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Q2/14 smartphone=301.3M units!



10/15/2014 Advanced Integrated Photonics, Inc. -

Proprietary
4

IEDM-2013 short course

*2014: SiGe-FinFET at 14nm
*2016: Ge-FinFET at 10nm
*2018: Nano-wire at 5nm (Si, 
SiGe and Ge)
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Single & Multi-FINFET Double-Gate Devices

Y.K. Choi et al, IEDM-2001

Plasma Doping for Multi-FIN Gate/Poly

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



FinFET Doping Options
3-D FinFET require some form of S/D extension doping under the side wall spacer for 

gate overlap control.  Two basic method of doping are either: 

•Direct junction doping by implantation with or without diffusion using: 

1)Beam-line tilted implantation for electrical conformal doping (JOB reported and Intel 

doing for 22nm FinFET)

2)Plasma implantation for chemical conformal doping (IMEC reported not conformal)

3)Plasma deposition followed by tilted beam-line knock-on doping (SEN reported)

•Deposited doped layer requiring lateral dopant diffusion using:

1)Plasma deposition doping and diffusion (IMEC reported, limited by dopant solid 

solubility)

2)Doped epi deposition and diffusion (IBM reported, limited by dopant solid solubility)

3)Monolayer deposition and diffusion (Sematech/CNSE reported poor dopant solid 

solubility limited)

The problem with lateral dopant diffusion in crystalline-Si is the dopant activation level which 

will be limited by dopant solid solubility in silicon and therefore the peak annealing temperature.  

However, higher dopant activation can be realized at low temperatures if the junction is 

amorphous and recrystalized by using SPE (solid phase epitaxy) recrystalization of the junction 

as also shown in the data by Intel.  Using LPE (liquid phase epitaxy) recrystalization or liquid 

phase dopant diffusion will result in the Highest Dopant Activation Efficiency as I reported EU-

PVSEC-2012 by using laser-melt annealing. This is why monolayer doping and deposition 

doping will not be as good as implanted junctions provided the Right/Optimum implant condition 

is used. This means Hydrogen surface passivation for high enough retained dose and controlled

amorphous junction depth <10nm. 
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• Introduction

• 22nm Node: Bulk-FinFET
– Intel’s HP-logic FinFET, SRAM-FinFET and SOC-FinFET

• 14/16nm Node

• 10nm Node: High mobility SiGe or Ge Fin/channel 

Formation
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8
P+SEG

7-Fins

No n+SEG?

8-Fins

Note p+SiGe SEG not 

merged!
Note n+ SEG not visible!

Dick James, 

Chipworks, 

April 2012



Intel 22-nm nMOS Epi or Not?  To understand 
Intel’s 22nm FinFET process details you must 
know what they did for 32nm planar! 

9

Dick James, X-TEM, Chipworks, April, 2012

Borland disagree, I say amorphous 

implant EOR defects not n+ SEG



Intel IEDM-2012 paper 3.1 on 22nm Tri-gate 

SoC Technology 
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Like for 32nm planar

-pMOS: SDE-implant, S/D recess etch then eSiGe 

-nMOS: SDE-implant, S/D -implant + amorphous Stacking Fault stressor and raised S/D epi
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3.75GPa 850MPa

SSDM-2011: Meiji University

Intel Patent Feb 8, 2010

Filed: April 14, 2008Uof FL 2008
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Meiji Univ. July -2012, Intel 32nm Planar
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VLSI 

Sym 

2006



Intel, VLSI-2006



Chipworks Teardown of Intel 

22nm pMOS FinFET
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Dick James, Chipworks, Semicon/West 2013 WCJUG meeting

32nm



Chipworks Teardown of Intel 

22nm nMOS FinFET

16

Phos-implant?

Phos doped Epi S/D has no recess etch!

Dick James, Chipworks, Semicon/West 2013 WCJUG meeting

Need to look for As also!

32nm

32nm
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But Pss~1.8E21/cm3 so this 

must be chemical and not 

electrical!
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52 Degree Tilt

pMOS nMOS

52 Degree Tilt

22 atoms~7nm

Recess Etch eSiGe 

Epi Raised S/D

+7-9 degree=~60 degree tilt!

Must use hard-mask with 

SEG or thinner PR!

Dick James, X-TEM, Chipworks, April, 2012
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My Sony contact in July 2012 

said 8 degree Fin slope for (551) 

plane reported by Tokoku Univ 

in 6/2007!

Ohmi, Tokoku Univ, SSDM-2013
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Arsenic implant SDE causes amorphization of 

Fin so SPE forms Stacking Fault Stressor?

