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Chatbot; virtual assistant Auto-driving cars
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Driving Force of Artificial Intelligence (Ai)
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Artificial neural network (ANN)

Blog.NVIDIA.com



ANN Is a Backbone of Al

Big data ANN

Synaptic weight

Kuncic, Z. The university of Sydney (2019)
eSSy . Yang, R. et al., Adv. Electron. Mater. (2019)
: Xia, Q. & Yang, J. Nature Mater. 18 (2019)

Blood Pressure,
s2 3" EMG, GsR, PPG,
Sp02

Motion (Accelerometer,
Gyroscope)

= pressure, FSR g H O UtpUt |ayer

'
’ . ,

Input layer Hidden layer
Prof. Hwang (SNU), Adv. Electron. Mater. (2016)

Vector-matrix multiplications of (analog) synaptic weights



Drastic Growth of Al Technologies in China
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Energy Dilemma Issue

Solutions for efficient energy management
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The Origin of Energy Dilemma
Data center & Cloud Al
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Avengers: Age of Ultron (2015)



Emerging Solution

Data center & Cloud Al , Edge Ai; On-device Al
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1) High energy consumption
2) High latency




2) Edge Al:
Challenges & Opportunities



is Still Limited...

Sensor A/D converter Memory#1 Memory#2 Al processor
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High Resistance & Low I/O Density between Chips

Two-dimensional (2D) package / z'l‘IA:

G5y
LS

N
>
VA ‘
R 7
< A
) [
-

FHHEY LA

Eow I/O*density unit. # mm?
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Length of lateral interconnects in a substrate is too long Vertical interconnect density is too low



Challenge 1) High Resistance & Low I/O Density between Chips

» 1) High power consumption

High resistance

1) Low speed Resistor
e A
b |
&l X2/ 9/ _J
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Parasitic capacitance

AQ Delay time, AQ CAV CIAR
= — At=o=—=——=—— [T =CAR

| =
At I | |

RC time constant, T

Low l/O'density = iii) Low bandwidth*

Unit: # mm- *The maximum data transfer rate (unit: bit s-1, bps)




3) Technology 1
Advanced Package (AVP)



2D package

200-um pitch

23



2.XD AVP

Sensor Memory#2
8 8 8 8 B 8 8 8 8 B
A/D converter




3D AVP with Bump-less Bonding (or Hybrid Bonding)

Sensor Micro-bump

A/D converter
5 8§ 8 E B
Memory#2

Interposer

500 mm-2



3D AVP: High-Bandwidth Memory (HBM)
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3D AVP: High-Bandwidth Memory (HBM)

HBM: A DIFFERENT MEMORY FROM GDDRS5 z :
( High Bandwidth ) -

e DDR4 (x8) |3
ﬁ . i GDDR6 (x32)

Substrate

45T HBM2 (x1024)
GODRS Per Package HBM
32-bit BusWidth | 1024-bit HBM2E (x1024)
Up to 1750MHz (7GBps) Clock Speed Up to S00MHz (1GBps)
Up to 28GB/s per chip Bandwidth | >100G8/s per stack
! Voltage 13V

C High Power Efficiency )

DDR4 (x16) — 1.6
GDDR5 (x32) 1.5

Substrate |

HBM2 4H (x1024) I 1 ..
- ~ )
— 50~60%
Rz

We [);Te:;hr,?(aq-) SK hynix

Youtube, GadgetSeoul




| HBM2 | HBM3 HBM3 (12Hi) / HBM3E HBM4
Stacking Tech. ( TC-NCF ) ( Advanced MR-MUF ) ( TBD )
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2.XD AVP: NVIDIA H100

HBM Al processor

DRAM Memé&ry

1 Ai processor
6 HBM

W' ' Wt DO D A L 1O .

