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Green ICT - Motivation

Seite 4

2, Customer commitments towards net-zero are very aggressive
relative to semi player goals, presenting a new challenge

Downstream tech players

Google 0

Sept 2020: all carhon
emissions neutralized

“

Al least 50% of suppliers Met-zero emissions Emissions cut 75%

report GHG emissions across supply chain
reduction targets by 2030

- I e e I e

by 2030 across
supply chain

B Microsoft amazon Qualcommn
Carbon negative by 2030, Met-zero emissions Met-zero scope
actively removing more carbon by 2040, 32bnfund to 1, 2, and 3 emissions
dioxide from the atmosphere help cut emissions. by 2040

Semi- —_—————————————
conductor Projects overall carbon
footprint will grow
through 2025
—_—
ASML

1. 58Tl Sclence Based Targets Inidative

Reduce absolute scope 1
and 2 GHG emissions 50%
by 2025 from 2018 levels

=7

030 2040
| |
i L
10% reduction in Pledged to reach net zero
absolute Scope 1 and 2 emissions by 2050, 20
carbon emissions years behind Apple's target
. i
intel G

Applied Materials (by 2030}, Dow, DuPont, Air Liguide announced to
achieve net zero by 2050; while only ~60 semiconductor/semi equipment
companies (out of 2,000 SBTi' companies) have committed to a target

Source: Corporate reports; Corporate websites; Press seanch, S5T
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Green ICT - Motivation

Commitments towards net-zero carbon emissions differ noticably:

Downstream tech players: 2030, the latest 2040

Semiconductor fabs: 10% reduction by 2030 (?)

Equipment vendors: 2030 - 2050 (only 60 out of 2000 companies have committed to
a target)
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Green ICT - Project Topics
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Green ICT - Project Topics

— AP 4.1 Koordination Green-ICT-Hub fiir ressourcenoptimierte
Elektronik-Produktion
- H H - Hub-Koordination nach Innen und AuBen (Hub-Projektleitung)
H u b coo rd I n atl o n - AuBendarstellung Angebot Portfolio

- Koordination - Schnittstelle mit der FMD

‘Green-ICT-Hub fiir ressourcenoptimierte Elektronik-Produktion

- Processing

- Cleanroom and Infrastructure
- Energy Management

- AVT (packaging)

- Material Substitution

- Resource Quantification
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Green ICT - Project Topics

- Processing 10-50% reduction — always measured in CO,-eqivalents
- Cleanroom and infrastructure 30% reduction (based on 2019 energy mix in Germany)
- Energy management 10% reduction (based on 2019 energy mix in Germany)
- AVT (packaging) 15% reduction

- Material substitution new substances (gases, liquids, substrates etc.)
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Green ICT — Environmental Aspects
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Green ICT — Environmental Aspects

Gas GWP Lifetime
[CO, eq] [years]
CF, 7390 5000
WSC PFC Emissions Trend
5’0 o ) 0,90 CH F3 11700 264
4,5 e NER (Kg CO2/cm2) - 0,80 CH2F2 650 5,6
——2020 NER Target (Kg CO2/cm2)
" - 070 C,Fg 12200 10000
Y 35
s [ 00 CsFg 7000 2600
£%07 - 0,50 TE:
525 TS c-C4Fg 8700 3200
2 L 0,40 o
520 E— SFg 22800 3200
ol - 030 =
e NF5 17200 740
10 - - 0,20
0,5 - . . . - 0,10 C,Fe ~0 ~0
0,0 - . . . . . . . . . . - 0,00 c-CsFg 90 ~1
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
F, (FAN) ~0 ~0

NER (kg CO,/cm2) not yet reached

GWP = Global Warming Potential
(values normalized for 100 year lifetime)

Source: WSC (World Semiconductor Council), “joint statement of the 25th) meeting of the WSC, June 2", 2021, virtual”
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Green ICT - Environmental Aspects

Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.

a. Global net anthropogenic GHG emissions 1990-2019

" A G ¥ WakhGt B Fluorinated
- 134 ™ gases (Fgases)

! B Vious
= oxide (N.0)
N B Vethane (CH)

B Net CO: from land
use, land use
change, forestry
(COLULUCF)

I CO, from fossil
fuel and industry
—_— (CO,FFI)

- Highest slope 1990 - 2019: F-gases

- F-gases (NF3, SFg, C4Fg,...) are mainly
used in the semiconductor industry

GNG emissions [GICO eqyr ')

1990 2000 2010 2019 2019

b. Global anthropogenic GHG emissions and uncertainties by gas - relative to 1990

