impurities is nmugh:
about.

It is known that the elements boron, silicon, germanium,
and tellurium have semiconducting properties. In view
of the delicacy of the processes to be conirolled, the
degree of chemical purily of the substances coated on
the folmdauun eia::!.mde is of ouistanding importance in
making recti

In order ln aclnava uniform results and to control the
porportion of the impurity admixture, it might seem de-
sirable to vaporize |h= semiconductor materials and

o clarify this fact.

(1) The relative impurity
the semiconductor should be a minimum in the zone of
increased resistance immediately adjacent the metallic
uIchmde, in order to avoid short-circuits, Any increase

n the number of impuritics in this zone means great
pmbabnmy of short-circuits due to so-called by-passes.

(2) In the adjacent semi-conducting zone, however, ade-
quate_conductivity has to be provided by lattice-disturb-
ing (impurity) aioms sufficient in number to greatly ac-
centuate the zome mentioned in paragraph (1) where
the so-called borderline effects take place.

To fulfi] this requirement the disassociation level of
the imparity atoms should be low (the impurity atoms
should not " diffuse readlly), wh:le the mobility of the
electric carriers should be high. That only a few sur-
face-type rectifications effects havc been realized so far,
derives from the fact that these two demands have not,
or have hardly, been possible of fulfilment so far, for
rhc known methods of making specified layer patterns

based exclusively on such processes where the space
d:smbumm of the impurities, is only obtained by modi-
tions introduced by a secondary process by removing
impurities at & suitable temperature, by chemical reac-
tion (. i. dissolving, lacquer-layers applied later on, etc.).
Hence in making some specified layer paticrn, the sub-
stances intended to produce the desired effects are placed

at their respective locations in a first operation where ;

5

no attention can be paid as to obt: g any specified
space distribution of impurities, while that specified dis-
tribution, essential for proper performance, is brought
about only subsequently in a second process governed
by laws different from these of the first one. Thus one
has_been forced to simply acl:epl as given whatever im-
purity concentration and resulted from that
second process without the pnss.buuy of introducing such
corrective action of one’s own as might be desirable to
secure optimum disiribution of impurities across the
layer. With regard to the fact that very delicate ar-
rangements are involved with layers present only as ex-
tremely thin films, it is obvious that the probability of
inadequate results is rather large if these two essential
processes are practiced one after the other.

In rectifiers invelving compound-t; semiconductors
(in particular cuprous oxide) this fact is particularly pro-
nounced as here the change in impurity concentration
is caused by a chemical reaction which in turn is to in-
troduce the of the
tor compound.

nerally a high impurity concentration is provided

in the zones of the semiconductor more remote from the
mclalhc electrode. But a certnin maximum impurity
concentration should not be exceeded in the zone of the
semiconductor immediately adjacent the metallic_elec-
trode. This means that along the main direction of cur-
rent flow the impurity concentration will have to obey
a specified functional law, i. e. the endence of the
impurity concentration at a particular layer level will de-
pend on the distance between that layer and the metallic

25

30

35

ity deposit them from the vapnmus
state onto a suitable foundauun However, due to the
high vaporizing temperatures of the materials involved
there is induced the hazards of chemical reactions of the
basic material or even the impurity contents with the

material of the crucible which would produce uncon-
trolled and undesirable effects on the rectifying properties.

In order to avoid such high temperatures in production,
one starts ont in the known way from a liquid compound
of the elements invelved which by chemical rectification
and customary chemical purifying methods can be pre-
pared with a very high degree of purity and which in turn
may be reduced chemically under proper conditions upon
reaction with some equally pure reducing agent. Simul-
tancously with this 1-educ::on the impurity substance may
‘be treated in the same manner. With the relatively ample
choice present in scleciing admixtures io semiconducting
elements, there is usually found some suitable chemical
reaction mechanism which enables simultaneously syn-
thesizing the impurity admixture. functional
schematic, the nature of the process to be adopted is in-
dicated in Fig. 1. A, B, C, and D refer snhcmalnca]ly m
devices where the substam:es needed for assembling
rectifying layer are obtained in their pur:sl fnrm by
available processes according to what has been described
above. As indicated schemnucally. these substances are
then fed through pipes o, and Lz to the device E
where the layer pattern is o In Fig. 1, these pipes
La and Ls directly feed the devm E with no prmr inter-
mixing of the substances being possible, Of course, one,
two, or even all of the pipes could be joined in 2 common
duct whenever intermixing of the substances is desired
or permissible at such a relatively early stage of the pro-
duction process. Equally in a_schematic manner are
shown contro] mechanisms e, and Rq at some
arbitrary point along the ducts which allow any desired

ase or increase in the feeding rate of any of the in-
gredients while the sttty dveirs B hefiy Bhil
up. Tt is by no means essential that these controlling de-
vices be inserted somewhere betwees units A and E,
B and E, etc., these controlling facilities may a8 well be
mcorpomted straight in the units A, B C, any ad-
dificaia] tmite thay mwight be pressnt.  Cice will haya to
aken, however, to prevent undesired reactions on the
other devices B, C, D whenever at the junction of the
pipes or mdmdual pipe ducts the gas or vapor rate of
device A is incre
o '_u[m:hce iy method, the elements boren, silicon,
germaniu; tellurium may be used because of the
high mobility ot "heir eleciiio carriers, To provide opti-
mum efficiency, the impurity concentration at the back
or counterclectrode is chosen large enough to prevent
virtually any barrier layer from forming there.

As an example of the preparation of the semiconduct-
ing substance in building of a layer pattern, silicon may’
be reduced with hydrogen from si n, tetrachloride or
with zinc, in order 1o ngin pure silicon.

It is also known that the elements which are left and

Paul Ludwig Gii

Karl Seiler

United States Patent Office
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nther (1892-1969)

(1910-1991)

2,876,400
Patented Mar. 3, 1959

1

2,876,400

COMPOSITE ELECTRODES FOR DIRECTIONAL
CRYSTAL DEVICES

Paul Giinther and Franz Kerkhoff, Munich, Germany,
assignors to Sicmens & Halske Aktiengesellschaft,
Munich, Germany, a corporation of Germany

Application February 1, 1954, Serial No. 407,196
‘Claims priority, application Germany February 27, 1953
11 Claims. (CL 317—235)

Tlns invention is concerned wnh composite e‘lectrudm
for di devices or
example, transistors and the like.

Composite electrodes for the purpose and of the type
noted above are generally known. It is likewise known
to form on such electrodes preferably point-shaped or
knife-edge contacts of a hard core which is provided with
a coating of another generally softer material, the latter
being more suitable than the core material to form elec-
trical contact engagement with a semi-conductor crystal.
Such a known electrode may, for example comprise a
tungsten wire plated with platinum. The drawback of
such structure is that it is impossible to provide upon
tungsten a sufficiently uniform platinum coating and that
it is consequently impossible to produce such electrodes
with the required uniformity in the course of customary
mass production pracesses.

It has been found by rescarch lying in back of the
invention that the above mentioned drawbacks can be
avoided by using other particular materials. In accord-
ance with the invention, electrodes of the previously in-
dicated type which comprise at least two different ma-
terials, for example, a core or carrier and a coating, are
made of metals from the first, fourth, fifth and/or eight
groups of the periodic table of elements. M

and 6. Between the electrodes, & p-n Tayer is provided

in a known manner. The electrode § is made like the

electrode of Fig. 1, comprising a bronze core with a

platinum coating 3. The other electrode 6 comprises a

steel core 7 covered by a copper coating 8.

The coatings may be applied or provided in different
manner than galvanie, for example, by vaporization, by
cathode vaporization, or in mechanical manner, for ex-
ample, by spraying or rolling. Burning such as is usually

10 applied in the production of mirrors, ceramics, ete., is
recommended for mass production.

‘What is believed to be new and desired to have pro-
tected is defined in the appended claims.

‘e claim:

1. A transistor comprising a crystal, in electrode in
point contact with said crystal, said electrode including
a core and a coating surrounding said core, said core
formed from one or more metals of the group consisting
of niobium, tantalum, iron, copper, tin, zinc, phosphorous,
20 beryllium and alloys of the aforesaid metals, said coating
formed from one or more metals of the group consisting
of thedium, palladium, iridium, platinum and alioys of
the aforesaid metals, and said coating of said electrode in
point contact with said crystal.

2. A transistor according to claim 1, wherein said core
of the electrode comprises a hard bronze of the type of
phosphor-beryllium-bronze.

3. A transistor according to claim 1, wherein said core
of the electrode is formed of a hard bronze of the type
30 of phosphor-beryllium-bronze, and said coating is formed

of platinum.

4. A transistor comprising a crystal, at least two elec-
trodes in point contact with said crystal, p-n layer pro-
vided in said crystal between the electrodes, one of smd

85 electrodes sphar-berylli
and a platinum coating, the other of said electrodes :nm-
prising 2 steel core and a copper coating, and said coat-
mgs of said electrodes in point contact with said crystal.
ite electrode for a directional crystal de-

15

25

a hard material as for example niobium, tantalum, iron
or alloys of such materials, for example, hard bronze of
the type of phosphor-beryllium-bronze or the like may

used primarily for the core of the electrode; and
for the coaung may be used primarily materials of high
output capacity, for example, rhndlum, palladium, iridium,
also platinum or, under some circumstances alloys of
these materials. In the case of using in a transistor a
plurality of electrodes, for example, two or three elec-
trodes, the selection of the material for the surface coat-
ing will depend upon whether the electrode is to be em-
ployed-as a collector or an emitter.

The invention will now be described with reference
to the accompanying drawings showing in diagrammatic
r:presemauun examples thereof. In these drawings,
shows a germanium crystal coacting with a
single pomﬁ contact etutrod.e, and

Fig. 2 illustrates a transistor comprising a germanium
crystal coacting with two point contact electrodes.

In Fig. 1, numeral 1 indicates the germaninm crystal.
In contact engagement with the surface of the crystal
is a point electrode comprising a wire 2 of phosphor-
beryllium-bronze provided with a platinum coating 3.
The electrode is pmducad. by providing upon the bronze

40 vxcc, said electrode provided with a point at one end for
point contact with a crystal and comprising a core and
a coating surrounding said core, said core formed from
‘one or more materials of the group consisting of tantalum,
= phosphor-beryllium-bronze and steel, said coating formed
from one or more materials of the group consls:mg of the
elements of group eight of the periodic table of elements
and consisting of rhodium, palladium, iridiom and
platinum.

6. A composite electrode according to claim 5, wherein
said composite electrode may be used in a diode.

7. A composite electrode according to claim 5, wherein
said composite electrode may be used as an emitter in
& transistor.

8. A composite electrode for a directional crystal de-
vice said electrode formed with a point at one end for
point contact with a crystal and comprising a steel core
and a copper coating surrounding said core.

9. A composite clectrode for use as a collector, said
electrode comprising a core and a coating surrounding said
core, said core formed from one or more materials of
the group consisting of tantalum, yhosphor beryliinm-
‘bronze and steel, and said cnatmg comprising one or more
mat:mk of Lhe group consisting of copper and tin.

&0

55

wire, for example, in an alkaline ammonia ph

platinom bath of platinum coating in galvanic manner.
Fig. 2 shows a transistor comprising a germanium

crystal 4 coacting with two point contact clectrodes 5

device of the transistor type in-
cludmg a directional crystal, a composite electrode for
point contact with said directional crystal, said com-
posite electrode comprising a phosphor beryllium-bronze

Figure 6.92: Karl Seiler and Paul Ludwig Giinther developed methods for designing and fabricating
silicon semiconductor devices throughout the war and into the postwar period.
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Helmar Frank (1919-2015) Jan Tauc (1922-2010)

Tannwald/Tanvald

Figure 6.93: Helmar Frank and Jan Tauc produced transistors at the former German electronics
laboratory in Tannwald/Tanvald in Czechoslovakia in 1949, based at least in part (and perhaps
entirely) on wartime German work there.
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Transistors (11) Helmar Frank and Jan Tauc

Bo Lojek. 2007. History of Semiconductor Engineering. pp. 195-204.

German military research maintained two research groups working on
semiconductors in occupied Czechoslovakian “Béhmen und Mihren”
territory: The Prague group headed by Prof. B. Gudden worked on the
rectifying diode; a second and larger group worked in the small town of
Tanvald in the North of Bohemia on microwave point contact diode and
radar research. Many members of the German research groups, including
Prof. Gudden, were Kkilled in May 1945 during the liberation of
Czechoslovakia by the Red Army. A major part of the Tanvald research
facility was confiscated by the Soviet army and transferred to the Soviet
Union; the rest of the inventory was set on fire and destroyed. Several
kilograms of Germanium survived the fire and were used by Jan Tauc and
Helmar Frank to build the first European [Czech] transistors in 1949. Jan
Tauc later immigrated to the United States. Helmar Frank, who was also a
student of Prof. Gudden at Charles University, directed post-war
semiconductor research sponsored by the Czechoslovakian Army at the
former Philips Laboratories in Prague. [...] At the end of the war, the CIA and
KGB quickly joined the British effort and transferred several researchers
from the Prague and Tanvald research groups to their respective countries.

Czech National Library of Technology. Professor Helmar Frank.
https://www.techlib.cz/cs/84002-profesor-helmar-frank

Helmar Frank was a Czechoslovak physicist of German nationality. [...] He
created the first Czechoslovak semiconductor amplifying component---the
point-contact germanium transistor—and developed, initiated and helped to
introduce production of semiconductor materials and components in many
Czechoslovak factories.

National Academy of Sciences. 2011. Jan Tauc 1922-2010.
http://nas.nasonline.org/site/DocServer/Tauc_Jan.pdf

Jan’s first job after graduation was at a government-supported research
institute with a mission to develop electronic technologies (such as television
and microwaves), using equipment and documentation left behind by the
German army and declassified information from the West that became
available after the war. The institute was located first in Tanvald, a
mountainous region of northern Bohemia, which was the location of the
former German army center. There Jan became involved in microwave
detectors that the Germans had developed for the 10 cm wavelength band,
using germanium. When the news of the invention of the transistor reached
Prague, he used the germanium of those detectors to build the first point-
contact transistor in Czechoslovakia and decided to stay in that field.

Figure 6.94: Helmar Frank and Jan Tauc produced transistors at the former German electronics
laboratory in Tannwald/Tanvald in Czechoslovakia in 1949, based at least in part (and perhaps
entirely) on wartime German work there.
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Dec. 4, 1956 K. LEHOVEC 2,773,224
TRANSISTOR POINT CONTACT ARRANGEMENT
Filed Dec. 31, 1852

14 . 4
Fig. 1 IR\ o
W 1NAAN17A
12 T\ ¢
L] 1e
14 4 o T )
Fis. 2 21 i Bernhard Gudden (1892—1945)
2 s o] B2 7\
\ 12
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' 14 T4
Fig. 3 _ |
@ ) ||| s ~ KurtLehovec (1918-2012)
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NARA RG 40, Entry UD-75,
Box 28, Folder Edwin Y. Webb, Jr.
1945 memo from Harry Dauber.

Interrogate Dpl. Phys. Xurt Frank and Dr. K. Raithel on heat image tube
(both were assistants of Prof. Gudden)e. 7

Dr. Mdartin Tren, Nurnberg (fwmcon in slrasse 5) knows their address (check
on Tren in FIAT files, his present address should be available there.

Kurt Lehovec, formerly Prof. Gudden's assistant in charge of rectifier
research, should be interrogated and requested to expand on the informa-
tion provided in FIAT FINAL REPORT No. 706. Lehovae was last known to

work at the Weissenberg Laboratory of the SAF near Nuernberg. Documents
pertaining to his work are at FIAT.

Figure 6.95: During the war, Bernhard Gudden and Kurt Lehovec ran a very secretive and well-
funded group that was developing advanced semiconductor devices at Charles University in Prague.
After the war, Gudden died in a Czech prison and Lehovec moved to the United States, where he
filed patent applications on transistor designs, possibly based on the wartime work.
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2,773,224
Patented Dec. 4, 1956

wire 17.
‘The modification shown in Figure 2 of the drawing

1 2 . .
i differs from the construction of Figure 1 solely in that
the adjacent point contacts 15 are positioned upon op-
2,773,224 posite sides of a wall 21 in small cavities 22 formed
i . 1o : within the wafer 11. - Preferably, this wall 21 should be
TRANSISTOR POINT CONTACT ARRANGEMENT 5 from about 1 to about 5 mils thick. The construction
shown in this figure has the advantage that with it the
K‘gﬂm@:&yﬁf‘?gﬂ? Aﬁ;f:”ﬁgsg? t;rctgn?g::g; pqiut contacts are not apt to be disloc.ige.d due to han-
of Massachusetts dling, as when encasing the entire unit in a protective
insulating resin.
Application December 31, 1952, Serial No. 328,948 10 ° The same advantage is derived from the construction
+ _ illustrated in Figure 3. Here the wire probes i4 are
6 Claines,. {1, 317-203) inserted through the holes 12 in the wafer 11 from op-
posite directions so that the point contacts 15 project
towards one another within the cavities 32, but are sepa-
The present invention relates to new and improved 15 rated by the wall 31 which is preferably of the thick-
point contact constructions for transistors. ness previously indicated.
The field of transistors is now sc well known that The various apertures and holes or cavities herein indi-
& it is not deemed necessary to devote any of the present cated can be found in a variety of methods known to the
ok specification to purely descriptive matter relating to this art, such as, for example, by the use of dental abrasive
> subject. In this connection, reference is made to the 20 equipment.
=) text “Holes and electrons in semiconductors” by The herein described invention has a number of advan-
= Schockley, the entire November 1952 issue of the Pro- tages. Perhaps one of the most important of these is
L ceedings of the Imstitute of Radio Engineers, as well as comparative eass with which it adapts itself to large
,4 other publications. scale production techniques. By one procedure 2 com-
~— One type of transistor which presently shows a-great 25 paratively large fiat body of a semiconductor can be
S deal of promise requires the use of two point contacts provided with the apertures, holes, and/cr cavities for a
— : termed the emitter and the collector bearing against a large number of transistors at the same time, the ap-
o single crystal of a metal such as germanium, silicon, Or . propriate connections and probes indicated can be placed
\am. M other related semiconducting materials. ' A third low re- in position, and then the individual transistors actually
S’ = sistance electrical connection is made to such a crystal. 30 formed by cutting the larger body. If desired, the initial
n = In order.to obtain satisfactory operating characteristics block can be scored or perforated so as to assist in sepa-
et = with this type of construction the two point contacts must rating the individual units. Various known steps, not
8 be positioned relatively close, and must remain in a specifically indicated herein, such as, for example, etch-
n = comparatively fixed position. ing can be carried out at any convenient stage in form-
'5 L It is now a common procedure to hold these point con- 35 ing the units of the invention. Also, a construction
] = tacts or probes in place by the use of a small amount of similar to that shown in Figure 1 can be formed utilizing
= = tension and a stiff gel-like filler material. Other means a very thin wafer with the point contacts positioned
o= for accomplishing the same result have been suggested. upon opposite sides of it in the broad manner indicated.
H w These include the use of stiff fabric-like inserts through As many apparently widely different embodiments of
‘ which the probes are inserted; the use of an adjacent wall 40 this invention may be made without departing from the
= upon which the point contacts are mounted; and other spirit and scope hereof, it is to be understocd that the
s means. The number of suggestions made on the subject invention is not limited to the specific embodiments
< of positioning wire probes in itself indicates the ineffec- hereof except as defined in the appended claims.
= tiveness of the presently used procedures. . What is claimed is:
= An object of the present invention is to Improve upon 45 1. A tranpsistor comprising a body of a semiconducting
- the aforegoing and related methods for positioning wire material, means defining at least two closely-spaced aper-
Q point contacts against a body of a semiconducting ma- tures through said body, wire probe means passing
m terial used in a transistor. A further object is to produce through said apertures, insulating means separating said
new and improved transistor constructions. These and wire means from said body in said apertures, point ¢on-
other aims of the invention, as well as the advantages of g tact means formed on the tips of said probe means, said
it will be apparent from the following description and point contact means forming rectifying contacts with
claims, as well as the accompanying drawings in which: parts of said body about 1 to 5 mils apart.
Figure 1 diagrammatically illustrates a transistor 2. A transistor as defined in claim 1 wherein said con-
formed in accordance with this disclosure; and - tacts are both on the same face of said body.
Figure 2 is a diagrammatic view of a modified con- 55 3. A transistor comprising a body of a semiconducting
siruction of the invention; and material, means defining at least two closely-spaced aper-
Figure 3 is a diagrammatic view .of a still further modi- tures in said body, wire probe means passing through
fied construction. In all figures like numerals designate said apertures, insulating means separating said wire
like parts. means from said body in said apertures, point contact
In Flgure 1 of the drawmgs a simple transistor con- gp means formed on the tips of said probe means and
struction is shown in which a small semiconducting wafer positioned within cavities upon the same face of said body,
11 such as, for example, a germanium crystal about said point contact means forming rectifying contacts with
30 x 50 x 150 mils in size is provided with two apertures adjacent parts of said body
12 through which wire probes 14 project. Each of these 4. A transistor comprising a body of a semiconduct-
probes 14 is insulated from the wafer 11 by an insulating g5 ing material, means defining at least two closely-spaced
sleeve 13 of polyethylene or the like, and is bent so that apertures in said body, wire probe means passing through
the point contacts 15 touch the same face of the crystal said apertures, insulating means separating said wire
quite close to one another. Preferably a space of from means from said. body in said apertures, point contact
1 to 5 mils separates them. A low resistance contact 16 means formed on the tips of said probe means posi-
of known type is made to the wafer 11 through the 7o tioned upon opposed sides of said body, said point con-

tact means forming rectifying contacts -with adjacent
parts of said body.
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Figure 6.96: During the war, Bernhard Gudden and Kurt Lehovec ran a very secretive and well-
funded group that was developing advanced semiconductor devices at Charles University in Prague.
After the war, Gudden died in a Czech prison and Lehovec moved to the United States, where he
filed patent applications on transistor designs, possibly based on the wartime work.
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6.5.4 Postwar Transfer of Microelectronics Technologies

Appendix B presents evidence that suggests (but does not yet prove—much more investigation is
required) that the German-speaking scientists’ transistor developments not only preceded those of
Bell Laboratories, but may have been directly used by Bell Laboratories as a guide to reproduce
the earlier German-speaking work:

The German-speaking transistor developments came from at least 12 different groups doing
extensive work during a period of over two decades collectively.

During World War II, the German military was keenly interested in funding the development
of smaller, more rugged, and more sophisticated electronic guidance systems that could be
used in rockets ranging from anti-aircraft missiles to intercontinental ballistic missiles. Tran-
sistors derived from the existing German patents and papers would have been an important
part of those guidance systems.

In spring 1945, hundreds of thousands of tons of German-language technical documents were
seized by the United States, thousands of German-speaking scientists were interrogated by
U.S. scientists and engineers, and countless prototypes, pieces of equipment, and whole lab-
oratories were shipped to the United States.

Personnel from Bell Laboratories played a prominent role in collecting that scientific infor-
mation from Europe and processing it in the United States (for examples, see pp. 1078-1079
and Section B.5).

In late 1945, Bell Laboratories put John Bardeen and Walter Brattain to work to try to
produce a simple transistor, with some supervision by William Shockley. As noted by one
source (p. 3015), “the semiconductor group at Bell Laboratories began its work with a survey
of wartime developments in the field of semiconductors” [Eckert and Schubert 1990, p. 159].

Bardeen and Shockley conducted detailed visits to numerous FEuropean laboratories from
June through August 1947. During that time, Bardeen or Shockley could have easily encoun-
tered scientists, reports, or information from the earlier transistor development programs of
the German-speaking world, or at least Allied investigators who had already studied those
programs. Although any transistor-related information that Bardeen and Shockley learned
during this time has never been publicly disclosed, Bardeen wrote at the end of the trip:
“learned a lot during the trip, and have picked up some information that may be useful to
the Lab” [Hoddeson and Daitch 2002, p. 130].

Bardeen and Brattain did not begin serious experimentation with transistor-like devices until
November 1947, two and a half years after the end of the war (and over two and a half years
after the collection and study of German microelectronics information began in earnest).
Within just a couple of months this very small team created what appears to be a crude
replica of the earlier German work.

Not only did Shockley not give any credit to the earlier German work, but he refused to
give proper credit to Bardeen and Brattain, who actually performed the Bell Laboratories
experiments.

Due to their personal differences, the team of Bardeen, Brattain, and Shockley soon split
up. Even in 1951, Western Electric (the manufacturing arm of AT&T/Bell Laboratories) was
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unable to produce reliable transistors. Most transistor development in the United States was
carried out by other researchers, including several German-speaking scientists (Kurt Lehovec,
Herbert Kroemer, Jean Hoerni, Eugene Kleiner, Karl Heinz Zaininger, etc.).

Much more archival research is needed to determine the true extent of microelectronics innovations
in the German-speaking world, as well as how much that influenced postwar work in other countries.

Figures 6.99-6.100 show examples of how detailed technical information on the German semicon-
ductor and microelectronics technologies was transferred to Allied countries after World War I1. For
instance, BIOS Final Report 725, German Research on Rectifiers and Semi-Conductors, described
how German groups were making wafers of monocrystalline pure silicon, doping semiconductor
materials with impurities to create the desired electrical properties, and producing semiconductor
devices both from silicon and from germanium [BIOS 725]:

Impurities in a semi-conductor produce additional energy-levels; perhaps a pure mate-
rial could not be a semi-conductor. There must be some broadening of the energy levels
into bands... Joos tried to produce large crystals of silicon for use in silicon-carbon de-
tectors for cm. waves. The method was deposition from a solution of silicon in molten
aluminum. The crystals so obtained were spectroscopically pure... They were aggrega-
tions of thin plates... Prof. Pohl confirmed that Dr. Kénig had studied germanium and
silicon rectifiers at Gottingen...

