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SILICON IS NOT SO BAD....AND THERE IS STILL

ROOM FOR IMPROVEMENT
Pentium: ~1OOmm2 X 5um active layer = 0.5mm?
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i Mosquito’s head ~ 0.5mm?3 ?

COMPUTERS ARE CAPABLE OF:
*Winning chess with Gary Kasparov (FLLOPS :Deeper Blue > 1000xPentium)

«Calculating trajectory to Mars
*Making my slides




SILICON IS IS NOT SO BAD, BUT PACKAGING AND
SYSTEM INTEGRATION HAVE TO BE IMPROVED
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CMOS Scaling IS NOT ONLY FOR
PERFORMANCE...
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Vout (resp. Vin)

MANUFACTURABILITY :

a#SMALL 1IS DIFFICULT
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TWO SOURCES OF FLUCTUATIONS:

1) DISCRETENESS OF MATTER (CROLLES EXPERIMENTAL MOS FET SAMPLES):

533 Si-atoms 40° Si-atoms. =~ ‘
& 3.5% B-dopants & 2.6 B-dopants & 1.73 B-dopants
(1e19cm-3) under gate (1e19cm-3) Under gate (1e19cm-3) Under gate

Active volume under gate is supposed for simplicity to be equal Lg?3

e TR Srenene S7]



FLUCTUATIONS - IMPACT ON SRAM

4/2£.£,0°N_® 1 1
oN. = \/ s~0 c  d T —
th gox 50 OX [T vns LW A\/t /—LW
200
150 \ SNM w/o process spread

Ref.: Microelectronics Journal <
(2005) 789-800

« Standby supply voltage minimization for deej >

sub-micron SRAM », E

Huifang Qin*, Yu Cao, Dejan Markovic, Andrei 5 100 ., i
Vladimirescu, Jan Rabaey 9 - SNM with process spread

50+
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Vout (resp. Vin)

POWER

aLP IS DIFFICULT
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1.0 1 1.0 1.0 -
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FLUCTUATIONS ARE BEHIND THE VDD CLUMSY SCALING
AND THUS BEHIND THE« POWER CRISIS »

___oVplateau  [Eyolution of VDD (LSTP
10 years of « constant-field » scaling
from 5V to 1.2V (x 0.7 per node)

—

1980 1992 1995 1998 2000 2002 2004 2007 2010 2015
Year of production (ITRS)

TN FENATES, Grénable 1S7
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Power density will increase
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Fower density too high to keep junctions at low temp
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Materials, Materials, Materials:
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STRAINED SILICON

ess HH “_A “ -- ar:)i\l;ﬁirt;ilzurve CONCLUSION
Biaxial Compressive Stress W Hfiect = —_ f/l‘gf)'lnhgdcsu' e
Uniaxial Tensile Stress L " E‘ VoM Good for Electrons
W L A:’l g * Electrons
W 7= A, E TECHNO
G - R - |REALISATION:
S D more T-electrons in L liaht holes> Effective Field E ¢ > .
, transport direction, c§§3ulgtivit On?ass electrons: gain X2 even in si| 1€nsile CESL
conductivity mass y holes: loss in WI and Sl
k, Stress  LH ) == e ve | CONCLUSION:
Effect A —— Strained Si

Biaxial Tensile Stress WxE

Uniaxial Compressive Stress L

Stress

Effect
<4+

HH

N Mobility Curve

Effective Mobility Mes

Good for Holes

ML% TECHNO
Hole ==~ _ _ _ REALISATION:
G Effective Field Eq SiGe epitaxial S/D
S D| A" ] | Less T-electronsin - . Or
e more light holes> | electrons: loss in Wi and SI
transport direction, ductivit g A - Compressive CESL
X, 2 conductivity mass conauctivity mas holes: gain X2 even in Sl P
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PRESENT USE OF MOBILITY BOOSTERS

