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* Greenhouse Gases in Semiconductor Industry
* Reduction of Greenhouse Gas Emission

= Alternative gases for the reduction of greenhouse gas emission
* Fluoroether and fluoroalcohol screening
* Plasma etching
e Atomic Layer Etching (ALE)
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Greenhouse Effect and Gases

~\ . l’ Greenhouse Gas Emissions by Gas
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Greenhouse Gas Emission in Semiconductor Industry

2020 WSC PFC Emissions = 4.7 MMTCE
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Etching Processes and Semiconductor Devices
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Global Greenhouse Gas Emission & Warming Scenarios

Annual global greenhouse gas emissions
in pigatonnes of carbon dioxide-eqguivalents

150Gt

Mo climate policies
4.1-48°C

- expected emissions in a baseling scenario
if countries had not implemented climabe
reduction polcies

100Gt

50 Gt Current policies

25-29°C
= emissions with current climate policees in

o pace result inwarming of 2.5 to 2.9°C by 2100
Greenhouse 3as emissions

up to the present ‘Pledges & targets (2.1 °C)
L eemissions if all countries delivered on reduction
pledges result inwarming of 2.1°C by 2100,
0 2°C pathways
1.5°C pathways
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Data source: Chmate Action Tracker (based on nabonal policies and pledpes as af Movember 2021) Last updated: Apnl 2022
OurworldinData.org - Research and data to make progress against the world's largest problems, Licernsed under CC-BY by the authors Hannah Ritchee & Max Hoser,

. . . https://ourworldindata.org/co2-and-greenhouse-gas-emissions
= |s this reduction possible?
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Success Story: Ozone Layer Fully Recovered

S

Unlted UN News

\\ Natlons ‘ Global perspective Human stories

Advanced Search
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Ozone layer recovery is on track, due
to success of Montreal Protocol

© NASA | The ozone layer, a thin shield of gas, is seen from space.

9 January 2023 | Climate and Environment f Yy = N

The Earth’'s ozone layer is on track to recover within four decades,
a UN-backed panel of experts said on Monday.

In the 1980s, scientists discovered
harmful hole in the ozone layer.

The Montreal Protocol signed in 1987.

Scientists, policymakers, and
governments worked together to
control and phase out ozone-depleting
substances. And it is working.

The ozone layer is on track to fully
recover in our lifetime and help to
avoid global warming by 0.5°C.

Ozone layer recovery is an
environmental success story and has
helped curb the effect of climate
change.

This sets a powerful precedent for
climate action.

(UN, World Meteorological Organization)
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How to Reduce Greenhouse Emission

= Ways to reduce greenhouse emission
* Process optimization s .

tc.
« Recovery & Recycle Renewable Energy -

Process
Optimization

o—]

 Abatement
* Alternative gases

» Greenhouse reduction in SEC (2020):
Mostely reduced by process optimization
and abatement

32% 18%
Abatment Equiment
Source: Samsung Electroncis  OQptimization

6 SKKU 10



Cooperation of Major Players is Required

Chip Makers

(IDM, Foundry)
Identify the processes.
Share process issues.
Integration

Equipment Makers Material Providers
Monitoring Tool Makers
Collaborate with chemical Synthesize new molecules.
provides in early phase Provide alternatives.
of development

11



Alternatives for GHG in Plasma Etch Processes

ACS Sustainable Chem. 10, 10537 (2022)
J. Vac. Sci. Technol. A, 38(2), 022606 (2020)



How to Reduce GWP: Structure and Examples

= Double bonds or cyclic
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Things to Consider for Alternatives
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Examples of Alternatives: Fluoroether & Fluoroalcohol

Q Perfluorinated fluoro-ether (R-O-R;)

Molecular Formula

CF,OCFCF,

Chemical Name

1,1,2-trifluoro-2-(trifluoromethoxy)ethane

Chemical Structure

C/(F+O-H)

b.p. (°C)

(HFE-216) (trifluoromethy! Trifluorovinyl Ether) F_E_O_TE_F 043 23 <1
N
CF;CF,OCFCF, Perfluoro ethyl vinyl ether I )(ca 0.44 ~0 3
F7ho L
. F
CF;CF,CF,0O-CFCF, Perfluoro propyl vinyl ether R P °‘])\F 0.45 35~36 3

