
Chapter 6

Creators and Creations in Electrical
and Electromagnetic Engineering

Nehmen Sie zum Beispiel dieses komische
Rohr, das sie in Amsterdam verkaufen. Ich
habe es genau untersucht. Eine Hülse aus
grünem Leder und zwei Linsen, eine so—er
deutet eine konkave Linse an—, eine so—
er deutet eine konvexe Linse an. Ich höre,
eine vergrößert und eine verkleinert. Jeder
vernünftige Mensch würde denken, sie gleichen
einander aus. Falsch. Man sieht alles fünfmal
so groß durch das Ding. Das ist Ihre Wis-
senschaft.

You take for example that funny tube that
they are selling in Amsterdam. I examined
it closely. A casing of green leather and two
lenses, one like that—he indicates by gesture a
concave lens—, one like that—he indicates a
convex lens. I hear that one enlarges and one
reduces. Any sensible person would think that
they would cancel each other out. Wrong. One
sees everything five times as large through the
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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Creators from the German-speaking world made major contributions to:1

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

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 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; István Hargittai 2006, 2011; Linda Hunt 1991; Impey
et al. 2008; Jacobsen 2014; Koertge 2007; Kragh2002; 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; Gööck 2000; Heckl 2010, 2011; Heßler 2012; Jankowsky 2000; König 2000, 2009; König and Schneider 2007;
Ludwig 1974; Lundgreen and Grelon 1994; Radkau 1989, 2016; Technisches Museum Wien 2011; von Weiher 1983;
Weitensfelder 2009, 2013.

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 o�cially “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 is 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 o↵ 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 o↵ 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 o↵ 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 para�n
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 di↵erent electrical conductors, Georg Ohm (German states, 1789–1854,
Fig. 6.1) studied the electrical properties of simple circuits. He demonstrated that the voltage
di↵erence 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 di↵erence) 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 di↵erent 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 di↵erence,
just as heat flows through a conductor of varying conductivity from one temperature
to another to produce a temperature di↵erence. [...]

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

2
R.

Heinrich Rühmkor↵ (German, 1803–1877) developed improved magnetic induction coils, now called
Rühmkor↵ 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 [Bähr 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 Kirchho↵ (German, 1824–1887) worked in many areas of physics, chemistry, and engineering
(see also pp. 425, 585, 844, 901, and 943). 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]:

Kirchho↵ 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 Kirchho↵’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.
Kirchho↵ 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.

Frantǐsek Křiž́ık (Austrian/Czech, 1847–1941) created electric generators, electric motors, electric
trains, electric cars, improved arc lamps, etc. (Fig. 6.6).2 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.

2https://czech-presidency.consilium.europa.eu/en/news/frantisek-krizik-the-inventor-who-illuminated-the-world-
and-bohemia-with-arc-lamps/



932 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

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
a�rmed 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, 18??–19??) invented
the electric hand drill in 1895. See Fig. 6.9.
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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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Figure 6.2: Heinrich Rühmkor↵ created AC transformers, electric generators, etc.
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Figure 6.3: Werner von Siemens invented electric generators, electric elevators, electric trains, etc.
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Figure 6.4: Gustav Kirchho↵ discovered laws for currents and for voltages that are still widely used
in analyzing electric circuits.
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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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Figure 6.6: Frantǐsek Křiž́ık created electric generators, electric motors, electric trains, electric cars,
improved arc lamps, etc.
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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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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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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 di↵erent colors or wavelengths in
light, was developed and demonstrated by Joseph von Fraunhofer (Bavarian, 1787–1826), Robert
Bunsen (German, 1811–1899), and Gustav Kirchho↵ (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. 1117. He also discovered the planet Uranus and made several other important astronomical
discoveries (p. 788). 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 Göbel (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.3 See Fig. 6.11. Modern historians and archivists should examine
Göbel’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:4

• 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; www.zobodat.at/pdf/Veroe↵Ferd 83 0165-0184.pdf; Paturi 1998, pp. 338–
339. For a contrary opinion see Rohde 2007.

