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2023 — A year of new climate records
July 2023: highest average surface temperature; September 2023: highest deviation measured
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Global Warming by Month
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erus heatwave
in southern Europe
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https://berkeleyearth.org/september-2023-temperature-update/
https://earthobservatory.nasa.gov/world-of-change/global-temperatures

Global Mean Temperature Anomaly (° C)
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https://earthobservatory.nasa.gov/world-of-change/global-temperatures
https://earthobservatory.nasa.gov/world-of-change/global-temperatures
https://earthobservatory.nasa.gov/world-of-change/global-temperatures

arctic sea ice anomaly in 2023
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- 60 event:
Missing ice . .
the size of * | chance in 500M to be caused by random fluctuations
Greenland *  Platinum standard for “non-natural”’ cause

median extent
(1981-2010)

* This type of event may create chain reaction and
system tipping
https://zacklabe.com/antarctic-sea-ice-extentconcentration/

https://www.climate.gov/news-features/event-tracker/antarctic-sea-ice-reaches-early-winter-record-low-june-2023
https://nsidc.org/data/seaice_index
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https://zacklabe.com/antarctic-sea-ice-extentconcentration/
https://www.climate.gov/news-features/event-tracker/antarctic-sea-ice-reaches-early-winter-record-low-june-2023

CO, emissions from semiconductor industry in perspective

S~

~ 50 billion tons

World-wide

—_—

Source: https://www.ipcc.ch/report/ar6/syr/figures/figure-2-1

~ |.2 billion tons

(Excluding land use, land-use change and forestry)
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S~

~ |75 million tons

Semiconductor
manufacturing

ICT Industry

—_—

Includes Scope |, scope 2 and scope 3 consumables
and services. For industry in 2021.
Source: SEMI SCC Whitepaper on Transparency,
Ambition, and Collaboration - 2023

Source: Freitag, C. Et al. 2021.
http://arxiv.org/abs/2102.02622
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https://www.ipcc.ch/report/ar6/syr/figures/figure-2-1

Other areas of concern
Stress points beyond climate change

CLIMATE CHANGE

The 90 natural elements that make up everything
How much is there? Is that enough?

STRATOSPHERIC OZONE
DEPLETION

(Not yet quantified)

—

ATMOSPHERIC
AEROSOL
LOADING

(Not yet quantified)

LAND-SYSTEM
CHANGE

-

OCEAN
ACIDIFICATION

W e B Ot W o W2 0000
O hotwetwe  Sawsakt smart

FRESHWATER USE

Resource depletion and geopolitical
tensions on material sourcing /

Other planetary boundaries

Credits:

*  Azote for Stockholm Resilience Centre, based on analysis in Persson et al 2022 and Steffen et al 2015.

*  https://www.euchems.eu/newsletters/euchems-periodic-table-element-scarcity-in-the-spotlight/

e Health and Environment Alliance | How PFAS chemicals affect women, pregnancy and human development: Health actors call for
urgent action to phase them out (env-health.org)
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Ths PROBLEMS with PFAS

HOW DOES IT GET HEALTH PROBLEMS ¢y : \
INTO OUR BODIES? LINKED TO PFAS -
o

WHAT CAN WE DO?

©000

INDIVIDUALS - [Givoid products With PFAS o

HEALTH PROFESSIONALS - [advise patients on hoy

BUSINESSES - |phiase out use of PF)
POLICYMAKERS - [limif or ban PFAS

UG £
N Q) Bt & FI~G g

Toxic substances
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https://www.euchems.eu/newsletters/euchems-periodic-table-element-scarcity-in-the-spotlight/
https://www.env-health.org/how-pfas-chemicals-affect-women-pregnancy-and-human-development-health-actors-call-for-urgent-action-to-phase-them-out/
https://www.env-health.org/how-pfas-chemicals-affect-women-pregnancy-and-human-development-health-actors-call-for-urgent-action-to-phase-them-out/
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Semiconductor & tech companies accelerating on sustainability

