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1. Scaling



Scaling Method: by R. Dennard in 1974

1 Wdep: Space Charge Region
- : » (or Depletion Region) Width
A e 1 1
D

%7 between S and D
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1 S X/ :
Wd / Otherwise, large leakage |
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Leakag/e éurrent Potential in space charge region is 0
\ high, and thus, electrons in source are

attracted to the space charge region. 0 V

K=0.7 w X,Y,Z: K, V: K, Na:l/K

for By the scaling, Wdep is suppressed in proportion,

and thus, leakage can be suppressed.
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Downscaling merit. Beautiful!

Geometry & Ly Wg K Scaling K : K=0.7 for example
Supply voltage | T
AT
Drive current | K ly = VeatWoCo (Vg-Vi) G, gate C per unit area
in saturation ‘ — W, (t (Vg Vin)= Wty 1(V-Vip)= KKTK=K

lg per unit W, li/pum | 1 lg perunit W, =1,/ W,=1

Gate capacitance| C, K | Cq=gogoxlgWyltex — KK/K = K

Switching speed | = K 1=CyVydlly — KK/K= K

Clock frequency | f 1/K f=1/t=1K

Chip area Achip | @ | o Scaling factor — In the past, a>1 for most cases

Integration (# of Tr)| N a/K2] N — o/K2 =1/K?,when a=1

Power per chip P a | fNCVZ/2 — K(aK?)K(K!)’=a=1, when a=1
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k=0.7 and a =1 k=0.72=0.5and o =1
Single MOFET
vdd — 0.7 vdd — 0.5
Lg — 0.7 Lg — 0.5
d — 0.7 ld  — 0.5
Cg — 0.7 Cg — 05
P (Power)/Clock P (Power)/Clock
— 0.7°=0.34 — 0.5 =0.125
T (Switching time) — 0.7 T (Switching time) — 0.5
Chip
N#ofTr) — 1/0.7°=2 N#ofTr) — 1/05°=4
f (Clockk — 1/0.7=1.4 | f (Clocky — 1/05=2
P (Power) — 1 P (Power) — 1




- The concerns for limits of down-scaling have
been announced for every generation.

- However, down-scaling of CMOS is still the

‘royal road’™ for high performance and low power.

- Effort for the down-scaling has to be continued
by all means.

*Euclid of Alexandria (325BC?-265BC?)
‘There is no royal road to Geometry’

Mencius (Meng-zi), China (372BC?-289BC?)
#=F: T8, EB:# (Rule of right vs. Rule of military)
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Actual past downscaling trend until year 2000

102 Past 30 years scaling
_Mini logic V., (V 3 L
0t L “ ) 101 Merit: N, fincrease
100 101 Demerit: P increase
101
: 10-1 | V44 scaling insufficient
10-2 ¢ 5
3 b
108 ——————————— 103 — —————— | Additional significant
Source. Iwai and S. Ohmi, Microelectronics Reliability 42 (2002), pp.1251-1268 | f P
Change in 30 years v
Ideal Real Ideal Real Ideal Real
scaling Change scaling Change scaling Change
L K -2 _ ]
t)  K(10-?) 182 g K(107%) 107 f 1/K(10 2) 103\
Ve K(@o-?3) 107 l/um 1 10 P al01) 105
Achip & 101 N /K210 104 = faNCV?

5\

Vd scaling insufficient, O increased = N, Id, f, P increased significantly ,



- Now, power and/or heat generation are the
limiting factors of the down-scaling

- Supply voltage reduction is becoming difficult,
because Vth cannot be decreased any more,
as described later.

- Growth rate In clock frequency and chip area
becomes smaller.
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2. ITRS Roadmap
(for 22 nm CMOS logic)
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ITRS Roadmap does change every year!