- 3 Bulk_1%_M_Strain_update2007 .clo

o Bulk_1%_H_Unstrained_uoupdate2007.clo "7- .
. ﬁg& A s
1e+002 S jiteu T ¥ M PNy
; T h 1-.'-_-"",'!‘ el
E 7
=L 1e+HI01F v
=L :
k=
[ = b
S 0,
v
1e+000}
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Y P P 1 P N i
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PRESENT USE OF MOBILITY BOOSTERS

1eHI03 3 Bulk_1%_FP_Strain_updateZ007.clo
A 3 Bulk_1%_P_unstrained _update2007 . clo

PMOS Data A

Te+HIO2E

loff{inAfum)

Te+1O0TE

Ty N

lon(pApm)
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High p ~ Small Eg ~ High ¢

Semiconductor | Type Bandgap | Dielectric | Electron Hole
(eV) at | constant bulk bulk
300K mobility mobility
(cm?/Vs) (cm?2/Vs)
InSb Direct 0.17 15.9 77000 850
InAS Direct 0.36 12. 30000 450
GaShb Direct 0.68 14.8 5000 1000
InP Direct 1.27 12.1 4500 100
GaAs Direct 1.43 11.5 8000 300
GaN Direct 3.39 g5=95 1000 50
Ge Indirect 0.66 16 3600 1800
Si Indirect 1.12 12 1350 480

PR renee Kyy/




FUTURE ? - MOBILITY BOOST TRADED AGAINST VDD
AT CONSTANT CV/I (if fluctuations suppressed)

1.3 f\ — — 1 1000
: lon —» .
1.2 7: ﬂ E
: e
i =
1.1 1100 I
> : IS
s 11 3
© —~~
> loff — g
0.9 - > 10 <
S
i <+—\/dd £
0.8 T -
o7+ . L 1
0% 200% 400% 600% 800%

Mobility gain - Ap/p (%)
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SiO02 : TOO LEAKY GATE

Ig[A/cm2] =1.44e5* (Exp(-4.02*Ug[V142+13.05*Ug[ V])*Exp(-1.17*Tox[A])

AN
...l_
1.E+07 : fm—— UQUANT
MASTAR analytical - __a Sim . Data
model b o _ A= o
1.E+05 / /: _ A - — O 2.2nm
- - —
+- - /,’ _ o — O 2nm
< 1.E+03 A _ - /r/ _ -_ ¢ 1.8 nm
Y - - -
; LE+ 0l | o — _ % - g & 1.6nm
2 —" X - X 1.4 nm
70 r///éf/ -— ’5_—— B 1.2 nm
— 1.E-01 N _ - _ = — .
K///O'/,o—’ — ® 1nm
1.E-03 - -0 -_
s - — -0 ¢ 0.8nm
-
s - actual range A 0.6 nm
1.E-05 -
O + 0.4 nm
l.E_O7|\||\\\|\I\||\\|\|\I||\|\||\|||\||
0 0.2 0.4 0.6 0.8 1 1.2 14
Vgate (V)

7N MENATEC, Grenonie IS7



TODAY Hf BASED OXIDES GO TO PRODUCTION

HP Limit @Vdd
2001.10.11

1E?2
€  1E0
L ~ m
<C S (ST)P Limit
~ 1E-2 @Vdd
()
(@)
g
< 1E-4
Q
% 1E-6 - Limit;
0 | loff_ const. condition
| N O / Hf02
1E-8 [ up: High pert. AN b > o0 S
|| L(O)P: Low Operation > Sy
(ST)P : Stand-by Power
1E-10 '
0 1 2 3

Source : M. Niwa, ITRS 2001 Electrical Equivalent Oxide Thickness (nm)

ot PR Grenesie IYI/
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INTEL HK-MG : the first IN-PRODUCTION solution

Low Resistance Al Fill

i NMOS WF PMOS WN

sice JJIEBAK siGe ;