After the war, Hans K. Ziegler (German, 1911-1999) came to the United States in Operation
Paperclip. He became the Chief Scientist of a U.S. Army laboratory in Fort Monmouth, New
Jersey, that employed many other German-speaking scientists and harnessed many microelectronics
technologies acquired from Germany, Austria, and Czech territory [Fort Monmouth Historical Office
2008]. See pp. 1153-1154, 2760, and 3013. Many other German-speaking scientists were hired by
other U.S. laboratories or companies.

6.5.5 Capacitors

In addition to diodes and transistors, creators from the German-speaking world invented and per-
fected capacitors (sometimes called condensers), which temporarily store electric charge.

Ewald Georg von Kleist (German states, 1700-1748) invented and demonstrated the first capacitors
in 1745; see Fig. 6.101. Pieter van Musschenbroek (Netherlands, 1692-1761) conducted further
experiments with capacitors, and they became known as “Leiden jars.” Daniel Gralath (Danzig,
1708-1767) realized that multiple Leiden jars could be connected together to store more electric
charge.

As shown in Fig. 6.102, Karol (Charles) Pollak (Polish, educated in Germany, worked in Germany
and Austria, 1859-1928) invented the electrolytic capacitor in 1896. He also developed improved
batteries and a variety of other electrical innovations.

Julius Edgar Lilienfeld invented and patented an improved design for electrolytic capacitors in 1931
(p- 1084).

In the 1930s, Eberhard Traub (German, 1906-207?) invented metallized paper capacitors, which
worked well and could be manufactured very inexpensively. See Fig. 6.104.

The United States acquired Traub’s metallized paper capacitor technology in 1945, as illustrated
in Figs. 6.105-6.106. Traub’s approach soon spread worldwide.
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Examples of
AT&T/Bell
Labs/Western
Electric active
employees
or longtime
former
employees
involved in
postwar
technology
transfer from
Germany
and Austria

Edwin Y. Webb Jr.
George Richert.
Todos M. Odarenko

Julian Blanchard

F. A. Cowan

Lloyd Espenschied
George W. Gilman
Frederick Henderson
W. H. Martin
Roland H. McCarthy
Pierre Mertz

John A. Parrott

R. E. Poole

Victor Ronci

R. E. Russell

John N. Shive

John R. Townsend
John Bardeen”
William Shockley”

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

TIA NARA RG 40, Entry UD-75, Box 23,
Folder Advisory Panel I Agenda

Examples of Technical Investirators who have been made available to

Communications Subcommittee Dby industry, and who are already overseas
or being processed to go overseas:
(1) Dr. P. Mertz - Bell Laboratories

Transmission Expert on facsimile, telavision, telegraph,

broad-band multiplex telephone, etec.

(2) Mr. R. H. McCarthy - Western Flectric Co.
Manufacturing planning encineer,-expert on rroduction of
telephone central office apparatus: na equipmemt, vacuum

tubes, telephone cable and wire, etc.

(3) Mr. C. W. Hansell - Radio Corporation of America
Expert radio circuit ana apparatus encineer on telephone,
telegraph, facsimile, and television.

(4) Mr. J. A. Parrott - American Telephone & Telegraph Co.
Expert in overall planning, layout, =2nd operation of wire
and radio communications plant.

(5) Mr. J. R. Townsend - Bell Laboratories
Expert materials engineer on springs, die castings, plastics,
welding, gauging, etc. as applied to design and production
of communications apparatus. President-Elect, A.S.T.M.

AT&T 1928-1944. Chief for transferring uthority NAMAUROIR
electronics/communications technologies

Bell Telephone 1927-1942. Assistant Chief for

transferring electronics/communications tech.

Bell Telephone 1928-1943. Senior scientist for

transferring electronics/communications tech.
AT&T/Bell/Western Electric

AT&T

Bell Labs

Bell Labs

Western Electric

Bell Labs

Western Electric

Bell Labs

AT&T *See for example:

Bell Labs

Bell Labs Michael Eckert and Helmut Schubert. 1990. Crystals,
AT&T Electrons, Transistors. pp. 158-163, 166.

Bell Labs Jon Gertner. 2012. The Idea Factory: Bell Labs and the
Bell Labs Great Age of American Innovation. pp. 90-92.

Bell Labs Lillian Hoddeson and Vicki Daitch. 2002. True Genius:
Bell Labs The Life and Science on John Bardeen. pp. 128-131.

Figure 6.97: Examples of AT& T /Bell Labs/Western Electric active employees or longtime former
employees involved in postwar technology transfer from Germany and Austria [NARA RG 40, Entry
UD-75, Box 23, Folder Advisory Panel I Agenda].
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Examples of technology transfer
to AT&T Bell Laboratories

NARA RG 40, Entry UD-75,
Box 24, Folder Bell System

RALPH BOWN
oinecToR o mEsEARcH

lo

BELL TELEPHONE LABORATORIES
(Incorporated)

463 West Street New York 14
CHelsea 3-1000

I
IM|"U

September 16, 1946

In reply refer to
1400-LE-BJ

MR. EDWIN Y. WEBB, JR., Chief of

Electronics and Communicaticn Unit

0ffice of Technical Services

Department of Commerce

Weshington 25, D. C.

Dear Mr. Webb:

For your kind reception a couple of weeks ago
I do wish to thank you before it is lost to memory.

Some of the Germen devices you are exhibiting
are ingenious and represent advanced technique. I am
conseious of having been technieally stimulated by what I
saw. It is always difficult to evaluate the effect of an
exposure of this kind so subtle is our inspiration and our
mode of thought, but the influence cannot help but be bene-
ficial. It is apparent that in calling these developments
to the attention of American Industry you are doing a real
service, and I for one wish to express my appreciation.

I have just about gouged out my eyes trying to
scan down and select the more interesting items in the
gion of i of the "Bibliography of Scientific
and Industrial Reports". Doubtless the subject index of
these items now being prepared will be a real help in this
matter of selection. I am looking forward to studying more

fully some of the reports that will be obtained i
Mr. Blanchard. tn fuld by

With personal best wishes,

DECLASSIFIED

Sincerel:
Authority T

/8f Lloyd Espenschied

NARA RG 40, Entry UD-75,
Box 58, Folder TIID Discards

NARA RG 40, Entry UD-75,
Box 24, Folder Bell System
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BeLL TELEPHONE LABORATORIES

HCoRPORATED
463 WEST STREET, NEW YORK 14, N. Y.
CHELSEA 3-1000

September 5, 1946

MR. EDWIN Y. WEBB, Jr.

Chief, Communications Unit ) - '
Office of Declassification & Technical Services
Department of Commerce

Washington 25, D.C.

Dear Mr. Webb:

I am returning herewith the sheaf of material
on high frequency research in Germany, sent me with
your letter of Junme 12. This has been examined with
interest by a number of people in our Radio Research
Department who would like me to express to you our
appreciation of having had the opportunity to see it.

With best wishes,

Very truly yours,

DECLASSIFIED s
Authority [&[1){e]]
Directdr Jgf Research
RB:ET

L - af e ABerputloraic b
I

/
7/\;‘_.!/1/ /‘\Ii{ﬂf : A 2 : TP
Y, /
[

BYLL TELFPHONE LABORATCHIFS

INCORPORATED
463 West Street
Rew York
0. E. Buckley February 28, 1947

Departaent of Commerce
Washington 25, D. C.

Dear ¥r. Oreen:

You will be interested to know that the Lsboratories
has acquired s considerable amount of valuable information as
a result of its contacts with the Office of Technical Services
which wers instituted last sumser. Thie is in no small
measure due to the friendly and cooperative attitude which we
have encountered in cur relations with your Office and for
which we are most appreciative.

We plan to contimue sending Dr. Blanchard to Wash-
ington, as & representative of the Western Fleectric C
as well as the Laboratories, where he will keep in touch with
the literature that is coming from abroad as well as from
varicus sourees in this country. He has found the Office of
Technical Services very helpful in his sesrch for reports on
subjects which are of special interest to the Western Elec-
triec Company and to the Laboratories.

It appears to us that your organization is proceding
most ccmpetently with the sccomplishment of its objectives
and we wish you further suesess in this progran which is of
sush significance %o American industry.

Very truly yours,
DECLASSIFIED

Authority QUJ O|

/8/ 0. B, Buek
President il

Figure 6.98: Examples of technology transfer to AT&T Bell Laboratories [NARA RG 40, Entry

UD-75, Boxes 24 and 58].
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Figure 6.99: U.K. and U.S. officials investigated German microelectronics programs in detail in
1945 and wrote many reports about some of what they learned.
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GERMAN RESEARCH ON RECTIFIERS
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“This report is issued with the warning that, if the subject matter should be protected
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Figure 6.100: U.K. and U.S. officials investigated German microelectronics programs in detail in
1945 and wrote many reports about some of what they learned.
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Ewald Georg Pieter van Daniel
von Kleist Musschenbroek Gralath

(1700-1748) (1692-1761) (1708-1767)

Capacitor, or Leiden jar (1745)

sz izdd
v | Frrrm e

Figure 6.101: In 1745, Ewald Georg von Kleist invented the capacitor, which temporarily stores
electric charge. Pieter van Musschenbroek conducted further experiments with capacitors, and
they became known as “Leiden jars.” Daniel Gralath realized that multiple Leiden jars could be
connected together to store more electric charge.
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Karol (Charles) Pollak (1859-1928)
invented the electrolytic capacitor

(1896) and improved batteries

SCHWEIZERISCHE EIDGENOSSENSCHAFT

Patent Nv. 12503 10. Juni 1896, 7%/, Ubr, p. Klasse 97
Charles POLLAK, in FRANKFURT a/M. (Deutschland).

Akkumulatorplatte.

Der Gogenstand der Erfindung ist eine
Aklumulatorplatte von grofier Festiglkeit und
Danerhaftigkeit, bei welcher sich der strom-
leitende Kern mit der porisen Oberfliiche in
innigster metalliseher Verbindung befindet, |
wobei die poréise Schicht ans einer Fortsetzung |
und Verzweigung des Kernes selbst besteht.

Die Gestalt des massiven Kernes ist eine
beliebige, die Beschaffenheit des portsen Teiles
eine feinkdrnige, um ecine moglichst grobe,
wirksame Oberfliche der Platte zu erhalten. |

In Fig. 1 ist der Querschnitt einer solchen
porisen Kernplatte in stark vergrofertem Mab-
stabe dargestellt. @ bezeichnet den massiven
Kern, b den portsen Teil der Platte, Der Kern
@ geht ohne jede Unterbrechung in die Ver-
zweigungen d fiber, zwischen denen sich Off-
nungen und Kanile ¢ befinden, welche dem
Elektrolyt freien Zutritt gewiihren.

Die Fig. 2, 3, 4 und 5 zeigen einige wich-
tigere Ausfithrangsformen des Kernes; bei
diesen Darstellungen wurden der grisferen
Deutlichkeit wegen die Grenzen zwischen dem | angreifen und zerstiren zu kinnen, weil eben
Kerne und dem portsen Teil durch punktierte | zwischen diesen Bestandteilen der Platte keine
Linien angedeutet, obwohl in der Wirklichkeit | Trennung und keine Spalten vorhanden sind
der Ubergang des massiven Teiles in den po- | Die Stromzufihrung kann  vollstindig
risen ein ganz allmiihlicher ist. | gleichmifig auf der ganzen Oberfliche des

In Fig. 2 besteht der Kern a' aus einer | Kernes und des porsen Teiles erfolgen, wo-

metallischen Schicht gleicher Stirke, welche
sich nach und nach in den pordsen Teil b ver-
zweigt. In Fig. 8 hat der Kern die Gestalt
eines (titters; in Fig. 4 besteht derselbe aus
einer mit Rippen e und zahlreichen Zacken f
versehenen Platte a.

In Fig. 5 ist der porise Teil b nur mit
einem massiven Rahmen a umgeben, welcher,
wie bei allen anderen Formen dieser Platten,
ebenfalls mit dem porésen Teile ein cinziges
homogenes metallisches Stiick bildet.

Platten fir Akkumulatoren von solcher
Beschaffenheit, daf zwiscben Kern und po-
rissem Teil keine Trennung besteht, weil beide
Teile aus einer metallischen Masse bestehen,
bieten den bisher bekannten gegeniiber
wesentliche Vorteile. Die Bildung des Super-
oxydes erfolgt in einer durchaus gleichmiligen
Weise nach und nach auf der fiufieren Ober-
fliiche aller Zwischenriume der pordsen Schicht,
ohne jedoch die wichtigen Verbindungsstellen
(d in Fig. 1) zwischen Kern und portsem Teil

KAISERLICHES 4

PATENTSCHRIFT

— M 92564

KLASSE 21:

ELEKTRISCHE APPARATE. (/

CHARLES POLLAK v FRANKFURT a. M.

Elektrischer Flissigkeitskondensator mit Aluminiumelekiroden.

Patentirt im Deutschen Reiche vom 14. Januar 1896 ab.

Der Gegenstand der vorliegenden Erfindung
ist eine Verbesserung der als elektrostatische
Kondensatoren verwendeten Zersetzungszellen,

welche bezweckt, die Leistungsfihigkeit und

Dauerhaftigkeit dieser Kondensatoren zu er-
h&hen und dieselben dadurch technisch brauch-
bar zu machen.

Die Moglichkeit der Verwendung elektro-
Iytischer Zellen als Kondensatoren von grofser
Capacitat wurde bereits mehrmals hervor-
gehoben und bei wissenschafilichen Experi-
menten in kleinem Mafsstabe auch durchgefiihrt,
wobei pro Zelle bezw. Elekirodenpaar Span-

nungsunterschiede bis zu 3,5 Volt beobachtet |

wurden. (Wiedemann, Lehre von der Elek-
tricitdt, 2. Auflage, Band 2, S. 757.)

Bei der technischen Anwendung solcher
Zellen stiefs man jedoch auf ecine Reihe be-
deutender Schwierigkeiten, namentlich auf die
geringe zuliissige Spannung an den Elektroden,
grofse Stromverluste wegen unvollkommener
Isolation und geringe Ausdauer der Zellen.

In den englischen Patentschriften Nr. 7509
und 1418¢ vom Jahre 1892 sind Vorschlige
zur gewerblichen Verwerthung derartiger Kon-
densatoren enthalten, jedoch ohne Angabe der
Mitte] und Zusammenstellungen, welche dies
ermdglichen sollen.

Den Ausgangspunkt zu der vorliegenden Er-
findung bildet die im Jahre 1875 von Ducretet
beschriebene Entdeckung, dafs das Aluminium
als positive Elektrode einer Zelle mit ange-
stiuertem Wasser als Elektrolyt sich mit einer
isolirenden Schicht umgiebt und dem Durch-
gange des Stromes in dieser Richtung einen
grofsen Widerstand entgegensetzt. Er beab-

| sichtigte, diese Eigenschaft des Aluminiums zur
|Conslrud|0n flissiger Stromunterbrecher zu
benutzen.

‘Wie die Erfahrung gezeigt hatte, war auch
diese” Ausfiihrungsform noch nicht technisch
verwerthbar, da die sich auf dem Aluminium
| in saurer Losung bildende Schicht zu un-
bestindig ist und nach einiger Zeit von der
Platte abblittert. Auch ist die bei einem
Kondensator unbedingt erforderliche gute Iso-
lation der Platte von der Fliissigkeit auf diesem
Wege nicht zu erreichen. Der Erfinder hat
die Beobachtung gemacht, dafs bei der von
Ducretet angegebenen Zusammenstellung selbst
mifsige Spannungen von etwa 20 Volt nicht
geniigend gut durch die Isolir- bezw. Polari-
sationsschicht aufgehalten werden konnen. Die
Technik braucht aber meistens nur Konden-
satoren, die bei mindestens 65 oder 110 Volt
arbeiten k&nnen.

Die gegenwirtige Erfindung ermdéglicht nun
die Herstellung einer vollkommen isolirenden
| Polarisationsschicht auf Aluminiumplatten durch
entsprechende Wahl des Elektrolyten und Vor-
bereitung der Platten.

Die sich dabei anf dem Metalle bildende
Schicht kann als Dielektricum eines Konden-
sators verwendet werden. ~Statt der sauren
Lasung, wie bei Ducretet, nimmt man hierzu
alkalische oder neutrale LOsungen, wie z. B.
die neutralen Salze des Aluminiums, des Eisens,
des Chroms u. s. w. Eine Ausfuhrung der
Erfindung wird an nachfolgendem Beispiel er-
lsutert.

Eine Zelle mit alkalischer L&sung als Elek-
trolyt und zwei Aluminiumplatten als Elektroden

&

Figure 6.102: Karol (Charles) Pollak invented the electrolytic capacitor in 1896 and also developed

improved batteries.
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J, E. LILIENFELD.
PROOESS AND APPARATUS FOR PRODUCING ROENTGEN BAYS,
APPLIOATION FILED 0OT. 2, 1812.

1 122,01 1.

Patented Dec. 22, 1914,

Improved electrolytic capacitor (1931)

Sept. 3, 1935. 2,013,564

J. E. LILIENFELD
ELECTROLYTIC CONDENSER
Filed Aug: 29, 1931

w0
45
INVENTOR 50
Joeivs Epear LicienFeeo
BY
ATTORNEY -

Figure 6.103: Julius Edgar Lilienfeld invented an

UNITED STATES

]- (] ?)Qﬂm?‘a

%ﬁfﬁf&f

PATENT OFFICE

2,013,564
ELECTROLYTIC CONDENSER
Julius Edgar Lilienfeld, Winchester, Mass., as-
Research Laboral

signor to Ergon
corporation of Delaware

tories, In., &

Application Augnst 20, 1931, Serial No. 560,140
5 Claims. (CL 175—215)

‘The relates to an for use
with filming metals or electrodes, as in elegtro-
lytic condensers, and lending itself for use in
liquid, semi-Hquid or pasty i

and the deterioration rate of the film or electrode
Iayer very low.
A further object of the invention resides in the

The invention has for an cbject the provision
of an electrolyte in which eléctrodes may be

formed and in which their behavior with respect .

to leak, deterioration, etc. will be far superior to
their behavior in the usual known

a paste the addition of &

very finely divided filler such as metallic dust,

lamp black, graphite, starch, diatomaceous earth, &

the dust of regenerated or not regenerated cellu-

lose, ete. to a viscous electrolyte in desired
for its

used in electrolytic condensers, for example, in
such electrolytes as borax and beric acid, borie
acid with small amount of - borax,
navel eleetrolyte is thus particularly suitable for
such use, as well as in the preparation of insula-
tion layers generally. .

A further object of the invention resides in the
provision of an electrolyte having a low freezing
point, which property is of especial value where
analectm!yhccomenserumneusedundnlo?

at-

‘mosphere.

A still further object of the invention resides
in the provision of a novel electrolyte composi-
tion which is of a highly viscous and hygroscopic
(non-drying) nature and suitable for use, fur-
thermore, with or without separator elements be-
‘tween electrodes uch as, in the case of nar-
rowly spaced plates, its viscosity is sufficlent to
prevent & shori-circuiting contact between the
plates. Another object is fo maintain the elec-
trolyte composition at the desired degree of satu-
ration. P

Electrolytes of a more or less viscous nature
have herstofore been employed, for example,
alcohol. Such

reasons,
among which is the fact that they do not possess
to a sufficient degree forming properties, und.
therefore, when utilized in a condenser they
mmummwwmmm
desirable self-healing property of the electrolytic
condenser. g
Furthermore, the use of these electrolytes does
nmadmitnlmannﬂnuunnlumxhvﬂhm

etc. The"

viscous or solid electrolyte.
mmhmﬂdaﬂmbaﬂsnh&m
3 btained which

The -foregoing cbjects are attained in the use
of & more or less Hguid composition comprising
condensation products of “polyhydric alcohols
such as a glycol (triethylene glycol), or com-
pounds thereof, with a weak mineral or organic
acid, such as boric acid, the polymerization being
effected preferably in the presence of & catalyst,

be
tion is utilized as the electrolyte or.
‘While these afford a satisfactory

tion of borie acld, barax or other ionogen

solved therein.

Purthermore, hmhm'&nm
of said )

may be 35
wammlmdmhanumm
to a highly

to the condensers as in the case of

utilizing the novel electrolyte.
1 have found, however, that certain condensa-
of polyhydric aleohols with, prefer-

ably, a weak acid and I of
dihydric alcohols with a weak mineral or or-
ganic acid afford & ly salisfactory elec-
trolyte, the latter being both of a highly viscous

nature and possessing forming
[nﬂmu-antthanmelabm

improved X-ray tube

transistor in 1925, and an improved electrolytic capacitor in 1931.

Pproperties so that
extremely samall *

condenser.
H&shsmmmﬁmam
tion.

Fig. $ is & perspective view, with portion broken
away, of & condenser
trolyte, and

in 1912, the field effect
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Eberhard Traub (1906-20??

Patented June 3, 1941

2,244,090

UNITED STATES PATENT OFFICE

2,244,050
CONDENSER WITH METALIZED DIELECTRIC

Rebert Bosch

assignor to
mit beschrinkier

lllltln,l Statigart, Germany -
Application 1937, Serial No. 152,157
e ermasy At 4, 1036

14 Claims.

This invention relates to condensers with met-
alized dielectric in which therefore no independ-
ent metal foil is used but for the making of
which a dulectrln serves upon which the con-

denser rolling,
in however. by h

on) or by the of metal or
is otherwise directly In s

{CL 115—41)

turned down edges of the metal coverings ¢ and
d lying exposed to the outside is attached the
connection for the current. It consists of a
metal coating & which is specially produced by
spraying thereupon. The metal covering & should
not be too thick as otherwise it will be too brittle.
It m\llthemerely so thick (say 0.3 to 0.5 mm.)

covering 18 very thin, for example if 1t 15 less than
0.002 mm. or 0.001 mm.

In such condensers in order to seciire a Iasting
current connection it has been proj accord-
ing to application Serial No, 32,072 that an edge
of the dielectric provided with the metalllc cov-
ering is turned down 180° so0 that the metal cov-
ering will come on the outside. The contact for
the current is attached to the turned down edges
left free after the assembling. If such a con-
denser s constructed only of metalized dielec-
tric then we shall have on the turned down edges
& direct contact with the metalized surface of
the adjacent layers of the same potential. How-
ever Il we use besides the metalized also inter-
mediate layers of non-metalized dielectric then
measures must be taken if we wish to obtain
a mutual contact of the adjacent layers of the
same potential.

We may obtain a simple condenser structure
according to the invention If we turn down not
only the edge of the metalized dieleciric layers
but also the edge of the non-metalized dielectric
layers, and that In such manner that the folded
edges of the non-metalized dielectric layers will
come within the turned down fold of the metal-
ized dielectric.

that & can be soldered thereon.
In the drawing i and J: indicate the two con-
necting wires.

The individual coatings do not have in a radial
direction, ‘as is shown in the drawing for sake
of clearness, an interval belween one another
but are rolled directly on one another.

In the example of the invention between the
two metalized paper strips @ and b only one
non-metalized paper strip / and g is used respec-
tively. If we use between the metalized dielec-
tric coatings a plurality of non-metalized dielec-
tric coatings then we turn down the edges of all
non-metalized coatings and that in such fashion
that the folded edges of the metalized coatings
will overlap them.

‘What is clalmed 1s:

1. A condenser comprising successive layers of

tal and B talized 1 i

1085

invented metalized paper capacitors

2,244,080

ing of the same polarity, the folded edges of one
set of cooperating metalized and non-metalized
strips lying adjacent to but spaced from the un-
folded edges of the next set of cooperating metal-
ized and non-metalized strips, the metal coated
corners of such folds providing continuous metal-
coated edges lying exposed at the sides of said
condenser, and condenser terminals connected
to sald fold corners.

4, A concenser comprising at least two strips
of insulating material wound up in the form of
& roll, one side of one of said strips being pro-
vided with a coating of metal, an edge of a
coated strip and an edge of #n uncoated strip
being folded upon themselves so that the folded
edge of the uncoated strip lies within the fold
and the metal coating of the coated strip faces
the outside of the fold to thereby provide a con-
tinuous metal-coated edge exposed at the side of
the condenser to form a surface for connection
of a terminal of the condenser.

5. A condenser comprising two strips of metal-
ized paper and at least two strips of non-metal-
ized paper wound up in the form of & roll with
the metalized strips alternating with the non-
metalized strips, one edge of one metalized strip
and the adjacent edge of a non-metalized strip
being folded upon themselves and the opposed
edges of the other metalized and non-metalized
strips being folded upon themselves so that each
folded edge of the non-metalized strip lies with-
in a fold and the metal coating of each metal-
ized strip faces the outside of a fold and coniacts
the adjacent coating of the same polarity, the
metal coated corners of such folds providing
continuous metal-coated edges lying exposed at
the sides of said condenser, and condenser ter-
minals to said fold corners.

arranged so that the metalized and non-metal-
ized layers alternate with each other, alternate
metalized layers being brought into contact with
each other at one edge by folding over one edge
of said alternate metalized layers and the co-
operating non-metalized layers so that the folded
edge of a non-metalized layer lles within the
fold and the metal coating of the metalized layer
faces the outside of the fold.

2. A condenser comprising successive layers of
metallzed material separated by layers of non-

In the drawing is shown an of the
invention and in particular the drawing shows a
colled condenser in general view and partial sec-
tlon, in which the section shows the individual
dielectric layers in considerably increased thick-
ness. A—A indlcates In the drawing the center
line of the condenser. For the construction of the

40

coll, in the embodiment shown, metalized paper 45

is employed, especlally paper which has received
vaporized metal (zinc or cadmium for example)
or has been metalized by cathode atomization,
By a 1s cesignated the one and by & the other
metalized paper strlp. ¢ is the metal coating
upon the strip @ and & the metal coating upon
the strip b. The metal coatings or coverings
have a thickness of about 0.0001 mm, fand g are
two non-metalized paper strips. The non-metal-
ized paper strips are, just like the metalized pa-
per strips, turned down at one edge of the con-
denser by 180° and that in such a way that the
turned down edges of the strips f and g will lie
within the turned down folds of the strips @ and b.

