
3-D Contact Engineering for 

Stacked Nano-Sheets and 

Beyond Requires Optimized 

Implant + Anneal Modules! 
John Borland

J.O.B. Technologies

Dec 8, 2022
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2020 Samsung Memory Suited Over MeV Retrograde 

Triple Well By Greenthread LLC
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Samsung’s Lawyers Contacted Me in May 2020 For 

Technical Historical Data
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Greenthread LLC –vs- Intel/Dell Jan 2022
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Intel Counter Suit



Why Chips ACT? China Only Produces 16.7% 

And Must Import 83.3% Chips in 2021 

compared to 84.5% in 2018
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Sales & Technology)

7

China assembles iPhones, Computers (Apple, 

Dell, HP etc.)

US needs not semiconductor chip Act but 

assembly of electronic products in US! 
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FinFET

FinFET

FinFET

FinFET

FinFET

FinFET

Nanosheet
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Nano-sheet
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Contact Resistance
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Contact Resistance Contact Resistance
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Contact Resistance

TSMC VLSI Sym 2022 Stacked-FET Contacts
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IEDM-2022 paper 27.1

Said to extend FinFET another generation requires lower contact resistance!
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Intel IEDM-2022 paper 7.5

Needs Low Contact Resistance For PMOS



Millisecond and Sub-Millisecond Annealing

Jacob Jensen, Intel, IIT-2022 Sept-2022, TH1.01 paper

• Advanced Precision Annealing Needed

• New Material Modification

• Surface Selective Anneals

– Maybe Laser Anneal

• Work on Process Variability

• His Last Comment: Contact Resistance is more critical than in the past
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Kennel, Intel, IEEE/RTP 2006

Rosseel et al., IMEC/ASM, ECS Oct 2016 

>70%
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IEDM-2022 paper 34.1
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Si: Trumbore, Bell Labs, 1959
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VLSI Sym June 2016

Paper 7.5: UMC/AMAT ultralow p+ SiGe contact resistivity (5.9E-9Ω-cm2)

Paper 7.1: IMEC/AMAT/Samsung ultralow resistivity contacts (2.1E-9Ω-

cm2)

Paper 7.3: AMAT 7nm node ultralow n+ contact resistivity (<1.0E-9Ω-cm2)

Paper 7.4: GF/IBM canceled: Sub-2x10-9 Ω-cm2 N- and P-Contact 

Resistivity with Si:P and Ge:Ga Metastable Alloys for FinFET CMOS 

Technology

SiP =2E21/cm3 + Ge-PAI=2.1x10-9 Ω-cm2

70%-SiGeB + Ge-PAI= 2.1x10-9 Ω-cm2Pre-contact PAI

DSA versus nsec laser annealing
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IEDM-2016 paper 2.7

B=2E19/cm3

Group III-Me=1E21/cm3

paper 2.7
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VLSI-2017
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As-implanted 

Acceptor Defects

Ga, Al and In comparison in Ge

Borland’s IWJT-2018 Summary
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Ge: Trumbore, Bell Labs, 1959
B & P ?Ga/Al/In
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45%-SiGe 34nm

Melt Depth

15nm
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ECS Oct-2018

Ge=7%
Ge=20%

Ge=12-20%



IIT-2022, TU3.03 paper
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IEDM-20 paper 2.2



Laser Annealing Applications For Advanced FinFETs 

and Beyond

Oleg Gluschenkov, IBM Research, IIT-2022 Sept-2022, TU1.01 paper

Nano-Sheets and 3-D Stacked Nano-sheets/FinFETs require lower External 

Resistance (Contact Resistance) more critical than transistor!
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Planar FinFET Nano-sheet 3-D Stacking

Wc/Wg ~1 Wc/Wg ~1/3 Wc/Wg ~1/6

Rext/Rch <1 Rext/Rch ~1 Rext/Rch ~3 Rext/Rch ~3



Strain/Lattice Characterization of Si+Ge, 

SiGe+Ge, SiGe+C, Ge+C, Ge+Sn & Si+Ge+Sn 

Surface Layers Formed By Implantation With 

RTA or Laser Annealing Using SIMS, XPS, 

TEM-EDX, XRD and Raman Analysis

IIT-2022 September 29, 2022

John Borland, J.O.B. Technologies, Aiea, HI, USA

Shota Komago, Ryo Yokogawa, Kazutoshi Yoshioka, Naomi Sawamoto and Atsushi Ogura, Meiji University, Kawasaki, Japan

Gary Goodman, Nadya Khapochkina and Temel Buyuklimanli, EAG, Sunnyvale, CA, USA
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Outline
• Introduction: Lattice Constant Engineering to Replace Epi Buffer Layer 

(Power Devices or III-V Solar) or Boost p+SiGe /n+Si Contact Resistance.

