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Outline

▪ Introduction:

• 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

• Atomic Layer Etching (ALE)

▪ Summary / Potential Collaboration
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Greenhouse Effect and Gases

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

Greenhouse Gas Emissions by Gas

Greenhouse Gas GWP Lifetime (yr)

CO2 1 Variable

CH4 21 12.2

NO2 206 120

HFCs 140 - 11,700 1.5 - 264

PFCs 6,500 - 9,200 3,200 - 50,000

SF6 23,000 3,200https://www.nedo.go.jp/content/100900128.pdf
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Greenhouse Gas Emission in Semiconductor Industry

- Molecular structure: Examples
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Etching Processes and Semiconductor Devices
Logic Device DRAM

Display Panels 3D NAND

SAC Etch: C4F8, C4F6

Via Etch: C4F8, C4F6

Gate Spacer Etch: CF4, CHF3

3D NAND: C4F8, C4F6
7
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Global Greenhouse Gas Emission & Warming Scenarios

https://ourworldindata.org/co2-and-greenhouse-gas-emissions
▪ Is this reduction possible? 
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▪ 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)

Success Story: Ozone Layer Fully Recovered 
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How to Reduce Greenhouse Emission

▪ Ways to reduce greenhouse emission

• Process optimization

• Recovery & Recycle 

• Abatement

• Alternative gases

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

Source: Samsung Electroncis

etc.Renewable Energy

Abatment

Process
Optimization

Equiment 
Optimization
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Cooperation of Major Players is Required

Material Providers

Synthesize new molecules.
Provide alternatives.

Equipment Makers
Monitoring Tool Makers
Collaborate with chemical 

provides in early phase 
of development

Chip Makers 
(IDM, Foundry)

Identify the processes.
Share process issues.

Integration

11
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Alternatives for GHG in Plasma Etch Processes 

ACS Sustainable Chem. 10, 10537 (2022)

J. Vac. Sci. Technol. A, 38(2), 022606 (2020)
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▪ Oxygen: Formation of CO, CO2 and, COF2

How to Reduce GWP: Structure and Examples

▪ Double bonds or cyclic

▪ Hydrogen: Formation of HF

▪ Hydrogen/Oxygen

▪ Iodine: Easily decompose

13
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Things to Consider for Alternatives

Alternative
Gases

Low
GWP

Gas
Properties

Gas 
Recombi-

nation

Process
Results

Time/
Expense 

Boiling 
Point
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Molecular Formula Chemical Name Chemical Structure C/(F+O-H) b.p. (℃) GWP

CF3OCFCF2

(HFE-216)

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

(trifluoromethyl Trifluorovinyl Ether)
0.43 -23 < 1

CF3CF2OCFCF2 Perfluoro ethyl vinyl ether 0.44 ~0 3

CF3CF2CF2O-CFCF2 Perfluoro propyl vinyl ether 0.45 35~36 3

Molecular Formula Chemical Name Chemical Structure C/(F+O-H) b.p. (℃) GWP

(CF3)3COH Nonafluoro-tert-butanol 0.44 45

Examples of Alternatives: Fluoroether & Fluoroalcohol

Perfluorinated fluoro-ether (RF-O-RF)

Perfluorinated fluoro-alcohol (RF-OH)
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Candidates for Altenatives: Fluoro-ether
Partially fluorinated fluoro-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. (℃) GWP

CHF2OCHF2

(HFE-134)
1,1,3,3-Tetrafluorodimethyl ether 0.67 4.7 6,320

CF3OCHFCF3

(HFE-227)
1,2,2,2-Tetrafluoroethyl trifluoromethyl ether 97% 0.43 -9 1,540

CF3CH2OCF3

(HFE-236fa)
2,2,2-Trifluoroethyl trifluoromethyl ether 0.60 5.6 487

CF3CH2OCHF2

(HFE-245fa2)
2,2,2-trifluoroethyl difluoromethyl ether 1 29 649

HCF2CF2OCH3

(HFE-254cb1)

