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e impact of the semiconductor industry



Scope: focus today is on IC manufacturing

How does it compare to the use phase? = Product-dependent, but never negligible
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Could Unsustainable Electronics Support Sustainability?
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Figure 1. Typical carbon footprint (in kg CO; equivalent) generated over a smartphone lifetime. Integrated and printed
circuit boards (IC and PCB) account for the largest share of the impacts. The values have been determined by the results

presented in [16,21].
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Figure 3: Estimated embodied carbon footprint and use (active lifetime) carbon footprint for common end user ICT devices.

Source: Malmodin and Lunden (2018)

Coarse rule of thumb:
- For portable devices = manufacturing is ~70%
- For datacenters 2 manufacturing is ~30%
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Overall Carbon Footprint of Large-Scale ML Tasks
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Figure 5. When considering the overall life cycle of ML models
and systems in this analysis, manufacturing carbon cost is roughly
50% of the (location-based) operational carbon footprint of large-
scale ML tasks (Figure 4). Taking into account carbon-free energy,
such as solar, the operational energy consumption can be signif-
icantly reduced, leaving the manufacturing carbon cost as the

7 dominating source of Al’s carbon footprint.

With more low-carbon electricity,
manufacturing increasingly dominates
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Scope: focus today is on IC manufacturing
How does it compare to the other components? = Product-dependent, often dominant

{. sustainability ey

Cpiion

Could Unsustainable Electronics Support Sustainability?

Smartphone production a

Ihaye 25, Gaorgiana Sandu %,

Nicolas Moreau !, Thibaull Pirson >0, Grégoire La Brun *(7, Thibault
Antoine Paris 2, David Bol * and Jean-Pierre Raskin *

7% ® Other

Figure 1. Typical carbon footprint (in kg CO; equivalent) generated over a smartphone lifetime. Integrated and printed
circuit boards (IC and PCB) account for the largest share of the impacts. The values have been determined by the results

presented in [16,21].
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Sony Mobile W890 (2008)

Apple iPod touch 3rd Gen (2009)
Huawei UB350 (2011)

Sony Ericsson Xperia T (2012)
Nokia Lumia 720 (2013)
Fairphone 1 (2013)

Sony Ericsson Z5 (2015)
Fairphone 2 (2016)

Apple iPad 1st Gen (2009}
Dell Venue 8 Pro (2014)
Lenovo Tab3-710F (2015)
HP Elite x2 1012 G2 (2016)
HP Pro x2 612 G2 (2016)
Lenovo Tab7 (2017)

Lenowvo Tab7 Essential (2017)
Lenovo Tab4 B (2017)
Lenovo Tab4 8 Plus (2017)
Lenovo Tab4 10 (2017)

ICT Task Force study: Final Report

olute impact

Smartphone production relative impact
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Tablet production relative impact

Lenovo Tab4 10 Plus (2017)
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Figure 7: Sub-components production impact. Source: Clement et al. (2020)
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Challenge |: Semiconductor industry is growing fast
Boosted by Chips Acts, many Fabs scheduled to open despite current market weakness

CAGR, 2021-30, %
7 1,065
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50

Strong projected growth

Source: Chip Industry Heads Toward $1T (semiengineering.com
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Number of Semiconductor Fabs Using 300mm Wafers

m IC Fabs (incl. CIS)  m Non-IC fabs

233
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©2023 Knometa Research, Global Wafer Capacity 2023

More 300mm Fabs

@ YoLe

SEMICONDUCTOR FAB INVESTMENTS:
2021 -2023 ANNOUNCEMENTS

Source: Overview of the semiconductor devices industry report, Yole Intelligence, 2023
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https://semiengineering.com/chip-industry-heads-toward-1t/

Challenge 2: IC technology is complex

IC chips = most complex mass-produced objects

Product
Feedback

Customer
specification

B

Intellectual
Property (IP)

Third Party
Design services,
Al/ML training, etc

glja;

OEM and Desian and

products e atio
Semiconductor
supply chain wi Digital design " -~
= files Chip Fabrication Steps
0@ ’nput and Out t N Wafers are 3 The resist is applied
Iia al sawed out of to a spinning wafer
-E an ingot of 2 Matenal deposition to achieve a
Contract pure crystalline Polishing or modlfca(wn uniform layer
manufacturing S silicon » Using EUV Lithography the
ound Equipm'ent chip patterns are “burned”
Supplier into the resist in an
Equipment : exposure step
Supplier
ging, e ® _6
The print is
Ri:;at 40to developed
times through etchi
Packaged Tested Mature processes \} a?\l::lsheat?nlgng
device wafer have yields of 30-80%
Source:AWS 7
Package and
assembly the = The resist is lon
chips Cut chips A w.afer removledl Implantation
out of the processing cycle dope exposed
. wafer and is complete, and regions
lTrl e c test one layer has
been fabricated Paul van Gerven Bitsand Chips
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Technology

Challenge 2: I1C technology complexity increases

Normalized number of process steps

Comparison of Number of Steps by Technology for full flow (official)
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1 4 Chip Fabrication Steps
Wafers are 3 The resist is appl;ed
o sawed out of - to a spinning wafer
@« an ingot of 2 Material deposition to achieve a
pure crystalline  Polishing or modification uniform layer 5
silicon Using EUV Lithography the

chip patterns are “burned”
into the resist in an
exposure step

10 . =
The print is
Repeat. 40to developed
100 times \ through etching
Mature processes \ and heating
have yields of 30-80% - -
0
- -« 3
Package and i1 o 8
assembly the = 1 f The resist is lon
chips Cut chips A waler : q Implantation
out of the p g cycle dope exposed
wafer and is complete, and regions
test one layer has

been fabricated

Paul van Gerven Bitsand Chips
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Technology

Challenge 2: IC technology complexity -and emissions- increase
Normalized number of process steps... correlates well with emissions

We’ll come back to that

Comparison of Scope 1+2+3 - Total Emissions [kgCOZeq/cmz] by Technology for

Comparison of Number of Steps by Technology for full flow (official) full flow
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Areas of concern for semiconductor industry — Climate Change
9 planetary boundaries

Biosphere
integrity

02

Functional

Land system
change

Freshwater
change

Biogeochemical
flows

https://www/.stockholmresilience.or

Climate change

concentration

esearch/planetary-boundaries.html

https://doughnuteconomics.org/
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Radiative
forcing - = 1991-2020 average 2024
- — 1993 2008
Novel entities
— 2023 1940-2023

17

16

15
Stratospheric ozone
depletion

Temperature (°C)
=
D

\\\\ 13
Atmospheric 12
N\ aerosol loading
11
J FM A M J J A S
- Global surface air
adidification temperatures 1940-2024

Boundary transgressed 3

Safe operating Zone of increasing risk High risk

space zone

1Sep 2024
16.60°C

Temperature anomaly (°C)

<4mu W
®! N D 3 -2 -1 0502 0 02 05 1 2 3

Annual mean anomaly 2023 vs
average 1991-2020

Data: ERAS / Credit: C3S/ECMWF
WebApp:https://pulse.climate.copernicus.eu/
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https://www.stockholmresilience.org/research/planetary-boundaries.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
https://doughnuteconomics.org/
https://pulse.climate.copernicus.eu/

CO, Emissions from Semiconductor Industry in Perspective

~—
~ 36 billion tons
oIl N
~ 1,2 billion tons
; ' ~ |85 million tons
Semiconductor
ICT Industry manufacturing
World-wide —
—
Includes Scope |, scope 2 and scope 3 consumables
Sources: Liu et al. Nature reviews earth & Source: Ereitag, C. Etal. 2021. and services. For industry in 2021.
environment 2023 (Fossil fuels and Cement only) http://arxiv.org/abs/2102.02622 Source: SEMI SCC Whitepaper on Transparency,

Ambition, and Collaboration - 2023
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Areas of concern for semiconductor industry — Novel entities

9 planetary boundaries

Climate change

Biosphere
integrity
€02 Radiative
concentration  forcing
Functional
Lan: SYERN Stratospheric ozone
change depletion

/’ Green
Freshwater  Blue ¥

change / \\

Ocean
Biogeochemical acidification
flows

Atmospheric
aerosol loading

Boundary transgressed

https://www/.stockholmresilience.ong/r

esearch/planetary-boundaries.html s T

. Safe operatin: Zone of increasing risk
https://doughnuteconomics.org/ space 2
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The PROBLEMS with PFAS

HOW DOES IT GET HEALTH PROBLEMS ¢ /[ by
INTO OUR BODIES? LINKEDTO PFAS g

| WHAT CAN WE DO?

