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About the University of Nevada, Reno (UNR)
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About the University.of.-Nevada, Reno -
It all started as little more than a hopeful idea in one of the
newest states in the Union. Today, this idea is now a high-impact
research institution transforming the state of Nevada.
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TESLA Gigafactory: https://www.tesla.com/gigafactory ' F‘I rJ L—
« Apple data center: L L -

» https://www.datacenters.com/apple-inc-reno ‘

» https://www.usatoday.com/story/tech/2017/05/10/apple-announces-1-billion-data-center-e Dansim—eést—reno/10153.3.4£0/ _J
» Google data center B hl ‘_Lh
. https://www.rqi.com/storv/monev/business/20‘9/07/31/qooqIe—mas‘sive—reno—nevada-faciI y-rising-high-desert/1871196500{/
« NCAR : https://www.rgj.com/story/money/business/2019/07/31/google-massive-reno-nevada-facility-rising-high-desert/1871965
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Research Areas:

Materials, Sensors and Devices

Novel Materials
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(E,:0-1eV)

Graphene, etc.
(E,~0 eV)

MosS,, WSe,, etc.

(E;22€V) & 0 4 " \ A A
,\&’5)”(’ )S & M % V’v /’:9/‘ @é"b %WA
ENENC R 2, - St %3‘1,
R SN
W NN e”?“ N, @G\'b\

Uctor

h-BN (E,>5 eV)
d k%“ 2D Crystals

bod ‘¢ Insulator Superconductor 2 g2 2.
,S;t:z!'!t e=T %

Novel Devices

>2020: 2.5D/3D fine-pitch assembly + stacking _
Lateral GAA 3D VLSI & — o,
2030->2034 (a) — Metal

2022->2034

Vertical GAA

(complimentary to LGAA)
2027->2034

Silicon Substrate

* Elimination of bottleneck design + Sequential integration/fine-pitch

HfO,/TiO,/HfO, tri-layer high-K gate oxide

Medical applications
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New small-signal extraction method applied to GaN HEMTs
on different substrates
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GaN HEMT equivalent circuit-small signal model

FIGURE 1

(EC-SSM) including the substrate-buffer model'®
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Key Programs

National Science Foundation (NSF)
NSF Tech Directorate
NSF Core activities

Department of Commerce (DOC)
Regional Technology Hubs
RECOMPETE pilot

National Institute of Standards and Technology
(NIST)
NIST research
Manufacturing USA
Manufacturing Extension Partnership
Department of Energy (DOE)*
DOE Office of Science
Additional DOE Science and Innovation
Total

*Across all the DOE sections, there is:

Funding details of CHIPS and Science Act (USD).
Five-Year Authorization

$81 billion
$20 billion
$61 billion
$11 billion
$10 billion
$ 1 billion

$10 billion

$6.9 billion
$829 million
$2.3 billion
$67.9 billion
$50.3 billion
$17.6 billion
$169.9 billion

= A total of $14.7 billion for infrastructure, equipment, and instrumentation across 17 DOE National Laboratories.

= A total of $16.5 billion in new or above baseline authorizations for research in the 10 technology areas identified in the United States Innovation and Competition Act of 2021 across the
Office of Science and DOE’s applied R&D offices in advanced energy and industrial efficiency technologies, artificial intelligence and machine learning, advanced manufacturing, cybersecu-

rity, biotechnology, high performance computing, advanced materials, and quantum information science.
Source: H.R. 4346, The CHIPS and Science Act of 2022, htip://www.commerce.senate.gov.

Increase over Baseline

$36 billion
$20 billion
$16 billion
$11 billion
$10 billion
$ 1 billion

$ 5 billion

$2.8 billion

$744 million
$1.5 billion

$30.5 hillion
$12.9 billion
$17.6 billion
$82.5 billion



Hype Cycle for Emerging Technologies (2022)

Foundation Models

Web3

Computational Storage
Superapps

Industry Cloud Platforms —

Decentralized Identity
NFT
Cloud Data Ecosystems

Internal Talent Marketplaces

Digital Humans

Dynamic Risk
Governance

Observability-Driven
Development

Expectations

Data Observability Cloud Sustainability

Platform Engineering
Causal Al
Open Telemetry

Minimum Viable
Architecture

Digital Twin of
a Customer

Metaverse

Augmented FinOps

Machine Learning
Code Generation
Generative Design Al

Cybersécurity Autonomic Systems Peak of
L sess T OVatoR Inflated Trough of Slope of Plateau of
ONECt®  Trigger Expectations  Disillusionment Enlightenment Productivity

Time

Plateau will be reached: Source: Gartner

() less than 2 years ® 2to5 years @ 5to10years A More than 10 years &) Obsolete before plateau As of August 2022 -



What is Exascale and Why Zettascale

Performance (FP64-tensor)

> 1 Exaflop ' : e -

Argonn: A

¥ OAK RIDGE
-INatit mal Labori tory

Performance (FP32 -tensor) |
>1 ExafIOp 5 ENERGY I"”ﬂ‘y; JINCTHER i
0 -— e i e

Peak Performance (BF16/Int8 -tensor) AMDDY

> 8-16 Exaflop

Power

20-30 MW/Exaflop Goal: Solve fundamental problems from first principles

m ‘ | i‘. g " = \\ 3
Weath lodeling *aealth and,Precisil

and Forecasting Medicine~

Virtual Particle
Accelerators

Zettascale technologies will make Exascale mainstream
Wilfred Gomes. Intel Corporation 2022 IEDM Short Course 4