Q Perfluorinated fluoro-alcohol (R¢-OH)

Molecular Formula

(CF3);COH

Chemical Name

Nonafluoro-tert-butanol

Chemical Structure

FaC——OH

CF3

C/(F+0O-H)

0.44

b.p. (°C)

45

15



Candidates for Altenatives: Fluoro-ether

Q Partia"y fluorinated ﬂUOI‘O-Ether (RF'O'RH, RF'O'RF_H, RF_H'O'RH, RF_H'O'RF_H)

Molecular . .
Formula Chemical Name Chemical Structure C/(F+O-H) b.p. (°C)
CHF,OCHF, , o
(HFE-134) 1,1,3,3-Tetrafluorodimethyl ether i i 0.67 4.7 6,320
CF,;OCHFCF oo
3 3 T ITIU I SR N S
(HFE-227) 1,2,2,2-Tetrafluoroethyl trifluoromethyl ether 97% F 13 o 13 E F 0.43 -9 1,540
CF,CH,OCF oo
3 2 3 T T ST (U SRR S S
(HFE-236fa) 2,2,2-Trifluoroethy! trifluoromethyl ether F 1: 0 E E F 0.60 5.6 487
CF,CH,OCHF oot
32 2 -t i F—C—0—C—C—F
(HFE-245fa2) 2,2, 2-trifluoroethy! difluoromethyl ether l i 1 29 649
H F H
HCF,CF,0CHj,4 1,1,2,2-tetrafluoroethyl methyl ether N SR U v 3 36 453
(HFE-254cb1) (Tetrafluoroethyl methyl ether) ron
CF,0CF,CF,CHF o
3 2 2 2 a I UG I SR S S U _
(HFE-329mcc2) 1,1,2,2,3,3-hexafluoro-1-(trifluoromethoxy)propane F E 0 E E E F 044 24~34 890
F F H F
(HFE-329me3) 1,1,1,2,3,3-Hexafluoro-3-(trifluoromethoxy)propane F E 0 E E E F 0.44 ) 4,550
H F F F
CF4;CF,CF,0CH, 1,1,1,2,2,3,3-Heptafluoro-3-methoxypropane O S N S 08 " 530
(HFE-347mcc3) (Heptafluoropropyl methyl ether) ! L ’
3
|
H F—C—F
(CF;),CHOCH, 1,1,1,3,3,3-Hexafluoro-2-methoxypropane L 08 5o 153
(HFE 347mmy) (Heptafluoroisopropyl methy! ether) Lol
|
F F FH F
[ I
HCF,CF,OCH,CF, 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether H-C—C-0—C—C—¢ 0.8 50 889
FOF H F

(HFE-347pcf2)

16



Candidates for Altenatives: Fluoro-alcohol

Q Partially fluorinated fluoro-alcohol (R;-CHOH, R;-CH,OH, R;-CH,CH,OH, R;_,CH,OH, R ,CH,CH,OH)

Molecular Formula Chemical Name Chemical Structure C/(F+O-H) b.p. (°C) GWP
(CF,),CHOH 1,1,1,3,3,3-Hexafluoro-2-propanol F—%—'::—%—F 06 59 190
32 (Hexafluoroisopropanol) FOr :
. FoH
2,2,2-Trifluoroethanol Lo
CF5CHOH (Trifluoroethyl alcohol) Fg—C—0—H 2 4 >7
F_H
F F H
2,2,3,3,3-Pentafluoro-1-propanol Lol
CF5CRCH,OH (Pentafluoropropylalcohol) F_E_E_E_O_H ! 81 40
CFA(CF.),CH,OH Perfluoropropy! carbinol F_E_E_E_E_O_H 0.8 95 o5
312722 (2,2,3,3,4,4,4-Heptafluoro-1-butanol) Lo :
CF3CHFCF,CH,0H Hexafluorobutanol A 133 114 17
3 Chals (2,2,3,4,4,4-Hexafluoro-1-butanol) [N ’
H F H
Tetrafluoropropy! alcohol [
CHF,CR,CH,OH (2,2,3,3-Tetrafluoro-1-propanol) F_E_E_E_O_H 3 107 13
2-perfluorobutylethanol P
CF3(CF5(CH),0H (1H,TH,2H,2H-Perfluorohexanol) DR ! 140 -
2-(Perfluorohexyl)ethanol e o 88 i
CF3(CFo)5(CH,),0H (1H,1H,2H,2H-Perfluorooctanol) E Lo 0.89 (27 mmHg)
3-(perfluorohexyl)propanol AN T T T I 0 O 80 )
CF3(CFo)5(CHZ);0H (4,4,5,5,6,6,7,7.8,8,9,9,9-tridecafluorononan-1-ol) e 1.29 (10 mmHg)
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Alternatives and Physical Propoerties (Examples)