2007 Edition 2003 Edition
2006 Update 2002 Update
2005 Edition 2001 Edition
2004 Update 2000 Update

http://www.itrs.net/reports.html
The current latest version: ITRS 2007 Edition

ITRS 2008 Update will be published on the web
at the end of Dec 2008 or Jan. 2009
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HP, LOP LSTP for Logic CMOS

~100}- % HP CMOS
c:é. {high Performance)
"« Highest lon,

= PO Lowest CV/i

: : * High leakage
Mobile C t .

= R °mpf‘ g LOP oy Medium Vda

< o

-] 10 x100 Digital AV (Low Operation Power)

=3 p 12 * + Lowest Vdd

L Mobile- AV o * Medium lon, medium CV/I

LL g = ... « Medium leakage

- LS TP CMOS

@ s VR (Low Standby Power)

= 1 * Lowest leakage

© « Low lon, high CV/I

(b * High vdd

2 —

O , x10Q00 ,

10p 1n 100n
Subthreshold Leakage (A/um)

Source: 2007 ITRS Winter Public Conf. 15



What does ‘22 nm’ mean in 22 nm CMOS Logic?

‘XX nm CMOS Technology
Commercial Logic CMOS products

ITRS (Likely in 2008 Update)
for High Performance Logic

Half Pitch Physical

' Year
'rll'zrc;henology \S(tea;lng ca (15t Metal) Gate Length

45 nm 2007 2007 68 nm 32 nm
2008 59 nm 29 nm

32 nm 20097 2009 52 nm 27 nm
2010 45 nm 24 nm

22 nm 20117~ 2011 40 nm 22 nm
20127 2012 36 nm 20 nm

16 nm 20137~ 2013 32 nm 18 nm
20147 2014 29 nm 16 nm

Source: 2008 ITRS Summer Public Conf.

‘XX nm' CMOS Logic Technology:
- In general, there is no common corresponding parameter
with ‘XX nm’ in ITRS table, which stands for ‘XX nm’ CMOS.
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Definition of the Half Pitch
Logic 1st Metal Half Pitch

DRAM 72 Pitch
= DRAM Metal Pitch/2

MPU/ASIC M1 7z Pitch
= MPU/ASIC M1 Pitch/2

Metal
Pitch

[e——

X

Typical DRAM/MPU/ASIC
Metal Bit Line

Source: 2008

ITRS Summer Public Conf.
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What does ‘22 nm’ mean in 22 nm CMOS Logic?

8um - 6um -2 4um -2 3um =2 2um =2 1.2um - 0.8um -> 0.5um
- Originally, ‘XX’ means lithography resolution.
- Thus, ‘XX’ was the gate length, and half pitch of lines

- ‘XX’ had shrunk 0.7 in 3 years in average (0.5 in 6 years) those days.
- ‘XX’ value deviated among companies: example:1.5um, 1.2um, 1pum

- 350nm =2 250nm = 180nm =2 130nm =2 90nm =2 65nm = 45nm
-‘XX' values were established by NTRS* and ITRS with the term

of “Technology Node**' and ‘Cycle***’ using typical ‘half pitch value’.

*NTRS: National Tech. Roadmap, »xTerm ‘Technology Node’ is not used now.
*%xxCycle: Period or year for which the half pitch becomes X0.71.

- The gate length of logic CMOS became smaller with one or
two generations from the half pitch, and ‘XX’ hames ahead
of generations have been used for logic CMOS.

- Memory still keeps the half pitch as the value of ‘XX’
-2 32nm - 22nm - 16nm - 11nm - 8nm?? - 5.5nm ??
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For example, Typical Half Pitches at ITRS 2007

2007 ITRS Product Technology Trends -

Half-Pitch, Gate-Length

[WAS]

10000 |

Before 1998
T1X3YR

After 1998

MPU M1

TIX25YR MPU & DRAM M1
& Flash Poly

100.0

(nm)