Hyperscale Data Centers
Data Center Growth IT Load Capacity - Q3 2021

700

United

States China

13% Rest of
APAC

Number of Data Centers (Worldwide)

4%
Restof 19%
Americas EMEA
0

Q3 Q3 Q@3 Q@3 Q@3 Q@3 Q@3 Q3

14 15 16 17 18 19 20 21 Source: Synergy Research Group

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENISIZ022S



Data Center Within Data Center o Within Data Center (77%)
to user 77%

14% Storage, production and

development data,
authentication

Data Center

o Q Data Center to Data Center (9%)
Data Center
9% Replication, CDN,

intercioud links

Data Center to User (14%) Web. email

g internal VoD,
2020 . WebEx...
b

Source: Cisco Giobal Coud Index, 2015-2020

Traffic within data center is main limiting factor

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENISIZ022S



Demand for higher data rates concurrently fueling demand of billions of devices

>3350 Billion AloT (Al+loT) Devices in Year 2030

Worldwide Devices Global Internet Traffic

26% CAGR
2017-2022

(7))
(€)
O
>
)
()
&=
S
=

Exabytes / Month

0 0
2010 2015 2020 2025 2030 2015 2020 2025 2030

Source: 2020 IEEE ISSCC, Cisco VNI Global IP Traffic Forecast 2017-2022
THE INTERNATIONAL ROADMAP FOR DEVI




Exponential data traffic, enabled by machine-to-machine
communication

Data Traffic Forecast
400,000 392,540

350,000
300,000
250,000

200,000

Exabytes

150,000

100,000

50,000 Gaming
270 464 897 1,542 2708 4813

0 —0 -
2018 201e 2020 2021 2022 2023 @ 2024 2025 2026 2027 2028 2029 2030

sowre; Inemolionay Bashoss Strofegws. \nc. JIES], Aond 2020




The new ecosystem of the electronics’ industry based on semiconductor technologies.

- Deep learning

’Q . <International Collaboration>

AT @High-speed networks 2

= «  Fiber optics/Si-Photonics 0sc International
Intelliqence + 5G/Beyond S5GRF-CMOS

Roadmap Committee
Automotive = (IRC@ZOZO.G)

Infgrence

SA—
Abstracling
p—

@ IoT-edge computing R Liwl b
_ + Cyber-physical-System

® [EEE IRDS™
® SDRJ/JSAP!
® SINANO*?institute

MtM
« Ultra-low power & Energy harvesting Medical Heafmcaze
« Ultra-low power wireless Smart Home/City % .
R
. MM, BC, Fl,
Semiconductor Technologies L, YE, M, Pl, ESH/S

AB: Applications Benchmarking, SA: Systems and Architecture, OSC: Outside system Connectivity, MM: More Moore, BC: Beyond

*1: The System Device Roadmap Committee of
CMOS, CE&QIP: Cryogenics Electronics and Quantum Information Processing, PI: Packaging Integration, FI: Factory Integration,

Japan/The Japan Society of Applied Physics
L: Lithography, YE: Yield Enhancement, M: Metrology, ESH/S: Environment, Safety, Health, and Sustainability, M¢M: More than  *2: The European Academic and Scientific
Moore, MDs: Market drivers (automobile, medical devices).

Association for Nanoelectronics




Semiconductor Applications

Semiconductor
Materials

Photovoltaic
Semiconductors

Wide Bandgap
Semiconductors
(SiC, GaN)

Conventional
Semiconductors

Clean and Efficient Energy
Technologies Areas

Solar Cells

Power
Electronics

Electronic Appliances
(computers, consumer
and government tools)

Automotive

Industrial
Electronics

Building
Electronics

Communication

Power Electronics

Power electronics

for Renewable
Energy Grid

for electric
transport

Power electronics
for electrified
industry

Efficient
computing

Industrial
electronics for
energy efficiency

(sensors, controls,
machine learning)

Broad Scope of Study:
Semiconductors for Clean

/" Electrified
Industry

/

I

!

{ Building electronics for

' energy efficiency
(lighting sensors, controls,

machine learning)

Energy & EE

Semiconductor ,Supply Chain Deep Dive Assessment , U.S. Department of Energy
Response to Executive Order 14017, “America’s Supply Chains” ,February 24, 2022

/ » | EleFtric Vehicles

Er?‘i:;« Technologies

Detailed supply
chain study




Semiconductor Value Chain

THE
SUPPLY CHAIN
FOR

SEMICONDUCTORS

Equipment & Material IP, EDA, & Design Services

Source: TSMC

Research and
Development

EDA and Core IP

Raw Materials

Silicon,
Iron

Processed
Materials
Steel,
PFAS

EUV, wafer
manufacturing,
deposition
tools

— ===

Testing
tools,
assembly
inspection
tools

Assembly Testing

Bl Materials

= Fabrication
Processes

I sMmE
[ R&D and EDA

| End Use

P m—— W E— e TE— S —

Diode,

and Packaging

Polysilicon
HF, PFAS

Purified
wafers, CMP lead,
Subcomponent
copper

Materials

Lead frames,
Bonding
wires,
interconnect,

D mate

|
I
1
I
|
{
|
i
| Photomasks,
:
|
L ]
|
k3
I
¢

Packaging
Materials

Integrated

Circuit

Semiconductor ,Supply Chain Deep Dive Assessment , U.S. Department of Energy
Response to Executive Order 14017, “America’s Supply Chains” ,February 24, 2022




