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Outline

e|ntroduction

*Nanoelectronics scaling with thin films devices, new marials
and new devices architectures. Exploitation of 3rd inension.

*Heterogeneous Co-integration of More Moore and Morehan
Moore. 3D as a strong asset. New applications .New progress laws

eConclusion

leti S.Deleonibus CEA-LETI October 2011 ) |3



Ecological Footprint of ICTs

reported by Intergovernmental Panel Climate Changg(fPccj Presden

Currently, 3 % of the world-wide energy is consumed by the ICT
infrastructure
= which causes about 2 % of the world-wide CO2 emissions

= comparable to the world-wide CO2 emissions by airplanes or % of the world-
wide CO2 emissions by cars

ICT: 10% of electrical energy in industrialized nations
= 900 Bill.. kWh / year = Central and South Americas

The transmitted data volume increases approximately by a factor of 10
every 5 years

For ICTs, keep in mind (ITRS LSTP, LOP GP, HP):
P=Pia* Payn  Psta™ VaaXlorr @Nd Py, =CVy 2 f
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Semiconductor Market applications successive waves

Quality of life, Social, Environment, Health, Energy,

...associated to ICT
What's nextﬂ'?

300
Portability & Connectivity
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250 Multiple Wireless Devices
" Fuel Celis, Rich Medi
22200
28 ]
& o Internet Wave |,
“E150 intemet Boom, Cell P \ 0
Iﬁ Digital Content ""-.
E Digital Wave
2100 g _
Personal Computing
50 Analog Wave
™V, V /
1970 980 1990 2000 2010

Source : Semico Research Corp. May 2004 IP1 Report
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Scaling: a success story...thanks to innovation

Progress law for microelectronics
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Hot Topics: parasitic effects in MOSFET technology

Introduction of HiK and metal gate allows continued scaling and relaxes
SiO2 gate leakage current related issues - Ig added to SCE, DIBL, subthreshold
leakage(LETI IEDM 2002, Intel IEDM 2005)

Statistical dopant variability
- number of dopants in the active area decreases with scaling
- random distribution of channel dopants

Poisson’s law. Standard deviation:

12
1g ————rrr : .......:,104 O. . = N
z | § P9\ Volum
o | . Statistical fluctuations of
4110008  threshold voltage: 150 mV decay
01k __g for VT=200mV( Lg=25nm) !!
100 £ Major interest for Low
2
_ Doped channels
0.0l M M P R M M M PRI 10
0.01 0.1 1

Lg (um)
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Low Power FDSOI Thin Films Undoped channels

300mm wafers

6T SRAM

o s
Range = +4 Al
XUT+/- 5 A - SOI thickness deviation
g
. E g SOI Thickness
= — é + Max
0.248un% SNM (1.2V)=140mV ~ ©§
0.179un? SNM (1.2V)=230mV ° =
VDD=1V loff=6pA/pm WL A

LETI, ST Micro: C.Fenouillet Beranger et al., IEDM 2007, VLSI Symp 2010
V.Barral et al., IEDM2007
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Merits of FDSOI Thin Films Undoped channels

Delay vs. Power x Delay

22% improvement/bulk (20nm)

9E-11
RO FO1
BE11 f—— - - = - - — - — - - — -~
TEM b
6E11 f—— - - —— A - - — - —
SBEM fF-——— -\ -}F - - -~ —— —
o
T T e i
-22%]
3EM - —————— - —————————
pEq b FDsOl © _X _________
“‘\/{\r-\ .
1E-11 e
0
1E-17 2E-17 3E-17
Payn-Tp (W.S)
LETI, SOITEC, STMicro :
O.Faynot et al., IEDM 2010, invited talk
L.Clavelier et al, IEDM 2010, invited talk
F.Andrieu et al. , VLSI 2010 Honolulu
L.Hutin et al., IEDM 2010
P.Nguyen et al , VLSI Tech 2011
Lletl

(TSi, TBOX)
100
| =C=TSOl (thick BOX=145nm)
. =O==TSOI(UTBOX case)
E —=TBOX scaling rules
<
2
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T FNanoWire b
g e
=
o : e
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: DIBL=100mV/V -
: -

