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ITRS Focused Roadmaps

Lithography Front End Processes Interconnect
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ITRS Cross-cut Roadmaps
/

Defect Reduction Technology

Metrology

Modeling & =
Simulation
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Three ITRS views of the future

New Materials, Structures, & Process Timing

SEMATECH . .
Litho A, cluster, wafer size

Logic and DRAM, wireless, SOC
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ITRS High Level IC Timing

Chip Frequency

Potential

10Ghz Limit ?

Identified by
ITRS Hi-Perf Design TWG
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OITRS 1999: on-chip  local clock
(high perf.)

[JITRS 1999: on-chip, across chip
clock (high perf.)

OITRS 1999: on-chip, across chip
clock (cost perf.)

X 1998 Update: on-chip  local
clock, (high perf.)

X 1998 Update: on-chip, across chip
clock (high perf.)

1998 Update: on-chip, across chip
clock (cost perf.)



ITRS Roadmap Node Timing

(from Litho TWG Summary
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No Single Business Model for New Metrology?
Driver New Metrology

New Materials, Structures, & Process Timing

Optical & Electrical Metrology
for High k, USJ, and low k

Process ik 2
High/Low k, beyond CMOS, USJ

New Process Tool Timing

157 nm Ellipsometry
Sensors & Clustered Metrology

Litho A, cluster, wafer size

IC Node and Capability Timing

@ P High Frequency testing of low k

Logic and DRAM, wireless, SOC
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Microscopy is a critical need |4

Metrology

Dense Lines 130nm

.
Magn Det WD Exp ———— 200nm m I D n — n m
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Acc¥ Spot Magn Det WD Exp F——— 200nm
100KV 2.0 70000x SE 108 193 75NM PS SUMITOMO 1401 15MJ

New devices

Single nanotube
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SEM
Depth of Focus Issue

DoF = (resolution) /
(convergence angle)

OTF (%)

Spatial Frequency (nm)

Today DoF ~ 0.4 micron
2 nm/0.005 rads = 400 nm

Tomorrow DoF ~ 0.02 micron
1 nm/0.050 rads = 20 nm

SEMATECH

SPM
Probe Tip Issue

High Aspect Ratios
sub 100 nm trench and via widths

Dai, et al.,
Nature 384, 147 (1996
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Electron Holography

a Long Term Potential Solution

Coherent illumination

N

Nanotip field
emitter

*At low energies and
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Interface Control

HRTEM 142 +1.7 A 171 +2.0A 186+1.7A 262+22A

C-V 14 A 17 A 20 A 29 A

Low k / barrier
etch stop / low k
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The Metrology Precision Roadblock

Year of First Product

Shipment |, ;gﬁ? 2000 | 2001 153‘,712,11 2003 | 2004 15321"’;" Driver
Technology Generation
DRAM 1/2 Pitch 180 165 150 130 120 110 100 D2
Logic Isolated Lines 140 120 100 85 80 70 65 |M Gate

Microscopy and Lithography
Microscopy resolution
[(nm) for P/T=0.1

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 15 (nm) B

2D Dopant Profile
Spatial Resolution (nm)

Interconnect

Barrier layer

Thick (nm) 23 19 16 13 11 7 3

process range (x 3¢ ) 20% | 20% | 20% | 20 % 20% |(20% | 20% | MPU

Precision 1 (nm) 0.08 | 0.06 | 0.05 | 0.04 | 0.035 | 0.02 | 0.01
SEMATECH
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First Year of IC Production 1999 2002 2005 2008 2011 2014

] 180 248nm |

- 248nm + PSM —.
130 193nm

193nm + PSM
Uit Narrow

100 )E(;t Options :l:l_

IPL

157nm + PSM

EPL

EUV Narrow

IPL Options | |_
XRL
EBDW

70+

Narrow
Options

Technology Options at Technology Nodes (DRAM Half Pitch, nm)

EUV

IPL
EPL Narrow

EBDW Options
Innovative Technology

I 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 technology solution.

Note: Production level exposure tools should be available one year before first IC shipment.



Lithography Metrology

Source

Vertical
Transistor

CD is a Film
Thickness

Rafi Kleiman




Focus / Exposure Matrix
A routine setup metrology requirement

Noaminal Featurea:

225nm Isolated 250 nm lSOlated llnes
2
Fxn(m e ® 8.775 9.450 10.125 10.800 11.475 12.150 12.825 13.500 14.175
Focus m ~
-0.1

Feature Size
+0.1

Feature Size
+0.3

Feature Size
+0.5

Feature Size
+0.7

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

top down
CD-SEM

2D / 3D Information

SEMATECH

NEED: Determine CD from Fundamental Model



Intensity Profiles From SNP / SEM

ﬂ SNP

g
|

.00 .00

1] Pixel= 164 1] Pixel= 164

SEM

Thanks to Joe Griffith




|
Microscopy Issues:

CD and Detection require
new rmicroscopy

 SEM with resolution
required for sub 100 nm

has poor Depth of Focus Today : Depth of focus > 1 micron

* 3D Information Required |§

e Improved throughput
required

With Future Resolution:
Depth of focus << 1 micron
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Offset from CD-SEM by Angle
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Key FEP CMOS Scaling Challenges

“CMOS Hi-K Dielectric
A Scaling” Gate Electrodes
&

Q 1999 USJ Process

\ Engineered Contacts

70nm
H\“Hu — T H“““ 2011 “Beyond

| I\, CMOS Era?”

