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Inngangur

e Halfleidandi tdl eru undirstada rafeindaidnadarins

e RafeindaiOnadurinn er stersti i0nadur veraldar i dag med heildarsolu
sem er meiri en 1000 milljardar dollara a ari sidan 1998

e Upplysingateknin byggir a halfleidaratolum og er skilningur 4 peim
lykilatridi til framfara

e Tekjur halfleidaraiOnadarins verda 327.2 milljardar dollara 2016, sem

dollar 2018

er gert rad fyrir hakki 1 333.7 milljarda dollara 2017 og 340.9 milljarda
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/U pphafio

e Upphaf rafeindatekninnar ma rekja til uppgodtvunnar rafeindarinnar af

J. J. Thomson arid 1897

e Skilningur 4 eiginleikum rafeindarinnar ger01 mogulega tekni og
pjonustu sem ekki hatdi verid hagt ad sja fyrir

e 50 drum sidar, arid 1947, voru lampar og lidar radandi tekni,
lampatvistar, bakskauts- lampar og 6rbylgjuvakar voru framleiddir {
miklu magni

e DPaQ virtist sem pessi tekni nedi ad fullnegja 6llum krofum hins
daglega lifs
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Replacing a bad tube meant checking among ENTAC's 19,000 possibilities.

e Fyrsta raftolvan, sem geymdi forrit, ENIAC (e. the Electronic
Numerical Integrator and Computer) var byggd 1946

e Hun var mikid afrek i lampatekni og gat lagt saman 5000 t6lur 4 einni
sekundu

\0 Hlutverk ENIAC var hernadarlegir utreikningar /
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/Lampar \

e Vélin var stor og dyr:
— innihélt 17468 lampa
— vOg 60.000 pund
— fyllti 16200 ramfet
— notadi 174 kW (233 hestofl)

o 1kjolfarid fylgdi UNIVAC I, sem var fyrsta markadshzfa tolvan

e DPegar hatt var ad nota ENIAC, ad niu arum lidnum, var hun enn
Oflugasta tolva heims

e Herinn gafst upp 4 ad nota hana vegna kostnadar vid rekstur og vidhald

/

\0 Menn gerdu sér 1jost a0 lengra yrdi ekki farid med lampatekni
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/Lampar \

e Markadur fyrir lampa nadi hamarki sinu 1955 1 fj6lda seldra lampa og
1957 1 verOmaeti seldra lampa

e Markadurinn fyrir lampa for ekki ad dragast verulega saman fyrr en a4

\ sidari hluta sjdunda 4ratugarins

/
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Halfleidaratol

e Mervin Kelly, p4 forseti Bell Laboratories, gerdi sér grein fyrir

takmOrkunum pessarar tekni

e Hann taldi ad skiptihradi 1ida, og ending og aflnotkun lampa myndi
takmarka framfarir { fjarskiptum og annarri rafeindatekni

e Sumarid 1945 setti hann saman rannsoknarhop til ad skoda og skilja
halfleidara

e Hopurinn hafdi pad langtima markmid ad skapa halfleidaratdl sem

kemi i stad lampa og lida

N /
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Halfleioaratol

e [ desembermédnudi 1947 settu peir John Bardeen og Walter Brattain
saman fyrsta smarann i Bell Laboratories, Murray Hill, New Jersey

e Med pvi hofst notkun halfleidara i rafeindatakni

-
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/Hélﬂeiﬁarat()l \
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e Fyrir uppgotvun sina fengu peir Bardeen og Brattain Nobelsverdlaunin
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K i edlisfraedi arid 1956 asamt William Schockley
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230 LETTERS TO

to have a positive dn/dT and is considered to have large
homopolar bonding, similar reasoning predicts that dn/dp
i x.>1 o coysals containi cadicals and
n/dT values are frequently
obtained zllhnugh o dn/dy values are negative In these
materials there are effects within the radical w1
tribute mainly to dn/dT and only slightly to dn/dp. A
more complete treatment of these subjects will be pre-
sented in a forthcoming paper.