Multi VT tuning :

Reachable Scaling rules

| | | | |
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11 16 20
Node (nm)

BOx+ back bias ;
Gate stack engineering;
BOx engineering( ch.injection)

-
o

Required Tsoi (nm)

Dual strained channels(40% impray)
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Count

FDSOI Undoped channels vs.FINFET
Record-high V; matching performance

120 B FinFETs - I~\A[f_m:lOnmI square : V_=50mV
] B Planar FDSOIl’ [13]\\ circle  V =1V
25 \ AN d _
100 F \ \
~ \ \
:E; 2 \\ Wfinzzor}m -
- . \
E ;\ [13] '
S 151 e [15) -
< A \
‘0 [16]'y
UTBSOI o [1‘4\]. \‘
1r LETII (@) w -ispm MES] \ ]
TN W =20hm
~ fin 1
05 ] ] ] S~/
§<o X DD D L OO DD P & 10 20 30 40 50 60
V, shift AV, (mV) Gate length L (nm)
_ A
LETI: O.Weber et al., [EDM 2008 Oy =
VWL

(0, =0,/ V2 to compare measurements on pairs
and on arrays of transistors in the literature)

Best trade-off between V- variations and gate length scaling
compared to bulk MOSFETs and FInFETs
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Jahan et al.

Bulk or thick SOI VLSI2005

Cafhfh.
channalm
Tand 2

[+ H
chmnals
dand 4

Si0g

Salicided elevated
source/drain,

Barral et al.
IEDM2007

Andrieu et al
VLSI2006 T 4 J----aik

Planar

Double-gate
Planar or Finf_e '

h=

j Ts=Yalg

Th|n F|ImS DeVICES Bernérd ete

Relaxing optimization | Trigate/ \;LUSF:;O:Z

scaling rule / nanowire IEDM 2008

by architecture Ts=Y2 Lg - IEErBT\;I ?o%lé
T,=1t02Lg
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Stacked Multichannels and
MultiNanowires « Top -Down » approach

Co-processed architectures with HfO, TiN Poly Si gate stack
(a) NWFET |[(b) ®FET (c) FinFET |id) IG-FinFET
W Bl 7§ AN

Ji 4 oy ___ |

14nm

h=250nm
Drain Current, | (A/pm)

BOX

~HO+TIN

LETI top down approach for c

Low Power and High performance 30
-CV/I outperforms Planar in loaded environment % Lot
-Gate separation possible = So—68mV/decl
-Transport properties in small nanowires e OIBL=7mY ‘ DIBL=15mV/V]
-Flexibility to tune channel conductance wrt FInFEE 107 fv,=-0.62v \C/T:)T'SL o]
-Pervasion into microsystems (More than Moore) 102l e

-2 -15-1 -05 0 05 1 15 2

LETI: Dupré et al. IEDM 2008, San Francisco(CA) Gate Voltage V_ (V)
G

Ernst et al., Invited talk IEDM 2008, San Francisco( CA)

= Bernard et al, VLSI Symposium 2008 Honolulu _
Bed® | .chietal, IEDM 2010, San Francisco S.Deleonibus CEA-LETI October 2011 112
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Tunnel FET Operation principle

N & P operation modes

= Asingle TFET device can operate

either in n or p channel mode

= N mode : Vsp>0 & V>0
= P mode: Vps<0 & V<0
Source Source
N+ N+
V=0V i V>0V

V<O P mode

Lleti
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SOI TFETs co-integrated with CMOSFETSs

Experimental demonstration
of Tunnel FET operations:

107 107

£ 8 = BOXx

g- o e g SOI TFET
E 10'9 ’ 10—9 ::-f

B 1010 E w. LDDn
. 10 =

g 10-11 f p channel operation 10~ g

3 -

c 10712 S=42 1012

o mV/dec n channel '©

- (]

operation

1013 ﬁ
10_14 1 | 1 1 1 1 1 1 1
252-15-1-050 05 1 15 2 25
Vs (V) Vep (V)