COFFI COLULUCF CH, N.O Fgases
50 0
2019 1990-2019 Emissions

~ 200 400 emissions increase  in 2019,
7 (GICOrea) {GICOeq)  relative
g 150 300 10 1990 (%)
2 | o COyfF 3843 15 167
€ o A, 200 COULUCF 66246 16 133
2 CHy Me32 24 129
w80 100 N0 27216 065 13

0 0 Foues 14041 097 I o —

1990 019 1930 2019 1990 019 199 019 1990 g Tl 9166 2 15¢

The sold lewe incicates contral estimate of smissions wnds. The shaded ea nditate the uncertamty ramge

Figure SPM.1: Global net anthropogenic GHG emissions (GtCO:-eq yr') 1990-2019
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Green ICT — Environmental Aspects

- Activities to limit/avoid
certain gases occurred after
100 ppt was surpassed (for
example Halon-1211)

- NF3 is soon reaching the
“critical level”
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Global Atmospheric Concentrations of Selected Halogenated Gases, 1978-2012

Ozone-depleting substances Other halogenated gases

1,000 1,000
CFC-12
Y
HCFC-22
Y
PFC-14
= 100 100 v
o A
= Methyl
P chloroform
2
= 10 10
—
—
 —
@ A
- Halon-1211
o
o 1 1
HCFG4b>, 7 More than ppmv of NF, in
Nitrogen trifloride >,
0.1 0.1
1975 1985 1995 2005 2015 1975 1985
Year 1st ppmy within 18 years;
i sousenn 2nd ppmy in 6-9 years

« AGAGE (Advanced Global Atmospheric Gases Experiment). 2014, ALE/GAGE/AGAGE data base. Accessed May 2014,
http//agage.eas.gatech.edu/datahtm.

« Arnold, T. 2013 update to data originally published in: Arnold, T, C.M. Harth, ). MOhle, AJ. Manning, PK. Salameh, J. Kim, DJ.
Ivy, LP. Steele, V.V. Petrenko, J.P. Severinghaus, D. Baggenstos, and RF. Weiss. 2013. Nitrogen trifluoride global emissions
estimated from updated atmospheric measurements. P. Natl. Acad. Sci. USA 110(6):2029-2034. Data updated May 2013.

« NOAA (National Oceanic and Atmospheric Administration). 2013, Halocarbons and Other Atmospheric Trace Species (HATS)
group. Accessed July 2013. www.esrl.nocaa.gov/gmd/hats.

For more information, visit U.S. EPA’s “Climate Change Indicators in the United States” at www.epa.gov/climatechange/indicators.
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Green ICT — Environmental Aspects
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NF; Concentration [ppt]
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NF; in the atmosphere
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- 2020 WSCPFCC ion Data = 23.2 MK
Green ICT — Environmental Aspects reumption DAt ‘.
11%

3% 1% 3% |6
4%
5%

B C4F8
-SFs: 3% consumption, 8% emissions m CHF3
SF6
- - - NF3
- NF3:  70% consumption, 22% emissions o g

- New gases: 2020 WSC PFC Emissions = 4.7 MMTCE
C,Fs, CH,F,, CsFg, C4FgO - cra

W C2F6
B C3F8
W C4F8
B CHF3
SF6

NF3

new gases

2%

Source: WSC, “joint statement of the 25th meeting
of the WSC, June 2", 2021, virtual”
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Green ICT — Environmental Aspects
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Green ICT - Fluorine Gas Mixture (FAN)

— C4F¢ = etching gas with ~0 GWP

— FAN gas = Fluorine / Argon / Nitrogen mixture,
can be used for etching and cleaning

— F,is diluted in Ar and N, (compressed gas)
— Corrosive, not inflammable, not explosive

— F,-mixtures require passivation of existing
stainless steel gas delivery system (one time)
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Gas GWP Lifetime
[CO, eq] [years]
CF, 7390 5000
CHF3 11700 264
CHaF, 650 3,6
C,F¢ 12200 10000
CaFs 7000 2600
c-CyFq 8700 3200
SF, 22800 3200
NFs 17200 740
CaFe ~0 0
c-CsFg 90 -
F, (FAN) ~0 "0
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Green ICT - Fluorine Gas Mixture (FAN)

FAN mixture = efficient cleaning for PECVD

— Two qualified FAN-gas mixtures available:

“Solvaclean™ N” - RPS-based clean

“Solvaclean ™ NO” = in-situ clean (less Ar, more N,)

“Solvaclean ™ N” and “Solvaclean ™ NO” are trademarks of the Solvay AG
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Bond Dissociation energies

