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Shockers involving Governments
occur every 20 years

. 1957: Sputnik
. 1987::US DRAM Collapse

. 1997: Gate oxide vanishing by 2005

. 2020: Pandemic
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1965-2011: From Planar Transistor to FInFET
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CHANGES AND BHA LENGES
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Governments Investing Hundreds of $Billions
May 2022

RARS G'Fiﬁﬂﬁ/l?bgﬁgﬁ{bmﬁﬁﬁﬁ$' Investments to support the Chips Act Europe
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BROAE BWERARA—S he Chips Act itself should result in additional public and private investments of more (ha@
e pillion
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A CEA TR RSt = 7 2, [[Smar Equipmont @ « Providing access across Europe to design tools and pilot lines for the prototyping, testing and
EHIOBISECIRDIEH 5T - Gy L*» | experimentation of cutting-edge chips
R Tomk  aF5TIRD= = « Certification procedures for energy-efficient and trusted chips to guarantee quality and security

for critical applications
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« existing programmes and actions in research and innovation in semiconductors such as Horizon

Europe and the Digital Europe programme

In total, more thai policy-driven investment will support the Chips Act until 2030, which
will be broadly ma -term private investment
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The Chips Act
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« Investments in next-generation technologies

- Support for innovative start-ups, scale-ups and SMEs in accessing equity finance

2 =) Research S27 ATAVSNEE BESOMEEHTE
R IRE, HKRETH. BHRS) ) e - Fostering skills, talent and innovation in microelectronics

kil Z=5E
E(!§§ ) (EnHTHIL #hEh(1/2) (2) SEmm¥BEIRERFTOBITE () « Tools for anticipating and responding to semiconductors shortages and crises to ensure security
S 5

RS BASE NEDO is a national research and development agency that creates
sm(NEDO) ovation by promofing technological development necessary for
ization of & sustainable society. iconductor international partnerships with like-minded countries

CHIPS Act At A Glance

Creating Helpful Incentives to Produce Semiconductors
for America (CHIPS Act)

$52 billion total budget over 5 years

Financial Incentives Research and Development

Technology Center
Packaging Program

$39 billion MFG USA Institute(s)
Metrology program

Workforce Development

US Code: 15 USC 4652: Semiconductor incentives
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IEEE COMPUTER SOCIETY m
TFRC rebooting
Task Force on Rebooting Computing COMPUTING
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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ITRS, ITRS 2.0, and IRDS FORECAST

3D Power Scaling

2015->2025-2040
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Samsung, IEDM 2021
"N, storing

NAND technology evolution for increasing bit density

Genl4
100 (over 1,000 layers)
o

o
o Genl3

Gerd

Gen7 (over 170 kayers)

o
:
J
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]
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V-NAND
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ITRS, ITRS 2.0, and IRDS FORECAST

3D Power Scaling

2015->2025-2040
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3 Steps to Surrounding the Channel

Channel

Channel
(Gate

Channel Channel Channel

1 Gate on channel 3 Gates on channel 4 Gates on channel

Planar FET  FinfET Gate-All-Around
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2018 IRDS

YEAR OF PRODUCTION

LOQIC Inghatry “Noge Range” Ladeling (ne)
IOM F oundry nodle ladeling

LODIC Gwvice srUclure options
Mainsirenss device fov Iogic

Device archlecture hey pround rnies

W T
Fnl LT Fin with (nm
Pl ET Fim hoort (o

Footpent grive o8¢ C o

20l GAA lateryl

L S

Fociornt orive eBcwncy -
Devece ofece J s
Dovice efective wih (nm) « ML 1260 1220

Oevice fatere’ pach 24 n

Device heghe X “@o [3Y]

Dev { - e L] »
Device sems (ami - 4D 1 , ! « 15
Device wicth (ami « SRAM [ [ 7

Acronyms used in the table {in order of appearance): FDSOI—fully-depleted silicon-on-insulator, LGAA—lateral gate-all-around-device (GAA),
VGAA—vertical GAA, 3DVLSI—fine-pitch 3D logic sequential integration.
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Gate All Around (GAA) by nanosheets technology in 2024-5

W rrocessng  storing : il :;,;_» Intel Timelines
Evolution of logic transistor - -
Fin Nanosheet == —— = H™ Q1 Q2 Q3 Q4|Q1 Q2 Q3 Q4({Q1 Q2 Q3 Q4|Q1 Q2 Q3 Q4|Q1 Q2 Q3 Q4