Semiconductor Value Chain
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Ecosystem of semiconductors

- BOARD SYSTEMS SPECIAL VERSIONS
Process Technology, Equipment, Materials

; Mobility
and Manufacturing ) )
SoC and Single Chip Packaged Devices
in Board------~|
CHIP PACKAGE BGA Leadless : Digi
: gital
o A\ 608 (=1 || S\ b8 Industry
| =MBIEEIIPSE-S - BOARD/LAMINATE — tod
ol it | ---»| Packaged Single Chip i
‘ More than Moore (- _: (More Moore) /More than Moore) - - Chip in Board
(Photonics, MEMS/Sens, Bio) |
:
. I
| S (SYSterln ond:‘C::[;:z:C) | o Y [Ee—— Components, Modules Health and
e.g. analog and digita H H
Cons sk controlle and Systems Integration Wellbeing

--> | Systemin aPackage (SiP)

Several chips in one package

+ passive

+ combine electronics and
photonic functionalities

BGA

Embedded Software
and Beyond
QFI WLB Leadless

DSO WLP VQFN o By System of Systems

3p-ic | A bod 4

Agrifood and
Natural Resources
@ Digital Society




Nanodevices for Computing and Logic Beyond CMOS

40 Years of Microprocessor Trend Data IRDSRoadmap: Devices Beyond CMOS
107 ! ; ' J Transistors 1
| : ; (thousands)
10° | i} (] : =
| 5 : |7 Transistor laser || Excitonic
5 b . a_JdSingle-Thread ©
10 - £ :
Performance g ¢ Magnetoelectric || STMG |
104 F 4 (SpecINT x 103 s s
| Frequency (MHz) = < Spin wave || Domain wall |
1 S —— o g
3 5 . o _
1 . Typical Power & TFET | | 2D channel FET | || SpinFET | | Neg-c, FET
; 4 &m M
101 F : 2 Number of © Nanowire/nanosheet FET Topological insulator device |
Logical Cores S
109 B P, PR 3 ...-.-.M:?"' Si FET | | CNT FET Mott FET ] | NEMS |
1 | 1 1
1970 1980 1990 2000 2010 2020 Conventional Novel
Year Mechanisms

Identify and Mature Options for Semiconductors Beyond the Present State of the Art

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENISIZ022S



Materials to Systems in Semiconductor Manufacturing and Beyond

ENABLED BY

P New architectures
PERFORMANCE

N ) New structures / 3D

New materials

New ways to shrink

R
W
X
b -
T
=
o)
T
W
=
—

Advanced packaging

NEW INDUSTRY PLAYBOOK
FOUNDATION IS MATERIALS ENGINEERING

Om Nalamasu, Applied Materials, 2021 Symposium on VLSI Technology Dig



Semiconductor Manufacturing

; o .' -
New devices w \

CAROS innage sensms MRAM Aalon cotngule-dnanenxey

Sl - e g g E—
a8\t = =S 2 S T -+ } s p” S—
New structures / 3D D w2d - ‘r | — -

Burist e ki
30 CAL Log 30 DIRANM power kil

TR "
‘ e g a ‘ | -.'-"V:
New materials . _ m

| Owe Rwining HEMG f‘)' Low K contacl Loww 1meLals
for Logic DEAN periphery fin Logit e DRAM

. P )
New ways ta shrink “~/ -ML

New hard mask
hard mask open Muii-parteming Selt-alignmnent
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40101
Advanced packaging "" Fremim g
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Introduction:
scaling scenario for device architectures

» scalability, densityT

Floating body Fully depleted sul P

| planar ~ Bulk- SOI- GAA
Bulk PDSOI  FDsSOlI  FinFET FmET ,

STI UT-BOX

lateral vertlcal
GAA-NWFETs:
U can be build in a lateral vs

mode (IM) vs. junctionless (JL) ﬁﬁ jgu

vertical configuration
U doping strategies: inversion
......... !E&/..S.Q'..

UT-cSi

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENISIZ022S



Transistor 2003-2025 evolution: From 2D Equivalent scaling to 3D Power scaling
Evolution of logic transistor

Nanosheet

U5 US patent 04 EDM

2025

Source: Intel investor meeting 2022

THE INTERNATIONAL ROADMAP FOR DEVI




Change in the MOSFET device architecture from the 2D planar through 2.5D FinFets to 3D monolithic VLSI with GAA

>2020: 2.5D/3D fine-pitch assembly + stacking

Lateral GAA 3D VLSI
2022->2034 2030->2034
FInFET Vertical GAA
2011-2022 (complimentary to LGAA)
2027->2034

D ain

-
o~
“2)
o

* Elimination of bottleneck design

* Increasing drive by rules for efficient 3D architectures * Sequential integration/fine-pitch
taller fin (e.g. memory-on-logic) stacking (e.g. logic, memory,
* Better channel control Sy - NVM, analog, IO, RF, sensors)
* Better channel control w/ thin films ’ 2 237s s

forbetter perf-power * Use cases: SRAM, memory selector,

* Increasing drive by cross-bar switches, etc.
stacked devices
* Better channel control for
better perf-power
* Reduced footpnnt stdcell



