IN-SITU IN-LINE OFF-LINE / AT-LINE
g

2 alk

Europe Alec Reader (Philips)
Patrick Dussouillez (ST Microelectronics)

Japan Fumio Mizuno (Hitachi)

Taiwan Henry Ma (EPISIL)
George Yen (ProMQOS)

US Bob Scace (NIST)
Alain Diebold (SEMATECH)
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Qutline

e Scope and Critical Challenges
e Overview M essages
o Lithography Metrology

 Front End Processes

* |nterconnect Metrology
* Integrated M etrology

e Risks

International Tecl'mnlngg 'Rnatlmap {nr Semiconductors
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In-line Metrology usage
400 + step Process Flow

180 nm @

|'I I‘l |'I
’ ’ :

6 metal levels / <

# steps
~25 Overlay

~20 CD

<20 Defect/Particle

(Poly Si Control
ILD Thickness

Contact Etch
ILD Etch Control
\Metal Thickness

N

~ 6

~ 4 Implant Dose

1 Gate Ox Thickness
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Metrology Roadmap Topics

» Microscopy (Imaging)

» CD & Overlay

» Film Thickness and Profile

» Materials and Contamination Analysis
» Dopant Profile (Dose/Junct./Shape)

» In-Situ Sensors for Process Control

» Reference Materials

» Correlation of Physical and Electrical Measurements

Work in Progress --- Not for Publication



Difficult Challenges > 100 nm / Before 2005

» Metrology integration for in-situ and in-line
metrology tools

» Particles, oxygen, and metallics detection at levels of
Interest for starting materials and reduced edge
exclusion for metrology tools

» Measurement of the frequency-dependent dielectric
constant of low k interconnect materials at 5x to 10x
base frequency.

» Control of high-aspect ratio technologies such as
Damascene challenges all metrology methods.

» Measurement of complex material stacks

International Tecl'mnlngg 'Rnatlmap {nr Semiconductors

Work in Progress --- Not for Publication



Additional Difficult Challenges < 100 nm
[ Beyond 2005

» Microscopy for critical dimension measurement,
overlay, defect detection, and analysis

» Standard electrical test methods for reliability of
new materials, such as ultra-thin gate and capacitor
dielectric materials

» Statistical limits of sub-70 nm process control
» 3-D dopant profiling

» Production worthy, physical inline metrology for
transistor processes that provides SPC required
to achieve consistent electrical properties

I_nternah'unal Tecl'mnlngg 'Ruat]map {nr

Work in Progress --- Not for Publication



Overview M essages

 Infrastructure
 Requirements have too much RED

 Challenge Associated with Precision
Requirements

 Microscopy Development

e |[nterfacial Measurements

I_n{ernah'unﬂ.l Tecl'mnlngg Ruat]map {nr emicnntluclnrs
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M etr ol ogy Timi ng vs Gap in long term R&D
Spending + Development

| nfrastructure Capabiliti€¢ rynding Model

Need for Need for Volume Sales of
Metrology Tool || Process Tool | | Metrology Tools

l l

' = @ i =
Process Tool Pilot Line FAB Startup &
Supplier Volume Manufacture
Development
Research Development Qualification/ Typical Potential Solutions

Required Underway Preproduction Time Line for Process Tool

Work in Progress --- Not for Publication



Too Many Metrology Technology Requirements
are RED YZ?:EFitiRoij:T?;erm e ReqUin((:(T;ent3201l 2014 |DrRIVE

“TECHNOLOGY NODE” 70nm | 50 nm | 35 nm R
Wafer Gate CD Control* | 3.0 ‘
Wafer Dense Line CD Control* | 5.0
Wafer Contact CD Control* | 55
Wafer CD Metrology Tool Precision* | 0.6
P/T=.2 for Isolated Lines**
Wafer CD Metrology Tool Precision*
P/T=.2 for Dense Lines**
Wafer CD Metrology Tool Precision*
P/T=.2 for Contacts**
Maximum CD Measurement Bias (in precent)
Mask CD Control Isolated Lines*
Mask CD Control Dense Lines*
Mask Contact Area Control
Normalized to v of Area*
Mask CD Metrology Tool Precision*
P/T=.2 for Isolated Lines**
Mask CD Metrology Tool Precision*
P/T=.2 for Dense Lines**

Mask Area Metrology Tool Precision for Contact Normalized
to v of Area - v of Target for P/T=.2

Wafer Overlay control (nm)

Wafer Overlay Output Metrology Precision (nm, 3 sigma)*
P/T=.1

Final Mask Image Placement
Mask Image Placement
Metrology Precision P/T=.1

Mask Phase (in degrees)

Phase Metrology Precision P/T=.2 (in degrees) 2
Variation in Attenuated mask Film Transmission % of 4
Deviation from Nominal (in percent)

Transmission Metrology Precision % of Nominal Attenuated 8
PSM Transmission P/T=.2 (in percent)

* All precision values are 3 sigma in nm and include metrology tool matching.