JIXIBYR

Product Half-Pitch, Gate-Length

Flash Poly
TIX2YR
10.0 =
Gate Length -
T1X/3YR \ \ -
Glpris=
Nanotechnology (<100nm) Era Begins -1999 Ll
1.0 1 T T }
1995 2000 2005 2010 2015 2020
Year of Production
L y -y
T
Source: 2008 ITRS Summer Public Conf. 2007 - 2022 ITRS Range

2025

DRAM M1 1/2 Pitch

MPU M1 1/2 Pitch
(2.5-year cycle)

—— Flash Poly 1/2 Pitch

——MPU Gate Length ;

Printed

MPUGate Jength -
Physica

Resist

Wi

2222,
ttttt
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Physical gate length in past ITRS was too aggressive.
The dissociation from commercial product prediction will be adjusted.

Physical gate length of High-Performance logic will shift by 3-5 yrs.

Correspond to
45nm 32nm 22nm Logic CMOS

100 A 4 v A 4 %
0.71
> ar
1 257
O .
810 NtLg = %0.71/3 Year
@ Vs, [
% — ITRS 2005 g =» X0.71/ 3.8 Year
_ : p
2 3 year shift hys. Lg =» X0.71/3 Year
R
1

2007 2009 2011 2013 2015 2017 2019 2021

Year Source: 2008 ITRS Summer Public Conf.
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EOT and X| shift backward, corresponding to Lg shift

EOT: 0.55nm - 0.88 nm, Xj: 8 nm > 11 nm @ 22nm CMOS

Likely in 2008 Update Correspond to 22nm  Source: 2008/ ITRS Summer Public Conf.

| |
Year of Production 2007 2008 2009 2010 I 2011 2012 I 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
2007 MPUMASIC Lg (n 25 23 20 - 18 16 14 13 11 10 9 g T 6.3 5.6 5 4.5
2008 MPU/ASIC Lg (nmy) 32 29 27 24 22 20 18 17 15 [ 14.0 12.8 1.7 10.7 9.7 8.9 8.1
Shiftfinterpolate Formua 2005 intrp intrp intrp I intrp 2009 I 20110 intrp intrp 2012 intrp intrp imtry intrp intrp intrp
EOT wi3E20 poly, bulk 1.2 | | .4
MPU {nm)
EOT wi3E20 poly, bulk 1.3 1.2 1.2 1 . -
EOT wimetal gate, bulk 0.9 0.75 | 0 .50
MPU {nm)
EOT wimetal gate, bulk 1.0 0.95 0.88 0.75 . .
MPU {nm — L|ke|y N 2008 Upda’[e
Drain Ext. Kj bulk MPU (nm) 12.5 11 10 9 8 T

|— —

Drain Ext. Kj bulk MPU {nm) 11 11 11 11 11 9 8.5 7.0 T

non-steady trend

corrected

Likely in 2008 Update

filled in for metal gate EOT for 2009/10

based on latest conference presentations
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Clock frequency does not increase aggressively anymore.

uuuuu +++ Even decreased!
Advantage in SISC J_' = 6GHz

EEFa SGH=
Era for ‘out of order’ el aWrdrions

3.4ai Gorel Ext GH=
b.2a G
T 0GHz B‘h’ A 3GH=z
:::_ﬁ:lz. ‘___..-v‘",:: ’ , .' FTH 2GH=
1.4GHz / -+ . z2o0d0fs12/10
Pan 4 (- ,\-ﬂc
B .:.m;.-a.,/A e Multi Core
1000 — — +
[ . ST I PRI ITE -
—Advantage in RISC TYTT=a Y R T Clock ==
21 !y-- 1 ¥Box
1 1 ' T BO0MHEz [ ZOO1 /11718
Simple conflguratlonv? P2 el TP Performance
- r/ e P AnbpabHe
a00M sfomMH ama Cuba
g 2T7TEMHE 21 / P III!|I.lI=I 11 :ﬂ)l/cﬂ/h‘l 4
ZIPE4 = = L iy
zoaum/}” adomMHz 30dMHEZ
g ?3?:": ‘&IOB} Pentium I PlayStation @
''''' * /r i FOOMME 200MH} i
- Fantium P Dreames o ast
100M 15OMHEz isaas il 724
R400 Parftium Prd /
100 ‘ N
prd 100MHE S [100MH4
P& ngium / MNintsando 8 4
E?‘ ; P 19atn/n/1s
/ semMHE / ® Hiend Processor
FPantiiim - - -
/——nﬂMH ’/{ s M =86 Processor
4BBDXZ / FlayStation GAME console
» — 1888,12,3
/ 1999 SIA local clkiHi—Pertf.)}
/.r ¥ 1999 S1A chip~across clkiHi-Perf.)
10

