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— Shockley, Bardeen & Brattain (1947F88 — 1956% &)
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— Esaki (1957 — 1973)
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— Alferov & Kroemer (1960’s — 2000)
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— Boyle & Smith (1969 — 2009)
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— Akasaki, Amano & Nakamura (1990's — 2014)
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“for their researches on semiconductors and
their discovery of the transistor effect”
(Physics, 1956)

Oct. 3, 1950 e pLgoro BARDEEN ET A 2,524,035

ELECTRODE CIRCUIT ELEIIENT UTILIZING
SEMICONDUCTIVE MATERIALS

Filed June 17, 1948

=

3 Sheets-Sheet 1

Shockley Bardeen Brattaln
W.H BRATTAIN © Nobel Foundation

INVENTORS: J- BARDEE N

)'(”?’c Nt

ATTORNEY

© Alcatel-Lucent
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“Three-electrode circuit element utilizing
semiconductive materials”
US2524035 (Filed on June 17, 1948)

from Computer History Museum, The Silicon Engine
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Sept. 25, 1951 W. SHOCKLEY 2,569,347 FIG. 10 FIG. 12

CIRCUIT ELEMENT UTILIZING SEMICONDUCTIVE MATERIAL
Filed June 26, 1948 3 Sheets-Sheet 2
FlG 9
9f 92 93 94 95
9 AN N : 2 '. 99
NN N , 106
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7 INVENTOR
F - v W. SHOCKLEY

e

ATTORNEFY

“Circuit element utilizing semiconductive material”
US2569347 (Filed on June 26, 1948)

Bell Labs (1936)

¢
Shockley Semi. Lab. (1956)
¢

Stanford (1963) ot
Shockley | S

L i

© Alcatel-Lucent E‘
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“for his part in the invention of the integrated circuit”
(Physics, 2000)
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“Miniaturized electronic circuits”
US3138743 (Filed on Feb 6, 1959)
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© Nobel Foundation
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R. N. NOYCE 2,981,877
SEMICONDUCTOR DEVICE-AND-LEAD STRUCTURE
Filed July 30, 1959

April 25, 1961

3 Sheets-Sheet 2

 Oxi0F [NSULRTION ~

F G- INVENTOR.
Loseer N Noves

OTTOLNENS

Philco (1953)
\

e N Ryl S T/ 7 Shockley Semi. Lab. (1956)
.',!Ei:\\h;g>~\unf?.\ ;\.\.:5\ ZN S rﬂ7 i
Fairchild Semi. (1957)
/7 i
= ~4 Intel (1968)
16 4
“Semiconductor Device-and-Lead Structure” , Noyce ,
US2981877 (Filed on July 30, 1959) Mayor of Silicon Valley

from Wikipedia
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Aug. 27, 1963 DAWON KAHNG 3,102,230 Fi6. 2
. ELECTRIC FIELD CONTROLLED SEMICONDUCTOR DEVICE

Filed May 31, 1960

S107*
I, AMPERES

INVENTOR

PR L K:HNG

ATTORNEY

“Electric field controlled semiconductor device” <ah L Fi 100 =
US3102230 (Filed on May 31, 1960) ahng
from CRN © Fairchild
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“for the invention of an imaging semiconductor circuit -

the CCD sensor” (Physics, 2009)
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Fig. 2—Schematic of a three phase MIS charge coupled device.

METAL LATOR

ENERGY =—

© Nobel Foundation
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Fig. 1—A plot of electron energy vs distance through an MIS structure both with
(at time ¢ = =) and without (at time ¢ = 0) charge stored at the surfaca.

“Charge Coupled Semiconductor Devices” Bell Sys. Tech. J. 49, 587 (1970) Boyle & Smith



CCD

“for the invention of an imaging semiconductor circuit -
the CCD sensor” (Physics, 2009)
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“Experimental verification of the charge coupled device concept”
Bell Sys. Tech. J. 49, 593 (1970) Amelio, Tompsett & Smith
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“for their experimental discoveries regarding tunneling phenomena
in semiconductors and superconductors, respectively”

(with Giaever, Physics, 1973)

current (n ma

o 0.1 0.2 0.3 0.4 0.5
voltage in wolt

Fr6. 1. Semilog plots of the measured current-voltage
characteristic at 200°K, 300°K, and 350°K.

New Phenomenon in Narrow Germanium
p-n Junctions

Leo EsaAki

Tokyo Tsushin Kogyo, Limited, Shinagawa, Tokyo, Japan
(Received October 11, 1957)

Phys. Rev. 109, 603 (1958)

n- tg pe

Conduction Band

Valence Band
p-type
150 angsTrams

F16. 2. Energy diagram of the p-» junction at 300°K
and no bias voltage.