** Measurement tool performance needs to be independent of line shape, line materials, and
density of lines.

Solutions Exi{____] Solutions Being Pursl____] No Known
Solutions

blication



Examples of Precision Requirements

Year of First Product
Shipment 1999 1 2000 | 2001 | 2992 | 2003 | 2004 |.299 | Driver
. 180 nm 130 nm 100 nm
Technology Generation
DRAM 1/2 Pitch 180 165 150 130 120 110 100 DY2
Logic Isolated Lines 140 120 100 85 80 70 65 |M Gate

Microscopy and Lithography

Microscopy resolution |
(nm) for P/T=0.1 1.4 1.2 1.0 0.8 0.7 | MPU

Wafer Gate CD
Control*

Wafer CD Tool
Precision* P/T=.2
Isolated Lines**

Mask Area Metrology
Tool Precision P/T=.2

Logic Dielectric Thick
Precision 1o (nm) ®

2D Dopant Profile
Spatial Resolution (nm)

INnterconnect

Barrier layer

Thick (nm) 23 19 16 13 11 7 3

process range (3 o) 20% | 20% | 20% | 20% 20% | 20% [ 20% | MPU

Work in Progress --- Not for Publication



Effect of P/T on Process C.=(UL-LL)/60

If Distribution is Centered
 Cp =Cpy
UL LL

EFFECT OF MEASUREMENT PRECISION (P/T RATIO)

ON Cp AS MEASURED

3
‘ 2.5
8— - P/T=0.1
o 5 ~ P/T=0.2
L
o ~+ P/T=0.3
D) _
2 L5 - P/T=0.5
L - P/T=0.7
= ~ P/T=1.0

1

0.5
0.75 1 1.25 15 1.75 2 225 2.5
ACTUAL Cp
Chart from Jerry Schlesinger, TI

Illl'lfrllﬂllﬂﬂﬂl ]E‘Ll]"ﬂlﬂl]l_] htlﬂ(l?ﬂﬂ.[_l Iur gennfundu(lum ITRS
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Domestic vs International
Points of View

* Precision vs Accuracy
 Precision US Centric

* Accuracy and Precision Global Centric

ln{ernaﬂ_nnﬂ.l

Work in Progress --- Not for Publication



Microscopy

| Ssues:

CD and Detection require
new microscopy

« SEM with resolution
required for sub 100 nm |
has poor Depth of Focus Today : Depth of focus > 1 micron

« 3D Information Required

 Improved throughput
required

With Future Resolution:
Depth of focus << 1 mj|

Work in Progress --- Not for Publication



Microscopy and Lithography Metrology
Long Term Research and Development

Nanotip Field Emission Electron Holography

source ~ 100eV » Low damage _
/‘ \ » Reduce Charging
\ £ » No aberration/diffraction

> 3D Information

coherent electron beam

AN

forward scattered
electron beam

L\

David Joy, Univ. of TN

:I_nfernaﬁnnﬂ.l Tecl'mnlngg Ruat]ma.p {nr Em.IICﬂI'I[lllEIIﬂI'S
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|nterfaces - Control challenge for
today and thefuture (in-situ?)

Poly Si/SiO,/Si TEM Cross- sectlon

, e e
< Gate OX|de/oxyn|tr|deTh|ckness Copper Metal - Barrier
SR _ gt T Low k Dielectric - Low k etch stop
Si/SiOzor
Si/SIOxNy ¢
| nter face 1to 2 \ ;o
Control o o Atomic | :
Layers | 1 L
S S T e :
e R B ~r' "57 ST NG ! s

"

Work in Progress --- Not for Publication



Changes from 1997 NTRS

 Mask Metrology Expanded
 New needs from 157 nm Lithography

e Sensors now a part of Integrated

Metrology

Fileinational

Work in Progress --- Not for Publication



Lithography Metrology

Gate Length Control

Damascene Line Width

Overlay Control | |

In{ernaﬂnnnl ec]'mnlugg an]mﬂ.p {nr emicnntluclnrs

Work in Progress --- Not for Publication




Lithography Metrology
|mprove CD-SEM thru 100 nm node

KRISS

Isolated (Sidewall Angle)

SE Signal

Scanning Position (JLm)

top down
CD-SEM

Signal =» CD Value
NEED: Determine CD from Fundamental Model

Work in Progress --- Not for Publication



Process Level Dependence of CD SEM

Calibration requires New Probe tips for CD-AFM

SEM - AFM DELTA (nm)

N
o

=
(&)

=Y
o

(63}
|

o
!