Greenhouse Gases (PFC/HFC) Low GWP
Name | Octafluoro- | Tetrafluoro- g o ethanel  PPVE | HFE-347mmc3| HFE347mmy HFIP Octafluoro
cyclobutane methane cyclopentene
Formula C,Fq CF, CHF, CF;CF,CF,0C,F;CF;CF,CF,OCH5 (CF3),CHOCH; | (CF;),CHOH c-CsFg
- _ (‘ZHs _ _
Chemlcal O\%\ O\CHa 0 HO F E
Structure )% ) y
: H F F
MP (°C) -40.1 -183.6 -155.2 -70 -122.5 -107 -4 -70
BP (°C) -6 -127.8 -82.1 35~36 34 29 59 37.5
GWP 9,540 6,630 11,700 3 530 343 190 7
C/(F+0O-H) 0.5 0.25 0.5 0.455 0.8 0.8 0.6 0.625

18



Plasma Generation and Silicon Oxide/Nitride Etching

ACS Sustainable Chem. 10, 10537 (2022)
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Plasma Etching w/ Low-GWP Gases:

Plasma Phase

5.5x10™
(@) +
5.0x10" # I Ar
—
S 2.0x10™ F
@
N
2 15x10™ F
(7]
o
= 1.0x10™" | .
= CF
5.0x10% | CF* +
CF,' CE* CF, C,F.’
2 3
e I . |
0 20 40 60 80 100 120 140
m/z
5.5x10™
c
( ) IAr+
5.0x10" #
—
3 L
22 OX10™ |y
N
2 15x10"
2
.
L1 ox1o™ HF +
= co"¢OF . .
CF
50x102f  CHJ s
F+ ;HF C F O+
II || L 2,3
0 20 20 60 80 100 120 140
m/z

+% At 50W, 700V
5.5x10™
(b) | Ar'
5.0x10™M" #
3 2.0x10™ H
8
2 15x10"
2 +
o - HF* CF,
+ 1.0x10 I~ +
= co" _F© COF HF : :
.
5.0x10™ < CF
CH = 1 2' 5
|| I | COF,
0 20 40 100 120 140
m/z
5.5x10™
(d) Ar'
5.0x10™ # H OH
S 2.0x10M F
) . H
2 1.5x10" p .
@ HF
£ 1ox10™ co’
- ”OFCF '
+ +
soxw02f  H,D | CO, CH,:
I - v/
N 1
0 20 40 100 120 140
m/z

20



Plasma Etching w/ Low-GWP Gases: Exhaust Analysis

CHs
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Silicon Oxide Etching w/ Fluoroethers and Fluoroalcohols

ACS Sustainable Chem. 10, 10537 (2022)

200 nm Hole, Before the etching
200 nm Hole, Precursor/0,/Ar,-1200V

C.F,(8) HFE-347mcc3 (8) HFE-347mmy (9) PPC (9)
/0,(2)/Ar /0, (2)/Ar /0, (1)/Ar /0, (1)/Ar

SiON (50 nm) — sy

ACL (1350 nm) —»

Si0, (2400 nm) —»

12 min

800 prymymye—————— y “ T
2.0x10" F .
—=—PPC —+—C,F, ——COF, i PFC |
500} J X At source power 50W 1
£ 1.6x10™" and bias voltage 700V _
= .
L 400} -
& 3 1.2x10™" -
300 - - et
E § 8.0x10™"
o 200 | - UX i
Qo
g 74%
8 100t - 4.0x10™" 85%
o [ " 1 A 1 i 1 i " N o 0 -_
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ALE with C;H,F,O Isomers

» Si0, ALE Mechanism

?eT?