Advanced Substrate

- NVIDIA H100
HBM: SK Hynix
Foundry: TSMC



J h H Market Summary = NVIDIA Corp
eshen Huang
788.17 vso
NVIDIA CEO +553.16 (235.38%) 4 past year
Closed: Feb 23, 8:00 PM EST - Disclaimer
After hours 786.90 —1.27 (0.16%
1D 5D L 6IM Y¥TD 1Y 5Y IMax
200 = - — o T
May 2023 Jul 2023 Sep 2023 Mov 2023 Jan 2024
Open 807 .90 MMkt cap 197T 52-wk high §23.94
High 82394 P/E ratio 66.05 52-wk low 222 97
Low 775.70 Div yield 0.020%
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3D AVP with Hybrid Bonding: AMD 3D V-Cache™

AMD 3D Stacks SRAM Bumplessly

Dr. Lisa Su

AMD LEADERSHIP PACKAGING

Structural silicon

64MB L3 cache die

*

Direct copper-to-copper bond

Through Silicon Vias (TSVs) for
silicon-to-silicon communication

Up to 8-core “Zen 3" CCD /

AMD 3D V-Cache™ Technology Drives Density and Energy Efficiency Leadership

>200X >15X >3X
Interconnect Density Interconnect Density Interconnect Energy Efficiency
Compared to On-Package 2D Chiplet Compared to Micro Bump 3D Compared to Micro Bump 3D

Based on AMD Internal Data



Heterogeneous Design and Advanced Packaging
Enable Advances in PPACt™ Even as Classic Moore’s
Law Scaling Slows

Appliedmaterials.com

Higher 1/O
Reduced latency

Power Lower power

Performance
Area

Tighter integration
Many chips per package
High bandwidth

Cost

time-to-market ~ Higheryield

Reuse IP blocks

THROUGH-SILICON VIA

SUBSTRATE

_ADVANCED SUBSTRATE _

FLIP-CHIP
BUMP

POLYMER RDL/
Si INTERPOSER




Apple: Samsung vs.

) Foundry for Apple’s application processor Advanced packaging for A10 processor

SAMSUNG
Foundry

Memory PCB.substrate

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Logic die

€A4 A5 €A6 €A7 ®A9 #A15

555 SYSTEMPlus

TONSULTING

InNFO_PoP

) Foundry for iPhone

iPhone 6S 6S plus SE 7, 7TPlus, 8, 8Plus, X, XR, XS, XS Max, etc.
Year 2010 - 2013 2014 2015 2016 2016. 09. -
Foundry Samsung TSMC Samsung + TSMC TSMC

https://www.youtube.com/watch?v=VeTmk68YdCE&ab channel=GadgetSeoul
Youtube: LECININE
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4) Approach 2
Neuromorphic Computing



Advanced Package for Edge Al

Conventional 2D package

[ER Ny 1
.

Load

> 4 Aiprocessor

Store

i
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Is Still Still Limited...

Challenge 2) von Neumann Bottleneck; Memory wall

emd Al processor

Bus or
Memory wall



Artificial neural network (ANN)

Blog.NVIDIA.com

i B

- Sequential
- Digital (O or 1)

von Neumann bottleneck
95% energy consumption for Ai tasks possible

New Mind (02/13/2021)

38



Results

Power

39



What is Brain-inspired, Neuromorphic Computing?

When we are in the nightclub,

Asian
female RESULTS:
& Prominent Features:
A5|e|m | R | N Face Symmetry: PERFECT
S \ ‘ N A A X Skin tone: SMDOTH
' Face Size: NORMAL
Caucasian Eyes Size: NORMAL
female
Caucasian | @ S A :
male : : Viralemon

github.com

-~
-

» '
-

Touch sensation : ;
Auditory sensation

Forbes.com (07/26/2019)
- ,n"t? b
Vision YN
olfaction

=
wa ﬁ; Gustatory sensation

Yi, Y. IEEE (2017)

Parallel Analog Multimodal Adaptive



Digital Computer vs. Brain

Conventional digital computer

/0
ALU Instruction Fetch X L. .
Conventional digital computer Brain
8 8
Q :
c Control unit CPU Decoding
_ r I Data type Digital Analog (Multilevel)
Resister
Resister a?:jfrgit
o = = Clock frequency (Hz) S1E9 10
I BUS Main Executing (Calculation speed)
memory
b 8
Memor iting- i . . .
Y Storage e dongascience.donga.com Data processing Sequential Parallel, multimodal

d o +=€AE (2019)