Vertical transistors and nanoribbons are progressively entering the logic technology arsenal

Tor NMOS NANROSHEET FET

T irmg
ll',,-.-‘»;?p“ IS g
1E06 ~

1 %

o ! IEAT 3

o Top NMOS "'-""‘%
ﬁﬂ nanavhert FEIQ 1E-09%

>
1E-10
.('UJV‘ ¥

RO sbonit §1 31
£3 a8 03 06 89

CGale ‘ﬁ'.e‘ ’G“'

(a)

2 108 = T Town ]

.:’l ll".-06! . Hm-20lml

‘f:_u:.m' u

S . ‘

E IFP“SI ]
Bulluml’\ﬂ\

3 'E’m[mtu

,§ lL-lo[

E e fle--93Vv '!

A8 06 03 00 03
Gate Veltage V. (V)

Source: IMEC and Intel
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| YEAR OF PRODUCTION 2022 2025 2028 2037
' G48mM24 G45M20 GA2M16 G3I8M16 16
Logic industry "Node Range" Labeling “Inm™ “2nm" “1.5nm™ "0.5nm eq”
Fine-pitch 30 integration scheme Stacking Stacking Stacking 30VLSI
TinFET LGAA LGAA-3D
[Logic device structure options LGAA LGAA CFET.SRAM CFET-SRAM
‘ LGAA LGAA-3D
(Phatiorm device for logle finFEY LGAA CFET-SRAM CFET-SRAM-3D CFET-SRAM-3D
- o
o .~
= o
o
o | -
= Y
=
o 3
-~ v
=
o o
o o
; =
Mx pRCH (nm) 32 )
M1 oReh (nm) 32
MO pReh (nm) 24 0 b - : ;
Gate pR¢h (nm) 438 45 42 40 38 38
Lo Gate Length - HP (nm) 16 14
(Lo’ Gate Length - HD {nm) 18 14
Channes overiap ralio - two-sided 0.20 0.20 0.20 0.20 0.20 0.20
| Spacer width (nm) 6 6
| Spacer & value 35 33 0 0
Contact CO (nm) - BinFET, L GAA 20 19 18 138 18
Device architecture key ground rujes
Device lateral pR¢h (nm) 24 26 24 24 23 23
Device heioht (nm) 48 52 43 56
FInFET Fin widkth (nm) 5.0
Foolprint drive efficiency - UInFET 4.21
Lateral GAR vertical pReh (nm) 18.0 16.0 150 C !
Laterai GAA (nanosheel) thickness (nm) 6.0 6.0 6.0 0 0
Number of vertically stecked nanosheels on one device 3 3 il R K]
LGAA wilth (nm) - HP 30 30 20 15 15
LGAA wikh (nm) - HO 15 10 10 6 6
LGAR with (nm) - SRAM 7 ] 6 6 6
Footorint drive efficiency - iateral GAA - HP 4.41 4.50 547 5.00 4.75
Device effective wickth (nm) - HP 101.0 216.0 2160 208.0 160.0 152.0
Device affective with (nm) - HD 101.0 126.0 96.0 128.0 88.0 80.0
PN seperabon wiath (nm) 45 49 20 15 15 10

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENIS2022S




Overall technology progression in the 2022 IRDS remains close to forecast.

YEAR OF PRODUCTION 2021 2022 2025 2028 2031 2034
G51M30 G48M24 G45M20 G42M16 G40M16/T2 G38M16/T4
Logic industry "Node Range" Labeling (hnm) "5" "3" "2.1" "1.5" "1.0 eq" "0.7 eq"”
IDM-Foundry node labeling i7-f5 i5-f3 i3-f2.1 i2.1-f1.5 i1.5e-f1.0e i1.0e-f0.7e
Logic device structure options FinFET fl'_r:AE: LGAA LGAA LGAA-3D LGAA-3D
Platform device for logic finFET finFET LGAA LGAA LGAA-3D LGAA-3D
Frequency scaling - node-to-node - 0.02 0.16 0.09 -0.08 -0.01
CPU frequency at constant power density (GHz) 3.13 2.83 3.53 2.50 1.48 0.86
Power at iso frequency - node-to-node - -0.16 -0.27 -0.05 -0.06 -0.08
Power densiti - relative 1.00 1.12 1.04 1.59 2.51 4.27
Patterning technology inflection for Mx interconnect 193i, EUVDP | 193i, EUVDP | 193i, guvpp | 193 High-NA | 193}, High-NA | 193i, High-NA
EUV EUV EUV
. 2D Device, 2D Device, 2D Device,
Beyond-CMOS as complimentary to platform CMOS - - - FeFET FeFET FeFET
Channel material technology inflection SiGe25% SiGe50% SiGe50% Ge, 2D Mat Ge, 2D Mat Ge, 2D Mat
Conformal Lateral/AtomicE
Process technology inflection Doping, Channel, RMG tch Non-Cu Mx 3DVLSI 3DVLsSI
Contact
3D-stacking, 3D-stacking,
3D-stacking: 3D-stacking: Fine-pitch 3DVLSI: 3D-stacking,
Stacking generation inflection 2D W2w, D2w W2W, D2W |stacking, P-over{ Mem-on-Logic 3DVLSI:
Mem-on-Logic | Mem-on-Logic N, Mem-on- with Logic-on-Logic

