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Global data generation (actual & forecasty==
o

SAFETY AND
SECURITY

> 1 Zetabyte = 1021 byte ! N
i

SAFETY AND
SECURITY

HUMANS
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- . B > A true data deluge, not
2010 2015 2018 2020 2025 2030 2035 only generated by humans!
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The required gain in energy efficiency ===525Y"

CMOS scaling

>1000x Memory technologies

Dy
2030 Disruptive Computing

Chiplet & 3D System
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The cost of moving data

The High Cost of Data Movement

20mm

26pJ | 256pJ 160 T oy

Efficient
500 pJ [ Girchip link

Bill Dally, “To ExaScale and Beyond”, 2010
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[]. Wang - ISSCC’ 19]

:l SRAM Array F{ead Energy 1. 6pJ

|Network Energy inside Cac Macrgud.2pJ |

System Bus Energy 42pJ

] Energy of 32-bit éddition 0.1pJ

0 10pJ 20pJ 30pJ 40pJ

¥

~90% of energy is in data transfer
- IMC could lead 8x reduction

Operation energy is negligible

¥

Memory access and control energies

dominate
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Energy Efficiency is far from bio SystemsEsgggf‘Q
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Bio Inspired IC’s: How? =SS88SV

Biology Technology choices

Asynchronous communication Spike coding

S
Plasticity o Re-configurability (routing)
o
Sensing Smart sensors

Brain is not flat, it is 3D Dense 3D integration

Lifelong learning New technologies coupled
with algorithms
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Why Emerging Resistive Memories? Eesa

High dense on-chip memory Zero stand-by power thanks to non-volatility

DRAM access is at least 1500x more
costly than a MAC operation in NN

accelerators
[F. Tu, et al., 2018 ACM/IEEE]

S o 10x better energy efficiency than
werloan] L __ embedded flash thanks to resistive
I rvl-l — | -
nterconnect
memaories
L. Grenouillet et al., 2021 i K_] R
T.Wu et al., 2019
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Emerging Non-Volatile Memories ==gg5c @

| NORFLASH

Programming

- ~200pJ/bit ~20plJ/bit ~300pJ/bit ~100pJ/bit ~10f)/bit ~10f)/bit
i |
Power Reduction by 10000! 14ns @ 2.5V
Write speed 20 us 20 ns 10-100 ns 10-100 ns <100ns (SONY)
4ns @ 4.8V (LETI)
10° - 10%o0n 16 > 10'! single device
5_ 6 6-1N15 8 15
Endurance 10~ - 10 10°10 10 Kbit > 10 106 — 10 on 16 kbit
Retention > 125°C 85°C- 165 °C 165°C > 150°C 125°C 125°C
Extra masks  Very high (>10) Limited (3-5) Limited (3-5) Low (2) Low (2) Low (2)
Process flow Complex Medium Medium Simple Simple Simple
Multi-Level Cell Yes No Yes Yes No No
- : . . : Poor (2D)
Scalability Bad Medium High High Medium High (3D)

Memory activity focus on embedded NVM for NOR flash replacement
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Neuromorphic based RRAM circuit

Neuron

Electrical
Signal

Synapses
Dendrites
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M. Suri et al, IEDM 2011.

2 PCRAM Example:
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In memory computing ===

Von Neumann computing In-memory computing

Logic and arithmetic operations

WL%j Digital

o s Al operations
R using SRAM
Y g
, AAND B ANORB
!
1
input- data\L refslu)Its ,,: S Analog:
(D) Vi X multiply and
CPU / 2D accumulate
&7 . v
Memory technologies FVa'Gr Ve
‘ [ : |
\Il_‘ é. _I._;:' ML[ Sense
AV _z% is_ = is_____z-L-: = [ ampli S hin /
— = L HE earching
5 £ & AL [ T o matching
SRAM RRAM PCM STT-MRAM | (CAM)
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RRAM

Near- & in-memory computing S555
ML Sense
AVH;‘ ? j ﬁﬁ% ? Ampli.
Vl!ef
Bayesian | s e I
Neural Networks
. _
A Agz|| X b ,
Az Az ||X2 B b, e 322
Deep learning, l’ L
matrix-vector multiply Vi Vi

