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Scaling: a success story…thanks to innovation 
A succession of Things impossible to Make!!
Progress law for microelectronics
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Moore’s law: 2Xdevices/year

10-15 years incubation(ITRS)

Electronic Device Architectures for the Nano-CMOS Era

From Ultimate CMOS Scaling to Beyond CMOS Devices

Editor: S.Deleonibus, Pan Stanford Publishing, Oct 2008
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Energy and Variability
Efficiencies are main 
concerns for ICT!!:
-Computing
-Data storage
-Communication
-Diversification 

More than Moore:                          
Analog/RF, Passives, Sensing/ 
actuating, HV-Power, Bio&Healthcare)

2025: 25% WGDP will depend
on ICT (pervasiveness):
*1021 exchanges of 
information/year(2017)
* Ecological footprint (4% world 

electricity, CO2 emission)  

*Scarcity of spice metals
*Market drivers(Autonomous
/Nomadic /Heterogeneous):    
U-Low Power, Hi Perf 
Drastic variability reduction

Internet of Things

& «Everything»

« A.I. »



Availability of elements world reserve

http://infoterre.brgm.fr/rapports/RP-60206-FR.pdf

http://ec.europa.eu/environment/archives/greenweek2014/index.html

Green Chemistry
i.e. catalysis is bio 

inspired

Circular economy

do make sense

Strengthened in 

research

Severe rarefaction 
2025 : Zn, Au, In , Te and other rare earths
2030-2040: Sn, Cu, Ta, Pb

2050: Ni



Availability of elements world reserve

http://infoterre.brgm.fr/rapports/RP-60206-FR.pdf

Severe rarefaction 
2025 : Zn, Au, In , Te and other rare earths
2030-2040: Sn, Cu, Ta, Pb

2050: Ni
Green Chemistry
(i.e. catalysis)

Circular economy

do make sense

Strengthened in 

research

http://ec.europa.eu/environment/archives/greenweek2014/index.html

More Integrated Sustainable Functions (MISF)



Outline
•Introduction

•Scaling of Silicon and thin films devices(More Moore): 

towards Low Power/High Performance 

and Zero Intrinsic Variability

• From 2D to 3D co-integration of More Moore 

and More than Moore devices for Diversification.

•Conclusion



Thin Films MOSFET 
Devices Scaling 

-Electrostatic Integrity
(clamping leakage current)

-Relaxing optimization 
scaling rule by architecture

TSi= ¼ Lg

TSi= 1 to 2 Lg

Planar 

Double-gate
Planar or Finfet

Trigate/
nanowire

tsource

Gate

tsource

Gate

Gate    

source
t

Gate

Source

Lg

w

ThinSOI

Bulk or thick SOI

TSi= ½ Lg

w

TSi=2.5nm

Strain global & local

Lg=10nm

Barral et al. 

IEDM2007

Andrieu et al 

VLSI2006

Bernard et al. 

VLSI 2008

Dupré et al. 

IEDM 2008

Ernst et al. 

IEDM 2008

Jahan et al. 

VLSI2005

Vinet et al. 

EDL 2005



LETI, ST Micro, SOITEC : O.Weber et al., VLSI Symp 2014 , IEDM 2008; 
S.Barraud et al, VLSI Symp 2013 ; C.Fenouillet-Béranger et al.,  IEDM 
2007, VLSI Symp 2010 ; V.Barral et al., IEDM2007 ; S. Morvan et al,   
VLSI Symp 2011; R. Coquand et al. VLSI, Symp 2011; R. Wilson et al, 
ISSCC 2014; E. Beigne, DATE 2013

14 nm node 300mm wafers   

TSi=6nm

TBox=20nm

Energy efficient FDSOI
Thin Films Undoped channels

Ideal Electrostatic control 

*Record-high VT matching performance 

(AVT=1mV.µm)

*Low Power and High performance -strain

engineering (Tsi=6nm)( bi-ax, CESL, ESD)      

=> outperfroms bulk(leakage, delay,Pwxdelay)

*Design platforms increased energy efficiency

*Scalability from 28 to 8 nm proven

1000 wafers
Smartcut TM



FDSOI outperforms state of the art bulk counterpart
Increased energy efficiency (including body red. capacitance and biasing techniques)

Novathor® platform : 35% performance increase;   

(28 nm node) 25% lower power consumption; simpler design

R. Wilson et al, ISSCC 2014; E. Beigne, DATE 2013

DSP S=1mm2

5 Million MOST

Pdyn=CVdd2f

Pstat=VddIoff

Ptot=Pstat+Pdyn



Stacked Multichannels and MultiNanowires

« Top-Down » approach

LETI:   Dupré et al. IEDM 2008, San Francisco(CA)
Ernst et al., Invited talk IEDM 2008, San Francisco(CA)   
Bernard et al, VLSI Symposium 2008 Honolulu(HI) 
Ernst et al, IEDM 2006, San Francisco(CA).
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Opportunities for other materials on Silicon 



Approaching Zero Intrinsic Variability

at sub-5 nm devices level on Si 

and challenging materials

Main topics to be addressed :