Dick James, Chipworks, Semicon/West 2014 discussions



June 30th IIT-2014 was Intel Paper

10/15/2014 21

My claims validated, Intel 22nm FinFET uses 45 degree high tilt amorphizing As-implant for SDE as I have 
said for past 2 years with excellent conformal electrical doping as I first reported at Insights 2009 5 years 
ago!  During Q&A I suggested they try shallow amorphous implant with 1keV As to avoid HOT implant.
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High Tilt p+ & n+ Molecular 

Implantation For 3-D Structures: 

Retained Chemical Dose Versus 

Electrical Activation Limited 

Conformal Doping
John Ogawa Borland

J.O.B. Technologies, Aiea, Hawaii

&

Masayasu Tanjyo, Tsutomu Nagayama and Nariaki Hamamoto 

Nissin Ion Equipment, Kyoto, Japan

INSIGHTS 2009

April 28, 2009
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Kennel, Intel, IEEE/RTP 2006

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!

5E20/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.
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IWJT-2011 paper S8-2 by Vandervorst of IMEC was very interesting 

because independently his presentation validated mine with the same 

message!  Electrical dopant conformality and not chemical conformality 

is most important for 3-D Fin structure doping.  IMEC used SIMS for 

chemical dopant and SSRM for electrical dopant analysis and concluded 

that at 45 degree tilt chemical conformality was only 36% but electrical 

conformality was 78% due to dopant solid solubility as determined by 

the 2-D SSRM image of the Fin in Fig.9 and Table1!  This was exactly 

my Insights-2009 message.  He showed that 65 degree tilt was needed 

for 100% electrical conformal doping.
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B, B18, B36, As, As4, P & P4 Retained Dose
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Outline

• Introduction

• 22nm Node: Bulk-FinFET

• 14/16nm Node
– Intel’s SOC bulk-FinFET

– IBM/GF/Samsung/ST Alliance bulk & SOI FinFET comparison

– TSMC bulk-FinFET

– Doping & Annealing Issues to Reduce USJ Variability

• 10nm Node: High mobility SiGe or Ge Fin/channel 

Formation

• Summary
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Intel can still use Bi-mode up to 41 degree tilt 

implant!
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For 22nm I 

said 2 years 

ago Intel 

could use up 

to 52 degree 

tilt but they 

acutally use 

Bi-mode 45 

degree tilt 

implant.

For 14nm I 

estimate Intel can 

use up to 41 degree 

tilt if twist is 0 

degree for bi-mode 

but if twist is 45 

degree then Quad-

mode >45 degree is 

OK! 

Dark Image

SiGe-Fin?



Key Points on IBM 22nm Node Technology at 

IEDM-2012, Will 14nm FinFET Be Similar?

• IBM IEDM-2012

– 22nm PD-SOI 1st successful 

use of eSiC+P recess etch 

raised S/D epi in production at 

Csub~1.5% for 340MPa 

tensile channel strain (while 

Intel’s SF-stressor is up to 

1GPa!)

– IBM simulations show eSiGe 

bulk-Fin only 1-2% better than 

SOI-Fin but IMEC, Synopsys 

and Samsung papers strongly 

disagree!

29
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VLSI Sym 2014 Paper 2.2: Seo of IBM/Samsung/ST/GF on “A 10nm Platform Technology for 

Low Power and High Performance Application Featuring FINFET Devices with Multi Work 

function Gate Stack on Bulk and SOI”.  Finally reported good bulk-FinFET comparison to SOI-

FinFET in fact the bulk FinFET pFET was better than the SOI-FinFET.  
They used embedded p+SiGe S/D for pMOS and 

embedded n+Si-epi S/D for nMOS.  For SOI-

FinFET electron mobility is higher than hole 

mobility by 0.58x but for bulk-FinFET in Fig.8a 

electron and hole mobilities are nearly the same 

and the hole mobility in bulk is 11% higher than 

in SOI even though the bulk-FinFET must use 

channel doping which degrades mobility, bulk 

eSiGe stress is 10% higher than SOI-FinFET 

(Fig.9).  SOI electron mobility is 43% higher.  If 

they use SF-stressor for n+S/D bulk nFinFET 

will have higher electron mobility than SOI too.
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K. L. Saenger,a K. E. Fogel, J. A. Ott, and D. K. Sadana, Research Division, IBM 

Semiconductor Research and Development Center, T. J. Watson Research Center
JOURNAL OF APPLIED PHYSICS 101, 104908 2007

Oct 2011 I discussed SF stressor for FinFETs and Saenger told me 

amorphous SF stressor should work with FinFET!



