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IEDM-2025 Paper 41.1

Elon’s TN Data Center: 200K GPU = 250MWatts 

→ 1M GPU = 1.2GW power 

Blackwall = 1000Watts

72 GPUs per Rack = 120-130kWatts

Next Gen Rubin Rack = 600kW!
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How to Be 

Good 

Citizens of 

Earth and 

Not Pollute 

the Air?
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May 2019 = 415PPM

May 2020 = 417.3PPM (+2.3PPM)

May 2021 = 419.2PPM (+1.9PPM)

May 2022 = 421.0PPM (+1.8PPM)

May 2023 = 424.0PPM (+3.0PPM)

May 2024 = 426.9PPM (+2.9PPM)

May 2025 = 430.5PPM (+3.6PPM)

How to Be Good 

Citizens of Earth 

and Fight Climate 

Change!

+150PPM (1750→2025)



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

– 1979: Liquid Phase Epi (LPE) of InP at Hughes Malibu Research Labs (Summer 1979 BS Thesis)

– 1980: Molecular Beam Epitaxy (MBE) of InP at NTT Musashino Labs (Jun-Dec 1980 MS Thesis)

– 1981-1983: CMOS Latchup (MeV implantation and p/p+ Epi + Intrinsic Gettering) at National 

Semiconductor.

– 1983-1992: Blanket and Selective Si-Epi/Poly CVD at Applied Materials

– 1992-1997: High Energy (MeV) Ion Implantation for Epi replacement at Genus 

– 1997-2016: Ultra Shallow Junction and Dopant Activation by Diffusionless Anneal (SPE or LPE) at 

Varian and JOB Technologies

– 2012-Present: Mobility Enhancement and Contact Resistance with Ge + Sn implant with SPE/LPE

• 1980s (2um to 0.5um Node): 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

• 2000s (130nm to 20nm Node)

• 2010s→ 3-D FinFET (22nm to 7nm Node)

• 2020s (5nm to 10A Node)

• Summary: 

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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Year Wafer Size Technology Node Technology Driver Key Technical Issues
1980 75mm 2.0um CMOS evaluation: Latchup Solutions
1981 100mm AT&T Bell Labs Cz-crystal growth, Gettering, Twin Well CMOS
1982 125mm 1.25um VHIC-National Semiconductor n-Well, p/p+ Epi Gettering, guard ring structures, LOCOS isolation
1983 125mm 1.5um
1984 125mm 1.0um IBM 1Mb DRAM: p/p+ Epi
1985 150mm
1986 150mm
1987 125mm 0.8um IBM 4Mb DRAM: Trench Capacitor, Retrograde n-Well, p/p+ Epi and Selective-Si Strap
1988 150mm
1989 200mm 0.5um IBM 16Mb DRAM: STI
1990 200mm 0.5um Toshiba 16Mb DRAM: Diffused Triple-pWell
1991 200mm 0.5um Mitsubishi 16Mb DRAM: MeV Triple-nWell
1992 200mm 0.5um Samsung 16Mb DRAM: MeV Twin Well
1993 200mm
1994 200mm
1995 200mm 0.35um Intel Retrograde Twin Wells
1996 200mm
1997 200mm 0.25um Intel
1998 200mm

1999 300mm 0.18um Intel
2000 300mm 0.18um IBM PD-SOI
2001 300mm 0.13um Intel Notched-Poly Gate
2002 300mm
2003 300mm 90nm Intel Strain-Si, eSiGe p+SD, n+SD stress liner
2004 300mm
2005 300mm 65nm Intel MSA (Flash)
2006 300mm
2007 300mm 45nm Intel HK-1st/MG-last, p+SD eSiGe selective etching
2008 300mm
2009 300mm 32nm Intel HK/MG-last, material modification n+SD Stacking Fault, SiGe p+SD
2010 300mm IBM/Alliance FD-SOI, channel-SiGe and HK/MG first
2011 300mm 22nm Intel 3-D FinFET, Tilted Implantation
2012 300mm 20nm TSMC n+SD Stacking Fault Stressor
2013 300mm
2014 300mm 16nm TSMC FinFET
2015 300mm 14nm Intel, Samsung,GF eSiGe p+SD, eSiP n+SD
2016 300mm
2017 300mm 10nm TSMC, Samsung FinFET
2018 300mm
2019 300mm 7nm TSMC, Samsung FinFET
2020 300mm

