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Semiconductor Sustainability

Many Opportunities to Improve Sustainability through Innovation

« High use rate
« Difficult to recycle UPW waste

Water consumption & ultra-pure water use

e« Chemicals are incinerated after use

Process chemicals « Toxic & difficult to recover

« Fundamental processes are unchanged for decades

Fabrication techni i '
aprication tecnniques « Non-destructive processes not implemented

« Decrease total energy consumption & GHGs

li . .
Carbon neutrality - Increase percent of renewable electricity

« New equipment needed to limit emissions & HTFs

Emissions abatement « Valuable chemicals should be recycled

« Develop processing chemistries that are simple & safe

Processing e-waste :
« Improve recovery yields

« New synthesis methods with simple, green-chemistries

Natural & transient electronics
« Enhance performance

« Identify or design non-toxic alternatives .

PFAS replacement « Maintain performance relative to existing products



Landscape Assessment

Selection based on ideal criteria for research topics

 High urgency - significant social & economic challenge

- Multidisciplinary - enables knowledge building across different disciplines

- Diverse stakeholders - interest from academia, industry, research institutes, and government

- Knowledge building - R&D can serve as foundation for policy, scientific publications, and strategic decisions
« Tangible impact - products & services arising from R&D are suitable for the market

 Aligns with TNO mission - create impactful innovations for the sustainable wellbeing and prosperity of
society




Per- and polyfluoroalkyl substances (PFAS)

A constantly evolving situation

« PFAS are any substance that contains at least one fully fluorinated methyl (CF;-) or methylene (-CF,-)
carbon atom (without any H/Cl/Br/I attached to it).!

= Exact definition still under discussion sy - )
= Generally includes hundreds to tens of thousands of chemicals? ’ é
= Produced and used since the 1930s

\‘ Carboxylate
| Group

Hydrophilic Polar Head
(Variable Composition)

« C-F bonds in PFAS lead to very stable substances

= Environmentally persistent and resistant to complete degradation \ g \,

\\ /’ Sulfonate
= Found in the blood of people and animals throughout the world e
= Relevant concentrations in the air, water and soil3 General structure for non-polymeric perfluorinated PFAS 3

« There is no comprehensive source of information on the many individual substances*

= Few (dozens) PFAS are included in environmental and biological monitoring and toxicological studies to date?

1. ECHA Registry of restriction intentions until outcome: https://echa.europa.eu/registry-of-restriction-intentions/-/dislist/details/0b0236e18663449b
2. Characterizing PFAS Chemistries, Sources, Uses, and Regulatory Trends in U.S. and International Markets, RTI International, 20 June 2023

3. E. Panieri, Toxics, 2022, 10, 44. https://doi.org/10.3390/toxics10020044

4. J. Gluge, Environ. Sci.: Processes Impacts, 2020, 22, 2345-2373

innovation
m for life 4




PFAS Regulations

Legislation naturally follows increasing public attention
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1. ITRC - History and Use of Per- and Polyfluoroalkyl Substances (PFAS)
2. Appl. Sci. 2023, 13, 6696. https://doi.org/10.3390/app13116696

Recent Attention

Increasing
Attention

Future
Attention

2004 2008
R:gma:‘?: ?f ip[;d;cionf Focus on PFOA and
anciCemmste S1adong PFOS by EFSA

PFOA

2006

First evidences of
PFOS contamination
by Canadian authorities

(Ld |

2019

Addition of primary product of PFHxS
by RAC in parallel with SEAC

Intergovernmental Agreement by Australia
EPA action plan for monitoring PFOA and PFOS

Regulations by South Africa to phase-out PFOS-, POSF-,
and PFOS-containing products

2022
EURL-POPs published guidelines
on food and feed PFAS analysis

Ban of all PFASs in firefighting foams proposal by EC

2021

EPA regulation on PFOA
and PFOS in drinking water

CCME issued Guidelines
for PFOS in soil and groundwater

Japan added PFOA to Class | substances of CSCA

il (o

2023
ECHA added PFHpA as concerning compound
and considered the ban proposal of all PFASs
by 5 European countries

2018

Risk assessment of EFSA
in blood for PFOS and PFOA

2020
TWI by EFSA

EPA established enforceable levels of
PFOA, PFOS, PFNA, PFHxS, PFBS
and GenX in drinking water

