


Premistovani naboje
Tranzistor, Gea S
MOSFET

Mooruav zakon

Nemensi tranzistory

Napeti a deformace v heterostrukturach
Rozmery arychlost

Fundamentalni limity (?)

Modifikace a alternativy

Vyhled



Rizeny pohyb elektront ve vakuové elektronce
pocitac ENIAC na University of Pennsylvania

rnn changing one
of 18,000 tubes




Bell labs, prosinec 1947: Bardeen, Brattain & Shockley
germaniovy tranzistor
Nobelova cena 1956




Maly samoginny po¢itac (MSP2A z VUMS Praha na PtF MU Brno)
germaniove tranzistory Tesla Roznov




Figure 1-3. The crystal structure of diamond Figure 1-5.The crystal structure of graphite







|dea ,, integrovaneho obvodu“: Geoffrey Dummer (RRE Malvern)
Robert Noyce (Fairchild Semiconductor): integracev S

Jack Kilby (Texas Instruments, 1958): integrovany obvod v Ge, Nobelova
cena 2000




Intel 2006

Kilby 1958
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Electronics, Volume 38, Number 8, April 19, 1965

The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, Research and Development Laboratories, Fairchild Semiconductor
division of Fairchild Camera and Instrument Corp.

ftp://download.intel.com/research/silicon/moorespaper.pdf

The author

Dr. Gordon E. Moore is one of
the new breed of electronic
engineers, schooled in the
physical sciences rather than in
electronics. He earned a B.S.
degree in chemistry from the
University of California and a
Ph.D. degree in physical
chemistry from the California
Institute of Technology. He was
one of the founders of Fairchild
Semiconductor and has been
director of the research and
development laboratories since
1859.
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Moorav zakon po korekci 1975
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Tranzistor s hradlem 35 nm (Peng Bal et a., Intel)
opticka projekeni litografie s vinovou délkou 193 nm

Lithography
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Tranzistor s hradlem 35 nm (Peng Bai et a., Inte)
tloustka oxidu 1.2 nm
NMOS PMOS
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Tranzistor s hradlem 35 nm (Peng Bai et a., Inte)
8 vrstev propojek (Cu)




Tranzistor s hradlem 35 nm (Peng Bal et a., Intel)
pamétova bunka SRAM 0.57 um?, shora na Urovni poly-Si

na 1 cm? se vejde 17.5 x 10° takovych bunék
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Dvere do nanosvéta pripravené k oteviceni kolem roku 1970:

Objemoveé polovodic¢ove krystaly: nastaveni energii elektroni vybérem materiali a
dévanim, transport naboje dopingem

Kvantovy popis mnohacasticovych systemi s krystalovou symetrii
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Pocitani monovrstev v reaktoru MBE pomoci difrakce elektrona
(RHEED)

MONOLAYER GROWTH ELECTRON BEAM RHEED SIGNAL
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Intel: negmensi tranzistor v Si, délka hradla 20 nm




Intel: “20 nm” tranzistor, tloustka oxidu 0.8 nm
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Fundamenta ni omezeni :

e tunelovani eektronu izolacni vrstvou hradla
e tunelovani mezi S, D, substratem
* vykon disipovany v klidovem stavu tranzistoru

o fluktuace poctu atomui dopanta

15 nm délky hradlaje hranice(?):

nalcm? sevedeas 10 tranzistora

* Mooruv zakon v platnosti jesté asi 15 let



Vykon spotrebovany procesorem
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Tri-Gate: Surrounding the Channel
Power Leakage on a Planar Transistor

3 Gates

fsmk or Thick SOI

Source Gate Insulator




_ Sou rce &
MOSFET: InSbvs. S Dram
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Transistor
Speed
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Consumption
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Uhlikové nanotrubky

Carbon
Nanotube

;fﬂ*D-14nm
¢  Gate

=75 nm

Source: Intel
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Uhlikoveé nanotrubky:
znacny potencid, ale...

Potentially 3X faster
transistor at same size and

power consumption
with use of CNT

Transistor
Speed

75nm Lg CNT 75nm Lg PMOS
(standard transistor




Nazor v Intelu;

Moore’s Law Will Outlive CMOS

10pm 1pm 100nm

10% Bipolar PMOS NMOS cMos Voltage  Pwr Eff
1012 Scaling Scaling

107 Beyond CMOS?
1010 # 1965 Data (Moore) Spin based?

" Memory olecular?
10° € Microprocessor Other?

Kilo Mega Giga Tera
Xtor Xtor Xtor Xtor

1970 1980 1990 pA 2010 2020 2030



Zavérem

Pocty atomu, potrebne k realizaci spolehlive funkce struktur, znamenaji
listotu v dosazeni hranice zmenSovani.

Nakonci roku 2006 je vyhlidka na zhruba 15 let pokracovani dosavadniho
trendu polovodic¢ovych technologii.

Potom: ,, Tam dole je hodn¢ mista’ (Feynman).



