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1947 First pointcontact transistor

John Bardeen, Walter H. Brattain, and William B. Shockley of Bell Labs discover the
transistor. Brattain and Bardeen build the first pointcontact transistor, made of
two gold foil contacts sitting on a germanium crystal. When electric current is
applied to one contact, the germanium boosts the strength of the current
flowing through the other contact. Shockley improves on the idea by building the
junction transistor—"sandwiches" of N- and P-type germanium. A weak voltage
applied to the middle layer modifies a current traveling across the entire

"sandwich." In November 1956 the three men are awarded the Nobel Prize in
physics.
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Electronics 02E

* Barely stifled yawns greeted the electronics novelty _
LLMED
that was introduced to the public " in mid-1948. A% Y LD

e A device called a transistor, which has several

applications in radio where a vacuum tube BHE  EZe
ordinarily is employed, was demonstrated for the

first time yesterday at Bell Telephone Laboratories," BEFET
noted an obviously unimpressed New York Times

reporter on page 46 of the day's issue.
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1947 First pointcontact transistor M

* John Bardeen, Walter H. Brattain, and William B. Shockley of Bell Labs discover the
transistor. Brattain and Bardeen build the first pointcontact transistor, made of two gold REf W55
foil contacts sitting on a germanium crystal. When electric current is applied to one contact,
the germanium boosts the strength of the current flowing through the other contact.
Shockley improves on the idea by building the junction transistor—"sandwiches" of N- and #E&FID R4
P-type germanium. A weak voltage applied to the middle layer modifies a current traveling

across the entire "sandwich." In November 1956 the three men are awarded the Nobel LT
Prize in physics.
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1952 First commercial device to apply
Shockley’s junction transistor

* Sonotone markets a $229.50 hearing aid that uses two THICHT R
vacuum tubes and one transistor—the first commercial HIE
device to apply Shockley’s junction transistor. $ar &)
Replacement batteries for transistorized hearing aids maans  MEM{ESh

cost only $10, not the nearly S100 of batteries for earlier
vacuum tube models.



O04E

1954 First transistor radio

* Texas Instruments introduces the first transistor radio, the Regency
TR1, with radios by Regency Electronics and transistors by Texas

Instruments. The transistor replaces De Forest’s triode, which was ZHRE
the electrical component that amplified audio signals—making AM Ig4 3
(amplitude modulation) radio possible. The door is now open to the IRiE 2 2R
transistorization of other mass production devices. KEEE A

2019/5/16 © Renji Mikami — Mikami Consulting / Meiji University 2019 7



O5E

1954 First truly consistent mass-produced
transistor is demonstrated

e Gordon Teal, a physical chemist formerly with Bell Labs, shows MIBLFEE
colleagues at Texas Instruments that transistors can be made from B
pure silicon—demonstrating the first truly consistent mass-produced
transistor. By the late 1950s silicon begins to replace germanium as
the semiconductor material out of which almost all modern FREREMH
transistors are made.



O6EJ

1958-1959 Integrated circuit invented ##=z smans

Jack Kilby, an electrical engineer at Texas Instruments and Robert Noyce of Fairchild
Semiconductor independently invent the integrated circuit. In September 1958, Kilby {& Hl|[=
builds an integrated circuit that includes multiple components connected with gold  #E#on &M
wires on a tiny silicon chip, creating a "solid circuit." (On February 6, 1959, a patent is [E{k[EE %F&F
issued to Tl for "miniaturized electronic circuits.") In January 1959, Noyce develops his
integrated circuit using the process of planar technology, developed by a colleague, TED
Jean Hoerni. Instead of connecting individual circuits with gold wires, Noyce uses
vapor-deposited metal connections, a method that allows for miniaturization and mass &% ®EEH:
production. Noyce files a detailed patent on July 30, 1959.
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1962 MOSFET is invented

* The metal oxide semiconductor field effect transistor (MOSFET) is SE—BitY—FEE
invented by engineers Steven Hofstein and Frederic Heiman at RCA's FBRHBERSLORAL
research laboratory in Princeton, New Jersey. Although slower than a
bipolar junction transistor, a MOSFET is smaller and cheaper and uses MW#E4EESF SO R4
less power, allowing greater numbers of transistors to be crammed A D
together before a heat problem arises. Most microprocessors are

made up of MOSFETs, which are also widely used in switching
applications.
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1967 First handheld calculator invented 7