– Chemical: SIMS → XPS → TEM-EDX for 2-D mapping

– Strain: XRD → Raman

• Experimentation:

– Substrate Wafer: Si-Cz wafers, SiGe-Epi, Ge-Cz wafers and Ge-Epi

– Ion Implantation (Ge, Sn & Ge+Sn)

– Anneals (RTA or Laser-melt)

• Results:

– Chemical Analysis: SIMS, XPS and TEM-EDX

– Strain: XRD and Raman

• Summary/Conclusion:

• Acknowledgements
34

At IEDM-2022 Tuesday EDS Panel on Materials for Electronic Devices:

Think Crazy Ideas for University Material Research!
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Meiji Univ. July -2012, Intel 32nm Planar

TEM-

EDX For 

3-D 

Chemical 

Mapping



X-TEM 

With 

EDX
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Prof. Ogura, Meiji Univ. 3/1/16

C-stressorAs-SDE

P-S/D

Implant Strain & 

Doping Critical!

Reveals FinFET As n+S/D and P nSDE!



J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)

37

July 2012 Synopsys visit said best FinFET results 

when Fin is completely doped uniformly to 

2E18/cm3 and NO extension.  Also said from 

simulations the only way Intel gets the nMOS 

device performance is to use eSiC epi grown in 

confined etched out Fin structure with sidewall 

spacer in place! See ECS-2012 IMEC paper.
July 2014 WCJUG seminar Victor admitted to me his 

simulations were WRONG 2 years ago! 
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Borland et al., ECS Oct 2004

Also used PR for localized/selective deposition
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Blanket/confor

mal deposition 

then selective 

removal
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Ge-BL low BC (5E16) 7.5nm deposition

Ge-BL high BC (5E16 & 2E17) sputter etch limited to 80%

Ge-PLAD (Micron) sputter etch limited to 55%



Outline
• Introduction: Strain Characterization

– Chemical: SIMS → XPS → TEM-EDX

– Strain: XRD → Raman

• Experimentation:

– Substrate Wafers: Si-Cz wafers from Renesas, 45% SiGe-Epi from IMEC, Ge-Epi 

from NDL (Taiwan) and Ge-Cz from SMIT

– Ion Implantation (Ge, Sn, Ge+Sn, Si & C) by Nissin and SMIT

– Anneals (RTA by Meiji and Laser Anneal by LASSE-Screen)

• Results:

– Chemical Analysis: XPS and TEM-EDX

– Strain: XRD and Raman

• Summary/Conclusion:

• Acknowledgements
J.O.B. Technologies (Strategic Marketing, 
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Blanket Ge-implant, C, Si

Blanket Ge-implant

Half-wafer 

Sn-implant

Therma-wave Analysis

RTA RTA 

RTA RTA RTA 

2 Laser shots per condition

Half-wafer 

Sn-implant



0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

3400

3600

0 0.5 1 1.5 2 2.5 3 3.5

308nm 515nm Excico InnovaventMelt Depth (A)

Laser Power Level (J/cm2)

515nm

0% Ge

515nm

55% Ge

308nm

55% Ge 308nm

0% Ge

SHI-527nm

Sb
With Ge-Epi Large 

Variation in Melt Depth!

CNSE Ge-epi

Borland et al., IWJT-2015



Outline
• Introduction: Strain Characterization

– Chemical: SIMS → XPS → TEM-EDX

– Strain: XRD → Raman

• Experimentation:

– Substrate Wafer: Si-Cz wafers, SiGe-Epi, Ge-Cz wafers and Ge-Epi

– Ion Implantation (Ge, Sn & Ge+Sn)

– Anneals (RTA or Laser-melt)

• Results:

– Chemical Analysis: SIMS, XPS and TEM-EDX

– Strain: XRD and Raman

• Summary/Conclusion:

• Acknowledgements
J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)
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JOB Technologies: Sample 1 , Unannealed (B)

11B

Ge->

Fig #01  C0KBZ881_yu52  Sample 1 , Unannealed (B)
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JOB Technologies: Sample 1, 1.7J (B)

11B

Ge->

Fig #05  C0KBZ881_yu07  Sample 1, 1-7J (B)
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JOB Technologies: Sample 1, 0.6J (B)

11B

Ge->

Fig #03  C0KBZ881_yu05  Sample 1, 0-6J (B)
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Fig #07  C0KBZ881_yu09  Sample 1, 2-3J (B)
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Meiji University2.1 Results: XPS Compare #1 wafer 
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IMEC XRD Analysis

20nm 45%-SiGe Epi

Raman Analysis
High Ge requires Ga or Al p+ doping 

and boost contact resistance!

