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Intel 14nm -

34 nm
height

3 Va
iﬂ‘]’ by Mark Bohr, August 11. 2014

http://download.intel.com/newsroom/kits/14nm/pdfs/Intel_14nm_New_uArch.pdf

42 nm

nm pitCh B . .
Titen Minimum Feature Size
| 22 nm 14 nm
Node Node Scale
Transistor Fin Pitch 60 42 70X
Transistor Gate Pitch 90 70 78X
Interconnect Pitch 80 52 .65x

22 nm Process

22 nm 15t Generatio
Tri-gate Transistor

14 nm Process

SRAM Caell

22 nm Process 14 nm Process

.0588 um?

Tri—gate Transisto (Used on CPU products) (0.54x area scaling)

n 14 nm 2" Generati
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WHAIE D A1)k E14 nm THHEEL

http://download.intel.com/newsroom/kits/14nm/pdfs/Iintel_14nm_New_uArch.pdf
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(normalized)
1
10x
Server 0.1 1
Laptop
Mobile
~7.6X E E E E E E E
= - - - - - -
1 per gen. S 5 8 2 8 4q9 3
x L

45nm 32nm 22nm 14 nm

10nm



MOSFET#1&E D IR

Technology NOUE  ——  NOW —Futureé

65nm ‘ 45nm 32nm ‘

Lg 35nm

Main stream
(Fin, Tri, Nanowire)

| Alternative

(FDSOI)
FD: Fully Depleted

 BuriedOxide |

Si i1s still main stream for futur'e'!!

M. Bohr, pp.1, IEDM2011 (Intel)

, , Alternative (llI-V/Ge)
P. Packan, pp.659, IEDM2009 (Intel) Ot h er S (M W channel FinFET *

C. Auth et al., pp.131, VLSI2012 (Intel)

T. B. Hook, pp.115, IEDM2011 (IBM) Emerging
S. Bangsaruntip et al., pp.297, IEDM2009 (IBM) LRRNRERN N pevices > 19




High-k 7 — ki@ IZ D IRIK

Hf-based oxides

45nm 32nm 22nm 14nm 10nm, 7nm, 5nm, 3.5nm,
EOT:1nm |EOT:0.95nm | EOT:0.9nm |EOT:0.?nm
Metal Gate SiO, IL (Interfacial Layer) _
LAY YO i Used at Siinterface to 'echnology for direct contact of
realize good mobility high-k and Si is necessary
A el Ml EOT-0.52 nm

Silicon Substrate

: S A Remote SIO,-IL
EOT=0.9nm—

& scavenging

HfO,/SIO, B HfO, (IBM)
(IBM)

} d h EOT=0.37nm EOT=0.40nm EOT=0.48nm
Contlnue researc Vth_=-[:‘.1(']16\;' - ngﬁ Vt;\=-'(l)r.nc|5;f”m Eg}: \;th::].o-tt:lm
and development = =

K. Mistry, et al., p.247, IEDM 2007, (Intel)

T.C. Chen, et al., p.8, VLSI 2009, (IBM) R
T. Ando, et al., p.423, IEDM2009, (IBM) — : :

T. Kawanago, et al., T-ED, vol. 59, no. 0.48 — 0.37nm Increase of I, at 30%
2, p. 269, 2012 (Tokyo Tech.) ] _ .

K. Kakushima, et al., p.8, IWDTF 2008, Direct contact with La-silicate (Tokyo.Tech)

(Tokyo Tech.) 20
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100
90 &ﬁﬂﬁ@
o 1@ \{xﬂg
c 80 %ﬁﬁ
E /70
c 60 \
9 511‘355 {,?j‘
g >0 I S
(11
G 40 I
. Ii\ I
20 . I
180 130 90
Nude

Scott Thompson, Tutorial IEDM 2015
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Drain Current (mA)

0.6 08 1.0

0.4

0.2

Mo

5 i - W

i

B—k

O

v

A%

7 — xR : La silicate (LaySi,O,)
SIO#HEE (EOT)=0.40nm

t T = 300K

L/W = 5/20pum

Ng,, = 3% 10%6cm-3

Vg= 0.4V

| / Vg=0.2v
L weov
0.2 0.4 0.6 0.8 1.0

Drain Voltage (V)

140

120 |
100 |
80 |
60 |
40 |

20 f

Electron Mobility [cm?/Vsec]

0

EOT =0.40nm
L/W = 5/20pm
T = 300K

Ng,p, = 3% 10%cm-3

0 0.5

1 15 2

E [MV/cm]

2.5
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Gate Leakage current

1.E+04
‘ZITRS requirement

1.E+03
g 1.E+02 F ) P
< ® °
S 1E+01 |
—
© 1E+00 | o
<

- o
1e01 | La silicate
Gate diellectrilcs

1.E-02

0.3 0.4 0.5 0.6 0.7 0.8
EOT (nm)

EFEEITRTE=EA, ¥—F)—21FLg=5nm DK EFTOKE
BEbnsd
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Operation Frequency (a.u.)

