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Gordon Moore’s Predictions
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Roadmap for MOSFET Scaling
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lmec Robert Dennard, IBM R. Dennard et l, IEEE Journal of Solid State Circuits, vol. SC-9, no.5, pp. 256-268, Oct. 1974.
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Number of Transistors in ChIDS Continue to Follow Moore’s Law
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Scaling and Performance of General Purpose Compute (CPUs)
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Performance of Domain Specific Compute
GPUs, NPUs continue to improve in area/power efficiency
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CMOS Technology Evolution
AIDED BY LITHOGRAPHY AND PROCESS INNOVATIONS
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What Did the Chip Scaling Enable....
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2021:USB drives
|5g, 2TB storage

>1,000 Kg, 5MB storage

source: https://proftomcrick.com/201 1/12/26/in-1956-5mb-was-big-enough-for-anyone/



What Did the Chip Scaling Enable....
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How Do Chip Innovations Impact our Lives!?
Rapid Advances in DNA Sequencing, Drug and Vaccine Development

Cost per Human Genome $100M—>$1000 in 20 years
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mmec https://www.technologyreview.com/2011/07/21/192858/a-semiconductor-dna-sequencer/ public



Computation Needs Keep Increasing
COMPUTE FOR ML DOUBLING EVERY 3.4 MONTHS (!)
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Chips for Future Systems

Dimensional Scaling

) S

New Materials

- |

System Technology Co-optimization
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EUV Litho Roadmap Ciritical for Logic Scaling

Industry 2024 2025 2026 2027 2028 2029 2030 2031 2032

Timeline

2nm Al4 AlO A7 and beyond
PP:42-45, MP: 20-22 PP: 40-44, MP: 17-19 PP: 38-42, MP: |5-17 PP: 36-40, MP: 13-15
[

EUV 4th GenH;-%.;gi EUV 5th Gen
SAB, eSA(LE)? 21 nmwm% eSADP/eSA(LE)* 18n

hNA EUV

= Multi-patterned EUV (<28nm pitch) increases complexity and cost
= New resists and patterning schemes to reduce dose (cost) and defectivity

= High NA EUV will provide some relief in cost, yield and cycle-time

PP: poly pitch (nm)
MP: dense metal pitch (nm)
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Need Focus on EUV Patterning Costs

28nm Pitch Single Expose EUV Patterning

Single Print Cost vs Dose

1.2
——0.33NA EUV SPT
—e—hNA EUV SPT
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0.8
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Processing costs (arb units)

1| Metal oxide resist fEHHY

D J/em? Il Chemically amplified resist |
ose mJ/cm 1

Dose: 61mJ/cm? Dose: 38.8mJ/cm?
CD: 14.5nm CD: 14.0nm

Pushing limits of single exposure and new resists for throughput and cost
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EUV LITHOGRAPHY: PITCH SCALING ROADMAP
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2021 0.33NA multi-patterning
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Logic Scaling Device Roadmap

Industry 2024 2025 2026 2027 2028 2029 2030 2031 2032

Timeline
2nm Al4
PP:42-45, MP: 20-22 PP: 40-44, MP: 1 7-19

AlO A7 and beyond

PP: 38-42, MP: 15-17 PP: 36-40, MP: 13-15

2D atomic channels

Nanosheets Forksheets
> 5T >at

WS, 2D channel FET

Nanosheets Bottom device

Forksheets PP: poly pitch (nm)
MP: dense metal pitch (nm)

: mumec CFET: Complementary F;I;:LTinc




Computing Research Funnel Beyond 2D Channels

The next switch

4 )

2D atomic channels

—|
8 WS, 2D channel FET

\ 2D Atomic Channels /

New Device Physics

/AY\ \
sz

C

Majority logic
could simplify circuits

Logic w/ domain wall propagation
by spin orbit torque between

magnetic tunnel junctions

\Spin Torque Majority Gates/

Paradigm change

/300mm Si spin qubit \

platform
1 %

Qubit devices and electrical
characteristic showing
controllable particle occupation
down to last e/ h

\ Quantum Computing
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Forksheet: N-P space scaling

Nanosheet Forksheet
Gate

Dielectric
wall
= Forksheets
" Increase active width by reducing N-P space
= Lower Miller and fringe capacitance—> |0% better performance H. Mertens et al, VLSI 2021

. P. Weckx et al, IEDM 2019
umec n ecaceta oublic



Forksheet-Nanosheet Co-integration

Forksheet-Nanosheet
co-integration

Dual work-function gates
SS
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/
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H. Mertens et al., VLSI 2021