@_' =

HK/MG | FnFET  FANFET  FnFET |

Intel 7 Intel 4

IstGen. 2ndGen 3rdGen |

HK/MG esiGe Optimization
@ & = :

EUV
EMIB 45 micron
Foveros 36 micron

Foveros Omni, 25 micron

Industry-leading Advanced Technology Portfolio @

2025

Nanosheet N

FinFET

Nap. Nax.
N6RF

2018 2019 2020 2021 2022 2023 2024 2025
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ITRS, ITRS 2.0, and IRDS FORECAST

3D Power Scaling

2015->2025-2040
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What Comes Next?




Vertical Logic Architecture 2015

Contact =
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Complementary FET (CFET)

Monolithic Approach

S. Subramanian, VLSI 2020
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nghly Stacked Channels

Ip = > llncox L V : Highly stacked channels

8 Gey 7551g.,5 Nanosheets 7 Geg 4551; o5 Nanowires
. = a

W=26nm

20NM  Wgy=93nm -l00m

Yi-Chun Liu et al., VLSI, 2021, T15-2. Yi-Chun Liu et al., VLSI, 2021, T15-2.

The higher number of stacked channels can further
improve the |5\ for the fixed footprint.



The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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GAA

Beyond Silicon
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Intrinsic Challenges of Bulk Material

Bulk materials

Dangling bonds Rough surface
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2D Materials

2D matenals

Dangling bonds free  Uniform thickness
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Towards Elimination of Dangling Bonds

/ | DiBL
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CNT Array

Contacts
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Device Architecture Outlook

* TMD: transition metal dichalcogenides
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

s 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP

%, ot
IEEE IC gf: S P.Gargini 27




3D Everything
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Vertically Stacked NAND Challenge

CMOS
Bonded

Array

affected by high temperature Array
eSSesS
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Cell/Array Wafer

CMOS Wafer
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, CMOS
by Bonded

Bonding

Interface : | » Array
e
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Back Side
Metal Layer

(i

(1148 (1 NI
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Interface ll.llllllJ
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Bonding

P.Gargini’’




Process of Proposed SeDRAM

i -
M1 M1 M1

AAR _ — AA = _AA

(AN B AA I AA

fat M M1

M1 M1 M1
AR AA AA

O O
4. DRAM-1 and DRAM-2 5. Remove carrier,and
bonding then pad out on DRAM-1




Back Side Power Distribution

Before BSPD After BSPD

Signal interconnects

\
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.
4
.
.
-
-
B
-
|
-
-
:
-

Device layer

Power interconnects
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Backside PDN paving the way to a truly functional backside

Backside Power
Delivery

Backside Global
Interconnect

— Backside Devices _
Front Side BEOL DeV|c.e 2
Backside Extension

Wl |l

I ] |

I e e _7_|_~_ <l |
N, N B

Enhancing system performance by migrating system functions to the backside

“unec ITF womso
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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System In Package

SIP

@ IEEE C g S FIRDS:
9 i pefbe A




Interconnect delay

Interconnect
bottleneck

Transistor delay
(gate delay)
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Develop a Technology to Produce an Infinitely "Large Die”

WIRE BOND

Mold Compound

Die Attach Wire Bond

Solder Ball Rigid Laminate
Substrate

Meltin Oint FLIP CHIP C4: controlled collapse chip connection ’ .
g p Epoxy Underfill Die p p Mold Cap Meltl ng pOI nt

Pb
Sn
327°C 2310C

Wire Bond vs. Flip Chip

In the wire bond method (top), the die faces up and is attached to the package via

wires. The flip chip (bottom) faces down and is typically attached via solder bumps
similar to the larger ones that attach BGA packages to the printed circuit board
(also shown here). (Image courtesy of Amkor Technology, Inc.)

. INTERNATIONAL ROADMAP FOR DEVICES AND SYSTEMS
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From co-evaporation to electrolytic deposition from solutions of metal salts
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ADVANCED INTERCONNECTS TECHNOLOGY DEVELOPMENT

Prosenls 0
Paolo Gargini
In Appreciation ol Your Contributions to the

ceessiul Start Up of 200 mm Bump Line in D2

NN mm TAB/CY Group
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Intel Publications and Patents Guidelines

1968-1996
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The Horizontal Approach

The Vertical Approach

DRAM layers

§//l

Silicon Interposer

Compute

b

Memory layers

Compute

=
=
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Multi Chiplet Heterogeneous Integration (MCHI) Platforms

Target Heterogeneous Integration Platforms
Applications.

