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2 Metrology

2003

Materials

End Process

low-k Cu

Cu

CIM computer integrated manufacturing

APC advanced process control ”

CoO(Cost Of Ownership)

CD Critical Dimension

RMS Reference Measurement Systems

( Reference
Reference Materials )
)
FEP Front
IC

IC

P/T Measurement Precision to Tolerance
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Ratio L pT SPC Statistical

Process Control

“ (Sensor Based Metrology)”

Infrastructure needs

“MEMS Micro-Electro-Mechanical Systems v

! For example, refer to SEMI E89-0999  “ GLide For Measurement System Capability Analysis”
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45nm 2009

115 10

115 Metrology Difficult Challenges

5 > 45nm 2009

robust sensors

RTA
starting materials
SOI
SOI
SOI
CD SOI
Cu (low-k)
(low-k) 3 CD
high-k
low-k
Si  SOI
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5 45nm 2010

3 SEM

45nm

Cu

* SPC(Statistical Process Control) -

Beyond 2009 2009 2010
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6 Metrology

116-120
2 3 2D
3D
2
116a Metrology Technology Requirements—Near-term
Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM Y% Pitch (nm) 100 ) 80 70 65 57 50
MPU/AS C Metal 1 (M1) % Pitch (nm) 120 107 %5 85 76 67 60 |MPU/ASC
MPU/AS C Un-contacted Poly ¥ Pitch (nm) 107 ) 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 5 32 28
MPU Physical Gate Length (nm) 45 37 L7 28 25 2 20

Microscopy

Inline, nondestructive microscopy process resolution (nm) for
P/T=0.1

Microscopy capable of measurement of patterned wafers

MPU Gate

having maximum aspect ratio / diameter (nm) (DRAM D1/2
contacts) [A] 120 107! 95 85 76 67 60
Materials and Contamination Characterization
Real particle detection limit (nm) [B] 45 37 32 28 25 22 20 MPU
Minimum particle size for compositional analysis (dense lines 33 30 27 23 22 19 17 D1/2
on patterned wafers) (nm)
Specification limit of total surf tamination for critical

peettication imit o fola’ suriac contamination for entical | 5 oe09 | 5.0E+09 | 5.0E+09 | 5.0E+09 | 5.0E+09 | 5.0E+09 | 5.0E+09 | MPU Gate
GOI surface materials (atoms/cm”) [C]
Surface detection limits for individual elements for critical
GOI elements (atoms/cmz) with signal-to-noise ratio of 3:1 5.0E+08 | 5.0E+08 | 5.0E+08 | 5.0E+08 | 5.0E+08 | 5.0E+08 | 5.0E+08 | MPU Gate

for each element

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Manufacturable solutions are NOT known

116a 116b

[C] FEP

116a  Microscopy

Interimsolutionsareknoan (4
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116b Metrology Technology Requirements—L_ong-term

7 Metrology

Year of Production 2010 2012 2013 2015 2016 2018 Driver
Technology Node hp45 hp32 hp22
DRAM %2 Pitch (nm) 45 35 32 25 22 18
MPU/ASC Metal 1 (M1) ¥z Pitch (nm) 54 12 38 30 27 21
MPU/AS C Un-contacted Poly 2 Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Microscopy
Inline, nondestructive microscopy process resolution (nm) for P/T=0.1 0.13 0.12 ‘ 0.09
Microscopy capable of measurement of patterned wafers having >20 >20 ‘ >20
maximum aspect ratio / diameter (nm) (DRAM contacts) [A] 35 30 ‘ 25
Materials and Contamination Characterization
Real particle detection limit (nm) [B] 18 14 13 ‘ 10 9 7
Minimum particle size for compositional analysis (dense lines on 15 12 1 8 7 6
patterned wafers) (nm)
Specification limit of total surface contamination for critical GOI surface
. 2 5.00E+09|5.00E+09|5.00E+09|5.00E+09 |5.00E+09|5.00E+09
materials (atoms/cm”) [C]
Surface detection limits for individual elements for critical GOI elements
20 Lo . . 5.00E+08|5.00E+08|5.00E+08|5.00E+08 |5.00E+08|5.00E+08
(atoms/cm”) with signal-to-noise ratio of 3:1 for each element
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4
Manufacturable solutions are NOT known ;
[11 ”
35nm 1
LSI
(1] 7 (13 7
13 Cu 7 [ l OW—k 7
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2 3
(Microscopy)
2 “IC Integrated Circuit
CD
IC
Telepresence
” IC
SEM Scanning Electron Microscopy
CD
at-line
offline
65nm CD (
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9 Metrology

SEM
SEM
SEM
SEM
(13 7 SEM
CD (13
90nm
3
FIB Focused Ion Beam TEM(Transmission Electron
Microscope ) STEM(Scanning Transmission Electron Microscope
) FIB
SPM Scanning Probe Microscopy CD-SEM Critical Dimension
Measurement Scanning Electron Microscope
SPM (1] 3 7
nm
(Far-field Optical Microscopy) )