Esaki
© Nobel Foundation
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“for their experimental discoveries regarding tunneling phenomena

in semiconductors and superconductors, respectively”

(with Giaever, Physics, 1973)
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Fr6. 1. Semilog plots of the measured current-voltage
characteristic at 200°K, 300°K, and 350°K.
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Noyce’s note in 1956
| © Stanford University Library



Esaki diode is still
aradio star,
half a century on

An FM transistor radio owned by
one of us (L. E.) since the early
1960s still works beautifully.
Reasoning that this was testament
tothe performance of its single
Esaki diode, we tested the effects
of storage on some of these
germanium devices made in 1960.
The Esaki diode (L. Esaki
Phys. Rev. 109, 603-604;1958)
was the first quantum-electron

5051

device. Unlike the mechanism
that powers most semiconductor
devices, current flows through
the diode as aresult of quantum-
mechanical electron tunnelling
across a potential barrier.
Semiconductor transport
devices are extremely stable,
so their shelf-life should be
infinite if they are stored at room
temperature. But the Esaki diode's

tunnel currentis very sensitive to
its enormous built-in electric field
inthe junction region (E. Spenke
Electronic Semiconductors 232;
McGraw-Hill, 1958), which could
affect its long-term performance.

As the most likely indicator of
any small structural changesin
the device, we re-measured the
peak current in 20 devices and
discovered that it had fallen by
an average of just 3.3% over
50 years, corresponding to a
junction widening of only 0.25%.

This very tiny shift in electronic
characteristics is probably
down to inbuilt impurities
and imperfections within
the structure. A gratifying
confirmation of the diode's
longevity, nonetheless.

Nature 461, 31 (2010) Esaki, Arakawa & Kitamura
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... Although it may be a formidable task to construct the B

proposed superlattice, we believe that efforts directed to this
end will open new areas of investigation in the field of
semiconductor physics.

n

“Superlattice and Negative Differential Conductivity in Semiconductors
IBM J. Res. Devel. 14, 61 (1970) Esaki & Tsu
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... the original version of the paper was rejected for
publication by Physical Review on the referee’s
unimaginative assertion that it was “too speculative”
and involved “no new physics”. The shortened version
published in IBM Journal of Research and Development
was selected as a Citation Classic by the Institute for
Scientific Information (ISI) in July 1987. Our 1969
proposal was cited as one of the most innovative
ideas at the ARO 40th Anniversary Symposium in
Durham, North Carolina, 1991.

“The Birth of the Semiconductor Superlattice” by Esaki
in Fundamentals of Semiconductors, Yu & Cardona
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VCSEL (1988)
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Rep. Prog. Phys. 64, 701 (2001) Kouwenhoven et al.

EFHRAT—RL—5— (1994)

n-GaAs/AlAs DBR
n-GaAs Substrate
n-Electrode

IEEE Selec. Topics QE 6, 1201 (2000) Iga
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NTOEE

“for developing semiconductor heterostructures used in
high-speed- and opto-electronics” (Physics, 2000)

Alferov Kroemer
© Nobel Foundation

— o —— o —

Shockley (1951) Esaki (1958)

150 an‘gs‘[roms

“Quasi-Electric and Quasi-Magnetic Fields in Non-Uniform Semiconductors”
RCA Review 18, 332 (1957) Kroemer



NTOEE

“for developing semiconductor heterostructures used in
high-speed- and opto-electronics” (Physics, 2000)

f ; Ag A1 Alferov Kroemer
' © Nobel Foundation
¢ r _\ — 1—-Electron Flow l—_ Electron Quasi
l _______ L f —F ¥ Fermi Level
€p qVv
[— Al €]
- )
- ¥ Z - ;
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Fermi Level N
Ag—

“A Proposed Class of Hetero-junction Injection Lasers” Proc. IEEE 51, 1782 (1963) Kroemer
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“for developing semiconductor heterostructures used in
high-speed- and opto-electronics” (Physics, 2000)
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Fig. 1. Radiation spectrum for the first low room-temperature threshold
Al .Ga, As DHS laser 300K. J, = 4300A/cm?. Current increases from
0.7A(1) to 8.3 A(2) and to 13.6 A(3).

“AlAs-GaAs heterojunction injection lasers with a low room-temperature threshold”
Fiz. Tekn. Polupr. 3, 1328 (1969) Alferov et al.



SE®LED

“for the invention of efficient blue light-
emitting diodes which has enabled bright
and energy-saving white light sources”
(Physics, 2014)
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© Nobel Foundation
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“Candela-class high-brightness InGaN/AlGaN double-heterostructure blue-light-emitting diodes”
Appl. Phys. Lett. 64, 1687 (1994) Nakamura et al.
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“for the invention of efficient blue light-
emitting diodes which has enabled bright
and energy-saving white light sources”
(Physics, 2014)

4000 . . . ; . .
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AlGaN/GaN/GaInN SCH _ Akasaki Amano Nakamura

10 mA © Nobel Foundation
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“Stimulated Emission by Current Injection from an AlGaN/GaN/GalnN Quantum Well Device”
Jpn. J. Appl. Phys. 34, L1517 (1995) Akasaki, Amano et al.
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photoresponse (arb units)

ATEVNZENLD D IE n-Si

-

1

cf. Lyman (n=1—2): 121.5 nm = 10.2 eV -

L ¥

Photothermal ionization spectrum 3p, | SI (P)
(Np ~ 2 x 104 cm-3) )

36

T 1 T 1 L

38
photon energy (meV)

Phys. Rev. B 23, 2082 (1981) Jagannath et al.



RELATIVE PHOTOCONDUCTIVE RESPONSE (per W)
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Sol. Stat. Commun. 7, 921 (1969) Stillman et al.
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