\\\\\\ 2017
l

&~

Boron Penetration
Hi-Poly Resistance
Poly Depletion Layer

S/D Leakage-Short Channel

i

So

Gate Leakage - Tunneling

Highly Doped Ultra
Shallow Xj scaling I

Contact Resistance
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Impact of New FEP Materials

Issue:
Control of Oxynitride, Silicon dioxide/Silicon nitride stacks
and high k with oxynitride interfacial layers

Should Future In-Line Ellipsometers include IR or VUV

SEMATECH




Junction Depth Measurement
in the FAB

Correlation to drive current

Carrier lllumination

I fed (0.18 um NMOS)
e
. 1 .
IR Probe laser Generation laser 05
1.041
_—
ﬂ 1.03
. Beam 'c .|
Detector splitter 3
.E 1.01f
Vision S 1.00}
system -IS'
Obijective lens o 0%
> !
O 0.98 "
g 097}
=
0O 0.9
0.95

Excess carriers 290 300 310 320 330 340 350

Boxer Cross Junction Depth (A)

Junction —

AMD and Boxer-Cross

Example of new technology
from a Startup : Boxer-Cross
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Device
Structure
Size

INTERNATIONAL

SEMATECH

Transistor Evolution ?

Planar - Non-Planar : New Switch
CMOS CMOS Structure

Sub 50nm ?

0 - 7 years. 7 -12 years 12 + Years.

TIME >



Transistor and Capacitor Metrology
New Transistor Designs vs Metrology

»Vertical,
dual channel

Transistor
sub 100nm

Source

Gate Gate

»CD done by film
thickness

»Doping in LDD by
diffusion

Source

Rafi Kleiman (Lucent)

SEMATECH




Transistor and Capacitor Metrology
Vertical Transistor : Gate Dielectric is vertical

Epi Si

Channel

Silicon
Dioxide

INTERNATIONAL
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Front End Process Metrology

Nitride (Thin/Thick) Poly (Doped/Undoped)

Future
High K
RTP
-RTO
wet/dry
-RTN
-RTA
Future
Preclean
Cooldown
Chamber L |

e.g., Metal Loadlocks
Gate forces in-

situ metrology
for dielectric
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Interconnect Challenges due to Clock
Frequency:
How long will Copper / low k work?

100

—— Gate Delay
(Fan out 4)

-=- Local (Scaled)

-+ Global with
Scaled Die Edge)

%Global w/o
(Scaled Die Edge)
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Relative Delay

0.1

250 180 130 100 70 50 35

Low k / barrier
Technology Node (nm) etch stop / low k
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Impact on Metrology

Thickness Measurement CMP Control
New Optical Models R&D for each new
for each low « stack low « stack

Low « Porosity

Gradient in % Porosity
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Metal Film Thickness and CMP Control

3 methods
¢« ISTS

requency-
Nd:YAG microchip laser. 600 ps Pulse

d
q
d!
‘ ’ V4 L7
Neutral 1 Density (ND) Filters
zzz7

Phase Masks (PM)

Probe Laser

ePicosecond Ultrasonics

207 1 ﬁfﬁ3 / \
" ."\

e X-ray Reflectivity

e Near Future:
150 1

Patterned Wafer Capability Cu 270 MHz
through better modeling » WN\MMNMW

0

ﬂ ‘«1 / Acoustic Frequency

Signal (mV)

-25 0 25 50 75 100
Time (ns)
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Depth of Focus Requirements for Litho
CMP Metrology tool should measure what litho tool “sees”

Full Field Steppers
SEMI STD
Range =

ITE LEAST SQUARES
REFERENCE PLANE

Site Frontside SFQR
least-sQuared | peviation =
site reference | SFrQD

SEMI STD

Site Frontside
Scanning*
site reference

Range = SFSR
Deviation = SFSD
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SENSOR based jl>lntegrated Metrology

» AEC/APC GOAL :

model based predictive control F‘z‘:".‘n‘n”y|
based on process and metrology
models using in-situ and in-line

measurements

> Momentum Shift ?