4Conot 1979; Josephson 1959; www.lamptech.co.uk; http://ethw.org/John Kruesi
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• Ludwig Karl Böhm (German, 1859–after 1907, Fig. 6.13) was a student and assistant of
Heinrich Geissler, a German inventor of electric lighting (p. 944), 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, Böhm 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.

• Johann Heinrich “John” Krüsi (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. 1331), Johann Sigmund Schuckert
(p. 938), Charles Steinmetz (p. 941), and Nikola Tesla (p. 940). The accumulated mythology sur-
rounding Edison should be carefully reexamined by modern historians to assign proper credit for
the innovations to the appropriate people.5

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 e�cient metal filaments:

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

• 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.)

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

• 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 Plücker (German states, 1801–1868), and Johann
Hittorf (German, 1824–1914) developed and tested early high-voltage gas discharge tubes that were

5There 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?, 18??–19??), and Hans Spanner
(German?, 18??–19??) 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. 1599), 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 II, 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 e�ciency 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
400oC radiators.

Ultra-Violet Phosphors:

A large range of possible substances had been investigated of which the most e↵ective
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 e�cient 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, 18??–19??) 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.6 Holst was also involved in research toward the
development of transistors (pp. 1040–1041 and 2522–2525).

6.2.4 Light Emitting Diodes (LEDs)

Bernhard Gudden (German, 1892–1945), Robert Pohl (German, 1884–1976), Zoltan Bay (Hun-
garian, 1900–1992), György Szigeti (Hungarian, 1905–1978), and Kurt Lehovec (Bohemian/Aus-
trian/Czech, 1918–2012) developed light emitting diodes (LEDs). See pp. 1089–1091 and Section
B.4.

6See for example: CIOS III-1; CIOS VI-26, 27; CIOS X-13; CIOS XI-10; CIOS XII-22.
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Figure 6.10: Joseph von Fraunhofer (standing), Robert Bunsen (Fig. 3.4), and Gustav Kirchho↵
(Fig. 3.4) developed spectroscopy. Johann Ritter discovered ultraviolet light.
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Figure 6.11: There is significant evidence that Heinrich Göbel (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 Böhm 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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Figure 6.14: Johann Heinrich “John” Krüsi 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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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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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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Figure 6.17: Heinrich Geissler, Johann Wilhelm Hittorf, and Julius Plücker 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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Figure 6.18: Leo Arons invented the mercury vapor lamp in 1892.



956 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

Figure 6.19: Edmund Germer, Friedrich Meyer, and Hans Spanner modified mercury vapor tubes
to invent modern fluorescent lighting tubes in 1926.



6.2. LIGHTING TECHNOLOGY 957

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 successfully demonstrated the world’s first electric (electromagnetic or electromechanical) tele-
graph in 1833, five years before Samuel Morse, whose work became much better known outside the
German-speaking world [Dunnington 2003]. (See also pp. 726, 779, 814, and 844.)

In 1846, Werner von Siemens (German, 1816–1892, Fig. 6.22) created more sophisticated telegraphs
that could point to individual letters [Bähr 2016; von Siemens 1895]. Von Siemens also invented a
number of other important electrical components and systems (p. 930).

Werner von Siemens and Carl Wilhelm Siemens (German, 1823–1883), one of his younger brothers,
designed and produced telegraph networks in Europe and worldwide.
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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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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 Li↵en.

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 Li↵en’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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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. 845).

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 e↵ective 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. 1190) and invented many other electrical
devices (p. 940).

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. 1029), cathode ray tubes, and oscilloscopes (p. 984). For his work developing and improv-
ing 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 [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 e↵ects 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 e↵ect 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
a↵airs 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 e↵ect upon the receiving station. The
further advantage was obtained that in the main only waves of the frequency used by
the transmitting station were e↵ective 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 Hülsmeyer (German, 1881–1957) invented and demonstrated
radar in 1903 (p. 1202). 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, 18??–
19??) 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 Plücker (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, 18??–19??), and Sieg-
mund Strauss (Austrian, 18??–19??) 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 Meißner (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. 1114.
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Figure 6.24: Heinrich Hertz transmitted and detected radio waves in 1888.
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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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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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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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Figure 6.30: No later than 1912, Alexander Meißner invented, demonstrated, and patented the first
modulated, amplified radio systems for high-quality transmission of voices and music.