From Hermes Microvision

e PR renene it




INTEL's PMOSFET with HK/MG and SiGe S/D

From INTEL’s IEDM 2007 presentation 10.2

e e 7]
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DEVICE STRUCTU RES

. PRBI
bl : %e
...... £5)
(Ground Plane) (Delta, FinFET
GAA_SON,
Bulk (Sililc?)rPOnSNghil\rI\g) g)trcr:]eg?é Vertical,
— Esi - Esi
SCE =0.64—XEl xCDd DIBL =0.8—XEIl *Vg4g
gOX 00X
El =1x El =1x El =1x El =1x El =1x
2 2
X X 2 2 2
X 1+_J2 X 1+_J x| 1+ TSI2 x| 1+ TSI x 1+TSi /4
Lei Lot Ll Lei® L
Tox 'dep thdep xTox Tsi + ATphox XTMTsi  Tox Tsi /2
Lei Lel Lel Lel Lel Lel Lel Lel Let  Lel
)Lel,min(DIBL=100mV/V)Lel,min(DIBL=100mV/V) Min(DIBL=100m 8, min(DIBL=100m¥
—2 82Tdep =2.82Tdep| >>1.82Tsi =1.82Tsi =0.91Tsi
=34nm >>5.5nm =5.5nm =2.7nm
==goping is| if max ch. doping is|if minimum feasible Tsi if if minimum feasible Tsi is| if minimum feasible
10"cm® =>Tep~12nm | 10°cm?®=>Tep~12nm |supposed  3nm  (exd supposed 3nm Tsi is supposed 3nm
numbers depend oxiTbox)
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THIN BOX - How thin for SCALABILITY

FD SOI/SON
0.2
DIBL

—~0.18 -
i Lg 22nm
= 0.16 Tox_eq 13A
Sowu! Al Metal gate Midgap
'c>5 ' c Nch: 1e16cm-3
<012 | [ Lom GP: 1e20cm3
n - e
J J

0.1- V\
m
2 S (V/dec)

0.08 \ \ ‘ ‘ ‘
O 2040 60 80 100 120 140

Thox(nm)

Vth adjusted 6v|th Metal
Gate work function

A DG Tsi8nm Metal Gate
:: : O SON Tsi5nm BOX15nm Metal Gate
SOl ¢ SOI Tsi5nm BOX145nm Metal Gate
o e Bulk ref Poly-Si Gate

140

0 20 40 60 80 100 120
Lgate (nm)
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SLOPE is key to decrease Vdd,
AND THUS POWER

Vdd-vs-SS @ CV/I=const (HP22nm)

vdd, V

95 90 85 80 75 70 65 60
Subthreshold Slope, mV/dec

T Srenene Kyy



BEYOND 32nm

2300pA/um

25

Vy=0.2,0.4,06,0.8,1, 1.2V

N

Lg =35nm
Tsi = 25nm

"_"iG"'e 30%
SiGe 25%

=
o

[

- . ; ||\mnnlmnlumunm.."“IJ
(1]
1

Drain Current (mA/pm)
o
ul

SON Invention 0

-1.2 -0.8 -04 0 04 0.8 12
Drain Voltage (V)

1.E-02
G. Stack=TiN/HfZrO i
1.E-04 Ty, Wy N R .~ <Vl o
Top Gate o —y %, 80mV
Sipos B | FF S=84mV/dec
Channel = PEOO T looopum
% loff = SnNum T lon = 2230[1A/le
O 1.E-08 | DIBL: 25mVivV loff = BNA/UM
< S: 74mvVidec Y e DIBL: 80mV/V
R
: Tsi = 25nm = Tg = 25nm
Bottom Gate HE I