On the front sides of the condenser on the

11

a0

, one edge of & metalized layer
and the adjacent edge of & non-metalized layer
being folded upon themselves and the opposite

6. A condenser as set out in claim §, in which
the thickness of the metalization is about
0.0001 mm,

7. A condenser comprising successive layers of
metalized and non-metalized paper, one edge of
adjoining metalized and non-metalized layers be-
Ing folded upon themselves at an angle of 180°
so that the metal coating of the metialized layer
faces the outside of the fold with the folded
edge of the non-metalized layer within the fold,
the metal-coated corners of such folds lying ex-
posed at the sides of the condenser, and 4 metal
coating applied to and connecting said fold
corners.

8. A comprising a plurality of super-

edge of the next layer and the adji L
edge of & non-metalized layer belng folded upon
themselves so that each folded edge of the non-
metalized layer lies within & fold and the metal
coating of each metalized layer faces the outside
of & fold, the metai coated corners of such folds
providing metal coated edges lying exposed at
the sides of sald condenser, and & metal coating
connecting sald coaied edges.
3 A strips of
and non-metalized insulating material wound up
in the form of & roil to provldz sucnesllve llyen

posed layers of metalized dlelectric and interme-

diate layers of non-metalized dielectric, alter- ;;

nate metalized layers of said metalized dielectric
being brought into metallic contact with each
other by folding over the edges of said layers
and the cooperating non-metalized layers so that
the metalization faces the outside of the folds
and provides a plurality of metal-coated folded
edges at opposite sides of the condenser, the
folded edges of the non-metalized layers each
]ylng within a fold.

as set out in clalm 8, including

of metalized by
layers of non-metalized insulating material, one
edge of each metalized strip and the adjacent
edge of each non-metalized strip being folded
upon themselves so that the folded edge of each
non-metalized sirip lies within a fold and the
metal coating of each metalized strip faces the
outside of a fold and contacts the adjacent coat-

9. A
a metal coating connecting said metal-coated
folded edges and providing condenser terminals.

10. A condenser as set out in claim 8, in which
the thickness of the metalization is less than
0.001 mm,

11. A condenser comprising two strips of metal-
ized paper and at least two strips of non-metal-
ized paper wound up in the form of a roll with
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the metalized strips alternating with the nén-
metalized strips, one edge of one metalized strip
and the adjacent edge of a non-metalized strip
and the opposed edges of the other metalized and
non-metalized strips being folded longitudinally
upon themselves at an angle of 180° so that each
folded edge of the non-metalized strips lies with-
in a fold of the metalized strips and the metal
coating of each metalized strip faces the outside
of & fold and is in metalic contact with the next
succeeding coating of the same polarity, the
metal-coated corners of seid folds providing con-
tinuous metal-coated edges lying exposed at and
forming the sides of sald condenser, & terminal
metal layer applied to each side of said con-
denser and electrically connecting sald metal-
coated corners, and a terminal conductor sol-
dered to each terminal metal layer.

12. A condenser as set out In claim 11, in
which the metalization has a thickness of about
0.0001 mm.

13. A condenser comprising two strips of metal-
ized paper and at least two strips of non-metal-
ized paper wound up in the form of a roll with
the metalized strips alternating with the non-
metalized strips, the metalization of each metal-
ized strip extending to one edge thereof, a non-
metalized margin remaining along the opposite
edge of each strip, the metalized edge of one
metalized strip and the adjacent edge of & non-
metalized strip being folded upon themselves and
the metalized edge of the other metalized strip
and the adjacent edge of the other non-metal-
ized strip being folded upon themselves so that

5 each folded edge of the non-metalized strips les

within 2 fold and the metalization of each metal-
ized strip faces the outside of a fold and contacts
the adjacent metalization of the same polarity,
the metal coated corners of such folds providing
continuous metal coated edges lying exposed at
and forming the sides of said condenser, and
a metal coating applied to and connecting said
fold corners at each side of said condenser.

14. A condenser comprising two strips of metal-
ized paper and at least two strips of non-metal-
ized paper wound up in the form of a roll with
the metalized strips alternating with the non-
metalized strips, the metalization of each metal-
ized strip having a thickness of less than 0.001
mm. extending to one edge thereof, a non-metal-
ized margin remaining along the opposite edge
of each strip, the metalized edge of one metalized
strip and the adjacent edge of a non-metalized
strip being folded upon themselves and the metal-
ized edge of the other melalized strip and the
adjacent edge of the other non-metalized strip
being folded upon themselves so that each folded
edge of the non-metalized strips lies within a
fold and the metalization of each metalized strip
faces the outside of a fold and contacts the adja-
cent metalization of the same polarity, said strips
being arranged with the metalized edge of one
metalized strip and the non-metalized edge of
the other metalized strip adjacent to but spaced
from each other, the metal coated corners of the
folded edges of sald metalized strips being ar-
ranged alternately at opposite sides of the con-
denser to provide continuous metal coated edges
lying exposed at and forming the sides of said
condenser, and & metal coating applied to and
connecting said exposed folded metal coated
edges at each side of sald condenser.

EBERHARD TRAUB.

Figure 6.104: Eberhard Traub invented metallized paper capacitors.
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United States acquired Eberhard Traub’s metalized paper capacitors

ITEM No. 1
FILE No. XXVII -k

MANUFACTURE OF METALIZED
PAPER CAPACITOR UNITS
ROBERT BOSCH, STUTTGART

This report is issued with the warning that, if the subject matter should be
protected by British Patents or Patent applications, this publication cannot be held
to give any protection against action for infringement.

COMBINED INTELLIGENCE OBJECTIVES
SUB-COMMITTEE

LONDON- H A STATIONERY OFFICE

TARGET
nffice of Robert Bosech Company
Stuttcart, Germany -

Dispersal Plant
Tubingen, Germany

PHYSICAL CONDITION OF TARGET

The main plant at Stuttgart is proably QB% destroyed,
however, they have about 60 Dlspersal plants located within
2 50 mile radius of Stuttgart.

PLANT PERSONNEL
The following personnel were interviewed:
Dr. Wild - Diresc%or of Research
Dr. Dipper - pAssistent Director of Research
Dr. Dorn - Ressarch Speclallst on Fixed Paper
JLapacitors

RESUME OF INTEL IGENCE G1INED BY INVESTIG, TION

. Several years ago The Robert Bosch Company undertook
the development of fixsd paper capscitors which had the
metal foil used ir thas conventionel fixed paper capacitor
replaced *y the apolication of & very' thin metallie coating
directly onto the paper dleelectric. This Company has
producec many millions of these condensers for usc in both
alternating and direct current ¢ircults with very satis~-
factory results. After e careful study of the manufacturin
processes involved in the production of this type of conden
and an eveluation of the advantages and economies which oan
be geined by the use of thls type of condenser nos comparued
with tne conventional type the following recommendation is
made. If a manufactrirer of fixed papsr condensers in the
United States wished to 3o into the production of metalized
per condensers ané wes willing to spend wbout 25,000
“or the desizn sud trodiction of the two special
s, ne wcald be in a position Lo produce fixod paper
which are about 40% smaller than the paper and
type ena whica could be producud ot 20% reciction in

These edvanteges would very quickly pay for the
sToolel

C I

foll
cost:
tpvestment ia Sthe

g

July 23, 1945

G+ L. Van Deusen

Chief, Engineering & Technicsl Service
Office of the Chlef Signal Offlcer
Pentagon Bldgz., Room 3E-34B
Washington 25, D. C.

SUBJECT: Shipment of German Capicator Machine to

Ft. Monmouth

1. The wrlter has recormended to Col, Urhane and
Ma jor Neal Crare, Techniecal Liaison Division, 0 C Sig. O,
Hg. Com. Z, aFO 887, that the Signal Corps evacuate for
shipment to Ft. Monmouth one machine and the control
ors from
the Bosch plant at Stuttzart, Germany. .

2, The process 1s covered by U.S. Pat. 2,244,090
In the custody of the Allen Property Custodian, who has
requestod TIIC to secure additional informaticn on the
process, which has becen don: by invostigator F. E. Honders
son, loaned by the Western Electric Co. His report on
the process should bs avallable from TIIC, Vashington,
about 50 days. Mr., Hendocrgon may be reached for first-
hand information, if and when dosired, at tho Point
Brcezi plaent of Western Elecctric a2t Baltimore after 20
Auzsust.

in

3 Bosch states that they hsve furnished about 40
r:illion capacitors of this type to tho German.militarye.
The units 2re far mere compact than anything we have
rroduced and are famllinr to all Signal Corps versonnci
who have ¢xonined captured German radic eguipment. How=
ever, on importsnt 1ltem thot is probably not known 1is
thnt they arc self-=heaiing on repcated dbreakdowns caused

1

P

by over-vcltage surges.
true, ls too evident

s

m™e value of
e be dwelt on here.

feeture,

4. This seli-healirg feature probably explalns
the Germans would risk using a single sheet of 0.4-mil
Kraft paper os & suitaple cepaciter dielectric for a m
imum working voltage of 250-dec.

5. The salient features of the constructlion are
tnese; An extremely thin film of bakelite varnish is
appliec %tc onc side of the paper, rollowing which zinc
veapor is applied in e wvasovim. The thickaess of the zlr
film on.the paper i= zbout 2 microns. JConsequently,
snould a voliage break-down occur, due to a pin hole o
weak spot in %the dielectric, the extremely thin film of
zinc acts as o fuse and the capacitcr practically alway
"burns open" instead of a short-cireuiting, es is the ¢
with the conventiomal rollad peper, metal foll, capacit

6. The remainder of the conatruction features ar
adequately described in the patent. The machine for ac
plishing the above opsraticns is very ingeneously desis
and for thls reascn 1t is considered desirable to have
one avallable for examination in the event manufacture
of these canacitors in the U.S. is decided upon-

that SCGSA be reguested to

7. It is recommended
: P ferred %o in Pare. TR

investigate the informetion re -
T & o Ta and e~
becomes svailable and to Zurnish thelr '?:T;?::-tlnc the
commendations as to the prasticsdllisy ©
. .
menufacture of ihese CSﬁEc;tcrf -ne
means of a developmenit contracs,

. Ireegoe
~ananitant
AC ALk -

U.S. Embassy, F-¥-A-
APO 413, New YOTX

Figure 6.105: The United States acquired Eberhard Traub’s metallized paper capacitor technology

in 1945.
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DECLASSIFIED NARA RG 40, Entry UD-75,
puthorty D ALY Box 58, Folder TIID Discards

Iv

BOSCH METALLIZED PAPER CONDENSER

Another of the many developments discovered in Germany which has aroused
wide-spread interest among Americen manufacturers is an ingenious machine
which applies a vaporized zinc coating to paper used in the manufacture
of electrical condensers.

The patent for this process was on file in this country in the office of
the Alien Property Custodian. An American condenser manufacturer who had
contracts with the Army and Navy attempted to use this process because the
condensers produced by its application were excellently suited for the
equipment requirements under the contracts. However, the manufacturer was
unsuccessful in his efforts to utilize the information thus available
because of inability to comprehend certain details. The Alien Property
Custodian requested that additional information be obtained for the benefit
of this manufacturer and others, and Americen investigators undertook to
obtain it.

The inventor of the process and the working machine were found at the Robert
Bosch plant in Stuttgart where the development resulted from wartime
regsearch. The condenser has several important advantages over the conven-
tional types manufactured in this country. A very thin metallic coating
applied directly to the paper dielectric is used in place of the metal foil
used in condengers produced domestically. This feature permits automatic
healing after a breakdown occurs which 1s due to the fact that the very
thin vaporized metallic film completely evaporates around the point of the
breakdown so that an adequate insulation margin is again provided. Thus 3
numerous breakdowns may occur before the effective value of the condenser
area is reduced beyond a workable limit. Because of this characteristic
the condenser can be operated at 20 per cent to 50 per cent higher voltage
than is possible with the conventional type. Also, the condensers are 40
per cent smaller and manufacturing costs cen be approximately 20 per cent
less then for those made by American firms.

The degree of interest that American industry has in this development is
indicated by the faet that since the equipment has been evacuated to this
country and condensers have been manufactured by the machinery which was
set-up and put into operation in the Western Electric Company Hawthorne
Plant in Chicago, the leading domestic manufacturers of condensers have
become vitally interested in using the process.

Many millions of condensers are used in this coun in the Electri
Electronics and Communicationg industries, and radt;z and radar coulg ::2
have been perfected without them. This new process will revolutionize
the manufacturing of these condensers, reducing their size and their cost
and improving the reliability of the apparatus using them.

pertaining to this develomment is contained in Re
No
PB-39361 and PB-39361-§ available through okl i
of the Depertment of GCommerce. the Office of Technical Services

See attached letters.

Figure 6.106: The United States acquired Eberhard Traub’s metalized paper capacitor technology
in 1945 [NARA RG 40, Entry UD-75, Box 58, Folder TIID Discards].
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6.5.6 Printed Circuits

While moving from large vacuum tubes to small transistors greatly helped to miniaturize and
simplify electronics, the development of printed circuit boards was another major step in micro-
electronics. In printed circuits, electronic components are attached to an insulating board that is
covered with etched metal lines for wires, avoiding the labor and bulkiness involved in connecting
separate physical wires to each component. A closely related technological development was multi-
pin connectors, which could be used without printed circuits but became even more advantageous
when used together with printed circuits.

As shown on pp. 1090 and 27662777, Albert Hanson (German, 1877-1977) filed patent applications
on printed circuits and multi-pin connectors in 1902 and 1903. From the available documentation,
it is not clear how far he got in implementing his designs, although the highly detailed nature of the
patents suggests that he may well have built and tested printed circuits and multi-pin connectors.

Mathias Nowottnick, an engineering professor at the University of Rostock, noted that printed
circuit technology, apparently based on Hanson’s patents, was being used by at least three German
companies by 1927-1932 [Nowottnick 2014, p. 4]:

1927 Telefunken, Verdrahtung von Bauteilen
mittels Messingstreifen.

1930  Hescho-Werke in Hermsdorf Auf-
drucken von Leiterziigen auf Keramiksubstrat
mittels Siebdrucktechnik (stellt heute noch
die Grundlage fiir die Dickschichttechnik
dar!)—“Gedruckte Schaltung”.

1932 erste Leiterplatte mit genieteten
Metallstreifen, Sachsenwerk Licht und Kraft
AG [Fig. 6.108]

Lassen Sie mich zunéchst feststellen, dass
die Leiterplatte in diesem Jahr [2003] ihren
100. Geburtstag feiert. Der Berliner Han-
son hat dafiir das Patent 1903 angemeldet.
Ferner mochte ich anmerken, dass als Pio-
nierfirmen auf dem Gebiet der Leiterplatte-
nentwicklung in Deutschland die Sachsenwerk
Licht und Kraft AG Niedersedlitz, die Ruwelw-
erke Geldern, die Lackwerke Peters in Kempen
und die Isola AG in Diiren zu nennen sind.

1927 Telefunken, wiring of components
using brass strips.

1930  Hescho Works in Hermsdorf
Imprinting of conductors on ceramic
substrate using screen printing tech-
nology (still the basis for thick-film
technology today!)— “printed circuits.”

1932 first printed board
with riveted metal strips, Sachsenwerk
Light and Power AG [Fig. 6.108]

circuit

Wolfgang Scheel, a longtime department head of the Fraunhofer Institute, named additional German
companies that were among the first to use printed circuits [Manfred Frank 2003, p. 2]:

Let me first note that the printed circuit
board celebrates its 100th birthday this
year [2003]. Hanson from Berlin filed the
patent for it in 1903. I would also like
to note that the pioneering companies in
the field of printed circuit board develop-
ment in Germany are Sachsenwerk Licht
und Kraft AG Niedersedlitz, Ruwelwerke
Geldern, Lackwerke Peters in Kempen
and Isola AG in Diiren.

Paul Eisler (Austrian, 1907-1992) studied engineering at the University of Vienna, graduated in
1930, and worked in electrical engineering, during which time he apparently became familiar with
then-current German and Austrian printed circuit technologies that were based on Hanson’s original
patents. In 1936 Kisler fled to the United Kingdom, taking his knowledge of printed circuit tech-
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nologies with him, and he immediately began building printed circuits upon his arrival there [Eisler
1989; Medawar and Pyke 2000]. He brought the technology to the attention of the British govern-
ment during World War II and filed patent applications on it in 1944 (pp. 1092 and 2779-2795).
Some U.S. officials discovered Eisler’s work and incorporated simple printed circuits into proximity
fuses for artillery shells that were used in late 1944 and 1945, but otherwise Allied countries do not
seem to have harnessed the potential of printed circuits during the war.

In contrast, as shown on pp. 1093 and 2796-2799, printed circuits were in “wide use” in wartime
Germany (presumably having grown far beyond just Telefunken, Hescho-Werke, and Sachsenwerk
since ~1930), and all of that printed circuit technology was transferred to the United States on a
large scale after the war by people such as longtime Bell Telephone Laboratories engineer Todos
Odarenko.

The final step in the development of printed circuits came when Rudolf Strauss (German, 1913—
2001, Fig. 6.111) developed the wave soldering method for the fully automated manufacturing
of printed circuits, or surface mount technology (SMT), from 1951 to 1955 [rondinax.wordpress
.com/2014/01/31 /rudolf-strauss-1913-2001-a-key-player-in-the-rondinax-and-rondix-story/]. ~ See
also pp. 2800-2806. (Was Strauss truly the original creator of wave soldering, or did he bring
that method with him from the German-speaking world, just as Eisler apparently brought printed
circuits?)

Historians of science Jean Medawar and David Pyke emphasized the importance of the development
of printed circuits [Medawar and Pyke 2000, p. 93]:

Rudolf Strauss [...] met and became friends with Paul Eisler, a refugee from Austria, who
had invented the printed electrical circuit board, which revolutionized the electronics
industry. Strauss invented a technique for soldering thousands of electric connections
in one operation. His ‘wave soldering’ machine, built in 1958, is still being made in a
sophisticated form all over the industrial world. [...]

Recognition of Eisler’s work took years. In late 1957 Lord Hailsham told the Royal
Society that he rated the printed electric circuit as important an invention as penicillin
or atomic fission.

Note that Medawar and Pyke described Eisler as the inventor of printed circuits, as have many
other modern historians. While Eisler played a critical role in transferring printed circuit technology
out of the German-speaking world and producing the first printed circuits in Allied countries, it
seems clear from the historical record that Albert Hanson was the original inventor in 1902, and
that multiple companies in the German-speaking world were building and selling printed circuits
several years before Eisler ever built his first printed circuit board.

Boris Chertok, who led some of the Soviet missions removing German technologies after World War
II, mentioned the widespread German use of sophisticated multi-pin connectors. Those likely went
along with printed circuits, since printed circuits were in wide use and both multi-pin connectors
and printed circuits traced back to Albert Hanson’s inventions. Chertok also described the transfer
of many other advanced electronics technologies to the Soviet Union (pp. 2807-2812).

Much more archival research is needed to reconstruct the detailed history and extent of research
and development of printed circuits in the German-speaking world, as well as how that work was
transferred to other countries during and after the Third Reich.
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Albert Hanson (18??-19?7?) filed detailed patent applications on

LN 15,077

Date claimed for Patent under Patents Act, 1901,
belng date of first Foreign- Application (ip z_?th July, 1802
United States), . .
Date of Application (in the United Kingdom), 7th July, 1993

Accepted, 7th Oct., 1904

| I COMPLETE SPECIFICATION.

- Impi in A ic Switchboards for Telephone and like
Exchanges.

I, Auperr Pamxer Hawsox, of 6 Liitzow, Charlottenburg, in the Kingdom
of Prussin, Engineer, do hereby declare the nature of this invention and in
what manner the same is to be performed, to be particularly described and
ascertained in and by the following statement:—-

6 My invention relates to the construction and disposition of apparatus in_auto-
matic exchanges, that is, centrals in. which a number of seloctive awitches,
worked from a distance, are installed. Such plants are for example employed

* in so-called ** automatic "’ telephone servi A single selective mechanism proper
of such a plant with its box or frame 1 be called here the * switch ', while

10 the imaginably closed bounded field within which the lines leading 1o or past

the switch are made accessible for purposes of making contact will be called a

“contact field”. A bank of contacts is a number of conducting bodies so

arranged and held together as to-present a contact field to the switch.

The purpose of my invention s to provide methods by which simplicity in
manufacture, case of transport and installation, accessibility in operation, facility,
in handling in service and economical use of space are insured.

These advantages 1 secure singly or in various combinations by incorporating
numbers of contact banks into more or less rigid rows, independently  of- the
switches to which they belong, and providing for their advantageous disposi-
tion at the central. )

A very important feature of the invention is its allowing of many and varied
forms each bringing with it a series of practical arrangements. Thus, in the
forms hereinafter described in illustration of the invention, the advantagea
above enumerated are secured in-an advancing degree even while the cost of
-» manufacture per unit of apparatus is mnatnnifgy decreading.

Arrangements of wires or other conductors running parallél to éach’ other,

ractically like zither-strings, and forming contact fields for switches arran,

m a row parallel to them are already known—see British Patents, No. 860794

and 23239/°97, also U.S. Patent No. 626983, Decker Fig. 15.

My invention, however, is not affected by these and similar arrangements as
heretofore. applied. The contact banks ¢mployed by me are such as—ip order

. i Kot »ﬁ\ i :
. N* 4681 A.D. 1903

-~
I

2

R Date of Application, 27th Feb.; 1903 " -
E Comolete Specification Left, 28th Des., 1903—Accepted, 27th ‘May, 1904 .~ -

PROVISIONAL- SPECIFICATION.

ts in or d with Electric Cables and the Jointing -
- - of the same. - - -

Im;

I, Apverr Paunker Hansown, of 43 Dorotheenstrasse, Berl.in,’i,n the Kingdom
of Prussia, Euginéer, do hereby declare ‘the naturo of this invention to be as
follows: — = : }

My ivvention relates to improvements in or counected with electric cables
and the jointing of the same, by means of which certain advantages ure obfuined ;
and it.s specially though not exclusively npplicable for telephone exchange
- purposes where it is desirable to have a large number of conductors led to the

" switch boards or switching devices within very small compuss and yet with each

conductor or group of conductors readily accessible for jointing, replacing or
10 other purposes. E s s A

A cable constructed under my invention may be broadly stated to be one in

which a number of .conductors ure arranged between layers of paper or other .
suitable material the suid material being when desived perforated or arranged
so as to leave gaps or openings for jointing or other desired. purposes.
15 In order that the nature of my invention may be more readily understood I
shall proceed to briefly. refer to certain contemplated forms thereof which will I
anticipate give good results in practice. In all the forms hereinafter mentioned
the conductors may be_bare or insulated in' any convenient manner und they may
be arranged. singly or in pairs for working on metallic eircuit and they may be
crossed at intervals for the purpose of avoiding induction sounds.

In one contemplated form, the conductors are spaced apurt and glued or
cemented to sheets of paper and these are built up so that the cable consists of
nlternate layers of separated wires and of paper paraffined or otherwise treated
when desired. Tnstead of paper, fabric or tissue of any desired material may
be employed.

Tn another contemplated form instead of separating the conductors by flat
sirips or shects of paper or other material they- may be separated by a single
sheet or strip which is folded or corrugated longitudinally. The wires are then
placed at the bottoms of the folds or corrugations and the upper parts of the
said material are then bent over laterally so that each econduetor lies in a kind
of elomgated pocket and is completely separated from its neighbours.

In a third form the conductors may simply rest between two layers of
insulating material without- being either cemented to or folded into the said
maferiul.. . s . ; g -
38 " In a fourth contemplated form instead of separating the conductors by
¢ continuous lengths of paper or other material T use a number of-short strips

or layers of the latter spaced some distance apart so as to leave the conductors

visihle and accessible at intervals. I .

~In a fifth contemplated form instead of waing flat strips .or layers, whether
40 Tong or short, T employ corrugated strips or sheets, either long or short, und

ES

2

2

&

3

Figure 6.107: Albert Hanson filed detailed patent applications on printed circuits and multi-pin
connectors in 1902 and 1903.
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Printed circuit board
with riveted metal strips

Sachsenwerk Licht
und Kraft AG

1932

Figure 6.108: Printed circuit board with riveted metal strips, Sachsenwerk Licht und Kraft AG,
1932.



Paul Eisler (1907-1992) produced
printed circuits (1936) and filed a
detailed patent application (1944)

Feb. 26, 1952 P. EISLER 2,687,568
. MANUFACTURE OF ELECTRIC CIRCUIT COMPONENTS

=t -

B Original Filed Feb. 3, 1944 7 Sheets-Sheet 1

rd

-

Inventor

Figure 6.109: Paul Eisler produced printed circuits in 1936 and filed a patent application on them
in 1944. At least three German companies produced printed circuits several years before Eisler,
and he was presumably familiar with their technology from his studies and work as an electrical
engineer in the German-speaking world.
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"Previously, the chassis were stamped out of shest metal, and the partitions
and supports -- angle arms and the like -- for each of the many components used
in a radio or radar set had to be bolted, sorewed or welded separately to the
chassis", Dr. Odarenko explained. "The casting machine combines all these separate

operations into one, conserving time and labor.”

B A similar German dovalopmon£ for expediting the mounting of electronic
assemblies was the wide use of ceramic insulating plates with printed or stamped
- peinted or sprayed, and baked in, elecirical connections. These reduced or
completely eliminated the need for the conventional, laborious wiring, Dr. Odarenko
said.
-

The need for thoroughly studying Germen technique is also an essential re-
quirement for successfully manufacturing in the States of many ingenious devices
and of useful _naterhls developed or invented in Germany in recent years, Dr.
Odarenko declared., Frequently, attempts at manufacture proved that careful reading

-3 a

additionnl detail informstion from the North German Submarine Cable plant of
Nordenham, the company that perfeated the conversion process.

"A 1ittle time spent in on-the=spot investigation in Germany before going
into production", Dr, Odarenko pointed out, "will more than repay a manufacturer
for the expense of sending an investigator to Germany."