100

10

HHMMERFIETTITRES
A22V—=0DHETRERIEDIN —FFT

PC, Server
* High leakage

* Medium Vdd

LOP CMOS
. (Low Operation Power)
* Lowest Vdd
* Medium lon, medium CV/I
* Medium Ieakage

LSTP CMOS
(Low Standby Power)
* Lowest leakage

* Low lon, high CV/I
* High vdd

e ——————————————————————————
, x10Q00 ,

Y HP CMOS

Router ..

* Highest lon,
Lowest CV/I

10p 1n 100n

Subthreshold Leakage (A/um)
Source: 2007 ITRS Winter Public Conf.

v(h:gh Performance
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EASKIEIZS 1L

7B () LY IVBIE (1) BINCT BB

ITRS 2013
Year 2013 2015 2017 2019 2021 2023 2025 2027
EOT (nm) 080 073 067 061 056 051 047 043
Tg (nm) 7.4 6.1 5.1 4.3 3.6 3.0 2.5 2.0
toxi = U ‘ iy = ny
300 T T T T T T T
at 1 MV/cm O
gzg,o ! O ook PMOS oo -
L 200 . - F.?"_ ,Ir. "i
5 A i
E 150 D%.. ® g
= = .y /
% 100 ® 4.';‘ 50 7
= = { T=300K
>0 Solid : La-silicate oxide 'g E.=0.3MV/cm
Open : Hf-based oxides = . T
3 4 5 6 7 8

0
03 04 05 06 07 08 09 1

EOT (nm)

T. Kawanago, et al., (Tokyo Tech.) T-ED, 2012
L.-A. Ragnarsson, et al., (IMEC) Microelectron. Eng,. 2011.

T. Ando, et al., (IBM) IEDM 2009

Tso) [NM]

K. Uchida et al., pp.47, IEDM2002 (Toshiba)
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Si RETOFYRILEXIT (BEF) DX
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TOFvHLFrU7 (BF) OMEH
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SiFyrL © interface
Gate stack Nano-wire Fin / Tri
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Fr)T7EEDET

ITRS 2013
Year 2013 2015 2017 2019 2021 2023 2025 2027
Ts (nm) 74 61 51 43 36 30 25 20

t< ¥ = Volume { = DOS{ = Carrier density{

Diameter ,1n wZ2hm o3nm 4n © 6 NM

3.3 T 7 n 2.3 1.9 n 1.7 7
_ _ : TN,

/

4 1.5
201

Ty

407
n 0.0

£ 13

Si nanowire 0

band structure s :

Iwata et al., Journal of Computational Physics 229 (2010) 2339-2363 -,

S 3
(=3

Energy (eV)
8o
W

1 -0.5
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BRI AW EDERKIYBHNDNDNNFIDZEFET
> )YV OaAXMMEX {5l Z 1X% %= (Immersion)

Sub-wavelength Litho

— Wave length () Deep Sub-wavelength Litho

Line width
365 nm Immersion | ==
g . 248 nm Lithography
350 nmA\ O Q\1§§nm —
A . O—0—=0
180nm A A : | |
OPC at A |
180 nm 65 nm 5
A
45 nm
| Process window shrinking
Aggressive OPC on average >30%
at <130 nm == for each node

PROCESS CONTROL: THE INVESTMENT THAT YIELDS
Ref:KLA Tencor



Lithography Ghallenge

10 3 10000
Lithography
Wavelength
365
1 - 248nm i 1000
/ 193nm
Micron / - nm
0.1 E 130nm 4 100
y 90nm .
Feature 65nm
Size 45nm
0.01 - - - 10

1980 1990 2000 2010 2020

Minimum feature size is scaling
faster than lithography wavelength

(1171 R




EUV (Extreme Ultra Violet) E&Jt
EFRIMRTEHBEXER IR
EERAZEILHORERKEICEL

HOBERAEB>ENLICHBZETS
7 nmiLfiTDE2H=REBEIZSER ?

