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Outline

eIntroduction

=) -Scaling of Silicon and thin films devices(More Moore):
towards Low Power/High Performance
and Zero Intrinsic Variability

e From 2D to 3D co-integration of More Moore
and More than Moore devices for Diversification.

Conclusion
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Energy efficient FDSOI | & SOIThickness min +/-5h | Full distribution
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*Record-high V.. matching performance
(AVT=1mV.um)

*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

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,
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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

Frequency (MHz)
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Ultra Low Power Low Power High performance

Ptot=Pstat+Pdyn

INTEL%.l\#.SGHz,Zan)
= - " T1(1.2V,1.2GHz,40nm)

1000 L | INTEL (11mW/MHz) !
7,;( TI(1.1V,1GHz,40nm)
CEVA(1.1V,1GHz,40nm)
100 - 'TI(Z W/MHz)

CSEM(100uW/MHz)

10 hnTEL, 280mV  NXP,IMEC JSSCC’10(T1,MIT)
£22 nm (o.4sv§MHZ) (0.6V, 40MHz)
ISSCC’10(TI, M
1 1 (0.34V, 3MHz, ext mem)
+— } } t

——

—t
e
]
-
—

0.35V 1.0V 1.3V




Stacked Multichannels and MultiNanowires

« Top-Down » approach T A
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Opportunities for other materials on Silicon

SI e s AR 1800 500 141 119 112 0.86  2X10*  0.25
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Electronic Device Architectures for the Nano-CMOS Era Highest die;ectriq

From Ultimate CMOS Scaling to Beyond CMOS Devices strenath
(1) (m*_ m*,)T3/2exp(-Eg/2KkT) Editor: S.Deleonibus, Pan Stanford Publishing, July 2008




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:

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

= |nterconnect 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. )
S. Deleonibus et al., Invited talk, IEDM 2014



SINGLE ELECTRON, SINGLE ATOM, SINGLE SPIN EFFECTS

(1,2 &3
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Coulomb Blockade- Discrete nature of dopants distributed
randomly affects MOSFET device behaviour at small sizes

Electron pump, Multivalued Logic, " _ .
. Pauli Blockade Spin manipulation T<1K
Quantum Computing

Sequential 3D

matrix approach
( sensing, reading ,

actuating,...) Fendie e TN
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j QUODI CEA,LETI & CNRS spin-off

Silicon based quantum computer

. _ Substrates
Cryo control electronics

- Low power fast electronics

Device Technology
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Cryo wires and connectors

- Weed customized salutions 5,

Fully enakiled
gquantum PProcessor

e

Packaging
- 3D interposers

- Cryopackage

Cryostats

High pawer ~1W @ 1K™~

|1

IWEERR

Wl * Y U e

BoomT
electronics

e

Firmware
layer

A
TS




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

s, e 420001’?2/ st ' direct bandgap
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necessar
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Quantization length (nm)

10° 10" 10".“"1012“."1‘3
M OS2 \mpurity density (cm?)
Atom-thick, hexagonally arranged 2D sheets :  Flexible
graphene, hBN, silicene, germanene , layered Transparent
oxides and chalcogenides (MoS, , WSe, , Highly conductive
B1,Se, , B1,Te;)

Jena et al, 2014 SNW
Ma & Jena, PHYS. REV. X 4, 011043 (2014)

K. F. Mak et al, Phys. Rev. Lett. 105, 136805 (2010).



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

*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
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3D sequential process: Highly Performing
Heterogeneous Co-Integration

<@
I Si (tuv), SixGeySnz, Logic / opto llI-V, F

I l 2D materials, 2&3D Memories

. ‘ $ NEMS Sensors and Actuators,
/ @ Si(xyz), SixGeySnz w

e ol Lo o = o

~ 5ienm S1 6nm D Crien

-Cold end process(bonding) & Low Thermal Budget (SPER, Laser anneal): 2" tier 525°C
-Opportunities for other SC(Ge and alloys, II1-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; 1. OQuerghi 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

Extendable/multiple sectors: neaithcare,
security, automrotl,ve, commumcatlon energy,..