—
1
—
P

P mode: VDS<O & VGS<O N mode: VSD>O & VGD>O F.Mayer et al., IEDM 2008,

C.LeRoyer et al., ULIS 2009
L=100nm:-T=300K
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TFET for Ultra Low Power outperforms CMOS
Offset/drain reduces loff(ambipolar current)

G

- e - L

G
LETI: Mayer et al, IEDM 2008
Intel: U.E. Avci et al, VLSI Tech Symp 20

ID {(uA/um)
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EPFL: K. Boucart & A. M. lonescu, ESSDERC 2006 VG (V)
TUM: M. Schlosser et al. IEEE TED, Jan. 2009 30 30 v
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Opportunities for other materials on Silicon

Electronic Device Architectures for the Nano-CMOS&
From Ultimate CMOS Scaling to Beyond CMOS Devices
Editor: S.Deleonibus, Pan Stanford Publishing, 2098

Material U, Hp S, (W/m/K) | Rel. K | Eg(eV) V,(10°cm/s) | ni(cm-3)
(cm2v-is?) | (Cm?V-ist) (g, /m?) T2
exp(-Eg/2kT)
Si 1400 500 141 11.9|1.12 0,86 2x1010
Well established higlh quality matefrial
(>40yrs experience) Oxidizable !
GeSiIicon compatib e3900 1900 59.9 16 0.66 0,60 2 013
Available.in all fgbs _
GaAs  |8500 [400 |55 12,9142 (072 |2.140°
Opto/Power RF applications __
Ge cdmpatible <+ /| TBT
HPNchannel
InGa, ,/ASy=s | 12 000 |300 13.9(0.74 |0.6 6>¥Ol*|'|: =T/ W
I
~ i N oorshort cha 1ne_|_16_
insb (_[77000 [850 I8 | 16.9 9T iiAMunity 2x10]
Highest 1, put Wolrst p/p) @77K ,
-Digmond—2200—18 2000 |57 |5.47 |2,7 10271
sp Papsive layer cpombine : |gh Shor’[ channel
\ ”\‘Aérli.“%)'(s“art‘ i gheSt Tin Cl_immllllty
Graphene\—10+165 104105 | 1000 |5.7 |Semi- |4 1x10*2cm 2
15
(CNT) spill\/{lost corrrpact logic, metal sty
intercon
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S.Deleonibus CEA-LETI October 2011

© CEA. All rights reserve:

d



3D sequential process
Co-Integrating Heterogeneous orientation or materials

- cold end process(bonding) Improved Ig =

Opportunities for other SC(Ge,llI-V, C, ...) { Tsi 10 nm._

- improved layout (40% area SRAM cell)

- 4T SRAM e

-dynamically controlled VT: P.Batude et al., Best student Paper Award, IEDM 2009
improved RNM and SNM  P.Batude et al, 2011 VLSI Tech Symp

First heterogeneous orientation in 3D Si sequential integration
- Enabled by use of wafer bonding by keeping low thermal budget .
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Sequential 3D: Potential and Demonstrated Applicati  ons
High density logic applications CM%? .mgg%‘,‘;’ﬁig Is

L ~ 1 node gain with
same design rules for
i Front end levels

P. Coudrain et al, IEDM 08,

3D memories

Photonics 0 FLASH

applications with

Si-Ge Co-integration '- mEmEARn

o Nanoelectronics &

e | OSRAM on top SOI

~ | bottom logic, 1/Os, analog |
SOl NMOS

— on bottom bulk .

P. Batude etalVLSI09 g Y-H. Son et al, VLSI 07, Jung et al, IEDM 2006

P.Batude et al., IEDM 2009, Best Student Paper Award




3D-Xbar Memory stacked on Logic: towards NV Logic

ite Driver /
ense Amplifier

3D Memory Cell

Write Diriver /

o _!i
I
LI
riar [ r r r r L]
Data 3D Crosshar switch / Dec :dm'|
##4 ####
33333
| [

Logic + Stacked NVM:
High bandwith,

?econflgurablllty

Lleti

Sense Amplifier

OFF/ON Resistance Ratio

A ZnCdS
108 [14]
Cuss
10 (1]
NiO |, N0
104 {hl';:]r} AE'LE;ESQ :{Ri::;'ct}

?.,u]