=%8: 18 100{EH

https://www.google.co.jp/search?g=euv&tbm=isch&tbo=u&source=univ&sa=X&ei=ikY8U5asC8HXyAGok4DwCA&ved=0CDgQsAQ&biw=1745&bih=828#facrc=_&imgrc=KmzxirNdZ0cBM
%253A%3B6JINTCrv867Tq0M%3Bhttp%253A%252F%252Ftechon.nikkeibp.co.jp%252Farticle%252FNEW S%252F20061017%252F122347%252FEUV.jpg%3B http%253A%252F%252 5 8
Ftechon.nikkeibp.co.jp%252Farticle%252FNEWS%252F20061017%252F122347%252F%253FSS%253Dimgview_scr%2526FD%253D-672378983%3B750%3B562
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Critical Patterning Layers
o

L B P

%

—k
[ |
1

1)) D EIFIE XK &= (Immersion)' )Y DI K

B 192 Immersion W 193/ 248 Dry

28nim 20nm 14nm
Technology Node

Scott Thompson, Tutorial IEDM 2015
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Line & Space

SPT D-SPT

e [

i h 4 2
m [
L9nm.. i b 4 B

9.5nm . S EER

Changyeol Lee, Short Course IEDM 2015
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ZEERD)VDOIRNMNEX

Intel 14nm SOCH T Symp on VLSI Tech. 2014
& /MENR : 26 nm Half Pitch

v
v |
b U
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wetg @
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ZEERD)VDOIRNMNEX

Intel 14nm SOCH T Symp on VLSI Tech. 2014
& /MENR : 26 nm Half Pitch
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Cu Wire Resistivity Increase by Electron-scattering Effect

p=0(complete diffuse scattering)

5
p=0.3 (LW Measured Cu resistivity
without BM

q @ Updated(May2004)
B
G
3 3 p(AD):2.74pQ2cm
E .......................................................................
=
8 lo
g o -

1

0

0 100 200 300 400 500

Wire width(nm) @
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’ ¢ lowAR
5 - ® medium AR
high AR

-'é- 7 4 + Hu [9]
3 a Clarke [10]
S 6 — ITRS 2013
=
=
@
7
2 4

34 ‘%

Hi-
21| 5 7 10 14nmnode T+ %

1IG EL'IID . 551]1[]'[}0 . 40001015}[]{} S
Cu area (nm?)
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R5 : [RFFE ER ~0.3 nm
BHR: FoRILE ~3 nm

RS w7 A) vk 25~10 nm

1. V=R FLALUBDAITD)—IOEBRDIEX
2. V=R RLAUBEDA L DEFRD LD

3. JYDOaA+DIEKX

4. BRIEEn. BRIEBREEDEX MDAl
5. [E50% . $BFEY . EEEOSIE RF??
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ITRS 2013I1ZREL T Rt AEL

1. BT 4 YT A (HP, Lg) DRI KEE i
Year 2013 2015 2017 2019 2021 2023 2025 2027

T

| g#fi4(m) 14 10 7 5 35 25 18 1.3

HP (nm) 40 32 253 20 159 126 10 8
L, (nm) 20.2 16.8 140 117 97 81 6.7 56

2. YMEBINSA—ZDHE/NEILBEIZ0.8~0.96/2years
Year 2013 Year 2027

B T4 (nm) X 0.70/ 2 years 14 (nm) 1.3 (nm)
HP(nm) X 0.80/2years 40 (nm) 8 (nm)
L, (nm) X 0.83/ 2 years 20.2 (nm) 5.6 (nm)
Tgi (Nm) X 0.84/2years 0.86 (V) 0.65 (V)
EOT (nm) X 0.91/2years 0.80 (nm) 0.43 (nm)

Vyq (V) X 0.96 /2 years 7.4 (nm) 2.0 (nm)
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nm
90
80
70
60

50
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Lo X1

O B R
30 I_} ;.......
... s

20 'l Ny
ITRS oy '.l. -----
10 2)

0.8
0

180 130 90 65 45 32 22 14 10 7 5 3.5 2.5 1.8 1.3 nm
BT

*1)Scott Thompson, Tutorial IEDM 2015 *2)ITRS2013 70
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Merit for downsizing to 14 nm (Intel case)
Performance/W $ / Transistor

(normalized)

1
10x
0.1 F
Server
Laptop
Mobile = = = = = = =
- - — - - - —_
~1.6X & & © ¥ o & =
per gen.
1%

45nm 32nm 22nm 14 nm

10nm
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ITRS:#i8/NEZ 10 FE B 1 € 1B E DG : FE/MERE(ZEFN

ITRS 2013 (Publishe

Year 2013 2015 2017
Commercial 14 10 4
name (nm)

I(—|HaFI)f) F(’r'fr‘:; 40 32 253
Ly (Nnm) 20.2 16.8 14.0

CDEIEXAEA

v

1 in April 2014)

20 159 126

11.7 9.7 8.1

Commercial name (nm)
Metal half pitch (nm)

Ly (NmM)

Vdd (V)

EOT (nm)

Tgi (nm)