1,1,2,2-tetrafluoroethyl methyl ether

(Tetrafluoroethyl methyl ether)
3 36 353

CF3OCF2CF2CHF2

(HFE-329mcc2)
1,1,2,2,3,3-hexafluoro-1-(trifluoromethoxy)propane 0.44 24~34 890

CF3OCF2CHFCF3

(HFE-329me3)
1,1,1,2,3,3-Hexafluoro-3-(trifluoromethoxy)propane 0.44 - 4,550

CF3CF2CF2OCH3

(HFE-347mcc3)

1,1,1,2,2,3,3-Heptafluoro-3-methoxypropane

(Heptafluoropropyl methyl ether)
0.8 34 530

(CF3)2CHOCH3

(HFE 347mmy)

1,1,1,3,3,3-Hexafluoro-2-methoxypropane

(Heptafluoroisopropyl methyl ether)
0.8 50 353

HCF2CF2OCH2CF3

(HFE-347pcf2)
1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether 0.8 50 889

H

H F

F
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Candidates for Altenatives: Fluoro-alcohol

Partially fluorinated fluoro-alcohol (RF-CHOH, RF-CH2OH, RF-CH2CH2OH, RF-HCH2OH, RF-HCH2CH2OH)

Molecular Formula Chemical Name Chemical Structure C/(F+O-H) b.p. (℃) GWP

(CF3)2CHOH
1,1,1,3,3,3-Hexafluoro-2-propanol

(Hexafluoroisopropanol)
0.6 59 190

CF3CH2OH
2,2,2-Trifluoroethanol
(Trifluoroethyl alcohol)

2 74 57

CF3CF2CH2OH
2,2,3,3,3-Pentafluoro-1-propanol

(Pentafluoropropylalcohol)
1 81 40

CF3(CF2)2CH2OH
Perfluoropropyl carbinol

(2,2,3,3,4,4,4-Heptafluoro-1-butanol)
0.8 95 25

CF3CHFCF2CH2OH
Hexafluorobutanol

(2,2,3,4,4,4-Hexafluoro-1-butanol)
1.33 114 17

CHF2CF2CH2OH
Tetrafluoropropyl alcohol

(2,2,3,3-Tetrafluoro-1-propanol)
3 107 13

CF3(CF2)3(CH2)2OH
2-perfluorobutylethanol

(1H,1H,2H,2H-Perfluorohexanol)
1 140 -

CF3(CF2)5(CH2)2OH
2-(Perfluorohexyl)ethanol

(1H,1H,2H,2H-Perfluorooctanol)
0.89

88
(27 mmHg)

-

CF3(CF2)5(CH2)3OH
3-(perfluorohexyl)propanol

(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononan-1-ol)
1.29

80
(10 mmHg)

-
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Alternatives and Physical Propoerties (Examples)

Greenhouse Gases (PFC/HFC) Low GWP

Name
Octafluoro-
cyclobutane

Tetrafluoro-
methane

Trifluoromethane PPVE HFE-347mmc3 HFE347mmy HFIP
Octafluoro

cyclopentene

Formula C4F8
CF4 CHF3 CF3CF2CF2OC2F3CF3CF2CF2OCH3 (CF3)2CHOCH3 (CF3)2CHOH c-C5F8

Chemical
Structure

MP (℃) -40.1 -183.6 -155.2 -70 -122.5 -107 -4 -70

BP (℃) -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+O-H) 0.5 0.25 0.5 0.455 0.8 0.8 0.6 0.625
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Matching box

Ceramic ESC

Plasma

Matching Box ∽

Dry 
pump

FT-IR

QMS

TMP

∽

RF Source 
Power

(13.56 MHz)

RF Bias Power
(12.56 MHz)

Floating 
harmonic 

probe

Coil

Wafer

VI probe

Dielectric 
Window

Shower head

Exhaust
N2 purge

Exhaust

TMP

Plasma Generation and Silicon Oxide/Nitride Etching

Gas Phase
Analysis

Ion Density

Exhaust Analysis

Surface Analysis

ACS Sustainable Chem. 10, 10537 (2022)
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Plasma Etching w/ Low-GWP Gases: Exhaust Analysis
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Silicon Oxide Etching w/ Fluoroethers and Fluoroalcohols 
ACS Sustainable Chem. 10, 10537 (2022)
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ALE with C4H3F7O Isomers