2021 300mm 5nm TSMC FINFET
2022 300mm 3nm Samsung Nano-Sheet GAA (Multi-Bridge-Channel)
2023 300mm
2024 300mm 2nm TSMC, Intel, Samsung Nano-Sheet (GAA)
2025 300mm



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

– Blanket Doped Epi for Bipolar, BiCMOS and CMOS Technology.

– Selective Epi Growth (SEG), Selective Silicon Growth (SSG)and Selective Poly/Amorphous 

Deposition (SPD) Undoped or In-Situ Doped. 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

– Recess Etched SEG for Single S/D

• 2000s (130nm to 20nm Node)

– USJ For S/D Extension (SDE) and Lightly Doped Drain (LDD)

– N+ S/D Stressor and SiGe-channel

• 2010s→ 3-D FinFET (22nm to 7nm Node)

– Selective Epi for FinFET S/D Technology

• 2020s (5nm to 10A Node)

– Selective Epi for SiGe-Fin Formation

– Si/SiGe/Si/SiGe Stacked Multilayer Epi for Gate All Around (GAA) Nano-Sheet

– Contact Resistance with Elevated S/D and Merged Wrap Around Contacts

• Summary: 

8



Bipolar Epi Technology: In the Late 1970s, Reduced 

Pressure Epi Systems Developed To Reduce Buried 

Layer Pattern Shift Lithography Effects and n+ Arsenic 

BL Autodoping Control 
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Sales & Technology)
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J. Corboy, G. Cullen and R. Pagliaro, Proceedings of the 9th International Conference on CVD 1984, the Electrochemical Society, p.434



S. Mori and K. Hashimoto, Toshiba Corporation presentation material at the Genus Seminar, July 19, 1993

Toshiba 4Mb to 64Mb 

DRAM Technology
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Trench Poly
p+ strap

Borland/AMAT developed process with IBM/BVT in summer of 1987

p+ region

1st SEG Production: IBM 4MbDRAM Silicided Selective 

Silicon Strap 1987 



Borland IEDM 1987 Invited 

Talk Paper 2.1 p.12
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Siemens 4Mb DRAM Development

Siemens/Toshiba Joint DRAM Team 



Si-Epi Growth Rate and Dopant Incorporation
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J. Borland, T. Thompson, V. Tagle and W. Benzing, Proceedings of the 10th International Conference on CVD 1984, the Electrochemical Society, p.275.

Gas Phase Diffusion

Growth Rate

IEDM-2025 Paper 2.8

500C→350C
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H. Shibata, S. Samata, M. Saitoh, T. Matsuno, H. 

Sasaki, Y. Matsushita, K. Hashimoto and J. Matsunaga, 

Toshiba, “Low-Resistive and Selective Silicon Growth 

as a Self-Aligned Contact Hole Filler and its 

Application to 1M bit Static RAM”, 1987 Symposium 

on VLSI Technology, paper VIII-4, p. 75.



Selective Epi or Poly Contact Fill With Salicide

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)CS Wei, V Murali, D. Fraser and J. Borland, Intel and Applied Materials, “The Use of Selective Silicon or Silicide Plugs For Submicron Contact Fill”, ECS Symposium on ULSI Science & 

Technology 1989, p. 637, PV89-9 and VMIC, June 1989.
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Samsung DRAM SEG Elevated Contacts

n+ SEG

J.W. Park, ULSI Process Integration II, the Electrochemical Society, 2001, p.50. 



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

– Blanket Doped Epi for Bipolar, BiCMOS and CMOS Technology.