Dr. Odaranke spent 4 monthp in Germany this year end about 6 months last
year for the Eleotronics and Communications Unit of OTS’ Technical Industrial
Intelligence Division, From 1928 to 1943, he worked as a member of the Technical
Staff for the Bell Telephone Lavoratories, and prior to joining the staff of the
International Telephone and Telegraph Company, he served as a consultant and

advisor for the Bureau of Shipes of the U.5., Navy and the Radar Division of the

War Production Board.

Figure 6.110: Printed circuits were in “wide use” in wartime Germany and the technology was
transferred to the United States after the war by people such as longtime Bell Telephone Laborato-

ries engineer Todos Odarenko [NARA RG 40, Entry UD-75, Box 25, Folder Odarenko, Dr. T. M.,
undated press release (probably late 1946)].
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Rudolf Strauss (1913-2001) invented
wave soldering for printed circuits, or
surface mount technology (1951-1955)

SOLDER
HANDB

SECOND EDITION 4)

PATENT SPECIFICATION 715,055

Inventors :—DEREK HAROLD RICHARD BARTON and RUDOLF
SIEGFRIED STRAUSS.

Oct. 2, 1962 A. F. C. BARNES ETAL 3,056,370
APPARATUS FOR SOLDERING

Date of filing Complete Specification : Qct, 24, 1952.
) ts=Sheet 2
Application Date : Nov. 5, 1951, No. 25823 [51. Filed Oct. 9, 1956 2 Shee

Complete Specification Published : Sept. 8, 1954.

Index at Acceptance :—Class 82(2), M.

COMPLETE SPECIFICATION,

Improvements in Soldering Fluxes.

We. Fry’s METAL Fouxpries Loviarep, of  further improvement in the spreading power

Tandem Works, Merton Abbey. London, of rosin soldering fluxes,

S.W.19. a British Company. do hereby de- According to the invention, the spreading 45

clare the invention. for which we pray that power of rosin soldering fluxes is improved

a patent may be granted to us. and the by incorporating therein up to 59, by weight,

method by which it is to be performed, to be measured on the weight of the rosin. of

particularly deseribed in and by the following  hydrobromide of morpholine or of a hydro-

statement ;— bromide of an N-alkyl substituted derivative 50

This invention relates to rosin soldering of morpholine.

10 fluxes. By the term ™ rosin ” we mean the We find that best results are achieved with
naturally oceurring product, known some- a flux containing up to 29 by weight of
times as colophony, gum rosin, wood rosin or  morpholine hydrobromide, the rest rosin, or a
tree rosin. which is obtained from coniferous  flux eontaining up to 4%, by weight of N- 55
trees such as the pine t methyl or N-ethyl morpholine hydrobromide,

15 Am re of the activity of a rosin flux is  the rest rosin.
its spreading power on copper as determined When such fluxes were tested by the above
by a spreading test. One known type of test the following results were obtained :—

4-16

[on

spreading test consists in placing on a thin
sheet of copper a pellet, weighing 0.2 gms., Spreading 60
20 of solder containing 429, by weight of tin Activating Agent. Factor,
and 589, by weight of lead. The pellet is 1% by weight morpholine
surrounded with a small quantity of the flux hydrobromide .. - 1.80
under test. and the plate is then heated to 1%, by weight N-methyl mor-
3007 C. to melt the solder, and maintained at pholine hydrobromide .. 230 65
25 that temperature until the molten solder 2% by weight N-ethyl mor- — S 4 .
spreads no further. The average diameter of pholine hydrobromide .. 227 FQQ- 4.

the area covered by the solder after the test is
then determined. In the case of fluxes for use when soldering
Various organic activating agents have electrical connections and for other appli-

30 been proposed for incorporation in rosin cations in which it is of extreme importance 70
fluxes for the purpose of improving their that the residue should be substantially non-
spreading power. Thus it has been proposed  eorrosive, we find it desirable to imclude in
to incorporate in the flux from about 0.2 the flux a proportion of cetyl pyridininm
89% of cetyl pyridinium bromide (** Fixanol ”  bromide (“ Fixanol ” €) and to restrict the
35 C). * Fixanol " is a Registered Trade Mark. upper limit of the content of the morpholine 75
Taking the dismeter of the spread of the derivativeto4%. Theinvention accordingly INVENTORS
solder in accordance with the above test. when  includes a rosin soldering flux containing up

fluxed with plain rosin, as 100, the diameter to 5% of * Fixanol ” C and 0.5—49, of X- A FC.B
of spread when the solder was fluxed with methyl morpholine hydrobromide or LLAN T.C. Bamnes
40 rosin activated \Firh 4-“@' by weight of ethyl murplmlilnn hydrobromide. These 8t VieTor B . EvvLiorr
“ Fixanol * €' was found to be 1.30. fluxes are found to give a residue which is R
One object of the invention is to effect a  sabstantially non-corrosive. The following UDOLF S .STRAUSS

Figure 6.111: Rudolf Strauss developed the wave soldering method for automated manufacturing
of printed circuits, or surface mount technology (SMT), from 1951 to 1955.
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6.5.7 Integrated Circuits

Even further miniaturization of electronics required moving from individual electronic components
to integrated circuit chips that could contain large numbers of components on the same semicon-
ductor substrate.

In 1949, Werner Jacobi (German, 1904-1985) filed a West German patent application on integrated
circuits on behalf of Siemens & Halske. Since there were a large number of German inventors who
filed patents on their wartime work when the (West) German patent office reopened in 1949, it is
quite likely that Jacobi’s patent application was based on experimental work that he had conducted
at Siemens & Halske during the war (pp. 1096 and 2816-2817).

Kurt Lehovec (Bohemian/Austrian/Czech, 1918-2012) developed advanced semiconductor devices
for Germany in Prague during the war. After the war he was extensively interrogated by the United
States and then moved to the United States (as part of Operation Paperclip), where he filed patents
on transistors, integrated circuits, and light emitting diodes. See pp. 1074, 1097, 27572763, 2818—
2832, and 2895-2910. Lehovec’s integrated circuit designs may well have been based on wartime
work, but even if they were early postwar ideas, they preceded the claims of American engineers
who later worked on integrated circuits.

Other German-speaking scientists developed transistor fabrication methods that made integrated
circuits practical:

e Herbert Kroemer (German, 1928-) invented the drift transistor in 1953 or earlier, the double-
hetero-structure laser diode in 1963, and III-V semiconductor heterostructures in 1966 or
earlier. See pp. 1111, 2833-2845, and 2917-2922. He won the Nobel Prize in Physics in 2000
(p. 1104).

e Jean Hoerni (Swiss, 1924-1997) and Eugene Kleiner (Austrian, 1923-2003) devised methods
of manufacturing silicon transistors at Fairchild Semiconductor; see pp. 1101 and 2846-2861.
Through Fairchild and their later companies and investments, they also helped to develop
Silicon Valley.

e Karl Heinz Zaininger (German, 1929-) developed modern methods for fabricating field effect
transistors (pp. 1102 and 2862-2876).

As shown on pp. 1103 and 2877-2887, Helmut Grottrup (German, 1916-1981) and Jiirgen Dethloff
(German, 1924-2002) invented the smart card, or chip card, in 1966. Earlier, Grottrup developed
avionics systems in Germany during the war and led the German-speaking contributions to the
postwar Soviet ballistic missile program (pp. 1874-1881).

As with transistors and printed circuits, much more research should be conducted to determine how
much work on integrated circuits was conducted in the German-speaking world during the war,
and how much impact German-speaking scientists and knowledge had on the postwar development
of integrated circuits in other countries.
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CHAPTER 6.

Werner Jacobi (1904-1985)
filed a patent application on
integrated circuits in 1949
(based on wartime work?)

Erteilt auf Grund des Ersten Uberleitungsgesetzes vom 8.]uli 1949

(WiGBL 5.175)
BUNDESREPUBLIK DEUTSCHLAND

AUSGEGEBEN AM
30. JUNI 1952

DEUTSCHES PATENTAMT

PATENTSCHRIFT

Ne 833 366
KLASSE 21a? GRUPPE 1808
pasSoVillaf2ia® B

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

Dr. phil. Werner Jacobi, Erlangen

ist als Erfinder genannt worden

10

15

20

25

30

Siemens & Halske A.G., Berlin und Miinchen

Halbleiterverstdrker

Patentiert im Gebiet der Bundesrepublik Deutschland vom 15, April 1949 an
Patenterteilung bekanntgemacht am 15, Mai 1952

Wenn der Halbleiter in der zur Zeit bekannten
Form vielleicht auch nicht geeignet ist, in allen Fil-
len von Verstirkeranordnungen an die Stelle einer
Elektronenrohre zu treten, so scheint seine An-
wendung jedoch fir bestimmte Zwecke vorteilhaft
zu sein. So dirfte er sich u. a. besonders fir
Schwerhorigengerate eignen. Aus dieser Zweck-
hestimmung heraus entsteht die Aufgabe, deren
Losung selbstverstandlich auch fiir jegliche andere
Anwendung des Halbleiterverstirkers grundsatz-
liche Bedeutung z. B. aus preislichen Griinden hat,
cinen solchen Halbleiterverstirker nicht nur billig,
sondern auch raum-, gegebenenfalls auch gewichts-
sparend aufzubauen. Zur Losung dieser Aufgabe
wird erfindungsgemafl vorgeschlagen, auf den Halb-
leiter mehrere in verschiedenen Schalt- bzw. Ver-
stirkerstufen wirkende Elektrodensysteme aufzu-
setzen.

Nimmt man z, B. an, daB der in der Figur als
geschnittene Halbkugel gezeigte Halbleiter K einen
Durchmesser von 2 mm hat, so kénnen je nach der
konstruktiven Gestaltung und Anordnung der ein-
zelnen Elektroden mehrere Elektrodensysteme in
je einem Abstand von 0,2 mm bei bekanntem Elek-
trodenabstand von 0,05 mm aufgesetzt werden, ohne
daB eine gegenseitige Beeinflussung der einzelnen

Systeme eintritt. Diese Elektrodensysteme konnen |

dann in bekannter Weise durch Kopplungsglieder
zu einem mehrstufigen Halbleiterverstarker zu-
sammengeschaltet werden.

Hierbei konnen die Kopplungsglieder gegebenen-
falls aus einer Halbleiteranordnung bestehen, welche
zusitzlich aufgewendet oder durch Llinsatz von auf
den Halbleiter schon aufgesetzten Elektroden-
systemen gebildet werden. Zu diesem Zweck wird
die sonst als Eingang dienende Elektrode als Aus-
gang des Kopplungsgliedes benutzt und umgekehrt,
da der Halbleiterverstirker einen niederohmigen
Eingang und einen hochohmigen Ausgang benotigt.
Man erspart also auf Grund der vorliegenden Lr-
kenntnis, den Halbleiter mit vertauschtem Ilingang
und Ausggng als Transformator zu benutzen, mit
Riicksicht auf diese Eingangs- und Ausgangsver-
hiltnisse besonders auszubildende Kopplungsglieder.
In der Figur sind fiinf solcher Systeme mit den hei-
spielsweise einzuhaltenden Mablen schematisch an-
gedeutet,

PATENTANSPRUCHE:

1. Halbleiterverstirker, dadurch gekennzeich-
net, daB auf den Halbleiter mehrere in ver-
schiedenen Schalt- bzw. Verstirkerstufen wir-
kende Elektrodensysteme aufgesetzt werden.

2. Halbleiterverstirker, insbesondere nach
Anspruch 1, dadurch gekennzeichnet, dafi be-
stimmte Elektrodensysteme nach Vertauschung
von Eingangs- in Ausgangselektrode und um-
gekehrt als Kopplungsglieder zwischen anderen
LElektrodensystemen dienen.
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Figure 6.112: Werner Jacobi filed a patent on integrated circuits in 1949, likely based on wartime
work.
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created integrated circuits

(based on wartime work
with Bernhard Gudden?

United States Patent Office

2,993,998

Patented July 25, 1961

1

2,993,998
TRANEISDOI! COMBINATIONS
Kurt Lehovee, Williamstown, Mass., assignor to Sprague
umm- Cumpmy. North Adams, Mass., a corporation
Massachuse
Hiled fune 9, 1955, Ser, No, 514,220
S Claims, (C1. 250—211)

‘This invention relates to transistor combinations, more
particularly to combinations by which signals can be
amplified.

‘Among the objects of the present invention is the pro-
vision of novel transistor combinations which have im-
proved amplification characleristics as compased o prior
art combinations.

The above as well as additional objects of the present
invention will be more clearly understood from the fol-
lowing description of several of its exemplifications, ref-
stoe baing made to the ascompunying dravings

FIG. 1 is a represenative showing, partly in schematic
form, of ane embodiment of a unipolar transistor;

FIG. 2 is a schematic showing of a modified unipolar
transistor combination according to the present invention;

FIGS. 3 and 4 are diagremmatic views of prior art
forms of unipolar transistors; and

FIGS. 5 and 6 are pictorial representations of nmﬂlﬁvd
unipolar semjconductor devices according 10
invention.

A unipolar transistor was fully described by W. Shock-
h:y in &n article, entitled “A Unipolar Field Effect Tran-

sppeaced In the November 1952 issue of
The Frocecdings of the IRE, Volume 40, No. 11, pages
13651376 Brioly the device consists ssseaiially of &
semiconductor having & conducting changel with an ad-
jacent equipotential layer or gate electrode and a space
charged region in the semiconductor between the chanmel
and the equipotential layer. By varying the potential
‘etween the channel and the equipatential layer, the effec-
tive channel width can be varied and the channel current
which is being carried therein is similarly varied. When
the current flows along the channel the potential thus
wvaries along the ehannel, which in turn results in a poten-
tial variation between the channel and the equipotential
layer. As a esull, the width of the space charged region
varies along the channe] and with sufficiently high poten-
tials imposed on oppositc ends of ihe channel, the space
charged region may extend completely over the channel
rendering it insulating or may even cause breakdown if
maintained. This limits the usefulness of the device. It
i lhus the intent of this invention to render these unipolar
I effect transistors less susceptible to breakdown or
uherlﬂuvaty susceptible to much higher current gain, us

10

25

E

&

3

50

well a5 refiability of operation when used with signal

voltages of substantial amplitudes.

Tt has been found possible to improve the operating
curve of the unipolar transistor so & to handle larger
signal voltages as well s to produce much higher power
gains, through provision of two paralle] current flows in a
unipolar transister s0 45 fo maintain the width of the
charged layer at  uniform dimension. This is readily
accomplished as indicated by previding a poles
along the pate cleetrode which is the same or
the voltage drop along the chanvel.

For better undemstanding of this invention refer (o
FIG. 1, wherein the combination here illusirated has a
semiconductor body 10 with two portions 12, 14 of ap-
posite types of conductivity. Portion 12, for example, s
indicated as having p<enductivity and porlion 14 1-con-
duetivity. Belween them there is 3 p-n junction 15 that
is relatively elongated. - Intermediate of the ends of the
Tectasgular crystal 10 are two depressions 16 and 17, the.

2
former extending down inio the p-region of conductivity
and the latter extending into the n-region of conduetivity.
These grooved areas extend fully across the face of the
erystal and are readily produced by magnetastrictive cui-
ting followed by a jet electrochemical etch, both ftech-
nigues of which are well-known to the art. The thick-
Tess of the web formed in the crystal between the points
of maximum depth of depressions 16 and 17 is preferably
very thin, not over 20 mils thick, and preferably much
thinner, in the order of 2 mils thickness. OF course, it is
to be realized that this lower limit of distance between
the two depressions is dictated by the structural strength
requirements which the device must exhibit. However,
for optimum operational characteristics the thin region
separation is desirable although the erysial can readily
he supported by outside fnsulators, such s plastic holders,

“ae opposite ends of each portion 12, 14 are positioned
electrades represented at 18, 20, 22, 24, A bias supply
25 is connected between & correspondingly located peir of
electrodes 18, 22, on the respective semicenductor por-
tions, to bias the portions in the direction that blocks the
passage of c\\rrem from one body fo the other. In the
construction of FIG. 1 the bias supply also itmpresses
varying signals "h" between the same clectrodes 18, 22,

Electrodes 18, 20 are shown as connected to an omput
circuit 26 including a source of potential 28 and an output
Joad 30, Another output circuit 32 s similarly con-
nected between clectrodes 22 and 24 and similarly polar-
ized. For purposes of discussion the n-conductivity hav-
ing electrodes 22 and 24 is designated the “channel” while
ihe pr\,g\un with its electrodes 18 and 20 is designated
ihe “gate.”

s eatire combination of FIG. 1 makes & so-called
unipolar transistor amplifier in which the junction
vides & space charge effect that is substantially nm:uxm
along ifs length. For the greatest uniformily he semi-
conductor portions 12, 14 should have corresponding
electrical resistivities, e.g. of the order of S ohm-centi-
‘meters, and the output circuits should be arranged 10 apply
corresponding potentials so that there are corresponding
potential gradations along the effective length of the j Juns-
tion in both the channel and gate portions.
tivities are controlled by the concentration of dr[\mg in-
aredients ndded to the respective semiconductor bodies
cither by diffusion into the solid body, surface melting or
by alloying with a liguefied mass from which the bodies

A feature of the construction of FIG. 1 is that two
different_amplified output signals are provided so that
one can be used independently of the ether as a monitar,
for example. In addition, where maximum power output
is desired, both owput signals can be combined as by
transformer coupling- is made possible by the use
of the two depressions 16 and 17 so that the dimension
of the space charge region could materially effect the
current flow in the channel. Herein, in FIG. 1, for one

t of the circuit including load 30 the n-region is the
channel and the p-region the gate, and for the other part

e circuit including lond 34, vice versa.

FIG. 2 shows a modified construction of the unipolsr
tramsistor ype in which one region of condustivify is
sandwiched between regions of opposite conductivity.

The three regions are illusiraied as ‘31, 32, 33, being pro-
duc:d by techniques well-knawn in the ari. Blocking
‘bias, as well s incoming signals, are supplied by source
36 between the intermediate body 32 on the one hand,
and the outer two which can be connected together.
Elcctrodes 38, 40, 42, 44, 46 and 48 ore provided on the
individual bodies as in the construction of FIG. 1

The junction construction of FIG. 2 also has two output
circnits 52, 56, One of these is connected to inter-

July 25, 1961

SOLID STATE PHYSICS AND MICROELECTRONICS

Kurt Lehovec (1918-2012)

K. LEHOVEC

1097

2,993,998

TRANSISTOR COMBINATIONS
Filed June 9, 1955

_—28"!' E LOAD|

30

20

20

2,903,808

3

mediate body 32 as in the construction of FIG. 1. The
second_output eircuit §6 is comnected to both outer
bodies 31, 33 in parallel.  As a result of this construction,
signals in the sandwiched body are subjected to what
corresponds to twe space charge effects, one at cach
juncion. The voltage amplification of this body will
therefore be larger than that of the others. Moreover,
signal currents in the outer bodies can be added together
by the parallel output connection.

With the construction of FIG. 2 the amplified output
is taken from load 54 while load 57 serves merely to
‘maintain the space charge region relatively constant along
the junction. For taking a useful output from both loads
54 end 57 depressions similar 10 those of FIG. 1 must
be imposed in the n-regions 31 and 33 completely across
the opposing faces of the erystal.

FIGS. 3 and 4 sre crosssectionzl representations of
known vrmr art devices of the unipolar ficld effect type.
In FIG. 3 the n-region designated as 61 has two clec-
trodes 66, 68 between which an output circuit can be con-
necled. Bias, as well as incoming signals, are supplied
between electrade 64 and one of the clectrodes 66, 68
using the p-region to produce the gate and the wregion
as the channel. Tn this construstion, as well as the con-
struction shown in FIGS. 1 and 2, all of the electrodes
are of a non-rectifying nature.

In owever, an arca metal contact which ex-
tends. (uﬂl across the width of the crystal is utilized fo
produce a space charged region which can thus serve as
the modulating means for the current flow in the :hamel
A semiconductor body 7¢ designated for the purposes
this discussion as having a_conductivity of the p[y]k-.
‘has spaced output electrodes 72 and 74 of the non-rectify-
ing Kind and an intermediate clectrode 76 of the rectify-
ing metal type. Thus a space charge effoct similar fo
that described above appears to be provided by the metal
electrode 76 when it is electrically biased in the current
blocking direction. The bias and the incoming signals
are impressed between Lhe metal electrodes 76 and one
of the other electrodes. Amplifisd cutput signals esn be
taken thus from between clecirodes 72 and 74. The con-
strugtion of FIG. 3 is susceptible to breakdown at pinch-
off because here, as well as in the Shockley discussion, the
space charged region is non-uniform with ke junction
area, Breakdown zdditionally may eccur rendering the
device conducting so that the FIG. 4 construction is lim-
ited both in current level, as well as amplification char-
acteristics.

In FIG. 5 is shown an embodiment of the invention
constituting an improvement of the unipolar transistor
construction shown in FIG. 3. This construction some-
what similar 10 that of FIG. 3 has a first semiconductive
region 81 and a second semiconductive region 82, the
regions having opposite types of conduetivity so that a
junction exists between them. Output electrodes are
illustrated in the form of a central non-rectifying elec-
trode 86 engaging body 81, and a circular non-rectifying
electrode B8 surrounding electrode 86. Between the two
clectrodes 86, 88 is produced an anmular depressi
extending into body 81 in order to increase the ampl
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Cation efiect of the dovics. The depth of the depression 0

should be such as to approach the junction region, e.
less than 3 mils herefrom. _The use of 2 rotating etch
jet s des identified patent appli

4
charged region, the ounmmm of FIG, 5 is modified to
conform to the coneept of FIG. 1. This is readily ac-
complished by imposing a sccund ananlar groove on the
opposite surface of the crystal of FIG. 5, namely that
Surface whercon electrode 84 is shown £ be imposed.

Instead of applying the bias to the same clectrodes by
which the input signals are impressed, other electrodes
can be used. In the construction of FIG. 1, for example,
biat can be provided betwoen electrades 18 ang 22, where-
ls can be applied between electrodes 20

similar arrangement can be used in the con-
steuction o( FIG. 2. Furthermore, the bias need not be
applied between correspondingly located electrodes, and
can bo impressed between elecirodes 18 and 24, for ex-
ample. The incoming signals can also be applied in this
manner.

FIG. 6 shows a further form of unipolar tramsistor
comstruction most useful as a photosensitive device in
which the bulk of the crystal 91 is of one conductivity,
c.6. aype, however a diffused junction exists at the re-
gion of the depression. In the depression there is an
electrade 93, and at oppasite edges of the crystal are non-
sectifying clectrodes 97, 98, The electrode 93 and one
af the other non-rectifying clcctrodes 97 are connected
ie a high impedance bias source shown as a resistive im-
pedance 96 and a voltage source or battery 95. When
the body 91 of such material is exposed {o incident light,
current flows across the web between electrode 93 a
jacent the irradiation site and the crystal 91. This current
flow reduces the bias imposed by the battery 95 through
resistor 96. Thus the space charge in body 91 adjacent
to clectrode 93 is reduced allowing greater flow of cur-
rent in the channel between non-rectifying electrodes 97,
98.

The voltage sourcc 95 biases the electrode 97 in the
current-blocking direction. With the impedance 96 rela-
tively low as compared to the blocking impedance of the
ua-illnminated junction, the polential of source 95 s es-
sentially entirely impressed across this junction 94. When
irradiation takes place, the impedance of the junction is

iminished so thal the potential across the jun

plified change in the current passed between output elec-

irodes 97, 98 as a result of the decrease of the space
charge region, The photoelectric output of the construc-
tion of FIG. 6 will accordingly be much higher than that
conventionally obt resent devices, and bus
a sensitivily to radiation which is remarkable.

Although it is to be fully understood that the following
specific examples are representative of the best construe-
tions known to us, they should not in any way limit the
scape of the instant invention. Reference should now be
made 1o the drawing of FIG. 1 wherein in its preparation
one would Lake 2 rectangular slab of p-n junction crystal
produced by surface melting techniques or other tech-
‘iques known to the art, and properly dimension the crys-
+al ns follows: The crystal could be a cube of 100 mils
in each dimession with the junction region substantially
in the center of the plane of tbe cube. Such a crystal
would be of gérmanium and have for the p-mpusity in-
éium and for the n-mpurity antimony, with each region
of conductivity having u resistivity in the order of 5 ohm-
ted above, such a crystal covid be

Serial Mo, 460,835 (abandoncd), makes & very con
venient technique for the annular cutting operation. A
suitable biasing cleetrode of the non-rectifying type can
be provided e indicated, for example, at 84.  Using this
technique allows close control of the distance between
the Junctlon and botiom of cut,

anmplisieation is desired or whore it is desired to ncrease
the useful current ranges of the device, thus requiring
complete avoidance of the breakdown in the pinch-off
region resulting from the mopeuniformity of the space

™
is to be understood that where even higher

k53

produeed by any of the known techniques including the
surface melting technique fully disclosed in the copending
application of Lehovee et al., Serial No. 364,138, filed
Jume 25, 1953 (abandoned). The depressions 16, 17
should be then imposed across the opposing faces of the
crystal first by magnelostrictive cutting with an appro-
priate tool, which technique is fully disclosed In United
States Paent No. 2,580,716, The width of this cut
would be approximately 15 mils and extend with vertical
sides down to the region adjacent to the junction. After
the megnetosrictive cutting has produced a depression of

Figure 6.113: Kurt Lehovec created integrated circuits (based on wartime work with Bernhard

Gudden?).
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This invention relates to semiconductor signal trans-
lating devices and more particularly 1o bi-stable cireuis
which include a novel semicondnctive device,

Bi-stable eircuits that include. transistors of the june-
tion type form the subject matter of United States Patent
No. 2,655,605, issoed Ociober 13, 1953, This patent is
concernad with the use of a pair of symmetrical multiple
junetion transistors assaciated so a3 (o constitute a com-
posite circnit element having novel advantageous charac-

the open circuit to the closed
voliage of prescribed amplitude between the fput ter-
minzls. The individual transistors used have to be pro-
d carefully against (he influsnce of the operational
caviroment by herme . This. requirement of
herm.iie sealing Soreasitates 4 housing senuivis & b
stantially greater volum: that volume demanded by
iho phyeical confisaration of the bandslor Seelt Forr
iher, to be satisfactory, the operational characteristics of
the iwo transistors must be carciully matched for incor-
poration into the circuit.