➢ SiO2 ALE Mechanism

Product Boiling point (°C)

SiF4 -86
➢ C4H3F7O Isomers used as precursor

Heptafluoropropyl methyl 
ether (HFE-347mcc3)

Heptafluoroisopropyl methyl 
ether (HFE-347mmy)

Perfluoropropyl carbinol 
(PPC)

SiO2

Si

FC layer

Si
SiO2

Si
Fluorination

Ion
bombardment

SiO2 SiO2

Si

FC layer

C4H3F7O
plasma

Ar or O2

plasma
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ALE with C4H3F7O Isomers
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 PPC Precursor F1s/C1s Ratio

HFE-347mcc3 1.266

HFE-347mmy 1.048

PPC 1.516

▪ 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.
▪ PPC precursor generate more C-F bonds than C-C and C-Si bonds.

SiO2

Si

FC layer

Si
SiO2

Si
Fluorination

Ion
bombardment

SiO2 SiO2

Si

FC layer

C4H3F7O
plasma

Ar or O2

plasma

J. Vac. Sci. Technol. A, 38(2), 022606(2020)
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ALE with C4H3F7O Isomers: ALE Window and Self-Limiting

C4F8 CHF3
C3F7OCH3

J. Vac. Sci. Technol. A, 38(2), 022606(2020)
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ALE with C4H3F7O Isomers: High Selectivity over Si

Appl. Sci. 7, 1047, (2017).

Si

SiO2

SiO2

J. Vac. Sci. Technol. A, 38(2), 022606(2020)
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ALE with C4H3F7O Isomers applied to SiO2 Removal

▪ After dry cleaning process, SiO2 layer is removed
▪ After dry cleaning process, surface roughness is lower than wet cleaning

Roughness(nm) 0.092 0.113 0.10

✓ Oxide Removed
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ROK Government Projects for Carbon Neutrality (2023)

▪ Etching Processes

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

• Alternative gases for the replacement of high GWP HFC Gases

• Alternative gases for the replacement of fluorine-rich PFC Gases

▪ Deposition Processes

• Alternative gases for the replacement of dielectric CVD chamber cleaning

• N2O reaplacement 

▪ 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.

28
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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)

29
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Thank You for Your Attentions!!

hchae@skku.edu
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Cooperation of Major Players is Required

Material Providers

Synthesize new molecules.
Provide alternatives.

Equipment Makers
Monitoring Tool Makers
Collaborate with chemical 

provides in early phase 
of development

Chip Makers 
(IDM, Foundry)

Identify the processes.
Share process issues.

Integration
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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)
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Global Warming Potential of Gases

Name Chemical Formula
Atmospheric

Lifetime (years)
GWP100

Carbon monoxide CO 50-200 3

Carbon dioxide CO2 50-200 1

Carbonyl fluoride COF2 50-200 1

Trifluoromethane CHF3 222 12,400

Tetrafluoromethane CF4 50,000 7,349

Tetrafluoroethylene C2F4 <1 <1

Hexafluoroethane C2F6 10,000 12,340

Octafluorocyclobutane C4F8 3,200 10,592

Perfluoropropyl methyl ether 
(HFE-347mcc3) n-C4H3F7O 5 530

Perfluoroisopropyl methyl ether 
(HFE-347mmy) i-C4H3F7O 3.7 343

Perfluoro propyl carbinol (PPC) CF3CF2CF2CH2OH 0.55 25
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Reduction Target

▪ Is this reduction possible? 
*European Court of Auditors
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Research in SKKU 

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

Yeom’s Group
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Activities for Reduction of GHG Emission
in Semiconductor Industry 
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Activites in Japan: NEDO
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Activities in USA 

40



SKKU

Activities in Europe: Air Products

41
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Activities in Europe: Air Liquide
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Activities in US: Air Product
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Research in SKKU 
Appl. Surf. Sci. 600, 154050 (2022)

Yeom’s Group
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Questions

▪ 대체가스: 합성 vs. 정제, 

▪ 배출제어: POU vs. 총괄처리?, 에너지 효율

▪ 인증평가: 우리나라 규제 강도의 정도, Tier 1~4, Scope 1~3

▪ 소자/현장: 저전력반도체, 공정별 사용량 정보 공유 여부? RE100? 