TiO), S8

v FK&M
102 1] 111]

107

10 .
Srlid),
[12]

>

102 108 107 106 10-3 104

Programming Time |sec|

Resistive switches

Toshiba, Stanford Univ.: K.Abe et al, ICICDT 2008
proven in 2D with
Magnetic Tunnel Junctions
FeRAM tohoku univ., Hitachi:

Reduced Power consumption, suatsunaga et al., Appl.Phy&xpress(2008)

ROHM




Advanced Devices and Systems
Future Vision

—
More

than
Moore

Diversified Lo
(association tF

Passives, Senjsors,...)

3D stacked Mixed functions
NV Logic +sensors/polymer

X bar

/

D - 3D stacked devices

[ l A
Memory, 1

3D Sensing/Actuation
Bio, Mechanical &
Chemical —

(e-waves

electronics)

Beyond CMOS

confinement, Spin

(functionalization,
NEMS, Single

electronics, RF, \'\
opto, ... ) N

Heat sink C

IIII-V/Ge e

50 nm

Memory storing _
(SRAM, NVM) - 3D Nanowires
ZDRAM

Low stress,’ -
HiD _

0

J Carbon electronics(CNT,Graphene, Diamond) ‘

FDSOI
Logic |
More 22nm 16nm — <11nm
Moore | | | | —y
Technology.node
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System On Wafer: Heterogeneous co- Integrated Systems
(Parallel 3D)

Energy source yafer level packaged MEMS
converter

B W e e S e e g
i i i 1

] F 80 um diameter TSV
Commercial products oV imagers packaging

- mixed nodes & modes,

- high density TSV oo
ooling
Cross talks: opton
-delay, matching, |Cs
-power dissipation _ NN
(global temp. increase, -\a‘oé\“ec\(; ‘:‘iac\k 1 um diameter
hot spots, reliability, ...) J \'\\]\E\\j\S'\"\a&gD \ High AR TSV stacked ICs
Multiphysics al \)\“ac\k\(\g(‘g\, X ’n On Silicon
P éac “\(\\9‘9 10 account

New Progress Laws

- application specific
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3D Integration: from imagers to advanced 3D ICs

ST

ST - LETI collaboration

2008

VGA cameras (300kpixels)

Iﬂtnege—en—Bee#d

/ Thinned wafer

\

Mixed Sigha ‘?I-

Digital/Analog ST - LETI collaboration
: I 170pm / _
%

o, o e 31

|k

e b1 2
o ¢

_ .

120pm

3 80pm
i — E_____ = r-_ =

oy
e

(=100 pm)

V4

Thick 120 um

3D high

1
1
1
1
1
:
Diam 60pm
1
1
1
1
1
1
1
1

Via Last TSV .
(AspectRatiozy) © T density
Active Silicon interposer
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« IVlore, IVIore than, Beyond

Moore 'I)c))morrow’s top added value markets

p
; Sensors =
it
ITI‘ =
et ‘; 130nm
= (- P
SN Fany a0nm in.
AL SR o >
= E T
By D
= 2 | 65nm
EERIEE O | 45nm “ﬁﬁﬁiﬁbﬁﬂ
WEY - | REE L i |
1 8 REg Siiiia eI L
8 = | 32nm| iR
i (&) . oystem-on-C
ey @ TS0
s = L4 5] 22nm (So¢
\ S Sy 2
i @ /
N\ ¥ "
\vf' A
% Beyond (and besides) Moore

High growth with ‘More than Moore’ technologies:
they require expertise in all technical domains and in-
depth knowledge of the targeted marke ITRS 2009
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NEMS scaling laws: is it worth?