 Dopant control at the single atomic level: 
deterministic doping by single ion implantation, chemical grafting, 

STM aided CVD (Tohoku Univ., CEA-LETI/CPE, UNSW)

 Monodisperse patterning: resist

self assembly block co-polymers, self limiting chemical dry etching,…                                  
(CEA-LETI/Arkema, CNRS-LTM, Stanford Univ)

 Interconnect with monodisperse features and objects :
CNT,MIM contact heterostructures, DNA templates,… (CEA-LETI, Tsukuba U., Tokyo, UCSB,…)

 Few to Single electronics (memories, logic): opportunities for Q-computing by spin 

manipulation using Pauli blockade

(CEA-LETI, Tokyo Institute of Technology, Hokkaido Univ.,…) 

 Are Atomically thin active 2D Semiconductors Challenging Si ? 

Zero Intrinsic Variability: materials physical properties atomically thin sheet

Opportunities to Si add-ons and Diversifications (EPFL, Notre Dame U., Penn State U. )

2nm

S. Deleonibus et al., Invited talk, IEDM 2014  



CEA-LETI&CEA-INAC:
M.Vinet et al, IEDM 2018
M. Urdampitella et al. , VLSI Tech 2017
R.Maurand et al., , Nature Comm., 2016 
L.Hutin et al., VLSI Tech 2016
S. de Franceschi et al. IEDM 2016 
M. Pierre et al., Nature Nano. 5, 133, 2010
Roche B. et al., Nature Comm., 4, n° 1581
R. Wacquez et al., VLSI symposium 2010
TIT: T.Kodera , S.Oda , JJAP, 2010

SINGLE ELECTRON, SINGLE ATOM, SINGLE SPIN EFFECTS 

Coulomb Blockade- Discrete nature of dopants distributed
randomly affects MOSFET device behaviour at small sizes 

T<90K

Pauli Blockade Spin manipulation  T<1K
Electron pump, Multivalued Logic, 

Quantum Computing

Sequential 3D 
matrix approach
( sensing, reading , 

actuating,…)



SIQUANCE CEA,LETI & CNRS  spin-off 



2D Crystals offer new spaces and add-ons to Si

2D crystals

Jena et al, 2014 SNW 

Atom-thick, hexagonally arranged 2D sheets : 

graphene, hBN, silicene, germanene , layered 

oxides and chalcogenides (MoS2 , WSe2 , 

Bi2Se3 , Bi2Te3)  

Flexible

Transparent

Highly conductive

Ma & Jena, PHYS. REV. X 4, 011043 (2014)
K. F. Mak et al, Phys. Rev. Lett. 105, 136805 (2010).

MoS2

∆n/n >>10p
(p>1)

Zero Instrinsic variabilty

necessary



2D Crystals offer new spaces and add-ons to Si

2D crystals

Jena et al, 2014 SNW 

Atom-thick, hexagonally arranged 2D 

sheets :graphene, hBN, silicene, 

germanene , layered oxides and 

chalcogenides (MoS2 , WSe2 , 

Bi2Se3 , Bi2Te3)  

Flexible

Transparent

Highly conductive

Ma & Jena, PHYS. REV. X 4, 011043 (2014)
K. F. Mak et al, Phys. Rev. Lett. 105, 136805 (2010).

MoS2

Zero Instrinsic variabilty

necessary

Direct bandgap @ 1ML Electroluminescent 

and PV heterostructure

Silicon Photonics

O.Lopez-Sanchez, ACS Nano, 2014

∆n/n >>10p
(p>1)
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Opportunities for 

innovations with

Resistives

memories

Revise Memory 
Hierarchy
and 
Exploit 
granularity

Embedded

Distributed

Stand Alone

3D

Typical
implementations

Neuromorphic

Architectures

Vision & Audition type 

Pattern recognition 



(100)

(110)

CMOS

High 
Density
Memory 
DRAM-
RRAM
/CMOS

M-NEMS, 
Imagers, 
passives,
… /CMOS

3D sequential process: Highly Performing 

Heterogeneous Co-Integration

Si(xyz), SixGeySnz

Si (tuv), SixGeySnz, Logic / opto III-V,

2D materials, 2&3D Memories

NEMS Sensors and Actuators,

3

3D 

switch /
-Cold end process(bonding)  & Low Thermal  Budget (SPER, Laser anneal): 2nd tier 525°C                        

-Opportunities for other SC(Ge and alloys, III-V, C 1D,2D, 3D, ...)                                               

-Layout Improvement by partitioning: 1 node/stacked layer,  X100 via density/packaging                

- High density Embedded intelligence(sensors, actuators,…): mixing CMOS, High Density 

Memories, Nano-objects(wires and NEMS) and Nanomaterials

- Alternative Computing paradigms from «in-memory-immersed» to massively parallel

Quantum Computing, Neuromorphic Computing,…

=> increasing bandwith and energy efficiency - up to x1000

P.Batude et al., IEDM 2009, IEDM 2011 Invited ; VLSI Tech Symp 2011, 2014 , VLSI-TSA 2013;                    