22nm Node n+ SiC Stressor 

Using Deep PAI+C7H7+P4 With 

Laser Annealing

John Borland1, Masayasu Tanjyo2, Nariaki Hamamoto2, Tsutomu Nagayama2,  Shankar 

Muthukrishnan3, Jeremy Zelenko3, Iad Mirshad4, Walt Johnson4, Temel Buyuklimanli5, David 

Susnitsky5, Hiroshi Itokawa6, Ichiro Mizushima6 and Kyoichi Suguro6

1) J.O.B. Technologies, Aiea, HI

2) Nissin Ion Equipment, Kyoto, Japan

3) Applied Materials, Sunnyvale, CA

4) KLA-Tencor, San Jose, CA

5) EAG, Sunnyvale, CA

6) Toshiba Corporation, Yokohama, Japan

32

IEEE/RTP-2009

C/C7+P4, 

Ge-PAI+C/C7+P4, 

Xe-PAI+C/C7+P4, 

Sb-PAI+C/C7+P4
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22/20nm FinFET CMOS
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CC Wu, TSMC, IEDM-2010, paper 27.1

Will TSMC also use 20nm process doping 

and stressor method for 16nm FinFET too?



TSMC 20nm Node nMOS Stressor?
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TSMC 20nm Node:
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D. James, Chipworks, Oct 2014

TSMC, US Patent #8,674,453 B2, 3/18/14

Is SF-stressor+eSiCP 

epi stressor better?

Intel 32nm 



Intel Reported Implant Variability Effects at IIT-

2014 on nMOS-FinFET
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Angle shadowing causes the vertical left to right asymmetry but the horizontal bottom 

asymmetry is caused by asymmetry in the spot beam size!  So Suguro says ISO-SCAN 

needed (Aug 2004 he told me he sees asymmetrical dumbbell spot beam)

Reducing Variability Still Critical For FinFET So What 

Are The Sources For USJ Variability?
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Implanter Unique Non-Uniformity Signatures 

Due To Localized Tilt Angle/Dose Variation!

=10.4% dose!

=13.9% dose!

Borland et al., IWJT-2007
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Without Spike/RTA, msec Annealing 

Uniformity Signature Is Critical
Spike/RTA: no lamps

Spike/RTA: lamps

Flash Anneal

Laser Anneal

Borland et al., IWJT-2007



Outline

• Introduction

• 22nm Node: Bulk-FinFET

• 14/16nm Node

• 10nm Node: High mobility SiGe or Ge Fin/channel 

Formation
– Selective Ge-epi Fin, blanket Ge-epi, Ge-condensation, aGe-LPE 

(implant, plasma or GCIB)

– Ge p+ and n+ USJ formation and junction leakage issues

• Summary
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V. Moroz, ECS Oct 2010



J.O.B. Technologies (Strategic 

Marketing, Sales & 

Technology)

44

IMEC, ECS Oct 2012

Ge/InP

IIT-2014
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45Bohr, Intel said 9/18: Ge leading candidate for pMOS but for nMOS 

very low leakage problem due to BTBT for both Ge and III-V!

Moroz, Synopsys, May 2014 ECS Conf.
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Victor Moroz, Synopsys, July 

10, 2014 WCJUG seminar. 
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IEDM-2013 short course

Borland: Localized 
Ge-LPE by Laser Melt 
Oct 2004 ECS: Ge-
GCIB/Infusion (E17/cm2)
June 2013 IWJT: Ge-
plasma implant 
(1E17/cm2)
Oct 2014 ECS: Ge-
beamline implant 
(5E16/cm2)

Blanket Ge-layer first 

then Ge-Fin etch

Selective Ge-epi Fin



Boron Activation in Si & Ge
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S. Banerjee, U of TX, invited talk, ECS Sym. on ULSI Process Integration IV, May 2005
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Borland & Konkola, IIT-2014
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Borland & Konkola, IIT-2014



Ge-channel Formation by Ge implant, plasma or 

GCIB doping (n+Si-cap S/D doping)

53

nMOS Ge-channel formation using replacement gate process flow

Borland et al., SST July 2005 & US Patent #7,259,036 Aug 22, 2007

nMOS n+ Si-S/D

Bulk Si-wafer

n+ Si-S/D  Ge-channel

Borland et al., ECS Oct 2004
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GCIB Ge-Doping/Deposition (Solid Phase Epitaxy)
Medium Dose Increase Bss, High Dose Dose Controlled Deposition (DCD)
70nm Ge-DCD on 300mm bulk 

& SOI wafer <0.45% uniformity

a-Ge

a-SiGe

c-Si

47E17/cm2=90nm

Borland et al., ECS Oct 2004
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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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Why is Plasma Ge=1E17/cm2 only 55% Ge while Ge=1E16/cm2 

20% Ge?
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0.0J/cm2 1.0J/cm2 2.5J/cm2

Surface

a-SiGe

EOR damage

Poly-SiGe

a-Ge

EOR damage

Surface

Strain-Ge

Surface

a-Ge

EOR damage



0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

M
o

b
il
it

y
 (

c
m

2
V

-1
s

-1
)

Depth (Å)

Mobility JA14ED12-1

Drift

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Depth (Å)

Ge=1E17/cm2 + BH=4E16/cm2

Ge=1E16/cm2 + BH=4E15/cm2

>4x hole-mobility Ge>25%!