One general chiject of this invention s therefore to pro-
d\lce multiple junction semiconductor crystals_ suitable

or bi-stable cireuits, specific object of this in-
g praduction of a fused junction by a novel proc-
ess. Other objeets will be apparent from the following
paragraphs and appended dravi

Bricfly, the objects of this iventioa have been achieved
by fhe production of a semiconductive crystal of the sym-
metrical multiple grown junction type which further has
at least two fused junction regions integrated into one
conductivity region of the multiple junction.

In o more limited sense, the objects of this invention
have been achieved by the production of a signal trans-
lating deviee which comprises a semiconductive crystal

of the symmetrical multipie. grown junction type having &

at least two fased junctions with efectrodes secured re-
speciively 1o the intermediate section of ssid muitiple
£grown junction, the two. sald fused mmuom. and the en
‘regions of said multiple grown junct

The invention and the other (emum noted above will
be understood mote clearly and fully from the detailed
ﬂesmp(m wilh reference to the accompanying drawings
in vl ch

a cross-sectional view of the grown and fused
junction scmicondustor slement of the avenlion:

Fig, 2 is & diogram representing @ circuit cmbodiment
of utilizing the device of the invention;

Figs. 3, 4 and S depict other circuitry inclndiag both
Zak\krdmd:i and the device of the invention;

Fig. 6 illustrates an amplifier cirout using the single
trazsistor of the invention;

Fig. 7 picturcs a cross-sectional view of a light respoir-
ignal translafing device: and

Fig. § is a cross-sectional view of an apparatus for im-
posing the fused juncton reglons onto the surface of
the multiple grown junctien crystal

Referting now to the drawings, Fig. 1 shows & cross-
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circuil. conditions, it remains in that condition until the

voltage between the te

substantially 0. For case of discussion the designation
i 5 In

section of a semicanductive structure which replaces two
of ihe transislors previously tequired for bi-siable cir-
cuits. The erystal 10 is monocrystalline and of germa

wm or silicon appropriately doped with impurities o as
to effect symmeriical multiple junctions of the n-p-n or

ons designated 12 and 14 and the p inter-
egion as 16, At e aud of tha cryeal tharn
= ] 26 of p conductivity

produced as fused J\mﬂwm n thus seen (hal there
is in one crystal an n-p-n body which in turn finds ane
of the xeglons of n conductivity sorving as the interme-
diaie_conductivity region for a p-n-p junetion crystal
Appropriate nonrectifying electrodes 22, 24, 26, 28 and
30 zre attached to the crystal shown in ar best
operation ihe erystal 19 has surface depressions in which
the Tused junciions are produced so &5 to limit the thick-
ness of the intermediate 0 region. For certain applica-
tions it s not necessary to have the non-rectifying elec-
trode 26 present,
In Fig. 2 which shows an elementary cireuit spplication
of the device of the invention the source 32, poled as
shown in the drawing, is connested between the termi-
nals 34 and 36 af the composite crystaltine body. The
torminals 3¢ and 36 may be, for example, the cross points
in telephone switching systems. The polarity af the
souzce 32 is such hat at least one reversed biased junction
is ncluded in evory enrrent path that can be traced be-
tween tho terminals 34 and 36 throush the composits
multipls junction crystal 10, Thus, as shawn,
fions 1-2 and -4 are binsed in the reverse o
ane direetion, at least one of which junctions is included
in any current path through the combinsti
erating stata with such & polarity is thus the
ance o low enrrent condition. Upon incress
voliage between fhe terminals 34 and 35
passed by the reversely biased junctions -2 and T3 will
increase changing he biss acrass J- 1 aod I-3 which ix
& function of the current flow thro s 33 end
4. At a certain potentil the cienit wil hange. 1o 8
high eurrent or conduction condition which state obfains
When the resistances of the crystal approach thos

sisters 3% and 48. Thus the cireuit may be triggered

from a substantially opex circuir (low current) staie to &
closed ciresit (high current) state by the application of
voltage of & necossary magnitude between dhe terminals
34 mmd 56

ain, applications it is desirable to determine the
pozm ‘Gt which 1o cirouit il Lgger 2t a present valo
“I'his i5 veadily accomplished by modification of the ¢
cuit of Fig. 2 to that of Figs. 3, 4 and 5. by the utilization
of & semiconductor junction diode 59, far example, ger-
manium or silicon, which is connected in scrics with re-
between the terminals 34 and 36, Therefore
in Fig. 3, he vollage between the terminals 34 and
36 tises to such a devel as to establish the Zener voltage
acroes the diode, the resulting large current which flows

through both resistors 3§ and 40 produces suzh bigses
01 the respective emilters of the composite transislor ele-
ment 1o transfer the condition from a low curren
‘igh current level. The preparation of such Zener
is readlily accomplished by surface meit
giveu impurity, doping the melt with an impuri
produces a bedy of oppesite conducti
The Zener
the erystal and can thus he fabricated tox a given voltage

to

g of crymt of

v Lidi
voltage is & function of the cm\ﬁnuwny of

of up to 100 volts or greater. In Figs. 2 and 3,
3

red to the hlgh current or closed

rminals 34 and 36 is reduced to
of the elements is common for Figs. 2, 3, 4 and
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This invention relates to a multiple semiconductor ss-
sembly, and more particularly to a plurality of semi-
conductive devices produced on a single semiconductor
slice. Still more particalarly, this invention. relates to
the micro-minjaturization of semiconducior assemblies
by the preparation of scveral transistors and related de-
wices on a single semiconductor slice, and the utilization of
the resistive and capacitive properties of regions in that
slice.

The present day miniaturization of electronic compa-
nents has reached a state of art that may now be termed
“micro-miniaturization,” which may be defined as the
assembly of a plurality of r.wm;ﬂ:mmtzry components in
2n oxtremely small volume, able activity has
been cxpendsd in miero-minfaturizing circuils in which a
plurslity of transistors is employed. This micro-miniaturi-
Zzation activity has included the concept of direct conpling
botween stages of some particular types of transistors; c.z.,
surface-barrier and alloy-junction transistors have prop-
ertics that permit their use in so-called common-cmitter
configurations in which the voltage at the collector of ane
Emascior sy bo bsh snicush bo canes enfiain o iy

c of the next transistor in the circuit. An arfiele e~
iied, “Diseetly Couplad Transistor Clreuits™ by K. TL
Beter, W. E. Bradley, R, B. Brown and M. Rubinof,
which was pudlished in Electronics for June 1955, dis-
closes the concept of employing u common-emitier lran-
sistor amplifier having more than one base connected to a
single collector. Gthers in the art have sugmested proc-
esses for producing a plurality of pn junctions in a single
semiconductor body; ., G. K. Teal U.S, Patent 2,727,-
840 and R N. Hall US. Patont 2822308 However,
great difficulty bas been experienced in reaching the ab-
jective of a generally acceptable multi-transistor asscibly
on a single semiconductor body, because lransistors so-
produced have been electrically connected through the
semicondustar slics. For example, in ransistors of the
alloy-junction type wherein the semicondustor dlice of
homogeneous impurity consentration represeats the baso
of the transistor, oll transistors in a multransistor ac-
sembly ate conneeted to & common base, which is not a
desirable configuration for many circuit applications.

A farther example of the restricted nature of prior art
sulti-transistor assemblics is found in my U. S. Patent
2,779,877 issued Janvary 29, 1957, which disclosos and
claims @ signal translating device comprising a semicon-
ductive crystal of the symmetrical grown junclion fype
Daving two fused junctions dispesed inwardly from op-
posed surfaces of the crystal,

Tt is an object of this invention to overcome these and
other deficiencies of the prior art

It is & further objest of this invention to praduce an as-
sembly having a plurality of seaviconductive components
on & single semiconductor slice, and to provide a sufficient
degree of electrical insulation betwean these semiconduc-
tive components through the semiconductor slice 5o as 1o

ermit a circuit designer 1o have substantial freedom in
The interconaection of the components.

Tt is a stll furcher object of this invention to produce
an ssembly having a plurality of transistors together with
ather components such s capacitors, resistors end dioes
on a single semiconduetor slice.

These and other abjects of this invention will hecomie
more apparent upon consideration of the following de-
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tailed descripion when read in conjunction with the
accompanying drawing, wherein:

FIGURE 1 is a disgrammalic perspective View of a
multiple semiconductor assembly consiructed in accord-
ance with this invention, with electrical cireuit wiring
attached thereto 10 accomplish the circuit shown in FIG-

URE 3;

FIGURE 2 is a diagrammatic cross-section of the rmvl-
tiple semiconductor sssembly taken along line 22 i
FIGURE 1; in order to establish & clearer pieture of ho
electrical interconncction of the various semiconductive
componenls, FIGURE 2 is not a true cross-section of
TIGURE 1, in that the contacis at the front surface of
the assembly of FIGURE I have been shown again on
the diagrammatic cross-section of FIGURE 2, although
it should be understood that these contacts are not in the

diagram of a chan of direct
coupled amplificrs which may be assembled on a single
semiconductor slice of the configuration shewm in FIG-
URE 1 in accordance with this invention;

FIGU! is a_disgrammatic_cross-sectional view
through a multiple region semiconducting slice such as
may be used In the construction of another embodiment
of the multiple semiconductor assemblies according to this
invention; and

FIG

2 dingrammatic plan view of the multiple
rogion scmiconuctor sice of FIGURE, 4
Tn general, the objects of this invention aro attained by
a multiple semiconductor assembly in which & plurality
of semiconductor components are prepared on the same
semiconductor slice in such a manner 4s to ensure elec-
trical separation of the terminals of the individual seni-
condueting i i i
components will be transistors in many cases, the follow-
ing description will be directed specifically 1o transistors
although the concept of the invention applics also to
other components, such as capacitors, resistors and diodes,
More particularly the objects of this invention are al-
3 semiconductor slce having 3 seris
of pn junctions that are so constructed and arranged
{hat o transitor may be produced on each of u plaralily
of regions that are separated from one another by at least

s well known thal a p-1 junetion s a bigh imped-
ance o el current, particularly if biased in the so-
called “blunlung direction,” or with no bias applied.
Therelore, any desircd degres of electric insulation be-
tween two components assembled an the same slice can
be achieved by having a sufliciently large number of pn
janetions in series between the 1wo semicanducting regions
on which said components are assembled. For mest cir-
cuits, one to three p-n junctions will be suficient to achicve
the desired degree of insulation, Thess p-n junctions may
be placed quite closely to each other. However, it i
often required that they are placed sulficiently far apart
from each ofher that the multiple p-n junction structure
used for electric insulation should not act as an active
semiconducting element such as a transisier or & four-
Isyer npap diode. In order to assure this condition, it s
required that the region between two junctions i wider
than a small multiple of the diffusion length of the mi-
nority carriers in said region. The diffusion length is the
square Toot of the diffusion comstart muitplied by tie
lifetime of these minority carriers. instance, assum-
ing a iffusion constant of 40 ¢m per socond ard a fe-
tiic of 12 , 2 diffusion lenglh of 603 10-+ em.
ar approximately 2 mils results, and a soparation aof ¢
‘mils betwean the two junctions will be sufficient to avoid
any appreciable intcraction by carrier injcetion belween
the two junctions delincating said region.

In a resiricled form of this fnvention, the objects are
aftained by a multiple transistor assembly comprising &

work with Bernhard
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Die Stirstellenkonzentration ist in der Basiszone
eines iiblichen Flichentransistors praktisch konstant,
so daB dort kein elektrisches Feld herrscht. Die vom
Emitter herkommenden Minorititsladungstriiger kon-
nen also nur durch reine Diffusion zum Kollektor gelan-
gen. Dieser Flichentransistor ist also ein »Diffusions-
Transistor«. Die Anwendung desselben ist gegeniiber
derjenigen des Spitzentransistors durch die wesentlich
niedriger liegende Frequenzgrenze beschriinkt.

In der Patentanmeldung P 13 01 862.7-33 (deut-
sche Auslegeschrift 1301 862) ist bereits ein Verfah-
ren zum Herstellen eines Drifttransistors angegeben,
das darin besteht, daB eine oder mehrere Storstellen-
arten in die Basiszone von der Emitterseite so ein-
diffundiert werden, daf} die Stdrstellenkonzentration
an der Emitterseite der Basiszone mindestens zehn-
mal griBer als an der Kollektorseite der Basiszone ist.
Es ist dort auch bereits hervorgehoben, daB es bei
einem solchen Drifttransistor besonders vorteilhaft ist,
die Stérstellenkonzentration vom Emitter zum Kollek-
tor monoton abklingend verlaufen zu lassen, wobei die
Abnahme an der Emitterseite stirker ist als an der
Kollektorseite, so daB der 2. Differentialquotient der
Kurve der Storstellenkonzentration iiberwiegend posi-
tiv ist. Beispielsweise kann die StSrstellenkonzentra-
tion etwa rein exponentiell abfallen. In der Baziszone
herrscht dann wegen der riiumlichen Konstanz der Fer-
mischen Grenzenergie ein ungefihr konstantes elek-
trisches Feld, welches die Minderheitstriiger zwang-
ldufig zum Kollektor hintreibt. Dies hat zur Folge, daB
die oberste Grenzfrequenz des Transistors ansteigt.

Die Erfindung betrifft einen Drifttransistor, bei
dem das elcktrische Feld in der Basiszone des Tran-
sistors erfindungsgemiB dadurch erzeugt wird, daB
die Halbleitergrundsubstanz selbst ein nichtstéchio-
metrischer Mischkristall verschiedener Halbleiter-
materialien mit verschiedenen Bandabstinden ist, wo-
bei sich die Zusammensetzung des Mischkristalls
innerhalb der Basis derart findert, daB diec Bandbreite
von der Emitter- zur Kollektorseite monoton ab-
nimmt, wihrend der Leitfihigkeitstyp unveriinderlich
bleibt. Auf diese Weise l#Bt sich ein noch hoheres
Driftgefille und damit eine noch stiirkere Verbesse-
rung der Frequenzgrenze erzielen.

Gegebenenfalls kann zusiitzlich zu' der Band-
breitenvariation die Storstellenkonzentration des
Halbleitermaterials vom Emitter zum Kollektor
monoton abnehmen. Dabei ist zweckmiBig die Feld-
stirke, die durch das Zusammenwirken von Stor-
stellen- und Bandbreitenvariation entsteht, mdglichst
homogen zu machen. Diese MaBnahmen kénnen zu
einer weiteren Steigerung des Driftgefiilles und damit
zu einer weiteren Verbesserung der Frequenzgrenze
filhren. Vorzugsweise verliuft die Variation der
Bandbreite linear, wihrend der St8rstellengehalt kon-
stant ist oder exponentiell verlduft.

Als miteinander zu kombinierende Halbleiter-
substanzen kommen fiir die Erfindung alle die Halb-
leitermaterialien in Frage, die auch sonst fiir die
Transistorherstellung  geeignet sind, vorausgesetzt,
daB die Symmetrie ihrer Kristallgitter dieselbe ist.
Dies sind insbesondere die Halbleitersubstanzen der
IV. Gruppe des periodischen Systems der Elemente,
wie Germanium und Silizium, sowie die gemischten
Halbleiter vom Typ A;;By. Und zwar kann man
sowohl Halbleitermaterialien der IV. Gruppe unter-
cinander, als auch einen oder mehrere Halbleiter-
materialien der IV, Gruppe mit einem oder mehreren
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AiBy-Halbleitern, als auch mehrere AgBy-
Halbleiter untereinander kombinieren.

Die Herstellung der erforderlichen diinnen Basis-
schichten mit inhomogener Zusammensetzung ge-
schieht zweckmiBigerweise so, daB man eine geeig-
nete Menge einer geeigneten fliissigen Mischung der
Komponenten langsam von einer Seite her erstarren
1dBt. Dabei dndert sich die Zusammensetzung des er-
starrten Kristalls stetig, beginnend mit der Halbleiter-
substanz des hochsten Schmelzpunktes, die im ersten
und im dritten Falle der obigen Kombinationsmdg-
lichkeiten gleichzeitig die Halbleitersubstanz mit dem
héchsten Bandabstand ist.

Vorzugsweise kann man diesen SchmelzprozeB so
durchfiihren, daB man die niedrigschmelzende(n)
Komponente(n) auf ein festes Kristallstiick der
héchstschmelzenden Komponente aufbringt und das
Ganze so hoch erhitzt, daB erstere schmilzt bzw.
sch und eine geeignete Menge der letzteren
auflost bzw. aufldsen, woraufhin man die Erstarrung
wie oben beschrieben durchfiihrt.

Der hochschmelzende Kristall und die niedrig-
schmelzende(n) Komponente(n) werden dabei zweck-
miBigerweise in einander entgegengesetzter Richtung
so vordotiert, so daB sich beim Erstarren sogleich
der eine der beiden die Basiszone begrenzenden
pn-Ubergiinge bildet.

Wir betrachten jetzt einmal niiher den Fall eines
nur zweikomponentigen Mischkristalls, wo die
hdchsischmelzende Komponente auch den hoheren
Bandabstand hat. Dann bildet der nach dem beschrie-
benen Verfahren zuerst entstechende pn-Ubergang
spiter den Emitter. Es ist dann zweckmiBig, zur Vor-
dotierung des festen Kristalls einen Stoff mit sehr
kleinem Verteilungskoeffizienten zu wihlen, d.h.
einen Stoff, der beim Erstarren bevorzugt in die
fliissige Phase geht, wihrend man die niedrigschmel-
zende Komponente zweckmiBigerweise mit einem
Stoff mit cinem moglichst groBen Verteilungskoeffi-
zienten, vorzugsweise einem Verteilungskoeffizien-
ten > 1, vordotiert. Man erhilt dann nimlich gleich-
zeitig beim Erstarren der Schmelze den gewiinschten
monotonen Abfall der (Netto-)Stérstellenkonzentra-
tion. Wenn die Verteilungskoeffizienten der beiden
Dotierungsstoffe sich hinreichend stark unterschei-
den, iiberwiegt schlieBlich gegen Ende des Er-
starrungsprozesses wieder die Stbrstellenart des
Emitterkristalls, so daB auch der zweite die Basis-
zone begrenzende pn-Ubergang, der Kollektoriiber-
gang, in demselben Vorgang entsteht. Durch Varia-
tion der Menge der zweiten Halbleiterkomponente
und Variation der Fremdstoffgehalte lassen sich die
physikalischen Parameter der so entstehenden Tran-
sistoren in weitem Bereich beeinflussen.

Im Falle einer Silizium-Germanium-Kombination
eignen sich zur Dotierung des Emitterkristalls vor-
wiegend die Elemente der III. Gruppe des Perioden-
systems der Elemente wie Arsen oder Antimon, zur
Dotierung des Germanium vorwiegend Bor und Alu-
minium. Dabei entstehen npn-Transistoren.

Ganz analoge Uberlegungen gelten fiir mehr-
komponentige Systeme fiir andere Halbleiterarten so-
wie fiir den Fall, dal die hoherschmelzenden Kompo-
nenten den niedrigeren Bandabstand haben.

Patentanspriiche:

1. Drifttransistor, dadurch gekenn-
zeichnet, daB ein elektrisches Feld in der

Figure 6.115: Herbert Kroemer invented the drift transistor in 1953 or earlier.
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Herbert Kroemer invented III-V semiconductor heterostructures (1966 or earlier)
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The semiconductor will be an n-type semiconductor

ody having & conduction band structure characterized

Hﬁmgmmmé %Dmggﬁ CONTROL by having satllite valleys which lie enersetically higher
B K CRCATIVE than a central main valley, with the satellte valleys fur-

i B asigno (o Varin 5 ther characterized by a lower mobility (higher effective

ociates, Falo Alfo, < a corporation of ~ mass) than the mobility (lower effective mass) associated

Cair with the central main valley, and wherein the enery

Flled Mar. 28, 1966, Ser. No. 538,092 differential between the bottem of the satellite valleys

Int. CL'HO11 3/00, 5/00 and the bottom of the central main valley portions of

U, €L 317234 7 Clalms 1, the conduction band is smaller than the energy differential

between the 10p of the valence band and the bottam of

the central main valley of the conduction band and where-

in the energy differential between the bottom of the satel-

ABSTRACT OF THE DISCLOSURE

A means for contrllng the osclladon mod ia bulk lte valleys and the bottom of the central main valley
15 portion of the conducti s

e oy bt oy Gong 10 $o1 6 1 odcion i 1 g B 1T
the semiconductor so that a l‘ESul ity ,gmd::n( exists be- ﬂlld T—absolute temperature in de recs Kelvi f th
tween the positive and negative electrodes with a higher . s | hareces il OF (be
sesistivily at the positive clecirode, the pscillzor can be S ly o crystal 3t e oper:
made to reliably function in the pure mode. E
TSy et o e Sproe. G, 2 L MO 0 e bnd s s
operation will be in the dipole space charge mode. Alter-
ey 1 g mods o b ot by g PO s S5 2 18 (10) b i s choven
a negative elecirode formed of 2 semiconductor material ¥ Ly L g,

type of semiconductor will, upon application of
a D.C. bias voltage such that ¥/w>>Ex for any portion
of the body where

Ve=hias voltage

wsemiconductor body widih between source and drain
30 clectrodes and

having a higher resistivity than the semiconductor ma- 25
terial of the main body and having a positive mobility
over the operating range of the ascillator device,

This invention relates in seneral to microwave oscil-

Iators utilizing semiconductors which exhibit bulk nega-  Lr—tireshold field;
tive conductivity and more particularly to the use of generate traveling space charge domains which originate
resistivity gradients and heterojunction electrades in bulk  at the negative or source electrode and exit at the drain

negative conductivity semiconductors for the purpose of electrode. The exact natural frequency of any given BNC
mode control. semiconductor will of course vary with the bias, load,

#

The phenomena of bulk negative conductivity (BNC) material, e, paramtes. The goneration of traveling
in semiconductors having a particular type of band strue-  space chargo domains can be show to occur for BNC
tare which results in the semiconductor having a drift  semiconductor diodes characterized by the following re-
velogity v vs. electric field E dependence which contains  lationship:

a region of negative differential mobility pedv/dE<( 40
or a bulk negative conductivity has finally been achieved.
The ulilization of BNC semiconductors as oscillators, ~ where n=conduction electron number density and
frequency generators at microwave frequencies up to 100 w=semiconductor body width or thickness in cm. be-
and perhaps 1000 gc., which is an ultimate limit, is clearly tween source and drain electrodes.
forseeable. The present invention is concerned with basic 46 The generated frequency will in any case be approximately
improvements in such BNC semiconductors with a re- f=107/w. in Hz, or cycles/sec. with an Upper limit
sultant improvement in efficiency and spectral pmuy of around vo/w and a lower limit around ve/w at fields
the microwave oscliations generated by a ENC semi- sbave Ex.
conduc The spectral purity, coherence ete. of any given BNC
“The toliowing background intormation should help in 50 semCORGUCIOE cecillaror s dependent wron the particular
clatiying the terminology involved in the phenomena of  type of traveling space charge domain being generated
a BNC semiconductor and lead 10 a better understanding ~ and the initial starting conditions. The observed rather
f the basic improvements taught by the present invention,  erratic performance of BNC semiconductors with regard
An illustrative graphical portrayal of a typical BNC 1o poor coherence and spestral purity is fundamentally
semiconductor drift velocity v vs. applied clectric field E 55 due to microscapic spatial fluctuations in the imperity dis-
dependence containing o region of bulk negative uribution of the donor ions which results in instabilities
ferentizl conductivity s shown in FIG. 1. The resion 1 stactiog condirions of the
between T and V where g—dv/dE<0) where u=clectron . By the utlization of re-
mobility tysiies & BNG semiconducior. The negative  sistvity gradients in the main body of the seaiiconductor
differential mobility region occurs at applied clectric fields 80 between the source and drain electrodes it is pusnhle
abave Ex and extends to Ey. The exact values of Erand  not only to better control the point of origin of a given

nw=10%/cm 3

E, will of course depend on the particular BNC semi-  space charge domain but also to predetermine the par-
conductor under consideration. ticular type of domain Which will be propagated. The re-
The rationale for the nesaiive differential mobility re- _ sistivity gradienis can be positive or negative between the

gion of the FIG. 1 plot can be seen from an examination 65 source and drain electrodes and the particular shapes
of the generic energy band dingram of FIG. 2. This K- are preferably linear although stepped, non-linear and
space diagram s particularly directed to n-type Gaas curved gradients would suffice,

but is representative of the generic class of semiconductors By introducing a positive resistivity gradient between
falling within the teachings of the present invention. Tn _  the source and drain electrodes of a BNC semiconductor,
brief, the conduction band structure of a BNC semi- T0 mgher resistivities at positive or drain electrode, the curve
conductor will be a many valley type characterized in  of pol cnergy of the conduction electrons ¢ along
the following manner: the dw:csmn of applied fisld, just prior to the onset of

Figure 6.116: Herbert Kroemer invented III-V semiconductor heterostructures in 1966 or earlier.
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Helmut
Grottrup
(1916-
1981)

Jirgen
Dethloff
(1924—
2002)