Logic Interconnect

Devices will continue to aggressively scale in the next 5 years
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Logic/Foundry Process Roadmaps (for Volume Production)
2016 2017 2018 2019 2020 2021 2022

Intel

Samsung

TSMC

GlobalFoundries

SMIC

umMmc

Note: What defines a process "generation” and the start of "volume" production varies from company to
company, and may be influenced by marketing embelishments, so these points of transition should only be

seen as very general guidelines. Sources: Companies, conference reports and IC Insights



Lithography scanners

Wavelength

DUV Laser Super-high pressure Hg lamp
EUV ArF KrF i h g
(13.5) (193) 6248) §365) (436) (nm)

(0.78) (0.70) (0.84)

Ordinary environment

| Optical glass

| Fused silica

Can

https://www.semianalysis.com/p/the-gaps-in-the-new-china-lithography e



Growth of EUV lithography scanners

ASM L Reven Ue Trends (€ M i I I ion) EUV shipments accounted for 48% of net

systems sales due to ramping up of 3 nm

€ 6,000 process node
Taiwan and South Korea accounted for 87% of Lower net sales as revenue shift of six
net systems sales due to increased demand EUV systems to Q2 due to fast shipments
for both 5§ nm and 7 nm process nodes

shipments (66%)

o
€ 5,000 : N\
Increased adoption of EUV in 5 nm I\
process nodes and highest ever EUV "" \
[ \
Highest shipments to Taiwan (57%) and \
foundry (83% ) due to increased | , \
€ 4,000 adoption of systems 4\ s nod - ‘ \
Increased EUV shipments and| | @doption of systems in advances nodes | \
adoption of ArFi systems in f \
foundry and memory | ‘\. :
X == '/ \ 3 /
€ 3,000 : B , \ 4 /
,’// \\.\ ’ 4 /" \\\‘“
S \ . r \ / \\ \ N\
/ / \ y \
~ » // \\. / \ ;’ /
. ‘. / \Y (’
\ ' /‘
€ 2,000 : :
/ /
P \ J
. /
€ 1,000 \/
€ -
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q1 Q2

2018 2019 2020 2021 2022

Revenues in € Million

httos://www.counterpointresearch.com/increased-euv-shinments-help-asml-deliver-strone-crowthéin-a2-2022/,



Sin
| TSMC Advanced Technology Roadmap

Production 2018 2019 2020 2021 2022 2023 2024 2025 2026

High-end

(Premium Mobile,
Data Center Server,
Al Accelerator, Game, ADAS)

Mainstream

' 12FFC+
(Mid-to-low-end Mobile, 16FFC+

Consumer, Base Station,
Networking)

https://semiwiki.com/semiconductor-manufacturers/tsmc/328096-tsmc-2023-north-america-technology-symposium-overview-part-1/

© 2023 TSMC, Ltd 3 TSMC Property




| Device Architecture Outlook

Iim AR B
paus®

PPA

* TMD: transition metal dichalcogenides

NLLPS: CITNIVVIK OIT1/5ermicondu

© 2023 TSMC, Ltd

Unleash Innovatior

N R A
B T R A A e i A
SatavavavavaV,

WS,, MoS,, WSe,, etc.

Beyond Si

Year

TSMC Property



2030 2032 2034 2036
’mo ’A7 ’AS ’As ’AZ

Continued dimensional scaling
18 16 16 16 16-12

Device and material innovations

5 <4T
" =
FSFET FSFET CFET CFET

atomic

Context-aware interconnect

“mec https://www.tomshardware.com/news/imec-reveals-sub-1nm-transistor-roadmap-3d-stacked-cmos-20-plans ITF wonwo



Reconnecting with NTRS/ITRS Technology Nodes
(1/2 of metal pitch)

30

% Contacted Gate Pitch

25

20 | G

15

10

Half Pitch (nm)

%2 Metal Pitch

Scaling Functionality

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

Sources: Companies, conference reports and IC Insights
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System interconnect roadmap of advanced packaging, with hybrid bonding as a new key enabler

S —

i New! Hybrid bonding

{chiplet stacking)

Through Silicon Via
(chip stackin -
g € Better power efficiency w/
10,000 ~ 1,000,000 G / rm? finer pitch, shorter lengths
Power: <0.05 pj / bit
Microbumps
{chip stacking)

l Hybrid bonding reduces
< 10,000 10/ mm’ :
b, Je =01 p} / bit ~ lengths to micron scale
(- -
Bump to PCB l

N
r
——
-~
-
o
—_—
p—
-
o
—
o~
-
S—
o
-
Tz
gy
N

< 1.000 10 7 iy’ Futgre lntegratlon:
> 0.5 pl / bit : Logic + Memory + PMIC

. . NN -~ )
<0010 7/ mme<

>15p}/bit

Power efficiency (Lower interconnect length)

Om Nalamasu, Applied Materials, 2021 Symposium on VLSI Technoloc



N3XT NANOSYSTEM
> 2 MILLION CNFETS, 1 MBIT RRAM

CNFET logic and
/Sensors

—RRAM

——CNFET logic

—Silicon logic

1.1

Ultra-dense

i i
,  interconnects
3
B
]