'
(63
|

KR
o

ISOLATED LINES

mEVND A MOD 1
@ VND A MOD 2
EVND B

ETGH_Ox

PROCESS LEVEL

H. Marchman
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Lithography Mask Metrology

Year of First Chip Shipment 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 |2006 | 2007 | 2008

Technology Generation 180nm 130nm 100nm 70nm

Stepper Wavelength

248nm

193nm —

15/nm

NGL —_—

I nspection Wavelength ‘ ‘

483 nm Insufficient activity

I-Line

DUV

193nm

157nm

NGL

- Development - _ Enhancements WaIIy Carpenter

In{ernaﬂnnnl ec]'mnlugg an]mﬂ.p {nr
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Front End Processes
(Transistor & Capacitor Process) Metrology

anne
N Well 12

At oxide A Lg’
A dose/junction

Electrical Mrtrequires
fabrication of a transistor.

Will physical metrology be able to adequately
control critical processesat 100 nm and beyond ?

Work in Progress --- Not for Publication



Transistor Process Metrology Challenges
New Materials & Ultra Shallow Junctions

| | | | | SIMS Profile
eliliaprtas Tea(Ta008) = 534 Boron Concentration vs Junction Depth Xj

K (Ta205) = 755
@f=1MHz |

20

N

entration (cm-3)

Tagate (2500 A )
Ta205(100A) -
Si3N4 (16 A)
p-Si
Area=5x10° cm®

Log Boron Conct

SWOX

Gate Dielectric

—

----- it o Channel Engineering Source/Drain

- T

Work in Progress --- Not for Publication



Front End Process Metrology
In-Situ Needs vs Integrated Metrology Trend

Clustered
gate dielectric
& electrode

e.q, Vetal
Eate Orces -

SitUrmerelogy.
o dielectie

Work in Progress --- Not for Publication



2D Dopant Profiling

Issue : Spatial Resolution

Experimental properties TCAD
verification

M B
| ||||||||||||||||||||| | processf|ovi<

Nanopotentlometry _
Processing

imec - Vandervorst

Work in Progress --- Not for Publication



Interconnect Metrology
New Materials and Processes

Copper/barrier Film Thickness

100 micron diameter size test areas
by acoustic

Low k Dielectrics

High frequency dielectric testing
needs development for > 40 GHz

Need optical models for porous
materials

Developing Physical Properties and
Delamination testing

Work in Progress --- Not for Publication



Systematic Failure Modes In
Dual Damascene Processes

? 9 8 — % c %) ) g — 8
3> 0 <t - S5 - IS 2 = & T T2
) g g _ £ S 835 9 Q s? 83 =<
o o o (IS L S0 < o < ® S X< o
> & = o .0 S T S S G S0 .S T3
Q Q @) S Q S 0aQ O SN S NnNaE o
THREEEIEEE .
1\ Dielectric Copper Undercut
CMP/ | \/
Etch |
Barrier / k / \
; Metal Voids Dielectric
Etch ReS/due\ / \
Metal n-1 Dielectric Metal n-1

David Jensen - AMD/SEMATECH
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Depth of Focus Requirements for Litho

CMP Metrology tool should measure what litho tool “sees”

Full Field Steppers
SEMI STD

SITE LEAST SQUARES
REFERENCE PLANE

: : Range =
Site Frontside SFQ?R

least-sQuared | peviation =
site reference | SFQD

Scanning Steppers

SEMI STD

Site Frontside
Scanning*
site reference

Range = SFSR
Deviation = SFSD

Work in Progress --- Not for Publication



SENSOR based ‘ Integrated Metrology
MEMS : Sensor Technology of the Future

P+ Si
Heater

A MONOLITHIC DETECTOR
FOR PROCESS GAS PURITY

Infrared Imager for RTP
GOAL:

measure temp & uniformity
+1°C  to 1000°C

Work in Progress --- Not for Publication



SENSOR based ‘ Integrated Metrology

Comments on :

Advanced Process Control - Advanced Equipment Control

» AEC/APC GOAL :

model based predictive control
based on process and metrology
models using in-situ and in-line
measurements

> Momentum ?