- resolution increases

- sensitivity decreases (SBR,SNR) => arrays, actnatio
- figures of merit pressure and vacuum quality depende

Parameter

)

om= M e 1 0-(PR/20
Q

DR O Z Sn0|se 1
Pact SN R

ML Roukes et. al. APL (2005)

stiffness

resonant frequency

energy consumption

Lleti

Scaling rule
D M. O [wit
3
K Keff L Wd?
|
1 ol e
0 |2
eff
aM eff 2Meff
k3 [rough estimate] EP ; o D(ﬁﬂax
and )6, [
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Nanowires & Arrays used for mass detection

.2:Q7870 resonator

Gajige width = 80 nm 15 nm oscillator

Capacitive actuation & detection Capacitive actuation & piezo-resistive
detection with nanowires

Thermo-elastic actuation M |

& piezo-resistive detection.
NEMS array

Lleti ﬂ e
; - First 200 mm wafers with 3.5 millions NEMS
- Association Nanowire/Resonator ; Cantilever arrays
LETI: T.Ernst et al., IEDM 2008, Invited talk CMOS compatible

= L Duraffotrgetal APLC 927 I741067(2008) _ e
Leti [ e et al, Nanotechnology, 165504, (2010)  S.Deleonibus CEA-LETI October 2011 @ch.N.rigmsmedl



A new design example

ﬁ)wwes - gauges 1E_3_; JL
\ = 1E-4 180 - SBR=67dB
4 . _ o 3
- A .“3
/ 2 1E5
<
" Electrode 1E-6

14 16 18 20 22 24
Frequency [MHz]

Electrostatic actuation

" Piezzo resistive detection (down mixing scheme)
= Excellent Signal to background ratio

E. Mile et al., Nanotechnology 21 (2010) 165504

- g EUROPEAN COMMISSION
I E-‘ B i 7th Framework Programme on
e Research, Technological

S.Deleonibus CEA-LETI October 2011 | 26
Developmant and Demanstration

© CEA. All rights reserved



A multi-physics system vision

Signal amplification and multiplexing

0100110...
0000110...

EUROPEAN COMMISSION : : :

Tth Framework Programme on - : : : . o

Research, Technological .

Bicwaorarant dil Do iatiadii S.Deleonibus CEA-LETI October 2011 | 27
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Gaz recognition

Resonance frequency shift (Hz, neg)

4000

3000

2000

1000 +

Toluene
(16nQ)

I'Ethylbe;nzene Iﬂ Xyllene
(16ng) ﬁ

Octane
(13ng)

o )

(16ng)

Partnership:

40

Time (s)

60 ' 80
Apix, startup from
LETI and Caltech

EUROPEAN COMMISSION
Tth Framework Programme en
Research, Technological
Developmant and Demanstration
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Mass sensing demonstration

CPL

shutter rig B

VGO
o
E
- analog feedback

digital feedback

NEMS

| ¥ ¢
-400 | ! I;*. ”1$U Z9 - | pest mass resolution corresponds
L . -
- | to 7 zg (30 xenon atoms)

Frequency Shift (Hz)
® O
o o
= =

-1000

0 50 100 150 200 250 300 350
Time (sec)

Yang et al., Nano Lett., Vol. 6, No. 2006
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Front -end co-integration of ultra -scaled Si NEMS

with FDSOI CMOS

Integration of first amplification stage enables dire

ct measurement of small electrical signals

provided by the NEMS resonators (40nmx40nm cross sect ion)

Electronic ' App@r_atus noise:

H noise H negligible

: > : 5 [External
Y.V xternal

' I:I .‘ - Buffer 0 apparatus

1 1 ]

X : : Connection Connection
Actuation I » NEMS Makes the other ~Loads the -—-l__ pad —_l__ cables
1 resonator noises negligible connection cables] _L
1 — 4

L] .
Connections: losses = 0

-30 i
®X1.18K 27.38m ;-::_40 v ) -
.r: OC act.
1.2um o -50 .
| %
BE o
oxides Alu o -60 i
Suspended NEMS area -70 -
l Si W _
D act.
. 4 _80 1 1 1
- BOX \ 102 103 104 105
Actuation electrode Frequency (MHz)
NEMS part
leti LET!: E.Ollier, C.Dupré, tbp S.Deleonibus CEA-LETI October 2011 | 30
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M&NEMS co integrated devices platform
for 3D sensing