Stanford University

M. Shulaker,...H.-S. P. Wong, S. Mitra (Stanford), Nature, 2017

H.-S. Philio Wong



Planning for the advent of monolithic heterogeneous integration

3D Resistive RAM

Massive storage
L]

1D CNFET, 2D FET
Compute, RAM access

STT MRAM
Quick access

1D CNFET, 2D FET
Compute, RAM access

1D CNFET, 2D FET ——— . Silicon
Compute, Power, Clock (45 =5, === == =7 compatible

THE INTERNATIONAL ROADMAP FOR DEVIG



N3XT CHIP ULT = upper layer

transistor
Thermal management ——pi ~—‘um..,... | e, (UeL;ICéi:cégg)computmg

ULT for memory access

Ultra-dense 3D vertical
(e.g. 2D FETs)

connectivity
(e.g., monolithic Inter-Layer

Vias, ILVs)

Dense memory
(e.g. 3D-VRRAM)

ULT for memory cells
(e.g. Oxide semi. FETs for
gain cell memory)

- H.-S. Philip Wong Stanford University s I

Si logic (e.g. FInFET)



The Different Ages of Scaling

(Different methods for different times)

1 Geometrical Scaling (1975-2002)

€ Reduction of horizontal and vertical physical dimensions in conjunction
with improved performance of planar transistors

o~ ] Y = j = f m 7
4 - 5 ¥ . E, ~ livsry ] 3 B 1

o .
1 g ¥ 2 21 _— | s - 4 *

— [ | £ - v 3 N > d & ~ =
COUIVAIETNL ODCAdIITNE (LUUDS AU LS
M L - g

@ Reduction of only horizontal dimensions in conjunction with introduction
of new materials and new physical effects. New vertical structures replace

the planar transistor

3 3D Power Scaling (2025~2040)

€ Transition to complete vertical device structures. Heterogeneous
integration in conjunction with reduced power consumption become the

technology drivers
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The Ideal 3D MOS Transistor (2025~2040)

Gate Insulator

Fully Surrounding Fully Enclosed,
Metal Electrode Depleted
Semiconductor
High-K Low Resistance
Gate Insulator : Source/Drain
Band Engineered s

Semiconductor

THE INTERNATIONAL ROADMAP FOR DEVIGESIANDISYSTENISIZ022S




TFET Performance is Moving Close to the Target!

Energy (fJ)

Cellular Neural Network
105;: WYY WY WYY u vv'vv?
| © cmos
| @ TFETs
| O Ferroelectric
53 4l| @ Others @ GpnJ-vg2 ]
5 Spintronics O SHE @ GpnJ-vg3 :
: Digital CMOS HP
[ OSHE-CcC
103 . CMOS HP @ OMITFET Digital CMOS LV 4
: FEFET SD -
: SHE-YIG ., NCFET HegTFE
- O CMOS LV y4wWFET-BP
5 TMDTFET @ so;ObMA i
10°F @ThinTFET @) ® “GantrET .
: sD-HA O HomJTFET
; | OSD-HAs W
101 g a yoaa-a ol IR Y | P . & | So g g g AN
10° 10° 104 10° 10°
Delay (ps)

Energy (fJ)

8 32bit ALU
10 ey — ey T Ty ey
® cmos
@ TFETs o
10° O Ferroelectric "GO csL
@® Others ASL-PMA .
© Spintronics @
ASLHA o & OSECC
4 i mLogic
10 @ ® cst-New © ™%
OisLHas  ©OCSLYIG
1 03 GpnJ-Vg3
® ©®Gpnivg2 OMEMTY
CMOS HP MITFET :
) O@ FEFET
1 02 CoMET
HeUTFET @ NCFET g!TFET @MEMTJs
A .cmos LV Vi
GaNTFET‘ vdWFET-BP
o~ OMEMTJ-Pres
ThinTFET ~ TMDTFET HomJTFET
@BisFET
100 | A asal PP | 2 A 2 PUPTYY | ans)
102 10° 104 10° 10° 10’
Delay (ps)

Beyond CMOS continues to improve towards goal!
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Reducing supply voltage—Steep subthreshold swing

2 Dirac / cold Negative
()
= CryoCMOS Tunnel FET ,
S source FET capacitance
SS kBT/ Energy filtering by band to | Energy filtering by limited | Amplify internal potential
q band tunneling around der;lsiﬂtqy of states in source | with ferroelectric in gate
Cryo-CMOS the Fermi level sl & stack without impacting
§ 755 < 60 mV/dec. source channel drain transport Ve
sl il /S [N Nl U o —
- 3 higher |, DOS (E) : ICFE :
v % @lower V,, DOS ~E-E | :
E :é Conventional CMOS ¥%ﬁ’ : CDE :
| 5S> |60 mV/de. Q5 I—C- ey
OWer Iy Graphene % 5
(— f
Gate Voltage used as source T
‘é’n External refrigeration Low current Low current Stabilization
2 | Significant Variability Same challenges as 2Ds | Ultra-thin ferroelectric
.{:“: development needed SS limited by TAT

26

luliana Radu TSMC IEDM 2023




2 complementing routes for More Moore scaling

2D scaling for energy-efficient computing

2022 2028 2030+
@ ® @ Logic-on-Logic
Classical 2D scaling Nanosheet 2D channel material  (sequential-3D)
+ MtM transistors 3D-SRAM
(e.g., FeFET, oxide, 2D)
2020
O ©
2022 2025 2030
Memory (SRAM) 3D-Memory Domain-specific chiplets on active interposer
On Logic on Logic (e.g., decap, memory, NOC, 10, ESD, VR)