- . H - Ion -
Fluorination

bombardment

v

Product Boiling point (°C)

» C,H,F,0 Isomers used as precursor

SiF, -86
Heptafluoropropyl methyl Heptafluoroisopropyl methyl Perfluoropropyl carbinol
ether (HFE-347mcc3) ether (HFE-347mmy) (PPC)
CHj;
| R
o) F
F
F
F F
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ALE with C;H,F,O Isomers

3600 r

3000 f

Intensity (a.u.)

600 /
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0.0
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[
a8 A 4

v
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J. Vac. Sci. Technol. A, 38(2), 022606(2020)

Fls — HFE-347mcc3
—— HFE-347mmy
IR e
HFE-347mcc3 1.266
HFE-347mmy 1.048
PPC 1.516

6é4 656 6;38 6;30 662 6é4
Binding energy [eV]

= The thickness of the FC layer was maintained at 0.5nm.
= HFE-347mcc3 and HFE-347mmy precursors generate mainly C-C and C-Si bonds.
{S » . PPC precursor generate more C-F bonds than C-C and C-Si bonds. 24



ALE with C,H;F,O Isomers: ALE Window and Self-Limiting
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ALE with C;H,F,O Isomers: High Selectivity over Si

’s i -C4FalAr 1 J. Vac. Sci. Technol. A, 38(2), 022606(2020)
> | Il CHF /Ar )
E 20 | -CsFTOCH3IAr .
°
9 5t 1
o
7))
2 10} -
=

SiO_/Si,N, Si0_/Si Si,N /Si

sio,

No structure damage on source or drain
Si \ :

Sio,

Vertical gate wall

Remove 3D
corner residual

Appl. Sci. 7, 1047, (2017).
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ALE with C;H,F,O Isomers applied to SiO2 Removal

v" Oxide Removed

Ref. SiO, Wet Cleaning Dry Cleaning

" Roughness(nm) | 0.092 0113  0.10

= After dry cleaning process, SiO, layer is removed
= After dry cleaning process, surface roughness is lower than wet cleaning

27



ROK Government Projects for Carbon Neutrality (2023)

= Etching Processes

* Alternative gases having GWP less than 150 for the replacement of
carbon-rich PFC Gases

e Alternative gases for the replacement of high GWP HFC Gases
e Alternative gases for the replacement of fluorine-rich PFC Gases
= Deposition Processes
e Alternative gases for the replacement of dielectric CVD chamber cleaning
* N,Oreaplacement
= Process Optimization
* Monitoring and simulation technologies for greenhouse gas emission

- ROK government plans to support ~200 mil. USD for the carbon
neutrality projects in semiconductor processes for the next 8 years.

6 28



Summary / Collaboration

= Strong demand in the reduction of greenhouse gas emission in
semiconductor industry due to drastically increasing steps and volume

= Fluorine-containing gases (PFCs, HFCs) are major contributors to
greenhouse gas emission

= Active searches for new chemistries required
* Examples: fluoroether, fluoroalcohol, cyclyic fluorocarbons,....

= Cooperation required among device makers, chemical/gas providers,
equiment makers and monitoring tool makers

= Potential collaboration between ROK and USA for building database
of new chemistries for the reduction of greenhouse gas emission

* Ex: Plasma database in NIST (USA) and Database in alternative gases (ROK)

6 29
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Cooperation of Major Players is Required

Chip Makers

(IDM, Foundry)
Identify the processes.
Share process issues.
Integration

Equipment Makers Material Providers
Monitoring Tool Makers
Collaborate with chemical Synthesize new molecules.
provides in early phase Provide alternatives.
of development
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Internationl Projects Completed

= DuPont (USA) — PFC reduction

= Advance Energy (USA) — plasma source evaluation
= Air Liquide (France) — precursor study

= BASF (Gernamy) - thin film development

= Kaneka (Japan) — thin film encapsulation
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Plasma Etching with Low-GWP Molecules

ACS Sustainable Chem. 10, 10537 (2022)

= Major Greenhouse Gases * Low-GWP Gases

€O,, GWP=1 . E F

F. F F
CH,, GWP=28 F OCH,
- OocHy F .
‘—m N,0, GWP=265 F*F e
F

PFCs, HFCs,
GWP=60001 n-C,H;F,0 i-C,H5F,0
* GWP: 530 GWP: 343
= PFC Gases * HFCGas
F F F F Replace FF
F [ F | | F>(\/\)\/\
F —{i}— F F —(i_:— F OH
- F F
FF F H St
CF,CF,CF,CH,0H
c-C,Fg CF, CHF; GWP: 25