– Selective Epi Growth (SEG), Selective Silicon Growth (SSG)and Selective Poly/Amorphous 

Deposition (SPD) Undoped or In-Situ Doped. 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

– Recess Etched SEG for Single S/D

• 2000s (130nm to 20nm Node)

– USJ For S/D Extension (SDE) and Lightly Doped Drain (LDD)

– N+ S/D Stressor and SiGe-channel

• 2010s→ 3-D FinFET (22nm to 7nm Node)

– Selective Epi for FinFET S/D Technology

• 2020s (5nm to 10A Node)

– Selective Epi for SiGe-Fin Formation

– Si/SiGe/Si/SiGe Stacked Multilayer Epi for Gate All Around (GAA) Nano-Sheet

– Contact Resistance with Elevated S/D and Merged Wrap Around Contacts

• Summary: 
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Toshiba Selective Silicon Buried 

S/D for USJ (VLSI Sym 1996)

18

Y. Mitani, I. Mizushima, S. Kambayashi, H. Koyama, M.T. Takagi and N. Kashiwagi, VLSI Symposium 1996, paper 18.3

F 75% lateral etching 

under gate edge 

LPCVD

Hall=3E20/cm3



NCSU Research on SEG Single S/D for p+ USJ

19

A group of researchers at North Caroline 

State University (NCSU) lead by Prof 

Ozturk with funding support from SRC-

SEMATECH researched these issues and 

published their research results starting in 

1999 showing how SEG for S/D 

engineering can extend the NTRS 

roadmap to sub-30nm nodes.  

ECS May 1999 Symposium on 

Advances in Rapid Thermal Process 

titled “Ultra-Shallow P+-N Junctions 

For 50-70nm CMOS Using Selectively 

Grown In-Situ Boron Doped Silicon 

Films” achieved SEG S/D B levels up to 

3E21/cm3, an order of magnitude above 

Bss (Boron solid solubility) limit in 

silicon.

Toshiba a-BS/D
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S. Gannavaram, N. Pesovic and M. Ozturk, “Low Temperature (<800oC) Recessed Junction Selective Silicon-Germanium Source/Drain Technology for sub-

70nm CMOS”, IEDM-2000, section 18.3, p. 437.

High-k Metal Gate Last process

Ni to form Germanosilicide for 

low contact resistance

in-situ B-doped SiGe (45-75%) 

20%-SiGe required 2.5% B and 80%-SiGe 

required 10% B for strain compensation. 

High SiGe compressive strain in the S/D region was compensated 

by the small B doping atoms in the 1-5E21/cm3 level

Tilted Ge-PAI or Si-PAI to control the Lateral Selective Si-Recess Etch Process

M. Mansoori, TI, “Ultra Shallow Junctions for 65nm Technology and Beyond”, Varian Annual vTech 2002 

Technical seminar, July 2002. 



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

– Blanket Doped Epi for Bipolar, BiCMOS and CMOS Technology.

– Selective Epi Growth (SEG), Selective Silicon Growth (SSG)and Selective Poly/Amorphous 

Deposition (SPD) Undoped or In-Situ Doped. 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

– Recess Etched SEG for Single S/D

• 2000s (130nm to 20nm Node)

– USJ For S/D Extension (SDE) and Lightly Doped Drain (LDD)

– N+ S/D Stressor and SiGe-channel

• 2010s→ 3-D FinFET (22nm to 7nm Node)

– Selective Epi for FinFET S/D Technology

• 2020s (5nm to 10A Node)

– Selective Epi for SiGe-Fin Formation

– Si/SiGe/Si/SiGe Stacked Multilayer Epi for Gate All Around (GAA) Nano-Sheet

– Contact Resistance with Elevated S/D and Merged Wrap Around Contacts

• Summary: 
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Lateral Channel And Source Drain Engineering For HALO & SDE 

(45nm Node Lg=22nm, Xj=9.5nm, Yj=5.0nm) 

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)

Intel Technology Journal Q3 1998

T. Ghani et al., Intel, VLSI Sym. 2000, p. 174

H. Iwai, TIT, vTech 2002, July 02
Y. Taur et al, IBM, IEDM-98
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Ge=17%  22%  30%  40%  55%

Si-PAI to improve cavity recess etch control and uniformity!