» Now suppliers advocate
Integrated Metrology

B
* Add-On
S1 S2  sensors
&Y
connection ’. ;'
SECS-II .»*«.
CIM Framework [.
Compatible
uoi23uUuod
//
EqUipment FDC & MBPC ’;I//
< Add-On
gontrol algorithm 4 g Sensor:
ystem execution 2 @
Process /
Chamber Actuators
Sensor
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New Microcalorimeter X-ray detector
Industry needs accelerated commercialization

2000 ' ' - ' S'i( - - - .
. . i
_ WSl2 on SiO o,

.a" 1500 |- — Microcalorimeter 7
7)) 1
c 1 A EDS spectrometer
qd.a, 1000 |- T
£

1400 1600 1800 2000 2200

Energy (eV)
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Electron Energy Loss & HA-ADF STEM
Interfacial State changes in O and Si K edge

High Angle - Annular Dark Field STEM

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[
o

i . . .
|~ Interfacial Oxideggs Electron Beam
| — Total O Signal |J~ @
E "4 .
:of ' ® Enlarged view of
< | . Lattice Planes
8 ® “on axis”to T . .
50 p< electron beam ‘ Thin Foil Sample

diffracted beam /

4 ERTE LR misses annular
20" " SN detector

iy
o
——

scatter from atoms
or atomic columns

Oxygen Signal (Arb. Units)

Image Plane

Dave Muller - Lucent
in G. Temp et al, IEDM 98, p615
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2D Dopant Profiling

Requires Improved Spatial Resolution
SCM SSRM

100nm

R. Kleiman - Lucent
Nanopotentiometry

TEM Electron

0.50

Iic_:lography

IMEC - W. Vandervorst

Rau and Ourmazd et al., IHP

SEMATECH




GI-XRR at NIST - R. Deslattes, et al

T T T

10°1F

£ )

6 -

Grazing Incidence X-ray Reflectometer/Diffractometer é 10'3{
5 E

@ 104F

1075 E

Compressor
Ge(220)

REFLECTIVITY

Channel Cut
Analyser Ge(220)/ Detector

1071k

102

1073

REFLECTIVITY

1074k

1075k

INTERNATIONAL

SEMATECH
GRAZING ANGLE (deg)
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Metrology Funding Types

~10% ~30% ~ 60%

Innovation Driven Application Driven Market Driven

e Entrepreneurial e Equipment Supplier » ex post facto
“Customer” Driven IC “Customer” Driven

e High Market Risk e Medium Market Risk e Low Market Risk
e Longer Dev. Time e Shorter Dev. Time e Market Window

e Can precede requirement e Specific Process e Specific Process
requirement requirement

e “Classic funding” e Joint funding with » Possible Joint funding
Process tool supplier with IC Manufacturer

 Self Risk Mitigation e Co-Risk Mitigation e Self Risk Mitigation

Light source Y

Xe, D,, lasers Detector, electronics, computer
2 .
(PMT, diodes)

v mﬁochromator analyzer
z polarizer e
i iy

Barrier/Metal Thickness Léf M L
ISTS el Si et
&

SEMATECH ] ] 157 nm ellipsometr
Picosecond acoustics P y




Will Market Risks allow for innovation?

¢ Metrology M&A’s Have Slowed in 1999

Major Applied
Event ELA- Materials
VENLE Tencor FDC

z Nano- Schbam- ADE Electro- Fhillps Thermmo
YED metrics berger glas Electromn. Electrom
2000
Ulira- h._ni ; SCh | | ITEC
999 : ! | FEI Mic rin
! Ll’-ﬂ ) >l | i I I
1998 | |ranpm || vims _“Elmi'll o Amey | |-ConsiBun H e S Plasmas (1 Aot P L 3
1997 Tencar I_ KLA I Hmimat Tuhrt‘
1996 -
1995 Fisom
a Metro- : 3
1994 Hﬁ _%__ Numherof Bl & A Evenis
| r. 1R
1993 E ?; o
1 A1#ed
1992 | fswtems »
- ;f .
1991 Fleaus Tnsirumi. ﬁm 1701
| oo T
1990 01234567 B DA011121314

Dave Perloff - Veeco

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

Europe Alec Reader (Philips)

Wilfried Vandervorst (IMEC)
Japan Fumio Mizuno (Hitachi)
Taiwan Henry Ma (EPISIL)

George Yen (ProMOS)

UsS Bob Scace (NIST)
Alain Diebold (SEMATECH)
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Junction Depth Measurement
in the FAB

Correlation to drive current
(0.18 um NMOS)

Carrier lllumination

Red 1.05¢
IR Probe laser Generation laser :
1.041 .
® 10} .
= .
Be?m S 1.021 o
Detector splitter ) ’
.E 1.01} *
©
Vision : 1.00}
system dc,
. . 0.99[
Objective lens = )
= 0.98[
(&) " .
— g’ 097}
\\\\\\\\\\ > .
= 5 0.96} *
0.95

Excess carriers 290 300 310 320 330 340 350

Boxer Cross Junction Depth (A)

Junction —

AMD and Boxer-Cross

Example of new technology
from a Startup : Boxer-Cross
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