GWP: 10,592 GWP:7,349 GWP: 12,400
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Global Warming Potential of Gases

Atmospheric

Name Chemical Formula GWP,,
Lifetime (years)
Carbon monoxide CO 50-200 3
Carbon dioxide co, 50-200 1
Carbonyl fluoride COF, 50-200 1
Trifluoromethane CHF, 222 12,400
Tetrafluoromethane CF, 50,000 7,349
Tetrafluoroethylene C,F, <1 <1
Hexafluoroethane C,Fe 10,000 12,340
Octafluorocyclobutane C,Fg 3,200 10,592
Perfluoropropyl methyl ether
(HFE-347mcc3) n-C,H5F;0 > 530
Perfluoroisopropyl methyl ether
(HFE-347mmy) i-C,H;F,0 3.7 343
Perfluoro propyl carbinol (PPC) CF;CF,CF,CH,OH 0.55 25

S
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Reduction Target

-=@ == Historical greenhouse gas emissions

Emissions === Projections with existing measures
in 2017 ~~®-= Projections with additional measures
0
MtCO,e '2 1 . 7 A = = = =« linear reduction needed to achieve the target
|
6 000 :
® i
\.-.____._____. :
|
|

-20 %
N e in 2020

W
.---...r -y
-y
4 000 —tm——a—,
."""--.-23 MtCO2e per year
L -32 MitCO,e per year
-40 % ﬁ“c..‘_ -80 % -114 MtCO,e
- i -
in 2030 -79 Mtﬂoze \\ “ in 2050 peryear
per year * e
4‘ ‘.,‘
2 000 STy
-
- -
L] -
L -
. ‘e
. -95 % -157 MitCO,e
- ryear
. in20s0 '
»
®
D - L] L] - - - L 3 * - - L L] - - -

1890 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2060 2070

*European Court of Auditors

= |s this reduction possible?
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Research in SKKU

Yeom’s Group

Appl. Surf. Sci. 600, 154050 (2022)

- FF

1,1,1,3,3,3-hexafluoropropane 1,1,1,2,3,3-hexafluoropropane 1,1,2,2,3,3-hexafluoropropane
(HFC-236fa) (HFC-236ea) (HFC-236ca)

Faster Etch Rate

>

Higher Polymerization

—
Q
e

(b)

2500 'CJHZFG (HFC-236fa) : 190 :g(i“nl;n Hole :(Z)On:nm Hole :gtinn':\ Hole
e 2000} {170 © BIBRIRRIEEI il |l i
£ s S R | L] | IR R
= _— 1 2 I
4
i | {150 @
Q P —
o 4140 3
£ 1000 S
ﬁ 4130 3
1 2,
500l T420 2
4 s 2 2 90

10 12 14
Time (min)
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Activities for Reduction of GHG Emission
in Semiconductor Industry




Activites in Japan: NEDO

( Ozone layer protection

) (

Global warming prevention

Discovery of Adoption of Adoption of :dm Adoption of
0ZONe layel ww  Vienna  w= Montreal . .. = Kyoto Protocol==

depletion Convention in Protocol Gin::l:l m in 1997
mechanism 1985 in 1987 in 1992

CFCs: Completely abolished in developed and developing countries
HCFCs: Scheduled to be completely abolished by 2020 in developed countries and
by 2030 in developing countries.

Prospect of increased

Mﬂni;.b?:?nr

Adoption of emissions
Paris  ==Amendment 109 through 2030
Montreal v
mzm“‘ & Protocol New countermeasures
in 2016 required

Reduction of HFC
emissions required

CFC-12 HFC-134a refrigerants
oormrh artosm | OO . 35 | o SO . 55
HCFC-22 HFC-410A Low-GWP
ODP=0055 GWP=1,810 Replacement ODP=0.0 GWP=2,000 Replacement refrigerant
dog-;gﬂé:?ﬂr Greenhouse effect Em;ﬂvm Greenhouse effect dOzn;;ﬁ layer Greenhouse effect
epletion
effect .Yas Large effect . No . Large effect . No Small

Ozone-depleting potential (ODP): This term refers to the relative strength of the depletion effect affecting the ozone layer when the strength of CFC-11 is fixed at 1.0.
*Kigali is the name of the capital city of Rwanda where the 28th Meeting of the Parties to the Montreal Protocol (MOP28) took place.