000

INDIVIDUALS - [aiveid products Wifh PFAS 1d
HEALTH PROFESSIONALS - [adyise patients on how
BUSINESSES - |phiase out use of PFAS

yse
POLICYMAKERS - [limif or ban PFAS Fluorme ‘ ’ ’

W, e @M @GO Oxyeen @ P

........ . ey
Perfluorooctanoic ‘P ©h @ ‘\4-‘
Acid (PFOA) ‘\C“[@ ¢ ‘ Carbon

!

Hydrogen restricted
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Areas of concern for semiconductor industry — Material Sourcing

9 planetary boundaries

Biosphere
integrity

w|

R

02
concentration

Land system
change

/"7 Green\

Freshwater 8|l’
change y
Biogeochemical
flows

https://www.stockholmresilience.o

Radiative
forcing

s/r

esearch/planetary-boundaries.html
https://doughnuteconomics.org/
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Resource depletion and geopolitical tensions
The 90 natural elements that make up everything

How much is there? Is that enough? Is it sustainable?

Novel entities

Stratospheric ozone
depletion

Atmospheric
aerosol loading

Ocesn Availability ‘ Sustainability )
acidification seri Rising th Limited Plentiful ‘ Serious global F nflict | Elements
threat In the . P D availability, . s:ppny l:' Syathetlc | pmme:ns . resources : [.: usedina
next 100 years increased use future risk to 1 through overuse : smart phone
Boundary transgressed supply
[ B 0 https://www.euchems.eu/euchems-periodic-table/
Safe operating Zone of increasing risk High risk
space zone
restricted


https://www.stockholmresilience.org/research/planetary-boundaries.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
https://doughnuteconomics.org/
https://www.euchems.eu/euchems-periodic-table/

Areas of concern for semiconductor industry - Water

9 planetary boundaries

Climate change

Biosphere
integrity

02 Radiative
concentration  forcing

Novel entities

Functional

Land system -
change

Stratospheric ozone

depletion Q@ Current . Extremely high

@© Planned expansion u tigh
~—— [ Medium-high
/ Gree \ @ Flanned new Low-medium
X . Low
. Atmospheric Global Water Intelligence (Oct 23)
\ aerosol loading

Freshwater Blue
y

Biogeochemical
flows

Ocean
acidification

Chipmakers in drought-hit Taiwan order
men  oosssmmmmmm  Water trucks to prepare for 'the worst'

Safe operatlng Zone of increasing risk ngh nsk Reuters ( Feb 21 )

https://www.stockholmresilience.org
esearch/planetary-boundaries.html
https://doughnuteconomics.org/

) I.'I'I'I e C restricted



https://www.stockholmresilience.org/research/planetary-boundaries.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
https://doughnuteconomics.org/

There is strong ambition in the sector...

April 21,2023

“umec

Almere, The Netherlands
August 28, 2023 Press releases | ASM

Mews - 28 August, 2023

ASM first in semiconductor industry to have net-zero target verified by SBTi

Advanced materials for
sustainable electronics

Press release Air Liquide @ Airliquide

Transparency, Ambition,
and Collaboration:

Advancing the Climate Agenda of the
Semiconductor Value Chain
SCC White Paper

Semiconductor
Climate Consortium

T

TSMC Accelerates Renewable Energy Adoption and Moves RE100 Target

Forward to 2040

Issued by: TSMC
Issued on: 2023/09/15

Apple unveils its first carbon

' Product Environmental Report

PRESS RELEASE - September 12, 2023

neutral products

he new Apple Watch lineup marks major progress toward
ambitious Apple 2030 climate goal
[

January 51, 2023 Press Release Amazon amazon
N1

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

TSMC Accelerates Renewable Energy,
Adoption and Moves RE100 Target

Press release TSMC Forward 0 2040
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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

There is strong ambition in the sector... But more is likely needed

Announced* plegdes: estimated reduction of ~30% (but we need 100%)

Paris Agreement
“fair share”

“umec

Exhibit 7:

Announced sustainability pledges reduce total 2019-2050 emissions

by 30% and are within 60 Mt CO e of 2050 net zero

*This was before

. . GenAl boom
Manufacturing Emissions
(Mt CO.e) 2045:
2030 Industry peak W.Ith no
~ Emissions peak company action
200 according to announced *
pledges ----------------
50 4 e 168 Mt
_.. ............... Trajectory with IEA STEPs
l‘-:'J"" """"""""""" low-carbon energy scenar
eensdPTTO e
100 - : Total Carbon ~ Tttee,
expenditure | TTtteen
st | Tt
/ ------------ ¥
50 Total Carbon Tttt 60 Mt
/ expenditure | Emissions if company
oGt T e | commitments are realized
2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

Low-carbon Energy

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

Transparency, Ambition,
. and Collaboration:

What would be required to

close the gap?

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

19
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zzo: A detour to LCA theory



Life-Cycle Assessment (LCA) in a nutshell

“A methodology for the assessment of the environmental impacts
associated with all the stages of the life cycle of a product or a service”

Material and Energy Material and Energy Material and Energy Material and Energy Material and Energy
Inputs Inputs Inputs Inputs Inputs

GATE

Resource Material Product

Extraction Manufacture Manufacture s taze orLife

CRADLE
GRAVE

[ | 11
! , Il
Waste & | Waste & Waste & Waste & ' ' Waste &
Emissions Emissions Emissions ' Emissions Emissions
| LA
I Re-Use |
—— e —————— ———

Re-Cycle

Holistic approach: Don’t shift the burdens!

“umec

Source: https://en.wikipedia.org/wiki/Life-cycle assessment restricted



https://en.wikipedia.org/wiki/Life-cycle_assessment

Life-Cycle Assessment (LCA) in a nutshell

Motivation for LCA

General phases of LCA

Compliance:
Meet legal requirements
Market driven:
Meet customer requirements
Engaged:
Identify improvement opportunities through value chain
Shape the future:

Inform Eco-design at an early stage

Resources
Engagement
Stewardship

Goal and Scope
Definition

Inventor: g
Y Interpretation

Analysis

Impact
Assessment

From ISO 14040 and ISO 14044 standards

“umec
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Goal and scope
Set the stage for LCA study by defining:

* The product system and its functional unit (FU):
“A quantifiable unit that meets the function requirements”

* The reference flow and the system boundaries

Manu- Other
facture | component

Removing a process must be motivated:
Manu- * Out-of-scope of the study

e 2 Assembly L.

fture * Known to be negligible

* Lack of information

Manu-
facture 3

= The impact assessment metrics

“What impact will the study characterize ?”