UCLA Hall Analysis of 308nm
Slot#14:Ge=1E16+B=4E15

Slot#18: Ge=1E17+B=4E16

Ge=0%+BH=4E16/cm2



Liquid Phase Epitaxy (LPE) 

Formation of Localized High 

Quality/Mobility Ge & SiGe by High 

Dose Ge-Implantation with Laser Melt 

Annealing for 10nm and 7nm Node

Oct 6, 2014 ECS Conference on SiGe & Ge Technology

John Borland1,2, Michiro Sugitani3, Peter Oesterlin4, Walt Johnson5, Temel 

Buyuklimanli6, Robert Hengstebeck6, Ethan Kennon7, Kevin Jones7 & Abhijeet Joshi8

1JOB Technologies, Aiea, Hawaii
2AIP, Honolulu, Hawaii

3SEN, Shinagawa, Tokyo, Japan
4Innovavent, Gottingen, Germany
5KLA-Tencor, Milpitas, California
6EAG, East Windsor, New Jersey

7University of Florida, Gainsville, FL
8Active Layer Parametrics, LA, CA
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O->

Si->
Ge->

Total Sb
.            Depth    Dose  
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Total Sb  0.2-69.1   8.85E15

Fig #03  Y0DKY928_YR_37  Sample 3 Si Sb+Ge 3E15 5E16 No Anneal (Sb, Ge)

1/11/2014

Ge deposition~7nm?

SIMS verify Ge deposition!

Ge=3keV/5E16 Amorphous Depth~15nm!



X-TEM For Ge+Sb 3E13 & 3E15
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No Anneal

Ge+Sb=3E15

Ge=100% 15nm

TW=2800

1.6J/300ns

Ge+Sb=3E15

Ge=?

TW=1600

4J/1200ns

Melt=25nm

Ge+Sb=3E15

Ge=95% 20nm

TW=1700

1.6J/300ns

Melt=15nm

Ge+Sb=3E13

Ge=50% 15nm

TW=<1100

4J/1200ns

Melt=13nm

Ge+Sb=3E13

Ge=50% 10nm

TW=<1100
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>3x electron-mobility 



J.O.B. Technologies (Strategic 

Marketing, Sales & 

Technology)

63

Si-Photonics paper K-1-1 on “Ge Active Photonic Devices on Si for Optical Interconnects” was a 

invited review paper so no new data only a review.  In Fig.2 below he showed a 800oC Ge-Epi 

post anneal can reduce TDD from 109/cm2 to <107/cm2.  Fig.4 shows the Si-cap for n+ doping of 

the PIN.

Univ of Tokyo, SSDM-2013
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IWJT-2014 Paper S1-02: Wang of Excico on “Laser Thermal Annealing: A low thermal budget 

solution for advanced structures and new materials”.  In his presentation material he showed an 

interesting slide of a Ge-Fin structure after Ge-epi it had large epi Fin defects but after laser melt 

annealing the Ge-Fin showed no defects.  



Ge-channel Formation by Ge implant, plasma or 

GCIB doping (n+Si-cap S/D doping)

65

nMOS Ge-channel formation using replacement gate process flow

Borland et al., SST July 2005 & US Patent #7,259,036 Aug 22, 2007
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Outline
• Introduction

• 22nm Node: 

• 14/16nm Node:

• 10nm Node: 

• Summary
– High tilt 35-45 degrees bi-mode or quad-mode implantation will continue 

to be used for FinFET SDE & S/D doping for 14nm, 10nm and 7nm 

node. 

• Amorphous implantation of the Fin is Good as it leads to highest dopant 

activation and stacking fault stressor formation.

– Ge or SiGe-FinFET at 10nm or 7nm node will require Ge-epi first 

approach for low defects by CVD or LPE and mesa etch sidewalls.

• Low Ge-Fin n+ junction leakage will require <625C activation, Si-capping 

layer or mesa etch sidewalls.

• Implant damage also creates acceptors so amorphization is preferred for p+ 

& n+ junctions in Ge

• Laser melt annealing best for localized shallow n+ USJ.
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