6.3. COMMUNICATIONS AND RECORDING TECHNOLOGIES 973

Figure 6.31: Some other important early radio pioneers included Eugen Nesper and Hans Bredow.
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Figure 6.32: The world’s first mobile telephone system began commercial operation on German
trains in 1926.
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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. 1751).

6.3.7 Magnetic Tape Recording

Fritz Pfleumer (Austrian, 1881–1945), Walter Weber (German, 1907–1944), and Hans-Joachim von
Braunmühl (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 Braunmühl
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
o�cer, 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. 1003.)

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 O�ce 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 Braunmühl 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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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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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. 620, 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 Plücker (German states, 1801–
1868) discovered magnetic deflection of electrons in a vacuum tube in 1857. See Fig. 6.38.

By harnessing Plücker’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. 1029) and won the Nobel Prize in Physics in 1909 for
his radio-related research (p. 963).

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.

Some other early pioneers of television included August Karolus (German, 1893–1972), Kálmán
Tihanyi (Hungarian, 1897–1947), Max Knoll (German, 1897–1969, one of the inventors of electron
microscopes—see p. 1272), 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.
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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 Schröter (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. 1192) developed high-frequency radio, remote control, and television systems.

Figure 6.45 shows a Telefunken television camera and Einheitsempfänger 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. 1789–1791, 4393–
4398). The same technology was also employed in battlefield robotics (pp. 1192–1193). 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. 4393–4398):

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 7” x 7” x 141⁄2”. 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
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. [...]
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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 duringWorld War II 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.

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. 1087 and 2723)
and liquid crystals (p. 504), which are the basis of modern video screens.
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Figure 6.38: In the first steps toward television development, Julius Plücker 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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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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Figure 6.40: Other pioneers of television included August Karolus, Kálmán Tihanyi, Max Knoll,
and Erhard Kietz.
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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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Figure 6.42: Telefunken commercial television receiver in 1933.
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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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Figure 6.44: Fritz Schröter 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. 1192) developed high-frequency radio, remote control, and television systems.
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Figure 6.45: Telefunken television camera and Einheitsempfänger 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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Figure 6.46: German-speaking scientists miniaturized television systems for use in smart bombs
and missiles (pp. 1789–1791), as exemplified by this shoebox-sized television receiver/picture tube,
which was first operational in 1942. (See also pp. 4393–4398.)
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Figure 6.47: German-speaking scientists miniaturized television systems for use in smart bombs and
missiles (pp. 1789–1791), as exemplified by this shoebox-sized Tonne television camera/transmitter,
which was first operational in 1942. (See also pp. 4393–4398.)
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Figure 6.48: German-speaking scientists miniaturized television systems for use in smart bombs and
missiles (pp. 1789–1791), as exemplified by this shoebox-sized Tonne television camera/transmitter,
which was first operational in 1942. (See also pp. 4393–4398.)
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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 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
o↵ered 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. 3812) 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.
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Figure 6.51: Georg Schubert, working with other engineers at Fernseh and the Reichspost, created
and o↵ered the first public video telephone system in 1936.
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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].
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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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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 e↵ect 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
e↵ect 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.7 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, 19??–), Piet Kramer (Dutch, 19??–), Klaas Compaan (Dutch,
19??–), Kees Schouhamer Immink (Dutch, 1946–), Lou Ottens (Dutch, 1926–), and Joop Sinjou
(Dutch, 19??–). 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, 19??–), Heinz Gerhäuser (German, 1946–), Bernhard Grill (German, 1961–),
Jürgen Herre (German, 19??–), and Harald Popp (German, 1956–). See Fig. 6.57.

7See for example: CIOS III-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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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 Gerhäuser, Bernhard Grill, Jürgen 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 o↵ course.) According
to o�cial 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.8

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. 1009 and 2906–2908, 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 Füchtbauer (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. 1010 and 2909–2919.