The agreement is called the Kigali Amendment since it was concluded at this meeting.

(S SKKU
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Activities in USA

<DUPONT»

Brands & Products nzow at DuPont

Energy use and % renewable, MWh

Newsroom Careers 1, search |

MWh Renewable
Fuels @ 7784,000 8.0%
Electricity @® 3757000 o 2.9%
Heat transfer fluid [ ] 7300
City/district head [ ] 5,900
Steam @ 3140,000 O 6.4%
Chilled water [ 3,000

Energy and emissions intensity by production

Total energy
14,220,000 MWh
Total emissions:
5,380,000 MTCO_P

Energy intensity
4.54 MWh/MT
Emissions intensity
1.65 MTCO_ e/MT

Total Scope 1 & 2 Emissions
5,380,000 MTCO,e

@® Total Direct GHG Emissions
(Scope 1)

@ Total Indirect GHG Emissions
(Scope 2 - Location-based)

Other Air Emissions, in metric tons

3,057,000

2,323,000

NOX 1,640
SOx 344
Volatile organic compounds (VOCs) 3,240
Air carcinogens 30 A
Particulate matter (PM) 300
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Activities in Europe: Air Products

Air Products' World-Scale Net-Zero
Hydrogen Energy Complex

95% Captured
for Sequestration

Alberta
Natural Gas Net-Zero

Hydrogen

A

55-kilometer pipeline
Envision >1,500 MTPD of production

Oxygen

» ‘ H; Power Plant
Power for Export
LIN LOX
" e
for Merchant Market LHY - liquid hydrogen

LIN - liquid nitrogen
LOX - liquid oxygen
ATR - autothermal reformer

Air Products Alberta Heartland
H; Pipeline for Hy Customer Supply

‘ .Hz Plants
(future)

=S H; Plant

v —»‘_‘ Liquid Hydrogen
for Merchant
U=, . P — o erchant

(30 MTPD)

CO, - carbon dioxide
H; = hydrogen
HM = hydrogen for mobility
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Activities in Europe: Air Liquide

l.' Air |_|qu|de # | Hydrogen Group Sustainable development Investors Join us You are ~ i EN Q

Reducing our CO, emissions

Air Liquide has long been committed to a sustainable growth. In 2018, the Group already committed to a 30% reduction of its

carbon intensity’, and will fully deliver its objectives by 20252 The Group has now set more ambitious goals to abate
CO, emissions.

-33% carbon emissions by
2035

Air Liquide commits to

decreasing its CO, emissions in absolute value by
33%2 by 2035. This includes direct emissions from
its production and cogeneration units, as well as
indirect emissions from the production of
electricity and steam purchased by the Group for
its operations.

Carbon neutrality by
2050

Air Liquide commits to reaching carbon neutrality
by 2050, aligning the Group with international
efforts to reduce global warming, as outlined in the
Paris Agreement. This means significantly
increasing the use of low-carbon electricity for
operations, implementing innovative carbon
capture technologies, optimizing supply chains
and improving the efficiency of our production
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Activities in US: Air Product

Current "Third by ‘30" Carbon Intensity Goal
AIR 1. Scope 1 and 2
PRODUCTS Z— _

2015 2030

(kg COze/MM BTU)

: Significant improvement later in
2021 reduction of 4% i decade as key projects come
onstream

Third by ‘30
Scope 3 goal

New "“Third by "30” Carbon Intensity Goal
Scope 3

2015 2030

(kg COze/MM BTU)

Reduce intensity by 1/3 from 2015 baseline
Scope 3 categories mclude wpstream energy, use of sobd products and investmants

$15B in capex Engage on
for Energy Science-Based
Transition Targets

43



Research in SKKU Yeom’s Group

Appl. Surf. Sci. 600, 154050 (2022)