~ Energy source
" (Harvester, Thin Film Battery[40]1.
!.'E: converter) M/NEMS

L4

Stacked Memories +

Logic, Sensors,, . .. )
High AR TSV stacked ICs

Coohng option
(High-end products)

Stacked ICs & Embedded passives
(Passives, filters,antennas/transceivers,

Chip 2 Optical Interconnects ~ SpIn torque osc,...) .

option Interposer:
Bonding interface . . Si, p()]ymer,,,,
Chip 1 Packaging(thin films) : \

Oxide/Oxide bonding 3D wafer level




Tomorrow driving embedded sensing applications ?
Autonomous & Heterogeneous co-integration:

Moore 3D “play ground”
— Towards «Zero Power» from the grid systems

90nm
3D die stacking
65nm
Strained Lab on chip i';'%;er Capsule endoscope
D
45nm A | ’ t r W
High-k =" 3p circuit A
Processor

32nm

22nm o ransi

3D Tr ransistor Integrated / wearable Medicine

Adapted from Kwon et al, 2007 DAC Sensors nano-robot

Implantable/BioCompatible, wearable,... Extendable/multiple sectors:

health, security, automotive,
S. Deleonibus et al., Invited talk, IEDM 2014 communication, energy,...



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

Low power sensors and actuators, data processing,

S Micro Batteries
communication, ...

-co-integrated on chip

Energy Harvesting ... from unwasted energy! flexible, foldable
Energy Storage for nomadic/autonomous systems. ’ ’

stretchable,...
(bio compatible ceramics,
polymers,... )

(mW/cm?) Energy harvesting d

100 outdoor

10 indoor
1

0,1

Pacemakers

PV Mechanical Glucose Thermoelectricity,
no concentration  Vibration/Piezo magnetostriction,
electricity ferroelectricity




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, IlI-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. NonCMQOS & CMQOS
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

Simon Deleonibus

Eclitor

i

Available at Amazon.com or
any good bookstores.

Electronic Device Architectures for the Nano-CMOS Era
From Ultimate CMOS Scaling to Beyond CMOS Devices

edited by Simon Deleonibus (CEA-LETT, France)

Cloth July 2008 078-981-4241-28-1

* Discusses the scaling limits of CMOS, the leverage brought by new materials, processes and device
architectures (HiK and metal gate, SOI, GeOl, 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

PAN STANFORD PUBLISHING

www.panstanford.com




Intelligent Integrated Systems

Device, Technology and Architecture

v'  State-of-the-art overview by world renowned
researchers of the architectures of breakthrough
devices required for future intelligent integrated

'INTELLIGENT systems
| NTEGHATED S‘I‘STEMS

v New device and functional architectures have also
been reviewed by Tunneling Field-Effect Transistors
and 3-D monolithic integration, which the
alternative materials could possibly use in the
future.

v Volume 1 of the Pan Stanford Series on Intelligent
Nanosystems

350 pages, Fall 2013, US5149.95
978-981-4411-42-4 (Hardback)
078-981-4411-43-1 (eBook)

More information at www.panstanford.com

edited by
Simon Deleonibus (CEA-LETI, France)

Pan StanForp || PuBLIsSHING
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Convergence of More Moore,

More Than Moore and Beyond Moore
Materials, Devices and Nanosystems

edited by
Simon Deleonibus

“This book rightly acknowledges that More Moore, More than Moore and Beyond Moore are
temporary if not artificial partitions. The three cannot displace nor substitute one another. Denser
integration, new devices and additional materials complement each other and emerge...”

Prof. Chenming Hu, University of California at Berkeley, USA

“...new heterogeneous integration technologies based on all aspects of materials, devices, and
nanosystems are indispensable in the era of sustainable and energy efficient nanoelectronics and
nanosystems. This book provides many useful information and insights to prospect the future
technological revolution.”

Prof. Mitsumasa Koyanagi, Tohoku University, Japan

“.... New materials, new architectures and new functional applications are necessary for future
breakthroughs. This book presents important topics in the field of nanoelectronics and nanosystems
covered by world leading experts and quite useful to catch up the current state of the art and seek for
future prospects.”

Prof. Shunri Oda, Tokyo Institute of Technology, Japan

“... Not only engineering professionals but also the researchers, and especially the students as
beginners in research, may save sufficient time to learn from noted experts in the field with a quick
over view ... on 2D to 3D nano-devices and systems.”