. Area of concern
tmec
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‘ Elementary Flows from/to EcoSphere

Life-cycle inventory (LCI)

Record all the input and output flows =2 Intermediate Flows

-

Primary energy
inputs

Emissions

Functional Unit P
Wastes to
treatment plant

a8 ka;e y
Liquid and solid
releases

lTrIe c Source: M. Z. Hauschild, Life Cycle Assessment: Theory and Practice. Springer, 2018 restricted



Life-cycle impact analysis (LCIA)
Evaluate the impact

Physical flows from LCI Midpoint impact

—

Elementary | ecosphere

flows - Asoresate
Classification, Impact category 2 gﬁ g -
- ecosphere weighted score

Endpoint impact
Impact category | and global scoring

Characterization

Intermediate Inputs / Outputs to
flows technosphere Impact category X
Examples

Impact category m Flow of interest Characterization factor

All gas released to the atmosphere that yield Global Warming Potential at 100 years

Climate Change Heemel T i i (S (GWP100) in kgcop,eq / KEaHags
Abiotic Resource K /EU Metal and Mineral resources extracted from Abiotic Depletion Potential (ADP) kgg; .,/
Use Bsb.eq the ecosphere Kg. ineral

- - 3L 3
Water.Scarcn:y m? / FU s e GOt e Wéter Scar.aty Index (WSI) m3-withdrawal /m
Footprint available. Regional dependence.

. Source: M. Z. Hauschild, Life Cycle Assessment: Theory and Practice. Springer, 2018.
l.ITle c M.Z. Hauschild, M.A. Huijbregts, Life Cycle Impact Assessment. Springer, 2015 restricted



Embracing the complexity of impacts
Impact indicators beyond climate change...

Inventory
results

Elementary flows

“umec

EF3.1 Midpoint

Human toxicity, non-cancer

Human toxicity, cancer

Respiratory inorganics

f

lonising radiation, humans

L

lonising radiation, ecosystems

e

Photochemical ozone formation

Ty

Ozone depletion

Climate change

Nuisance (noise, odour, light)

Acidification

Eutrophication, aquatic

Eutrophication, terrestrial

Ecotoxicity

Land use & degradation

Resource depletion (water)

Resource depletion (mineral, fossil, renewable)

W. Vermeulen “Routledge handbook of
sustainability indicators”, 2018. p. 59-92.

Endpoint

Izl\‘Novel

Entities

Human health
(protection)

Natural Environment
(eco-systems)

Biodiversity
Loss

Natural resources
(availability)

EC-JRC EF3.1 framework defines:

= 3 Endpoint indicators as generic
Areas of Protections

= |6 Midpoint indicators capture a
broad diversity of impacts
Planetary Boundaries A to | fit in a
broader set of impact indicators

Implementing EF3.1 in our modelling
to offer a full Impact Analysis
beyond Climate change only

https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html

https://publications.jrc.ec.europa.eu/repository/bitstream/JRC130796/]JRC130796_01.pdf restricted



https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC130796/JRC130796_01.pdf

The Greenhouse Gas Protocol: A method for report GHG emissions

Scope 2 Scope 1 Very useful when discussing
INDIRECT DIRECT

Carbon Footprint in context of:
* Product Carbon Footprint

calculation
. Scope 3 Scope3 -« Corporate Carbon
INDIRECT Sy Accounting
pquchased F . But Climate Change Only !
9°od§ and y 4 transportation
=k purchased elactricity,steaml, T and distribution ) )
b : heanngamalgmuse o 2 This reporting method can be
: Faclities n realized using LCA. But other
Wt methods exist for quantifying
= -
= sald procuce GRS emissions
T i, v
- 5 =y
Wﬁm vehicles otk =8
generated in treatment of
operations sold products
Upstream activities Reporting company Downstream activities

Source: GHG Protocol, Technical Guidance for

timec Calculating Scope 3 Emissions v1.0 2013 (link)
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https://ghgprotocol.org/scope-3-technical-calculation-guidance

LCA in practice

Gas Electricity and Agricylture Forestry
Utisdy and Fishery Maningy and Drilling
y i
N p \
-~ } .
%= ’ ¢ Cement and
Machifegy products. _Indigank \) constructon materials
7 !, v i 2 \ /// : ¥
# ~ R/
L - 4 3 '
/'// N y N LNy )
Wo:uﬁp,aw s e\ e \ 1 Fabricaad metal
s 4 Mg senfces T appdfel ) roduc
4 N b N\ : J
» L . ?
o 4 : NN ;"'.
& /4

Melﬂl;:nand 3 Home, ¥ office ‘
Food and beverage nursing homes w;k\
¥ \ /' y L 3 - s
E & a2 ,4/" - =l ¥V 4
T\
Private ho \_Gov«m‘m Em’m’
w— S

This Sankey diagram shows how environmental impacts are generated
and passed down throughout the supply chain of the U.S. economy.
https://vitalmetrics.com/types-of-life-cycle-assessment

“umec

Education

= LCA is the preferred method for quantitative

environmental impact assessment.
=  The path can be tortuous and the final results are
influenced by the analysis choices:
=  Systematic following of the LCA guidelines is needed

*  Transparency in the methodology is required.

Data is the new gold:
=  Data quality is essential, yet practitioner must prefer
data completeness over data accuracy. Bridging

data gaps often requires creativity and dedication:

*  In primary data collection
=  Selection of secondary data
*=  Usage of proxies as temporary replacement

LCA implemented through:

= Large-scale datasets of secondary data (eg.
Ecolnvent).
=  Softwares (OpenLCA, SimaPro, GaBi,Activity Browser) that

deploy the methodology.



https://vitalmetrics.com/types-of-life-cycle-assessment

Richardson, Katherine, et al. "Earth beyond six of nine planetary

. boundaries." Science advances 9.37 (2023): eadh2458.
Planet boundaries

Climate change is not the only indicators regarding environmental impact

CLIMATE CHANGE

= Climate change is the most famous

indicators regarding environmental
impact

C02
concentration

BIOSPHERE

INTEGRITY STRATOSPHERIC OZONE

DEPLETION

= Well documented

= Studied for a long time (first IPCC report
in 1990)

scgosoL = Based on well studied physical
phenomeon (GWP)

= 6 /9 planetary boundaries are
transgressed > “Earth is well outside of
the safe operating space for humanity”

- Other indicators should be considered!

LAND-SYSTEM
CHANGE

Freshwater use
(Blue water)

Green
water

OCEAN

ACIDIFICATION
FRESHWATER CHANGE

BIOGEOCHEMICAL
FLOWS

“umec »
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LCA indicators

Different sets of indicators

exist

CML
ReCiPe
IPCC

® Characterised ®
Impact

\\Categories /

The EF LCIA includes
16 impact categories, each
one with its own unit

Terrestrial
Eutrophication

("I% Climate Change

EF

Aquatic Freshwater
Eutrophication

Marine
Eutrophication

. Human toxicity
Cancer Effocts

S

CLIMATE CHANGE

Coz
concentration

BIOSPHERE \
INTEGRITY: \ STRATOSPHERIC OZONE

DEPLETION
& Y P e operating pd(

ATMOSPHERIC
LAND-SYSTEM AEROSOL

CHANGE LOADING

Human Toxicity
>« Non-cancer Effects

Matching must

N be done Freshwater ie . ¢reen

&), Particulate Matter /£ Land Use water

e OCEAN
ACIDIFICATION
_ / FRESHWATER CHANGE
%@ lonising radiation === Water Scarcity
o = P BIOGEOCHEMICAL
Taw Minerals and Metals flows

oY 2 Resource Use
Y77 Acidification —~" Fossil

Andreasi Bassi S., Biganzoli F., Ferrara N., Amadei A., Valente A, Sala S., Ardente F., Updated characterisation and normalisation factors for
the Environmental Footprint 3.1 method. Publications Office of the European Union, Luxembourg, 2023, doi:10.2760/798894, JRC130796.
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LCA limits

LCA studies environment impact, not sustainability

= LCA used in isolation remains a relative tool shaping innovation beyond Planetary
Boundaries (PB)