Inference speed Slower Faster

Brain

Power density

(W cms) 100 0.01

Modha D. S. (IBM) Science 345, 668 (2014)
Javey, A. ACS Nano 9, 10533 (2015)

Kuncic, Z. The university of Sydney (2019)



Inside of Human Brain

< "?f"'\k\ f

o4 Reurohs

Synapse: Computational analog memory

Qutput

Synaptic weight

Parallel

A

In-memory

Pre-neuron £
|
;\ - ; -
resynapti s\ - —
szzyge?r‘:uial ~AL (/\W'i.:
Synapse \ ) Mitochond;ia
ynap 7
\{ . > : Synaptic
et ::;':.:: vesicles
L {\(‘;‘ \ % P ost-neuron / V Postsynaptic dendrite S‘yrf:‘aptic
hWR SSR clef
Receptors

~104 synapses per neuron

Artificial neural network (ANN)

Kuncic, Z. The university of Sydney (2019)
Yang, R. et al., Adv. Electron. Mater. (2019)
Xia, Q. & Yang, J. Nature Mater. 18 (2019)

Prof. Hwang (SNU), Adv. Electron. Mater. (2016)
Prof. Hwang (SNU), Class note (2019)

Multimodal Adaptive



Hardware Implementation of ANN

Lu, W. group,
Nature Nanotechnol. 12 (2017)
Nature Electronics 1, 22 (2018)

Yang, J.J. group, Nature Mater. 18 (2019)
Wu, H. group. Nature Electronics 3 (2020)

Crossbar array /

I
. . ’

..................

Input layer Hidden layer
| J

MRAM FeFET
L
LY

Tunnel barrier

N
N
N
N
\\
S —_— D S
< .
R Fix layer Channel

Computational analog memory has emerged for neuromorphic computing



Neuromorphic Computing for Edge Al

HBM (Memory Maker) GPU (SoC + Foundry)

—_ —_— emd Al processor

PCB Substrate

Si Interposer § PCB Substrate
(SoC + Foundry = OSAT)

High-bandwidth, near-memory computing
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Energy |

Enabled by

Prof. Eliasmith, C, WaterlooAi (2020)

neuromorphic processors
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Neuromorphic Processors will Rule Al Technologies

Wave 1: GPU-driven Wave 2: ASIC-driven Wave 3: Neuromorphic
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Gartner (2018) Huge opportunity to become a game changer

Kumar, S. (HP), Appl. Phys. Rev. 7, 011305 (2020)
Gadget Seoul 4/20/2020
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SMART Metallization?



SMART Metallization Lab.

(1) Brain-inspired processor

(2) Multimodal sensors

(3) Advanced packages

Neuromorphic edge Al
(On-device sensing & processing)

1) Contact

Electric field (E)

1=

vy~ Heating (Q)

€---------- > Stress (0)

Electronic-ionic devices

2) Interconnects

2D/3D arrays

Synergy

Mechanics

Atomic kinetics
Regulating structures
Thermodynamics

Reliability

Endless
opportunities

Innovation

*Thanks to
Praf. Peng\Lin

3) Package

Neuromorphic

Digital




Metals Interacting with Electronic Materials

Reliability

Leakage current (A)

Depletion region

O O

o
o5 o 0 o “ pbuk

Endless opportunities

@+
e N” source

Cu
contamination

gl Pristine

Reverse bias (V)

Metal contamination-induced failure
Samsung, IRW (2009)

Yeon et al., ECS Letters 15, H157 (2012)

Innovation

Courtesy of Dr. J.-M. Suh (2022) N

Metal migration-driven neuromorphic device

Lu, W. D. group, Nature Comm. 3, 732 (2012)



SMART Metal for Computational Analog Memory
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Take-home Messages

Edge Al is vital for addressing energy dilemmas and for sustainable world.

Emerging technologies for edge Al
VR Mgy g am Load

Store
1) Advanced package

—_— —_— Eemd Al processor
N R -

i) Neuromorphic computing

Computational
P = R = | e

memory arra




Thanks for your attention

smartmetallization@gmail.com
hanwool@gist.ac.kr

www.yeonlab.org

LOVE. RESEARCH. SIMPLE.
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