* A Texas Instruments team, led by Jack Kilby, invents the first handheld
calculator in order to showcase the integrated circuit. Housed in a case  ETE#
made from a solid piece of aluminum, the battery-powered device fits EithERE)
in the palm of a hand and weighs 45 ounces. It accepts six-digit
numbers and performs addition, subtraction, multiplication, and

division, printing results up to 12 digits on a thermal printer. mRE T4



O9E

1971 Intel introduces "computer on a chip"

* Intel, founded in 1968 by Robert Noyce and Gordon Moore, introduces a "Computerona  El3iL
chip," the 4004 four-bit microprocessor, design by Frederico Faggin, Ted Hoff, and Stan
Mazor. It can execute 60,000 operations per second and changes the face of modern
electronics by making it possible to include data processing hundreds of devices. A 4004
provides the computing power for NASA's Pioneer 10 spacecraft, launched the following FEiia

year to survey Jupiter. KE

3M Corporation introduces the ceramic chip carrier, designed to protect integrated circuits
when they are attached or removed from circuit boards. The chip is bonded to a gold base
inside a cavity in the square ceramic carrier, and the package is then hermetically sealed. 22l &= IE

2019/5/16 12
© Renji Mikami — Mikami Consulting / Meiji University 2019



10E

1972 Home video game systems become available

* In September, Magnavox ships Odyssey 100 home game systems to
distributors. The system is test marketed in 25 cities, and 9,000 units are E5EES
sold in Southern California Alone during the first month at a price of $99.95.
In November, Nolan Bushnell forms Atari and ships Pong, a coin-operated Hifir3 %
video arcade game, designed and built by Al Alcorn. The following year
Atari introduces its home version of the game, which soon outstrips

Odyssey 100.
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1974 Texas Instruments introduces the TMS 1000

Texas Instruments introduces the TMS 1000, destined to become the most
widely used computer on a chip. Over the next quarter-century, more than 35
different versions of the chip are produced for use in toys and games,
calculators, photcopying machines, appliances, burglar alarms, and jukeboxes. 5 #
(Although Tl engineers Michael Cochran and Gary Boone create the first ?:Eﬂj
microcomputer, a four-bit microprocessor, at about the same time Intel does EHER

in 1971, Tl does not put its chip on the market immediately, using it in a
calculator introduced in 1972.)
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1997 IBM deveIF%é);séa copper-based chip technology

* IBM announces that it has developed a copper-based chip technology,

using copper wires rather than traditional aluminum to connect 4
transistors in chips. Other chip manufacturers are not far behind, as  gupz=
research into copper wires has been going on for about a decade. 104

Copper, the better conductor, offers faster performance, requires less &tk  tE8E
electricity, and runs at lower temperatures, This breakthrough allows B & 228
up to 200 million transistors to be placed on a single chip.
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1998 Plastic transistors developed

* A team of Bell Labs researchers—Howard Katz, V. Reddy Raju, Ananth
Dodabalapur, Andrew Lovinger, and chemist John Rogers—present their
latest findings on the first fully "printed" plastic transistor, which uses a &% ®
process similar to silk screening. Potential uses for plastic transistors X2V —> ENRlHfir
include flexible computer screens and "smart" cards, full of vital statistics
and buying power, and virtually indestructible. IR



Vacuum Switches

Vacuum tubes, being much faster than any mechanical switch, were soon EZE
enlisted for the new computing machines. But because a computer, by its
nature, requires switches in very large numbers, certain shortcomings of R
the tubes were glaringly obvious.

They were bulky and power hungry; they produced a lot of waste heat; ;HE&E H
and they were prone to failure. The first big, all-electronic computer, a 42
calculating engine known as ENIAC that went to work in 1945, had 17,468
vacuum tubes, weighed 30 tons, consumed enough power to light 10

homes, and required constant maintenance to keep it running

2019/5/16 © Renji Mikami — Mikami Consulting / Meiji University 2019
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ransistors 15E

Some investigators were convinced that semiconductors could be given the powers of a FH&EH REELT: stk
triode as well. In late 1947 that goal was met by John Bardeen and Walter Brattain at =i
Bell Labs. Their invention (the little cylinder that provoked a shrug from the New York :’é'd'(&')é
Times) essentially consisted of two "cat's whiskers" placed very close together on the R
surface of an electrically grounded chunk of germanium. A month later a colleague, B E
William Shockley, came up with a more practical design—a three-layer semiconductor
sandwich. The outer layers were doped with an impurity to supply extra electrons, and  s##nd42 F&i
the very thin inner layer received a different impurity to create holes. By means of = nx:l
complex interactions at the junctions where the layers met, the middle portion of the 5 4
sandwich functioned like the grid in a triode, with a very small voltage controlling a
sizable current flow between the outer layers. Bardeen, Brattain, and Shockley would
share a Nobel Prize in physics as inventors of the transistor