» Now suppliers advocate
Integrated Metrology

D
: Add-On
- S1 S2 Sensors
actory ——
CIM
CF) (X CF
Al
—
connection -
A 7
SECS-II )
CIM Framework T
Compatible
uo1193UU0D
I'/','
Equipment FDC & MBPC "—"//
Control : /{'é? Add-On
algorithm == Sensors
System execution - @
Process \
Chamber Actuators
Sensor

Work in Progress --- Not for Publication



Microcalorimeter EDS vs EDS

[ // : | ' | ' 50000
N Y
@) - NKa/ [\ ——— microcalorimeter EDS .
A eoo4 TIN I
LL| R SiLi EDS - 40000
b I \ N
5 S A
= C 0
£ 4o 1 30000 W
= | | —
| \ —
ﬁ ! \\ i (75
8 /II \\ TI LB3,4 ~
5 | - 1 20000 ©
I= CKa | 5
< 2004 ’ 8
(dp)
2 4 10000
-
@) .
®) -- A
0- | — I ' I ' | 0
250 350 450 550 650

Dave Wollman, NIST Energy (eV)
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Accelerated MPU Gate impacts all GAPS

Key  Drivers o GAPS
N < 100 nm Microscopy for CD,
Detection
= High Aspect Ratio Capability
Shrinking Dimensions ~ _~ Metrology with adequate

precision and correlation
w/electrical tests

Process Control for Processes
at Statistical Limits

= 3-D Dopant Profiling

- - Measure High Frequency
New Materialsin Dielectric Constant

Tranzlsltotr’ Capauttor, M easur ements and standar ds
and Interconnec for new materials stacks

Work in Progress --- Not for Publication



RISKS

 Near Term Lack of Metrology Tools for accelerated
Technology Cycle

* Important New Approaches need additional funding for
long term R+D
(ex. - Electron Holography, arrayed AFM and SEM)

* Long time between R& D investment in metrology tools and
salesto repay that investment

 Lack of methodology for Statistically Limited Processes and
appropriate metrology

e Shrinking scribelineslimit test areas needed for adequate
measur ement precision

In{ernaﬂnnnl ec]'mnlugg an]mﬂ.p {nr

Work in Progress --- Not for Publication



Background

ln{ernaﬂnnnl ec]'mnlugg Rnat]mﬂ.p {nr

Work in Progress --- Not for Publication



Accelerated MPU Gate impacts all GAPS

Key  Drivers o GAPS
N < 100 nm Microscopy for CD,
Detection
= High Aspect Ratio Capability
Shrinking Dimensions ~ _~ Metrology with adequate

precision and correlation
w/electrical tests

Process Control for Processes
at Statistical Limits

= 3-D Dopant Profiling

- - Measure High Frequency
New Materialsin Dielectric Constant

Tranzlsltotr’ Capauttor, M easur ements and standar ds
and Interconnec for new materials stacks

Work in Progress --- Not for Publication



Metrology Roadmap Topics

» Measurements for Process Facing Statistical Limits
» Microscopy

» Lithography Metrology

» Front End Process Metrology

» Interconnect Metrology

» Materials and Contamination Characterization

» Reference Materials

» Integrated Metrology

Work in Progress --- Not for Publication



1999 Metrology Members
RCG Advocate - Bob Scace NI ST

Dick Brundle Applied Materials L u Nguyen National
Murray Bullis SEMI/FEP Herschel Marchman Univ. South FI.
Alain Diebold SEMATECH Kevin Mc_)nahan KLA
CharlesEvans Chls Evans& Assoc. LauraOliphant Intel
JamesGreed VLSl Standards Noel Poduje ADE
Joe Griffith L ucent Gary Rubloff Univ. Maryland
David Joy Univ. of Tennessee Jerry Schlesinger ~ TexaslInsts.
Mike Kelly Sandia Gil Shelden Int’l| SEMATECH
Stephen Knight NIST Brad van Eck SEMATECH

Ken Wise Univ. of Michigan

Alternative Metrology Member

Richard Hockett CharlesEvans& Assoc.
Brad Scheer VLSl Standards

In{ernaﬂnnnl ec]'mnlugg an]mﬂ.p {nr
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1999 Metrology Advisors