Ist Electrical demo of forksheet devices co-integrated with Nanosheets
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Complementary FET (CFET)

= NMOS
MONOLITHIC = PMOS SEQUENTIAL
CFET . CFET

«<—— Top Device ——

Gate

<—— Bottom Device —

Active a:l'ebas and dgaifes of Active areas and gates of
topan 'ottom evice top and bottom device not
aligned .
aligned
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Complementary FET (CFET) Demonstrations w

Trench

Contact

N\
Ge Nanoribbon
Bonding Oxide

w
Trench
Contact

w
Trench
Contact

Monolithic Approach
S. Subramanian, VLSI 2020 s/D S/O

Si FinFET
Sequential Approach

N-Epi

N-Epi

= Many integration challenges with both approaches
W. Rachmady, IEDM, 2019

= Sequential CFETs: different channel materials or orientation
l]]]ec 25 public



2D Atomic Channels: Next Gen Logic Devices

300mm Flow
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® Mo .E-02
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Monolayer channel thickness g_ 1.E-03 A Si
enables gate length scaling 18 nm @
I. Asselberghs et. al. IEDM 2020 a] ® |imec S ®
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= Early demonstrations and promise £ °
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BEOL Scaling Roadmap

Optimizing resistance and capacitance
Industry 2024 2025 2026 2027 2028 2029 2030 2031 2032

Timeline
2nm Al4
PP:42-45, MP: 20-22 PP: 40-44, MP: 1 7-19

Dual-Damascene/Hybrid metallization Semi-damascene (Subtractive metallization)

AlO A7 and beyond

PP: 38-42, MP: 15-17 PP: 36-40, MP: 13-15

v"‘Fegclaye%%jﬁ‘r}

-'wf m A

Hilill“l

HV: 200kV

-

Dual-damascene Via resistance Direct metal etch New metals to
21nm pitch improvements w/ air-gaps replace Copper

PP: poly pitch (nm)
MP: dense metal pitch (nm)
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Semi-Damascene Integration to Address RC Challenge

RC (fs/lum?)

* Direct metal etch for high aspect ratio lines to lower resistance

*  Partial or full air-gap to mitigate capacitance increase
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Impact of Rapid BEOL Resistance Increase

Speed ~

Drive

Cap

Drive

Historically higher FEOL drive

S
T improves speed

When BEOL R dominates then lower
FEOL cap will improve speed

T Cap

Ultra-thin Si
2D channels

In scaled technologies where BEOL R dominates, devices with

low FEOL cap will prevail
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Wafer Backside Power Delivery Network (PDN)

Temporary carrier m

Buried rail

Backsside M

p substrate

e

BPR~

p substrate

Temporary carrier Temporary carrier

Signal
(frontside)

S

* Nano TSV landing on BPR through thin Si back-side can
enable power distribution

* Additional devices (ESD, MIMCAPs) on backside possible

Power

. (backside)
mmec ! BPR: Buried Power Rail public
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Examples of STCO at SoC Level

Partitioning of Chips for Power-Performance-Area-Cost

POP Memory
P1274 Compute 10nm CPU
Microbumps KT EEEFERRRRRIRLARLLE) II
T }TPTZZPM l 22nm I/O

AMD Epyc Chiplet Architecture, 2019 i~

. . ww vwewwwewewe ntel
Drivers:Yield, cost S e

Intel Foveros Lakefield Hybrid CPU, 2020

Drivers: Form factor, power

Structural silicon

64MB L3 cache die

Direct copper-to-copper bond

Through Silicon Vias (TSVs) for

siontosiienconmunieoion * AMD 3D V-cache (added L3 cache SRAM on CPU), 2021
Up to 8-core “Zen 3" CCD Driver: Performance

“mmec public




3D SoC Partitioning of Memory-logic

Addressing the memory wall issue

Chiplet Approach

» Communication: interface bus protocol
» Design: separate chips

» Partitioning: last level cache only

» Examples:AMD 3D V-cache

s

3D SoC Co-design

Multi-tier memory
Logic/SRAM

stackin o . .
g Communication: Direct communication

Design: simultaneous co-design—=> needs 3D EDA
enablement (!)