2500000 -
(a) CHF;(51) C,HF, (113}~ C.HF, (HFC-236fa)
~ 2000000 | CF;(50) . e
- ) : CF 83 chr .
S 1500000 - Ar tm)\‘ L CHF(133)
> cO'(28)
s 1000000 .
8 JF.'(131)
2 500000
£
0
0 20 40 60 80 100 120 140 160 180 200 220
Atomic Mass (m/z)
(b) 2500000 - :
CHF;(51) C,HF,'(113 C,H,F, (HFC-236ea)
3 2000000 |- CF(50
© 1500000  Ar(40) .
- H'(1) co'(28 C,HF,(133)
3\ | ) e |
,E 1000000 .
% 500000 JF.(131)
- 0 ™ i I
0 20 40 60 80 100 120 140 160 180 200 220
Atomic Mass (m/z)
(c) 2s00000 : :
CHF,(51) | CHF(113) C,H,F, (HFC-236ca)
= 2000000 |- cFis0 | C,F,'(83) _
; 1500000}  Ar(40) CF;(69) : oy CaHFe (133)
g H(1) co'(28) | s O e )
& 1000000 - e HF'(82) | C,F, (100)
-S| ST | \ | } C,HF,"(101)
£ \ A DML, M
0k i _ L 1 L L - L 1 I

0 20 40 60 80 100 120 140 160 180 200 220
Atomiz Mass (m/z)
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Questions

= CHN7FA: 2l vs, ",

= H{EX|O:poOUvs. SEKXE|?, O|HX| 2 &

= OlZ UL 22|Ltef AN Z 2| "MK, Tier 14, Scope 1~3

= AApAEE MTHBIEN, SEHE A S EE 57 6 5?RE100?
. THKXNY 290 2|AT M2 ZYEEH HE, Coolant

= VBl S22 /252 =X (Scope 3)
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Evaluated Precursors

Partially fluorinated Perfluorinated
Heptafluoropropyl methyl ether (HFE-347mcc3) C4H3F7_£O Perfluoropropy! vinyl ether (PPVE) C.F,,O ;
f oM E F [+
B.P (°C) GWP C/(F+O-H) : e B.P (°C) GWP C/(F+O-H) )e(\( \f’i\
34 530 0.8 N 35 3 045 e T
5 Heptafluoroisopropyl methyl ether (HFE-347mmy) | C4H3F7O HJrH F Perfluoroisopropy! vinyl ether (PIPVE) C;F,,O j\(
E B.P (°C) GWP C/(F+0-H) PO F B.P (°C) GWP C/(F+0-H) c g
29 353 0.8 N 35 3 0.45 29
1,12 2-tetrafluoroethyl-2,2 2-trifluoroethyl ether HFE- | C 4H5F;0
347pck2) A S
B.P (°C) GWP C/(F+O-H) FA\/\O)W :
H ; F
50 889 0.8
Hexafluoroisopropanol (HFIP) C3H,F6O
B.P (°C) GWP C/(F+0-H) : >Hh< :
59 190 0.6 F F F i
o) Perfluoropropy! carbinol (PPC)
L
8 B.P (°C) GWP C/(F+0-H)
< 95 16 0.8
Pentafluoropropanol (PFP)
B.P (°C) GWP C/(F+0O-H)
80 42 1
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PFCs X{ 0| 2ol

"  PFCs (Perfluorocompounds)

HEEH|.CIAE g 0] MHoA F2 LUHE| = Greenhouse gasE S HIEEF 5 2F 0.07%0| L,
X| -2 LH8hX| = (GwWP) 7t = 10 LifetimeO] ZO] M ZH EH Q.

Greenhouse Gas Emission Trend

and Future Emission Reduction Targets

—@=—Historical greenhouse gas emissions

Emissions Projections with existing measures
in 2017 Projections with additional measures
o,

MtCO,e ‘2 1 . 7 A = = =« Linear reduction needed to achieve the target

6 000
L
O o @,
®
\.
\ in 2020
....(
4 000
MtCO2e per year
- -32 MtCO, e per year
. 80 Cy 114 Mico,e
5 - (1) >
in 2030 MtCO,e e in 2050 per year
per year MY
2000 fa g
N N
.. “ee o
. = -157 MtCO.e
S 95 /O peryear ’
. in 2050
X

0

. . . . . . . . . . . .
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2060 2070

*European Court of Auditors

Greenhouse Gas Emissions by Gas

0.0011 % NF,

*Data on emissions from the aggregated EU inventory reported to the UNFCCC in 2019.