A selection of press releases

PRESS RELEASE - September 12, 2023

Apple unveils its first carbon [
ASM first in semiconductor industry to have net-zero target verified by SBTi neutral products ¥

The new Apple Watch lineup marks major progress toward
Almere, The Netherlands ambitious Apple 2030 climate goal

August 28, 2023 Press releases | ASM

[
' Product Environmental Report

Advanced materials for
sustainable electronics

apilz1,2003  Press release Air Liquide @ AirlLiquide

January 31, 2023

Press Release Amazon amazon
)

Amazon Sets a New Record for Most Renewable
Energy Purchased by a Single Company

Transparency, -AITIbItIOI'I, TSMC Accelerates Renewable Energy Adoption and Moves RE100 Target
and Collaboration: Forward to 2040

Advancing the Climate Agenda of the

TR
i

Semiconductor Value Chain Issued by: TSMC AT, TSMC Accelerates Renewable Energy,
: Semiconductor Issued U‘:i- 2023/09/15 %%ﬁ Adoption and Moves RE100 Target
SCC White Paper Climate Consortium ' Press release TSMC Forward to 2040
“unec ° ITF it
NETZERO
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https://www.asm.com/press-releases/2732300
https://pr.tsmc.com/english/news/3067
https://press.aboutamazon.com/2023/1/amazon-sets-a-new-record-for-most-renewable-energy-purchased-by-a-single-company
https://electronics.airliquide.com/advanced-materials-sustainable-electronics
https://www.apple.com/environment/pdf/products/watch/Carbon_Neutral_Apple_Watch_Series_9_PER_Sept2023.pdf
https://discover.semi.org/rs/320-QBB-055/images/Transparency-Ambition-and-Collaboration-BCG-SEMI-SCC-20230919.pdf

Do not discount embodied carbon

o Operational emissions are thesum ofall o Embodied emissions are the sum of all
GHG emissions required to operate the GHG emissions required to bring any
product during its lifetime given product to market

o Product performance is key in reducing o Given the complexity of quantifying
use phase emissions & costs embodied carbon, it may be ignored

during design phase

Why Embodied Carbon is a poor Architecture Design metric, | ..
and Operational Carbon remains an important Problem

by Andrew A. Chien on Jul 24, 2023 | Tags: Accelerators, amd, apple, Cloud computing, Datacenters, embodied carbon, intel, nvidia,

operational carbon, qualcomm, Sustainability, tsmc

Link to Sigarch blogpost | a5
Link to Sigarch blogpost 2 ACM SIGARCH

9
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https://www.sigarch.org/why-embodied-carbon-is-a-poor-architecture-design-metric-and-operational-carbon-remains-an-important-problem/
https://www.sigarch.org/embodied-carbon-ec-is-a-poor-architectural-metric-round-2/

Embodied vs. operational impact
Or the importance of systemic thinking

100%

Cumulative impact

Embodied
impact
manufacturing

Lifetime

End-of-life
impact

“mmec
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A product (e.g. IC chip) or a system (e.g.

datacenter) accumulates impact (e.g.
kgCO,.,) during its lifetime
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Embodied vs. operational impact
Or the importance of systemic thinking

o A product (e.g. IC chip) or a system (e.g.
100% datacenter) accumulates impact (e.g.
kgCO, ) during its lifetime

o Operational impact is accessible to the
operator

Cumulative impact

Increased efficiency /

Embodied Access to lower impact energy

impact

Lifetime
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Embodied vs. operational impact
Or the importance of systemic thinking

100%

U ¢+ Extra Embodied
8_ impact for improved
£ performance
2
==
S
S 4
S
=
L
Embodied
impact

Lifetime
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A product (e.g. IC chip) or a system (e.g.
datacenter) accumulates impact (e.g.
kgCO, ) during its lifetime

Operational impact is accessible to the
operator

Complexity increase has an embodied
impact cost that is not visible to the
operator