JBE}; fgsa jﬂ-g{i fg_gq {995 1995 15_}9} 15_}9& !5“95} -:"."(k}o ';?DU; EIUUE' ?an :7904 -5‘."%5 -5'."%5 ';?Lk}]
Year (Chip or System Shipment)

Source: Mitsuo Saito, Toshiba 29



CPU "GHz"

N
MPU “GHz” by “Cores” [TRS2007 g )

Q)
1000 : C 00\(‘
Actual 1 Forecast G\)
F ot e,
100 1 ' C (60\
—— CLK (GH2) - <
= = Clk Roadmap ! )
184 —=— Cores * Clock L B Ch\pncy
Frequ®
'] =
0.1 1 §| 6GHz capability
.| for SRAM
0.01 -
0001 | + 8080 Source:
: IBM, Toshiba, Sony
4004 ISSCC2008 and 08
0.0001 L= l — |
1970 1980 1990 2000 2010 2020 2030

Source: 2007 ITRS Winter Public Conf.
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Structure and technology innovation (ITRS 2007)

electrostatic control

poly metal
| SiON | — >' gate stack

3D

i\

MuGFET
MuCFET

ﬁ
+ substrate + high I.I
engineering materials
3 $ $
65nm 45nm 32nm 22nm

Source: 2008 ITRS Summer Public Conf.
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Technology innovation described in ITRS 2007

Tau=CV/I (ps)

0.7
0.6 D Planar — Difficult to Control
~ 1\ [ —1— SCEs and Variability
RS
A uTB
0.4 FDSOI T
_% _7// Y,
0.3 Desired '\
| Scaling: )
0.2 H_17%/Yrinf, P<
]
0.1 I
Double-gate AN
0 (FinFET) |~
2007 2009

2011 2013 2015 2017 2(2& 2021
Calendar Year

Alternative material (Ge, IlI-V) and

structure (Nanowire) in channel region.

Source: 2007 ITRS Winter Public Conf.
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Timing of CMOS innovations shifts backward.
Bulk CMOS has longer life now!

2007 2008 2009 2010 2011

Correspond to 22nm Logic CMOS
—A—

HP bulk CMOS (ITRS 2007)

»
»

HP bulk CMOS (ITRS 2008) i

HP UTB/FD-SOI (ITRS 2007) |

HP UTB/FDSOI (ITRS 2008)

2012 2013 2014 2015 2016 2017 2018 2019
! Bulki extenids 8 years!

HP I\/Iultl Gate (ITRS 200?) I i

'I\/Iultl G delays 8 years'

LOP bulk CMOS (ITRS 2007)

HP Multi- Gate (ITRS 2008)

LOP bulk CIVIOS (ITRS 2008)

LOP 'UTB/F

DSOI (ITRS 2007)

LOP UTB/FDSOI (ITRS 2008)

LOP I\/Iultl Gate (ITRS 2007)

| LOP Multi-Gate (ITRS 2008)

Source: 2008 ITRS Summer Public Conf.
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Historical Transition of ITRS Low-k Roadmap

ITRS2003

i
ITRS2005
Hl | r/ITRSZOO78

| ITRS2001 |

ITRS1999

1998 2000 2002 2004 2006 2008 2010 2012

Source: 2008 ITRS Summer Public Conf.
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Roadmap towards 22nm technology and beyond

- Physical gate length downsizing rate will be less
aggressive.