$H. Mueler, Phys. Rev. 47, 047 (1935).
 Birseln Sich Sod Heavie Bl Am ny. sn ézx 53 (1948).
+ 6N’ Rimachandr ead. Seb
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fgn of the diamond constants and
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e Transistor,
A Semi-Conductor Triode
. Bauogex axo W, H. Baartans
Wl Tghon Lottt ey it New Sy
June 25, 195

THREE-ELEMENT electronic device which uti

izes a newly discovered principle involving a semi
conductor as the basic element is described. It may be
employed as an amplifier, oscillator, and for other pur-

germanium as shown schematically in Fig. 1. Two, called
the emitter and collector, are of the point-contact rectifier
type and are placed in close proximity (sepay
107035 cra) on the upper surace. The third s a large rca
low resistance contact on the base.

The germanium is prepared in the same way as that
used for high back-voltage rectifiers.? In this form it is an
N-type or excess semi-conductor with a resistivity of the

glycol borate solution® after it had been ground and etched
in the usual way. The oxide is washed off and plays no
direct role. It has since been found that other surface
treatments are equally effective. Both tungsten and phos-
phor bronze points have been used. The collector point
may be clectrically formed by passing large currents in the
reverse direction.

Each point, when connected separately with the base
elecirode, has characteristics similar to those of the high

s cociecron oo

FiG. 1. Schematic of semi-conductor triode.

J. Bardeen and W. H. Brattain, The Transistor, A Semi-Conductor Triode, Physical Review, 74(2) (1948) 230 — 231

THE EDITOR

[prp—.

Fic. 2. d. characteristcs of an experimental semi-conductor triode
“Tie currents and volcages are 23 ndicated i Fig. 1

back-voltage rectifier. Of critical importance for the opera-
tion of the device is the nature of the current in the for-
ward direction. We believe, for reasons discussed in detail
in the accompanying letter," that there is a thin layer next
to the surface of P-type (defect) conductivity. As a result,
the current in the forward direction with respect to the
block is composed in large part of holes, i
of sign opposite to those normally in excess in the body of
the block.

When the two point contacts are placed close together
on the surface and d.c. bias potentials are applied, there
is a mutual
device to amplify a.c. sig
be accomplished in shown . There is a small for-
wasd (poiive) ias on the emitter, which causes a current
of a few o flow into the surface. A reverse
(negative) bias is zpphed to the collector, large enough to

o [
the emitter current. The sign of the collector bias is such
as to attract the holes which flow from the emitter so that
a large part of the emitter current flows to and enters the
collector. While the collector has a high impedance for
flow of electrons into the semi-conductor, there is little
impediment to the flow of holes into the point. If now the
emittr curreat s varied by gl vollag,there will be
lector current. It has been
Tound that the flow of hels from the emtte o the col
lector may alter the normal current flow from the base to
the collector in such a way that the change in collector

LETTERS TO

current is larger than the change in emitter current.
Furthermore, the collector, being operated in the reverse
direction as a rectifier, has a high impedance (10* to 108
ohms) and may be matched to a high impedance load.
Alarge ratio of output to input voltage, of the same order
as the ratio of the reverse to the forward impedance of the
int, is obtained. There is a corresponding power am-
plification of the input signal.

‘The d.c. characteristics of a typical experimental unit
are shown in here are four variables, two currents
and two voltages, with a functional relation between them.
If two are specified the other two are determined. In the
plot of Fig. 2 the emitter and collector currents I, and I,
are taken as the independent variables and the correspond-

measured relative to the base

operation, 1,, I,

‘The emitter current, L, is simply related to V, and I..
Toa close approximation:

L=f(VeAReI), [0}
where Ry is a constant independent of bias. The interpreta-
tion s that the collector current lowers the potential of the
surface in the vicinity of the emitter by Rele, and thus
increses the efctye 1as volage on the exiier by an
equivalent amount. The term Rpl. represents a positive
feedback, which under some operating conditions is
sufficient to cause instability.

"The current amplifcation factor a i defined a5

= O/ vemeonn:

“This factor dependn on the operating biases. For the unit
shown in Fig. 2, a lies between one and two if Vo<

Using the circuit of Fig. 1, power gains of over 20 db
have been obtained. Units have been operated as ampli-
fiers at frequencies up to 10 megacycles.

We wish to acknowledge our debt to W. Shockley for
initiating and directing the research program that led to
the discovery on which this development is based. We are
also indebted to many other of our colleagues at these
Laboratories for material assistance and valuable sug-
gestions.
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Nature of the Forward Current in
Germanium Point Contacts
H. Baartane Ao J.
Bl Tatephons Laboniorc Mames 3 B e Jerses
June 25,
HE forward current in germanium high back-voltage
rectifiers! is much larger than that estimated from
the formula for the spreading resistance, R., in a medium
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of uniform resi

ivity, p. For a contact of diameter d,
Ry=p/2d.