Not Using Doped Epi Diffusion For SDE nor In-situ Doped p+eSiGe S/D

Gate Overlap= +35nm                = +12nm          = +5nm     = 0nm                = -3nm
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Onishi et al., Sharp, SPIE vol. 1189 Rapid 

Isothermal Processing (1989)

IWJT 2002
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Kennel, Intel, IEEE/RTP 2006, p.85

Boron activation limited 

by low Bss (Boron solid 

solubility) and not by 

implanted dose

With SPE Non-Equilibrium 

Activation of Boron >>Bss 

But Requires Amorphization!

5.7E20/cm3

Any deposition doping requires lateral 

diffusion which will be limited by dopant 

solid solubility activation unless amorphous 

SPE or LPE as shown by Intel.

Boron Solid Solubility
1400C=5E20
1100C=3E20
1000C=2E20
900C=1.2E20
800C=5E19
700C=2.3E19
600C=5E18
500C= 2E18
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Self-Amorphizing HALO-Implants 

In & Sb Solid Solubility Limit in 

Si low to mid E18/cm3
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Y.J. Mii, TSMC, short course, VLSI Sym 2005

PLAD Ref

PLAD New IIT-2024

Boron Solid Solubility
1400C=5E20
1100C=3E20
1000C=2E20
900C=1.2E20
800C=5E19
700C=2.3E19
600C=5E18
500C= 2E18



Intel 32nm NMOS Stacking Fault Stressor

29

A. Ogura, Meiji University, Private Communication and SSDM-2011 paper E-7-3, p. 933.
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30%-SiGe Channel!

Dick James, Chipworks, 

Semicon/West 2015 

AVS-WCJUG Meeting
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eSiC

Dick James, Chipworks, 

Semicon/West 2015 

AVS-WCJUG Meeting

PMOS PD-SOI

NMOS PD-SOI

eSiC

c-SiGe

eSiGe

S. Narasimha et. al., “22nm High-Performance 

SOI Technology Featuring Dual-Embedded 

Stressors, Epi-Plate High-K Deep-Trench 

Embedded DRAM and Self-Aligned Via 15LM 

BEOL”, IEDM-2012, paper 3.3, p. 52. 



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

– Blanket Doped Epi for Bipolar, BiCMOS and CMOS Technology.

– Selective Epi Growth (SEG), Selective Silicon Growth (SSG)and Selective Poly/Amorphous 

Deposition (SPD) Undoped or In-Situ Doped. 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

– Recess Etched SEG for Single S/D

• 2000s (130nm to 20nm Node)

– USJ For S/D Extension (SDE) and Lightly Doped Drain (LDD)

– N+ S/D Stressor and SiGe-channel

• 2010s→ 3-D FinFET (22nm to 7nm Node)

– Selective Epi for FinFET S/D Technology

• 2020s (5nm to 10A Node)

– Selective Epi for SiGe-Fin Formation

– Si/SiGe/Si/SiGe Stacked Multilayer Epi for Gate All Around (GAA) Nano-Sheet

– Contact Resistance with Elevated S/D and Merged Wrap Around Contacts

• Summary: 

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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Single & Multi-FINFET Double-Gate Devices

High Tilt Implant For LG-SS/D

Asymmetric n+/p+ Poly/Gate

Borland, Moroz, Iwai, Maszara & Wang, Varian/Synopsys/TIT/

AMD/TSMC, Solid State Technology, June 2003
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J. Kavalieros et al., VLSI 2006, paper 7.1. 



J. Kavalieros et al., VLSI 2006, paper 7.1. 



Intel IEDM-2012 paper 3.1 on 22nm Tri-gate SoC Technology 
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Like for 

32nm planar

Does this mean 

Tip/SDE Implantation?