2019/5/16 18
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Silicon transistors 165

Although Shockley's version was incorporated into a few products where small size and low

power consumption were critical—hearing aids, for example—the transistor didn't win HREND
widespread acceptance by manufacturers until the mid-1950s, because Germanium transistors
suffered performance limitations. 4 5EPR 5+

A turning point came in early 1954, when Morris Tanenbaum at Bell Labs and Gordon Teal at

Texas Instruments (Tl), working independently, showed that a transistor could be made from

silicon—a component of ordinary sand. These transistors were made by selective inclusion of ¥LEL
impurities during silicon single crystal growth and Tl manufactured Teal’s version primarily for F~$ti%) BE&E S
military applications. In early 1955, Tanenbaum and Calvin Fuller at Bell Labs produced high EZE/ A
performance silicon transistors by the high temperature diffusion of impurities into silicon

wafers sliced from a highly purified single crystal.



integrated circuits—chips SERE

The following year, Robert Noyce, then at Fairchild Semiconductor,
independently arrived at the idea of an integrated circuit and added a major
improvement. His approach involved overlaying the slice of silicon witha @& ER5%

thin coating of silicon oxide, the semiconductor’s version of rust. From EREY Sy

seminal work done a few years earlier by John Moll and Carl Frosch at Bell

Labs, as well as by Fairchild colleague Jean Hoerni, Noyce knew the oxide

would protect transistor junctions because of its excellent insulating LR
properties. Rt

Delicate lines of metal could simply be printed on the coating; they would
reach down to the underlying components via small holes etched in the oxide.

2019/5/16 © Renji Mikami — Mikami Consulting / Meiji University 2019
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Jack Kilby 18E

Any electronic circuit is an assemblage of several types of components that work #H#A&HE
together as a unit. Previously, the various circuit elements had always been
made separately and then laboriously connected with wires. But in 1958, Jack #&E#td 5 BEC#R
Kilby, an electrical engineer at Texas Instruments who had been asked to
design a transistorized adding machine, came up with a bold unifying strategy.
By selective placement of impurities, he realized, a crystalline wafer of silicon  ZiRgh1: EED
could be endowed with all the elements necessary to function as a circuit. As 595
he saw it, the elements would still have to be wired together, but they would
take up much less space. In his laboratory notebook, he wrote: "Extreme A
miniaturization of many electrical circuits could be achieved by making
resistors, capacitors and transistors & diodes on a single slice of silicon."

2019/5/16 © Renji Mikami — Mikami Consulting / Meiji University 2019 21



Gordon E. Moore Chairman Emeritu Intel Corporation ZESR 19E

The discovery of the electron in 1897 set the stage for electronics to develop over the ensuing R #&IZHi<
century. Most of the first half of the 20th century was devoted to controlling electrons in a
vacuum with electric and magnetic fields to make amplifiers, oscillators, and switches. These ERR
gave us, among other things, radio, television, radar, and the first computers. Kl Es
The last half of the century saw the rise of solid-state electronics, beginning with the  El{& 5 iR
invention of the transistor in 1947. | arrived on the scene in 1956 to join William Shockley,
one of the inventors of the transistor, who was establishing the Shockley Semiconductor

Laboratory to develop a commercial silicon transistor. By then the advantages of transistors  Fl =

over vacuum tubes were apparent for many applications; it was only necessary to make ry::
transistors reliable and cheap. (EfEHE

2019/5/16 © Renji Mikami — Mikami Consulting / Meiji University 2019 22



Gordon E. Moore 20E]

But Shockley changed his original goal, turning his focus to another semiconductor device he
had invented while at Bell Labs—a four-layer diode possibly useful in telephone switches but
not much else. A group of us (the Fairchild 8) went off to found a new company, Fairchild
Semiconductor, to continue to pursue the silicon transistor.

Fortunately we at Fairchild were on the right track technologically when Jack Kilby of Texas
Instruments demonstrated a complete circuit made of semiconductor materials. My
colleague Bob Noyce saw how the Fairchild technology could be extended to make it
practical to manufacture a complete circuit, rather than just individual transistors. Shortly
after Bob's inventions he was promoted to general manager and | was left to oversee
development of the technology extensions that ultimately led to the computer chips we are
all familiar with today.