• 협력 저해 요인, 리스크 적은 공정부터 적용, Coolant

▪ 기타: 공급망/운송의 문제(Scope 3)
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Evaluated Precursors
Partially fluorinated Perfluorinated

E
th

e
r

A
lc

o
h
o
l

Heptafluoropropyl methyl ether (HFE-347mcc3)

B.P (℃) GWP C/(F+O-H)

34 530 0.8

Heptafluoroisopropyl methyl ether (HFE-347mmy)

B.P (℃) GWP C/(F+O-H)

29 353 0.8

1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (HFE-
347pcf2)

B.P (℃) GWP C/(F+O-H)

50 889 0.8

C4H3F7O

C4H3F7O

C4H3F7O

Hexafluoroisopropanol (HFIP)

B.P (℃) GWP C/(F+O-H)

59 190 0.6

Perfluoropropyl carbinol (PPC)

B.P (℃) GWP C/(F+O-H)

95 16 0.8

C4H3F7O

Pentafluoropropanol (PFP)

B.P (℃) GWP C/(F+O-H)

80 42 1

C3H3F5O

Perfluoropropyl vinyl ether (PPVE)

B.P (℃) GWP C/(F+O-H)

35 3 0.45

Perfluoroisopropyl vinyl ether (PIPVE)

B.P (℃) GWP C/(F+O-H)

35 3 0.45

C5F10O

C5F10O

F

F F

F F

F

F

H

HH
O

H

C3H2F6O

H

H
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PFCs 저감이 필요한 이유

▪ PFCs (Perfluorocompounds)

: 반도체·디스플레이 산업에서 주로 발생되는 Greenhouse gas로 총 배출량 중 약 0.07%이나,

지구온난화지수(GWP)가 높고 Lifetime이 길어 저감 필요.

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

Greenhouse Gas Emissions by Gas

Greenhouse Gas GWP Lifetime (yr)

CO2 1 Variable

CH4 21 12.2

NO2 206 120

HFCs 140 - 11,700 1.5 - 264

PFCs 6,500 - 9,200 3,200 - 50,000

SF6 23,000 3,200

Greenhouse Gas Emission Trend
and Future Emission Reduction Targets

*European Court of Auditors
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PFCs 저감 방안 및 연구시 고려 사항

▪ 현재 산업에서 공정 최적화 및 처리 기술 효율화로 PFCs 저감 진행 중

▪ PFCs 대체 물질이 산업에 적용되기 위해선 기존 물질과 동일한 Device 성능 확보가 절대적

→ 연구시 대체 Gas의 Low GWP 와 더불어 Etch Profile, Selectivity, Rate 등에 중점 예정

PFCs 저감 방안 및 실제 산업 성과

PFCs 저감 방안

대체 물질 개발 회수 및 재사용

공정 최적화 처리 기술

▶ 삼성전자 2020년 PFCs 감축 비율

: 공정 최적화 및 처리 기술의 감축 비중↑

PFCs 대체 물질 개발시 고려 사항

PFCs
대체
Gas

Low
GWP

Etch
Selectivity

Rate

Etch 
Profile

Device
특성

Side Effect

시간/비용
Etc.

▶ C2F6, C3F8 → C4F8 or NF3 대체 물질 사례처럼

기존 PFCs Gas와 Device 특성 동일 or 개선 필요

PFCs Emissions Trend

*NER(Normalized Emission Rate
:실리콘 기판 면적당 온실가스 배출량, kg CO2/cm2)
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선행 연구

No. Precursor
Target

Material
Process Plasma

Analysis
Sample Etch Rate Selectivity RemarksVI-

Pro.
XPS FT-IR QMS SEM OES Etc.