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
für Physikalische und Elektrochemie investigated and demonstrated stimulated photon emission
from atoms of electrically excited gases during the period 1921–1931. See pp. 1011 and 2919–2931.
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 Lö✏er 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. 2932–2936.

8See for example: Bertolotti 2015; Bromberg 1991; Hecht 2010; Taylor 2000; Townes 1999.



1008 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

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. 1012 and 2937–2956). 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. 2957–
2979).

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.9

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. 1092–1094 and Section B.4.

9Albrecht 2019; Bertolotti 2015; Lemmerich 1987.
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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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Figure 6.59: Christian Füchtbauer, 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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Figure 6.60: Rudolf Ladenburg, Hans Kopfermann, and other members of the Ladenburg group at
the Kaiser Wilhelm Institut für 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 o↵ 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. 1631).

The Mach-Zehnder interferometric approach was later applied to microscopes, resulting in phase
contrast microscopy (p. 1256).

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 [www.nobelprize.org/prizes/physics/1971/ceremony-speech/]:

[...I]mportant 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 e↵ect 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 e↵ect, 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
e↵ect in a holographic image is, however, an unsu�cient 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 di↵erent times can be stored in one and the same hologram,
through illumination of it several times. When they are reconstructed simultaneously,
the di↵erent 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 di↵erent 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 di�culties 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 di↵erent information from that in X ray
radiography.
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6.4.3 Laser Spectroscopy

Nicolaas Bloembergen (Dutch, 1920–2017, 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 [www.nobelprize.org/prizes/physics/1981/ceremony-speech/]:

Nicolaas Bloembergen has contributed to the development of laser spectroscopy in a
di↵erent 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 e↵ects 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 di↵erent 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 Hänsch (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 [www.nobelprize.org/prizes/physics/2005/ceremony-speech/]:

John Hall and Theodor Hänsch 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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Figure 6.62: Ludwig Mach and Ludwig Zehnder developed the Mach-Zehnder interferometer during
the period 1891–1892.
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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 Hänsch developed more precise laser frequency standards.
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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.10

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.

10For 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; 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 di↵erent 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  (x). The magnitude of the wave function squared, | (x)|2,
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 di↵erent 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:

• 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.

• 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.

• 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.

• 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 e↵ect 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.



1020 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

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
di↵erent 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 e↵ect on the properties of the solid. For di↵erent solids with di↵erent 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. 1513).

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. 877).

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 di↵erent 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. 885).

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. 882).

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. 1494).

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. 899).

Peter Debye (Dutch, 1884–1966) calculated the e↵ects 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. 900).

Erwin Madelung (German, 1881–1972) modeled the electrostatic e↵ects 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. 88).

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. 1520).

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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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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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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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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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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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 e↵ects, 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. 963).

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. 1087, 1089). 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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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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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 o�cial 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 di↵erent 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
e↵ect transistor in 1925, and an improved electrolytic capacitor in 1931, as shown on pp. 1068–
1036 and 2493–2513. Lilienfeld filed several patent applications on his field e↵ect 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 [Crawford1991], 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]. In the 1920s Lilienfeld moved to the United States, where he married an American woman.
It appears that he was unsuccessful in finding su�cient 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 e↵ect transistors
in 1934; see pp. 1038 and 2515–2517. 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. 1040–1041 and 2522–2525. 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.11 Holst was also one of the inventors of the sodium vapor lamp in 1932
(p. 957). Philips Eindhoven was closely tied to the rest of the predominantly German-speaking re-
search world from the late nineteenth century through World War II, including work on electronics,
communications, and directed energy beams.12 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.

11https://www.nobelprize.org/nomination/archive/show.php?id=4874

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

12See for example: CIOS III-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. 1042 and 2527–2528, 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
(490oC) 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, daß man auch in fes-
ten Körpern Ströme steuern kann. Die
Trägheit der Ströme in diesem “großen”
Modell ist naturgemäß groß. Es ist jetzt
nur eine Aufgabe der Technik, auch in den
dünnen Sperrschichten der technischen Gle-
ichrichter das Steuergitter unterzubringen.
Wenn die Lösung dieser Aufgabe gelingt,
kann der Dreielektroden-Kristall auch tech-
nisch neben dem Dreielektroden-Rohr seine
Bedeutung erhalten.