IMEC 45% SiGe Epi→ 1.1%
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Ge surface sputtering (high beam current)

IMEC 45% SiGe Epi
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Borland et al., IIT-2016, Sept 29, 2016
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SIMS: Ge-Epi + Sn Implant

Borland et al., IIT-2018

NDL Ge Epi
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Ge=110nm

Ge=120nm

Sn implant knock in effects on Ge!

Reduce Ge peak from 60% to 45% 

Renesas Si-Cz
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❖ slot6 without Sn – 1.8 J/cm2

∙ EDX mapping analysis
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❖ slot6 without Sn – 2.4 J/cm2

∙ EDX mapping analysis

0.00 49.50 nm

in
te

n
si

ty

O

Ge

Si

C passivation 
layer

Si, Ge layer

0

10

20

30

40

50

60
70

80

90

100

0 10 20 30 40 50

A
to

m
ic

 p
e
rc

e
n

t

Sputtering time (s)

Si

Ge

6%-SiGe

84=94%

8=6%

2.4J Laser Anneal

Si with Ge implant

Ge=6%

Ge Peak = 16%

Bulk = 6%

Ge=6%



J.O.B. Technologies (Strategic Marketing, 

Sales & Technology)

55

60 65 70 75

In
te

n
si

ty
 (

ar
b

. u
n

it
)

2 theta (deg.)

Si1-xGex (004)

Si (004)Si+Ge: 1.8J

peak 1: 68.317 deg

peak 2: 69.1548 deg

490 500 510 520 530 540

In
te

n
si

ty
 (

a
rb

. 
u

n
it

)

Wavenumber (cm-1)

RTA_950deg_1min

Laser annealing_1.8 J
Si+Ge

0

20

40

60

80

100

0 10 20 30 40 50

A
to

m
ic

 p
er

ce
n

t

Depth (nm)

Si

Ge

O

0

20

40

60

80

100

0 10 20 30 40 50

A
to

m
ic

 p
e
rc

e
n

t

Depth (nm)

Si

Ge

O950C Ge=42%

1.8J Ge=58%

Raman no significant strain



Interface measurement by TEM [2-1]
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❖ slot6 with Sn – no anneal
∙ EDX mapping analysis
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Interface measurement by TEM [2-3]
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❖ slot6 with Sn – 1.8 J /cm2

∙ EDX mapping analysis
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Interface measurement by TEM [2-4]
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❖ slot6 with Sn – 2.4 J /cm2

∙ EDX mapping analysis
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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%



3.5
3.6
3.7
3.8
3.9

4
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

5
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9

6
6.1
6.2
6.3
6.4
6.5
Lattice Constant (A)

Ge+Sn(16%)

– Tensile Strain-channel by:

• Ge Implantation (Si+Ge & SiGe+Ge)

• Sn Implantation (Ge+Sn, Si+Sn & SiGe+Sn)

– Compressive Strain-channel by:

• Carbon Implantation (Si+C, SiGe+C & Ge+C)

• Silicon Implantation (SiGe+Si & Ge+Si)

Ge+C(10%)

Ge+C(20%)

Ge+Si(10%)

Sn=6.48-Si=5.43=1.05A

Sn(10%)=0.11A

Si+Sn(16%)

Si+C(10%)

Si+2% strain=52%Ge or 10%Sn

Si-2% strain=6%C

Ge+2% strain=13%Sn

Ge-2% strain=53%Si or 5.4%C

J. Borland, ECS Oct 2016

Control: 45% SiGe-Epi = 0.7% strain

1.8J Laser Melt:

77% peak SiGe-Epi= 1.15% strain

Control: Si-Cz = 0% strain

1.8J Laser Melt:

Si+45/10%Ge+10/2%Sn= 0.54% strain

950C RTA:

Si+30%Ge+7%Sn= 1.8% strain

Summary
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