Prof. Steve Chung, National Chiao Tung University, Taiwan

This book reviews essential modules to build diversified augmented nanosystems, hased on
nanoelectronics and new nanofunctions. It is the fourth volume of the Jenny Stanford Series on
Intelligent Nanosystems, featuring seven chapters divided in two parts. The first part discusses the
sustainable and energy-efficient era; evolution of non-volatile memories from 2D to 3D for Terabhit-class
chips; 3D vertical resistive devices for storage class memories, featuring self-rectifying and self-selecting
cells; and low-power and low-losses radio-frequency and millimeter-wave SOI CMOS devices for
Internet of Things. The second part presents the study of graphene-based nanoelectromechanical
switches for single molecule— and zeptogram-resolution sensing; self-powered 3D nanosensor systems
for mechanical interfacing, based on a piezotronic effect and triboelectric nanogenerators; and the
scaling and packaging of implantable biomedical silicon devices.

Content
The Technology Convergence for a Sustainable and Energy Efficient Internet of Everything Era , Simon Deleonibus
Chapter 1 The Era of Sustainable and Energy Efficient Nanoelectronics and Nanosystems, Simon Deleonibus,
Chapter 2 From 2D to 3D Nonvolatile Memories, Akira Goda,
Chapter 3 Three-dimensional (3D) Vertical RRAM, Qing Luo and Ming Liu,
Chapter 4 SOl Technologies for RF and Millimeter Wave Applications, Martin Rack and Jean-Pierre Raskin,
Chapter 5 Graphene nanoelectromechanical (NEM) switch: ultimate downscaled NEM actuators to single molecule
and zeptogram mass sensors, Manoharan Muruganatha and Hiroshi Mizuta,
Chapter 6 Self-powered 3D Nanosensor Systems for Mechanical Interfacing Applications , Wenzhuo Wu and Zhong Lin Wang

Chapter 7 Miniaturization and packaging of implantable biomedical silicon devices, Jean-Charles Souriau
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OUTLOOKING BEYOND NANOELECTRONICS
AND NANOSYSTEMS

Ultra Scaling, Pervasiveness, Sustainable Integration,
and Biotic Cross-Inspiration

iN

Simon Deleonibus .

The fifth volume in Jenny Stanford Senes on Intelligent Nanosystemns, entitted Outiooking Beyond
Nancelectronics and Nanosystems: (Atra Scaling, Pervanveness, Sustamatie integration, and Siohic
Cross-Inspiration, collects global reveews on (1) the historkal cross-inspiration of technologies
with nature, their evolution towards nanoelectronic and nanosystem components and their
sustainabiiny: () new matenals, techreques, and pervasive applications out of MaENETreany
and [3) memristor foundation and new bicenginewing develapments. The coverad Topics

include ultra scaling with s limits, slternatives and prospects, superion energy effcency and
pervastvensss to non-conventional aspplications; the evaluation of mformation technology
unstamsbilty, envircnmental impact snd life cydies; prospective fabrication techiniques, materials
and components, their multifunctional extensions for characterzation, fabrcation, hegh-resolution
quantum sensing, energy and nformation storage; Ide saence-nspired memeistors and edge of
chaos; and bicengineering by nanostructured hybrid smart systems.

Simon Deleonibus was chief sclantst with CEA-Lati, a technology resaarch unit
of French Alternative Erergles and Atomic Energy Commisian, whare Ns ressarch
focused on architectures ol micra- and nancelectronic devices He retired in lanuary
2016, Before joiring CEA-Leti in 1986, he was with Thomson Semiconductors
[1981-1986|, where he developed advanced micoelectronic devices and products
He obtained his PhD m apphed physics from Pars University, France (19820 He s a
wisitng professor at the Tokyo Institute of Technology, Japan, since 2014; National
Chiao Tung Undversty, Tatwan, since 2015, and Chinese Academy of Saences. China, since 2016. Dr
Deleonibus is a distinguished CEA research director {2002), IEEE distinguished lecturer [2004], foliow
of the |EEE (2008}, and ementus felow of the Electrochemical Soclaty [2015). He & a recipient of
the tithes Chevaber de I'Ovdre Nationa! du Mérite [2004), Chevatier de V' Ordee dvi Palmis Acaddmigues
(2011}, the Geand Prix de Mcadémwe des Technalagies (20051 and IFEF Cledio Beunetty Award 20220
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ABSTRACT Major power consumption reduction will drive future design of technologies and architectures
that will request less greedy devices and mterconnect systems The electronic market w1ll be able to face an