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.

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. 1044 and 2531–2535). 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. 1046 and 2537–2545. 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.13

See pp. 1048 and 2547–2556.

8. Erwin Weise (German?, 19??–19??) 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. 1050 and 2558–2569).

9. Frank Rose (German?, 19??–19??), Eberhard Spenke (German, 1905–1992), and ErichWaldkötter
(German?, 19??–19??) filed detailed patent applications on transistors in 1949, as shown on pp. 1052
and 2571–2580. 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 o�ce opened.

10. Karl Seiler (German, 1910–1991) and Paul Ludwig Günther (German, 1892–1969) developed
methods for designing and fabricating silicon semiconductor devices throughout the war and into
the postwar period (pp. 1054 and 2582–2590). 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. 1056, 2592–2593, 3460, 4484, 4490, and 4507).
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.

13Handel 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.
1058, 1080, 2593–2599, 2653–2667, and 2730–2745.

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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Figure 6.73: Julius Edgar Lilienfeld invented the field e↵ect transistor in 1925 and filed a number
of highly detailed patent applications on it.
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Figure 6.74: Julius Edgar Lilienfeld invented the field e↵ect transistor in 1925 and filed a number
of highly detailed patent applications on it.
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Figure 6.75: Oskar Heil filed a detailed patent application on field e↵ect transistors in 1934.
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Figure 6.76: Oskar Heil filed a detailed patent application on field e↵ect transistors in 1934.
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Figure 6.77: Gilles Holst and Willem Christiaan van Geel filed a patent application on transistors
in 1935.



6.5. SOLID STATE PHYSICS AND MICROELECTRONICS 1041

Figure 6.78: Gilles Holst and Willem Christiaan van Geel filed a patent application on transistors
in 1935.
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Figure 6.79: Rudolf Hilsch and Robert Pohl demonstrated a prototype point-contact transistor in
1938 [Hilsch and Pohl 1938].
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Figure 6.80: Rudolf Hilsch and Robert Pohl demonstrated a prototype point-contact transistor in
1938 [Hilsch and Pohl 1938].
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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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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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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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Figure 6.84: 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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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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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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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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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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Figure 6.89: Frank Rose, Eberhard Spenke, and Erich Waldkötter filed detailed patent applications
on transistors in 1949, likely based on wartime work.
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Figure 6.90: Frank Rose, Eberhard Spenke, and Erich Waldkötter filed detailed patent applications
on transistors in 1949, likely based on wartime work.
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Figure 6.91: Karl Seiler and Paul Ludwig Günther developed methods for designing and fabricating
silicon semiconductor devices throughout the war and into the postwar period.



6.5. SOLID STATE PHYSICS AND MICROELECTRONICS 1055

Figure 6.92: Karl Seiler and Paul Ludwig Günther developed methods for designing and fabricating
silicon semiconductor devices throughout the war and into the postwar period.
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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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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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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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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.



1060 CHAPTER 6. CREATORS AND CREATIONS IN ELECTRICAL ENGINEERING

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 di↵erent 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. 1062–1063
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. 2844), “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 European 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 di↵erences, 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 II. 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. König had studied germanium and
silicon rectifiers at Göttingen...

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 O�ce
2008]. See pp. 1136–1137, 2596, and 2842. 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. 1068).