David Alles
Marlin Braun
Chi Shih Chang
Alain Deleporte
Joe Glaney
Andrew Gurnéell
James Har per
John Hauser
Clive Hayzelden
Rudi Hendel
Howar d Huff
Dan Herr

Don Kania
Sheldon Mall
David Per loff
Michael Postek
Gay Samuelson
David Seiler
Richard Spanier
Peter Zeitzoff

Tencor

Physical Electronics
SEMATECH

IBM France/ Int'l SEMATECH
Veeco

Bio-RAD

VEECO Instruments
NCSU

KLA - Tencor
Applied Materials
SEMATECH

SRC

Veeco

Amray, Inc

Voyan Tech

NIST

I ntel

NIST

Rudolph Tech
SEMATECH

ln{ernaﬂnnﬂ.l ecl'mnlugg Rna.t]mﬂ.p {nr
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Cross-cut TWG contacts

Factory Integr. Murray Bullis SEMI
FEP David Seller NIST
| nter connect Dick Brundle+ Sam Broydo  Applied
Lithography Gil Shelden |nternational SEMATECH
Packaging L yu Nguyen National
Bob Werner Packaging TWG Chair

ln{ernaﬂnnnl ec]'mnlugg Rnat]mﬂ.p {nr
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Table 61(a) M etrology "SHORT TERM" Technology Requirements

Year of First Product Shipment 1999 2002 2003 .
Technology Generation 180 nm 2000 2001 130 nm 2003 2004 100 nm Driver

DRAM 1/2 Pitch 180 165 150 130 120 110 100 D %

Logic Isolated Lines 140 120 100 85 80 70 65 M G ate

Microscopy

In-line, nondestructive

spatial resolution (nm)

Work in Progres

--- Not for Publication

microscopy resolution (nm) for 1.4 M Gate
P/T=0.1

Maximum aspect ratio / 6.3

diameter (nm) (DRAM D %
contacts) 200

M aterials and Contamination Characterization

Real Particle Detection limit 70 60 50 43 40 35 M Gate
(nm) 8

Minimum Particle size for

compositional analysis (on 48 40 33 28 27 23 22 M G ate
patterned wafers) (nm)

Surface detection limits (Al, 25x10° | 25x10° | 2x10° |1.5x120° [1.5x10° | 1x 10° | 1x 10°

Zn)/ (Ni, Fe, Cu, Na, Ca) M Gate
(atoms/cm 2) with Signal to 1x10° | 9x10® | 8x10® | 7x10® | 7x10® | ex10® | 5x 108

Noise of 3:1

2-and 3-D dopant profile M Gate




Table 61(a) M etrology "LONG TERM" Technology Requirements

Year of First Product Shipment 2008 2017 2014 DRIVER
Technology Generation 70 nm 50 nm 35 nm

DRAM 1/2 Pitch 70 50 35 D %

Logic Isolated Lines 45 32 22 M G ate

Microscopy

In-line, nondestructive

microscopy resolution (nm) for M G ate

P/T=0.1

Maximum aspect ratio /

diameter (nm) (DRAM contacts) D%

M aterials and Contamination Characterization

Real Particle Detection limit M Gate

(nm) 8

Minimum Particle size for

compositional analysis (on M G ate

patterned wafers) (nm)

Surface detection limits (Al, Zn)/

(Ni, Fe, Cu, Na, Ca) (atoms/cm 2) M G ate

with Signal to Noise of 3:1

2-and §-D dopant profile spatial M Gate

resolution (nm)

Solutions Exist Solutions Being Pursued No Known Solutions

A Metal and via aspect ratios are additive for dual-Dam ascene process flow.

B This value depends on surface microroughness and layer com position.

Work in Progress --- Not for Publication



Lithography Metrology
Improve CD-SEM thru 100 nm node

Signal Waveforms on Various
Edges

Cross :-.u,h on
21 ﬂ

SE yield Si Resist

SE edge ‘l

effect

—_—1

Thereisinformation that iscurrently not being
Andras Vladar H.P. used!