- Corresponding to the above, performance increase
would slow down — Clock frequency, etc.

- Introduction of innovative structures — UTB SOI and
DG delayed, and bulk CMOS has longer life than
predicted by previous ITRS roadmaps.

28



3. Voltage Scaling
| Low Power and Leakage
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Difficulty in Down-scaling of

Volt

Supply Voltage: Vdd

Because, V,, cannot
be down-scaled anymore,
V44 down-scaling is difficult.

V44 — Vi, determines the

performance (High Id)
and cannot be too small.

AVy,: Vy, variation

Year

4
— v
u resno eaKage current limi

> AV,
Margin for V,, variation

IS necessary
30



Subtheshold leakage current of MOSFET

Subthreshold Current

lon Is OK at Single Tr. level
« But not OK
For Billions of Trs.

Subthreshould

Leakage Current

loff —
» V(Q
H_I
Vg=0V /./'

Subthreshold Vth
region (Threshold Voltage)
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Vth cannot be decreased anymore| | og scale Id plot

H lon — £ 103A =

1p

L e : 1 104A —
significant loff increase

' af/down-scaling

= 3.3 dec loff

=t
H 5 10°A — E
=
|loff v 106A = :Vdd |

© down-scaling
Vth: 300mV - 100mV S’ 107A P
loff increases —] < A
with 3.3 decades ; 108A — | ; Vdd=0.5V" vdd=1.5v
(300 — 100)mV/(60mv/dec) o ! i V\ith

o

@)

—

" Y Vth=300mV Vg (V)

Subthreshold slope (SS) Vth

- (Ln10)(kT/q)(Cox+CD+Cit)/Cox / =100mV
>~ 60 mV/decade at RT _
Vg =0V
SS value:

Constant and does not become small with down-scaling
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ITRS for HP logic

vdd Vdd will stay higher
In 2008 update

1.2
1
0.8
—_
S W
0.6 | ~-2008up (buk)
o] | ~-2008up (UTB)
o) - | =-2008up (DG)
i . —4-2007 (buk)
> 04 ~ | ~A-2007 (UTB)
~ /2007 (DG)
| | -8-2005 (buk)
02 e - -0-2005 (UTB)
: - -0-2005 (DG)
| - —A-2003
| | -m-2001
0 41999
2004 2007 2010 2013 2016 2019 2022
2008 Values are from
ITRS Public Conf. Year Source: ITRS and

and still under discussion

Vth-sat will be  Saturated

around 0.1V Vth
0.4 \ ~4-2008up (buk)
~0-2008up (UTB)
~-2008up (DG)
035 N\ ~A-2007 (bulk)
~A-2007 (UTB)
0.3 /2007 (DG)
| 82005 (bulk)
-0-2005 (UTB)
0.25 | -0-2005 (DG)
0003 A-2003 (bulk)
02 AN £9YE TN 00
0.15 / ffffffffff
B R A -0
o4 > O~ ‘
'005 |
005 |28y 2007, 2008

2004 2007 2010 2013 2016

2008 ITRS Summer Public Conf.

2019 2022

Year
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SS (Subtheshold Slope) becomes worse =
In the following cases =
1. Improper down-scaling
Ex. When T,,, W, Or V44 IS not scaled %,
\Y
2. High impurity doping in channel or substrate
High impurity Conc. High-k
- C, increase High-k G Enhanced
> SSincrease Gate oxd A 7 by high-k
SS = (Ln10)(kT/q)(C,,+Cy+C,)/C,, oo S ki ch@ . ;
~ nhance
3. Enhanced Drain-Electric-field (B(;‘)'(‘:je)d < cubetme | oM
penetration through oxide <0 backside
: G
EX ngh'k, SOI, | Gate > m \ Enhanced
Multi-gate (Double gate: DG) "' | [ S]si-channel from both
DG and SOl often show better SS, DG\ \ / 7 side

but be careful!
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Comparison of Bulk and DG