X 0.70/ 2 years
X 0.80/2years
X 0.83/2years
X 0.96/2 years
X 0.91/2years

X 0.84/2years

5 35 25 18 13

10 8

6.7 5.6

2019 2021 2023 2025 2027

100
90
80
70
60
50
40
3
20

Gate Length (nm)

o

IEDM 2015 SC

(\
(‘,\\ 0

I Sxxe‘f* ™ \ é\'
||?|||

180 130 90 65 45 32 22
Node
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42 nm
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22 nm Process 14 nm Process
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{BL :{&4< T200[E. 500/2. 100082735 &EELLY
Types of 3D device architecture

® TCAT, BiCS, and DCSF are based on TANOS, SONOS, and FG, respectively
® VG-NAND and V-SAT are top gate structures

Bullc 51 SSL Toshiba' bt Gi Sy - v =
- Macronix Hynix
Samsung- BICS (VLSI 2007) Toshiba-
Simple Stack P-BICS VG-NAND SMArT-NAND

(VLSI 2009) (VLSI 2010) (IEDM 2012)

(IEDM 2006)

8§ o
T~ P s Samsung
¥ o R ”” World 1st
<y b Commercialized
ey . VNAND
s ey - . (ISSCC 2014)
Macronix- Samsung- Hynix
Multi TFT TCAT FG-NAND
(IEDM 2006) (VLSI 2009) (IEDM 2010)
| | (« | | (4 | Ss |
2006 2007 2009 2010 2012 2014

Youngwoo Park, Short Course IEDM 2015
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1Tb
512Gb
256Gb
128Gb
64Gb
32Gb
16Gb
8Gb
4Gb
2Gb
1Gb
512Mb
256Mb

Moore’s Law and DRAM Density Progression

m Moore'slaw P
~+—Avg. DRAM Density Shipped o

1979 - 2003: 51% CAGR ‘
2003 . 2011: 293 CAGR -

EA
DRAM DensityGapis Increasing ‘--'

-
A
|
- >
' s
___¥f 8Gb - 15 years behind

_ﬂ‘

. 4Gh - 12 years behind
ﬂ /I ZGb 8 years behind

,"" 1Gb -5 years behind
e . e-"- 512Mb - 3.5 years behind
- e 256Mb -3 years behind Moore’s law
A A
o -

1994 1998 2002 2006 2010 2014 2018

Changyeol Lee, Short Course IEDM 2015

Source: Dae Dias and Associates

Netlist Blog, Jul 24, 2012
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Non-Volatile Memory Trend

1000000 -
‘ 128GDb
100000 4 NAND Flash e
Cond 1Mb :
||ssc VLS! Circuits, ASSCC |=0M, 92Gb
|VLSI Tech A <
10000 1 <

1000 +

100 1

Storage Capacity[Mb]

10 1

2000 2002 2004 2006 2008 2010 2012 2014

Source: ISSCC
Dirk J. Wouters, Short Course IEDM 2015
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£ 1%10~35F £ FETOHFE(2026~2050)
FEEMNSKFEIZ(AREDLELIZZDLER])

M E DXFH (BRF)

e
< | MEAEICHE R

Power, Photovoltaic

|

1A A ZHhEY - R
MEMS, Sensor

i

=M Bk

H. Iwai, ESSDERC 1993



5 #%10~35F £ FEFTHDF1E (2026~2050)
1. ftHhoEREBREA

> BET/INAADEF

2. BiET /N1 A& E/E(Moore than More)
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3. B[RV RBLTOERE -RET/\A1RAEFEIE
> B(IFhT=ERIT~DMoore Bl D & B
1> 10TZDED |

IRERKIC1I~-3A 8 EH->TLVS




£ 1%10~35F L FETOHFE(2026~2050)
= F DML R 521

SHEETRE, FHEREE. EIRMEIEs1L
ERT/N\AADHRFE

loTIZ&AMooreBI| D EE

Wearableh s Environmental~
FTEHLFLESD THL, RIEICEE
(display, sensor, microprocessor, power supply, etc.)
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5 1%35~85F £ FTOHFE (2051~2100)
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. Ultra small volume
H. Iwai, INFOS 1995Small number of neuron cells SyStem
Sensor Brain  Extremely low power and
Infrared Real time image processing Algorism
Humidity

(Artificial) Intelligence
3D flight control

becomes
more
Important!

CO,

s But do not
Dragonfly is further high
performance

Bio System is much

more efficient than
semiconductor
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20455 5] 7R

https://en.wikipedia.org/wiki/Predictions _made by Ray
Kurzweil

Raymond Kurzweil

S1000 buys a computer a billion times more intelligent
than every human combined. This means that average
and even low-end computers are vastly smarter than

even highly intelligent, unenhanced humans. e



20455 5] 7R

The Singularity is an extremely disruptive, v%rld-altering
event that forever changes the course ofSguman history. The
extermination of humanity by wolenf\@chmes is unlikely

(though not impossible) because&(’%g distinctions between
man and machine will no lo hanks to the
existence of cybernetically‘%&ced humans and uploaded
humans. “
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