Work in Progress --- Not for Publication



Lithography Metrology
Improve CD-SEM thru 100-nm -node

Isolated (Sidewall Angle)

SE Signal

Scanning Position (JLm)

Side wall angle dependence
Yeong-Uk Ko

_ _ Korea Research Institute of Standards and Science
Changing waveforms due to various

Work in Progress --- Not for Publication



Table 61a  Short Term Metrology Requirements

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2005 |DRIVER
“TECHNOLOGY NODE” 180 nm 130 nm

Wafer Gate CD Control* 13 10.8 9.0 8.1

Wafer Dense Line CD Control* 18 16.5 15 13

Wafer Contact CD Control* 20 18.5 17 15

Wafer CD Metrology Tool 2.6 2.2 1.8 1.6

Precision*

P/T=.2 for Isolated Lines**

Wafer CD Metrology Tool 3.6 3.3 3.0 2.6

Precision*

P/T=.2 for Dense Lines**

Wafer CD Metrology Tool
Precision*

P/T=.2 for Contacts**

Maximum CD Measurement Bias
(in precent)

Mask CD Control Isolated Lines*
Mask CD Control Dense Lines*
Mask Contact Area Control
Normalized to v of Area*

Mask CD Metrology Tool
Precision*

P/T=.2 for Isolated Lines**

Mask CD Metrology Tool
Precision*

P/T=.2 for Dense Lines**

Mask Area Metrology Tool
Precision for Contact Normalized to
v of Area - v of Target for P/T=.2
Wafer Overlay control (nm)
Wafer Overlay Output Metrology 6.5 5.8 5.2 4.5 4.2 3.8 3.5
Precision (nm, 3 sigma)* P/T=.1

Final Mask Image Placement 39 35 31 27 25 23 21
Mask Image Placement 3.9 3.5 3.1 2.7 2.5 23 2.1
Metrology Precision P/T=.1

Mask Phase (in degrees) 2 2 2 2 2 2 2
Phase Metrology Precision P/T=.2 4 A A4 A 4 A4 A4
(in degrees)

Variation in Attenuated mask Film| 4 4 4 4 4 4 4

Transmission % of Deviation from
Nominal (in percent)
Transmission Metrology Precision 8 -8 8 -8 .8 .8 .8
% of Nominal Attenuated PSM
Transmission P/T=.2 (in percent)

* All precision values are 3 sigma in nm and include metrology tool matching.

Work in Progress --- Not for Publication



Table 61b  Long Term Metrology Requirements

2008
70 nm

2011
50 nm

YEAR OF INTRODUCTION 2014

“TECHNOLOGY NODE”

Wafer Gate CD Control*

Wafer Dense Line CD Control*

Wafer Contact CD Control*

Wafer CD Metrology Tool Precision*
P/T=.2 for Isolated Lines**

Wafer CD Metrology Tool Precision*
P/T=.2 for Dense Lines**

Wafer CD Metrology Tool Precision*
P/T=.2 for Contacts**

Maximum CD Measurement Bias (in precent)

Mask CD Control Isolated Lines*

Mask CD Control Dense Lines*

Mask Contact Area Control
Normalized to v of Area*

Mask CD Metrology Tool Precision*
P/T=.2 for Isolated Lines**

Mask CD Metrology Tool Precision*
P/T=.2 for Dense Lines**

Mask Area Metrology Tool Precision for Contact Normalized
to v of Area - v of Target for P/T=.2

Wafer Overlay control (nm)

Wafer Overlay Output Metrology Precision (nm, 3 sigma)*
P/T=.1

Final Mask Image Placement

Mask Image Placement
Metrology Precision P/T=.1

Mask Phase (in degrees)

35 nm

DRIVE

Phase Metrology Precision P/T=.2 (in degrees)

Variation in Attenuated mask Film Transmission % of
Deviation from Nominal (in percent)

Transmission Metrology Precision % of Nominal Attenuated
PSM Transmission P/T=.2 (in percent)

* All precision values are 3 sigma in nm and include metrology tool matching.

** Measurement tool performance needs to be independent of line shape, line materials,

density of lines.