Near-field Microscopy
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” SEM SPM
SPM SPM SPM
SEM
SPM
SPM SEM
SEM SEM
SEM
L ithography metrology
4
MEF Mask Error Factor
CD
CD IC
CD
CD [13 7
CD-SEM
193nm
157nm
“ ” CD-SEM
CD-SEM
CD-SEM
CD-SEM CD-SEM
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11 Metrology

CD

SEM AFM
CD

CD-AFM(Critical Dimension Measurement-Atomic Force Microscope)

SEMI

CD

CD-AFM  90nm

FIB SEM+FIB

CD

LER Line Edge Roughness
LWR Line Width Roughness

LER LWR
LWR
2001 ITRS LER
LER

2001 LWR LER

CD-SEM
LER
LER LWR

2 A.C. Diebold and D. Joy. CD measurements for Future Technology Generations. Solid State Technology, June 2003.

3 K. Patterson, J.L. Surtevant, J. Alvis, N. Benavides, D. Bonser, N. Cave, C. Nelson-Thomas, B. Taylor, K. Turnquest, Experimental
Determination of the Impact of Polysilicon LER on sub-100 nm Transistor Performance, In Metrology, Inspection, and Process Control for
Microlithography XV, SPIE Vol 4344, 2001, pp 809-814.

CD
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ITRS
golden ”
Uncertainty ”
“ P(TMU)” P(TMU)
CD
CD
SEM CD-AFM
CDh
FIB
CD

SEM

SEM
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13 7 SEM

CD
ARC Anti-Reflective Coating
low-k SOI
SOI
Kramers-Kronig
n k
157nm EUV
Si Si
SPM SEM

CMP chemical

mechanical polishing
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14 Metrology

Low-k low-k

EUV

117a Lithography Wafer Metrology Technology Requirements—Near-term

Year of Production 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hpoo hp65

DRAM ¥ Pitch (nm) 100 | 9 | 80 70 | 65 | 57 | 50
MPU/ASIC Metal 1 (M1) % Pitch (nm) 20 | 107 | 95 | 8 | 7 | 67 | 60
MPU/ASIC Un-contacted Poly ¥ Pitch (nm) 07 | 9% | 80 70 | 6 | 57 | 50
MPU Printed Gate Length (nm) 65 | 53 | 45 | 40 | 3B | 32 | 28
MPU Physical Gate Length (nm) 45 | 37 | R 28 | x5 | 2| 2

Printed gate CD control (nm), Uniformity (variance) is 10% of CD
Allowed lithography variance = 4/5 total variance of physical gate length [A]*

Wafer dense line CD control (nm) *, Uniformity is 15% of CD
Allowed lithography variance = 2/3 total variance

Wafer minimum contact hole (nm, post etch) from lithography tables 115 100 90 80 70 65

122 | 11.0 9.8 8.6 8.0 7.0 6.1

Wafer contact CD control (nm)*, iformity is 15% of CD = minimum contact hole size,
Allowed lithography variance = 2/3 total variance

Line width roughness (nm, 3 ) <8% of CD *** *—36 d . . d 1.8

141 | 122 | 110 9.8 8.6 8.0 6.7

Wafer CD metrology tool precision (nm) *
3o at P/T = 0.2 for isolated printed and physical lines [A]

Wafer CD metrology tool precision (nm) *, ( P/T=.2 for dense lines**) 24 . . . d 14 12
Wafer CD metrology tool precision (nm) * (P/T=.2 for contacts**) 2.8 : . d . 1.6 13

0.8 = L ; ] 0.4

Wafer CD metrology tool precision (nm) * (P/T=.2) for LWR*** 0.72 0.352 0.32
Maximum CD measurement bias (%) [B] 10
Wafer overlay control (nm) 35 32 28 25 23 21 19
Wafer overlay output metrology precision (nm, 3 ¢)* P/T=.1 35 3.2 2.8 25 2.3

* nm 30

ok

Hokk LER LWR

LER *“ 2 “ 30

LWR LWR=V 2x (LER)

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4

Manufacturable solutionsare NOT known _

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003
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117b Lithography Metrology Technology Requirements—L_ong-term

Year of Production 2010 2012 2013 2015 2016 | 2018
Technology Node hp45 hp32 hp22

DRAM %2 Pitch (nm) 45 35 32 25 22 18
MPU/ASIC Metal 1 (M1) ¥z Pitch (nm) 54 42 38 30 27 21
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7

Printed gate CD control (nm), Uniformity (variance) is 10% of CD

Allowed lithography variance = 4/5 total variance of physical gate length [A] * = ' e Ty

Wafer dense line CD control (nm) *, Uniformity is 15% of CD

Allowed lithography variance = 2/3 total variance 22 : B el &l 2

Wafer minimum contact hole (nm, post etch) from lithography tables 50 35 30 25 21 18

Wafer contact CD control (nm)*, Uniformity is 15% of CD = minimum contact hole size,
Allowed lithography variance = 2/3 total variance