In the 1930s, Eberhard Traub (German, 1906–20??) 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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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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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. o�cials investigated German microelectronics programs in detail in
1945 and wrote many reports about some of what they learned.
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Figure 6.100: U.K. and U.S. o�cials investigated German microelectronics programs in detail in
1945 and wrote many reports about some of what they learned.
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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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Figure 6.102: Karol (Charles) Pollak invented the electrolytic capacitor in 1896 and also developed
improved batteries.
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Figure 6.103: Julius Edgar Lilienfeld invented an improved X-ray tube in 1912, the field e↵ect
transistor in 1925, and an improved electrolytic capacitor in 1931.
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Figure 6.104: Eberhard Traub invented metallized paper capacitors.
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Figure 6.105: The United States acquired Eberhard Traub’s metallized paper capacitor technology
in 1945.
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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. 1074 and 2602–2613, Albert Hanson (German, 18??–19??) 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 Leiterzügen auf Keramiksub-
strat mittels Siebdrucktechnik (stellt heute
noch die Grundlage für die Dickschicht-
technik dar!)—“Gedruckte Schaltung”.

1932 erste Leiterplatte mit genieteten
Metallstreifen, Sachsenwerk Licht und
Kraft AG

1927 Telefunken, wiring of components
using brass strips.

1930 Hescho Works in Hermsdorf
Imprinting of conductors on ceramic sub-
strate using screen printing technology
(still the basis for thick-film technology
today!)—“printed circuits.”

1932 first printed circuit board with
riveted metal strips, Sachsenwerk Light
and Power AG

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 Eisler fled to the United Kingdom, taking his knowledge of printed circuit tech-
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. 1075 and 2614–2630).
Some U.S. o�cials 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. 1076 and 2631–2634, 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.
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The final step in the development of printed circuits came when Rudolf Strauss (German, 1913–
2001, Fig. 6.110) 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. 2635–2641. (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. 2642–2647).

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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Figure 6.107: Albert Hanson filed detailed patent applications on printed circuits and multi-pin
connectors in 1902 and 1903.
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Figure 6.108: 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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Figure 6.109: 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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Figure 6.110: 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 o�ce 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. 1079 and 2651–2652).

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. 1058, 1080, 2593–2599, 2653–
2667, and 2730–2745. 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:

• 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. 1094, 2668–2680, and 2752–2757. He won the Nobel Prize in Physics in 2000
(p. 1087).

• Jean Hoerni (Swiss, 1924–1997) and Eugene Kleiner (Austrian, 1923–2003) devised methods
of manufacturing silicon transistors at Fairchild Semiconductor; see pp. 1084 and 2681–2696.
Through Fairchild and their later companies and investments, they also helped to develop
Silicon Valley.

• Karl Heinz Zaininger (German, 1929–) developed modern methods for fabricating field e↵ect
transistors (pp. 1085 and 2697–2711).

As shown on pp. 1086 and 2712–2722, Helmut Gröttrup (German, 1916–1981) and Jürgen Dethlo↵
(German, 1924–2002) invented the smart card, or chip card, in 1966. Earlier, Gröttrup developed
avionics systems in Germany during the war and led the German-speaking contributions to the
postwar Soviet ballistic missile program (pp. 1820–1827).

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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Figure 6.111: Werner Jacobi filed a patent on integrated circuits in 1949, likely based on wartime
work.
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Figure 6.112: Kurt Lehovec created integrated circuits (based on wartime work with Bernhard
Gudden?).



6.5. SOLID STATE PHYSICS AND MICROELECTRONICS 1081

Figure 6.113: Kurt Lehovec created integrated circuits (based on wartime work with Bernhard
Gudden?).
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Figure 6.114: Herbert Kroemer invented the drift transistor in 1953 or earlier.
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Figure 6.115: Herbert Kroemer invented III-V semiconductor heterostructures in 1966 or earlier.
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Figure 6.116: Jean Hoerni and Eugene Kleiner developed methods of manufacturing silicon tran-
sistors.
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Figure 6.117: Karl Heinz Zaininger developed modern methods for fabricating field e↵ect transistors.
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Figure 6.118: Helmut Gröttrup and Jürgen Dethlo↵ 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-e�cient 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 e�cient 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
di↵erent 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. 1089 and 2724.

Zoltan Bay (Hungarian, 1900–1992) and György Szigeti (Hungarian, 1905–1978) extended the work
of Gudden and Pohl and filed patent applications on true LEDs in 1939, as shown on pp. 1090 and
2725–2729.