Taking as typical values p=10 ohm cm and d=.0025 cm,
the formula gives R,=2000 ohms. Actually the forward
current at one volt may be as large as § to 10 ma, and the
differential resistance is not more than a few hundred
ohms. Bray? has attempted to account for this discrepancy

by assuming that the resistivity decreases with increasing
field, and has made tests to observe such an effect.

In connection with the development of the semi-conduc-
tor triode discussed in the preceding letter,? the nature of
the excess conductivity has been investigated by means of
probe measurements of the potential in the vicinity of the
point. Measurements were made on the plane surface of a
thick block. Various surface treatments, such as anodizing,
oxidizing, and sand blasting were used in different tests,

addition to the etch customarily employed in the
prey ectifiers.

The porentil, V7, at adistancer from a point carrying
a current, I, is measured re t0a large area low resist-
ance contact at the base. In Fig. 1 we have plotted some
typical data for a surface prepared by grinding and ctching,
and then oxidiing i ai a¢ S00°C for one hour. The ord
nate is 27 V(r)/I which for a body of uniform resx:uvny,
5, should be a constant equal in magnitude to p. Actu
it is found that the ratio is much less than p at small e
tances from the point, and increases with r, approaching
the value p asymptotically at large distances. The depar-
ture from the constant value indicates an excess conduc-
tivity in the neighborhood of the point.

‘The manner in which the excess conductivity varies with
current indicates that two components are involved. One
ohmic and sented by the upper curve of Fig. 1
which aplie ot reverse (egative) curents and for amall
forward currents. This component is attributed to a thin
conducting layer on the surface which is believed to be
P-type (., of opposite type to that of the block). A layer
with a surface conductivity of .002 mhos is suffcient to
account for the departure of the upper curve from a con-
stant value. The second component of the excess con-
ductivity increases with increasing forward current, and

5

&
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distance  from a point con
0.3 germanium suriace.

¥ic, 1. Messurements of potential, V.
it roaghhion s coerent 11 0
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/Lei(’ini halfleidara \

e Hugmyndin var byggd a pvi ad stjérna metti rafstraum i gegnum
péttefni eins og kisil med pvi ad bata i pad 6hreinindum med tiltekinn
fjolda gildisrafeinda

e Breyta ma rafleidni halfleidandi efna um morg sterdarprep med orlitlu

\ magni ohreininda /
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/Lei(’ini halfleiOoara

e [ kisilgrindinni er sérhvert kisilatém tengt fjérum naestu gronnum
samgildum tengjum

hreyfanlegra hledslubera med pvi ad pau gefa fra sér frjalsar rafeindir

o Ibétaratém med prjar gildisrafeindir parf ad gleypa eina rafeind pegar
pad situr i sati kisils, og myndar med pvi jakvatt hladinn hledslubera

K sem nefndur er hola

e Dbegar ibxtt er med atomi sem hefur fimm gildisrafeindir eykst péttleiki

/
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Halfleioaratol

e Grunn einingar halfleidaratola:

o— malmur

halfleidari

—O

o—halfleidari A

halfleidari B|—o

fijolsamskeyti samskeyti

samskeyti malms og halfleidara

e Halfleidaratol eiga sér yfir 125 dra sogu

e Oll halfleidaraté]l m4a mynda tr nokkrum grunn byggingareiningum

n—halfleioar

| p-halfleidatio

pn—samskeyti halfleidara

malmur

OXid

halfleioari

—O

malmur—oxio—halfleioari

13




/Hélﬂeiﬁarat(’)l

e Fyrsti tviskeytti smarinn var buinn til Ur german {1 januar 1948

e A fimm arum fra pvi ad rannséknarhépurinn hafdi verid settur saman
var smarinn fundin upp og verkun hans skilin

e Nasta skrefid var frekari proun og lausn verkfraedilegra vandamala
pannig ad hagnyta matti pessa mikilvegu uppgodtvun