6.1 4.3 3.7 3.1 2.6 2.2

Line width roughness (nm, 3 ) <8% of CD *** 14 11 10 0.8 0.7 0.6

Wafer CD metrology tool precision (nm) * ‘

3o at P/T = 0.2 for isolated printed and physical lines [A] UE o= vz ‘ L7 g o
Wafer CD metrology tool precision (nm) * (P/T=.2 for dense lines**) 11 0.9 0.8 ‘ 0.6 0.5 0.4
Wafer CD metrology tool precision (nm) * (P/T=.2 for contacts**) 12 0.9 0.7 ‘ 0.6 0.5 0.4
Wafer CD metrology tool precision (nm) * (P/T=.2) for LWR*** 0.288 0.224 0.208 ‘ 0.16 0.144 0.112
Maximum CD measurement bias (%) [B] 10 10 10 10 10 10
Wafer overlay control (nm) 18 14 12.8 ‘ 10 8.8 7.2
Wafer overlay output metrology precision (nm, 3 c)* P/T=.1 13 1.0 0.9 0.7

* nm 30

wok

Hkx LER LWR

LER * “ 30

LWR LWR=V 2x (LER)

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4

Manufacturable solutionsare NOT known _

117a 117b

[A] CD
(process range) “ ”
CD
25nm CD
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118a Lithography Metrology (Mask) Technology Requirements: Optical—Near-term

Year of Production 2003 2004 2005 | 2006 | 2007 | 2008 | 2009
Technology Node hp90 hp65
DRAM Y2 Pitch (nm) 100 90 80 70 65 57 50
MPU/ASC Metal 1 (M1) %2 Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Printf:d gate CD control (nm) allowed lithography variance = 4/5 total variance of ¢40
physical gate length [A] *
Wafer overlay control (nm) 35
Wafer minimum contact hole (nm, post etch) from lithography tables 115
Wafer contact (;D control (nn})*, Uniformity is 15% of CD = minimum contact hole 141
size, Allowed lithography variance = 2/3 total variance
Mask nominal image size (nm) [B] 260
Mask minimum primary feature size [C] 182

Optical Section
Minimum OPC size (opaque at 4x, nm) [D] 130
Image placement (multipoint at 4x, nm) 21
CD uniformity allocation to mask (assumption) 0.4
Mask error factor (MEF) from lithography tables isolated lines, binary 14 14 14 14 16 16 16
MEF isolated lines, alternating phase shift [G] 1 1 1 1 1 1
MEF dense lines [G] 2 2 2 2 25
MEF contacts [G] 3 3 3 3 35 4 4
CD Uniformity (3 Sgma at 4x, nm) Refer to Lithography Chapter Table for Optical Mask Requirements

Isolated lines (MPU gates), binary Uniformity is 10% of CD [E], [F] d . 22 20 18
Isolated lines (MPU gates), alternated Uniformity is 10% of CD [E], [G] : ) d 3.6 31 29
Dense lines (DRAM half-pitch) Uniformity is 15% of CD [E], [H] g d d . 51 3.7 33

Wafer minimum contact hole (nm, post etch) from lithography tables

Mask contact CD control (nm)*
Uniformity is 15% of CD = minimum contact hole size
Allowed lithography variance = 2/3 total variance

Mask image placement metrology (precision, P/T=0.1)

Mask CD metrology tool precision®
(P/T=0.2 for isolated lines, binary**) : 08 0.7 06 04

Mask CD metrology tool precision*®
(P/T=0.2 for isolated lines, alternated**)

Mask CD metrology tool precision* (P/T=0.2 for dense lines**)

0.9 0.8 0.7

0.8

Mask CD metrology tool precision* (P/T=0.2 for contact/vias**) 0.7 0.5 04 0.4

Foecific Requirements

Alternated PSM phase mean deviation

Phase metrology precision, P/T=0.2

Alternated PSM phase uniformity (+degrees)

Phase uniformity metrology precision, P/T=0.2

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interimsolutions areknown  [@

Manufacturable solutions are NOT known _
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118b Lithography Metrology (Mask) Technology Requirements: EUV—Near and Long-term

Year of Production 2008 | 2009 | 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22

DRAM Y2 Pitch (nm) 57 50 45 35 32 25 2 18
MPU/ASC Metal 1 (M1) ¥2Pitch (nm) 67 60 54 42 38 30 27 21
MPU/AS C Un-contacted Poly 2 Pitch (nm) 57 50 45 35 32 25 2 18
MPU Printed Gate Length (nm) 32 28 25 20 18 14 13 10
MPU Physical Gate Length (nm) 2 20 18 14 13 10 9 7

EUV

Image placement error (nm, multipoint)

CD Uniformity (3sigma at 4x, nm)

Isolated lines (MPU gates), Uniformity is 10% of CD ‘

Mask error factor varies with year 0.7 0.5 0.4

Dense lines (DRAM half-pitch), Uniformity is 15% of CD
Mask error factor varies with year

3.0 25 2.0 ) 13
|
DI -
65 30

‘Wafer minimum contact hole (nm, post etch), from lithography tables 55 50 35 25 pal 18

Contact/Vias, Uniformity is 10% of CD mask error factor varies with year “
0.6 0.5 0.3 0.3 0.1