"
[

|
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PFAS Regulations

Europe REACH

announced a
broad

Opinions feed the decision of the European

Commission

Final
PFAS Restriction published in EU

Exemptions may push
effective date of restriction

for certain restrictions up to

or even past 2030.

spectrum o : . Final Official J | at the |
PEAS Submission of dossier to Final RAC PFAS Restriction icial Journal at the latest.
restriction ECHA & SEAC published in EU Official
process (6 mo. public consultation) Opinions Journal at the earliest.
2022 _I 2024 2028 2030
2021 |J 2023 | 2025 2027
RAC & SEAC Draft Opinions Estimated date restriction

RMOA published, Entry into ECHA Rol
3Q21

Semiconductor
PFAS Consortium

(2 mo. public consultation)

Draft proposal for
PFAS restriction
under REACH

EU commission
work to review
and finalize
proposal

applies to all PFAS for which
no exemption applies

Unless exemptions
apply, the restriction is
applicable 18 months
after publication in EU

Official Journal

The Semiconductor PFAS Consortium is organized under the
auspices of the Semiconductor Industry Association (SIA). For

more information, see www.semiconductors.org.

Any exemption will
expire 4, 7 or 12
years after the 18-
month implementation
period




An Immense Challenge

Sub-classes of PFASs Examples of

Individual compounds

Number of peer-reviewed
articles since 2002**

*

1. City of Columbus - Water protection
2.Z.Wang, Environ. Sci. Technol. 2017, 51, 2508-2518.

*

PFBA (n=4) 928
PFPeA (n=5) 698
PFHXA (n=6) 1081
PFHpA (n=7) 1186
PFOA (n=8) 4066
Y% PFCAs PFNA (n=9) 1496
_ PFDA (n=10) 1407
(CHFZHH COOH) PFUNA (n=1) 1069
PFDoA (n=12) 1016
éﬂ =13 PFTTA (n=13) 426
PFTeA (n=14)
WATER RESISTANT ?. il a7
CLOTHING s PFBS (n=4) 654
PFHxS (n=6) 1081
PFSAs sl
FIREFIGHTING PAINT PFOS (n=8). 3507
FOAMS . (CnF2n+1—SO3H) PFDS (n=10) 340
perflu?roalk);l acids PFBPA (n-4) 3
PFAAs PFHXPA (n=6) 33
PFPAs PFOPA (n=8) 31
PERSONAL COSMETICS (CnF2n+1—PO3H2) PFDPA (n=10) 35
CARE PRODUCTS Ca/C4 PFPIA (n,m=4) 4
. C6/C6 PFPIA (n,m=6) 12
PFPiAs C8/C8 PFPIA (n,m=8) 12
(C,Fyp=POH=C F, .} C6/C8 PFPIA (n=6,m=8) 8
P FAS ADONA (CF,—0—C,F5—0—CHFCF,—COOH) 4
NON-STICK PHOTOGRAPHY PFECAs & PFESAs GenX (C3F7-CF(CF5-COOH) 26
EEA (C,F.—O—C,F,—O—CF,~COOH) 6
COOKWARE (C.F. . —O—C.F —R) o oFy 2
T i S F-53B (CI—=C4F,,—0—C,F,—SO,H) 14
MeFBSA (n=4,R=N(CH,)H) 25
MeFOSA (n=8,R=N(CH,)H) 134
@ EtFBSA (n=4.R=N(C,H/)H) 7
PFAS PASF-based EtFOSA (n=8,R=N(C,H )H) 259
FAST FOOD s substances MeFBSE (n=4,R=N(CH,)C,H,0H) 2%
PACKAGING (CrFangr—R) MeFOSE (n=8 R=N(CH,)C,H,OH) 116
PESTICIDES (CFs 4 —50.—F] EtFBSE (n=4fR=N(C2HjC2H4OH) 4
} EtFOSE (n=8,R=N(C,H,)C,H,0H) 146
@ > over 3000 SAMPAP {[CgF,.SO,N(C,H,)C,H,0],—PO,H} 8
PFASs may PFAA 100s of others
STAIN RESISTANT ﬁ f have been precursors 4:2 FTOH (n=4,R=0H) 106
FURNITURE TR on the global 6:2 FTOH (n=6,R=0H) 375
0 POPCORN BAGS N fluorotelomer-based 8:2 FTOH (n=8R=0H) 412
[1] substances 10:2 FTOH (n=10,R=0H) 165
STAIN RESISTANT 12:2 FTOH (n=12,R=0H) 42
PRODUCT (CaFang1—C:H,—R) 6:2 diPAP [(C4F ,C,H,0),~PO,H] 23
8:2 diPAP [(CgF,.C,H,0),—PO,H] 25
100s of others
polytetrafluoroethylene (PTFE)
polyvinylidene fluoride (PVDF)
ﬂuoropowmers fluorinated ethylene propylene (FEP)
others perfluoroalkoxyl polymer (PFA)
perfluoropolyethers (PFPEs)
[2] ;

