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BEEENMNBRYIRNSOORE (FET)N

(1908)

Lee De Forest

ff e \\ -—|—G|ass Envelope

 F .LV%
= | <+ Plate (anode)

Filament (cathode)

Grid

F http://en.wikipedia.org/wiki/File:
Triode_tube_schematic.svg

(1935) (1960)

Osacar Hell Dawon Khang
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http://en.wikipedia.org/wiki/File:Heil_patent

_figs.png

http://www.computerhistory.org/semiconductor/timeline/



(&M (integrated circuit)

Jack Kilby (1958) Robert Noyce (1960)

Intel (45 nm quad core)
~10MBFR 5 RH5

Fhttp://mww.computerhistory.org/semiconductor/tim
eline/ 1“IEEE Computer Society”
Sagn http://mww.computer.org/portal/web/awards/noyce

Fhttp://www.intel.com/pressroom/kits/45nm/photos
.htm

F"Image courtesy of Computer History
Museum”
http://www.computerhistory.org/semiconductor
/timeline/1960-FirstIC.html

thttp://www.computerhistory.org/semiconductor/timeline/1958-
Miniaturized.html
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ENIAC Mainframe Computer

Electronic Numerical Integrator and Computer

Pennsylvania University, Dec.1946 IBM 360 (1964)

http://www.seas.upenn.edu/about-seas/eniac/history.php

Fhttp://www.computermuseum.li/Testpage/IBM-360-1964.htm
IBM Corporate Archives

117468 tubes, 70000 resistors, 10000 capacitors. Solid Logic Technology
24mx2.5mx0.9m (WxHxD), 150kW
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Altair 8800, Intel 8080 (2MHz) (1974)
Micro Instrumentation and Telemetry Systems
F http://ja.wikipedia.org/wiki/Z7 4 JLAltair_8800.jpg

IBM PC5150 8088 NEC PC-9801, 8086 Apple Macintosh, 8MHz
4.77MHz (1981) 5MHz (1982) Macintosh128K(1984)

F http://en.wikipedia.org/wiki/File:Macintosh_12

F http://ja.wikipedia.org/wiki/Z 7 JL:IBM_PC_5150.jpg 8k_transparency.png


http://upload.wikimedia.org/wikipedia/commons/1/19/Altair_8800.jpg�
http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:IBM_PC_5150.jpg�
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Bill Gates & Paul Allen Ed Roberts Steven Jobs

F http://en.wikipedia.org/wiki/File:Steve_Jobs_
Headshot_2010-CROP.jpg

F http://en.wikipedia.org/wiki/Fil

¥ http://en.wikipedia.orgiwiki/File: €-Paulallen.jpg

Bill_Gates_in_WEF_,2007.jpg

ES http://en.wikipedia.org/wiki/File:Apple_I_Co
‘ h ikipedi /wiki/File:Ed_Rob mputer.pg
http://en.wikipedia.orgiwiki/File:Ed_Roberts_ tp://en.wikipedia.org/wiki/File:Ed_Roberts_

2002_by_Spencer_Smith.jpg 2002_by_Spencer_Smith.jpg App|e | (1976)

B#®0 “BASIC” Program (1976)

http://ed-thelen.org/comp-hist/samp-collection.html
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http://upload.wikimedia.org/wikipedia/commons/9/9a/Altair_BASIC_Paper_Tape.jpg�
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Web Internet
Dispersion and Connection

Cloud Computing

Concentration and Connection

YAHOO! Google

Amazon.com

Mainframe Computer

Personal Computer

Dispersion and Disconnection

¥ http://imww-03.ibm.com/ibm/history/exhibits/mainframe/mainframe_PP2030.html

ZHE, Fi)l| & BH, “Ew LR (FINDR,2009)
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MNASA

> .
l)ay
http://en.wikipedia.org/wiki/Fil F http://en.wikipedia.org/wiki/
e:Monokristalines_Silizium_fi File:Monokristalines_Siliziu
r_die_Waferherstellung.jpg m_fiir_die_Waferherstellun
g.jpg

Atom Clarke #
1 0 49.5
2 Si 25.8
3 Al 7.56
4 Fe 4.7
5 Ca 3.39
6 Na 2.63
7 K 2.4
8 Mg 1.93
9 H 0.83
10 Ti 0.46
11 Cl 0.19
12 Mn 0.09
13 P 0.08
14 C 0.08
15 ) 0.06
16 Na 0.03
17 F 0.03
18 Rb 0.03
19 Ba 0.023
20 Zr 0.02
21 Cr 0.02
22 Sr 0.02
23 V 0.015
24 Ni 0.01
25 Cu 0.01

13
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HAOBRBERAMvF MOSFET

10MTL EDON/OFFHtZ#EBTEMNTES !
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Moore’s Law FielX T R TIEHMBEIMAY
E—