= Absolute LCA can be used to define the ceiling of the Doughnut leading to sustainability
following Kate Raworth’s theory

® characterised ¥
Impact

-\ Categories J . .
- - Midpoint and PBs set the
18 impact Endpoint impacts to our
translate into economy

L[% climate change

YE  Eut n
é ;. Human toxicity ¥ Marine
A Cancer Effocts 4 Eutrophication
= icity

Huma

N
R@. Particulate Matte

% tonising radiation Water Scarcity

A
Y27 Acidification

EF 3..I impact Doughnut | Kate Raworth
LI ec sategories from JRC 3 restricted



https://www.kateraworth.com/doughnut/
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC130796/JRC130796_01.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC130796/JRC130796_01.pdf

tspots in semiconductor manufacturing



Current LCI situation

varied and outdated

Literature and LCA database data:
= Variable scope
= Variable sources (primary vs. secondary)

Analysis, and Lessons From Historical Trends

Technology node [nm]

= 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,

81 e scientific literature Data >2010
m LCA database Ecoinvent (2018) @
7 Teehan (2014) ©
ajones (2013)
Teehan (2014)
& 6 x Jones (2013)
)
§ i B oProske (2016) (]
= ”~ Ercan (2016)
\}
g 5 o8 R Teehan (2014)
O~ o e’ Jones (2013)
Q 4 ‘\ /8 1\(\\‘1&\_20;7: o o
B % P ¢
roske (2020) o 8

ﬁ e ] 8 o Bardon (2020) i

a 3 “e e o * 0

= “®  Bol(2013) -7 = _.m W

A s -

(G] 2 Boyd (2012) \h"!‘-.l ‘___,l’ ._-‘: 8
- o '.—_"H'-' & Schmidt (2012) @
abllebos) B-m” gpq) (2013) _-®--——g-"_ Andrae (2014-2017)

1 m-8--8 -~ Teehan (2014) g

0 (M) schmidt (2012)
COoOOoCOoOOoOMNMOR~RNMNONOWOWTNOOMN~NOINM X
nmomowvwounsmMmAaNNNA A A A =
MO e

(b) 1.8{ smic A A Foundry Data 2010-2020
. xRoadma Scope 1+2
1.6 P
L\ -
& 14 \‘r" k\
E LN, \‘A A
S UMCa, Y\ 9 L
= 12 s A e
q')\‘ \ X/ \\i/ f"
Q 1.01 A /'t\:‘~‘__—i-——-A---—A——"‘
QT A L T
3 A ——k"" A AR
= 0.81 i * a-a T
a TSMC e Py
= . he S
O 0-6' GF "‘~~“‘ o ~—‘~‘~t 2
g “*A--_*_--L\‘
0.41
F-GHG only
0.2+ ITRS s =me)mm e m = mm = = = e = = = Y = = X
2010 2012 2014 2016 2018 2020

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

GWEP: Global Warming Potential

“umec

restricted



Current LCI situation

varied and outdated

81 e scientific literature
m LCA database

7
aJones (2013)
~ 61 A
E \\\
G \ B oProske (2016)
E—' 5 \“\‘b' 4”
Q 7 L7
Q o »’::”JKI\ 2017
O 4 /," ine ( )
E‘h Proske
= 31 ™ o8
- -
= "8 Bol(2013) .- o
Q 2 Boyd (2012)\‘./.-_'-/ -—-
o ————— a
GaBi (2022) m-g”
11 m.m-@ oBol (2013) —
0 ™)
cCoOOoCOoOoMNOM~INMN N
mmmmm@wm#mmm
o~ —

Technology

Literature and LCA database data:
= Variable scope
= Variable sources (primary vs. secondary)

Data >2010 (b) 1.81 sMiC a
Ecoinvent (2018) @

Teehan (2014) ©

A Foundry
NOX Roadmap

Teehan (2014)
Jones (2013)

Ercan (2016)

"Huge lack of precise and relevant data”

"Lack of parametric models”

Jean-Christophe C.
Sustain-E Summer School
June 18,2025

= Top-down, primary sourced data

Data 2010-2020
Scope 1+2

= 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,
Analysis, and Lessons From Historical Trends

= Limited scope
= Non-transparent methodology

GWEP: Global Warming Potential

"‘\A---*_--L\
ly
2016 2018 2020

Industry data from public corporate social responsibility report

= Aggregated over entire company operation, not “per chip” or “per-node”

“umec
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Imec ambition for the SSTS Assess pillar

Close the data gap by providing
quality, transparent data on
environmental impact of IC chip
fabrication in a generic high volume
manufacturing plant

0 umo
350 (Boyd, 2012)
SIS O.Tum (GaBi/Sphera, 2020)

“umec

[=] 4[]
imec.netzero '

a Virtual Fab model
for environmental
impact assessment

Expand the analysis to:

= |dentify high impact problems to
focus Improve efforts

" Project the future impact of IC
chip manufacturing

Other technologies:
DRAM, 3D NAND, RF, Photonics, 3DIC, imagers
Future extension:

Power Electronics .
restricted



The life-cycle of a Si-chip = Product system —Si chips from HVM

Goal and scope of imec.netzero = Serving several applications (Logic, memory, etc.)
= Multiple (future) technology nodes

* Functional Unit
* For Manufacturing industry: “per Wafer”
* For IC Chip users:
= “per functional die”
= “per functional cm?”
= “per transistor” or “per GB”

" Impact categories
= Current focus:
= Climate Change
= Abiotic resource depletion
= Water Usage
* Under development:
= Ten EF 3.1 impact categories

= Normalization per person
. l..lTlec restricted




The Iife-C)’Cle of a Sl-ChIP = Flow — Covers al operations in generic HYM Fab: N

Goal and scope of imec.netzero " Wafer processing equipment operation
Poo oo —mooooo- zzz======= = Generation of utilities
: g | FOregrounc m \_ * Infrastructure operation (clean room, services) ) )
! ]
- || °

: .- u (= System boundaries —Two sets : N

s I

u-+---= Gate-to-Gate semiconductor (or packaging) Fab

T * Imec Fab model

ir =~ =——" Cradle-to-Gate Si-chip manufacturing
s = Upstream material and electricity flows
Y _ _1 = imec Fab model

* Downstream chip packaging

I
A * Recycling considered at Fab level, e.g.

D) = Recycling ultra-pure water
= \ = Secondary sourcing of scrap materials /

* Not included
= Equipment manufacturing
* Infrastructure construction
‘unec restrited




SSTS Assess - Virtual Fab Model

Quantify the footprint of a chip

( Process level data

Process Materials

Process Flows

Loglc DRAM
Flows Flows

N250 to Al4 IX to Ib 32L to 352L
Fully customizable

Fab timing Emission Die size
abatement and yield
Realistic process articulation

e}
A28

“umec

-;

{ Virtual Fab }

The ingredients

g

The recipes

The kitchenware

Impact characterization models

%%%

Global Electricity Material
warming mix carbon and water
potential intensity scarcity

Inventory of IC chip

manufacturing

Impact of IC chip ‘x
. 2

manufacturing =
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SSTS Assess - Virtual Fab Model

Quantify the footprint of a chip

( Process level data

Process Materials

Process Flows

-;

{ Virtual Fab }

The ingredients

S

N65 to Al4 IXto la

Impact characterization models

%%%

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

Advantages of the methodology:

i * Results have granularity: High impact steps .
ows ows ° o e o .
* Results are actionable: Sensitivity analysis

Fully customizaf ®  Results can be projected: Pathfinding

e}
A28

Fab timing Emission Die size
abatement and yield
Realistic process articulation

“umec

=

$

The kitchenware

of IC chip ﬁ
. Ieaa= =y
| turing onon ||
Impact of IC chip ‘x
manufacturing ==
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From process flows to CO, __ footprint

2,eq

Process flows

CcoO er kWh
> m:::|5 P |2veq P, ) SEMI 523 guideline
s:ecesss s or electricity «  IPCC GWP100 (AR6)
P production

+ energy mix
i f
8 | “rower | m [Electricaienerev] *[ i ]

IPCC Tier 2c method Global warming
[ utilization potential : CO, .,
Abatement

ELECTRICITY]

0

GA?'-ES in chamber per kg of gas
% co, ., from
i Tool-time x Input Gas = lobut.gas Green House
) flows | volume Gases
‘\ L ON 7

J \ J
I |

‘umec LCI LCIA
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Inventory is built on Fab Models

Die Placement Model
Problem statement

How many dies can you fit in reticle space
and on wafer ?