No Mention of In-situ 

Doped p+SiGe
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But Pss~1.8E21/cm3 so this 

must be chemical and not 

electrical!



Intel 

22nm 

node 

3-D 

FinFET 

CMOS 

Transi

stor

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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C-stressorAs-SDE

P-S/D

Implant Strain & 
Doping Critical!

A. Ogura, Meiji University, Private Communication and ECS Oct 2014 extended abstract paper P7-1765.



Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

• 2000s (130nm to 20nm Node)

• 2010s→ 3-D FinFET (22nm to 7nm Node)

• 2020s (5nm to 10A Node)

– Selective Epi for SiGe-Fin Formation

– Si/SiGe/Si/SiGe Stacked Multilayer Epi for Gate All Around (GAA) Nano-Sheet

– Contact Resistance with Elevated S/D and Merged Wrap Around Contacts

• Summary: 

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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Epi/Fin-Frist

STI-Etch Last

James, Tech Insights, presentation material on TSMC N5 and N3, June 2024. 



41
A. Agrawal et al., “Gate-All-Around Strained Si0.4Ge0.6 Nanosheet PMOS on Strain 

Relaxed Buffer for High Performance Low Power Logic Application”, IEDM-2020, 

paper 2.2, p.15.
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IEDM-2025 Paper 2.8
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IEDM-2025 Paper 2.8
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IEDM-2025 Paper 2.7



IIT-2022, TU3.03 paper

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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Kennel, Intel, IEEE/RTP 2006

Rosseel et al., IMEC/ASM, ECS Oct 2016 
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IEDM-2016 paper 2.7

IEDM-2016 paper 17.2

B=2E19/cm3

Group III-Me=1E21/cm3
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IEDM-2016 paper 17.2

They state that B has a low solid solubility of mid-E18/cm3 in pure Ge which is opposite to what most in the industry believe! B 

Hall/Dopant activation level of only 1.7E19/cm3 in Ge while a Group-III-Metal achieved 45x higher active hole concentration 

level of 8E20/cm3 for an implanted chemical level of 1E21/cm3. Said there may be a mixing of the metal alloy or something,



IBM Alliance IWJT-23

49O. Gluschenkov, Y. Sulehria, S. Mochizuki and K. Brew, “Improving FinFET Junctions and Contacts via Laser Annealing”, 

Extended Abstracts of the 21st International Workshop on Junction Technology 2023, paper S6-1, p. 150. 



H. Arora et al., Applied Materials presentation at Northern California AVS-WCJUG meeting, Dec 2024.



Epi + Implant + SPE/LPE Versus Lt-Epi With Cavity 

Etch

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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High 75% SiGe p+S/D cap gives lowest contact resistance 

after SPE of 5E-10 Ω-cm2 

LT Epi with cavity active B = 1.5E21/cm3 and P = 1.1E21/cm3 

for 5E-10 Ω-cm2 contact resistance 

H. Arora et al., Applied Materials presentation at Northern California 

AVS-WCJUG meeting, Dec 2024.
O. Gluschenkov, Y. Sulehria, S. Mochizuki and K. Brew, IWJT-2023, paper 

S6-1, p. 150. 



Backside B Laser Melt Annealing For Image Sensor 

J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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K. Huet et al., IEEE/RTP-2009, paper #14

TSMC, IEDM-2010, paper 14.1

0.9um Pixel CMOS 

Imager Sensor 

Technology with 

Backside Illumination
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Localized/Selective Ge & SiGe 

Formation By Liquid Phase 

Epitaxy (LPE) Using Ge+B 

Plasma Ion Implantation And 

Laser Melt Anealing

Ge 3keV at 1E16/cm2 (Ge=20%) & 1E17/cm2 (Ge=55%)

B2H6 500V at  4E15/cm2 & 4E16/cm2

Ge+B Plasma Implanted Wafers Provided by Micron

Laser Melt Annealing Provided by Innovavent & Excico

IWJT June 6, 2013

JOB Technology, Micron, Innovavent, Excico, KLA-Tencor, CNSE, EAG & UCLA 
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Surface

a-SiGe
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a-Ge
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Excico-Therma-Wave (TW)
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Borland et al., IWJT-2013, paper S4-4, p.49
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IEDM-2025 Paper 41.8



Semiconductor Nanotechnology Lab.