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. 6.121 and pp. 1080, 2593–2595, and 2730–2745.

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. 1092.

Walter Heywang (German, 1923–2010) filed detailed patent applications on laser diodes in 1958
(pp. 1093 and 2747–2751)

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. 1094 and 2752–
2757.) 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
[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 di↵erent 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—lasers, 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
su�ciently 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 e�ciency 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 tra�c 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 e↵ects. 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 e↵ects 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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Figure 6.119: 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 für Physik 18:1:199–206 (1923)].
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Figure 6.120: Zoltan Bay and György Szigeti filed patent applications on light emitting diodes
(LEDs) in 1939.
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Figure 6.121: Kurt Lehovec worked closely with Bernhard Gudden (p. 1089) 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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Figure 6.122: 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 [IEEE Journal of Quantum
Electronics 23:6:659–673 (1987)].
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Figure 6.123: Walter Heywang filed detailed patent applications on laser diodes in 1958.
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Figure 6.124: Herbert Kroemer invented the double-heterostructure laser diode in 1963 or earlier.
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6.5.9 Superconductivity

As illustrated in Figs. 6.125–6.130, 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 su�ciently 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. 6.125). He won the Nobel Prize in Physics in 1913 for
all of his research on cryogenics—see p. 907 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. 6.126).
Max von Laue won the Nobel Prize in Physics in 1914 for some of his other research (p. 654). In
1933, Meissner and Ochsenfeld discovered the now widely known Meissner (or Meissner-Ochsenfeld)
e↵ect, 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 e↵ects 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 e↵ect 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 e↵ect 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 e↵ects which some metals have on the critical temperature even if added in
very small amounts only.

According to o�cial 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. 1099–1101 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 6.125: Heike Kamerlingh Onnes discovered superconductivity in 1911.
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Figure 6.126: Max von Laue, Fritz Walther Meissner, and Robert Ochsenfeld further studied the
properties of superconductors, including the “Meissner e↵ect” or magnetic levitation.
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Figure 6.127: Other important pioneers of superconductivity included Kurt Mendelssohn, as well
as the brothers Fritz London and Heinz London. K. Alex Müller and his student Johannes Georg
Bednorz developed the first high-temperature ceramic superconductors.
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Figure 6.128: 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 6.129: 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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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. 1099–1100]:

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 su�ciently
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. Su�ciently 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 E↵ect.
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To complete the discussion of superconductivity, it should also be mentioned that K. Alex Müller
(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 Gösta Ekspong of the Royal Academy of Sciences explained the importance of their work
[www.nobelprize.org/prizes/physics/1987/ceremony-speech/]:

The Nobel Prize for Physics has been awarded to Dr. Georg Bednorz and Professor
Dr. Alex Müller 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—less 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 Müller 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. 6.130) discovered the quantum Hall e↵ect, 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
[www.nobelprize.org/prizes/physics/1985/ceremony-speech/]:

von Klitzing studied the Hall e↵ect 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 e↵ect—a completely unexpected e↵ect.
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 e↵ect 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. [...]



6.5. SOLID STATE PHYSICS AND MICROELECTRONICS 1103

von Klitzing’s discovery of the quantized Hall e↵ect attracted immediately an enormous
interest. Because of the extremely high accuracy the e↵ect 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 e↵ect is one of the few examples, where quantum e↵ects 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 Störmer (German, 1949–, Fig. 6.130) discovered the fractional quantum Hall e↵ect, for which
he won the Nobel Prize in Physics in 1998. The Royal Swedish Academy of Sciences summarized
his work [www.nobelprize.org/prizes/physics/1998/stormer/facts/] :

The Hall e↵ect 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
e↵ect 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 Störmer and Daniel Tsui discovered in 1982
that there also are steps that represent fractions of the constant.
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Figure 6.130: Klaus von Klitzing won the 1985 Nobel Prize in Physics for discovering the quantum
Hall e↵ect, and Horst Störmer won the 1998 Nobel Prize in Physics for the fractional quantum Hall
e↵ect.