Molecule

N
F2

N,O

-->

N+ N
F+F
NF, +F
NF +F
N +F
N+F+F+F
CFs+F
CF5 + CF3
CF, +F
CF+F
C+F
O0+0
NO +N

Diss. Energy
[kJ/mol @ 298K]
945
155
243
318
301
862
506
402
469
194
485 (536)
498
115
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Green ICT — FAN Gas Cleaning

1. Intro and Motivation

2. Green ICT - Project Topics
3. Environmental Aspects

4. Fluorine Gas Mixture (FAN)

5. PECVD - FAN-Gas Cleaning
6. DRIE - FAN-Gas Etching / Abatement

7. Summary and Conclusions

PROJEKTTRAGER FUR DAS

I ForSChunQSfabrik 4 Bundesministerium E
Seite 18 15.11.2022 © Fraunhofer EMFT /4 Mikroelektronik ek % FraunhOfer

und Forschung
Deutschland EMFT



Green ICT — FAN Gas Cleaning

PECVD Part 1: Deposition od dielectric or Si-film on wafer

Process
Gases
Wafer
|
Depositio> . | |
Wafer with
Deposition —

Vacuum

7, Forschungsfabrik :undesmimst:um -
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Green ICT — FAN Gas Cleaning

PECVD Part 2: Plasma-Cleaning of chamber

RPS clean
(remote plasma
source)

In-situ clean
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Green ICT — FAN Gas Cleaning

Comparison of currently used RPS-cleaning versus in-situ cleaning for PECVD-Tools

Seite 21

15.11.2022

RPS-based

In-situ

Type of Clean:

"Soft Cleaning"

" Hard Cleaning"

Typical Chemistry:

Ar + NF3

C2F5, C4F8, SF6 + 02 (PFCS)

Species in chamber:

only radicals

ions + radicals

Endpoint detection:

mostly optical (F-line)

optical (F-line)

downstream extra plasma

viewglass into chamber

Process Kit Lifetime:

Superior

high wear of parts

Efficiency:

Efficient use of NF;

inefficent F-usage

Typical Tool vendors:

AMAT, Yusum, Novellus,
SPTS(?),...

AMAT, Novellus, SPTS, PT,
Evatec, Alta-CVD,...

© Fraunhofer EMFT
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Green ICT - FAN Gas Cleaning (In-situ)

13,56 MHz Plasma Cleaning — Typical Recipe

— Same SiO; cleaning rate compared to C,F5/ O,

— “SolvaClean NO”, 30% F, / low Ar-content

doe_04 with FAN-Gas

— Single wafer tool:
~800 sccm FAN, 300sccm O,

— Batch Tool:
~2500 sccm FAN, 500sccm O,

und Forschung
Deutschland EMFT
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Green ICT - FAN Gas Cleaning (In-situ)

F-Consumption and Particle Performance (customer data)

— Novellus Sequel Concept 2, PECVD of SiO, | = .
— 25.000 wafers processed (200mm wafer)
— FAN versus C,F¢/0O,

i 100000

. . ® ® 2 80000
Cleaning chemistry | sovaclean=NO | POR (C2Fs / 02) | solvadean=no | POR (GFs/02) | 2
F,-Gas used weight weight C,F, Gas F, content F,in C,F; § 000
40000
1 um Si0; onto 25 wafers: 96,0g 327,1g 34,0g 2702 ¢
20000
onto 15.000 wafers: 57,6kg 196,2 kg 20,4 kg 162,1 kg p
0  —OED we @ ©® eem ¢ SeBerd lnen
10 cylinders of FAN "NO™: 22,0 kg 26 28 30 2 8 10 12 15 17 21 23 25 20 31 2 5 7 9 11 13 15 17 19 21 23
Sep Oct Nov
2019
Gasweight factor: 3,4 Factorfor F;: 8,0

25.000 wafer processed; red curve = # of wafer cumulation

Coloured Dots = particle values
Source: “Ecofluor” Final Report, BMBF 2017
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Green ICT - FAN Gas Cleaning (In-situ)

F-Consumption and Particle Performance (customer data)

PECVD of

SiO,

— 10.000 wafers processed (150mm wafer)

— FAN versus SF¢/N-0

\W‘deadean(@NO/NZO POR (SFs / N,0) SoIvacIean®NO POR (SFs / N,0)
F,-Gas used weight weight SF; Gas F, content F,in SFg
3 um SiO, onto 5 wafers: 17,1g 34,4g 6,0g 26,9g
onto 10.000 wafers: 34,1 kg 68,8 kg 12,1 kg 53,7 kg
5 cylinders of FAN "NO": 11,0 kg

Gas weight factor: 2,0

Factor forF,: 4,4

Seite 24 15.11.2022
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Summe of Particle Adder