Solutions Exi{ ]
Solutions

Solutions Being Pursi____] No

Work in Progres

and

Known I

--- Not for Publication




Litho

bileinntional

Placement 130

Year of First IC Shipment 1999 2002 2005 2008 2011 2014
1 H H . :
—] cDsEM : - T
180" TI-SoATTEROMETRY f
Wafer CD CD-SEM : :
Metrology 130 CD-SPM
SCATTEROMETRY
D
100 D-SPM SCATTEROMETR
D
B-SP ATTEROMETR
70 S 0
b-SP
50/35/25 y 50 nm |
— olo
[S ovative metho
c H
~— H
o) H
N :
n 180* — Optical ]
Q Wafer overlay
= Metrology
8 130 —{_Opical — 1
£ : 5 .
e i e
E ' - |
= E -
= A o C
70 e :
A edo s
50/35/25 P ml
180 — Optical, SEM ; I
Mask CD 1347 | Gptical, sSPM, SEM . [
Metrolo : i
9y 100 —|SPM.SEM I k
70 ovative Metho P
50/35/25 0 e Metho p
180 | Interferometry - I
Mask Image L H
i

Interferometry, [P _ |

Metrology 100 —

Interferometry, moiré scale

70 erferome 0 oiré scale _'
50/35/25 erferome 0 oiré scale
_ Research Required :l Development Underway :l Qualification/Pre-Production

This legend indicates the time during which research, development, and

lace for the solution.

Semicnnduc{nrs
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Table61(c) Front End Processes Merrdogy "' SHORT TERM" Technd ooy Requirements

Year of First Product Shipment 1999 2000 2001 2002 2003 2004 2003
Driver
Technology Generation 180 nm 180 nm 180 nm 130 nm 130 nm 130 nm 100 nm
DRAM 1/2 Pitch 180 180 180 130 130 130 100 DY
Logic Isolated Lines 140 120 100 85 80 70 65 M Gate
A
Oxvoenraoe( ASTM"79 ) inheavily doped
. 18-31 18-31 18-31 18-31 1831 1831 1831
substrates; measurement precision + 0.5 ppma
Loaic Dielectric
_ _ 19-25 18-23 16-20 13-17 12-16 | 1.0-14 | 09-11
Equivalent Thickness (nm) M Gae
4% +4% 4% 4% 4% +4% +4%
+ 30 process range
Logic Didectric Mesaurement
N B 0.0025 0.0024 M Gate
Precison 1o (nm)
DRAM Caoecitor Srudture Didectric Materid Process | Cvl. MIS Cvl. MIS Cvl. MIS STDMM SIDMM | STDMM | STD MM Dy
2
Contral Reouirerments Ta205

2- and 3-D Dopant Profile Spatial Resolution (nm) !.!i!!i

At-line Dopant Concentration Precision (Across

Concentration Range) c

%

%

%

1%

4%

1%

Y

Work in Progress --- Not for Publication




Table 61(c) Front End Processes"LONG TERM" M etrology Technology Requirements
Year of First Product Shipment 2008 2011 2014
Driver

Technology Generation 70 nm 50 nm 35 nm
DRAM 1/2 Pitch 70 50 35
Logic Isolated Lines 45 32 22

A

Oxygen range (ASTM "79 ) in heavily doped substrates;

. 18 - 31 18 - 31 18 - 31
measurement precision + 0.5 ppma

Bulk Detection Limits for Trace M etals for Bulk Sgilicon and SOI
Top Silicon Layer. (Fe concentration in atoms/cm )

Logic Dielectric Equivalent Thickness (nm) to3process range 0.6-1.0 0.5-10.8

Logic Dielectric M easurement Precision 1o (nm)

DRAM Capacitor Structure Dielectric M aterial Process Control

STD MIM BST | STD MIM PZT

Requirements

2- and 30D Dopant Profile Spatial Resolution (nm)

At-line Dopant ProfiIeCConcentration Precision (Across

Concentration Range)

| |

B precision calculated from P/T=0.1=6 * precision/process range. The measurement requirements specify the equivalent thickness for a silicon

l Solutions Exist l Solutions Being Pursued

A I10C '88 value obtained by multiplying ASTM value by 0.65.

dioxide dielectric film. It is expected that oxynitirides and stacked nitride/silicon dioxide layers will replace silicon dioxide for the 130 and 100

nm logic generations and that high dielectric constant materials such as T asO5 will be used at and after the 70 nm logic generation. The

physical thickness of the high dielectric constant layer can be calculated by multiplying the ratio of the dielectric constants (ghigh k / gox) by the
effective oxide thickness. For example, a 6.4 nm thick T asO5 (k=25) layer has a 1 nm equivalent oxide (k=3.9) thickness. The listed precision is
based on equivalent oxide thickness and must be multiplied by the ratio of the dielectric constant to obtain precision for the dielectric of interest.
The total capacitance of the dielectric stack also includes that of the dielectric layer plus the interfacial layer, quantum state effects at the
channel interface, and that associated with depletion of charge in the poly silicon gate electrode. Thus the challenge to gate dielectric thickness
measurement includes metrology for the interfacial layer.

