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Kroemer was born in Germany in 1928 in Weimar, Germany, and studied at the Universities of
Jena and Goettingen. Kroemer received his doctorate in theoretical physics in 1952 from the
University of Goettingen, Niedersachen, Germany with a dissertation on hot-electron effects in
transistors, setting the stage for a career in research on the physics of semiconductors and
semiconductor devices. He began wondering why the emerging junction transistors were so slow
compared to the earlier point contact transistors. This led him to ask the key question: * *how
can an electric field be built into the base region of a junction transistor?"

After his doctorate, he joined the Central Bureau of Telecommunications Technology of the
German Postal Service, where he made a pioneering contribution to the then emerging field of
solid-state transistors by inventing the drift transistor. He worked in a number of research
laboratories in Germany before coming to the U.S. in 1954 where he continued working in
heterostructures. Kroemer figured one possible way to speed up transistors, not using a single
semiconductor, but a graded base region that started with one material and ended up in another
material with a continuous transition between them. Associated with this gradient should then be
a force that pushes the charge carriers from the emitter to the collector. Kroemer referred to
these new kinds of forces as " quasi-electric'' fields. His first paper on drift transistor
introduced the concept of a doping-engineered electric field in the base to reduce the base
transit time. The paper predicted a 8-fold increase in the theoretical frequency limit as compared
to Shockley's " " diffusion’' bipolar transistors. The concept of aiding base transport with a built-
in electric field resulting from the variation of base doping density is in use in virtually all bipolar
transistors fabricated today, and is one of the central concepts in B]JT design.

Kroemer expanded his concepts into a new general device design principle going far beyond the
starting point of speeding up the bipolar transistors: composition gradient to act as a force on
the electrons, that might make possible new devices fundamentally impossible without the new
force. These concepts became the backbone of heterostructure bipolar transistor (HBT)
technology, even invading silicon technology. An extension of the concept is the basis for much
of the speed advantage of present Silicon-Germanium (SiGe) HBTs (see Figure 2). The rf
telecommunication industry has built up around the devices Kroemer envisioned in the early
years. This 1954 paper introduced a host of far-reaching ideas and an English translation of a
portion of this paper is included in this Volume. His landmark 1957 paper in the RCA Review,
entitled * " Quasi-Electric and Quasi-Magnetic Fields in Nonuniform Semiconductors" explained
how transistor performance could be improved by the incorporation of quasi-electric fields.

The fact that semiconductors can emit light in response to electric currents has been recognized
since the early 1930s. However, it took two decades before this phenomenon could be
understood to be due to electron-hole recombination at the interfaces. Also the advent of I1I-V
compound semiconductors altered this situation during the early 1960s. In 1959, Kroemer
moved to Central Research Labs at Varian Associates, where he invented the semiconductor
heterostructure laser in 1963, which was a straightforward application of the same principle of
heterojunctions he worked with and could operate continuously at room temperature. Kroemer
was the first to realize the possibilities for carrier and photon confinement offered by a double
heterostructure, at a time when the intense research on homojunction semiconductor light
emitters seemed to be making little progress. Kroemer suggested that a vastly improved laser
could be designed by sandwiching a layer of a narrow band gap semiconductor between two wide
band gap semiconductors in another landmark paper in the Proceedings of the IEEE in 1963, a
paper that drew little attention at the time.
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ARCHIV DER ELEKTRISCHEN UBERTRAGUNG

Zur Theorie des Diffusions- und des Drifttransistors
IIl. Dimensionierungsfragen
Von HERBERT KROMER*

Mitteilung aus dem Fernmeldetechnischen Zentralamt Darmstadt
(A B, U. 8 [1054}, 499504; eingegangen am 24.Jull 1954

AufBler durch inhomogene Dotierung eines homo-
genen Halbleiters 1iBt sich ein Driftfeld auch da.
durch erzeugen, daB man die Breite des verbotenen
Bandes selbst #ndert, indem man die Basiszone

/s aus einem nichtstéchiometrischen
-7 .(6a)  Mischkristall verschiedener Halb-
leiter mit verschiedenen Bandab-
standen (z.B. Ge-8i) herstellt, dessen Zusammen-
setzung sich innerhalb der Basis stetig dndert. Bei
nicht zu hoher Dotierung bleiben dann die Emitter-
kapazitiaten klein, obwohl selbst dann, wenn diese
Dotierung konstant ist, ein Driftpotential von
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erzeugbar wire. Mit Ge-Si giibe das etwa 0,4 eV=
16 kT. Tuis v9 W Shevt 5S-G

Eine Variante dieses Verfahrens besteht darin,
zwar in der Basiszone den homogenen Halbleiter \j<

mit inhomogener Dotierung beizubehalten, fir die

Emitterzone jedoch einen Halbleiter mit wesentlich LL\)\/
groBerem Bandabstand zu wihlen?. Dann ist es

namlich méglich, die Storstellenkonzentration P, im

Emitter weit unter N, zu senken, ohne daf3 der Wir-

kungsgrad des Emitters abnimmt. Dadurch nehmen

aber gemiB Gl. (6a) auch die echten Kapazititen

ab, und unter Umstdnden kann AV noch tber die

* Den Hinweis hierauf verdanke ich Herrn A, HABNLEIN;
siehe hierzu auch Lenovec [3).