Mask CD metrology tool precision*, (P/T=0.2 for isolated lines)** 04 0.1 0.1
Mask CD metrology tool precision*, (P/T=0.2 for dense lines)** 25 22 1.8 13 11 0.4 0.3 0.2
Mask CD metrology tool precision*, (P/T=0.2 for contact/vias)** 16 14 13 (0X°] 0.7 0.5 0.4 0.3
Foecific Requirements
Mean peak reflectivity
Peak reflectivity uniformity (3 sigma %) 0.48% 0.42% 0.36% 0.30% 0.24%
Absorber sidewall angle tolerance (degrees) 0.62 0.5 0.5 0.5 0.5
Absorber LER (3 sigma, nm) g BI5 3 3 ] 2 2
Mask substrate flatness (peak-to-valley, nm) 40 35 25 25 20
Metrology mean peak reflectivity precision (P/T=0.2, %) 1.30% 1.30%  1.30% 1.30% 1.30% 1.30% 1.30% 1.30%
Peak reflectivity uniformity metrology precision, (3 sigma, P/T =0.2) 0.12% 0.11% 0.11% 0.10% 0.08% 0.07% 0.06% 0.05%
Absorber sidewall angle metrology precision, (degrees 3 sigma, P/T =0.2) 0.2 0.2 015 0124 01 0.1 0.1 0.1
Absorber LER metrology precision (3 sigma, P/T=0.2) 0.9 0.8 0.7 0.6 0.6 0.6 04 04
Mask substrate flatness metrology precision, (nm 3 sigma, P/T=0.2) 12 11 10 8 7 5 5 4
Fx nm 30
*k
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4
Manufacturable solutionsare NOT known _
118a 118b
[A] CD
(process range) «“ ?
CD
25nm CD
[B] — 4
[C] —CD OPC
[D] OPC —

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003
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[E] “ CD process range CD 3¢ CD 1/10
4/5 CD 15% 4/5 CD 15% 273
40
MEF CD
MEF
[F] 65nm 1.4 1.6
[G]
[H] 70nm 2 100 65nm 2.5 57nm
50nm 3
0 70nm 3 100 65nm 3.5 57nm
50nm 4

118c Lithography Metrology (Mask) Technology Requirements. EPL—Near and long-term

Year of Production 2008 2009 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22

DRAM Y2 Pitch (nm) 57 50 45 35 32 25 2 18
MPU/ASC Metal 1 (M1) %2 Pitch (nm) 67 60 54 42 38 30 27 21
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 57 50 45 35 32 25 22 18
MPU Printed Gate Length (nm) 32 28 25 20 18 14 13 10
MPU Physical Gate Length (nm) 22 20 18 14 13 10 9 7
Wafer gate CD control*

Wafer overlay control*

Minimum stitching feature size (nm)

Image placement error in sub-field (nm, multipoint)

Complementary mask pair placement error (nm, multipoint) for stencil mask

Metrology stitching precision, (3 sigma, P/T=0.1)

Mask image placement metrology precision, (3 sigma, P/T =0.1)

Complementary mask pair metrology precision, (3 sigma, P/T =0.1)
CD Uniformity (3sigma at 4x nm)

Isolated lines (MPU gates), Uniformity is 10% of CD

Dense lines (DRAM half-pitch), Uniformity is 15% of CD

Wafer minimum contact hole (nm, post etch) from lithography tables

Contact/Vias, Uniformity is 15% of CD mask error factor is 1

Mask CD metrology tool precision*, (P/T=0.2 for isolated lines)**

Mask CD metrology tool precision*, (P/T=0.2 for dense lines)**

Mask CD metrology tool precision*, (P/T=0.2 for contact/vias)**

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interimsolutions areknown |4

Manufacturable solutions are NOT known _
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118c Lithography Metrology (Mask) Technology Requirements. EPL—Near and long-term (continued)

Year of Production 2008 2009 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp45 hp32 hp22

DRAM Y2 Pitch (nm) 57 50 45 35 32 25 22 18
MPU/ASC Metal 1 (M1) %2 Pitch (nm) 67 60 4 42 38 30 27 21
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 57 50 45 35 32 25 22 18
MPU Printed Gate Length (nm) 32 28 25 20 18 14 13 10
MPU Physical Gate Length (nm) 22 20 18 14 13 10 9 7
Joecific requirements

Clear area transmission uniformity (3 sigma %) for membrane TBD TBD |0.70% | TBD |0.60% | TBD [MeAtsPZRSmI=10)

Energy loss (delta E/E) (%) for membrane TBD TBD |0.07% | TBD [oK0sEZRumy=10RNN N0z /R =1b)

Scatterer sidewall angle tolerance (degrees)

Scatterer/stencil LER (3 sigma, nm) TBD TBD

Energy loss metrology precision (3 sigma, P/T =0.1) TBD 0.01% ‘ TBD ‘ 0.01% TBD 0.00% TBD

01

Sidewall angle metrology precision (3 sigma, P/T =0.2)

Metrology transmission uniformity precision (P/T=0.2, %) TBD TBD 0.07% TBD ‘ 0.06% TBD 0.05% TBD
B