Invented smart card,
or chip card (1966)

nr. 512793 PATENTSCHRIFT N 512793

Internationale Klassifikation: G 07¢  1/00
G 07 ¢ 11/00
Go7f 5/26

Go6k 7/00
Gesuchsoummer: 9939/70
SCHWEIZERISCHE EIDGENOSSENSCHAFT  Anmeldungsdawm: 30. Juni 1970, 18 Uhr
Prioritit: A6]99/c6% 30. Juni 1969
EIDGENGSSISCHES AMT FOR GEISTIGES EIGENTUM .
Patent erteilt: 15. September 1971
Patentschrift verdffentlicht: 29. Oktober 1971
c
HAUPTPATENT
Jiirgen Dethloff, Hamburg, und Helmut Gréttrup, Miinchen
(Bundesrepublik Deutschland)
Identifizierungsanordnung mit einer Anzahl frei beweglicher >
Identifikanden und einem Identifikator >
o > -—
Jiirgen Dethloff, Hamburg, und Helmut Grottrup, Miinchen (Bundesrepublik Deutschland), 2. FI g. 1
sind als Erfinder genannt worden >
1 2
Die Erfindung betrifft eine Identifizierungsanord- besitzen jeweils die gleiche Anzahl, z. B. zehn, riumlich a MWMMMMMMMM
nung mit einer Anzahl frei beweglicher Triiger von diskreter Empfangs- und Sendesiel.lcn
maschinell auswertbaren, diesen Triiger kennzeichnen- Mit dieser ist eine Paralleleis
den Infurmallunen, im folgenden Identifikand genannt, s gabe der abfragenden Impulse aus dem Identifikator
und einer Einrichtung, im folgenden Identifikator ge- und eine P der lse aus b n n —ﬂ— J-L--_
nannt, zur Auswertung der im Identifikanden ges'peh dem Identifikanden in den Identifikator mozm:h Das
cherten Informationen zum Zwecke der Zuord: ist aber nicht an den P.lmﬂzlbcmcb 0
Verarbeitung von mit dem Identifikanden ausgelSsten und an die rdumlich diskreten Sende- und c
Benutzungshandlungen, wobei der Identifikand zwi- 10 [en gebunden. 1
schen seinen Eingiingen und Ausgiingen einen Zuordner Die mrl‘mgcnd: En‘indung hcsmh: nun darin, dass 2
enthiilt, dessen Verkniipfungen den Identifikanden im ist,
en. it doren Hilf dem Identifikanden nachcinsnder ¢ind 3
nannte Aufgabe liegt z B. bei der Personen- der Anzahl der Zuordnungsstellen des Identifikanden
identifizierung vor, um auf Grund dieser Identifikation 15 entsprechende Anzahl von Informationen angeboten -
Vorginge was von wird, dass im Identifikanden eine Wihleinrichtung
der Werkeingangskontrolle in Betricben bis zum bar- vorhanden ist, die dic cintreffenden Informationen der 4
geldlosen Kauf iiber Automaten reichen kann. Die Reihe nach den Eingéingen des im Identifikanden enthal- —-———L
Idmulmzrung von Sachen entsteht als Aufgabe z. B bei tenen Zuordners zufiihrt, und dass im ldenuhk.mdr:n 3 -
dem Durchlauf von durch 2 eine hen ist, deren Modul d
oder bei der Orstcshmmung von Fahrzeugen. durch die Ausginge des Zuordners bestimmt wird und
Gemiiss einem friiheren Vorschlag werden die Infor- mittels welcher Sendecinrichtung, die durch den Zuord- 1
mationen der verschiedenen Identifikanden durd1 rI:c ner bestimmte Modulation direkt oder indirckt an den
der in den Ids zur wird. T
cnthaltenen Zuordnerschaltung dargestellt. Der Identifi- ¥ Zar Verteilung der Informationen kann beispielswei-
kator weist eine Anzahl von Sendepunkten und Emp- s¢ im Identifikator ein Taktgeber vorgesehen sein,
fangspunkten auf, zwischen denen der Identifikend  dessen Impulse die Einginge des im Identifikanden n mn n
I seinen 'V 1 her- befindlichen Zuordners nacheinander markieren, wobei e -

stellt, Das Grundnnnnp des ldr:nul'l'kamrs hcs(r.'lll darin, ., jedem Ausgang des Zuordners cine Impulsgruppe mit

dass dic Send mit einer besti ist, so dass die

ilber die im Idcnuhlnndm mtha]lmc V:rkmlplnng auf nacheinander auftretenden Impulsgruppen den Code des -

die des Tdntiators iwiken whdn berlcnden oianden et Di Inpuogry Fl.g 2
diesem auf diese Weise den le des Identifikane pen kdnnen durch ecinen Impulsgruppengenerator ge- J'Ln-n n ru-u—u—L 8

einspeichern. Der Identifikand und der Identifikator wonnen werden, der entsprechend dem markierten f

Figure 6.119: Helmut Grottrup and Jiirgen Dethloff invented the smart card, or chip card, in 1966.
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6.5.8 Light Emitting Diodes (LEDs) and Laser Diodes

German-speaking scientists played leading roles in the development of light emitting diodes (LEDs)
and laser diodes. LEDs are much more energy-efficient than incandescent and even fluorescent bulbs,
so they are now widely used for everything from illuminated video screens to room lighting. Laser
diodes are more compact, rugged, and efficient than most other types of lasers, so they are used
for everything from optical disc drives to laser pointers. Both LEDs and laser diodes are utilized in
different types of bar code scanners.

Bernhard Gudden (German, 1892-1945) and Robert Pohl (German, 1884-1976) developed and
demonstrated the first electroluminescent semiconductor devices, the forerunners of LEDs, during
the period 1919-1923. They also developed improved photoelectric cells. See pp. 1106 and 2889.

Zoltan Bay (Hungarian, 1900-1992) and Gyorgy Szigeti (Hungarian, 1905-1978) extended the work
of Gudden and Pohl and filed patent applications on true LEDs in 1939, as shown on pp. 1107 and
2890-2894.

Kurt Lehovec (Bohemian/Austrian/Czech, 1918-2012) worked under Bernhard Gudden during
World War II, was extensively interrogated by and came to the United States after the war, and

filed detailed patent applications on improved LEDs, quite possibly based on wartime work. See
Fig. 6.122 and pp. 1097, 2757-2759, and 2895-2910.

John von Neumann (Hungarian, 1903-1957) made a detailed proposal for laser diodes in 1953,
which was likely circulated via his many consulting roles in government and industry, and therefore
had a broad and profound influence. See p. 1109.

Walter Heywang (German, 1923-2010) filed detailed patent applications on laser diodes in 1958
(pp. 1110 and 2912-2916)

Herbert Kroemer (German, 1928-) invented the drift transistor in 1953, the double-heterostructure
laser diode in 1963, and III-V semiconductor heterostructures in 1966. (See pp. 1111 and 2917—
2922.) He won the Nobel Prize in Physics in 2000 for his innovations in microelectronics. Profes-
sor Tord Claeson of the Royal Swedish Academy of Sciences described Kroemer’s contributions
[https://www.nobelprize.org/prizes/physics/2000/ceremony-speech/|:

Early transistors were relatively slow. Semiconductor heterojunctions were proposed as
a way of increasing amplification and achieving higher frequencies and power. Such a
heterostructure consists of two semiconductors whose atomic structures fit one another
well, but which have different electronic properties. A carefully worked out proposal
was published in 1957 by Herbert Kroemer. Today, high-speed transistors are found in
mobile (cellular) phones and in their base stations, in satellite dishes and links. There
they are part of devices that amplify weak signals from outer space or from a faraway
mobile telephone without drowning in the noise of the receiver itself.

Semiconductor heterostructures have been at least equally important to the development
of photonics—Ilasers, light emitting diodes, modulators and solar panels, to mention a
few examples. The semiconductor laser is based upon the recombination of electrons
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and holes, emitting particles of light, photons. If the density of these photons becomes
sufficiently high, they may begin to move in rhythm with each other and form a phase-
coherent state, that is, laser light. The first semiconductor lasers had low efficiency and
could only shine in short pulses.

Herbert Kroemer and Zhores Alferov suggested in 1963 that the concentration of elec-
trons, holes and photons would become much higher if they were confined to a thin
semiconductor layer between two others—a double heterojunction. |...]

Lasers and light emitting diodes (LEDs) have been further developed in many stages.
Without the heterostructure laser, today we would not have had optical broadband
links, CD players, laser printers, bar code readers, laser pointers and numerous scientific
instruments. LEDs are used in displays of all kind, including traffic signals. Perhaps they
will entirely replace light bulbs. In recent years, it has been possible to make LEDs and
lasers that cover the full visible wavelength range, including blue light.

I have emphasized the technical consequences of these discoveries, since these are easier
to explain than the spectacular scientific breakthroughs that they have also led to.
Challenging problems and matching resources have led to large-scale basic research.
The advanced materials and tools of microelectronics are being used for studies in
nanoscience and of quantum effects. Scientific experiments and computations are, of
course, highly computerized.

Semiconductor heterostructures can be regarded as laboratories of two-dimensional elec-
tron gases. The 1985 and 1998 Nobel Prizes in physics for quantum Hall effects were
based on such confined geometries. They can be reduced further to form one-dimensional
quantum channels and zero-dimensional quantum dots for future studies.

Other groups produced various types of laser diodes around the same time as Heywang and Kroe-
mer. More archival research is needed to determine whether work in the other laser diode groups
was seeded by Heywang’s or Kroemer’s ideas prior to their formal patent applications, by von
Neumann’s 1953 proposal, or by other German-speaking work going back to World War II.
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Bernhard Gudden Improved photoelectric cells and
(1892-1945) prototype light emitting diodes (LEDs)
(1919-1923)

199
Zeitschrift fiir Physik 18:1:199-206 (1923)

Zur lichtelektrischen Leitfahigkeit des Zinnobers.
Von B. Gudden und R. Pohl in Gottingen.
Mit vier Abbildungen. (Eingegangen am 10. August 1928.)

§ 1. Die licbtelektrische Leitfabigkeit des Zinnobers (HgS8) ist
1915 von M. Volmer!) gefunden. Uber die spektrale Verteilung
der Lichtempfindlichkeit liegen drei Verdffentlichungen vor:

L. Gudden und Pohl, ZS. f. Phys. 2, 361, 1920.
II. H. Rose, ebenda 3, 174, 1920,
III. Gudden u. Pohl, Phys. ZS. 28, 417, 1922,

In ibrem allgemeinen Verlauf stimmen die Kurven iiberein: ein
sehr ausgepriigtes Maximum beim Einsatz der optischen Absorptions-
bande. Im einzelnen bestehen jedoch Abweichungen, die erheblich
auberhalb der Versuchsfehler liegen.

Die Aufklirung dieser Abweichungen bildet den eorsten Gegen-
stand der vorliegenden Mitteilung (§ 2).

Die dabei besprochenen Tatsachen geben gleichzeitig die Er-
klirung des eigentiimlichen Kinflusses der elektrischen Feldstirke suf

Robert Pohl das Bild der spektralen Verteilung: wir hatten die Tatsache gefunden:
dal an pulverformigem Kristallmaterial (auch Phosphoren!) das Her-
(1884_1976) vortreten ausgesprochener Maxima an hohe elektrische Felder ge-

kniipft ist2) (§ 3).

Endlich bebandeln wir in § 4, inwieweit dio Beobachtungen an
Zinnober mit der Gilltigkeit des Quantenliquivalentgesetzes vercin-
bar sind.

§ 2. Die unter I und II angefiibrten spektralen Verteilungen
stammen noch aus der Zeit, in der man nichts vom lichtelektrischen
Primirstrom wubte. Sie beziehen sich daher auf den gesamten licht-
elektrischen Strom, fiir den bei den gewihiten Versuchsbedingungen
der Sekondéirstrom den wesentlichen Anteil geliefert hat. Reiner
Primirstrom liegt erst der Reibe III zugrunde.

Im Fall des reinen Primiirstromes hiingt die spektrale Verteilung,
bezogen auf gleiche absorbierte Lichtenergie, nur vom Gange der
optischen Absorption ab. Bezogen auf gleiche aunffallende Licht-
energie ist auberdem die Schiohtdicke maBgebend. Hingegen sind
Lichtintensitit und benutzte Spanoung fiir das Bild der spektralen
Verteilung ohne Einfluf.

1) M. Volmer, ZS. {. Elektrochemie 21, 118, 1915,
) B. Gudden und R. Pohl, Z8. f. Phys. 2, 181, 1920, 5, 176, 1921.

Figure 6.120: Bernhard Gudden and Robert Pohl developed improved photoelectric cells and also
electroluminescent semiconductor devices, the direct forerunners of light emitting diodes (LEDs),
during the period 1919-1923 [Zeitschrift fir Physik 18:1:199-206 (1923)].
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Zoltan Bay
(1900-1992)

Gyorgy
Szigeti
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Filed patent applications on an improved light emitting diode (1939)

Sept. 2, 1941.

Z BAY ETAL 2,254,957
ELECTRIC SOURCE OF LIGHT
Filed Nov. 12, 1940
Inventors

Zoltan Bay
Ggor*gg SZJgetl
0=, //K/W
heir Attorney

Patented Sept. 2, 1941

2,254,957

UNITED STATES PATENT OFFICE

2,254,957
ELECTRIC SOURCE OF LIGHT

Zaltan Bay, Ujpest, and Gybrgy Szigetl, Budapest,
Hungary, assignors to General Elecirlc Com-
pany, a corporation of New York

Application November 12, 1940, Serial No. 365,374
In Hungary October 23, 1939

11 Claims.

The Invention relites to an electric source of
light of such kin energy

(CL 176—1)
will exert a detrimental influence on the phase
of the and

in & direct manner intu luminous energy, and in
which it is not necessary to cause the light-radi-
ating solid body employed for the production of
the light to be heated by means of the current
to the temperature required for the emission of
any thermal radiation, the radiation of light
being obtained instead by utilizing, on the basis
of a new phenomenon, certain special pmpertles
of the light-radiating body.

The electric sources of light employed up to
now for the most part utilize the thermal radia-
tion of solid bodies heated by means of electric
current; further, increasing use is being made of
the luminous phenomena set up during the pas-
sage of elecbric current through gases, and of the

Jled

which lat-
ter, as well knov.n. consists in the fact that cer-
tain under the of ultra-

violet light or of cathode rays, emit visible light.

All these sources of light possess certain draw-
backs, the most important among which are the
following: With electric incandescent lamps or
thermal radiators comprising solid incandescent
bodies temperatures around 3000° C. were the
highest which it has been possible to reach so as
to ensure st the same time a satisfactory term
of life. Now at this temperature the colour of
the Juminocus radiation s still very far from the

can, for practical reasons, mot always be em-
ployed. A further drawback s constituted by
5 the fact that the ignition voltage of gas dis-
charge lamps is as a rule substantially higher
“than their operation voltage and that it is there-
fore either necessary to make provision for spe-
clal ignition apparatus, or to keep the opera-
1p tlon voltage substantially below the mains valt-
age, either of which arrnnzemems is disadvan-
tageous from an engineering as well as from an
economic point of view. Against these draw-
backs, however, must be set the advantage, that

15 with imw nt this kind it is possible to obtain

‘which are sub: 1y bet-
ter than those of incandescent lamps. In ease of
employing ‘fluorescent light the ultra-violet ra-
distion producing such light is as & rule gen-

g erated by means of a gas-discharge lamp and

thus all the drawbacks enumerated above of the
latter present themselves, In case of making
use of cathode rays it is as a rule necessary to
employ very high voltages, in order to ensure the

g5 hecessary amount of acceleration of the electrons,

which circumstance represents a serious draw-
back in practice and it is only by means of volt-
ages exceeding 1000 volts, with the aid of com-
plicated apparatus and as a rule with an unsat-
30 Isfactory term of life that satisfactory luminous

colour of the white light cor to the
colour of sunlight, seeing that the temperature
of the sun is about 6500° C. In addition thereto
the lumincus efliciency of these lamps is, In view
of the present degree of development of technical
science, unsatisfactory and thus it is mainly to
their simplicity, ease of handling and other prac-
tical advantages that the wide use made of them

due. As to lamps based on a discharge
through gases or vapours, it is a well-known fact
that their characteristic is genemuy negative,

can be

In addition to these methods actually em-
ployed in practice for the production of light,
other methods of producing light by means of
a5 electric voltages are also known, which methods,
however, have, for the reasons which will be
clear from what follows, not found any practical
employment for the purposes of lighting tech-

nique.
4p _Falnt luminous phenomena have already been
observed on the carborundum crystals of crystal

because their voltage with
the increase of the intensity of the current pass-
ing through them. In order to compensate the
negative characteristie, It is, in case of feeding
the lamps from sources of energy of constant
voltage as generally employed today, e. g. from
mains sysbems necessery to connect serles re-
ils, reactive tr S, Or

condensers in serles with the lamps, which fact
results in a substantial increase of the first cost
of the lighting equipment. Moreover, in case of
making use of & series resistance the latter will
consume unnecessary current, whilst the em-
ployment of & choke-coil or rmtlvc

ab the point of contact between the
needle and the crystal, where minute luminous
points have appeared. This phenomenon was

45 Interpreted by its first observer as representing

a cold eleciron discharge, the very high fleld in-
tensity set up at the apex or ut the edges of the
erystal being for
from the solid substance, which cause an elec-
60 tric gas discharge in the ambient gas or air,
It is also known that the layer formed in cer-
cases on the surface of electrically semi-
conductive bodles, as for instance, on the effec-
t!ve surfaces olrdé‘y rectifiers, crystal detectors

type, will emit

Figure 6.121: Zoltan Bay and Gyorgy Szigeti filed patent applications on light emitting diodes
(LEDs) in 1939.
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Improved LEDs

Kurt Lehovec (1918-2012)
Was his postwar work in U.S.
based on wartime work in
Bernhard Gudden’s lab?
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Patented July 7, 1959

2,776,367
PHOTON MODULATION IN SEMICONDUCTORS

Kurt Lehovec, Williamstowa, Mass, assignor fo he
United States of America o sepresated by the Secre-
tary of the Arm

Application Novmber 18, 1952, Serial No. 321,253
18 Claims. (CL 250—7)

This invention relates fo novel processes for produc-
ing nd methods of
such transiators to selectively absorb or emit light quanta
in accordance with the rate of carrier injection in said
semiconductor. More particularly, this invention relates
to semiconducter materials which may be prepared to in-
clude selective impurity induced regional distortions.
These distortions may be attributable to donor, acceptor,
and activator inclusions, and as evidenced by lattice
defects, stacking disorders, and structural apom-
alies in the basal lattice planes. Specifically, these
regional distortions are sclectively controlled so that the
carrier charges injected into the semiconductor may cause
energy changes therein to cither absorb or emit light

10

1a

20

25

prmud: a photo. amplifying system of extremely minufe
size, Another object is the provision of a translating de-
vice composed of a semiconductor material which may
emit light with high fidelity dependent upon an internal
current flow composed of injected carriers. Other and
distinct objects will become apparent from the descrip-
tion and claims which follow.

Tt is well known that the conductivity of an electronic
semiconductor can be controlled by certain impurities or
lattice defects, such as to be cither n-type or p-type.
Semiconductors have been made with regions of n-type
conductivity and of p-type mnducumy, bordering to each
other with an interposed boundary or junction, commonly
noted as an n-p-barrier between them. In some parts the
electric charge or current is carried by electrons and. is
commonly denoted as n-type or excess conduction, while
in other portions the electric current or charge is trans-
mitted by holes (missing clectrons) and is commonly
denoted as p-type cenduction. It is also known that if a
voltage of proper polarity is applied across such a bound-
ary, elecfrons may be driven from the n-part across the
boundary and into the p-part and holes driven from the
p-part across the boundary and into the n-part. This

p injection of
mmonly carriers into each region tending to provide car-
rier balance or equilibrium,

If these electrons and holes are present simultaneously
in particularly given locations within the semiconductor,

1
2,894,145
DOUBLE MODULATOR UTILIZING PHOTO
EMISSIVE MATERIAL
Kurt Lehovec, Williamstown, 5 assignor

United States of America as rcpm;cmed by the Su:-
retary of the Army

Application November 18, 1952, Serial No. 321,254
3 Claims. (Cl. 250—210)

“This invention relates to semiconductor translators and
more particularly to a new type of luminescent semicon-
ductor. Specifically, the invention relates to novel multi-
plex sipnal circuits employing semiconductor photon
modulation fn a manner not heretofore considered

rtain types of pholo-emissive and phnltrsamﬂllvb
elecirical translators have long been known and used in
the art for numerous applications. Examples of these
prior art devices include the phosphors such as alkali
halides, zinc sulphide and zinc silicate, as both lumi-
nescent and photo-sensitive translators.  Other examples
are the common photo-emissive cells (caesium, efc.),
cither vacuum or gas-type, photo-voltaic cells such as

10

15

5

25

combination. The theory explaining this operation is
fully set forth in said coneurrent application.

Another type of a semiconductor Iighi source modu-
Jated by an external electric signal and more fully de-
scribed in said concurrent application consists in passing
an external source light beam through a region adjacent
to a pn barrier of a semiconductor, which semicon-
ductor is biased in the forward direction, so that the
e.[aclmns and holes injected over the p-n barrier modulate

absorption undergone by the light beam in passing
lhmugh the semiconductor.

The instant invention has for its primary purpose the
application of such new light sources in combination with
light-sensitive recorders or receivers in such a manner as
to permit integration or differentiation between diverse
electrical signal

Tn one preferred form of the invention a semiconductor
light source is arranged lo cooperate with a light-sensitive
cell in an electrical network whereby the output of the
network may represent either, the summation of two
values represented by signals in the network, a selected
one of such input signals, or a hetemdymng signal
generator,

A second form of the invention relates to a frequency
analyzer.

Another form of the invention is directed to providing
novel circuit components for analogue compulers.

A still further form of the invention is directed to a

Figure 6.122: Kurt Lehovec worked closely with Bernhard Gudden (p. 1106) on advanced semicon-
ductor devices throughout WWII came to the U.S. after the war, and filed patents on improved
light emitting diodes (LEDs). How much of Lehovec’s postwar work was based on his wartime work

with Gudden?
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John von Neuman (1903-1957)
made a detailed proposal for
semiconductor lasers (or
laser diodes) in 1953, which

was likely circulated via

his many consulting roles

[IEEE Journal

of Quantum Electronics
23:6:659-673 (1987)]

VON NEUMANN: PHOTON-DISEQUILIBRIUM-AMPLIFICATION SCHEME

Notes on the Photon-Disequilibrium-Amplification
Scheme (JvN), September 16, 1953

JOHN VON NEUMANN

REFPERENCES
I.: Intermational Critical Tables. New York, London:
NRC-McGraw Hill, 1929
H.: W. Heitler, The Quamnm Theory of Radiation.
Oxford, England: Oxford Univ. Press. 1944, 2nd ed.
Sh.:W. Shockley, Electrons and Holes in Semiconduc-
tors. New York: Van Nostrand, 1950

SecTion |

ONSIDER a crystal volume ¥, in the shape of a cube

with the edge L, thought to be repeated with the pe-
riod L in all (x, v, z) directions. (This is the scheme of
F. Bloch, cf. Sh., pp. 129-153. We put Sh.’s A, = A, =
A, and write L for these.) Let d be the lattice constant
(this is Sh.’s @), thenL = Nd, N = 1,2, - -+ . (Sh.’s N,
= N, = N,, we writ¢ N for these,) The gencral crystal-
invariant translation of the general point ¥ = (x, y, z) (x,
y, zare only defined mod L) is 7 —= ¥ + dj, where j =
{ Jos Jys J; )s With jy, jy, J: = 0, £1, £2, ¢ - - , and only
defined mod N. (Sh.'s i, j, k are these j,, j,, j.. ) We choose
the complete set of statiomary state wave functions (ei-
genfunctions) for electrons in the field of this crystal so,
that for the state a, i.c.. the eigenfunction ¥,, the crystal-
invariant translation r = r + z.! merely multiplies ¢, by
a constant factor of absolute value 1, ©( ; -

Y.~ 0(j) .

Then necessarily

where
n o= (n,, 0y, n.)
with
N, m,n=0+1, +2, ---

and only defined mod N
We can also write

a( _f}'—c:ﬂp(%{}"djlj
where

ﬁ:}_ﬁ (1)

P is the “erystal-momentum'” of the state a

Section II
A Brillouin-Zone B contains preciscly 2 (opposite spin)
states for each P, i.e., foreach j. Hence the iotal number
of its states is 2N' = 21" /d’, i.e., 2 /d" states per unit
volume.
The energy of the state a, K,, is a function of f, or
equivalenty of P, We write it in the latter form:

E, = F(P).
The points

L n,=n=n=0mdN), ic.

j \
P, =P, P.'—()(mod 4
\ a)
and
II: a,=n,=n, :Elmi.'\a‘i
(we assume, for the sake of simplicity, that N is even),
i.e..

pupupus{mmd
v =Py= P = mo d)

are of special significance - E, assumes its maximum and
its minimum at T and at TI, respectively, or at Il and at I,
respectively. We introduce A’ and P o= (h/L) A', as
follows:

Fork: &' =i, ie, P =P

N
Forll: A' =/ lll.L.l). Le.,
= 4 k
PupP-=(1,11)
M[ )
At the maximum, i.e., the upper edge of the zone,
E,=V'=—|P, 2
3 2m (2)

at the minimum, i.e., the lower edge of the zone,

E =V =1 | (3)
im
Here m is the equivalent mass of the hole or the electron,
respectively, but it is actually adequately approximated
for our present purposes by the mass of the electron (Sh.,
pp. 176-182, 398).
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Figure 6.123: John von Neumann made a detailed proposal for laser diodes in 1953, which was likely
circulated via his many consulting roles in government and industry [[EEE Journal of Quantum

FElectronics 23:6:659-673 (1987)].
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Walter Heywang (1923-2010) United States Patent Office

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

3,121,203
Patented Feb, 11, 1564

1

filed patent applications
on semiconductor lasers,
or laser diodes (1958)

3,121,203
SEMICONDUCTOR MASER WITH MODULATING

Walter Heywang, Mu mdl G rmany, ass
und Halske Aknen,ese[! chaft, Berlin a
corporation of Germany

Filed Apr. 22, 19:9, Ser. No. 808,255
Claims prierity, appli 2 Germany Apr, 30, 1958
36 Claims. (CJ 332—52)

“Maser” principle.
Arr.

in a with this prin-
ciple make use of the fact that, when a particls, for
example, an electron, is by radiation stimu
from a term of higher energy content to a term of lower
energy conteni, a radiation will transmitted which
:o.—rmpands to the energy difference of both terms, such

tion, the frequencies of the transmitied and of the sti
uvlating radiation being the same.