ITF Neivo



Embodied vs. operational impact
Or the importance of systemic thinking

o A product (e.g. IC chip) or a system (e.g.
100% | datacenter) accumulates impact (e.g.
kgCO,,,) during its lifetime

g 1 im'i’;tc":‘fgmz:’:risjed o Operational impact is accessible to the
£ performance operator
2 o Complexity increase has an embodied
S impact cost that is not visible to the
§ operator

Embodied = AVOID SHIFTING BURDENS

impact

Pursue a holistic, life cycle approach
Lifetime

“mumec ; ITF i3iio
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Putting the E in PPAC-E

Virtual fab model

@

Material sourcing Semiconductor Product use phase u End-of-life

Ogé\ O manufacturing @
£
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The climate impact of consumer electronics manufacturing

Life Cycle Assessment (LCA)

MANUFACTURING

|

integrated circuit

boards & flexes

business travel
recycling

product transport

other
macOS idle
macOS active

electronics
steel ‘

assembly
PRODUCT USE

Apple’s Carbon-Emission Breakdown
Source: Gupta et al, 2021 —The elusive environmental footprint of computing

s 70% production

38% IC

7% PCB

3% battery

% display

4% assembly

7% other

10% transport
<1% end of life

20% use

Typical carbon footprint generated over a smartphone lifetime
Source: Moreau et al., 2021 —Could Unsustainable Electronics Support Sustainability?
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Current LCA situation: varied and

outdated

81 e scientific literature
m LCA database
7 4
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5 0 B oProske (2016)
T 54 %
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Literature and LCA database data:
= Variable scope
= Variable sources (primary vs. secondary)

Analysis, and Lessons From Historical Trends

Schmidt (2012)

= Variable approaches (e.g. bottom-up vs top-down)
= Data gaps require “creative” plugging methods

Source: Pirson et al, 2023 — The Environmental Footprint of IC Production: Review,

1.8
1.6
o 1.44
g
S 1.21
@
8 1.0
2
o 0.8
=
O 0.61
0.4
0.2 1

SMICa A Foundry Data 2010-2020 1
X Roadmap Scope 1+2
L\\ o
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2010 2012 2014 2016 2018 2020 Foundries

GWEP: Global Warming Potential

Industry data from public corporate social responsibility report:
= Top-down, primary sourced data
= Aggregated over entire company operation, not “per chip” or “per-node”
= Limited scope
= Non-transparent methodology

“mmec
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imec.netzero — a bottom-up virtual fab model
Quantify the footprint of a chip

“mmec

PROCESS LEVEL DATA

VIRTUAL FAB

THE INGREDIENTS

PROCESS FLOWS

Logic DRAM NAND
Flows Flows Flows

Fully customizable

=5

IMPACT CHARACTERIZATION MODELS

® B B

Global warming Electricity mix Material and
potential carbon intensity ~ water scarcity

THE RECIPES

c5

FAB MODELS
AR Y Y
0P 0P 0P
<« <« <«
Fab timing Emission abatement Die size & yield

Realistic process articulation

INVENTORY OF IC CHIP MANUFACTURING

==

THE KITCHENWARE
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Where are we heading!
Scope | and 2 of the IC industry

o Accounting for industry growth = significant increase in emissions are expected

o Accounting for announced pledges =2 significant gap remains

“mmec

Manufacturing Emissions Transparency, Ambition,
(Mt COe) 2045; and Collaboration:
2030: Industry peak with no . . i
200 - Ermssions-peak company action A—"‘\”l”"‘ij the C |'I'Jl(,‘7&(_1(,‘\ld-kf of the
according to announced Semiconductor Value Chain
pledges
150 168 Mt
SR L B LT TP Trajectory with IEA STEPs
..................... low-carbon energy scenar
Total Carbon el
100 expenditure | TTtteen
3set | T
50 Total Carbon 7™t B CE 60 Mt
expenditure Tt . Emissions if company
o6t T e commitments are realized