Partitioning: Lower level caches also
Integration: need high density 3D interconnects

“mmec



3D Interconnect Technologies in Production
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Includes data from H.-S. P. Wong et al., “A Density Metric for Semiconductor
Technology”, Proc. IEEE, vol.108, No.4, 2020 and Techinsights AME-2003-801.
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3D Interconnect imec R&D Roadmap
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Includes data from H.-S. P. Wong et al., “A Density Metric for Semiconductor
Technology”, Proc. IEEE, vol.108, No.4, 2020 and Techinsights AME-2003-801.
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Heat Removal in Stacked or Single Die

I ’OOO Data adapted from: Michael L. Rieger, .
- J. Micro/Nanolith. MEMSMOEMS 8(4), (2019) Heat sink
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Temperature Increase (°C)

= Power wall ~100W/cm? limits system performance

* Thermal gradient in package lid determines junction temperature
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Impingement Water Cooling on Bare Silicon Die

—~100 - 3
{ Air cooling
h=10 kW/m?/K

(0]
o
|

Standard air cooling

Water impingement coollng
h= 75 kW/m?/K o

D
o
|

3D Micro-fluidic cooling

Outlet , === :
chamber ~ Inlet chamber

N
o
|

Average chip temperature increase (°C
D
o

o
O*{q..
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® Jetimpingement water cooler enables high external heat transfer =

~ = Can cool die with 200-400 W/cm? power densities DOI 10.1109/ TCPMT.2020.30451 13
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Carbon Footprint of Semiconductor Manufacturing

The Chip Industry Has a Problem
With Its Giant Carbon Footprint

Each new generation of semiconductors requires more energy, water and greenhouse
gases to create.

Source: https://www.bloomberg.com/news/articles/2021-04-08

Carbon footprint System companies
IC production is growing 2021 2030 Pledge to be carbon free 2040

i
' “...Apple is carbon neutral. And by

2030, all our products will be

29

Chip Producers Overtaking Automakers as Polluters
The environmental cost of semiconductors is rising
#Intel L TSMC  # GM

too....

10M Metric Tons

6

...co-founded The Climate amazon
Pledge — a commitment to be net
zero carbon across our business

*—’__// 4
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Carbon Footprint of Semiconductor Manufacturing

The Chip Industry Has a Problem
With Its Giant Carbon Footprint

Each new generation of semiconductors requires more energy, water and greenhouse
gases to create.

Source: https://www.bloomberg.com/news/articles/2021-04-08

Carbon footprint Increased impact from IC manufacturing, System companies
IC production is growing [EPIipXI but uncertain projections 2030 Pledge to be carbon free 2040

i
' “...Apple is carbon neutral. And by

2030, all our products will be

Greenhouse Gas emissions IC sector
Chip Producers Overtaking Automakers as Polluters 5 A

1
1
i
The environmental cost of semiconductors is rising 1
Zlntel #TSMC  # GM :
10M Metric Tons 2 4 : tOO....”
2 + |
g 4 W i .
-E S | ...co-founded The Climate amazon
;~ X iPledge —a commitment to be net T
(=g .
T e o 2 S izero carbon across our business
1
P T - & iby 2040.." « Carb tral
ﬁogrcﬁ({qm{)anydf\aclosufs . °\ : oo ar On neu ra
lote: Metric tons of green house gas emissions .
1 o
; 0 v gG since 2007. Carbon
! 2020 2022 2024 2026 2028 2030 ] free by 2030...”
1
' [1] Andrae, et al. Challenges, 2015, 6, 117-157 . “ i i
[2] Bordage, F. The environmental footprint of the digital world online, 2019 .committed to reachi ng
[3] Belkhir et al., Journal of Cleaner Production, 2018, 177, 448-463 net zero emissions across
. [4] #SMARTer2030 ICT Solutions for 21st Century Challenges online, 2015 .. 7
mec [5] Andrae, A. S., Engineering and Applied Science Letter, 2021, 80-97 our value chain in 2030 public
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Environmental Impact of Logic Scaling
Framework to evaluate cost of technology choices

Cost and
Sustainability

Power
Performance
Area

TCAD to
compact
models

Parasitics
extraction

Device and Design
Exploration

Semiconductor
manufacturing

s

®

Technology Definition

Electric power
Ultra-pure water

Circuit
simulation

gas emissions
M. G. Bardon et. al., IEDM 2020
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Takeaways: Future Logic Scaling

Dimensional scaling will continue

* High-NA EUV lithography
* New devices: Forksheets, CFETs

2D chips 23D chips

* Partitioning of chip functions: memory, back-side power
* EDA tools and 3D technologies need to mature

Focus on new materials

e 2D atomic channels
* New metals

Sustainable scaling

* Awareness and choices during pathfinding
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