\. Petta tok 8 ar

14



4 N
Ny t6l I

e 1874 Samskeyti malms og hélfleidara (Braun)

e 1907 Ljosutgeislandi tvistur (Round)

e 1947 Tviskeyttur smari (Bardeen, Brattain og Shockley)

e 1949 p-n samskeyti (Shockley)

e 1952 Thyristor (Ebers)

e 1954 Solarhlada (Chapin, Fuller og Pearson)

e 1957 Fjolsamskeyta tviskeyttur smari (Kroemer)

15
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Ny tol I

e 1958 Smugtvistur (Esaki)

e 1960 MOSFET (Kahng og Atalla)

e 1962 Leysir (Hall og félagar)

e 1963 Fjolsamskeytaleysar (Kroemer, Alferov og Kazarinov)
e 1963 Gunntvistur (Gunn)

e 1965 IMPATT tvistur (Johnston, DeLLoach og Cohen)

e 1966 MESFET (Mead)

16
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Ny tol I

e 1967 Nonvolatile halfleidaraminni (Kahng og Sze)

e 1970 Charge-coupled tol (CCD) (Boyle og Smith

e 1974 Resonant tunneling diode (Chang, Esaki og Tsu)

e 1980 MODFET (Mimura og félagar)

e 1994 Einnar rafeindar minniseining vid stofuhita (Yano og félagar)
e 1999 finFET (Hu og félagar)

e 2001 20 nm MOSFET (Chau)

17
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Halfleioaratol

e Fyrir 1950 fékkst Geophysical Services, Inc. adeins vi0 oliuleit

e [ jandar 1953 var stofnud par rannséknarstofa { rafeindatekni og { dag
er fyrirtekid pekkt sem Texas Instruments, Inc.

e Deir markadssettu fyrsta smarautvarpi0 i oktober 1954
e Dbeir framleiddu fyrsta kisilsmarann i mai 1954

e DPeim tokst ad framleida hreinan kisil { miklu magni 1956

18



4 N

Halfleioaratol

e A sjotta dratugnum var dherslan ekki adeins 4 hvernig bua eigi til betri
tol, heldur ekki sidur proun einfaldari framleidslutekni

e Leitast var vid ad finna ferli svo framleida metti t6lin 1 miklu magni,
pau veru areidanleg, endurtakanleg og 6dyr

R wE . B i€
p

n

=)

e Flati smarinn vard mogulegur med samspili sveims og grima ur oxidi

e [Onadurinn hafdi nad tokum a pessari tekni 1956

N /
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e Smaras er ras sem inniheldur nokkur t6l sem vinna innan eins og sama
halfleidarabuts

Fyrstu smarasirnar

e Sott var um einkaleyfid fyrir fyrstu smarasina af Jack Kilby hja Texas

Instruments 1 febraar 1959

\ Birt med godfuslegu leyfi Texas Instruments /

20
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yrstu smarasirnar

e Smaras Kilby var i raun tver rasir i einum og sama germanbutnum
e Hun innihélt einn tviskeyttan smara, prju vidnam og einn pétti

e Hann tengdi saman t6lin, vidnam, tvista og smara, i hondunum (hybrid)

SPECTRAL LINES

Birt med godfuslegu leyfi Texas Instruments

e Kilby hlaut Nobelsverdlaunin 1 edlisfraedi arid 2000 fyrir framlag sitt til
upplysingatekninnar

N /
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/Fyrstu smarasirnar \

e Um svipad leyti (1959) hofou Robert Noyce og Gordon Moore hja
Fairchild Semiconductor nad tokum a ad tengja saman tolin 4
framleidanlegan hatt

e Noyce framleiddi alla rasina 1 eitt halfleidandi undirlag og tengdi t6l
saman med malmhudun (4l) (monolithic) og lithography

e Flatir smarar voru komnir { framleidslu 1959 og smarasir 1962 hja
Fairchild Semiconductors

22



/Fyrstu smarasirnar \

e Fyrstu smarasirnar, sem voru framleiddar af Fairchild Semiconductor

og Texas Instruments, samanstodu af nokkrum smarum og vidndmum

e Pannig voru buin til einf6ld hlid og magnarar

\0 Par med hofst proun smarasa fyrir alvéru /
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/M()SFET \

e Hinn fyrstt MOSFET (1960)
e Hann var gerdur ur kisli oxio1 og alhuo

e Hann er mikilvegasta t6li0 1 nutima smarasum

\0 Rasalengd er 20 um og gattaroxidid er um 100 nm pykkt /
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Nonvolatile minni