)
0 DIBL at <1000 €
ke, : >
Bulk DG % 100! drain edge E L 20<
I o s 2 S
g o B
- QO O
Same parameter condition for both S ‘@Y 105
(2006 ITRS Bulk parameters are used ¢ a8 e
for both Bulk and DG) b= o 20 -
_ _ & [ 9<
Lg=16nm, tox(EOT)=0.5nm, 5 , . . .
DOpant@Channe|=8.1X1018cm'2 n 0 20 \ 4&60 80 100
Source: ECS Fall Meeting, Oct 2008, Honolulu, Fin \Q/Idth (nm)\
Y. Kobayashi, A. B. Sachid, K. Tsutsui, K. Kakushima,
P. Ahmet, V. Ramgopal Rao and H. Iwai. Wifin = 10.7 nm Wfin = 30 nm Wfin = 40 nm
DIBL: Drain Induced isat
. . Wfin )
Barrier Lowering |
oV(X,y) = !
ovd | vd=1v ]

A: Penetration
Depth of DIBL

A=7.6nm A=17.1nm A=13.2nm 35



Comparison of High-k and SiO, MOSFETs

0.05 T ' T ' T ' T . Gate
B Lg =40 nm _ SIOZ 8,_:3_9
0.04]-V,=0.1V N
L EOT = 2nm ‘W Drain
< 0.03F ’ Substrate
E B /
— - k=390 —/
0.02 Too large,” 5o Too large Gate
L ,’I | i . s s
0.01- High-k ./ 2 | high-k S
I Source w
[ l | | . |
2 4 Substrate
Sio Too large V7OV, V705V
;2 high-k : ... [ .
o praes Penetration of lateral
D.’.‘:‘:: e field from Drain through
Abissi Magr . .
oxic autsi high-k causes
film direction ‘=3 significant short channel
effects
R. Fujimura, M. Takeda, K. Sato,
S. Ohmi, H. Ishiwara, and H. Iwali,
ECS Symp. on ULSI Process
Integration I, Volume 2001-2,
pp.313-323, 2001,
Source [ TS 36




V 4 Will stay higher than predicted by previous ITRS
roadmaps.

Solution towards Low V
Effort to reduce I 4 .. @nd increase | ., IS Important

- Scaling: Proper down-scaling

-Introduction of Next generation high-k, S/D etc.
- CD* variation control by lithography and etching techniques

* CD: Critical dimension

- Structure: Bulk 2> UTB-SOI - DG - Nanowire

- Variation: Proper scaling by new tech. — High-k, litho. Etc.
Vy, adjustment by V., control

- Circuit techniques: Dynamic and local Multi-V g, etc.
37



Another concern for Low V4 besides I 4 .., INCrease

- Huge power loss for voltage conversion to such low V44
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4. SRAM cell scaling
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Intel’'s SRAM test chip trend SRAM down-scaling trend

Source: B. Krzanich, S. Natrajan, Intel Developer’'s Forum 2007
http://download.intel.com/pressroom/kits/events/idffall_2007/Briefing

Silicon&TechManufacturing.pdf

Process Lithography 1st production

name
P1264
P1266
P1268

C P1270
Only schedule has been published

= = =x

Technology
Cell size
Capacity
Chip area
Functional Si

65nm
45nm
32nm
22nm

90 nm Process
1.0 pmZ2cell

50 Mbit

109 mm?2
February ‘02

10

2005 g

2007 S 1
©

2009 3
@)

2011 0.1

65 nm Process
0.57 pmZ2cell
70 Mbit

110 mm?