Interface measurement by TEM [2-3]
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Fig.4: XRD analysis after RTA and melt laser anneal. 
Fig.5: Raman Spectra 

analysis.

Si with Ge+Sn implantation 0.54% compressive strain after 1.8J laser and 1.80% after 950C RTA

Ge peak=45%

Bulk=10%

Sn peak=10%

Bulk=<2% Ge = 35%

Sn = 6%J. Borland, S. Komago, R. Yokogawa, K. Yoshioka, N. Sawamoto, 

A. Ogura, G. Goodman and T. Buyuklimanli, IIT-2022
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IEDM-2025 Paper 21.5
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IEDM-2025 Paper 41.3



Trumble, Bell Labs, 1959
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Summary Of Dopant Activation In Si-vs-Ge
• P-Type Dopant (B & BF2)

– Room temperature activation (acceptor 
formation)
• Higher dose 5E15 vs 5E14 (acceptor 

level ~1E14/cm2 or 1E19/cm3)

• Amorphization by BF2 reduces EOR 
damage and acceptor formation level

• C implant also produces 1E19/cm3 
acceptor level

– B Fully active in Ge at 500C

– 5x lower Rs may be related to solid 
solubility differences of B in Ge versus 
Si as well as 3x higher hole mobility in 
Ge

– B deactivation observed with Ge-melt 
laser annealing

• N-type Dopant (P, As & Sb)
– We observed 3x lower Rs with a surface oxide cap 

when annealing Ge implanted with P above 625C!

– Contrary to others we observed lower Rs for all n-
dopants in Ge compared to Si!  P best then As followed 
by Sb.  Could Sb implant damage create more acceptor 
levels therefore higher Rs due to dopant compensation?  

– Lower P-dose (2E15) fully active at 550C, 1E16 P-dose 
requires >900C.

– Examined C, F and Sb co-implant effects, 
• C-defects creates p-type acceptor compensating dopants 

around 1E19/cm3 and no C-diffusion

• No difference with F, after RTA SIMS shows F all gone with 
a peak at the Ge/Si interface.

• Sb degrades high dose P activation but improves low dose 
P activation at the higher RTA temperatures.

– Si-cap improves P activation in Si at 625C and 900C 
anneal shows minimal P diffusion into Ge and no Ge-epi 
threading dislocations!  This is BEST solution for nMOS 
as proposed in SST July 2005 for planar HK/MG-last 
and for FinFET in March 2012
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As-implanted 

Acceptor Defects

Ga, Al and In in Ge

Borland’s IWJT-2018 Summary



N+ Ge
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Infineon Purchased IRC. IGBT Replaced Phos implant with MeV H+ implant in Europe and China pre-COVID!

Also, using Laser Melt LPE 
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CMOS SOS-Epi Using Double 

Amorphous SPE 1983
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Outline
• Epitaxial Doping: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE) and 

Gas/Vapor Phase Epitaxy (VPE) or Chemical Vapor Deposition (CVD)

• 1980s (2um to 0.5um Node): 

• 1990s → Ultra Shallow Junction (USJ) Formation for S/D Extension.

• 2000s (130nm to 20nm Node)

• 2010s→ 3-D FinFET (22nm to 7nm Node)

• 2020s (5nm to 10A Node)

• Summary: 

– VPE/CVD, LPE and SPE doping techniques

– Si, SiGe, Ge and SiGeSn

– LPE for Image Sensors and Power Devices

– SiC-Epi SPE lessons learned form 1980s SOS-Epi? 
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