. ~.

Regular grid
needed for
SaWiNR e

“imar

Reticle populated
with die A

AP UOS

Mask Field Utilization

Model

. Dry Etch and Thin Fllm Deposillon (TFD) use GHGs.
. by is d, following IPCC Tier
2c guidelines (Link)
= Foreach process and each GHG, track mass at every step:
= M, Mass before reactor
® M, Mass after reactor:
* Reactor utilization efficiency
*  Generation of byproducts
= M, Mass Emitted:
*  Destruction efficiency
= Combustion of NGas and of Organic gases
= Byproducts of combustion
*  Notaccounted for:
= Water and chemical usage in water scrubber
*  Waste from scrubber
»  Electricity usage (Plasma abatement, RPC)

Source: 6.8 2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventaries”

“tmec

. Full process
Fab dynamics L doy
Wafer Cycle Time = —proas— | atN28
= Present timing model: “Single cassette Fab” T throughput,
...500 to 1500 steps...
Wafer
cp W % W KW XX LB L
Die smaller than full field * No lmerdependence between process steps
=  100% utilization, no downtime, no idle time
=  Appr a perfectly bal d Fab working at capacity to produce a single product
= Realistic timing model is under development e ~60day
- ueue
= Introduces constraints (bottleneck) Wafer Cycle Time = Z q“'m:, + —prseew—| atN28
i Pa— s of: 3 P throughpur,
n Tool group 1 Toolgroup2  Tool group X
And Many More e o LEEES l l
cee
icess step
o . o model will be available in cassette ' - * * processing
. riza
Goal: Provide a realistic =
“ =
del for HVYM production
i T
Utilities in imec.netzero S S
e ”~
Water usage 5 % -,
z
*  PCW runs in closed loop - No water consumption. Eg™ -~
*  UPW is main consumer of city water: s E e -
FN g §eo
*  Production yield Py (default 62.5%) 3 2 s City water consumed for UPW
*  ARecycling scheme is implemented. By default, ng o production in A14 node:
5 water recycling (R, = 0%) unless otherwise specified 12,2 m* / Wafer
k] (Ry = 62,5%) .. (B, = 62,5%, Ry = 0%)
E Y =62, ¢ e
4 & o P P P P R
3 Water t,»»“",«“‘ @ g T, we®
] 3 ocess Ares
= ”‘“‘B Production Recapture -
1, chemical: 1
= M 3 Py =62,5%
c 12
3 210
é 1 Waste E 3
£ Water Flow,, = (F - R).) - UPW Flow £
S y 3 o | UPW consumed
NGAS, 0, *  Water consumption from fab heat management facilities 3, |foras "0;’9
. is not included (e.g. Cooling Tower) g 5 7,2 mfWafer )
et confdenta
0 20 4 60 8 100
“1mar - - R 1%
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Total emissions for logic technology nodes
Emission trends for advancing technology nodes

Comparison of Scope 1+2+3 - Total Emissions [kgCO2eq/Wafer] by Technology for
full flow (official)

= An increase in the number of NES —
process steps directly leads to N4s 639.10
increased emissions N0 673.71

More interconnect
layers and increase
in double patterning

N28 770.55

* Introduction of a more advanced
. o
lithography process (EUV) E
reduces the total number of k2 e o
process steps and thus total N7_EUV 1092 62 EUV litho
emissions NS introduced
N3
N2
iNZ default model assumptions (also for all next slides) ° §° ,@@ 355 202405116 © mec
*  100% Production line yield Scope 1+2+3 - Total Emissions [kgCO2eq/Wafer]

* |0x10mm?* die, Murphy yield with 0,15 defect/cm?
* IPCCTier 2C Abatement model (2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories)

* GHG global warming potential from IPCC AR6
mec restricted



Technology

Increasing complexity in Logic nodes

Comparison of Number of Steps [/Wafer] by Technology for full flow (official)

Comparison of Fab Area [m2/Wafer] by Technology for full flow (official)

Comparison of Number of Tools [/Wafer] by Technology for full flow (official)

Nos PP NGS5 18810.00 Nes —
N45 19225.00
N45 375.00 N45 751.00
N40 More Steps N40 More nao [ 756,00 More tools
N28 n2s =00 CR area N28 919.00
N20 > nee 25025.00 = N20 1014.00
s 5 N14 26444.00 S N14 1064.00
N10 5 nie £ N10
N7 i N7 S N7
NS NS NS
N3 N3 N3
N2 F N2
o ,..9“ & & & \“ﬁe i ° Ko S A & ! o & $°0 \:’90
Number of Steps [/Wafer] Fab Area [m2/Wafer] Number of Tools [/Wafer]
Comparison of Scope 1+2+3 - Total Emissions [gCOZeq/(cho_mask"cmz)] by
Technology for full flow (official)
N65 21.89 m N2
W n3
All numbers for: nas 2= I
. vao | -5 s m N7 e . .
*  Fab capacilty of 60.000 w2 - Functional unit to compare
u H H .
wafers/month 5 Mo e different technologies:
.. . N N14 N20
«  70% Tool utilization 2 . s kgCO2eq / (Mask Layer x
. . 3 H N4o 2
* 90% Line yield W N4 cm?)
N7_EUV N65 . . . .
- In this FU footprint is relatively
N3 stable.
N2
R

“umec

Scope 1+2+3 - Total Emissions [gCO2eq/(litho_mask*cm~2)]
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Hotspots for N28 fab carbon footprint

assumptions 816 kgCO2e per wafer

& High dependence on Cleanroom view [ Total N28 manufacturing emissions ]

Si Wafer Dry Etch ) CVD [ Wet clean f PVD EPI f Litho
79.4 kgCO2e 171.4 kgCO2e 121.3 kgCO2e 100.8 kgCO2e 85.6 kgCO2e 79.1 kgCO2e 85.6 kgCO2e
9.7% of total 21.0% of total 14.9% of total L 12.4% of total

L 10.5% of total 9.7% of total L 8.9% of total

— (T | | . !