3-axis accelerometer

Linearity <0.3% ( 0 and 200MPa)
S<1mm2 (3 axis)

Hxﬁhék”ﬁﬁléﬁa

Area =4 vs SoA (::\ Nanobeams
' microphone
3-axis gyroscope P
F, = 20.3 kHz 3D magnetometer oressure
Q >100.000 S=0.8mm?/ axis Resol 20-80 nT/ VHz Sensor

P.Robert et al, 2009 IEEE Sensors ' Lin 4.5 mT
D Ettelitetal; 2011 Transducers S=0.25 mm?/axis

- .
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NEMS switches

—
=
i

[
=
4

||1 e ||||||1 T ||||||1 rrim

i
- -—- -
i

Norm. drain current, I;,/W (A/jum)

[y I

Gate bias, Vg (V)

from D. Tsamados et al. Solid-State Elec. 52 1300&2

8 -
1 it || calibration output
S .l
1]
o 5 y:
% input pulse
>

“high” speed

4 1applied #
t=0 g

3 | _
: switch output
ﬂ 2 - j
11 iAt~28ns
rf -5.00E-09 1.50E-08 3.50E-08 550E-08 7.50E-08 9.50E-08 1.15E-07

time (s)

from AB. Kaul et al., Nano Letters 6(5) 942-947 (2006

10°

Metal off —— SINW
10° O

bistable P,
107 -
ﬂ 10" 4

memory 746-543-24101234F567
V12[V0|t]

from Q.Li et al.,IEEE Nano 6(2) 256-262 (2007)

hial off : low power

leti logic
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Conclusion :
Nanoelectronics CMOS
from Devices to Systems Perspectives

Innovation from strong association
System/Device/Materials Science and Engineering

Si CMOS: Nanoelectronics Base platform beyond ITRS
Low Power consumption: major challenge (sub 1V VDD CMOS).
=> Device/ system architecture optimization
(GAA nanowires, low slopes,design, 3D)
=> Opportunities for new materials
(revised low BG IlI-V, Carbon)

Heterogeneous 3D co-Integration on Si, Low Power:
Add Functionalities for diversification. NonCMOS & CMOS
Monolithic, 3rd dimension in device,

Stacked mixed functions, System On Wafer

Durable Low Power solutions:

health, environment, quality of life, IST,...
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Dual Schottky MOSFET (Dopant Segregated S/D)

Reduce series resistance to channel

30nm Top Gain 107 e
Poly SIGETINHID,

E — .

_ ion:790pA/urﬁ'=-_ !
107 Eloff=60nA/uM 5

£
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T ¢ hiVe

-5 [ m—Y{nm 1.2V
—==30nm -50mV . T 3
—20nm 1.2V L ey e
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-1.2

Si
Gale siadk depoaltion Gotestndk polieming Gaie irimming ST metiizalion

Still Dopant Segregation necessary: _ 1 i-ﬂ-uswmm% %ﬁ?
Reduced
Junctionless FET(JP Colinge)? e
0 0.5
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Process simplicity vs. RDF, VT adjust
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Application Drivers

Form Factor | ... ...

Ultra small TV
Tuner , Sharp

Performance Nokia N82, 5Mpixel
Video capture,
coding, transmission  One Chip SetTopBox
(STM)
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Silicon Photonics building blocks. 3D Integration

= 3D integration

= Not depending on the
specific node used to
produce the electronic
wafer

CMOS {
wafer

Do

Si rib waveguide
Germanium PD

AWG on CMOS Germanium PD Grating coupler
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Photonics Integration on Silicon.

Optical switch

Lleti




Nanowires for very sensitive mass
measu rement Sensitivity Resolution

LR
m:—i=imr4 &:ﬂ]uqﬁmfj
om 2M . 0

o\

Surface Acoustic \ M,~1 mg -1 g
Waves resonator i&-j‘/ ®,~10 MHz - 1 GHz

M.~1 g -1ng

wg~10 kHz

M_~1 ng — 10 fg
w,~100 MHz

T. Emst et al., IEDM 08
Few molecules sensitivity can be achieved => 1zg
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