PFASs in RED are those that have been restricted under national/regional/global regulatory or voluntary frameworks,

with or without specific exemptions (for details, see OECD (2015), Risk reduction approaches for PFASs. http://oe.cd/1AN)

%

The numbers of articles (related to all aspects of research) were retrieved from SciFinder® on Nov.1, 2016.


https://www.columbus.gov/Templates/Detail.aspx?id=2147525879

PFAS in Semiconductors and Electronics

Product PFAS use in electronic components and
manufacturing processes

E Sse nti q l. fo r q Vq St q rrqy Of p rOd u Cts 1’2 Mobile devices s Anti-smudge on touch panel

e Smoothness

- Hydrophobic coating on printed circuit boards (PCBs) el et " Hearrene
e Solder resistance

. . . o e Low V\.'Cll‘.el' ﬂbsc?rption

- Barrier properties and low surface energy to photoresists Blecic vire and cables+ Hlectric inulaion,
e Molding and processing

° T h e rm G I. St(] bi I.ity Foldable smattphones : I;‘:‘Zl:;:i::;i’c constant

. : Efsig\l;l:?oldmg function

° Exce l le nt re le G Se p ro p e rtl e S Electronic industry : :leeittiigaj;l:;:r;r:;i;]wices and equipment
* Solvent systems and cleaning

- Airis easily dissolved (eliminates trapped bubbles) e — - achin pisoslti csrne s

I_Sem.iconductor industry i . lli:t)toresislt:.l.n.ce
. otosensitivity

° G G S kets O n d Se G ls (e lo Sto m e rs) e Increasing photosensitivity of photoresist

e Generating strong acids by light irradiation

s Control diffusion of acid to unexposed regions
* Reducing reflection on surface

° SU rfa Cta ntS e Wetting agent

. o . . e Removing cured epoxy resins
= Improve photoresist deposition/eliminate defects ¢ Nomaick costing on caieswles
= Low refractive index and thermal/mechanical stability e e o< (fbereinforced
e Separation of high voltage components
(dielectric fluid)

+ Photoacid generators (i.e. super acids) typically < C4 « Providing elecrical signal for mechanical and

thermal signals
H o Providing liquid crystal with dipeole moment
" NO a Iternatlves fro m 2 48 nm to E UV o Reducing static electricity build-up and dust
attraction
e Light management films in flat panel display
e Cleaning integrated circuit modules
o Antireflective coating

m innovation
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1. C. Ober, J. Micro/Nanopattern. Mater. Metrol., Vol. 21(1), 2022.
2. B. Tansel, Journal of Environmental Management 316 (2022) 115291.