2.5D/3D+chiplet assembly high-speed/bandwidth bus + memory integration
for increased system throughput — TOPS/Watt, TOPS/mm2
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Candidates for Energy Efficient CMOS Devices

“Innovations in structures, materials & processes to shrink standard cell area
without decreasing effective device width & minimum metal width ”

_ Gate Stack Device
Interconnection Material Structure
Material NCEET A
Ig‘ 3 liiﬂ!il | A
e i\ - A
Materlal ‘ Ir:EC, ZOZZijA =% T Chen etal,
‘ = . . o 8 EDM 2020— ___________
(4‘. ,,o,~_M » ' = - - o
207 2ol R
VQ MoS, P s -~ i
7 P % -
Nt N 201i 7 i i
- 7 s . _y STCO
Patterning , = ./ & \_Chiplet
/ HighNA & - &>
/ EUV TSMC \ N

f 3l v - - ]
- ;
l, y = e A :
g X QPT \
! I l ) ' ‘ DPT \ :
I I e ArF KrF \

Daewon Ha, Samsung Electronics, IEDM 2022
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nd Technology Council

Emerging Semiconductor Heterogeneous Integratlon

* Next-Generation Compound Semiconductor Project (f022-2025)

-
B5G/6G High Frequency Semiconductor
Technologies

N O

E |:> GaN and InP compound

semiconductor devices and circuits
Y,

)

Wide Bandgap High Power
Semiconductor Technologies

=30 GaN, SiC based wide bandgap

devices and circuits

* B5G/6G Prospective Technology Developments (2021-2024)

— Sub-THz / THz technology

— Low-Earth Orbit (LEO) communications

— B5G/6G electromagnetic technology




Wide-Bandgap Semiconductors (SiC, and GaN)
for Power Applications

Low Voltage Medium Voltage High Voltage
PFC / Power supply - PVinverter Motor control Ships Power Grid

|.

(S

N
n" o \@:&’

ot Egd& i

’fn'n' .

‘
Wind energy
EV/HEV Train transportatuon
: —~
I IAudtoAmphﬁer -- 2 . m
600V S00V 1.2kV 1.7kV 3.3kV >6.5kV

e g (Medaum,mgh@

Image Courtesy: Infineon




Most Emerging Systems Accelerate a Particular Class \l

of Problems grermemw
Systems

Neuro-inspired Dynamical Probabilistic Reversible Digital in
Systems Systems Systems Systems Memory
| Neural Network | | Optimization — Optimization - Boolean Logic in
Inference Coupled Oscillators | 7| simulated Annealing | | | Adiabatic m Memory
Spiking Neural | | | Dynamical Monte Carlo L] - | Processing Near
Networks Associative Memory | [ Simulation Ballistic Memory
Neural Network Differential Equation .
m Traini o Solvi 3 Cryptography - True | | Superconducting
ng ng —{  Random Number R -b| st
Lical L = Generation eversinie sysiems
3 I - ervoir
Rules Compriting —— are the only general
—  Probabilistic logic
$ purpose accelerator
—| Backpropagation | ‘= Sub-kT Chaotic Loglc
A | Hyperdimensional ‘@ @ lEEE
Computing ~<rt]
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*

Emerging Devices = Emerging Kernels = Emerging Systems

Computational
Kernels
Synaptic Stochastic Synaptic Neuron Array Based
Devices Devices Kernels Kernels Kernels
Resistive RAM Clnacithe | MagneticTunnel | ||  Electrical | Synaptic [ Nonlinear | Matrix Vector
Charge Storage Junction Oscillators Inferance Activation Multiplication
Josephson Single Electron — Ring (Leaky) Integrate | |-  Quter-Product
Phase Change Tiestion | Bipolar Avalanche | Synaptic Training | Lot o Update
Electrochemical Jransistor K b
: O — . Ax=b Sehver
RAM Photonic = Spin Torque 4 Stochastic U Stochastic o
—| Resistive RAM Synapses Splking Associat
° b - ative
Floating Gate & Insulator Metal
Charge Trapping Magnatic n s Memories
| | Contact Resistive Transition o Oscillators
- RAM — Binary
Capacitar on Ferroelectric i Optical Qscillators
== CMOS - Converter
|| Electromechanical Multibtt
Oscllators =
Josephson
i Junction 1 !  Analog

@ Field Programmable
. 11 o — Analeg Arra
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Unleash Innovation

| Expanding Global Footprint for 12” Fabs

Fab16 j_Nanjing Fab23 - Kumamoto

[ ]In production

Under construction during 2023

@2023Ts”c'rmps://sem|W|K|.com/sem|con uctor-manuracturers/tsmc -tSmc- -nortn-america- gy-Sy IUM-0overview-Redsadeny




Intel’s Worldwide Manufacturing Network

Oregon
D1C, D1D, Ireland @

/ ® — Massachusetts

/‘ Fab 17
Arizona
New Mexico & costaRica /

Fab 11X Penang
Kulim

@ Wafer Fab
@® Assembly/Test

% Network World
https://www.networkworld.com » article > intels-germ... 3

o
Intel's German chip fab plans expand
I Jun 20, 2023 — Intel will spend more than $32 billion to open two high-end microchip
* Projected ® fabrication facilities in Magdeburg, Germany, in an expansion of the ...

commons.wikimedia.org/wiki/File:Intel Worldwide Manufacturing Network.jpg
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Agenda

* Semiconductor R&D Trends
* Transistor Scaling
 Materials and Devices




Energy-efficiency and Performance Innovation of Chips with 2-Dimensional
Materials (EPIC 2-D Materials)

Beyond 2nm
Candidates

.......