25
20
15
Machine_ID -
Clean gas -
10 e=@==PM2 - FAN

e=@=PM3 - SF6

WAAZN \, «/\

11.12.13.14.15.16. 17. 18. 19. 20. 21. 22. 23. 24-25. 26. 77. 28. 29. 30. 01. 02. 03. 04. 05. 06. 07. 08.09. 10.
SepSepSepSepSepSepSepSepSepSepSepSepSepSepSepSepSepSepSep Sep Okt Okt Okt Okt Okt Okt Okt Okt Okt Okt

-5 Sep

Monate = Timestamp ~ +
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Green ICT - FAN Gas Cleaning (RPS)

RPS Plasma Cleaning - Typical Recipe

— Higher or same SiO, cleaning rate compared to Ar / NF;
— “SolvaClean N”, 30% F, / higher Ar-content
MKS 400kHz RPS systems have limit for ignition with N,

— Single wafer tool:
~1600 sccm FAN

’ ForSChunQSfabrik :undesminist::um F
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Green ICT - FAN Gas Cleaning (RPS)

F-Consumption and Particle Performance (customer data)

. [ ¢ |
— AMAT Producer, PECVD of SizN,4 | ® CHI (NFs)
: ® CH2 (F,/N,/Ar)
— 72.000 wafers processed (200mm wafer) : CHS (HFs)
.:, - )
— FAN versus Ar/NF; —& 1A -
7y e s -—-i;f,:‘ o s = raae
|
|
Cleaning chemistry | sojvaclean N | POR(AT/NFS) | solvaclean'N | POR(Ar/NFy)
F,-Gas used weight weight NF; Gas F, content F,in NF, .
1 um Si0, onto 2 wafers: 798 788 28¢ 42¢g m““?‘m“
onto 70.000 wafers:|  138,0kg 136,5 kg 49,0 kg 73,5 kg “
Gas weight factor: 1,0 Factor for F: 1,5
EP-time with Ar/NF, \ EP-time with F,/Ar/N,
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Green ICT - FAN Gas Cleaning (RPS)

RPS Plasma Cleaning — New Microwave RPS

— Very efficient RPS-System
— Sapphire plasma tube; ignites also N, or NF;
— Field test starts Jan 2023

e )

e 1B

g et f*’*-' =" ) /; il,;;‘
Trace-Rite ep Industry 4.0 RPS (Muegge) MW-RPS on AMAT DxZ chamber
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Green ICT - FAN Gas Etching
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Green ICT —-FAN Gas Etching

— Used for etch chamber cleaning in Asia/Pacific
— (Can replace CF, in hard mask etching
— Early Tests to replace SFg in DRIE Bosch-process

— New chamber design under test:
INCA (inductive coupled array)

27/, Forschungsfabrik T e
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Green ICT —Abatement Lab at Fraunhofer EMFT

Process gases

— Fully equipped abatement chain: — 1 Eneray
. . H H H IM Wash water
- Influx database -live recording processdata | Erdomc _—
. Xnaus
of all related processing data (SECSIGEM) | gyetyiepositon
_pum
- burner/washer RGA Qe ™
Y Y
(Moxa @ \
- FTIR Abatement System
(burner / washer Waste water
pH )
- 2 RGA’s (before/after vacuum pump) In-Flux- @
: . [ Thigsulfat
- TraceRite ep, optical ep =i _addition

Abatement Lab Schematic
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Green ICT —Abatement Lab at Fraunhofer EMFT

0200
0173
0150

0255 1000
XM200-1b in pump

Real time thermocouple data

16.07.2018: 02/CF4 Clean and Part of Oxide Etch Step

CO (483,5 nm)

Intensity
o
Q
8

02/CF4 CLEAN STEP

500 WAFER
EXCHANGE OXIDE ETCH STEP -->

4 24 44 64 84 104 124 144 164 184 Abatement System With FTl R

Time [s]

Plasma-Clean: 90s; Oxide Etch: 330s
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Green ICT —Abatement Lab at Fraunhofer EMFT

— Topics within the Green ICT Hub3, WP 4.3:

— Studies to achieve abatement process without burning
— Saving waste water
— Long-range goal: Re-use of HF and SiF, to achieve recycling processes

— Data acquisition regarding NO,
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Green ICT - Summary and Conclusions
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Green ICT - Summary and Conclusions

— FAN gas mixture = etching gas with ~0 GWP
— FAN as PECVD-cleaning gas mixture is on its way into early production

— SFg as an etch gas reaches end-of life; replacement needed
One possibility: FAN gas mixture, under development

— New Microwave RPS ready for beta-site
— New INCA source under development

— Abatement lab: Waste water reduction, clean without burning / just washing
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