Continuous transmission of ra on may be obtained
by an auxiliary radiation which is in turn effective to cause
particles to pass from the term of lowsr energy content
to a term with an energy content exceeding that of the
term from which the particles due to the stimulating radia-
tion pass again into the lower energy content.

The various objects and features of the i ion will
appear in the course of the description w. will be
rzndered below wiLh reference to the accompanying draw-
ing. In the dra

FIG. 1 shows an example of the manner in which a
continuous transmission of radiation may be effected;

FJGS 2a and 2 illusirate an embodiment of the inven-

&t

F[GS 3, 4 and 5 show further embodiments of the
invention.

Referring now to FIG. 1, showing in schematic repre-
sentation the manner of effecting continuous transmission
of radiation, terms g, b, ¢ are indicated by short horizontal
lines, the energy content of these terms decreasing from
the top dowawardly. The term e accordingly corre-
sponds to an energy conieni greater than that of b, and
b has an energy content e:-.ceedmo that of Ln it
rangement, a particl
lifted from the term ¢ to
electron thereupon dropping to the Lcrm b (see arrow 2),
where it adheres. The stimulating radiation, which corre-
sponds to the energy spacing beiween the terms b and ¢,
thereupon causes this clectron to pass from b to ¢ (see
s ¥ i n of amplified
radiation the frequency of which as well as that of the

Feb. 11, 1964 W. HEYWANG
SEMICONDUCTOR MASER WITH MODULATING MEANS

Filed April 22, 1959

3,121,203

2 Sheets-Sheet 1

Fig1 stimulating radiation corresponds to the emergy spacing
Ep between the term & and ¢, according to the known
a formulz Ey.—F-», wherein /: is Plank’s constant and » the

2 frequency. :‘\ddiuonﬂ mfnrm n with respect theret
may be found in the book entitled “Introduction to Solid
State Physics,” by Charles Kittel (University of Califor-
3 nia), published 1956 by Wiley, New York, page 122. The

fact that the lifting of the electron on iis paih from ¢ to @

Fig.2a Fig-2b requires a greater energy than is liberated upon passage
T 1 from b to ¢, shows that the auxiliary radiation for the
. { lifting of the electron must have greater power than the
pp T 4 { nn radiation transmitted upon passage of the electron from
|| | ly b to ¢. However, the fact that the frequency of the
—_— (T 1 auxiliary radiation by which the electron is lifted from ¢
to @ must be in accordance with the equation reqi=Ecq
Si—4|lpin||5 higher than that of the transmitted radiation, is in such
—_
b
iy Ly 3
112
723871
+h=
Fig3
31 32
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W. HEYWANG
SEMICONDUCTOR MASER WITH MODULATING MEANS

3 continuously introduced into the (transi

2
an arrangement more disturbing. The advantage of con-
tinuous transmission of a high frequency radiation is
accordingly obtained at the expense of the serious draw-
back of having to provide for an auxiliary radiation which
must not only have very high power but also a higher
frequency.

The invention avoids these disadvantages in most sur-
prisingly simple manner by providing an arrangement for
amplifying very high frequency radiation according 1o
the Maser principl a) an elect i
ing, particularly a mono-crystalline semi-conductor body
having two mutually different regions in which the charge
carriers have upon current flow [hrm:g'z the semiconduc-
tor body different energy content, and in whase transition
or jlll’lCIIOﬂ area between these two regions the charge
carriers of higher energy can be responsive to stimulation
with high frequency radiation give off an amplified energy
jon of the same frequency; (&) a voitage source for
effecting flow of charge carriers from the region of higher
energy to the transition arena; and (¢) a radiation source
the high frequency radiation of which permeates at least
inio the transition area of the semiconductor body.

1hc advantage resulting from the above noted features
is that electrons of higher energy are by the voltage source
n zone between
the two partial areas of t emiconductor body, these
areas, under the influence of the stimulation radiation
entering into the transition zone, passing to lower energy
stages while giving off the amplified radiation, for ex-
ample, recombining with positive charge carriers, and that
maintenance of the radiation merely requires continuous
current flow through the semiconductor body. The voli-
age placed on zhc semiconductor body is preferabi:
direct current voltage; however, for the modulation of
the high frequency radiation transmitted from the semi-
conductor body, it may preferably fiuctuate in the thythm
of the desired modulation frequency. Impulsewiss trans-
mission of radiation may be effected by placing on :h:
semiconductor body whi ch is continuously irradiated by
weak stimulation radiation, an alternating voltage or \ol»—
age impulses to provide in this manner for (he transmis-
sion of high frequency radiation impulses.

Basic semiconductor materials very well adapted for
arrangements according to the iaveation include known
substances adapted for diodes and transistors, for example,
si n, germanium, AMBV-compounds and, in addition
other semiconductor substances, for example, bismuth-
tellurid (Bi;Tey). The latter substance is particul
well adapted for purposes of the invention since it exhibits
only a slight spacing between the valency band and the
line band and having relative to the first mentioned sub-
stances only a slight heat conductivity, thereby further
favoring the Maser effect.

In order to obtain in the semiconductor body regions
of different energy content of the charge carriers, it will
be advisable to use a semiconductor body having a p-zone
and an n-zone. However, since the frequency of the
stimulation radiation and the frequency of the transmitted
radiation are, as noted befors, in a fixed relationship to
the energy loss sufTered by the ¢lectron, stimulated by the
permeating radiation, upon transition of the eleciron
into the term of lower energy content, and since this fre-
quency corresponds in the case of germanium or silicon
to a wavelength of about 1 pm, it is for obtaining long
wave radiation advisable to provide traps in the transition
reg.nn between the two p- and n-zones. As explained
in the book of Kittel, page 515, first paragraph, traps are
impurity atoms or other imperfections in the crystal, the
energy level of which may be at times occupied by elec-
trons or holes. Traps are produced as impurities, for
example, in silicon or germanium, by the building-in of
nickel-, iron- and/or copper atoms. The energy spacing

1y
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Figure 6.124: Walter Heywang filed detailed patent applications on laser diodes in 1958.
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3,309,553
SOLID STATE RADIATION EMITTERS.
Herbert Kroemer, Sunnyvale, Calif,, assignor to Varian
Asociates, Falo All, Calif, a corporation of Cali-
fornia
Filed Aup, 16, 1963, Ser. No, 302,647
20 Claims. (CL 313—108)

This invention relates 1o solid state radiation emitters,
and in particular 1o novel and i semiconductor
devices that afford enhanced radiating characteristics.

iAlthough the semiconductor device of this invention
may be useful Tor various applications, the description
will be directed to the use of the inveniive device as a
Iaser, for the purpose of description and explanation. It
should be wnderstood that the inventive coneept is not
limited to laser applications only.

Radiation or lasing action by
achieved in one way by the reco!

semiconductors ma
mbination of injected ex-
certain
semiconductors by means of light energy or electric cur-
rent, these semiconductors will emit visible fight, infi

or ather radiation,

However, radiating or lasing structures ulilizing solid
state devices have been limited 1o the direct gap type
semiconduetors, such as gallium arsenide, indium arsenide
and indinm phosphide, and to the semiconductor alloys
GaAsyP\_y and Gagln;_zAs. 1t has not heen possible 1o
effect highly radiative recombinaticn with the common
semiconductors of {he indirect energy zap type, such ax

, 83, GaP for example, because a very high carrier iu-
jection level is required. Tho. indircet gap type semicon-
ducter s characterized in that an electron from the lowest
onergy siale in the conduction band is not able to recom-
bine radiatively with a hale in the highest encrey state in
the valence band. In order for the higher electron states
to contain any electrons, it is necessary that very high
carrier densities be injected, whereby the indirect gap
semiconduetors will be capable of emitting Tight by means
of recombination.

Alsa, the presently known radiation

wcess charge carriers. By exciting or stimulating

2

be greater than the degeneracy threshold. Since only
timited injection levels are possible with conventional PN
junctions, such as found in the presently known semicon-
ductor lasers, the degencracy threshold must be lowered
by extreme cooling of the siructure to provide a suitable
injection lev
us i is abvious that if high injection densities were
provided, there would be no need for the extreme coaling
of semiconductor lasers dawn o cryogenic temperatures.
10 Alse, if high injection densities were provided, indirect
ap type as well a5 direct gap type semiconductors conld
be made 1o radiate or lase coberently, and at ambieat or
1OOM. (M perarure:
Furlbermore, with presently known semiconductor las-
15 ers having homojunctions, the light is radiated from the
end of the junction in a jon substautially perpendicu-
lar to the eurrent flow. Tt would be desirable, as aa alter-
native, to obtain coberent light that is emitied transversely
relutive to the junction sucface of the lasing body and in
20 the direction of current flow so that the light emission
covers a substantially wide area. ]
An object of this invention is to provide novel and im-
proved solid state radiation emitiers. )
Another object of this invention is to provide high
25 densily injection light-smitting structures characterized by
increased operating efficiency, )
Another object is to provide solid state light emitters
and lnsers that can operate at ambient temperatures.
further object is to provide coherent laser devices
80 that afford wide area emission. . )
According to this inventior, a solid slate radiation emit-
ter device comprises a semiconductor base, and means for
injecting charge carriers of high density into such base
and for greventing the outflaw of the injected carricrs
35 from the base, so that the charge carriers may be effi-
ciently utilized in a radialive recombination process.
In one embodiment of the invention, & solid state radia-
tion emitter includes a thin base or support formed from
a first semiconductor material having a relatively low en-
40 gray gap, and injector cleelrodes formed from another
i material disposed on each side of such

%
emitéers or fasers arc of the homojunction type, hat is,
the two sides of the PN junction are formed from a single
semiconduetor material. A hemojunction structure can-
not inject a higher carrier density than the doping density
on the more heavily doped side of the semicondustor
junction, and therefore, it is not possible to realize carrier
densities or injection levels that are high enough to over-
come the degeneracy threshold of the semiconductor, nor
the cven higher carrior densilies needed to cause lasing in
indirect gap semiconductors.

The degencracy threshold may be defincd as the injec-
tion. level above which injected clectrons fill mare than
half of fhe available electron states at the Jower edge of
the canduction band, and above which more than half of
the electren states at the upper edge of the valence is
empty, or filled with holes. The value of the degeneracy
threshold varies With the semiconducior material being
used. At roam temperature, this value may be approxi-
mately 103 carriers per cubic centimeter, by way of ex-
ample. However, the degeneracy threshold decreases with
& decrense in temperature, being approximately propor-
tional to T+%?, where T is the absolute temperature. T
achievs optimum efficiency, il is preferable to utilize an
injected carrier density that is close 1o the degeneracy
threshold. _Furthermore, to accomplish coherent light
emission, it'is necessary that the injected carrier density

base to form beterojunctions. The injestor electrode ma-
terial is heavily doped and has a substantially wider
energy gap than the base material. The pair fex

45 energy gap injector electrodes are preferably of opposite
polarity, one being P-type and the other N-type. An ex-
ternal source of power such as direet electric current, is
coupled to the injector electrodes for supplying a forward
bias voltage to the emitter device. Thus, excess charge
carriers may be igjected with a high density so that the
degeneracy threshold of the base material is overcome at
ambient or room temperatures with resultant em]!smnrm'
sadiation. Tn this manner, 3 highly efficient light-emitting
action s obtained by recombination radiation with indi-

56 rect gap type semiconductors as well as with direet gap
semiconductors at ambient temperatures.

In another embodiment of the invention, the injector
electrodes are daped to have the same polarity, and suit-
able biasing means are coupled fo the injector electrodes

60 and ta the base to provide high density carrier injéction to
the base. N

Ta specific embodiments of the invention, reflective or
opagque conducting electrodes are disposed on the emitter
device 5o that radiation is dirceted in predetormined con-

85 figurations and directions.

Tt is recognized that various configurations are possible

within the scope of the invention whereby injector. clec-
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Herbert Kroemer (1928-)
invented double-heterostructure
laser diodes (1963 or earlier)

8,309,553

trodes formed from a semiconductor material with ‘a
higher energy gap are disposed adjacent to a semiconduc-
tor base with a relatively lower energy gap, and energizing
means are provided for actuating injectian of high density
charge carriers into the basc. The injector electrodes are
50 located relative to the base that carrier outflow from
the base and surface recombination are prevented.
The invention will be described in greater detail with
reference to the drawing in which:
FIGURE 1 is a representational schematic diagram of
a semiconductor laser, in accordance with this invention;
FURES 2 and 3 are isometric views, partly broken
away, of embodiments of this inventio
IGURES 4 and § are isomelric views of allernative
embodiments of the inventive structure;

@

1
IGURE 6 is a sectional view of another alternative

embodiment; and

FIGURES 7-9 are representational schematic diagrams
of other embodiments of the invention.

Similar numerals refer to similar parts throughout the
drawing. 1t is 1o be noted that the figures of the draw-
ing are merely illustrative, and that the parts are not rep-
resented in exact proportion.

In the schematic diagram of FIGURE 1, a semicon-

fon emitter structure, according to this in-
vention, comprises a weakly doped base 10 formed from
a lower energy gap material; a higher encrgy gap P-iype
injector electrode 12 on one surface of the base; and a
higher energy gap N-type injector clectrode 14 disposed
on the opposite surface of the base 10. A direct current
scurce 16 supplies a positive potential to the P-type in-
jector clectrode 12, whercas a negative potential is sup-
‘lied to the N-type injector clectrode 14,

In one embodiment of the invention, the lasing base 10
is formed from a single crystal germanium (Ge) wafer,
and the injector electrodes 12 and 14 are made from gal-
lium arsenide (GaAs) that has been suitably doped. The
junctions formed between the dissimilar materials are re-
ferred to as jumcti in contrast to i
When manufacturing the inventive laser utilizing these
particular materials, a pair of layers of GaAs are grown
On & germanium wafer or base having a thickness of about
100 micrans or less.

The GaAs layers are formed by first preparing a melt
consisting of gallinm with a small percentage of arsenic.
The arsenic content in the melt depends on the srowing
temperature, which may range from 350° to 750° C. by
way of example. At a growing (emperature of 500° C.,
a mixture comprising approximately § atomic percent of

arsenic is used. The prepared melt is slowly heated to ,

about 600° C. so that the arsenic reacts with the gallim
to form GaAs. (Alternatively, an appropriate amount
of GaAs may be dissolved in gallium to provide a suitable
mixture.) In order to dissolve the residual arsenic that
has not reacted, the melt is stirred repeatedly for the first
ten minutes of the slow heating process. When the melt
reaches about 600° C., the temperature is maintzined for
at lcast ten minutes to allow the cxcess arsenic o be
cvaporated, and to remove any condensation nuclei. The
temperature of the melt s then reduced rapidly by about
100° C., within  period of less then ten minutes. When
the of the melt

500° C., the Ge wafer is quickly immersed into the super-
cooled melt.

The wafer acts as a seed 5o that the GaAs grows on
the wafer support epitaxially. Before immersion, the Ge
wafer is heated to a temperature higher than the melt,
over 600° C., for example. The waler is left in the melt
for at least one minute and then withdrawn, providing a
Gas layer that is about 5-20 microns thick, for exam-
ple. The above sieps are performed in a reducing ai-
mosphere, such as in pure hydrogen.

It is known that commercial arsenic contains impurities
which produce only N-type GaAs injector electrodes. To

an
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in¢rease the intensity of the N-type doping whereby higher
injection levels are realized, an N-type dopant such a5
tin is added to the melt in a 1% proportion relative to the
mixture.

However, in order 1o cbtain a highly efficient semicon-
ductor laser, one of the two GaAs layers is preferably
made as a P-type injector clectrode 12 by diffusing a
P-type dopant such as zine therein. To introduce the
Zn into the GaAs layer, the base wafer and Zn doping
material are heated within an evacuated quartz ampoule
at about B00° C. for about one hour, The Zn dopant
may comprise an alloy of 90% indium and 10% zine,

here the zinc is the primary diffusant and the indium
acts as a buffer to prevent excess Zn vapor pressure. In
order to retain the N-type doping of the other GaAs in-
jector electrode, the N-type layer
of cvaporated or vapor-depesited Si
duction of the Zn dopant, The Zn diffuses rapidly in the
exposed GaAs layer, but relatively slowly in the Ge wafer,
and the diffusion virtually stops at the Ge-GaAs junction
interface. After diffusion, the S0, masking film is re-
maved from the N-type laver with hydrochloric acid.

An alternative method of forming the semiconductor
laser structure, with opposite palarity injector electrodes
disposed on each side of a lasing base, employs a pair of
Ge wafers that are placed back-to-back in a GaAs solu-
tion.  N-type GaAs is grown on the exposed side of each
wafer, while the surfaces that are positioned closely ad-
jacent to each other are maintained unwetted. The edge
surfaces also remain unwetted by coating the wafer edges
with colloidal graphite. Alfter growing suitable N-type
injector electrodes, the wafers are then placed in a second
Gads solution that has been made P-type by adding one
percent Zn, with the two coated N-type grown layers
closely adjacent to each other in a back-to-back position.
The P-ype injector clectrodes are then grown, and the
graphite coating is subsequently remaved from the edges
of the two wafers. It is recognized aser structure
with injector electrodes may be produced by vapor cpitaxy
technigues.

After growing the injector electrode layers of opposite
polarity, the structures are eut or cleaved to a desired
shape or size, such as illustrated in FIGURES 2-6. Suit-
able conducting electrodes 18 and 20 are formed on the
injector electrodes by evaporation, plating or otker known
means in any desired configuration, using screening or
masking tochnigues. The electrodes may be formed by
brushing or spraying silver paint or by cvaporating thin
conducting films, such as tin chleride or gold, In a well-
known manner. The conducting clectrodes may be made
opaque or light-transmitting; or may be formed &s a com-
bination of opague and transparent areas o allow selec-
tive areal transmission of light.

Various structures incorporating the inventive come-
bination are shown in FIGURES 2-6. With reference to
FIGURE 2, an embodiment of the invention includcs a
disk-like base structure 10 (shown in part) sandwiched
between a P-type injector electrode 12 and N-lype in-
jestor electrode 14, Annular conducting electrodes 18
and 20, which may be formed from silver paint, are dis-
posed on the injector electrodes 12 and 14 respectively,
and are connected to the terminals of a direct current sup-
ply 16. Upon application of D.C. eurrent, for example.
L0 volt, radiation or light is transmitied iransversely to
the plane of the base disk 10. It is understood that the
diameter of the base 10 m: of such length that the
radiation is emitted radially from the base 16.

FIGURE 3 illustrates a laser structure similar to that
of FIGURE 2, but provides a continuous conducting elec-
trode 22 covering the entire surface of the N-type injec-
tor clectrode 14. A reflecting layer 24, formed from
aluminum, for example, that has been positioned between
the N-type injector layer 14 and the conductive electrode
22 serves to reflect the light radiation towards the P-type

Figure 6.125: Herbert Kroemer invented the double-heterostructure laser diode in 1963 or earlier.



1112 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

6.5.9 Superconductivity

As illustrated in Figs. 6.126—6.131, creators from the German-speaking world also dominated re-
search on superconductivity, the elimination of electrical resistance (and thus the elimination of
power losses) when conductive materials are sufficiently cold.

Heike Kamerlingh Onnes (Dutch, educated in Germany, 1853-1926) produced the first liquid helium
in 1908. By immersing metals in the liquid helium and measuring their electrical properties, he
discovered superconductivity in 1911 (Fig. 6.126). He won the Nobel Prize in Physics in 1913 for
all of his research on cryogenics—see p. 921 for more information.

Max von Laue (German, 1879-1960), Fritz Walther Meissner (German, 1882-1974), and Robert
Ochsenfeld (German, 1901-1993) further studied the properties of superconductors (Fig. 6.127).
Max von Laue won the Nobel Prize in Physics in 1914 for some of his other research (p. 668). In
1933, Meissner and Ochsenfeld discovered the now widely known Meissner (or Meissner-Ochsenfeld)
effect, the levitation of a magnet above a superconductor; magnetic fields cannot penetrate a su-
perconductor, so the compressed field between a magnet and a superconductor acts as a cushion.

From the late 1920s onward, Kurt Mendelssohn (German, 1906-1980) also extensively studied
superconductivity, including the effects of lattice imperfections on superconductivity in various
metal alloys. He studied superfluidity, the unusual behavior of fluids at cryogenic temperatures,
as well, and he found direct analogies between the electrical behavior of superconductors and the
mechanical behavior of superfluids.

In 1935, the brothers Fritz London (German, 1900-1954) and Heinz London (German, 1907-1970)
developed the London equations, which provided a theoretical derivation and explanation for the
Meissner effect and some other electromagnetic behaviors of superconductors.

Many of those experts on superconductivity fled Germany before World War II and spread their
knowledge to other countries, but U.S. and U.K. reports also described impressive work on su-
perconductivity that was carried out by other scientists in Germany and Austria during the war.
For example, BIOS 1751, German Research on Semi-Conductors, Metal Rectifiers, Detectors and
Photocells, gave some insight into one of Rudolf Hilsch’s later projects [BIOS 1751]:

Super-Conductivity[...]| Hilsch [...] has investigated the critical temperature (“Sprung-
punkt”) of various pure metals, (i.e. that temperature at which super-conduction sets
in), also the influence of a magnetic field (which has the effect of lowering the critical
temperature) and the critical current (“Grenzstrom”) which sets up a magnetic field
of such magnitude as just to balance the external field. He also studied the very pro-
nounced effects which some metals have on the critical temperature even if added in
very small amounts only.

According to official histories, in 1956 the American Leon Cooper first proposed a detailed expla-
nation of superconductivity, focusing on what came to be known as “Cooper pairs” of electrons
that work together to avoid electrical resistance. Cooper won the Nobel Prize in Physics for that
explanation. The document on pp. 1116-1118 proves that Josef Schintlmeister (Austrian, 1908—
1971) and his coworkers had a detailed understanding of this physics no later than 1945, and were
forced to give written reports on that to the United States. Scholars should investigate in much
more detail the superconductivity research that Schintlmeister and his coworkers carried out, and
how information on their discoveries may have influenced later researchers such as Cooper.
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Figure 6.126: Heike Kamerlingh Onnes discovered superconductivity in 1911.
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Superconductivity
Max von Laue Fritz Walther Robert Ochsenfeld

(1879-1960) Meissner (1882-1974) (1901-1993)

——

Meissner effect (magnetic levitation)

Figure 6.127: Max von Laue, Fritz Walther Meissner, and Robert Ochsenfeld further studied the
properties of superconductors, including the “Meissner effect” or magnetic levitation.
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Superconductivity
Kurt Mendelssohn Fritz London Heinz London
(1906-1980) (1900-1954) (1907-1970)

K. Alex Miiller Johannes Georg High-temperature
(1927-) Bednorz (1950-) ceramic superconductor

Figure 6.128: Other important pioneers of superconductivity included Kurt Mendelssohn, as well
as the brothers Fritz London and Heinz London. K. Alex Miiller and his student Johannes Georg
Bednorz developed the first high-temperature ceramic superconductors.
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Figure 6.129: Josef Schintlmeister developed a correct theory of superconductivity, later known as

Cooper pairs of electrons, no later than 1945 [G-345, Deutsches Museum FA 002/0712; English
translation in FIAT 63].
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Figure 6.130: Josef Schintlmeister developed a correct theory of superconductivity, later known as
Cooper pairs of electrons, no later than 1945 [G-345, Deutsches Museum FA 002/0712; English

translation in FIAT 63].
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T. M. Odarenko. FIAT 63. Activities of the Second Institute of Physics of the University of Vienna.
p. 30 [the original German version of this report is G-345, pp. 1116-1117]:

Supplement 3.

Idea for a New Model for Super-Conductivity
by
Josef Schintlmeister

Point of departure of the theory is the idea that the super-conducting electrons do not
follow the Fermi statistics but follow Bose statistics and thereby for practical purposes
it possesses the Maxwell velocity distribution. Two electrons unite during the form-
ing of the super-conducting electrons when activated by a force in all three directions
with easily-computed quantum-mechanical penetration of the potential barrier to a very
loosely bound “bielectron”. The binding is possible, since the magnetic attraction sur-
passes the Coulomb repulsion as early as a distance of 50-fold, classical electron-radii.
Similar to the thermic disassociation of two-atomic gases, the temperature dependence
of the number of super-conducting electrons can be reckoned. The zero energy point of
the electrons which become free at the change of statistics with Fermi statistics is the
cause of the increase of the specific heat in the super-conducting state; from this the mo-
mentary number of the super-conducting electrons can be determined in agreement with
this computation. The disappearance of all the components of the electrical resistance
(residual resistance, contact resistance, thermic part of resistance) is explained by the
considerably larger electron wave-length of the super-conducting electrons; the electron
wave-lengths are considerably larger due to the low zero-energy point. A sufficiently
strong magnetic field directs the magnetic moment and thus destroys the binding. For
the magnetically insensitive superconductors (e.g., PbBl, PbHg), the magnetic energy
to be used at the absolute zero-point is equal to the thermic energy kT at the elastic
point. Sufficiently inhomogenous electrical fields destroy or loosen the binding. Thus
the super-conducting electrons cannot take part in the construction of the electron or-
bit of the atoms and the periodic, electrical field in the interior of the crystal lattice
is decisive for the height of the elastic point and also decisive for the contingency of
whether super-conducting electrons can be formed or not. The bielectrons have all the
properties which were pre-supposed in the electrodynamic theory of super-conducting
electrons by London and von Laue. This theory makes very obvious: the screening of
external magnetic penetration of magnetic fields due to the induction of the perma-
nent current, the finite depth-penetration of magnetic fields, the individual influence
of the self-induction of the conductors for the current strengths in the branchings and
also, if one takes into consideration the temperature dependence of the density of the
super-conductor electrons and the Meissner-Ochsenfeld Effect.
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To complete the discussion of superconductivity, it should also be mentioned that K. Alex Miiller
(Swiss, 1927-) and his student Johannes Georg Bednorz (German, 1950-) developed the first high-
temperature ceramic superconductors, for which they won the Nobel Prize in Physics in 1987.
Professor Gosta Ekspong of the Royal Academy of Sciences explained the importance of their work
[https://www.nobelprize.org/prizes/physics/1987 /ceremony-speech /]:

The Nobel Prize for Physics has been awarded to Dr. Georg Bednorz and Professor
Dr. Alex Miiller by the Royal Swedish Academy of Sciences “for their important break-
through in the discovery of superconductivity in ceramic materials”. This discovery is
quite recent—Iless than two years old—but it has already stimulated research and devel-
opment throughout the world to an unprecedented extent. The discovery made by this
year’s laureates concerns the transport of electricity without any resistance whatsoever
and also the expulsion of magnetic flux from superconductors. [...]