The start of SiGe heterostructures: portion of a page from reference: H. Kroemer,* * Zur
Theorie des Diffusions- und des Drifttransistors: 11l. Dimensionierungs-fragen,'Archiv. d.
Elektrischen Ubertragung, Vol. 8, pp. 499-504, 1954. Source: C. K. Maiti.
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Although he proposed the idea of the double-heterostructure laser (DHL), he was refused
resources to develop the necessary technology, on the grounds that this device could not
possibly compete with existing lasers. Interestingly, this novel idea is the basis for the entire
modern optoelectronics industry. In fact, these ideas were far ahead of their time, and required
the development of modern epitaxial growth technology before they could become mainstream
technologies. Not only lasers, but also light emitting diodes (LEDs), such as the blue and green
and white LEDs, use the double heterostructure design principle Kroemer envisioned back in
1963. The DHL created its own applications, from the CD player to fiber communications,
without which there could never have been an Internet.

Gunn effect was discovered in the early 1960s. Not being able to work on the laser, Kroemer
pursued the problem of high-field electron transport, especially negative-resistance effects such
as the Gunn effect, and the crucial enabling role of non-trivial energy band structure in such
devices. He became the first researcher to explain Gunn effect fully in 1964. He joined the
faculty of the University of Colorado in 1968 and moved to UCSB in 1976 where he turned to
experimental work and became one of the early pioneers in molecular beam epitaxy,
concentrating on applying the technology to new materials systems, such as GaP and GaAs on
sificon. 1980s became a decade of " " Heterostructures for Everything'' — a topic that still
continues to dominate not only the HI-V compound semiconductors but integrated circuits
involving the mainstream silicon technology. Kroemer has addressed the understanding of
heterojunctions and heterointerfaces with his theoretical prediction of band line-ups and the
problems associated with connecting electronic wave functions across heterointerfaces. Kroemer
realized that a pure InAs channel may offer the possibility of a very fast electron with the added
advantage of excellent confinement offered by AISb barriers. Thus, in the mid-eighties, his work
shifted towards the * ~ 6.1 A group" of materials including InAs, GaSb, and AISb.

Kroemer is best described by his favorite talk: * * Heterostructures for Everything.''" Kroemer's
career is a fine example of deep, fundamental scientific work having a profound effect on
technology and society. He is credited with being the pioneer in the field of heterostructure
electronics, which now includes quantum well heterostructures and superlattices. This area
involves electron transport in semiconductor superlattices under sufficiently strong electric fields
that the electrons undergo oscillations within the tilted energy bands. Such structures might be
capable of serving as oscillators — commonly called Bloch oscillators — up to frequencies in the
terahertz regime.

Today Kroemer continues his interest with new research areas, like electromagnetic wave
propagation in photonic crystals, especially negative-refraction effects, as well as dissimilar
materials through his investigations of so-called broken-bandgap combinations of arsenides and
antimonides having mid-infrared device applications, and the induced superconducting behavior
of semiconductors sandwiched between superconductors. His recent work involves
superconductor semiconductor hybrid structures where InAs-AlSb quantum wells are contacted
by superconducting niobium electrodes, which induce superconductivity in the semiconductor.

Alan ]. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa were awarded 2000 Nobel prize for
Chemistry ~ “for the discovery and development of conductive polymers,'"" a revolutionary
discovery that plastics can have the properties of metals and semiconductors, a finding that
created an important new field of research. There is a great deal of commonality between
Heeger and Kroemer, particularly in the conducting and semiconducting materials field and
between chemistry and physics, as is evidenced from two joint publications of Heeger and
Kroemer.
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Kroemer is a Fellow of the IEEE and the American Physical Society, and a Foreign Associate of
the U.S. National Academy of Engineering. He has received numerous awards, including the
IEEE Medal of Honor, EDS J. ]. Ebers and Jack A. Morton Awards, the Heinrich Welker Medal,
and the Alexander von Humboldt Research award. He holds honorary doctorates from the
Technical University of Aachen, Germany; the University of Lund, Sweden; and from the
University of Colorado. He received Germany's Bundesverdienstkreuz (Order of Merit), the
highest award given by the Federal Republic of Germany. A German citizen, Kroemer was
elected as a foreign associate of the NAS. He even has an asteroid named for him when the
German astronomer who discovered it learned of Kroemer's distinguished career.

Kroemer's impact in education has also been significant, with two unique and widely used text
books; Thermal Physics by Kittel and Kroemer and Quantum Mechanics. Kroemer has always
preferred to work on problems that are one or two generation ahead of established mainstream
technology. It will take years to fully exploit his more recent innovations and ideas. A
theoretician, Kroemer is not bothered that he has not profited personally from the practical
applications of his lifetime research.

His publications may be classified, in general, in the following areas: general principles of
heterostructures and HBTs, hot-electron negative resistance effects, GaAs and GaP on Si and
related topics, and superconductor-semiconductor hybrids. Some of his important publications
reprinted in this volume are listed below. The Volume starts with Kroemer's autobiography and
followed by the Nobel lecture. The next two articles on Herbert Kroemer are the " Oral
History from the IEEE' and * " Not Just Blue Sky'' from IEEE Spectrum - focus on various
aspects, such as his early days and Kroemer 'himself' to prevailing political and social conditions
in postwar Germany. These two articles are expected to be of special interest to Science
historians. The next 35 articles have been selected mainly from the considerations of technical
importance and are arranged area wise chronologically.
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Technical Articles Reprinted in this Volume
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