L Y

“umec

" restricted



Hotspots for N28 fab carbon footprint

AN

High dependence on
assumptions

Si Wafer
79.4 kgCO2e
9.7% of total

Distributian far N28 Scope 1+2+3 - Total Emissions [kgCO2eq/Wafer] by Detailed

Dry Etch

Dry Eteh

L,
ﬁ

Chemicals,

Lieadeadul flow (official)
CMP Metal
Annea«
W cvD Diel
165.67 W wet Clean
.66 W CVD Metal
Logistics
u eta
- N28 N
815.57 Litho Track
KgCO2eq/Wafer v o : e
B Litho Sc
79.36
Wet Clean
Lagistics
CVDMetal  yec e tzero
N @z
[ i1
HBE = = O il
[
L | L = ?Sf ui;; Un-abated gasses,
PCW 1 t’ Yt by-products, natural
FHTF ?’:;rge emissions -_— ::Z:t:*::’:ter 8as ¢ i 899
e S,
Chillers Other utilities Process Gasses UrPw Infrastructure
82.8 kgCO,, 65.6 kgCO,, 51.1 kgCO,, 21.5 kgCO,, 62.0 kgCO,,
10.1% of total 8.0% of total 6.4% of total 4% of total 7.6% of total

“umec

|

precursors,
metals,...
Tools power
Materials
225 kgCO,,
[ s haelen, ] I -[ 27.5% of total
14.4% of total

Transmission losses
101.3 kgCO2e
12.4% of total

J

Total N28 manufacturing emissions
816 kgCO2e per wafer

Subfab view
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Hotspots for N28 fab carbon footprint

Distributian far N28 Scope 1+2+3 - Total Emissions [kgCO2eq/Wafer] by Detailed

Litwradesfil flow (official)
CMP Metal
Annealing
Litho Track_ 165.67
.66
es

Dry Eteh

N28

815.57

Dry Etch
CVD Diel
Wt Clean
€YD Metal
Logisties
PVD Matal
Rest

High dependence on Cleanroom view | Tetal N28 manufacturing emissions kaco2es/Water o EE«EEQQ\
assumptions 816 kgCO2e per wafer TN
Si Wafer Dry Etch ) CcvD [ Wet clean f PVD EPI f Litho
79.4 kgCO2e 171.4 kgCO2e 121.3 kgCO2e 100.8 kgCO2e 85.6 kgCO2e 79.1 kgCO2e 85.6 kgCO2e
9.7% of total 21.0% of total 14.9% of total L 12.4% of total L 10.5% of total 9.7% of total L 8.9% of total
-
m| L 11 f
° o W
I )
\@I
I tie
)
“| ‘ X . = coxnd e e =
r’;:':tc::l/?.‘.).’s, FHTF ?’:;fg; emissions -_— ::Z::n:::e’ 8as ¢ i 899
" - Tools power Chillers Other utilities Process Gasses UPw Infrastructure
07 ;ti”‘(’:sb 225 kgCO,, 82.8 kgCO,, 65.6 kgCO,, 51.1 kgCO,, 21.5 kgCO,, 62.0 kgCO,,
14 4’7 gft tzel 27.5% of total 10.1% of total 8.0% of total 6.4% of total 4% of total 7.6% of total
.4% of tota

“umec

N
L8

Transmission losses
101.3 kgCO2e
12.4% of total

|

J

Total N28 manufacturing emissions
816 kgCO2e per wafer

Subfab view
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Hotspot: tool electrical energy

Dry Etch ) CVD [ Wet clean f PVD EPI f Litho
171.4 kgCO2e 121.3 kgCO2e 100.8 kgCO2e 85.6 kgCO2e 79.1 kgCO2e 85.6 kgCO2e
21.0% of total 14.9% of total L 12.4% of total L 10.5% of total 9.7% of total L 8.9% of total

l l
o, -
( N
N T e T T
\ L Ly
N, D L L
\ o
\ 7T e e e
\ T e T eemem
N e T
L] | e

Tools power )
225 kgCO,, J
27.5% of total

Transmission losses
. 101.3 kgCO2e
mmec 12.4% of total
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Hotspot: tool electrical energy

“Subfab view”

‘|$

Electricity needs of semiconductor fabs

are very high

* Typical tool power rating range 5..50 kW

(up to MW for EUV litho)

e HVM fabs need several hundreds of tools

High dependence on electricity mix of fab
*  “Industry average” = 500gCO2e/kVWWh

e “Clean grid” < 100gCO2e/kWh

Transmission losses on the grid are
#2 significant

“umec
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Technology

Comparison of Full Electric Energy Consumption [kWh/Wafer] by Technology for

full flow (official)

N65 605.55 W N2 _BsP
N45 708.78 H N2
N40 718.37 W N3
nes | .
852.94 B N7 Ew
N20 852.50 m N7
N14 902.91 N10
N10 1010.59 N14
H nN20
N7
1315.52 m s
N7 _EUV 1242.87 N40
NS 1435.04 N45
N3 W nes
N2
N2 _BSP
imec.netzero
© QQQ QQQ (QQQ v5.0.1 2025-04-07 © imec
» N
Full Electric Energy Consumption [kWh/Wafer]
€ O R O mampekcricmspssom o Wl B A% %X B ® 8t (g -
L ! o
4 | € = Taiwan L]
m Electricity Emissions. =
B +*
Total electricity mix  B¥ estimated wes 4
o 2024
w
7% 12%
@) \o So

Total electricity mix
2024

:
COz0q/kWh
. (0) \ (0]
L1 Carbon Intensity Low-

b ..
Corbon intensity (gcoseafim)

L —

- o 300 600 1500

7%

carbon

~ 5% estimated  eee

12%
So

Renewable
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Hotspot: tool electrical energy

“Cleanroom view”

e

ey

' £ 2 I

N

N65
N45
N40
N28
N20
N14
N10

Technology

N7_EUV
N5
N3
N2
N2_BSP

N7 |§

Comparison of Full Electric Energy Consumption [kWh/Wafer] by Technology &

F 16% 3

F17% ¢

¥ 18% ¢
¥ 19% ¢
18%

¥ 16% ¥

Process Area for full flow (official)

22%

19%
20%
20%
E 22%

18%

16% &

8%

I 16%

1649

3% |8 1% [N 1sse
23% Bl 5% B 1887
o ° ° o
S $ S $
“ N N >

Full Electric Energy Consumption [kWh/Wafer]

Process Area
CcMP

CcVvD
Cu-PLATING
DIFFUSION
DRY ETCH
EPI
IMPLANT
LITHO
LOGISTICS
METROLOGY
NOTOOL
PVD

WET

EDEEOOEEEEEN

imec.netzero
v5.0.1 2025-04-07 © imec

“umec
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Many process areas require lots of energy

* Deposition processes
- CVD

* EPI
- PVD
* Dry Etch

* Litho (post-EUV)

*  Wet cleans
Driving factors: high temperatures, long
processes, giant lasers, water heating/cooling, ...
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Hotspot: process gas emissions

“umec

' Plasma

Thermal plasma torch
& mixing chamber

PFC reaction chamber

_[

(D=25¢cm,L=60cm)

Dry Etch ) ]
171.4 kgCO2e
21.0% of total

- LLF
s

— Exhaust

Un-abated gasses,
by-products, natural
gas combustion

{  Process Gasses }
l 51.1 kgCO,, J
6.4% of total

50
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Hotspot: process gas emissions

“Subfab view”

* Semiconductor manufacturing uses some

gas
SFé
NF3

extremely strong GreenHouse Gases
Strong radiative forcing

Very stable, lifetime in the athmosphere:
several thousands of years

Usual unit: GWP100 = relative warming
effect to Ikg of CO2 during 100 years

_Exhibit 6: Direct semiconductor manufacturing emissions (Mt CO.e, 2021)

/PFCS are fundamental to semiconductor
manufacturing due to unique properties

25 Chemica | Electrical | Non-Reactive &
9| Stability Properties | Non-Flammable
| |
:
61 ° Composed of | Used in etching Ny eactive
. strong carbon- | processdueto ! nature makes it
fluerine bonds | safe for use

| low polarize-

lity, resulting |
Exhibit high weak H
to

re:

\

Total Other HTF HFCs N2O SF6 CO2 NF3 PFCs'

GWP, oo

17 400

Releasing kg of SF6 into the
atmosphere has the same

warming effect over 100 years
as releasing 25 200kg of CO2!