1 C6F6 SiO2 RIE ICP/CCP ● ● ●
Hole Pattern

ACL/SiO2/Si

~400nm/m @ICP

~267nm/m @CCP

~6.5 @ICP

~23 @CCP

ICP: etch parameter 잘 control하면
etch rate high, anisotropic profile.

2 c-C4F8, c-C5F8, C7F8 SiO2 RIE ICP ● ●
SiO2/Si3N4, 

SiO2/ACL
C4F8>C5F8>C7F8 C7F8>C5F8>C4F8

C가 많을수록 (F/C Ratio 감소)

SiO2 etch rate 감소, selectivity 증가

3 C3F7OCH3, C4F8, CHF3
SiO2

Si3N4
ALE ICP ● ● ● SiO2, Si3N4

C4F8>CHF3

>C3F7OCH3

C3F7OCH3

>CHF3>C4F8

F/C Ratio↓ low etch rate, high selectivity

C3F7OCH3 ALE Window: 55-60V

4
C3F7OCH3 (HFE-347mmc3),

C5F10O (PPVE)
SiO2 RIE ICP ● ● ● SiO2

347mmc3>PPVE

(2.5배@bias -400V) 
-

Low bias: FC layer 두께+ratio

High bias: F/C ratio만 etch 속도 제어

5
C4F8, HFE-347mmc3,

HFE-347mmy, PPVE

SiO2

Si3N4

Poly-Si

RIE ICP ● ● ●
SiO2, Si3N4,

Poly-Si

막질別 상이
SiO2 PP>C4>HF

Si3N4 y>c>P>C

Poly-Si P>C>c>y

막질別 상이
SiO2 mc(18)>my(13)

Si3N4 mc(24)<my(18)

PPVE: O 존재하여 CO 형성 C-C peak↓

-mmc, mmy: H 존재하여 hydrocarbon film 

형성 → C-C,C-H peak↑

6 C3F6O, C4F8 SiO2 RIE df-CCP ● ● ● ●
Hole Pattern

SiO2/ACL
C3F6O>C4F8 C4F8>C3F6O C3F6O: Etch profile more anisotropic

7
C4H3F7O

(HFE-347mmy, HFE-347pcf2)
SiO2 RIE ICP ● SiO2 347mmy>347pcf2 -

CF2 radical 형성에 따른 FC Layer 증가
Ion 입사각에 따른 Etch rate: 50-60º Best

8 C5F10O (PPVE, PIPVE) SiO2 RIE ICP ● ●
Hole Pattern

SiO2/ACL
PPVE>PIPVE - Ion 입사각에 따른 Etch rate: 40-60º Best

9 C3H2F6O (HFIP), C4F8 SiO2 RIE ICP ● ● ● ●
Hole Pattern

SiO2/ACL
HFIP>C4F8 -

HFIP: O 존재→O radical→FC Layer 두께↓

Etch depth: HFIP>C4F8

10
C4F8, HFE-347mmc3,

HFE-347mmy, C4H3F7O (PPC)

SiO2

Si3N4

Poly-Si

RIE ICP ● ● ● ● ●

SiO2, Si3N4,

Poly-Si
막질/Source Power

別 상이
Pattern P,y>C4>c

막질/Source Power

別 상이
Pattern: C4>P,y>c

Hole Pattern

SiO2/ACL

C4F8, C6F6 + α SiO2 RIE ICP ● ● ● ● ● ● ●
Hole Pattern

SiO2/ACL

▪ 수많은 Low GWP Gas에 대해 연구 진행중이며,

▪ Hole Pattern 시료로 Profile 확보하고 다양한 분석 방법 Tool을 활용하여 Gas별 유의차를

해석하고 이해하여 예측하는 것이 목표.
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Cooperation Required

▪ Device makers

• Identify the gases

• 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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