Sasthrel

Kl FuSe: EPIC-2D Materials

Rl'EPSCOR State We"..resourced R1 Research \ Carnegie Rz ResearCh

Interconnects (UF) Package (MTU)

e Single Chip e Metaconductors e Systemin a
| e More than * Novel Package (SiP)
Source: Intel investor Moore (NCFET, Interconnector e Several chipsin
meeting 2022 TFET) materials one package
e 2D Materials : Z
\ B [ aseband
Cro,, CrS,, etc. Graphene, etc. P : . sy = PP P
(E,:0-1eV) . W (E,~0eV) L i = - f
x&}))iﬁk* o @5@ 'J" k,-c(}‘ X Well-resourced R1 Research ?
X3 A ’77@, & {;\'{\( "
(‘;:Q* S /4 32 " _4‘:‘:\,1) .
e 0 ° ° °
Heong,, W wse,etc.  dransistor 2003-20235 evolution: From 2D Equivalent
h-BN (E,>5 eV) | tor g s
AT DAy e ;P‘f scaling to 3D Power scaling
'ww-t?t Insulator Superconductor” 4\(4;\
oo le “THE INTERNATIONAL ROADMAP FOR DEVlm



Energy-efficient MetaConductors for Convergence of Sustainable Electronics
(E-MC2 of Sustainable Electronlcs) $750k (Phase | Y1), $5M (Target Y2-Y3)

' . ‘,/'

“Team name: metaforce

Revolutionizing the Semiconductor Industry"

Our metaconductors help the electronics
industry achieve high performance computing
with 200% power efflc:lency |mprovement

B Jin W. Choi
(ECE, MTU)

Midwest

Jeongwon Park ™
(EBE, UNR)

€

Gloria Kim

Pl: YK Yoon (EED, UF)

(ECE, UF)

Meta-Research Triangle



Wireless Power Transfer




Evaluation and Sensor Performance
[

T e —_

Mass Flow Control
?ﬂ Enclosure

-? 2
N\
Heat \

Temperature 4-Way |Exchanger

~ Controlled Bubblers Valve o
Carrier

i
i
]
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1
|
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QGraphenea

-
-
———_—‘

JL

Frame Dimensions: 180mm x 130mm x 27mm

-y

.
2
&‘ .
4

Test sensors for ppb sensitivity and selectivity

_, . pawa e Temperature range: -190 °C to 600 °C
HORIBA e |



Sensitive detection and identification of airborne
chemicals and blologlcal agents

* 2D materials FET response in different environments (2) o

Voltage (V)
o o c

* Light matter interaction for selectivity

Ménard lab

. .
. -
w\;\hﬁ._-*

* Device miniaturization, connectivity, packaging etc.

l;' 3%

aaaaaaaaaaaaaaaa

IDEaS IDEeS

INNOVATION FOR DEFENCE INNOVATION POUR LA DEFENSE,
EXCELLENCE AND SECURITY.. 'EXCELLENCE ET LA SECURITE



10-100 nm

Graphene Roadmap

High-Performance
Computing

EM Wave

- Didecttic Layer

PTFE Stainlesssteel plate PTFE
l Current Collector

Mylar
Mylar

| Current Collector
f_ Stainless steel plate _E_—I

Supercapacitors

Transparent
electrodes

Flexible antenn
in consumer
electronic devices ——

Ground Plane

2-D MATERIAL DEVICE + INTERCONNECT

Molecular Doping

Conuct Resistance

@ Noble mewals> lower Re

=«.{,.- L <
""""" X » IIII'III-
P d 3 > : A. »
—_—— AR

GEEF I

& y I ab
MX,/Multi-layer \ :Fab

electrodes GraThene Channels Procassing
BLG Tunnel FET Simulations MX2 MOSFET Ex iments

Ed mx,
© [ 7o |
o Highx
&l T

| —— 2
g o o
ol - b [l
abde 7 s i
wliy / i amiee .
i ‘j} | 83.-33 mymse,
1

Low-cost RF Circuits
Mid-performance (GHz)

Pr. Andre K. Geim

= ‘Graphene’ was fII'St isolated in the lab by Professor Andre Geim with former student
Konstantin Novoselov at the University of Manchester, England in 2004

2010 Nobel Prize
for “groundbreaking experiments
regarding the two-dimensional
material graphene”
(Both were later Knighted, twice)

Pr. Kostya Novoselov




Davidson Foundation Cleanroom

| | L J TLEAN BAY #1
28
BIO CLEAN BAY STORAGE / 22
CHASE a
1507 M
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INNOVATION FOR DEFENCE INNOVATION POUR LA DEFENSE,
EXCELLENCE AND SECURITY LEXCELLENCE ET LA SECURITE

Dampling
Rings
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