5G-Tx/Rx, Embedded High Density Fan-Out WLP

mmWave s
Antenna,
Automotive
Radar
AP+Memory,
AR/VR.

3D Integrated
Chiplets

2.5D Interposer
Fan-Out

E 0O
1 =
0 50 100 150

Chiplet Pad Pitch (um)

Bumping

Data Centre,
HPC, Al,
Chiplets

Interconnect Density/mm?

200

Inter-chiplet wiring density increases
SOC 3D-Integrated Chiplets * 5x-10x from Bumping to FOWLP
Disintegration * 10x from FOWLP to 2.5D Interposer

& Chipletl Chiplet2 * >100x from 2.5D Interposer to 3DIC (hyb. Bonded)
reintegration, .
Chiplet3

3D Memory

CHALLENGES: Package Architecture, Design,
Materials, Process Optimization

2023 Symposium on VLSI Technology and Circuits
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3D Integrated
Chiplets

2.5D Interposer

Fan-Out
Bumping
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| Technology Platform for HPC / Al

High Performance 3D Stacking / SolC Co-Packaged Optics
Memory
. ﬁber

Si Photonics

RDL Interposer +
LSI* + eDTC"e——

Substrate

Integrated Voltage
Regulator » >6X Interposer

LSI: Local Silicon Interconnect; eDTC: embedded Deep Trench Capacitor
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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What About products?




Total unit shipments of personal computers (PCs) worldwide
(in million units)

FHOUSAND $

400,000

350,000

300,000

250,000

200,000

150,000

100,000

50,000

2012

. Decline

350.9

2014 2015 2016 2017 2018 2019 2020 2021

iPhone mMac

06

316.4
287.68

269.72, o

IiPAD mAccessories mService

Number of smartphones sold to end users worldwide from 2007 to 2021

2017 Decline

1536.51:556-21,540.66

1,423.9 L333.86
1,244.74
969.72
.55
2 ’ 680.11
472
296.65
: 172.38
122.32 139.29

70.00%

60.00%

2014 2015 2016 2017 2018 2019 2020

iPhone ®Mac ®iPAD MAccessories MService

INTERNATIONAL ROADMA® FOR DEVICES AND SYSTEMS




The Next Wave

of Products




Flat and thin optical systems are key to enabling compact,
transparent and light weight AR display architectures

You should be seeing what I'm
saying, just transcribed

-

Walter Pichler’s TV helmet (1967)

™

; :Shttps://w@w.istockphoto.com/search/2/ image-film?page=13&phrase=ar%?20glasses
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Ray-Ban and Facebook introduce Ray-Ban Stories,
first-generation smart glasses

After promising smart glasses for years, Facebook's first glasses m
disappointingly [EllIEI@These aren't AR glasses at all YA (MR A ENEReNIENS
in them. Instead, they're a blend of technologies that have already been in other
glasses: they have cameras in them, and microphones, and speakers. They're
headphones.and camera-glasses in one, and that's about it.
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https://www.cnet.com/news/facebook-is-reportedly-working-with-ray-ban-maker-on-smart-glasses/

Back to Basics

P.Gargini 56




There might not be any Moore’s law for optics,...

... but there are plenty of
exponential growth laws
in optics and photonics
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MOORE’S LAW VS KECK'S LAW,
LOG SCALE

Fibre-optic capacity,
bits per second

Bit rate doubles every 1.5 years

Transistors

per chip

Transister count doubles every 2 years

I
1970

Source: Intel: Donald Keck - Via: The Economist

I
1980

| 8 1
1990 2000

Donald Keck invented fiber optics in 1970 at Corning
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Haitz's law is an observation and forecast about the steady improvement, over many years, of ||

PR ot Haitz’s Law - Brightness and Cost
Of Lighting

10% — : :
[|® e flux /package [Im]
¢ ¢ cost/lumen [$/Im]

107

102}
10t}
10°}
107t}
1072}
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https://en.wikipedia.org/wiki/Light-emitting_diode
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AR: Passthrough vs. See-through