April ‘04

has been kept until 32nm
and probably so to 22nm

T T TTTTI
(BN
(0]
o
-]
3

32nm

1995 2000 2005 2010
_ _ ear _ —

45 nm Process 32 nm Process

0.346 pm>2cell 0.182 pum>2cell
153 Mbit 291 Mbit
119 mm? 118 mm?
January ‘06 September ‘07
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22 nm technology 6T SRAM Cell: Size = 0.1um

Source: http://mwww-03.ibm.com/press/us/en/

pressrelease/24942.wss Sta“ C NO | sem al‘g | N

Announced on Aug 18, 2008 of 220 mV at 0. 9 V

Consortium: IBM (NYSE) , AMD,
Freescale, STMicroelectronics, Toshiba
and the College of Nanoscale Science
and Engineering (CNSE)

0.1um cell size is almost

on the down-scaling trend | 0.1805m | §

New technologies introduced ' Thin Spacer for

- High-NA immersion lithography Sm
- High-K metal gate stacks 25nm Lg
- 25 nm gate lengths | P (S

- Thin composite oxide-nitride spacers
- Advanced activation techniques
- Extremely thin silicide

- Damascene copper contacts Source: IEDM2008 Pre-conference Publicity
http://www.btbmarketing.com/iedm/ 41

-

¢#— 90nm pitch =M

EEEEN
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Cell size reduction trends

1/2 or 2/3 per cycle?

Cell area (um?)
O
O1

O
N

i
—

65nm 45nm 32nm 22nm

O Intel

Functional Si
65nm Apr.2004

45nm Jan.2006
32nm Sep.2007

A TsmC

Conference (IEDM)
45nm Dec.2007
32nm Dec.2007

0 BvmGr.
(Consortium)

2
0.1uMm* conference (IEDM)

32nm Dec.2007

Press release

22nm Aug.2008
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NMOS Mismatch Coefficient (C,)

_ Improvement with technoloqgy scalin
O-fo*m;r T P 1.1 gy J
1 - Minimal
\ 4 553% . 09 - oxide scale
2 \/Weﬁ’ Leﬁ E E 08 -
| C__ﬁ — 0.7 A
= @ > E8 0o
V2 \/Weﬁ’-Leﬁ’J S o 054 NMOS C2
04 . . . .

180nm 130nm 90nm 65nm 45nm

NMOS 6VTN
(one device)

. Minimum device
45 .

Tran 35 - /
25 Nominal device \
15 | /
Source: K.J.Kuhn

IEDM 2007 S | |
130nm 90nm 65nm 45nm

OVy (mV)
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Mismatch improvement “tall” design

by layout (Intel) 90nm :1.0 um2 |

“mismatch”

[
12

- voltage
. scaling

Yaut (v)

o2
Lax

uuuuuuu

0.0

0.0 0.2 04 06 0.8 10
Node 1 (V)

Source: K. J. Kuhn
IEDM2007 Tech. Dig. pp.471

“wide” design
(Square endcaps)
45nm 0.346 pm?
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Double patterning for square endcap

—

a) Pattern gate lines/spaces

=

c) Final gate pattern

d) Intel 45nm SRAM cell

Source: M. Bohr, ICSICT2008 IEDM 2004
14 . . . , : :
1.2
- SNM ~ 220mV OV
- ~ 12 ~ 2unmv g:}.av 7 1.2¢
1 —09V >
T —ostv | 5 10 S
= op M —o0.72V > os '
S [N —0.63V E% ' ] 08
= 5 06f ]
0.6 >
§ 3 5 0.6}
% 2 04t ] 3
> 04 5 >
i"\ A > 02} 1 o4l
0.2 . 00 . | . -
:“..EEI?- 00 02 04 06 08 10 12 1z 02
0 — Input Voltage, V (V)
1.2

TSMC 45nm

8 i e v

TSMC 45nm
IEDM 2007

IBM Gr. 32nm

TSMC 32nm

TSMC 32nm

IEDM 2007

EI _.-__;'

—

0.180um
IBM Gr. 22nm!'EDPM 2008

SNM [V]

0.0 —
0.8 1.0 1.2

1 VDD EV]

1484
mV

0.0 1 i 1 1
00 02 04 06 08 10 12

IBM Gr. 32nm

vV 45

IN



Most Difficult part of SRAM down-scaling Is
Vdd down-scaling

Density of on-chip cache SRAM memory is high
and thus, Vth cannot be down-scaled too much
because of large Isd-leak

Also, under low Vdd, read- and write margin
degrades, data retention degrade.