Announced Pledges

1.5C"° IPCC Pathway

1 Emissions growth based on projected capacity growth (3.25%) and average intensity growth (1.01%), all else constant

Note: Low-carbon energy scenarios use IEA STEPS for North America, Europe, and Asia-Pacific. Source: BCG analyses on data from: CD ec, SEMI

https://discover.semi.org/transparency-ambition-and-collaboration-white-paper-download-registration.html
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https://discover.semi.org/transparency-ambition-and-collaboration-white-paper-download-registration.html

Evolution towards future logic nodes: growth without action

Scope |+2 - Total Emissions

Normalized emissions™
(0]

2005 2010 2015 2020 2025 2030
Year of introduction

*imec.netzero v2.0. I: emissions estimate of imec process nodes representative
of foundry nodes. 0.454 kgCO,eq/kWh assumption for electricity Photo by Ockel on Unsplash

“mmec ITF 2o



https://unsplash.com/@viazavier?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/s/photos/silicon-chips?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText

Levers towards netzero IC manufacturing
Per GHG protocol scopes from the fab perspective

Act on the three scopes to reduce:
direct emissions through abatement and replacement
> electrical energy impact with improved efficiency and clean energy
3. upstream material impact by leveraging the supply chain to reduce their scopes | to 3...

e
S

Scope 2 Direct Scope 3

y) \\ leg™ =

Out of our scope

Production of Waste
Purchased Electricity o Purchased Use Disposal
for own use Process Gas Emissions Materials

2
ITF Nviiio
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Scope |:reduction with efficient abatement

Levers towards netzero |C manufacturing

F-GHG has very significant impact due to their high GWP

O
o Pursue lower GWP process gases
o Apply abatement: deploy optimize and maintain
100% deployment using B F-GAS | GWP
. . ‘© N2 m SF6 %
No abatement IPCC Tier2C assumptions £ 1300 8 = NF3 ARS
g 1200 W10 SF6 25200
S NF3 17400
Scope 3 Scope | % N20 273
Scope | Scope 3 2 co2 [
2 CHF3 14600
£ CF4 7380
5 Carg__|_ 10200
£ Caf6 | 12400
2
(U]
Sco e 2 SCOPe | reduction W, W 7 W W A
P with 100% Abatement Py g O, W, W, M,
deployment Scope 2 9/7,60 by o5, Yy ’146,(9/ 007@/7
et L. Boakes et al, to be presented at IEDM 2023
v2.0.1 2023-11-01 © imec *IPCC AR6 100-year GWP values [kgCO2eqlkg of F-GAS]

“umec e
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Scope |: measurements
Levers towards netzero |C manufacturing

o Gap between atmospheric measurements
and estimated emissions is large

o NF; levels in the atmosphere increase at a
12% yearly rate.

o Since NF; is almost only used by the Semi
industry this is very concerning

o Model assumptions® and/or reporting
must be improved

*Destruction efficiency, utilization efficiency

“mmec
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Fluorinated greenhouse gas and net-zero
emissions from the electronics industry: the proof
is in the pudding
Sébastien Raoux

—+— Top-down (atmospheric)

B Bottom-up (semiconductor) g Bottom-up (alu minum) [ Bottom-up (misc.)

CF 6em) C,Fg Gervr)

Top-down/bottom-up CF, gap
£ (Average = 59%)

Il

1995 2000 2005 2010

Figure 2. Global top-down and bottom-up emissions of CF, and C,F¢ between 1995 and 2019. Compiled and reproduced
with permission from Kim et al. [13,14] and Trudinger et al. [15].

i Top-down/bottom-up C,F gap
: (Average = 36%)

NM@MMﬂlmﬂmn}gﬁww

20

https://www.tandfonline.com/doi/full/10.1080/17583004.2023.2 179941

http://agage.mit.edu/
3.6 ST (R, R RN R R S GRSy S e e e e T 7
sk Nitrogen trifluoride (NF;) |
) (79°N) Zeppelin
(53°N) Mace Head
é 28f (41 A;) Trinidad Head T
= 3°N) Ragged Poin
5 24 (147 Cape Matatu ]
B g (41°S) Kennaook/Cape Grim
£
) L d
= 2.0
€
i
= 16 &
= Q|
5 g
1 " 1 L 1 " | ' 1 L 1 L | " 1 L | 1 1 B