\o 01 01 01 01
6 _TBD |

LER metrology precision (3 sigma, P/T=0.2) TBD TBD TBD 0.3 TBD

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4

Manufacturable solutionsare NOT known _

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003
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2004 2007 2010 2013 2016 2019
2003 2005 2006 2008 2009 2011 2012 2014 2015 2017 2018

Technology Node hp90 hp65 hp45 hp32 hp22 hp16

WAFER LEVEL
90 nm node
CD-SEM
Scatterometry + on-trac scatterometry

CD-SPM - off-line

65 nm node
CD-SEM

CD-SPM
High-voltage CD-SEM

Dual column FIB (destructive)

45 nm node

CD-SEM
Scatterometry + on-trac scatterometry

CD-SPM

High-voltage CD-SEM
Innovative method

Dual column FIB (destructive)

32 nm to 16 nm node
CD-SEM

Scatterometry + on-trac scatterometry

CD-SPM
High-voltage CD-SEM
E-holography / innovative method

Dual column FIB (destructive)

MASK CD METROLOGY

90 nm node

Optical
SEM
SPM

65 / 45 nm node
Optical
SEM / e-SEM with charge compensation
SPM

Innovative method

32 nm node
SEM / e-SEM with charge compensation

SPM
Innovative method

I Rescarch Required  [IIN] Development Underway [ ] Qualification/Pre-Production V777777 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

81 Lithography Metrology—CD Measurement Potential Solutions
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2004 2007 2010 2013 2016 2019

2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |

Technology Node hp9o hp65 hp45 hp32 hp22 hp16

OVERLAY METROLOGY

90 nm node
Optical
SEM

65 nm node
Optical
SEM

AFM and innovative

45/32 nm node
Advanced optical

SEM
AFM and innovative

MASK IMAGE PLACEMENT
90 nm - interferometry

.

65 nm — interferometry and moire

45 nm — interferometry, moire, and
innovative

32 nm - interferometry, moire, and
innovative

22 nm - interferometry, moire, and
innovative

I Resecarch Required [N Development Underway [ ] Qualification/Pre-Production V77777 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

82 Lithography Metrology—Overlay Potential Solutions

FEP Front End Processes M etr ology

FEP

FEP 119 83
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119a Front End Processes Metrology Technology Requirements—Near-term

Manufacturable solutions are NOT known

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM ¥z Pitch (nm) 100 20 80 70 65 57 50
MPU/ASC Metal 1 (M1) ¥z Pitch (nm) 120 107 9% 85 76 67 60
MPU/AS C Un-contacted Poly
3/ Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 R 28
MPU Physical Gate Length (nm) 45 37 32 28 25 2 20
Bulk control limitsfor trace metalsfor bulk
silicon and SO topsilicon layer. <1x10™ | <1x10"® | <1x10" | <1x10"® | <1x10'® | <1x10" | <1x10™
(Feconcentrationin atons/cm3)
Bulk detection limits for trace metals for bulk
silicon and SO topsilicon layer. <1x10’ | <1x10° | <1x10° | <1x10° | <1x10° | <1x10° | <1x10°
(Feconcentrationin ator'rs/cm3)
High-performance logic EOT equivalent
oxide thickness (EOT) nm 13 12 11 0.9 0.8 0.7
Low-operating power logic EOT 2.2 21 2 18 17 1.6
* 3o didectric process range (EOT) (nm) +4% +4% +4% +4% +4% +4% +4%
EOT measurement precision 3o (nm) [B] 0.0052 0.0048 0.0044 0.004 0.0036 0.0032 ‘ ()N0[0 22 I hi gh-perform
. . . Cylinder/ | Cylinder/
DRAM stacked capacitor structure Cylinder | Cylinder pedestal | Pedestal Pedestal | Pedestal | Pedestal
DRAM stacked capacitor eectrodes MIS MIS/MIM MIM MIM MIM MIM MIM
TayOs/ TayOsg/ TayOs/ TayOs/

DRAM stacked capacitor dielectric material TEI‘ZOS’ T‘TZOS’ T"TZOEJ AOs | ALOs | AOe | ALO.

Al20s | Al20s Al20s others others others others
DRAM stacked capacitor dielectric constant 22 22 40 50 50 50 50

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4
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119a Front End Processes Metrology Technol ogy Requirements—Near-term (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM Y2 Pitch (nm) 100 0 80 70 65 57 50
MPU/ASC Metal 1 (M1) %2 Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C Un-contacted Poly