Thus, Vdd down-scaling is more severe in SRAM
than logic part of the circuits
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Intel® Xeon® 7400 Series
(Dunnington)

Source: Intel Developer Forum 2008

45 nm high-k6 cores
16MB shared L3 cache

Cache occupies huge area
—> Cell size of SRAM should be minimized
- Isd-leak should be minimized
-> Vth are often designed to be higher than logic Vth
-> Lg are often designed to be larger than logic Lg
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Source: Intel Developer Forum 2008

Core
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5. Roadmap for further future
as a Personal View
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More than Moore: Diversification >
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What is waiting beyond the cloud?




Could we squeeze technologies

for ultimate CMOS scaling?

Metal gate
High-k oxd

Saturation of EOT thinning is a serious  si
roadblock to proper down-scaling.

for HP Logic
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EOT<0.5nm with Gain in Drive Current is Possible

La,O; gate insulator
(a) EOT=0.37nm (b) EOT=0.43nm

_35 Vy,=-0.04V Vy;=-0.03V
< 5 |W/L=25/50um

E 7 |PMA 300°C (30min

S 2|

=

c

g

0 0 insufficient%

compensation region

0O 02 04 06 08 1 Drain voltage (V)
Drain voltage (V)

EOT scaling below 0.5nm
4
Still useful for larger drain current

Source: K. Kakushima, K. Okamoto, K. Tachi, P. Ahmet, K. Tsutsui, N.i Sugii,
T. Hattori, and H. lwai, IWDTF 2008, Tokyo, November, 2008

% Because Lg is very large (2.5um), gate leakage is large in case (a). The gate leakage
component was subtracted from measured data for case (a). However, if we make small
gate length, the gate leakage current should become sufficiently small to be ignored
compared with Id as we verified with SiO, gate before (Momose et al.,IEDM 1994). The
gate leakage could be suppressed by modifying material and process in future.

(c) EOT=0.48nm
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Thus, In future, maybe continuous development of
new techniques could make more proper down-
scaling possible.

It is difficult to say, but EOT and Vdd may become
smaller than expected today.
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Personal view:

- There will be still 4~6 cycles (or technology generations) left
until we reach 11 ~ 5.5 nm technologies, at which we will
reach down-scaling limit, in some year between 2020-30.

- Effort and passion to pursue the down-scaling until then
are important.

Probablx, still CMOS and Si. Maxbe, G_e_,!l_l;v, C

ITRS figure edited by Iwai

BaselinejUItimately Functionally Nanowire | Ferromagnetic Spin Logic
CMOS JScaled CMOS)Enhanced CMOS Electronics| Logic Devices Devices

Multiple gate MOSFETs New State Variable

New Data Representation
New Data Processing

3 important innovations Algorithms

Low Dimensional Materials Channels

Channel Replacement Materials }) New Devices

“More Moore” “Beyond CMOS”

* )
Source: 2008 ITRS Summer Public Conf. 5.5nm? was added by Iwai 54




After reaching the down-scaling limit, we could still
continue R & D, seeking sufficiently higher Id-sat under
low Vdd.

Two candidates have emerged for R & D for the above.
1. Nanowire/tube MOSFETSs
2. Alternative channel MOSFETSs (llI-V, Ge)

Other Beyond CMOS devices are still in the cloud.
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Our new roadmap  Source: H. Iwai, IWJT 2008
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Thank you
for your attention!