CH igh precision measurements with low systematic error are required.
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FEP

1999 2001 2003 2005 2007 2009 2011 2013 2015

Gate Dielectric Metrology
oxynitride 130 nm -

Stacked nitride/oxide 100 nm -

High k dielectric 70/50 nm -

Dopant Metrology
130 nm -

100 nm -

70/50 nm -

Ellipsometer to VUV
advanced C-V & |-V

Ellipsometer to VUV
advanced C-V & I-V
innovative solutions

Ellipsometer to VUV

New Of

4 pt Prg

advanced C-V & I-V
innovative solutions

New Optical, OMS - Low Dose, Ultra-shallow Junctions
4 pt Probe — High Dose

New Optical, OMS - Low Dose, Ultra-shallow Junction
4 pt Probe — High Dose
Innovative Solutions

tical, OMS - Low Dose, Ultra-shallow Junction
be — High Dose

Innovat

ve Solutions

- Research Required

| 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.
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Tade64d | nteraonet Vard ooy SHORT THRM' Tedhnd ooy Recuirenants

cdlock frequency (GHz)

Year of FHirst Product Shipnent 1999 2000 2001 2002 2003 2004 20006
DRVER
Tedhrology Gareration 180mm 180mim 180mm 130mm 130mm 130mMm 100mm
DRAM1/2 Fitch 180 180 180 130 130 130 100
Logic Isolated Lires 140 120 100 &b &0 70 69)
Plararity requirenents within litho field for mininum
Messrarat o dgostedbarie laye & Thdaness () /
process range (g3 Predsiond (mm) forAPfr =01Require | 2320 192% 162% 1320% W% T2 I VE
profile characterization on pattemed wafers (0[0¢; 006 0% (0[07} 00% o® o0L
Measurenment of reactive barrier layer thickness and unifo
for thickness (nm)
Measure interlevel metal insulator effective dielectric cons
) 35-40 35-40 27-30 27-30 22-27 22-26 16-22
(K and anisotropy on pattemed structures at 5xto 10x loc MPU
B 15 TBD TBD 21 TBD TBD 35
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Table 64(d) I nterconnect Metrology " LONG TERM" Technol ogy Requirements

Year of First Product Shipment 2008 2011 2014 DRIVER
Technology Generation 70 nm 50 nm 35nm
Planarity requirements within litho field for minimum MPU
. 175 175 175
interconnect CD (nm)
Messurement of deposted barrier layer a Thickness (nm) / process MPU
range (+ &) Precision & (nm) forAP/T =0.1 Require profile
characterization on patterned wafers
Measurement of reactive barrier layer thickness and uniformi MPU
thickness (nm)
MPU

Measure interlevel metal insulator effective dielectric constan( 15

<1l
and anésotropy on patterned structures at 5x to 10x clock frec 5

0
(GHz)
Suions s SiuionsBenaPuraed

A

E Roadmep predicts barrier for 35 nm Technology Generation will be formed by reactive processesin metal or didectric or both instead of by deposition.
Minimumeffective didectric condant islised. Dueto divergence of DRAM and Logic requirements ,ninimumlisted number isassodated with logic requirements. The

devd opmant of a measurerment technique for low k didectric congtant and anisotropy is nearly conplete up to 40 GHz Technology trandfer toindustry will take place from 1999

to 2000.
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| nter connect

First Year of IC Production 1997 1999 2001 2003 2006 2009 2012
250 nm 180 nm 150 nm 130 nm 100 nm 70 nm 50 nm

Metal Film Metrology

) ] acoustic methods
Film Thickness/ 130 nm - 4 1t Probe — single layers
resistivity inhovative, patizred wafer capable meihod

acoLstic method;; and GI-XRR
100 nm - 4 pt >robe — sincle layers
inno'rative, patte ned wafer ciipable methcd
acousti: methods arid GI-XRR
70/50/35 nm - 4 pt Prcbe — single layers
—inRevat vepatierae Fwatareapa ethod
130 nm - Prfilometry/atomic force m croscopy
Optical and othzr innovative: methods
CMP Flatness Control
. Profilometry/atoric force mic oscopy
100 nm Optic:al and othe " innovative rethods
Profilome try/atomic fc rce mjcroscapy
70/50/35 nm - - [ Opticat-a de-other i wativereth

_ Research Required :] 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.

Work in Progress --- Not for Publication