Gordon E. Moore 21E]

The new integrated devices did not find a ready market. Users were concerned because the individual
transistors, resistors, and other electronic circuit components could not be tested individually to
ensure their reliability. Also, early integrated circuits were expensive, and they impinged on the turf #&z=42
that traditionally belonged to the circuit designers at the customer's company.

Again, Bob Noyce made a seminal contribution. He offered to sell the complete circuits for less than

the customer could purchase individual components to build them. (It was also significantly less

than it was costing us to build them!) This step opened the market and helped develop the

manufacturing volumes necessary to reduce manufacturing costs to competitive levels. SE IR i

To this day the cost reductions resulting from economies of scale and newer high-density technology &=imix:
are passed on to the user—often before they are actually realized by the circuit manufacturer. R DEFR

As a result, we all know that the high-performance electronic gadget of today will be replaced with
one of higher performance and lower cost tomorrow.



Moore‘s Law(L—7 DX Hl|) 22F

By 1965 integrated circuits—chips as they were called—embraced as many as 50 elements. a@&35%
That year a physical chemist named Gordon Moore, cofounder of the Intel Corporation HERIE
with Robert Noyce, wrote in a magazine article: "The future of integrated electronics is
the future of electronics itself." He predicted that the number of components on a chip TALT-

would continue to double every year, an estimate that, in the amended form of a HETSH BEOD
doubling every year and a half or so, would become known in the industry as Moore's
Law. While the forecast was regarded as wild-eyed in some quarters, it proved T8

remarkably accurate. The densest chips of 1970 held about 1,000 components. Chips of E#E BE&EEL
the mid-1980s contained as many as several hundred thousand. By the mid-1990s some
chips the size of a baby's fingernail embraced 20 million components.
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. . 23E
CPU (Central PrOCGSSlng Unlt) ALU=Arithmetic Logic Unit ZEi7;E 5 R [ i%

The computing part of the computer. Also called the “processor,” it is
made up of the control unit and ALU. Today, the CPUs of almost all
computers are contained on a single chip.

The CPU, clock and main memory make up a computer. A complete
computer system requires the addition of control units, input, output
and storage devices and an operating system.

CPUs Come in Different Sizes Depending on which end of the field you
are in, a CPU can mean the processor, memory and everything inside
the cabinet, or just the microprocessor itself.

rr".IIJII
i
i
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Microprocessor 24E

A central processing unit (CPU) contained within a single chip. Today, all computer CPUs are
microprocessors. The term originated in the 1970s when CPUs up until that time were all
comprised of several chips.

Thus, when the entire CPU (processor) was miniaturized onto a single chip, the term “micro” w42 FiE
processor was coined. Since the turn of the century, the semiconductor manufacturing B
process has become so sophisticated that not only one, but two or more CPUs, are built on a gu@xhi-
single chip (see dual core and multicore).
Microprocessor is often abbreviated MPU for "microprocessor unit" or just MP, the latter  gr+3
also spelled with the Greek pu symbol for micro or the letter "u" as an alternate (uP or uP).
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Microprocessors

The first microprocessor was produced by Intel in 1971. Dubbed the 4004, it cost about
$1,000 and was as powerful as ENIAC, the vacuum tube monster of the 1940s.

Faster versions soon followed from Intel, and other companies came out with competing
microprocessors, with prices dropping rapidly toward $100. The flexibility of the offerings  F&tE
had enormous appeal. If, for instance, the maker of a washing machine or camera wanted

to put a chip in the product, it wasn't necessary to commission a special circuit design, FETH
await its development, and shoulder the expense of custom manufacturing. By B
An inexpensive, off-the-shelf microprocessor, guided in its work by appropriate software, H A&

would often suffice. These devices, popularly known as a computer on a chip, quickly
spread far and wide.

25E



Microprocessor 26E

They Started as 8-Bit
The first microprocessors were created by Texas Instruments, Intel and a Scottish electronics

company. Who was really first has been debated. First-generation 8-bit families were Intel‘s 8080,
Zilog’s Z80, Motorola‘s 6800.

Today’s Microprocessors Are 32 and 64-Bit

The 32-bit and 64-bit microprocessors found in most of today‘s workstations and servers are the

x86, PowerPC and SPARC lines. More than 200 million of these chips ship inside general-purpose

computers each year.