PFAS Replacement Strategy

Take inventory of critical tools, equipment, raw chemicals, and infrastructure utilizing PFAS compounds
= In some cases, critical items may use PFAS in their production

Requirements must be carefully defined
= In some cases the technical function provided by PFAS is not necessary!
o Examples of sustainable material substitutions found in the cosmetics and clothing industry

= The requirements for PFAS-based products in the semiconductor industry span a range of complexities
o This impacts the maturity of PFAS-free alternatives as seen in photolithography
- Surfactants & rinses, photoacid generators, photoresist polymers, reflective coatings, immersion topcoats

Conduct a product survey using patent, scholarly, and trade literature
= Goal is to reduce R&D time and risk
o Identify commercial, near-commercial, or products that can be modified

As needed, develop novel materials, chemistries, or treatments to meet unique requirements

Establish and execute test procedure (e.g. mechanical testing, chemical analysis, off-gassing, UV resistance)

innovation
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1. I. Cousins, Environ. Sci.: Processes Impacts, 2019, 21, 1803



Case Study # 1

PVDF Replacement in Cathodes

Properties of a binder:

Cathode ] )
particle « Mechanical properties
* Binds to particles, but not too strongly
_ ""Conductive «  Flexible
Binder === additive «  Tensile strength, adhesion strength
 Thermal stability
* Tg and melting temps
+ Battery operation temp important & processing temp
. * (Electro)chemical stability
Cathode_ _CompOSItl_on ) ) ) + Towards oxidation, cathode active material, conductive additives
. Transmon metal oxide particles (active material) ~90% - Not soluble in organic electrolyte
: CB:Ic?r?;;ctive additive :2;2 ) Solgbl_e 'n slurry solvent
« Conductivity
* lonic & electronic
» Ideal binder = flexible, suitable adhesion, good conductivity
- PV%Eem?C‘;H‘QQ;’t'I'\‘:;r:ﬁJL?;’J'S:“EW T (Li, e), compatible with electrolyte, environmentally friendly.
| | «  Mechanical stability
oG «  Moderate thermal stability (melting ~170-180 C)
|1| Il_ * Questionable stability with next-gen materials

n < Impossible to recycle (burning F-containing material)
*  Produced from PFAS monomers

T
— -

Powering the Green EU Mobility uwwr
0 Cies 8%
Toward Greener and Sustainable Li-lon Cells: An Overview of Aqueous-Based Binder Systems | ACS Sustainable Chemistry & Engineering 1 .
Noord Brabant Baden-Wiirttemberg

Alternative binders for sustainable electrochemical energy storage — the transition to aqueous electrode processing and bio-derived polymers - Energy & Environmental Science (RSC Publishing) DOI:10.1039/C8EE00640G



https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.9b07478
https://pubs.rsc.org/en/content/articlehtml/2018/ee/c8ee00640g

PVDF Replacement Strategy

Input requirements for binder candidate selection Input for electrode fabrication

Electrode fabrication

" Binder candidate selection

I
Criteria/requirements: Binder material: i
- Max temperature of material: 70°C !

during operation, 100 — 150°C during |

calendaring |

- Potential range: 4.9 V |

- Physical characteristics: stiff below 70°C |

and flowable above 150°C |

- Expansion under operation: 5-10% :
(LNMO example) : * WhyPVDF?

|

1

|

|

|

I

1

1

|

|

|

I

1

1

|

|

\

Electrode fabrication (slurry, casting, calendaring, etc.)
*  Electrode fabrication using standard PVDF binder
*  Standard solvent (=NMP)
*  Standard process (=slurry, casting, calendaring)
»  Reference electrode for battery cell
*  Electrode fabrication using commercial polymer candidates
*  Variation in formulation (e.g. binder content%)
e \Variation in solvent (e.g. H,O, dry or wet)

1

1

1

. Literature review on binder materials either !
|
|
1
1
1
1
|
|
1
1
1
:
|
*  Alternative polymer binders (commercial) |
1
1
|
|
1
1
1
1
|
|
1
1
1
1
|
:
1

commercially available or novel, synthesized binder
materials (polymers) for electrodes

* Literature review on solvent replacement/green
alternatives/what processes are used or could be used in
combination with greener solvents

*  Evaluation based on requirements

) Content of binder: 0 — 5 wt% *  What makes it the standard?