* Abatement technologies exist

Combustion- or plasma-based
Destruction and Removal Efficiency up to

95~99%

“umec

o
Exhibit 8:
With current announced pledges by governments and companies,
direct emissions from manufacturing will surpass those from electricity use

by 2041

204t
Direct manufacturing emissions px
emissions tied to energy use

030:
Emissions peak according to announced pledges

2020 2022 2024 2026 2028 2030 2032 2034 203% 2038 2040

= Directly controlled — Electricity consumption

Total Manufacturing

STEPS for North America, Eu:
from: CDP, imec. SEM
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Hotspot: process gas emissions
“Cleanroom view”

Semiconductor manufacturing uses some

extremely strong GreenHouse Gases
* Strong radiative forcing
* Very stable, lifetime in the athmosphere:
several thousands of years
e Usual unit: GWP100 = relative warming
effect to Ikg of CO2 during 100 years

Abatement technologies exist
¢  Combustion- or plasma-based

* Destruction and Removal Efficiency up to
95~99%

“umec

Most high GHG are used for etching
* A fraction of the gas is not used and exits
*  Other GHG are generated as byproducts
Also appears in some deposition processes
NF3 used as clean gas

Process Area

Comparison of N28 Scope 1.4 - GHG Emissions w/ abatement (per process gas)
[kgCO2eq/Wafer] by Process Area & Gasses for full flow (official)

CMP Process Gas
CcvD M cC2Fe
Cu-PLATING W cere
B cars
DIFFUSION | cra
DRY ETCH M CH2F2
EPI B cH3F
IMPLANT | o
0.0 O cHF3
urho [ 0.76 B co:
LOGISTICS | 0.0 M n20
METROLOGY | 0.0 B nrs
[ NGAs
NOTOOL | 0.0 W sre
Pvo | 0.36
WET | 0.0

N S

S o

imec.netzero
S () i netzer

&) v5.0.1 2025-04-07 © Iimec

Scope 1.4 - GHG Emissions w/ abatement (per process gas) [kgCO2eq/Wafer]

/
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Hotspot: upstream impacts

IC Fabrication Overview

Procedure of Silicon Wafer Production

/. )

* SiWafer manufacturing requires high
temperatures

- * Many materials and chemicals needed (way

more than what ends up on the wafer), with

very high purity requirements

\ . Difficult to estimate! /

|

Si crystal ingot

Si Wafer b
79.4 kgcoze ] Raw material — Polysilicon nuggets

purified from sand
9.7% of total

Slicing into Si wafers using a

X 1
A silicon wafer fabricated with L
microelectronic circuits Final wafer.produ:f after p_°"5h'"" diamond saw
cleaning and inspection 1

‘Water purification,
5%

Others, 5%

Equipment, e

6% ==
Fgases,3%  Tantalum, 3% 2%

Pads,
EUELE A Slurry,  Tungsten
3% 2% » 2% 51%
. uPw,
Materials ransportation, |Wastewater, [Professional |FYHENSISS c:'. ":
117.5 kgCOZe Parts, 10% solvents, 7% 6% services, 3% ,2% 1% 1%

14.4% of total

Acids/caustic, 9%

Si wafer, 15%

Chemicals,
precursors,
metals,...

- Purchased goods, 60% - Maintenance, 16% - - racilities, 7% [l - capital equipment, 6%

- - Transportation, 6% - - Others, 5%

" l.l.l.l e c Figure 7. Breakdown of Scope 3 emissions for semiconductor companies [28].
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Hotspot: cooling

All the heat generated must be evacuated from the fab

CHILLER
DIAGRAM

HVACT

Dry Etch ) CVD ] f PVD i CHILLER
171.4 kgCO2e 121.3 kgCO2e 85.6 kgCO2e : :
21.0% of total 14.9% of total J L 10.5% of total

EXPANSION
VALVE COMPRESSOR

COOLING E\
TOWER £
$
H
%

EVAPORATOR ‘

- * Chillers use Fluorinated Heat Transfer Fluid A
X (F-gases) with high GWP that eventually leak
P g i into the athmosphere

p .
Chilers * Chillers also require large amounts of
82.8 kgCO,, A 5
10.1% of total energy for Process Cooling Water

- J

) I.'I'I'I e C restricted
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g and prospective solutions



Solutions!?

There are many low-hanging fruits already

3.1:Specialtygases
3.5: Liquid Waste

1.4:Process gases
2: Infrastructure

3.1: Wafer | 55 29

1111.83
kgCO2eq/Wafer

3.3:Activities B & C

2: Equipment
2: Utilities

imec.netzero
v5.0.1 2025-04-07 © imec

Taiwan electricity mix
25% abatement deployment

“umec
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Solutions!?

There are many low-hanging fruits already

3.1:Specialtygases
3.5: Liquid Waste

Full abatement
deployment

1.4:Process gases
2: Infrastructure

2: Equipment
3.1: Wafer | 55 29
2: Infrastructure

1111.83

kgCO2eq/Wafer kgCO2eq/Wafer
3.3:Activities B & C

77.70
3.1: Wafer

2: Equipment

2: Utilities
2: Utilities

) 3.3:Activities B & C .
imec.netzero imec.netzero
¥5.0.1 2025-04-03 v5.0.1 2025-04-07 © imec

Taiwan electricity mix

Taiwan electricity mix
25% abatement deployment

100% abatement deployment

“umec
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Solutions!?

There are many low-hanging fruits already

3.1:Specialtygases
3.5: Liquid Waste

1.4:Process gases
2: Infrastructure

3.1: Wafer | 55 29

1111.83
kgCO2eq/Wafer

3.3:Activities B & C

2: Equipment
2: Utilities

imec.netzero
v5.0.1 2025-04-07

Taiwan electricity mix
25% abatement deployment

“umec

Full abatement
deployment

2: Infrastructure
kgCO2eq/Wafer

77.70
3.1: Wafer

2: Utilities
3.3:Activities B & C

Taiwan electricity mix
100% abatement deployment

2: Equipment

Low-carbon
electricity

imec.netzero
¥5.0.1 2025-04-07 © |

“3:Activities B & C

2: Equipment

3.1:Bulkgases
3.1:Specialtygases

3.5: Liquid Waste

we

- 3.1: Wafer
2: Utilities

77.70

N28

308.26
kgCO2eq/Wafer

3.1:Chemicals

1.4:Process gases

1.3:Fugitive
imec.netzero
v5.0.1 2025-04-07 © imec

French electricity mix
100% abatement deployment
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Solu

tions!

Challenges are (i) deployment at scale...

300
200

o]

Abatement cost ($2020/MT CO2 eq.)
400

Biogas - waste to energy

Solar heating and cooling

Combined heat and power - Using microturbines

Renewable energy certificate (RECs)

02 03 04 05
'Site shutdown due to Covid
LED lighting upgrade
Automation of pumping system
Waste heat recovery from condenser water
Cooling technology VFDS on chillers
Compressed air upgrades

Data center optimization
VFD air handling units
HVAC retrofit
Process optimization - Improved efficiency of tools
Switch off lights low ocoup
Low occupancy HVAC actions
'Savings during plant shutdown - maintenance

06 07 08 08
Average annual abated COZ eq. (MMT in 2020)

e sustainability ey

Article

Abatement cost ($2020/ton CO2 eq)
150

Process optimization improved tools efficiency
Smart cantrol system
VFDs on chillers, pumps

Waste heat recovery

Figure 16. MACC for Micron in 2020.

Machine equipment and replacement

Refrigerant leak reduction in chillers
Compressed air upgrades

HVAC upgdrades

Cleaner Chips: Decarbonization in Semiconductor Manufacturing

Motor drives

Prashant Nagapurkar “(%, Paulomi Nandy and Sachin Nimbalar

o1
Average abated CO, (MMT €O, eq. in 2020)

Scope 11
Scope 2| ]
Scope 12 [l

Figure 15. MACC for Samsung Electronics in 2020.