04 0.8 12

J2N, MINATEC, Grenoble Gate V0|tage V) —
20/10/08
o mmaTeG ererenle M y AY//



OUTLINE

‘& INTRODUCTION

‘" MANUFACTURABILITY PROBLEMS

‘a POWER / SPEED PROBLEMS

‘& LOOKING FOR SOLUTIONS - MATERIALS
‘a LOOKING FOR SOLUTIONS - DEVICES

‘2 LOOKING FOR SOLUTIONS - EMERGING
‘ NEW PARADIGM FOR 32nm and BEYOND
‘w LONGER TERM

72N MINATEG, Grenobie Lyy




SIMILARTO CMOS LIMITATIONS (ITRS 2005):

Switch Speed

63THZ[E] | 16THz[|]

- | ) e
- i)
gvice - i .,
FET [B] 1D structures Tunﬂiﬁnﬂ:g;m; SET Molecular Ferrg;ﬂzﬂeﬁc Spin transistor

Cell Size Projected 100 nm 100 nm [C] 100 nm [C] 40 nm [L] 10 nm [Q] 140 nm [U] | 100 nm [C]
(spadal pitch) | Demonstrated | 590nm | ~1.5um[D] 3pm [H] ~100 nm [M] ~2um[R] (250 nm [V, W] | 100 pm [X]
Density Projacted 1E10 4.5E9 4.5E9 bE10 1E12 5E9 4.5E9
(devicelem’) | Demonstrated |  2.8E8 4ET 1E7 268 267 1.6E9 1E4

1 GHz [U]

40 GHz[Y]

Demonstrated

JE-18 JE-18 >3E-18

E1[G] | 1EA3[K]

%107 L]
[>1.5 m'”' 1[0]

8107 [P]
| b 3107 [0] |

IET[R]

Demonstated | 1THz | 200MHz[F] | 700GHz[J] | 2THz[N] | 100Hz[R] | 30Hz[V, W] | Not known

oo | Powed | 61GHz | 61GHz[C] | 61GHz[C] | 1GHz[l] | 1GHz[0] [ 10MHz[U] | Notknown
et spa

o I Demonsmared | 56GHz | 220Hz[G] | 10GHz[Z] | 1MHz[F] | 100Hz[R] | 30Hz[V] | Notknown

SEATT) ~1EAT [V] JE-18

From ITRS 2005

e PR Srenene



Lowest Barrier:

Distinguishabilit! Barrier

Distinguishability D implies low “— ‘h-
probability IT of spontaneous transitions o
between two wells (error probability) I )

E| b—=
D=max, [1=0 D=0, I1=0.5 (50%) 0
Classic distinguishabiliny: Eh

Hf'!'ﬂ.':-’.':-‘ff' = EKP {_ }

k,T

Minimum distiguishable barrier:

I

Eh
1 vn(— o
5 p( kﬂ’r) mm)y E,=kTIn2

REF.: R. Cavin, V. Zhirnov, J. Hutchby & G. Burianoff, SRC

ot PR Grenesie IYIK
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REF.: R. Cavin & V. Zhirnov, SRC, Essderc 2005 invitd talk

From these equations, th&nimum size Xmin, Of @ switch is :

X =1.5nm (T=300 K)

_ h _ h _ h
"o Dp 2mE,  +/2mKkgT In 2
This minimum size corresponds toreaximum integration density of switches:

Ny — :?_L = 4.7 x 103devices/cmi (ITRS 22nm node 2.2 x 19/cm?)
X

min

Theminimum switching time is estimated as:

( - h o __ h
CAE Kk TIn2

=0.04 ps (ITRS 22nm node 0.15ps)

Thepower dissipationper unit area of this limit technology is given by:

n...E,.
P = —”’;ax bit =3 7 x 16 W/cm2 ULTIMATE (ITRS 22nm node 100W/cm?2 Pratical )

min
P SR IS74
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IN the PAST - Moore’s Law powered by power consumption