Dr. Bednorz and Professor Miiller started some years ago a search for superconductivity
in materials other than the usual alloys. Their new approach met with success early last
year, when they found a sudden drop towards zero resistance in a ceramic material
consisting of lanthanum-barium-copper oxide. Sensationally, the boundary temperature
was 50 % higher than ever before, as measured from absolute zero. The expulsion of
magnetic flux, which is a sure mark of superconductivity, was shown to occur in a
following publication.

Also for completeness, two other postwar discoveries in cryogenic electrical properties should be
mentioned.

Klaus von Klitzing (German, 1943—, Fig. 6.131) discovered the quantum Hall effect, in which
the electrical conductivity at the surface of a cryogenic semiconductor in a strong magnetic field
can only assume integer multiples of a certain value. He won the Nobel Prize in Physics in 1985.
Professor Stig Lundqvist of the Royal Swedish Academy of Sciences praised von Klitzing’s discovery
[https://www.nobelprize.org/prizes/physics/1985 /ceremony-speech /]:

von Klitzing studied the Hall effect under quite extreme conditions. He used an ex-
tremely high magnetic field and cooled his samples to just a couple of degrees above the
absolute zero point of temperature. Instead of the regular change one would expect, he
found some very characteristic steps with plateaus in the conductivity. The values at
these plateaus can with extremely high accuracy be expressed as an integer times a sim-
ple expression that just depends of two fundamental constants: the electric elementary
charge and Planck’s constant which appear everywhere in quantum physics.

The result represents a quantization of the Hall effect—a completely unexpected effect.
The accuracy in his results was about one part in ten million, which would correspond
to measuring the distance between Stockholm and von Klitzing’s home station Stuttgart
with an accuracy of a few centimeters. The discovery of the quantized Hall effect is a
beautiful example of the close interrelation between the highly advanced technology in
the semiconductor industry and fundamental research in physics. The samples used by
von Klitzing were relined versions of a kind of transistor we have in our radios. His
samples, however, had to satisfy extremely high standards of perfection and could only
be made by using a highly advanced technique and refined technology. [...]
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von Klitzing’s discovery of the quantized Hall effect attracted immediately an enormous
interest. Because of the extremely high accuracy the effect can be used to define an
international standard for electric resistance. The metrological possibilities are of great
importance and have been subject to detailed studies at many laboratories all over the
world.

The quantized Hall effect is one of the few examples, where quantum effects can be
studied in ordinary macroscopic measurements. The underlying detailed physical mech-
anisms are not yet fully understood. Later experiments have revealed completely new
and unexpected properties and the study of two-dimensional systems is now one of the
most challenging areas of research in physics.

Horst Stormer (German, 1949, Fig. 6.131) discovered the fractional quantum Hall effect, for which
he won the Nobel Prize in Physics in 1998. The Royal Swedish Academy of Sciences summarized
his work [https://www.nobelprize.org/prizes/physics/1998 /stormer /facts/] :

The Hall effect refers to the fact that if an electrical current flows lengthwise through a
metal band and a magnetic field is placed against the surface of the band at a right angle,
a charge arises diagonally in the band. In interfaces in certain materials a quantum Hall
effect occurs. Klaus von Klitzing discovered that changes in the magnetic field result
in changes in what is known as Hall conductance that vary in steps of whole-number
multiples of a constant. Subsequently, Horst Stormer and Daniel Tsui discovered in 1982
that there also are steps that represent fractions of the constant.
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Figure 6.131: Klaus von Klitzing won the 1985 Nobel Prize in Physics for discovering the quantum
Hall effect, and Horst Stérmer won the 1998 Nobel Prize in Physics for the fractional quantum Hall
effect.
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6.5.10 Piezoelectricity

Piezoelectricity is an effect in quartz and certain other crystals in which small deformations of the
crystal lattice (due to exerted pressure) shift the relative positions of charged ions and produce large
electric fields and voltages. Thus piezoelectric crystals make ideal sensors for pressure or accelera-
tion, convenient microphones to convert acoustic vibrations to electrical oscillations, and compact
generators for producing high voltages for other components. The effect also operates in reverse—
an applied voltage produces a small deformation of the crystal. Therefore, electrically stimulated
piezoelectric crystals can be used as actuators to make small, controlled motions, for example
by fine-tuning the focus of optical systems, oscillating to generate sound waves, or maintaining a
constant vibration frequency to serve as a time standard in a clock or watch.

Piezoelectricity was initially discovered by the French brothers Pierre Curie (1859-1906) and
Jacques Curie (1856-1941) in 1880. Their discovery prompted further studies of piezoelectricity
over the following decades in France, the United Kingdom, the United States, and elsewhere.

Yet it was especially in the greater German-speaking world that piezoelectricity received an enor-
mous amount of research attention, with large numbers of scientists exploring natural and synthetic
piezoelectric materials, devising theoretical explanations of piezoelectricity, and developing a wide
range of applications for piezoelectric elements.'® Some of the more prominent scientists are dis-
cussed below, and a few of them are shown in Figs. 6.132-6.134.

Woldemar Voigt (German, 1850-1919) was one of the first major scientists to study piezoelectricity
in detail after its initial discovery. He spent many years conducting experiments on the topic, and
he also developed the first good theoretical explanation for piezoelectricity. He published most
of his insights in his 1910 textbook, Lehrbuch der Kristallphysik. Voigt used sophisticated tensor
analysis to calculate piezoelectric effects, and he described 20 different classes of natural crystals
that exhibited piezoelectric effects.

Independently of Voigt but in parallel with him, Wilhelm Réntgen (German, 1845-1923) also
spent many years investigating piezoelectricity. He finally published most of his results in 1914.
Directly through their teaching and mentorship, and indirectly through their publications, Voigt
and Rontgen inspired large numbers of younger scientists throughout the predominantly German-
speaking scientific world to study and harness piezoelectricity.

Scientists at Jena University and the Zeiss optical company in Jena collaborated to study piezo-
electric vibrations and the optical effects they could produce. Those scientists included (in alpha-
betical order): H.E.R. Becker (German, 1877-1977), Eduard Gerber (German, 1907-1986), Ernst
Grossmann (German, 1877-1977), Norbert Giinther (German, 1877-1977), 7?7 Hehlgans (German,
1877-1977), Harald Straubel (German, 1905-1991), and Max Wien (German, 1866-1938). (After
the war, Gerber led research on piezoelectric devices at the U.S. Army’s Fort Monmouth lab [Fort
Monmouth Historical Office 2008; Gerber-Stroh 2012].)

At Gottingen University, Elisabeth Bormann (German, 1877-1977), Max Born (German, 1882—
1970, p. 1040), ?? Gockel (German, 1877-1977), Gustav Heckmann (German, 1898-1996), and Max
von Laue (German, 1879-1960) worked out detailed theoretical explanations of piezoelectricity.

Katzir 2006, 2018; BIOS 255; BIOS 552; BIOS 609; BIOS 724; BIOS 865; BIOS 1316; BIOS 1504; BIOS 1579;
BIOS 1679; CIOS XXV-13; FIAT 575; FIAT 641; FIAT 642; FIAT 1098; NavTecMisEu 361-45.
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Scientists at Breslau University developed piezoelectric devices for ultrasonic systems, acoustic
levitation of small objects, and other applications. That research group included Hans Ludwig
Bergmann (German, 1898-1959), Karl Biicks (German, 1877-1977), Erwin Fues (German, 1893
1970), 77 Kraefft (German, 1877-1977), 7?7 Lonn (German, 1877-197?), Hanfried Ludloff (German,
1899-1987), Hans Miiller (German, 1877-1977), and Clemens Schaefer (German, 1878-1968).

At the Physikalisch-Technische Reichsanstalt (PTR), Udo Adelsberger (German, 1904-1992), Erich
Blechschmidt (German, 1877-1977), Erich Giebe (German, 1877-1977), and Adolf Scheibe (Ger-
man, 1895-1958) invented piezoelectric resonators that could be used as a very accurate frequency
standard. Adelsberger later developed precise quartz clocks that were used to control timed reentry
maneuvers by the U.S. Apollo spacecraft returning from the moon.

Working at Telefunken in Berlin, Rudolf Bechmann (German, 1902-1974), Kurt Heegner (German,
1893-1965), and Alexander Meissner (Austrian, 1883-1958) also created sophisticated piezoelectric
resonators and conducted theoretical analyses of piezoelectricity. Bechmann continued his work in
the United States after the war.

At Cologne University, H. R. Asbach (German, 1977-1977), Egon Hiedemann (German, 1900-1969),
and K. H. Hoesch (German, 1977-1977) developed novel methods and applications involving the
interactions of acoustic and optical waves in piezoelectric crystals.

Frankfurt University scientists such as Hermann Auer (German, 1977-1977), H. Doerffler (German,
1977-1977), and Richard Wachsmuth (German, 1868-1941) also carried out important work on
piezoelectricity.

At Graz University, Berta Nussbaumer (Austrian?, 1977-1977) and Angelika Székely (Austrian?,
1877-1977) conducted experiments on piezoelectricity and its applications. Regrettably, historians
of science seem to have paid little attention to these important female physicists.

Walter P. Kistler (Swiss, 1918-2015) developed sophisticated piezoelectric sensors before, during,
and after World War II.

At Philips Eindhoven, B. van Dijl (Dutch, 1977-197?7) and Balthasar van der Pol (Dutch, 1889—
1959) studied and harnessed piezoelectricity.

There was a large research team working on piezoelectricity at Charles University and related insti-
tutions in Prague, carrying out X-ray studies and using piezoelectric vibrations. That team included
77 Dolejsek (Czech/Austrian, 1977-1977), 7?7 Jahoda (Czech/Austrian, 1977-1977), Frantisek Khol
(Czech/Austrian, 1977-197?), Franz Krista (Austrian?, 1977-1977), Vaclav Petrzilka (Czech/Aus-
trian, 1905-1976), August Zacek (Czech/Austrian, 1886-1961), and L. Zachoval (Czech/Austrian,
1977-1977).

After World War 11, large amounts of piezoelectric-related information, materials, and scientists
were transferred from the German-speaking world to Allied countries (Fig. 6.135). See for example:

BIOS 255. Gas Turbine and Reciprocating Engine Activities. [Piezoelectric sensors in
engines|
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BIOS 552. Report on the Investigation on the Production of Synthetic Crystals in Ger-
many and Copenhagen.

BIOS 609. Non-destructive Testing of Materials.

BIOS 724. Electronic Principles as Applied in Germany to the Testing of Materials.
BIOS 865. German Quartz Clocks and Frequency Standards.

BIOS 1316. German Quartz Clocks.

BIOS 1504. Industrial Applications of Ultrasonics.

BIOS 1579. Growing of Crystals.

BIOS 1679. Ultrasonic Material Testing and Other Applications.

CIOS XXV-13. Messrs. Steeg and Reuter Bad Homburg. [Piezoelectrics and optical
crystals]

FIAT 575. Developments in Diesel Engineering. [Piezoelectric sensors in engines]

FIAT 641. The Interrogation of German Scientists Regarding Quartz Crystals and other
Piezoelectric Materials.

FIAT 642. Measurement of Acceleration and Vibration.
FIAT 1098. Etch and Percussion Figures, and Twinning of Quartz.
NavTecMisEu 361-45. Piezo Pressure Measurements.

Some of these documents also prove that German-speaking scientists developed piezoelectric sensors
for aircraft engines and automobile engines before and during World War II, and that that tech-
nology was transferred to Allied countries after the war (Figs. 6.136-6.137). Piezoelectric sensors
are now widely used in engines to optimize the operating conditions and report any problems.

See also the closely related research on sonar (p. 1241), ultrasound imaging (p. 1250), and other
applications (p. 3181).

Please see Appendix B for much more information on some of the German-speaking creators and
their creations in the field of microelectronics, as well as documents showing how those technologies
were transferred to other countries.
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Piezoelectricity
Rudolf Bechmann Erwin Fues Eduard Gerber
(1902-1974) (1893-1970) (1907-1986)
Gustav Heckmann Kurt Heegner Egon Hiedemann

(1898-1996) (1893-1965) (1900-1969)

Figure 6.132: Some creators who made important contributions to piezoelectricity included Rudolf
Bechmann, Erwin Fues, Eduard Gerber, Gustav Heckmann, Kurt Heegner, and Egon Hiedemann.
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Piezoelectricity
Walter Kistler Max von Laue Alexander Meissner

(1918-2015) (1879-1960) (1883-1958)

Vaclav Petrzilka Wilhelm Rontgen Adolf Scheibe
(1905-1976) (1845-1923) (1895-1958)

Figure 6.133: Other creators who made important contributions to piezoelectricity included Walter
Kistler, Max von Laue, Alexander Meissner, Véaclav Petrzilka, Wilhelm Rontgen, and Adolf Scheibe.
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Piezoelectricity
Harald Straubel Angelika Székely  Balthasar van der Pol
(1905-1991) (18?7-192?) (1889-1959)

Woldemar Voigt Richard Wachsmuth August Zatek
(1850-1919) (1868-1941) (1886-1961)

Figure 6.134: Other creators who made important contributions to piezoelectricity included Harald
Straubel, Angelika Székely, Balthasar van der Pol, Woldemar Voigt, Richard Wachsmuth, and
August Zacek.
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B..OS. FINAL REPORT No. 724

CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

B.LO.S. FINAL REPORT No. I316

ITEM Nos. 1,7 & ¢ ITEM No. 9
ELECTRONIC PRINCIPLES AS APPLIED
IN GERMANY TO THE TESTING OF
MATERIALS GERMAN QUARTZ CLOCKS
Piezoelectricity

This report is issued with the warning that, if the subject matter should be protected
by British Patents or Patert applications, this publication cancot be held to give any
protection against action for infringement.

BRITISH INTELLIGENCE OBJECTIVES SUB-COMMITTEE

LONDON—H.M. STATIONERY OFFICE
ITEM NO. 1, 7, §

FILE NO. XXV - 13

MESSRS. STEEG AND REUTER
BAD HCOMBURG

This report is issued with the warning that, if the subject matter

should be protected by British Patents or Patent applications, this

publicativn cannot be held te give any protection against action for
infringement.

COMBINED INTELLIGENCE OBJECTIVES
SUB-COMMITTEE

LONDON — H.M. STATIONERY OFFICE

This report is issued with the warning that, if the subject marter should be protected
by British Patents or Patent zpplications, this publication cannot be held to give any

protection against action for infringement.

BRITISH INTELLIGENCE OBJECTIVES SUB-COMMITTEE

LONDON—H.M. STATIONERY GFFICE
F.LA.T. FINAL REPORT No. 641

INTERROGATION OF GERMAN SCIENTISTS
REGARDING QUARTZ CRYSTALS
AND OTHER PIEZOELECTRIC MATERIALS

Report prepared by
FIELD INFORMATION AGENCY, TECHNICAL
UNITED STATES GROUP CONTROL COUNCIL
FOR GERMANY

** T'his report is issued with the warning that, if the subject
matter should be protected by British andfor U.S. Patents or Patent
applications, this publication cannot be held to give any protection
against action for infringement.”

BRITISH INTELLIGENCE OBJECTIVES SUB-COMMITTEE

LONUON—H.M. STATIONERY OFFICE

Figure 6.135: Large amounts of information, materials, and scientists related to piezoelectric tech-
nologies were transferred out of the German-speaking world after World War II [BIOS 724; BIOS

1316; CIOS XXV-13; FIAT 641].
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10. PIEZO-ELECTRIC PRISSURE-RECORDER (RGV:

Note that this apparatus was not seen and the following
information was obtained from Dr Scimidt during interrogation on
this and other topics.

The sensitive elemeut of the pick-up was a ground quartz
crystal subjected to engine cylinder pressure on one side transmitted
through a metal diaphragm. The response of the instrument over a
wide range of frequency was largely dependeunt on the resonant
frequency of the diaphragm which was therefore kept high (about
100,000 c.p.s.). lMoreover the support at the back of the crystal
was made of lead, kept up to its duty by a spring. The lead rot
only assured uniform contact over the crystal on this side but
produced a large measure of damping so that the peak of resonance
was lowered to give a magnification of only ten at this critical
frequency and very nearly unity response for a wide range of frequency
below and presumably above this. The fit of the erystal to the
diaphragm was found to be very critical if the quartz was not ito be
subjected to lecal or bending stresses with cousequent parasitic or
distorted signals and the best workmanship was necessary.

To avoid cavity resonances on the pressure side of the
diaphra;;m, the latter was flush-mounted with the inmner wall of the
cylinder. With this arrangement, it was fouund easy to detect
pressure woves and their reflections from the walls etc of the
cylinder.

ic sensors in engines

Unlike electromagunetic snd some capacity and crystal
pick=ups, the quartz crystel used in this way is a true displacement
pick=un and the voltage appearing across the crystal is directly
proportional to and (below resonance) in phase with the applied
compression, o fullv exploit the advanta;es of this, direct
connected ampliriers were employed which retained the value of the
steady pressure and would allow calibration at sterndstill conditious.
The final voltaze was the high one of 100,000 volts and this with
the suitable cathode ray +tube reduced the electron traunsit time to
an absolute minimum so that pressure transients could be examined

Piezoelectr

S =

with considerable accuracy. For checking the response curve

of the pick-up, e.g. to examine the effect of the lead backing

ITEM No. 26 * plate, the pick-up was used in reverse as a 'speaker' with an
external voltage applied to the terminals.

FINAL REPORT No. 255

RESTRICTED

GAS TURBINE AND RECIPROCATING ENGINE
o
| ACTIVITIES

Figure 6.136: German-speaking scientists developed piezoelectric sensors for aircraft engines before
and during World War II, and that technology was transferred to Allied countries after the war
[BIOS 255].

B
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CHAPTER 6.

IX - INSTRUMENTS FOR ENGINE RESZARCH

A. Electrical Pressure Indicators

ic sensors in engines

Piezoelectr

(1) Condenser type elecirical indicators have been conaii'uc:a:manf_
dbuilt by Burmeister and Wain Co., Copenhagen, and also ¥ Fiat
Grandd Motori, Torine. These are built on t}}e same }?I‘Inc?ple
and in similar construction already published in E:ngmee.r_r,g
literature. These indicators are used for measuring engine
presgure variation during eombustion, scavenging and in the
fuel pipe of injection systems, gnd alsc to measure the
injection needle 1if%.

For visual observation cathode ray oscillegraphs (e.g., made

by the Phillps Co.) fer recording loop type oscillographs are
used. Of the latter, the Siemens-Falske 1% loop oseillograph
was stated to be satisfactory. In order to keep the _Suppf_y
voltage constant the nStabilovolt" tube manufactured by Siemens-
Halske is used.

Pieso-Electric Indicators appear to have been the most widely
used type of electrical indicaters.

-~
()

Much development work has been done on this type at the
Polytechnic School in Dresden (especially by Dr. Meurer), at
the Pelytechnic School in Braunschweig {by Dr. Gohlke), and b7
FEFS (by Dr, Ing. Stelger). The articles descriding the werk
of thede men are availatle in the United States.

Dr. Nier in Dresden produced complete pieso-electric indicators
commercially. An instrument made by him was seen at the Framz
Lang Laboratory in Muenchen and appeared to be of careful desiga’
and condtructien., Dr. Nier built his own cathode ray oscillograph
and also his own pickup, but cbtained the guartz crystals em
the firm of Dr. Steeg and Feuter in Bad Hemburg v.d.H. which is
one of the most important producem of ¢rystals in Germany, mot
only for pleso-electric but alse for radie, electronic and
optical purpeses. This company uses Brazilian quartz crystals
which they cut, pelish, silver plate and gold plate by their

own processed in their well equipped small factory. They build
complete predeure plclps in various sizes for a wide range of
pressures (for scavenging and intake pressures up to 20 atm, for
engine pressursd up to 150 atm, znd for injection pressures up

to 500 atm.) for shocks (as in engine kmocks) and for accelera-
tione (for aeromautical and biclogical invesigations). (They

are in cantact with American authorities and have supplied
vari:_:us items to the AAF Aero Medical Cemter, Kaider Wilhelm
Ingtitute, Heidelberg, Major Howard B. Burchell.) This company
aldo builds direct curremt amplifiers (two stage and three stage)

FIAT FINAL REPORT 575
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Fig. 31 - Pieze-electrie pickup (Dr, Stee,

» & und Reuter)
Iype 160-20-0,08. For accelerating force measurement
in airplanes,
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and other acceesory d“’ices‘
The firm 7eiss-Ikon, Dresden
indicaters which are well ¥n
electric plekups and associa
23-31.

Tiu do not build oseillographs.
’:m: 50 manufactures pieso-electric
- in the U,5, A number of piezo-

el equipment are shown in Pigs,

[,1‘ the vn:\mt%ﬁ of the quartz erystals, important considsra-
tions :r ‘t that the erystals are scrupulously clean
.:;1;)‘;“ : ;ac! of greace ST humidity whieh ray short circutt
ths ;:r;zf:s :f'_l:":"-'d z:u]éanty, therefore the charber in which

2 ocated is closed and hermetically sealed
as to prevent any contaminatien by engine geses ur’by :hz T
?nmosp}::rc'ai(a)t_that!a certain preload is given to the crystals
i.c., the direction of the load is not cha ion |
i nged durl eration
enly the magnitude of the load being affected by t.h:‘v:iy-lng
engine pressures; therefore an elastic member is provided which

may be either a flat membrane or a thi
e aies a thin walled ecylindrical

In general the quartzes are made in the shape of dises, the
forces acting in the direction of the plezo-electric axis.

4 recent modification is to make the quartzes in the shape of
long columns stressed in bending (buckling) by the force to be
measured which s in the direction perpendicular to the piezo-
electric axis,

Fig., 23 shows a pickup for very high pressures (fuel injection
pressures), which are communicated by a piston to the quarts
tises, which latter are prelcaded by a memdrane (MAN)

Fig. 24 shows a pickup for engine pressure which is transmitted
te the quartz discs by means of a floating member mounted
between two clamped memdranes (to emsure axiality of motion) (MAN)

Fig, 25 ghows a pickup for engine pressure. The quartz dises
are enclosed within and preloaded by a thin walled cylindrical
cartridge. Thislatter has a thick, rigid bdottom, the axial
motion of which is ensured by & thin, clamped membrane vhich
also prevents the passage of hot and oily engine gases from
coming in contact with the sidewalls of the cartridge (MAN)

Fig. 26 ghows a two seated gu itch velve (MAN) acted uoon on one
side by the varying engine pressure ani on the other side by a
constant but manuallysadjustadle measured 'balsnci:_ng pressure,
During the porticn of the engine eycle, during which the
dalrncing pressure is greater thaa the engine pressure, the
valve is in‘its lowermost position and allows the enging pressure
to act upen the pilezo-electric pickup. Iuring the portion of

the engine cyele, durlng whieh

the engine pres 4 o
than the belancing pressure, th £ Dprecsure is higher

e valve 1s in its ermost
pesition and shuts off the commnication between ‘3}:1: engine

B "EVELOPHENTS IN DIESEL ENGINEERING spoce and the plezo-electric pickup, Tnis valve 15 useful for

two purposes: (1) the high pressures are kept avey from the
pickup, therefore a sensitive pickup can be used wiich is
capable of refponding to small preesure variatiuns such ns
socur during the intake and exhaust proecss (2) during the
shut-off portion of the cycle, the cscillograph showe a
norizental line the height of which corresponds to the adjusted
and measured balancing pressure which, therefore, represents

a calibratien of the pickup under actual working conditions.

Figs. 27, 28, and 29 show plezo-electric pickups (Dr. Steeg
und Reuter) using quartzes enclased in cylindrical cartridges,
whereby the quartz dises are stressed in compression.

Figs, 30 and 31 show piezo-electric piciups (Dr. Steeg und
Heuter) using quartzes erclosed in cylindrical cartridges;
the quartzes are in this case in the form of comparatively
slender celumns which are stressed in banding {buckling) by
the acting forces. The direction of force is perpendicular
to the pleze-electric axis of the crystels. It is claimed
that this construction is particulerly suitable for the
measurenent of small forces.

Tig. 31 - is a special, very large pickup (Dr. Steeg und
Reuter) intended for the measurement of accelerating forces,
The zenersl prineiple is the same as descrived above, In view
of the cemparatively small variation in acceleratién, large
mase and slender columns are used. (An engineer of Dr. Steeg
und Reuter stated that this type was assumedly used for some
aeronautical research, probvably for the investigetion of
accelerations oceurring during launching of & plane by a .
eatapult, or pieking up a glider by an airsla.ne; they elaimed
not to have inowledge of the exachk purpose/.

1 tric indicator has been developed by H. Ha:.na.k A.G.,

e mb:;;e.ci‘ig:. 33-38, 1t contains a stiff metsl diaphrasm as

the pressure measuring element, the w.rfacf of \;M;h ;:

polished to serve as a mirror. The =:n::§tz!nn;h.: 15““

i c wi creasi resEure.

ﬂﬁ::?:: oxltll:ei:drror ﬁaph reflected by it on to a phote—

electric eell, Due to the varying convexity of u!‘el:i;?:mi

the photoelactric cell Teceives yarying amounts o ”f

produces a currant of varying intensity. L!I.'l'l?.s f::m'u

amplified, is fed to an oseillograph. This ;Mmﬂ. e

merketed complete with pickups for erank angle P

Figure 6.137: German-speaking scientists developed piezoelectric sensors for automobile engines
before and during World War II, and that technology was transferred to Allied countries after the
war [FIAT 575].