Scope 1
800~ Smart control of equipment Scope 2
Scove 12 W
Figure 14. MACC for Intel in 2020.
Abatement cast (§2020MT COZ2 eq.)
400
350
300
250
200
150
100
50 Purchased renewable energy certificates
0 T r T T 1
— Z 3 3 5 5 7 3
. PFC gas reduction Average annual abated CO2 eq. (MMT in 2020)
Process optimization - Improved tools efficiency
Building Energy Management Systems (BEMS) seope 1 [l
e Scope 2|
scope 1.2 [l

Cost & Environment savings (win-win):

Energy efficiency and tool upgrades
Smart processes (optimization)

Leak reductions

Waste (material and energy) recovery

Cost-Environment Mﬁ-(need regulation?)
- Abatement

- Waste treatment

- Renewable electricity (depends...)

- Electrification of some processes

VS.

“umec
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Solutions?
Challenges are (ii) remaining emissions

Alternative recipes?

De-fossilize supply chain?
3.1:Bulkgases
3.1:Specialtygases

3.5: Liquid Waste

\;‘ 3.1: Waf
™, .1: Wafer
2: Utilities »

77.70
3.3:Activities B & C

N28 Alternative materials/chemicals/gasses?

308.26
kgCO2eq/Wafer

2: Equipment

3.1:Chemicals

Rest

New tools?

Recycled materials?

1.4:Process gases
1.3:Fugitive ;

imec.netzero
v5.0.1 2025-04-07 © imec

All this is happening already, but slow in a risk-averse and highly complex industry...

) I.'I'I'I e C 6 restricted



Solutions?
Challenges are (iii) absolute impact reduction

Exhibit 7:

Manufacturing Emissions

expenditure

1.0 Gt

“ee,
LT
LT
----------
------
------
s

Announced sustainability pledges reduce total 2019-2050 emissions
by 30% and are within 60 Mt CO,e of 2050 net zero

(Mt COze) 2045
2030 Industry peak with no
200 - Emissions peak company action
according to announced
p‘edges ----------------
150 -
ITETEera el BT TT PP
..-ullﬁ: .............
100 - : Total Carbon  Tteeedl
expenditure | TTttee
356t e
........... Y
50 - Total Carbon ~ TTttteee.

.....
.
""""""""
......
ey

Low-carbon Energy

2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040

Announced Pledges

2042 2044 2046 2048 2050

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: CDP, imec, SEMI, IEA

Transparency, Ambition,
and Collaboration:

168 Mt

Trajectory with IEA STEPs
low-carbon energy scenar

60 Mt

Emissions if company

| commitments are realized

Need for complementary lesser
or non-technical solutions? E.g.
- Incentives/regulations
- Other business models
- Other consumer habits

“umec

6l
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Solutions!?
Challenges are (iv) Environmental metrics deployment in innovation phase

= Innovation is not driven by sustainability staff but / |
by expert from the field.

* Provide specifications on environmental impact /”
to engineers

= Sufficiently early in the innovation phase
= Acceptable: Understandable, defensible
= Accessible: User friendly tool for computing

= E-score to complement Power-Performance-
Area-Cost PPAC scorecard. See next section.

- nsrmmr-

) l..ITl e C @ restricted



al Scoring: A spec to guide innovation



Motivation for E-score tool development

Goals and ambitions

= Main goal for E-score: infuse the sustainability concern in all innovation processes at the
heart of semiconductor manufacturing technologies. Early-stage embedment in R&D will drive
maximum impact on our industry.

= Innovation in semiconductor industry is driven by the Power Performance Area and Cost (PPAC)
scorecard. With E-score, we want to add an Environmental (E) metric to the card that
becomes:

PPAC-E

* The deployment of E-score is three-pronged:

iy \S7d
Eﬁ{d = J%VF\\

—_—=
E-Metric for PPACE Toolbox for quantification Dissemination
A defensible metric anchored A platform for E-score For early platform
in Environmental Science quantification combining adoption, feedback
practices flexibility with user-friendliness and rapid spreading

) I.'I'I'I e C restricted



E-score: Inventory

Using a real example from an etch stack evaluation

. Inventory:
= Life Cycle Inventory (LCI)
= Provides concrete information,
* No bias applied
2. Impact
= Life Cycle Impact Assessment
= Convert inventory to impact
= Slightly harder to communicate in fab
3. Normalization
= Enables comparison of different impacts
= Common unit
= Enables a single E-score

“umec

material mass
100 »
VA

=== POR STACKB e STACK C
POR is the reference process of record being compared to two option:
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E-score: Impact analysis
Real example based on Dry Etch stack Improvement

|. Inventory:
= Life Cycle Inventory (LCI)
* Provides concrete information,
" No bias applied
2. Impact
= Life Cycle Impact Assessment
= Convert inventory to impact
= Slightly harder to communicate in fab

/
. ’ \

. . r

3. Normahzat'on CumateL ..................... A\ Watet

, : , change scarci
= Enables comparison of different impacts & y

= Common unit
-==POR STACKB ~====STACK C

= Enables a single E-score

“umec
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E-score: 3. Normalization

Real example based on Dry Etch stack Improvement

|. Inventory:
= Life Cycle Inventory (LCI)
» Provides concrete information,
" No bias applied

2. Impact
= Life Cycle Impact Assessment
= Convert inventory to impact
= Slightly harder to communicate in
fab
3. Normalization

= Enables comparison of
different impacts

= Common unit
= Enables a single E-score

“umec

Normalization Factor (NF;): average
impact of | person per year for one specific

impact category i :
/data collection

Global Impact i (2010)[unit;] @P|anet scale
Global Population (2010)[person] PY

NF;[unit; /person] =

Normalization gives a unit of person

~6.9 billion

Weighting gi it of point
eighting gives a unit of points 010

(Equal weighting considered here)
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E-score: Concatenation to single E-score
Real example based on Dry Etch stack Improvement

E-score version 1 (EF points per million wafers)
6566 5625 4084

A:-14%

A:-38%

B water scarcity

- W ADP (material scarcity)
W scope 3 Climate change can be

subdivided between Scope
components without affecting
scope 1 total score

scope 2

N

POR STACK B STACK C NOTE: drive down EF
points for less impact

) I.'I'I'I e C restricted



Conclusion



And remember:

Take home messages - Environmental sustainability does not stop at climate change

- Sustainability does not stop at environmental sustainability

The climate change impact of IC chip manufacturing is still expected

to increase in the future.The industry needs to work hard to fulfill
their pledges and further to achieve net zero by 2050

J

/The impact of IC chip manufacturing is one of the largest )
contributors to the carbon footprint of ICT devices:

* Low entropy products from highly complex value chain

* One of highest carbon footprint/ mass ratios

* Consumes massive amount of electricity and high purity

\ materials /

(The total climate change impact of IC manufacturing can be reduced by:

» Effective abatement on high GWP process gases

* Non-fossil-based electricity sources

* De-fossilize supply chain, specifically Si wafer production

\.* Adoption of environmental scoring metrics early in the technology design phases

J

“umec
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What can you do (as an engineer)?
“If you are not part of the solution, you are part of the problem”...?

= Think holistically about the implications of what you do
* For environmental impacts, Life-Cycle Analysis is the standard
= LCA can be time-consuming, but is flexible in scope/accuracy (better be inaccurate than blind)
= Don’t forget to also think beyond LCA (rebounds, societal impacts, ...)

= How to do ‘“‘eco-design’?
= General principles abound (circularity, absolute sustainability, doughnut economy, regenerative, low-tech, ...)
= At-scale examples are rarer (on the surface ...) but do exist
* |t’s up to you now!

= Instead of efficiency optimization aim for resilience:

= Resilient systems are sub-optimal but adaptative:“From better to good enough”

“umec n
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embracing a better life
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