VLSI Tech Symp 2015 Invited ; IEDM 2017 Invited ; 

C.Fenouillet-Beranger et al. IEDM 2014; I. Ouerghi et al., MEMS 2016 IEDM 2015;                                                                 

S. Deleonibus et al., IEDM 2014 Invited ;  Shulaker et al.,  IEDM 2014 ; Aly et al., Rebooting computing, 2015 ;                                             

Veldhorst et al. , arXiv:1609.09700v, 2016 ; 



System On Wafer: Heterogeneous co-Integrated Systems 

Parallel 3D : towards Zero Power from grid Systems

Packaging(thin films) :   

3D wafer level

S. Deleonibus et al., Invited talk, IEDM 2014

Interposer: 

Si, polymer,…

Extendable/multiple sectors: healthcare,          

security, automotive, communication, energy,… 



Tomorrow driving embedded sensing applications ?

Autonomous & Heterogeneous co-integration: 

3D “play ground”Moore

90nm

65nm
Strained

45nm
High-k

32nm

22nm
3D Tr

Battery

Memory

Processor

MEMS

DNA 
Chip

Image 
Sensor

RF Chip

Lab on chip Capsule endoscope

Integrated / wearable 

Sensors 

Medicine 

nano-robot

3D die stacking

3D circuit

3D transistor

Adapted from Kwon et al, 2007 DAC
Ultra-low power needed for all devices 
Energy storage(thin films) and harvesting

=> Zero Power from a grid
S. Deleonibus et al., Invited talk, IEDM 2014

Towards «Zero Power» from the grid systems

Extendable/multiple sectors:         
health, security, automotive, 
communication, energy,… 

Implantable/BioCompatible, wearable,… 



Energy to cleverly harvest and save
Global energy balance efficiency!!

Low power sensors and actuators, data processing, 
communication, … 

Energy Harvesting … from unwasted energy!
Energy Storage for nomadic/autonomous systems.

S. Deleonibus et al., Invited talk, IEDM 2014

Micro Batteries 

-co-integrated on chip

-flexible, foldable, 

stretchable,…
(bio compatible ceramics, 

polymers,… )

implantable  wearable



Conclusion : from Nanoelectronics Devices
to Systems

 Si CMOS: Nanoelectronics Base platform beyond ITRS hosting novel process 
modules and add-ons towards Diversification:

3D at the device(GAA), steep slopes (TFET) and functional level to lower power 
consumption (towards sub 0.5V VDD) and to increase integration

Opportunitiers for different materials(Ge, SiGe, C-based , III-V, 2D)  on Si 

(bonding, deposition, epi): cold end processing/above IC & sequential 3D integration

Major interest for sub 5 nm and add-on materials: Zero Intrinsic Variability

Device and System Architecture revisions: Memory /Logic hierarchy and intermixing
( latency & power management, Neuromorphic architectures,…), Quantum 
Computing, Adiabatic Computing,…      

 Heterogeneous 3D co-Integration on Si. 
Towards Zero Power from a grid Nomadic/Autonomous Systems: 

Add Functionalities for diversification. NonCMOS & CMOS 

Bio compatibility (gases, liquids)               

3D partitioning : sub system or System On Wafer

Energy Harvesting, Storage and Management. 

«Multiphysics», New Progress Laws & New Models, 

Training & Education 

 Cramming More Integrated Sustainable Functions (MISF) on Chip:
Low Power solutions for healthcare, environment, quality of life, IST,… 



Merci de votre attention

Thank you for your attention

Acknowledgements : Croatia IEEE ED/SSC Joint Chapter,

Professors Mirko Poljak, Chapter Chair ; Lovro Markovic, Chapter Vice-Chair 



Electronic Device Architectures for the Nano-CMOS Era
From Ultimate CMOS Scaling to Beyond CMOS Devices
edited by Simon Deleonibus (CEA-LETI, France) 
Cloth July 2008 978-981-4241-28-1

 Discusses the scaling limits of CMOS, the leverage brought by new materials, processes and device 
architectures (HiK and metal gate, SOI, GeOI, Multigate transistors,  and others), the fundamental 
physical limits of switching based on electronic devices and new applications based on few electrons
operation

 Weighs the limits of copper interconnects against the challenges of implementation of optical 
interconnects

 Reviews different memory architecture opportunities through the strong low-power requirement of 
mobile nomadic systems, due to the increasing role of these devices in future circuits

 Discusses new paths added to CMOS architectures based on single-electron transistors, molecular 
devices, carbon nanotubes, and spin electronic FETs

Available at Amazon.com or 
any good bookstores.



Intelligent Integrated Systems
Device, Technology and Architecture 



Order by internet(discount):

https://www.crcpress.com/Integrated-

Nanodevice-and-Nanosystem-Fabrication-

Breakthroughs-and-

Alternatives/Deleonibus/p/book/9789814774

222 

First printed samples available 

8th November 2017 

at MRS Symposia meeting, Boston
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To be published August 9, 2024

www.jennystanford.com

Series on Intelligent Nanosystems - Jenny Stanford Publishing
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