s Pitch (nm) 107 0 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 2 20
Equivalent oxide thickness (EOT) (nm) for stacked
capacitor 35 23 18 14 0.8 0.8 0.8
DRAM stacked capacitor dielectric
physical thickness (nm) 19.3 12.7 18.0 175 10 10 10
+3 oprocessrange +4% +4% +4% +4% +4% +4% +4%
DRAM capacitor dielectric
physical thickness measurement precison 0.077 0.051 0.072 0.070 0.040 0.040 0.040
(nm30) [C]
Dopant concentration NA, New | NA, New
[channel meximurT] 1.5-2.5E18|1.5-2.5E18|1.5-2.5E18 2.0—;.0E12.5— g'OEl Device on | Device on
(atomsien?) for Vi = 0.4 FDSOI | FDSOI
Dopant atom P, As,B P, As,B P,As,B |P,As,B|P,As,B| P,As,B P, As, B
Metrology for junction depth
[based on drain extension] of (nm) 19 15 13 12 10 22 20
Note change to different structure for 2008
Lateral steepness of dopant profile (nm/decade) 5 4.1 35 3.1 2.8 na na
Lateral/depth spatial resolution
for 2D/3D dopant profile (nm) 5 41 35 31 28 28 28
At-line dopant concentration precision
(across concentration range) [D] 4% 4% 4% 4% 4% 4% 4%

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interimsolutionsareknown |4

Manufacturable solutions are NOT known ;
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119 Front End Processes Metrology Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22
DRAM ¥4 Pitch (nm) 45 35 &) 25 2 18
MPU/ASC Metal 1 (M1) ¥ Pitch (nm) 120 107 % 85 76 67
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Bulk control limitsfor trace metals for bulk silicon and SOI top 10 10 10 10 10 10
silicon layer. (Fe concentration in atoms/cm3) Y Y Y Y Y <1x10

silicon layer. (Fe concentration in atorrs/cms)

Bulk detection limitsfor trace metals for bulk silicon and SOI top

<1><109

High- performancelogic EOT [A]
eguivalent oxide thickness (EOT) nm

TBD

Low-operating power logic EOT

TBD

+ 3o processrange (EOT) (nm)

+4%

Logic dielectric measurement precision 3o (nm) [B]

0

DRAM stacked capacitor structure dielectric material process

Pedestal Pedestal Pedestal Pedestal Pedestal

control requirements MIM MIM MIM MIM MIM
(Didlectric constant) 50 60 60 80 80
Equivalent oxide thickness (nm) stacked capacitor 0.7

DRAM stacked capacitor dielectric physical thickness (nm)

8.8

<1><109

0.5

TBD
+4%
(010074

Pedestal
MIM

100
0.25
6.3

#3oprocessrange[C] +4% +4% +4% +4% +4% +4%
Erﬁgm%‘?g]mic physical thickness measuremment 0.035 0.036 0.03 0.032 0.032 0.025
NA NA NA NA NA NA
Dopant concentration [channd maximud (atons/cms) NeW(IJZLeVice NeW(IJZLeVice New(lj::]evice New(lj::]evice New(lj::]evice New(l)::]evice
FD SOI FD SOl FD SOI FD SOI FD SOI FD SOI
Dopant atom P,As,B P,As,B P,As,B P,As,B P,As,B P,As,B
Metrology for junction depth [ based on drain extension] (nm)

Lateral Seepness of dopant prafile (nm/decade)

Lateral/depth spatial resolution for 2D/3D dopant profile (nm)

At-line dopant profile concentration precision (across
concentration range) [ E]

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are NOT known

Manufacturable solutions are known
Interim solutions are known

119a 119
[A] SOI
[B] P/T=0.1=6x Si02
SiON  SiN/SiO2 130-100nm Si02 Ta,0s
70nm 100nm
EOT € high—k/ €ox 6.4nm Ta,Os =25 EOT=Inm SiO2
k=3.9 EOT
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[C] MIS tgia  taie(tegox- 1NM)giel X Enighi/3.9
MIM thiel  taie™ teqox X€ highi/3.9
te:q,ox Si02 € high-k
[D]
Sarting Materials — SOI  Si
e pt SOI Si SSOI Si Ni Cu
. SOI Si 10°-10"%m>  Fe
R 1x 104
o SOI <20nm
° HF
. <100nm
2-20
<50nm
90nm 90nm 90nm
90 nm
FEP Starting Materials

I Slicon-On-Insulator IC
SO1I
SOI
SOI SOI

FEP Starting Materials

2001 SOI Si

Si (Materials Characterization)

Surface Preparation —

in-situ

high-k
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Thermal/Thin Films — SiON high-k

High-k
FEP 2005
High-k

High-k

High-k STEM X

FERAM — 100 200nm

— 90nm
Thermally Modulated Optical Reflectance
B P As
B P As X

In-line Electron Microprobe System

Secondary Ion Mass Spectroscopy

TCAD technology computer-aided design

Carrier Illumination
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082009 | 20112012 | 20142015 | 2017 2018 |

Technology Node hp9o hp65 hp45 hp32 hp22 hp16

GATE DIELECTRIC METROLOGY
65 nm node

Advanced ellipsometry
X-ray reflectivity
Clustered / integrated metrology

45 nm node

Advanced ellipsometry
X-ray reflectivity
Clustered / integrated metrology

45 nm node with metal gate

X-ray reflectivity
Clustered / integrated metrology

32 nm node

Advanced ellipsometry
X-ray reflectivity
Clustered / integrated metrology

II&

32 nm node with metal gate
X-ray reflectivity
Clustered / integrated metrology

32 nm node FinFet, etc

Innovation for sidewall dielectric
measurement | [ NN 7/

DOPANT METROLOGY

Dose — all methods [A]