.' for near- ‘.
\ and in-memory |
‘ computing ’

2/

W G

> g b lout Irer
\ 7

00 0110 M
Bit combinations

In-memory
logic
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Towards In Memory Computing —-=525

Common SL

Staircase BL contacts

Sourcelines) for all GAA EO”’]H\%&EL
A ' stacke(il-NS /s?;;jk/d NS
=" ’Pi||ar illar Courtesy of S. Barraud, |

SL

Independent
WL

= | : ‘2; ’ One GAA by
- Pillar Pillar
: : SL BL
~ RRAM (on drain-side of GAA statked:NS)
= WL RRAM
:}-'TE S
WL
s D
~o } BE WL,
S~ S D
Wi,
s D
BE TE

Independent WL

Enabler for Hyperdimensional computing """
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A possible Edge IA Roadmap Cotrtesizo

Vianello, Leti

Next generation Al at

S o
Smart sensor = g
. o 2
2=
o O
T
: T
Bayesian
machine  E eranto Multi-die (chiplet)
Spiking recurrent <1pJ / Integration on base
synaptic die
Feature extractor
Classification X10000 Sﬁl‘((ﬂeg'&ﬁlN of HD images
i EHEEEEND] 1 d

neurons

..‘--._

[ SVES TS

BNN SPIRIT
Fully distributed AAnalog spiking NeuroCorgi

s AslL Performanc —>

1TIR 22nm I”

0 25 50 75 ]OD 125 150

e - Multi-die
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From bits to g-bits =o=3

Quantum Physics to compute

00r1 E

Quantum bit

w0

Up to X 2048 more efficient

* For this maze

Superconductor Si spin qubit Trapped ion Photon
Size* (100pm)? (100nm)? (1mm)? ~(100um)2
1qubit fidelity 99.96% 99.93% 99.98%

50% (measurement)

2qubit fidelity ~99 3% >99% 99 9% ooe% oaten

Speed** 12-400 ns ~1 us 100 ps 1ms

Variability 3% 0.1%-0.5% 0.01% 0.5%

T° of operation 15mK 1K 10K 4K/M10K
SRz 433 (IBM) 3 (TU) (6 - QuTech) 32 (IonQ) 70 (Pan-China)
qubits
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From bits to g-bits S525

[0 Quantum Physics to compute

@Grenoble

SiNANO IC@ S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 16
'"St't“te = Functionalities, Ground-breaking Technologies: Impact on International Cooperation

o emlco d clo



Chiplet approach: Heterogenous IC desigms==9"

- Interposer & chiplets \
Interconnects performance - R.C delay
Exceeding latency & bandwidth limits
Cost/form factor advantages

The end of "all for the SoC" paradigm (image from DARPA) Chiplet topology on interposer

~
MONOLITHIC SoC CHIPLET-BASED SoC

- Appropriate partitioning / TN iiuririo Y

- Heterogeneous IC design B
Optimized technology for each functior Heterogeneous c < Improvedyied & elandesign equirements
Specialization by app.: CPU, GPU, AI (...
Standardization (coming soon, hopeful

- \ o N
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Chiplets: the new IC design paradigm Sc=3

Chiplets 3D Integra:ed Circuit

System Die Die
disaggregation aggregation-1 aggregation-2

Architecture Des!gn Design
Design flow Design flow

Wafer-level integration Package-level integration

System Technology Co-optimization

SINAND |C€’§ Up to lOOx gain on Power Efficiency with 3D ., 4
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3D Tool Box for Chiplet integration  ==s555V

1 Photonic
Interposer HP edge computing
HPC MOSAIC
4-* <>
oo SE AN
3D Si Photonic ‘ - NS

Heterogeneous
integration

Logic on Logic

Moiding Top die

Heterogeneity and functionality

Bottom die
Pockoge Substrote

A A A A AAADL

w

3D pitch reduction for bandwidth increase
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Hybrid Bonding Solutions
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> Direct bonding of > Wafer-to-wafer
metal and dielectric (W2W) or Die-to-
> Down to 1 micron wafer (D2W)
pitch interconnects technologies
> High heterogeneity
allowed by D2W