Control gat

/ Floating gatc (~ 1 pF)
\ P
nel
L

1 I F=="% -~
g Vo

o
hannel
1

Semiconductor Devices, 2/E by S. M. Sze
Copyright © 2002 John Wiley & Sons. Inc. All rights reserved.

e Nonvolatile halfleidara minni geymir upplysingar p6 a0 afl sé€ tekio af

e MeO pvi ad stytta lengd gattar (< 10 nm) faest einnar rafeindar minni

N /
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Taekniframfarir

e Mikid af peirri teekni sem proud var fyrir halfleidaraidnadinn 4 raetur {

aldagamalli verktekni

Lithography

e Sem demi pa var lithography fundin upp 1798 af Alois Senefelder og
pa var mynstrid eda myndin flutt af steinpl6tu (litho)

e Sveim ohreinindaatoma i halfleidurum er mikilvag fyrir framleidslu

tola

e Fraedin um sveim voru sett fram af Fick 1855 en innleidd {
halfleidaraiOnadinn { einkaleyfi til Pfann 1952

N /
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ﬁf aekniframfarir \

e Me0d floknari smarasum hefur pounin verid fra pvi ad nota NMOS yfir 1
CMOS tekni (b&di NMOS og PMOS) til ad mynda rokrasirnar (1963)

e Minniseiningin DRAM kom fram 1967
— Hun samanstendur af hledslugeymandi pétti og MOSFET
— MOSFET gegnir pvi hlutverki ad hlada eda athlada péttinn

\ — DRAM er volatile og dregur tiltolulega mikid afl

/
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Taekniframfarir

1918 Czochralski raektun kristalla (Czochralski)

1925 Bridgman raktun kristalla (Bridgman)

1952 Samsettir III-V halfleidarar (Welker)

1952 Sveim (Pfann)

1957 Lithographic photoresist (Andrus)

1957 Oxide masking (Frosch og Derrick)

1957 Lagvoxtur med CVD (Sheftal, Kokorish og Krasilov)
1958 Jonaigradsla (Shockley)

1959 Hybrid integrated circuit (Kilby)

1959 Monolitic integrated circuit (Noyce)

28
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e 1960 Planar process (Hoerni)

saekniframfarir

e 1963 CMOS (Wanlass og Sah)

e 1967 DRAM (Dennard)

e 1969 Gatt ur fjolkristolludum kisli (Kerwin, Klein og Sarace)
e 1969 MOCVD (Manasevit og Simpson)

e 1971 Purr @ting (Irving, Lemons og Bobos)

e 1971 Sameindadgraedsla (MBE) (Cho)

e 1971 Orgjorvi (Intel 4004) (Hoff og félagar)

e 1982 Trench isolation (Rung, Momose og Nagakubo)

e 1989 Chemical mechanical polishing (Davari og félagar)

\ e 1993 Millitengi ur kopar (Paraszczak og félagar)
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Taekniframfarir

EXAS
RUMENTS 0975-60

Birt med godfislegu leyfi Texas Instruments

e Fyrsti vasareiknirinn var hannadur af Jack Kilby, Jerry Merryman og

James Van Tassel hja Texas Instruments 1967. Viddir hans voru 4-1/4 x
6-1/8 x 1-3/4-inches

- /
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ﬁl‘ ekniframfarir \

Sjé nanar Faggin (2009, 2018)
e Fyrsti 0rgjorvinn 1971

e Hinn 4-bita 4004 6rgjorvi hatfdi 108 kHz klukkutioni og 2300 smara,
hradinn er um 0.06 MIPS

e Til samanburdar hefur Intel P6 133 MHz klukkutidni, inniheldur 5.5

\ milljonir sméra og er 300 MIPS /
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ﬁl‘aekniframfarir \

e Intel Pentium 4 6rgjorvinn (2000) hefur 42 milljonir smara byggda a
\ 0.18 pm tekni og vinnur 4 1.5 GHz klukkutidni /
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Taekniframfarir

e Intel Xenon 6rgjorvinn (2007) hefur 820 milljonir smara byggda a 45
nm tekni med high-x gattarrafsvara (HfO5) og vinnur 4 > 3 GHz
klukkutioni og er dual eda quad core

- /
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Taekniframfarir

e 1dag (2016) er mesti fjoldi smdra { drgjorva sem er hagt ad kaupa,
meira en 7.2 milljardar smara, en pad er Intel 22-core Xeon
Broadwell-EP sem er byggdur 4 14 nm tekni (finFET) 4 456 mm?