Passthrough ‘ See-through =~

J

NN

A IR R

h

Display + Projection Optics
Se

Y
il

*
Real world is captured through camera and Real world is seen through a combiner that
re-displayed on screen together with other displays virtual content as well as being
virtual content transparent
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The Future: A true see-through augmented
reality experience that’s all-day wearable

= ) )
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Immersive Experience Super-power

All-Day Wearable Socially Acceptable
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How to enable see-through AR? — Waveguide in AR Glass

Light engine

Outside world

Display projector
e Out-coupler grating

In-coupler
grating
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How to enable see-through AR? — Waveguide in AR Glass

Light engine

Display projector

In-coupler
grating

Outside world

Out-coupler grating
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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The Next

Computing Architecture
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40 Years of Microprocessor Trend Data

) 1

Paynamic TN *C*V2 f*A
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1980 1990 2000 2010
Year

Transistors
(thousands)

Single-Thread
Performance

| (SpecINT x 10%)

Frequency (MHz)

Typical Power
(Watts)

Number of
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Large-scale Deep Unsupervised Learning using Graphics Processors

Rajat Raina RAJATR@CS.STANFORD.EDU
Anand Madhavan MANAND@STANFORD.EDU
Andrew Y. Ng ANG@CS.STANFORD.EDU

Computer Science Department, Stanford University, Stanford CA 94305 USA

7. Discussion

Graphics processors are able to exploit finer-grained
parallelism than current multicore architectures or dis-
tributed clusters. They are designed to maintain thou-
sands of active threads at any time, and to schedule the
threads on hundreds of cores with very low scheduling
overhead. The map-reduce framework (Dean & Ghe-
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SYSTEM MEMORY

CPU

-

GPU Memory

' GPU

Shader Processors

SCREEN
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A Solution to the Architectural Problem

40 Years of Microprocessor Trend Data

7
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108 b re | (thousands)
o~ * * \/J2 * )
00k Paynamic N * C* V2 f*A Single-Thread GPU-Accelerated
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10° F ¥ ]
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103

e
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1980 190 2000 2010 2020
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Single-Chip Inference Performance - 1000X in 10 years
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
s SOC and SIP
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SOC

No Limits to Die Size
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APPLE Chips
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DDRS die
face-down

DDRS die
face-down

DDRS die
face-down

DDRS5 die
face-down

DDRS die
face-down

DDRS die
face-down

DDRS die
face-down

Package
substrate

M1 Max die
(face-down)

DDRS die
face-down

. M1 Max die
(face-down)
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M1 Max die M1 Max die
Cupper pillars pubumps

“ - ?I?g;:-!_

OOV Ww!

Top build-up layer
Substrate core
Bottom build-up layer

Vertical cross-section of the M1 Ultra package

P.Gargini

78



Over 100 Billion Transistors!
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Die sizes of Nvidia Gaming GPUs
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NVIDIA Hopper GPU — Full Implementation

80B Transistors, 814mm? in TSMC 4N

PCI Eapross 5.6 Host Irsatace

1. 144 SMs 2x Performance Per
Clock 4t Gen Tensor Core
Thread Block Clusters

2. New Memory System World’s
First HBM3e DRAM Larger
60MB L2

3. 4™ Gen NVLink 900GB/s total
BW New SHARP support NVLink
Network
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Technologies are Reaching 100M Users Faster than Ever

2 months
ChatGPT €

9 months
TikTok €

o years, 10 months

2 years, 6 months
Instagram

3 years, 6 months
WhatsApp

4 years, 6 months
Facebook

World Wide Web

2015 2020 2025
Source: hitps://iwww visualcapitalist com/threads-100-million-users/
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SYSTEM MEMORY

5,200
195,000
7,860
3,456
10,908 \IOT CORP — Revenue History (HLi1iom
563 soo1ze5a
360 .
463
1,200
1,485

CPU

I‘ 8 GPU + 4 NVSwitch Baseboard
Memory
Storage
SmartNIC
Chassis (Case, backplanes, cabling)
Motherboard
Cooling (Heatsinks+fans)
Power Supply
Assembly and Test
Markup 42,000
Total Cost 268,495
DRAM BOM %* 2.9%
NAND BOM % 1.3%
- Memory BOM %* 4.2%
*HBM Costs are not included as they are part of the GPU. We
have broken the Nvidia BOM below for subscribers.