- Conductivity of binder: Less important (in ot Which s.tructural properties are needed?
theory better than 10 S/m2) *  Binder alternatives (commercial polymers)

_ Suitable for blade casting in liquid *  Binder alternatives from novel synthetic
systems/wet-route (near-term approach) approaches
) Suitable for dry-route process (longer- *  Result — Binder candidates for PVDF replacement
term approach) *  Commercially available polymer candidates
) Green solutions for solvents *  Design of new binder polymer (e.g. copolymer)
*  Green solvent candidates/processes in
N combination with green solvents PN

*  Variation in processing conditions (e.g.
electrospinning, impregnation)
*  Electrode fabrication using synthesized polymer candidates
*  Variant in formulation
e Variation in solvent
*  Variation in polymer binder
*  Variation in processing conditions

o o - - - - - - ———————

replacement

—>

Performance evaluation

* Characterization of electrode performance (T, PR, LNMO,
conductivity, etc.)

a) PVDF + carbon black in batteries (scale bar = 10 um) * Performance evaluation of electrode in battery cell
b) Fluorine-free replacement




Case Study #2

Aqueous Film-Forming Foams (AFFF)

Technology Focus

» Develop safe foams complying with MilSpec requirements by using new combinations of
additives and surfactants

Research Objectives PFAS-free Foam

C . . . . . * Surfactants
- Enhance firefighting properties of PFAS-free foaming formulations by the action of clay . Pi,ymers
nanoparticles and water-soluble polymers * Nanoparticles
 Establish relationship between the fire extinguishing performance and the types of zi":;’ilizers

nanoparticles, polymers, and surfactants and produce environmentally safe foams

Progress Summary

« Various particle-polymer combinations identified that were compatible with surfactants and
fire suppressing agents. Formulation suspensions were stable.

» Systematic study conducted on the effect of nozzle type
» Successful 1 ft2 tests with 3% concentrate
* First 28 ft? test completed in October 2023

©SERDP 12



Legend
? fluorocarbon surfactant

Foam Development

Aqueous Film-Forming Foams (AFFF)

perfluorocarbon chain evaporation of aqueous film ? hydrocarbon surfactant

hydrophilic head
initial film
spreading

TUU@. . ’ . U 50 um
é @“'JJ “AQUEOUS FILM ? = hi direction
Q\ ? o thick l

film
‘r.naig’/;/. Rm hydrocarbon fuel
AN

water drainage from aqueous film

AFFF forms two layers:

“aqueous film” on top of

a fuel pool AND foam on
top of the film

-
-
-
—
-
—

FILM LiQuID

LiQuib

¢*’ < PHASE
I O O
Q00000000000 :
ODDOODDDODDD LAMELLA ~ Nanoparticle
000000000000 -2 x B > @)  Polymercoil
DDDODDDDDD AIR i :,,-.._ | : -DrEnngme Surfacatants are omitted for clarity

BUBBLE

General AFFF concept

Liquip
PHASE

Synergistic action of polymers and nanoparticles
trap water in polymer lamellae
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1. Naval Research Laboratory, Environmentally-Friendly Surfactants for Foams with Low Fuel Permeability Needed for Effective Pool Fire Suppression, NRL/MR/6180--20-10,145
2. B. Dlugogorski, Fire Safety Journal, 120 (2021) 103288.



Fire-fighting tests at NRL (28 ft2)

=
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e 3
e T
| S—

Jet Fuel A
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Conclusions

« There are many R&D opportunities to improve semiconductor sustainability
 Replacing PFAS is motivated by economic, legal, and societal factors
- Identifying PFAS replacements is often very challenging due to their unique chemistry

 Clear requirements, product assessments, and formulation strategies are needed when developing
alternatives

« PFAS replacements can range from a 1:1 solution to a complex formulation

innovation
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THANK YOU FOR
YOUR TIME

Contact

Dr. Joseph Trimboli
joe.trimboli@tno.nl
+31 (0)6 2296 6666
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