0.8
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
https://agage.mit.edu/data/agage-data



https://www.tandfonline.com/doi/full/10.1080/17583004.2023.2179941
https://agage.mit.edu/data/agage-data

Scope 2: efficiency and cleaner energy are significant

Lever towards netzero |C mfg

o Moving from a coal-based to low-
carbon energy

- Decreases total emissions by 74%
Scope 2 importance is reduced
from 75% to 17%

o Improved efficiency and abundant
low carbon energy is essential

“mmec

imec.netzero
Industry average

Normalized emissions
Total emissions [kgCO2eq/Wafer]

085 075 065 055 045 035 025 0.15 0.05
Electricity carbon intensity [kgCO2eq/kVVh]

B Scope | N Scope 2 W Scope 3 Total

imec.netzero
v2.0.1 2023-11-01 @ imec

2
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Scope 3: upstream material emissions — very complicated
Full supply chain must be involved

4.Si ingot 5. Si Wafer

|. Quartz 2. MG Si

1 : o W 4 | -
] ' > ”
< - : ,, “5 - \ Py J V

Reduction Purification Czochralski process Slicing — Polishing - Cleaning

26
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Scope 3: our current estimates, but they will grow
Full supply chain must be involved

o Scope 3 dominates when electricity of the fab* is low-carbon (upstream materials)

o Underestimated - material emission conversion factors** are mostly not semiconductor grade

o Collaboration towards lower impact materials is crucial

3.3:T/D Losses
3.1:Waterq
3.1:Specialtygases =

3.1:Elements

3.1: Precursors

3.1:Chemicals

Electricity emission conversion factor: 0.1 | kgCO2eq/kWh - -
IPCC Tier2C abatement 100% deployment 3.1:Bulkgases

imec.netzero X .
¥2.0.1 2023-11-01 ® imec Scope 3 includes only upstream materials

3.1: Wafer

27
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* Emissions from
material production is
assumed constant
when the fab change
its electricity

** Emission conversion
factors are from
Ecoinvent 3.9.1, Ashby
2022 (elements)
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Example: process decision informed by environmental impact

Example of EUV introduction in MOL in N7

o Middle of the line (MOL) process change for N7
= 193i SADP MO + 193i LELELEVO
- EUV LE for M0 and VO
o 3x fewer mask layers; 2.4x fewer process steps

o Total MOL reduction in emissions: -24%
- Scope | (fewer etch and deposition steps): -7 1%
= Scope 2 (fewer steps, more energy for EUV): -17%
= Scope 3 (less materials): -54%

o Holistic and outside-of-box thinking is crucial;
Innovation guided by PPAC-E

28
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Total Emissions of N7 MOL (M0,V0, Mint)

N
(%)
o

N
o
o

w1
o

Scope |+2+3 emissions [kgCO2eq/Wafer]
o g

N7 N7_EUV

M Scope | B Scope 2 Scope 3

Electricity: imec.netzero Industry average

Another example in ITF Europe 2023.
“High NA EUV introduction — a sustainable choice?”, Carlo Luijten
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Conclusion
Towards netzero for the IC industry

o The climate situation is dire; the ICT industry has:
o A significant and growing impact and responsibility to act
o This impact will increase due to more fabs and higher complexity

o There are many opportunities for improvement:
o Abatement, low GVVP gases, process innovation, clean energy and materials etc.

o The future of the IC industry is bright - let’s make it greener as well

o Join the journey towards netzero

“mumec » ITF i3iio
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Public version of imec.netzero

Scope |+2 Climate Impact of Logic Technologies (Normalized)

N & A, imec.netzero [public]
.

Scope 1+2 - Total Emissions [Normalized]

Go to https://netzero.imec-int.com and sign-up for imec.netzero
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https://netzero.imec-int.com/
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