Gordon Moore [l g ™"
(1965) Tl
T intel J Rm
Scaling INESWEDZEIELLEMESHEHS
Robert Dennard el b
(1974)
Roadmap ROEEMEMRI—T IR E ?
Paolo Gargini
(|TRS/2001) T intel (NTRS/1992)
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Moore®);ixHl

Transistors
Per Die

1070
0 # 1965 Actual Data 16 2G A5

10°4 m MOS Arrays A MOS Logic 1975 Actual Data 256M >12M

108 1975 Projection aam =M Itanium™

Pentium® 4
107 MBMOEY Pentiumé IIl
T

A Microprocessor ~ Pentium®ll
m-.:-.'
10°

104

+ http:/ww.intel.com/tech 103.
nology/mooreslaw/
102

10°

1004
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

¥ ftp://download.intel.com/research/silicon/Gordon_Moore_ISSCC_021003.pdf
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# of Transistors

ST Y, ESTES

Moore’s Law
6x10°%, ¢m
. o 1 ~10%
/ - maf Memory ..";

4x10° /
3x10° J
2x10° / '

:
1x10 7/ 10'] o
o 1o '|

1950 1960 1970 1980 1990 2000 2010

5x10°

# of Transistors

0 = el »lss *

1950 1960 1970 1980 1990 2000 2010
Year
Year

“We often mistake the future projection, because we forecast the future in
the linear scale rather than in the actual exponential evolution” (R. Kurzweil).
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Transistor for Influenza virus
90nm process t Source: CDC
t R T e Ao i o e T T
20084 [ T RFEE s = ]
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T intel
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INEeWBDZEDELIITESIM?

)T 54—
fR1& E (resolution) R=k,(A/NA)
£ RUFE (depth of focus) DOF=k,(A/NA2)

TE*x iRz
iR Bt Btk
13.5nm| ArFFTH3 < iR hiR giiR :
(193nm) (365nm) (405nm) (436nm) !
LoX

[
[
|
i
|

(248nm)
\ \ \ 25 (n=1) \/ A(n=1.44)

P EVA
”f‘?ﬁ 10nm ﬁbﬂ.jﬁ 400nm iE‘Z 750nm5|]__ 15‘2
X \ o \ FIiR AT b 2 (2000) RS ST DR
\ \ \ NECHi#R. Vol.62 No.1 p.65

24



Lo T L <l
: o _ 5.4 Jl."'.r ] ‘.._E__‘ v 3 r_!‘p-
Cm i . i = 1%
g ] ¥ e e
Saee Polysilicon 8
i N : R
; o8 el SR A
:.ul_. o~ Ol
g & .. Ty W 1

Metal gate
W .-.-.;.;H.i-k ]
1.9 nm ETSOI

N BOX B

+
K. Cheng et al., VLSI Symp. (2009)11A-3
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Energy efficiency in computing

1997 2007

1 TeraFLOPs in a room 1 TeraFLOPs on a chip
Size: 2,75 m? Size: 275 mm?

Power: 500,000 W Power: 62 W
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b

¥ Source: HPC User Forum, 2008, Sandia National Lab.
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T intel

ITRS 2009 : MAIN FEATURES (1)

ITRS 2009] TN - -
HP Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
foate HP  nm | 29 27 24 22 20 18 17 153 140 128 117 107 97 89 81 7.4
Vdd V_|1.00 097 093 050 087 0.84 081 078 076 073 0.71 068 0.66 0.64 0.62 0.60
EOT.Bulk  nm | | 095 088 075 0.65 055 053 ;
...SOL " - - - 07 068 060 057 057 054 05 i
DG " - - - - 077 07 067 064 0.62 059 057 0.55 053 0.5
ITRS 2009}‘( ;
LOP ear 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Leate LOP nm | 32 29 27 24 22 18 17 153 140 128 117 107 97 89 81 74
Vdd V_|095 095 0.85 085 08 : 08 075 075 07 :07 065 065 06 06 06 06
EOT.Bulk nm | 1 09 09 085 08 | |
e ID 0 Cinnp 99083 08 075 07 ;063 . [
.. DG - - - - 08 08 075073 07 07 065 0.65 06 0.6
ITRS 2009}‘( _
LSTP ear 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Leate LSTP nm | 38 32 20 27 22 18 17 153 140 128 117 107 97 89 81 74
vdd vV _[1.05 1.05 1.05 100 095 095 095 0.85 085 085 0.85 075 075 0.5 075 0.75
EOT.Bulk nm [ 12 12 12 1 09 :
s SOL "t 09808 L0808 e
.. DG - - = L1 11 1 1 09 09 08 08 07 07

Thomas Skotnicki

IEDM 210 Short Course « CMOS Technologies — Trends, Scaling and lssues

+
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[12001 ~several 10W/cm? 8

ZFELDEEICKY (12006 ~ several 100W/cm?
colCASh TV :=EERIE 53

[12010 ~ several kW/cm?