N
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saekniframfarir

1947 Fyrsti smarinn

1956 Fyrsta hlidid

1958 Fyrsta smarasin

1960 Rokrasa fjolskylda

1962 Transistor transistor logic (TTL)
1970s MOS hlid

1971 Fyrsti orgjorvinn (NMOS) Intel 4004
1974 Annar o6rgjorvinn (NMOS) Intel 8080
1980s CMOS

35




Gviskeyttir smarar \

e [ ruma tvo aratugi voru tviskeyttir smarar radandi { smarasum

e Tviskeyttir smarar draga meira afl en MOS sem takmarkar fjolda og

\ péttni smara i smaras. /
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CMOS Inverter

p- Substrate

e Malmur-einangrari-halfleidari (MIS) smarar eru mikilvegustu tolin 1
nutima ULSI rafeindataekni

e MIS smarinn samanstendur af halfleidandi undirlagi, gattar skauti Ur
malmi (nu er gattarskautid gjarnan ur fjolkristolludum kisli), og
einangrandi punnfilmu

e Einangrarinn er oft kisiloxid og pess vegna er pessi gerd smara oft

K nefnd MOS /
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Lind Gétt |4 Syelgur
I
SI02 P T TUnt b\

’I“j}T{

pT-undirlag

Helstu kennisterdir MOSFET eru
e rasalengdin, L
e pykkt oxidlagsins, d

e dypt samskeytanna, 7;

\o ibotarpéttleiki undirlags, IV 4
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LindGétt Bvelgur
PPN N
SI02 517 Tt

"L

pT-undirlag

e MOS smarinn samanstendur af lind, svelg og gatt
e Lind og svelgur eru rafrent einangrud fra hvort 60ru med rasinni
e Gattin er adskilin fra rasinni med einangrandi kisiloxio1

e MeO pvi ad leggja spennu a gattina yfir einangrandi oxi010 getur
myndast leidandi braut 1 rasinni milli lindar og svelgs

e Smadrinn vinnur pvi sem stafraenn rofi par sem gattarspennan styrir pvi

\ hvort hann er opinn eda lokadur /
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Bipolar

e Fra pvi a sidar1 hluta niunda aratugarins hata CMOS résir verid notadar
i allar venjulegar rasir eins og 0rgjorva og minni

e Detta er vegna pess ad aflnotkun og tilsvarandi ofhitnun takmorkudu

\ pokkun n-MOS vid 10° hlid/cm?. /
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e Hver eining CMOS samanstendur af n— og p—rasa MOS smarum.

e TOlin tvo eru radtengd fra Vyq til jardar og annad peirra leidir pa ekki i

hvorri stodunni sem rasin er

e Adeins litill lekastraumur fer pa um rasina nema rétt 8 medan badir
smararnir eru 4, pannig ad adeins & medan skipt er um stodu fer einhver
straumur um CMOSinn

\0 Medalaflnotkun er pvi litil.

/
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Silicon wafer

e T upphafi var einn kisil smdri 4 hverri fldgu sem var 1 - 2 mm 4 kant.

e I dag eru nokkrar milljénir téla 4 hverri flogu sem getur verid 7 mm x

N /
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Fra Cressler, 2016

/

e [ drdaga voru skifurnar 1” - 2 ” { pvermal, nu eru 450 mm skifur
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e Auknum fj0lda tola 1 smaras hefur verid nad med pvi a0 minnka hvern

e Riasarlengd L = 32 nm hafd1 gattaroxidid ur HfO, sem hefur harri
rafsvorunarstudul en S105 og geta pess vegna verid pykkrari

/
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Fra Cressler, 2016

e FinFET kom fram 1998 sem 3D struktur i stad flatra MOSFET og gerir
frekart smaekkun mogulega

e [, = 14 nm 3D FinFET smarar voru komnir i framleidslu hja Intel 1
agust 2014 og framleidsla & L = 10 nm FinFET field-programmable

\ gate array (FGPA) hefur verid bodud /
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