Junction depth — [B]

I Rescarch Required [N Development Underway [ ] Qualification/Pre-Production V7777772 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

[A] 4 TMOR +XRF

SIMS Secondary lon Mass Spectroscopy
[B] SIMS

83 Front End Processes Metrology Potential Solution

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



28 Metrology

Cu/low-k

Cu

CMP
low-k
Ellipsometric Porisimetry
Cu

Cu

low-k

CD

Low-k

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS:

120

CD

Cu
Cu
120
2003

180nm 130nm
Cu CMP
CMP
CD
CD
84

Cu
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120a I nterconnect Metrology Technology Requirements—Near Term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65

DRAM Y2 Pitch (nm) 100 90 80 70 65 57 50
MPU/ASC Metal 1 (M1) ¥ Pitch (nm) 120 107 95 85 76 67 60
MPU/AS C Un-contacted Poly %2 Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
“’Eﬁ:ﬁ'fgym:grfgf‘gg&ﬁ f’@ﬂ%gggﬁ 'L'\']thographyf'dd 500 500 500 500 500 500 500
Measurement of deposited barrier layer at thickness (nm) / 12 10 9 8 7 6 6
Processrange (+ 30) 10% 10% 10% 10% 10% 10% 10%
Precision 1s(nm) for P/T=0.1[B] 0.12 0.1 0.09 0.08 0.07 0.06 0.06
Detection of post deposition and anneal process voids at or exceeding

listed size (nm) when these voids congtitute 1% or more of total metal ! : 5.7

level conductor volume of copper linesand vias.

Detection of killer porein ILD at (nm) size : 5.7
Measureinterlevel metal insulator bulk/effective diglectric constant («) <24
and anisotropy on patterned stiructures [C] 3.0-3.6 XNk

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interimsolutions areknown |9

Manufacturable solutions are NOT known ;

120a 120b
[A] CMP
Cu CMP
[B] 65nm
Manufacturable Solutions are Known /
45nm
[C] DRAM

Low-k 40GH

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



30 Metrology

120b I nterconnect Metrology Technology Requirements—Long-term
Year of Production 2010 2012 | 2013 | 2015 | 2016 | 2018 | Driver
Technology Node hp45 hp32 hp22
DRAM Y2 Pitch (nm) 45 35 32 25 2 18
MPU/ASC Metal 1 (M1) %2 Pitch (nm) 120 107 95 85 76 67
MPU/AS C Un-contacted Poly ¥z Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
M_et_rologyfor maintaining planarity requirements: lithography field (mmx mm) for MPU
minimuminterconnect CD (nm) [A]

Precison 1o (nm) for P/T=0.1[B]

Measurement of deposited barrier layer at thickness (nm)/Processrange (+ 30)

Metrology capability to measure Cu thinning at minimum pitch due to erosion (nm), 10%
x height, 50% areal density, 500 pm square array

Detection of post deposition and anneal processvoids at or exceeding listed size (nm)
when these voids condtitute 1 % or more of total metal level conductor volume of copper

lineand 5% of vias.

Detection of killer porein ILD at (nm) size

Measureinterlevel metal insulator bulk/ effective diglectric constant (x) and anisotropy

<1.9
on patterned structures at 5x to 10x clock frequency (GH2) [C] 21

Manufacturable solutions are known
Interimsolutionsareknown |4
Manufacturable solutionsare NOT known _
Low-k
Low-k CMP
n-situ low-k
X SAXS

low-k

Low-k 40GHz

1 GHz 10 GHz
CMP low-k
low-k

Manufacturable solutions exist, and are being optimized
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<21

23

<1.7

19

<1.7
19

<1.6

18

<15
1.7

CMP

SAXS

Low-k

MPU

MPU

MPU

MPU

MPU




CD-SEM
Ml
Cu
Cu
CVS
0.12nm 60
Cu
X X
Cu
Cu
Cu

Cu

20

CD

Snm

CMP

Cu

CD

SPC

Cu

Cu

31 Metrology

CD

low-k R-C

2001 ITRS

6nm
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CMP Cu
2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |
Technology Node hp9o hp65 hp4s hp32 hp22 hp16

BARRIER - SEED Cu
METROLOGY

90 nm node
Multi-layer — acoustic / Gi-XRR
I XRF / M1 [A]

Single layers — 4 pt probe

65 /45 nm node

Multi-layer — acoustic / Gi-XRR
I XRF / M1 [A]

Single-layer — 4 pt probe

Innovative patterned wafer method
capable of side wall measurement

COPPER VOID METROLOGY

Metal illumination / acoustic / XRF

Innovative methods

LOW-k METROLOGY (KILLER
PORE DETECTION)

Innovative method -W/////////////%

LOW-k PORE SIZE
DISTRIBUTION

SAXS / EP [B] H:W

I Rescarch Required [ Development Underway [ ] Qualification/Pre-Production V77772772) Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