ﬁ“ %& l/-i l./f: o ' \/ ctor
12016 ~ several 10kW/cm? :,:

tProvided by Dr.Thomas Y.
Hoffmann
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RRICSET =

ZERFTIFTYAAE)—

NAND String Bit Line (BL)

Upper Select Gate
1 ‘J (USG)
:I' Control Gate (CG)

Lower Select Gate
(LSG)

Source Line (SL)
ertical SONOS FET (Memory Cell)
Vertical FET 2F

+——>

Cell Size =6F?/n (n =8, 16, 32,64, ... ) & I
(n: # of stacked layers)
Top down view

REFIE

TA. Nitayama, IEDM (2009) SC

30



LeoERE | BFEUSBAE!—

Fhttp://ja.wikipedia.org/wiki/ 77 A
JL:PC_Mass_storage_device_USB_flash . — .
_drives.jpg IHAEHVIIRTIATUR

A ERVIIRTSATUR $ http://ja.wikipedia.orgiwiki/ 77 HAEHVIIRTIATUR
JL:Sushi_USB_Memory_(1066586).jpg

USB : Universal Serial Bus
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R S =YICAEOEFNRNEINMDEGR.
[A] = [Coulomb / sec]

r N
J = nev
= neu - E (v = uE)
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FETOSMEEIE~ADER
L BRIDE(N)EBEE (L) )
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F Ml “#EZFEIRZE< (Equivalent Scaling)
High-kﬁfﬁ v+

© © © 000000 =2
coRILETR l k=1 k=2

(KL LiEz=)

HfO,

Silicon substrate .' Slllcon substrate

¥ M. Bohr et al., IEEE Spectrum Oct. (2007) p. 29.
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SECES

18
13 14 15 16 17 | He
5 6
B (63 N E Ne
15 16

3 4 5 6 7 8 9 10 1 12 ‘ P S Cl | Ar

21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 31 32 33 34 35
Sc | Ti | V [Cr |(Mn | Fe |Co| Ni |Cu| Zn | Ga | Ge | As Se | Br | Kr

39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 49 50 51 52 53
Y | Zr [ Nb [ Mo| Tc |Ru|Rh | Pd | Ag | Cd | In | Sn | Sb lie] 1 Xe

e /7T2\73 | 74| 75 |76 | 77 | 78 | 79 | 80 81 82 83 84 85
Hf [)Ta | W |Re | Os | Ir | Pt | Au | Hg @ TI | Pb Bi Po | At Rn
o 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 113 | 114 115 116 117 118
Rf | Db | Sg Bh | Hs | Mt | Ds | Rg |Uub Uut | Uug Uup Uuh Uus Uuo
57 | 58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 66 | 67 68 69 70 71
La (Ce | Pr [Nd [Pm [Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
80 | 90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 98 | 99 | 100 | 101 | 102 | 103
Ac |Th | Pa| U [Np [Pu (Am |Cm | Bk | Cf | Es | Em | Md | No | Lr
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TT. Ghani et. al. IEDM, 2003
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I)AVDLDIRILEIEH LN ?

BRI DEEI BN TLOELOAREICEDHLIESHITTELGL !

| Ge | Si | GaAs | InAs |graphenc)

BEIE, EF 3,900 1,600
BENE, EFL 1,900 430
INURFwyT 0.66 1.12

AEEER 16 11.8

1950~ \

1960~

9,200 40
400
1.42
12

1980~ \

,000 >10,000

500 >10,000

0.36 0
14.8

2005~/

Ge 7

InGaAs 7
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Fhttp://en.wikipedia.org/wiki/File:Graphen.jpg
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ZRTTREERTIE

FI/ITANZYDRAYF =RTEBEE

Chemical & gg
ﬁﬂ- Sensors

/r’” Other
FIF sensors,
/’I’ Imagers

N N

Processor

reian &k _ & ¥ "o : = ' H
Photonic-network-layer - —
: A Memory layer : Energy/Power
Processor layer

tS. Assefa et al., Nature 464(2010)80. tJ. -Q. Lu, Proc. IEEE 97 (2009)18.
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BED)I|~FEDL ~Z—01> DG

Technology Push

X1 http://en.wikipedia.org/wiki/File:Silicon_wafer_with_mirror_finish.jpg
%2 http://www.intel.com/pressroom/kits/45nm/photos.htm

%3 http://en.wikipedia.org/wiki/File:Gehry.jpg

X4 http://ja.wikipedia.org/wiki/Z7 4 JL:EarthSimulator.jpg

G

Market Pull

VAT L

iphone

MERSaAL—4
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