W Wn n v v n U n

4%

-

i

2009 2616 2011 20812 2013 2014 2015 2016 2017 2018 2019 2020 2821 2822 2023
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Global Data Center Market Insights Forecasts to 2032
» The Global Data Center Market Size was valued at USD 279.53 Billion in 2022.
» The Market is Growing at a CAGR ofrom 2023 to 2032
« The Worldwide Data Center Market Size is expected to reach USD 565.49 Billion by 2032
» Asia-Pacific is expected to Grow the fastest during the forecast period

Global Data Center Market

565.49Bn

XX XX
XX. XX
XX. XX
XX XX
XXX
XXX
XX XX
XX, XX

2022 2023 2024 2025 2020 2027 2028 2029 2030 2031 2032
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BLACKWELL

March 18, 2024

2‘306 Billion Transistors, two 800mm? fused dice
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4000.00

M40 P100
0

125.00

F-f)‘i{.v’
4,000 TFLOPS
FP8
Ampere
620 TFLOPS
BFI16/FP16
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Over 200 Billion Transistors!
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cerebras 4 TRILLION TRANSITORS

900,000

Al-Optimized Cores
123x more cores

214PDb/s

Interconnect Bandwidth

45,000x more bandwidth

1.2Tb/s

System /0

Andrew Feldman

O Eeel [CE S

44GB

On-Chip SRAM

1,000x more on-chip memory

21PB/s

Memory Bandwidth
12,800x more bandwidth

15RU

System Dimensions
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VEIESOIeEaN A present, packaging costs so far exceed
the cost of the semiconductor structure itself that there is no

incentive to improve yields, but they can be raised as high as

is economically justified. [NEISENEHENISIS comparable to
the thermodynamic equilibrium considerations that often limit

yields in chemical reactions; it is [SHCHCICEESSa (0 do
any fundamental [EESEEl@N O' to replace present processes.
Only the engineering effort is needed
Gordon Moore, 1965
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The New Electronics Industry

s 3D Transistors

s Beyond Silicon

= 3D Everything

s System In Package

s New Products

s New Architecture

. SOC: Endless Die Size
x SOC and:sSIP
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SOC and SIP
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| Innovation Beyond Chip Level is a Must

TRANSISTORS

" Enabled by ‘I
3D Silicon Stacking and :ﬂ
Advanced Packaging = -
Technologies ﬁ”

—

E ﬁ TRANSISTORS
.' ” fﬂr_a-.:r,,. )
& [ e ';;

Heterogeneous ' [ i
Integration ‘ e

@
o
c
@©
5
1=
V)
o

Monolithic
Integration

Time
Source: Kevin Zhang, Sr. VP of TSMC, February 19, 2024, ISSCC Plenary
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1975
THE NUMBER OF TRANSISTORS
PRODUCED IN AN INTEGRATED
CIRCUIT CAN COST EFFECTIVELY
DOUBLE EVERY 2 YEARS
Gordon Moore

2020
THE NUMBER OF BITS
PRODUCED IN AN INTEGRATED
PACKAGE CAN COST EFFECTIVELY
DOUBLE EVERY 2 YEARS
Paolo Gargini
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3D Integrated
Chiplets

2.5D Interposer

Fan-Out
Bumping
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Advanced Packaging Technologies Enable
Interconnect Density Scaling

KT

_TITteeaTr

Interconnect Density (#/mm?2)

Year

Source: Kevin Zhang, Sr. VP of TSMC, February 19, 2024, ISSCC Plenary




Generational Semiconductor Drivers

SEMICONDUCTORS ELECTRONIC SYSTEMS

$1 Trillion $3 Trillion

3,074

. i

) w02 Mo 2ok 0 aws 0 o8 2027

Semiconductors Growth ($8) Electronic Systems Market ($B)
Source: IBS Market Forecast, June 2023 Source: Omdia, Electronic Systems Market, March 2023

Hyperscale Gl A Autonomous
Computing Vehicles

© 2024 IEEE
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Conclusions
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Transistor, Die, Package, Architecture, Products

During the past 60 years the Electronics Industry has undergone
and overcome 3 transformational inflection points

In each case the Electronics Industry has created new
semiconductors” devices and introduced new products that have

transformed society

The Electronics Industry is undergoing a top to bottom and bottom
to toprunprecedented revolution.

SOC,"SIP, GAA beyond silicon are all coming together to support
unlimited possibilities

AR/NVR will give everybody a new “vision” of reality

Al is going to.make everybody omniscient

Everything‘we have known will change in the new society
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