Eight-Bit Lives On

For embedded systems, newer versions of 8- and 16-bit, first-generation microprocessor families sgzazns 254
are widely used and exceed the desktop computer and server market in volume. Each year, milliongi&9 %

of microprocessors and billions of microcontrollers are built into toys, appliances and vehicles. A
microcontroller contains a microprocessor, memory, clock and /O control on a single chip .
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27E

The Speed Limit

From Computer Desktop Encyclopedia

Megahertz and gigahertz are analogous to a highway speed limit. The 10° ~109 el
higher the speed, the faster the traffic moves. In a CPU, the higher the 3218
clock rate, the quicker data gets processed. MEXh5

The 8-, 16- and 32 bit designation is the CPU's word size and can be FEFR
thought of as the number of lanes on the highway. The more lanes, the
more traffic. The combination of speed and number of paths determines
the total processing speed or channel bandwidth. JAWAN I
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CPU cooler

A device that draws heat away from a CPU chip and other hot-
running chips such as a graphics processor (GPU). The simplest
type of cooler is a heat sink, which is a metal cover glued to the
chip that provides a larger surface area for heat dissipation.

Even more effective is a CPU fan because it forces the hot air
away from the chip. It is often used in conjunction with a heat
sink. Water-cooled systems and heat pipe coolers provide more
esoteric solutions. Refrigeration systems have also been built to
cool down the CPU.

®EITD
HE, HH

— &=
KA
Mn, %

28E

From Computer Desktop Encyclopedia
E 1998 The Computer Language Co. Inc.
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29E

Pentium D

One of Intel's first dual-core 64-bit Pentium CPUs. Introduced in 2005 along
with the Pentium Processor Extreme Edition 840, they both share the
EMG64T 64-bit technology, but the Pentium D does not include Hyper-
Threading. The Pentium D's two execution cores provide two completely R RET
parallel processing streams.



Microprocessors 30E]

The creation of today's chips is a prodigious challenge. The design stage alone, mapping out the EX%

pathways for a forest of interconnected switches, may take months or even years and can be ERERE
accomplished only with the help of powerful computers. Manufacturing is done in multibillion

dollar plants of unearthly cleanliness, because a single particle of dust, boulderlike in the mRE BA
microworld of transistors, would ruin the circuitry. The tiny electronic creations wrought by all  fFoni=

this engineering effort are now everywhere, operating behind the scenes in every household

device and every mode of communication, transportation, recreation, and commerce. Most BIE  ENE
extraordinary of all, the rate of advance shows no signs of slackening. Engineers and scientists g0 3

are exploring three-dimensional architectures for circuits, seeking organic molecules that may %42 3%t AT
be able to spontaneously assemble themselves into transistors and, on the misty edge of B ##x1T3
possibility, experimenting with mysterious quantum effects that might be harnessed for EFHR  FMATS
computation. Whether we are ready or not, computing power will continue its incredible

expansion and change our future in ways yet unimagined.



The 386 Microprocessor __ s O

No technology is more incredible than the microprocessor. Every
second, trillions of switch openings and closings occur all within a s u
thousandth of an inch below the surface. The older 386 chip is : — bl K
shown here because it contains a mere 275,000 transistors, and =ty }
you can see some slight detail. Contemporary chips contain i sREcE ;
hundreds of millions of transistors, which at this magnification : L r—1]
would show up only as a sea of gray. (Image courtesy of Intel e f ecepron i
Corporation.) H e
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Gordon E. Moore

The integrated circuit completely changed the economics of electronics. Initially we looked
forward to the time when an individual transistor might sell for a dollar. Today that dollar can
buy tens of millions of transistors as part of a complex circuit. This cost reduction has made
the technology ubiquitous—nearly any application that processes information today can be
done most economically electronically.

No other technology that | can identify has undergone such a dramatic decrease in cost, let
alone the improved performance that comes from making things smaller and smaller. The
technology has advanced so fast that | am amazed we can design and manufacture the
products in common use today.

It is a classic case of lifting ourselves up by our bootstraps—only with today's increasingly
powerful computers can we design tomorrow's chips.

W
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Microprocessors 33E

Price dropped with size. In the early 1950s a transistor about as big as an eraser cost several dollars. By 4L 4
the mid-1970s, when transistors were approaching the size of a bacterium, they cost mere hundredths
of a cent apiece. By the late 1990s the price of a single transistor was less than a hundred-thousandth  1/100 =2~
of a cent - sometimes far less, mere billionths of a cent, depending on the type of chip. 1/1000

Today's transistors come in a variety of designs and materials and are arrayed in circuits of many
degrees of complexity. Some chips provide electronic memory, storing and retrieving binary data. &4 23 =YL
Others are designed to execute particular tasks with maximum efficiency—manipulating audio signals &3 %
or graphic images, for instance. Still others are general-purpose devices called microprocessors. 3N
Instead of being tailored for one job, they do whatever computational work is assigned to them by £k z 2
software instructions.
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