In the FUTURE - will be powered by other tricks

0\‘

O 2% o0
1 c"e |0\(\ o
St \\(\ X /\0 ‘¢“‘
g A %06’(\6\"\\\ .* -
O STt e
O 100 Watt limif.«=**
o o o 1T .- Processor
C ‘ Q‘e OQ6 “““““
) A\ N 2 Bt 10 Watt limi
= 1 oY Set-Top B
) Xy \:\Ol —.. Set-Top Box
¥ e’ A < NPT TLL
© ; n
% : - Mobile
S
0

2005 Time (Years)
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DO THE MOORE’'s LAWS CONTINUE ?

2 We sell to customers system performance rather than frequency

3500
3000
OLD
SPEED-HUNGRY , 2500 o
RADI S
@ GM 'g 5000 2 cores
[4))
%
: 1500
(o]
S 1000
NEW a
POWER-THRIFTY 500
PARADIGM
0

0 1000 2000 3000 4000
Frequency (MHz)

Datas from Internet benchmarkings on commercial processors
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IMPROVED MANUFACTURABILITY :

‘& DEVICES FOR VLSI NEED TO BE
REPRODUCIBLE, ALL IDENTICAL IN

20.0 r
BILLION PARTS !
i - 18.0 - u T
011 i 5 -
010 1 I ) 16.0 - .
0.09 [ 14.0 -
0.05 g S = .
5 o (% 12.0 functionnal
S oo ™ 100 - circuits
S o = "
. 5 80,
ninz % 6.0 f
001 [BS=Soy 'CE 40 ¥ non-
R RO R ,o | ropeed-HUNgry » g yncionnal
u- O ognarmsts gl
& OTHERWISE THEY ARE USELESS 2005 2010 2015 2020

EVEN IF SUPER PERFORMANT Year
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VARIABILITY -vs- DEVICE STRUCTURE

Bulk FDSOI Thick BOX FDSON/SOI Thin BOX

Mid-Gap — UTB 2

Metal Gate

N,, ~ 3e18 /om? N, ~ 1618 /om? N,, ~ 1e16 /cm?
120 — Bulk SRAM ____ 120 —_FDSOI SRAM 1.20 SON<™  SRAM
1.00 - 1.00 1.00 -
. 0.80 — 0.80 - = 0.80 -
S S >
> ) o
§ 0.60 | § 0.60 - g 0.60 -
< El 3
< 0.0 2 040 S 0.40

0.20 1

T T T T T 0.00 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Vin (resp. Vout) Vin (resp. Vout)

P e Kyy/
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BEYOND 32nm - HOW FAR CAN WE GO ?
arFundamental limits AxAp=h/2m (R. Cavin/V. Zhirnov) -> 1.5nm

@ ateral S-D tunneling (H. Kawaura et al., VLSI’'00) -> 2=3Nnm

XJZ Tox el Tdep
El=1+ = _—
wMOSFET 2| L, L, (Skotnicki) ->2.7nm

_—

pqlySilicon
\ 8nm STM

I e P

e |

m NEC

) 6nm IBM 4 n

4 l""".';pa(')"lySiGe

\ --,/

SI=T M e
Lgate=6nm e

DOWN TO 2-4nm - NO NEED FOR ANYTHING ELSE BUT MOSFET ,

BEYOND ? — « DEMOCRACY » - EVERYONE IS EQUAL & NOBODY
CAN GO BEYOND

20 MINATEG, Grenoble Lyy/
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Conclusions

O Circuit and system rather than devices present
issues for CMOS scaling

O Power is the key issue for CMOS scaling

O We need NEW CONCEPTS and DEVICES to enable
Vdd lowering

O Devices DON’T NEED so much to be FASTER but
rather less vulnarable to fluctuations & less leaky !

O Not enough research is dedicated to intrinsically LP
devices, abrupt SS, low DIBL, low leakage, etc.

0 SPEED HUNGRY pardigm have to be replaced by
POWER THRIFTY (using //uP, etc.)

P e Kyy/
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