Greenhouse Gas GWP Lifetime (yr)
co, 1 Variable
CH, 21 12.2
NO, 206 120
HFCs 140 - 11,700 1.5-264
PFCs 6,500 - 9,200 3,200 - 50,000
SFe 23,000 3,200
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PFCs X
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PFCs Emissions Trend

WSC PFC Emissions Trend

n

°
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°
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o
°
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2020 WSC PFC Emissions = 4.7 MMTCE
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B C2F6
W C3F8
W CAFg
W CHF3
SF6
NF3
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Analysis

Target

Precursor -_|Process|Plasma [ Etch Rate Selectivity Remarks
Material XPS [FT-IR|QMS|SEM| OES | Etc.
. Hole Pattern | ~400nm/m @ICP ~6.5 @ICP ICP: etch parameter % controls| ™
L C6F6 Si02 R Cr/cCP ® e o ACL/SiO2/Si | ~267nm/m @CCP ~23 @CCP etch rate high, anisotropic profile.
i SiO2/Si3N4, C7} U242 (F/C Ratio Zt2)
2 c-C4F8, c-C5F8, C7F8 Si02 RIE ICP [ ] [ ) SIO2/ACL C4F8>C5F8>C7F8 | C7TF8>C5F8>C4F8 Si02 etch rate 24, selectivity =7}
Sio2 . . C4F8>CHF3 C3F70CH3 F/C Ratio| low etch rate, high selectivity
3| C3F7OCHS, C4F8,CHF3 | gy, | ALE | ICP | @ | @ ® | Si02,SiBN4 | S oars6cHs >CHF3>C4F8 C3F70CH3 ALE Window: 55-60V
C3F70CH3 (HFE-347mmc3), . . 347mmc3>PPVE ) Low bias: FC layer 5=7}+ratio
4 C5F100 (PPVE) Si02 | RIE ) ICP ® e o SI02 15 su @bias -400V) High bias: F/C ratio%t etch 2 & | Of
Sio2 %25 SOl ahEl g AbO| PPVE: O ZX}3}0] CO &M C-C peak|
: . . . == (=] . = S o VYT
5 CAF8, HPE-347mmc3, Si3N4 | RIE | ICP o o @ | 5102 Si3N4, | SIO2 PP>CA>HE | ) e my(13) | -mme, mmy: H ZX§s}0f hydrocarbon film
HFE-347mmy, PPVE POIV-Si Poly-Si Si3N4 y>c>P>C Si3N4 mc(24)<my(18) S M _5 C-C.C-H peak
y Poly-Si P>C>c>y Y °° C-H peakt
. Hole Pattern . ) . .
6 C3F60, C4F8 Si02 RIE | df-CCP [ BN ) [ BN ) SIO2/ACL C3F60>C4F8 C4F8>C3F60 C3F60: Etch profile more anisotropic
C4H3F70 . . CF2 radical &4 0f| (12 FC Layer 7}
7 | (HFE-347mmy, HFE-347pcf2) | 5102 | RIE | ICP ® Sio2 347mmy>347pcf2 lon I AFZF0|| T2 Etch rate: 50-60° Best
8 | CS5F100 (PPVE,PIPVE) | Si02 | RIE | ICP Py P Hgi'gzplftcel_m PPVE>PIPVE - lon @ AFZHO|| [}2 Etch rate: 40-60° Best
. Hole Pattern HFIP: O &X—O0 radical—-FC Layer =74
9 C3H2F60 (HFIP), C4F8 Si02 | RIE IcP ° ® 0 0 i nc HFIP>C4F8 - Etch depth: HEIP>CAFS
] Si02, Si3N4, | 4, x| oFxl
10, CAF8, HFE-347mmcg, ;'3?\]24 RE | IcP | ele|e e Poly-si | = S}%“Lfglpower = nguifglpower
HFE-347mmy, C4H3F70 (PPC POIV-Si Hole Pattern Pattern F? ~Ca>c | Pattern: 84>P ~c
Y Si02/ACL Y : Y
C4F8, C6F6 +a sio2 | RE | icP o @ @ ® @ @ @ | HoePattem
’ SiO2/ACL
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Cooperation Required

= Device makers
e |dentify the gases
e Share process issues as much as possible

Chemical/gas makers
* Provide alternatives gases

= Equipment/reactor makers
* Collaborate with chemical provides in early phase of development

= Monitoring/analysis tool makers
* Assess greenhouse emission
* Real-time monitoring
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