MI—metal illumination , GI-XRR—grazing incidence X-ray reflectivity X
XRF— X-ray fluorescence X ,SAXS—small angle X-ray scattering X , EP— ellipsometric poresimetry

84 Interconnect Metrology Potential Solutions
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TEM STEM
STEM ADF-STEM; Annular Dark Field STEM
ADF-STEM X
SIMS
Time Of Flight SIMS X
X
XRR X-Ray Reflectivity
TEM STEM SIMS

33

Metrology

TEM

TOF;

FE-AES; Field Emission Auger

Electron Spectroscopy 20nm
low-k
300mm
TEM  STEM
high-k  low-k STEM  ADF
STEM
ELS; Energy Loss Spectroscopy 0.2nm
ELS  high-k
ADF ELS STEM
TEM STEM
X
EDS; energy-dispersive spectroscopy X
EDS
EDS

SEM
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10°
ICP-MS
SOI Silicon On Insulator
2001
Si
SiGe SOI
1 SiGe Ge
Si/SiGe Si 4 Si
10° 10°cm™
6 SiGe/Si
7
TEM
TEM
TEM
EPD
EPD
EPD
X
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high-k

Cu

10" cm’ Cu

cm’
Si SOI
Si
SiGe
2 Si
5 Si
AFM Si
EPD

Si



Ge SIMS
Si
SOl Si
Si
Si
Si
325nm
SiGe Si-Si
SiGe Si
0.5u
Si Si
Si
Si 1
Si
Si
SiGe Ge
Si
Si/SiGe
X Si
X 1
Si
TEM
X

-k Si

Si

SIMS

Si

Si

35

SiGe

Si-Si
Si-Si

Si

10-20nm

Si

X

Si

Metrology

Si

Ge

High
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Si SiGe

100

SR X

Microscopy

2004
|

2007
|

2010
|

2013
|

2016
|

2019

2003 |

2005 2006 2008 2009 2011 2012 2014 2015 2017 2018

Technology Node

hp90 hp65 hp45 hp32 hp22 hp16

PRODUCT WAFER ANALYSIS
! REVIEW
Improved imaging for SEM, auger,
and dule, column FIB defect review
ATOMIC LEVEL
CHARACTERIZATION AND
INTERFACE ANALYSIS
Advanced TEM / STEM imaging /
ELS
Field emission atomic mapping
Gi-XRR for interface analysis
Innovative methods
Dopant profiling
Scanned probe methods
Field emission atomic mapping

Innovative methods

Centralized facilities for TXRF / ion
beam methods

Vi i
Uiz iiiiiiiiiiiiiiiiiiiiiiin
 » ) VL _ L | |

Uiz
Uiz

%%

85

I Rescarch Required  [IIIN] Development Underway [ ] Qualification/Pre-Production

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

V777777 Continuous Improvement

Materials and Contamination Potential Solutions
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APC
APC advanced process control
n-situ
R2R run-to-run FDC fault detection and classification
APC
APC
APC CMP
APC
APC
APC 2
batch-to-batch in-situ
FDC FDC
FDC APC
R2R FDC
In-situ

R2R
EEC Equipment Engineering Capability
APC
APC

37 Metrology

APC
1994
APC
R2R
wafer-to-wafer
in-situ
R2R
R2R

R2R
FDC

APC
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R2R

FDC in-situ
R2R FDC
R2R FDC

APC APC

APC

CD
CD CD

R2R
R2R
APC APC
FDC
FDC R2R
R2R
CMP
100
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FDC

R2R

FDC



R2R

In-situ

In-situ

In-situ

low-k

high-k

in-situ

APC
R2R
in-situ
ALD Atomic Layer Deposition
ALD
in-situ
in-situ
CMP low-k
APC

39 Metrology

in-situ

n-situ

APC

n-situ

in-situ
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SEM

X
2
G)
4-5 nm
2.5 nm
TEM
( )
Si 1.1eV

* Metrology Requirements and the Lirmits of Measurement Technology for the Semiconductor Industry, A.C. Diebold, in Characterization and
Metrology for ULS Technology 2003, AlP.
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CD

TEM

(RMS; Reference Measurement System)

RMS
RMS FAB
> RMS
RMS FAB
RMS FAB
(“golden”)
FAB
FAB in-house

5 Lauchlan, L., Nyyssonen, D. and Qullivan, N. 1997. Metrology Methodsin Photolithography in Handbook of Microlithography,
Micromachining, and Microfabrication Vol 1. P. Rai-Choudhury, ed. SPIE Engineering Press, Bellingham, WA.
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certified reference material, CRM consensus
reference material NIST NTRM®
standard reference material, SRM®

ISO VIM RM CRM
RM "
" CRM "
NIST NIST
RM ISO RM CRM NIST SRM ISO CRM
NIST
SRM NIST
NIST
NIST NTRM
NIST NTRM
7 ASTM
[ ]
[ ]
[ ]
[
1 4

5 NTRM® and SRM® acronyms are regjstered trademarks of NIST.
7 Use of the NTRM mark on a subsequent series of artifacts, even of the same type, requires additional verification testing by NIST.
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