Vacuum pipette

Wafer holder 16 dies loaded Top Sttt

Collective D2W approaches
Self-assembly for high
precision & high throughput
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Hybrid bonding pitch roadmap
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Pitch down to 1um

100 sio,
A multi-hub Test and Experimentation . e B Gonding
@ELEC' Facility for edge Al hardware D2W @ Letl Wi
c RF oo Sl
=,
— 10 TEM on W2W bonding at LETI
ﬁ Pitch reduction (towards < 1um)
= Interconnect / bandwidth density
Q. e Towards 3DIC
o
Q
c
cC e New capabilities for heterogeneity
@ 1 « Temp. reduction (150-300° C)
Q
— + Self-assembly
B (precision, throughput)
= « New materials
(III-V, supraconductors)
Architectures & Demonstrators
0,1 + Multistacking with TSV
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 Smart Imagers & displays
+ Edge AI, based on chiplets
A. Jouve-etal; IEEE 3bic 2019 R&D M LETI Industry © REmmW, indl. TV
E Roirrint ot al ES 2’)
SINKWH}\“ 1 7 ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced
Instltut(y. - b { INPACE P e 2 P 21

.m(,‘to atcoop o Functionalities, Ground-breaking Technologies: Impact on International Cooperation



BRUGES LY
S-1=2 SEPTEMBER .

Self Assembly Hybrid Bonding ==5525 U
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3D: from packaging to monolithic S8S5

M3D
! (CoolCube™) [3]

Self !
Pitch : 0.05-0.1 pm

Assembly
Pitch : 1-5 pm

108

3DC/mm?2
~ 1 05 => Transistor

| I
TSV + pBump!l] 3DC/mm? eve
Pitch : 20 pm = Logic Blocs

= Logic Gates D-TSV [2]
Pitch : 1-3 pm

3DC/mm?2
=> Entire core Cu/Cu [2] A6
: Pitch : 2-5 pm *\ﬁ‘ﬁg\ A6
’4‘%{3‘59\

diameter

Pitch
~%
3D Contact
= 3DC

W yltiple
i i1
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EU and non-EU actors - EU =SS525

academia/RTO @ industry

0 R&D very strong in all areas of
CMOS scaling compute

Heterogeneous T high

integration p-DSOI

[0 Unique strong position in EUV
lithography

Quantum computing 2D materials

[0 In general, industrial EU players
lacking to take up R&D

Near/in-memory

BEOL
compute
Memory Advanced patterning
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EU and non-EU actors - US =SSEES

industry academia/RTO

CMOS scaling [0 Strong industrial activity in most
areas of compute

Heterogeneous T high

i . FDSOI
integration

O Weaker academic activity on
traditional logic scaling

Quantum computing = 2D materials
0 Strong R&D in new materials,
heterogeneous integration and
Near/in-memory BEOL memory
compute
Memory Advanced patterning
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EU and non-EU actors - Asia =SSEES

industry academia/RTO

CMOS scaling 0 Very similar to US
Heterogeneous t high FDSOI m Strong industrial activity In most areas
integration Of Compute
[0 Weaker academic activity on
| o | traditional logic scaling
Quantum computing 2D materials

O Strong R&D in new materials,
heterogeneous integration and
memory

Near/in-memory

BEOL
compute

Memory Advanced patterning
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Summary =

[0 eNVM: Key feature to store data close to the compute Engine
[0 eNVM: An enabler for Neuromorphic designs!

[0 3D technologies: towards Chiplets and Heterogeneous integration

__ Heterogeneous compute chiplets:
Advanced node (7nm, 5nm)
Heterogeneous (size, pitch, node)
Full digital compute chiplet
Optional: TSV HD for memory cube

Face down
Base die: — .
« Mature node (FD28, ?Dgise?teo?vl\?zér
GF22FDX,...) « Hybrid Bonding
» Face up

. TSV for power delivery and Ios » Face-to-Face

(preferred mid process)
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