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Interconnect Progression

e 1994 NTRS introduced the need for Cu and
low K materials

* 1997 NTRS describes the adoption of these
materials

* 1999 ITRS highlighted

— Rapid changes 1n materials

— Materials solutions alone cannot deliver
performance - end of traditional scaling in sight
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No Moore Scaling!

Relative RC Delay

Relative RC delay by process generation:
Intel process technologies (Bohr RC Model)
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Difficult Challenges

>100 nm <100 nm
* Dimensional control
» Reliability * Aspect ratios for fill
* Process integration and etch

e Dimensional control

e Interconnect process
with low/no device * Process integration
1impact e Solutions beyond
copper and low K
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Materials Challenges
* Short term

— Rapid introduction of materials

* new barriers and seed layers

— 1n situ formed dielectric and metal
* new dielectrics (both low and high k)
e ferroelectrics
— Combination of materials and technologies
* to address SOC needs

— Many new reliability challenges

 new materials and interfaces

* clectrical, thermal and mechanical exposure
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Materials Challenges

* Long term

— Continued introduction of materials
e barriers seed layers for optical, low temp, rf, air gap

 conducting polymers, cooled conductors, alternate
metals, superconductors

— More reliability challenges

— Microstructural and atom scale effects
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Dimensional Control

« Multi-dimensional control of features

— performance and reliability implications

* Multiple levels

— reduced feature size, new materials and pattern
dependent processes

— process 1nteractions
 CMP and deposition - dishing and erosion
* Deposition and etch - to pattern multi-layer dielectrics

* Aspect ratios for etch and fill

— particularly DRAM contacts and dual damascene

4>
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Process Integration

« Combinations and interactions of new
materials and technologies

— 1nterfaces, contamination, adhesion, diffusion,
leakage concerns, thermal budget, ESH, CoO

» Structural complexity

— levels - interconnect, ground planes, decoupling
capacitors

— passive elements
— other SOC interconnect design needs (rf)

— cycle time
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Solutions beyond Cu and low K

* Material innovation combined with
traditional scaling will no longer satisty
performance requirements

— Design, packaging and interconnect innovation
needed

— What’s next?

* optical, rf, low temperature

* novel active devices (3D or multi-level)
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MPU Short Term Requirements

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2004 2005
180 nm 130 nm 100 nm
MPU pitch 230 210 180 160 145 130 115
MPU gate length (nm) 140 120 100 85 80 70 65
Number of metal levels 6-7 7 7-8 7-8 7-8
Number of optional levels — 2 2 2 2 2
ground planes/capacitors
Local wiring pitch (nm) 500 450 405 365 330 295 265
Local wiring A/R (for Al) 2 2 2.1 2.1 Dl
Local wiring A/R (for Cu) 1.4 1.4 1.5 1.5 1.6 1.6 1.7
Cu local dishing (nm), 5% x height 18 16 15 14 13 12 11
Solutions Exist L] Solutions Being Pursued 1] No Known Solutions I
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MPU Short Term Requirements (contd)

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2004 2005
“TECHNOLOGY NODE”’ 180 nm 130 nm 100 nm
Intermediate wiring pitch (nm) 640 575 520 465 420 375 340
Intermediate wiring A/R (Al) 2.2 23 24 25 2.6
Intermediate wiring dual damascene 41 4.2 4.3 4.3 4.4 45 4.6
A/R (Cu)
Cu intermediate dishing (nm), 15 102 98 94 84 80 75 7
micron line, 20% x height
Dielectric erosion, intermediate, 50% 77 74 71 63 60 56 53
density, 15% x height
Minimum global wiring pitch (nm) 1050 945 850 765 690 620 560
Global wiring A/R (Al) 2 21 2.2 23 24
Global wiring A/R (Cu) 1.5 1.6 1.7 1.7 1.8 1.9 2
Cu global dishing (nm), 15 micron 158 151 145 130 124 117 112
line, 20% x height
Minimum metal effective resistivity - 3.3 3.3 3.3 3.3 3.3
cm) Al wiring*
Minimum metal effective resistivity 22 2.2 22 22 2.2 2.2 2.2
(MQ—cm) Cu wiring*
Barrier/cladding thickness 23 19 16 13 11 7 3
(conformal) (nm)
Interlevel metal insulator - effective 35-40 | 35-40| 27-35 | 27-3.5 22-27 22-27 1.6-22
dielectric constant (K)
Solutions Exist [ | Solutions Being Pursued [ ] No Known
Solutions
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MPU Long Term Requirements

Local wiring pitch (nm)

Local A/R (for Cu)

Cu local dishing (nm), 5% x height

Solutions Exist [ ] Solutions Being Pursued [ ]

No Known Solutions

YEAR OF INTRODUCTION “TECHNOLOGY NODE” 2008 2011 2014
70 nm 50 nm 35 nm
MPU pitch 80 55 40
MPU gate length (nm) 45 32 22
Number of metal levels 9 10 11
Number of optional levels — ground planes/capacitors 2 2 2
Jmax (A/cm’) - wire 2.4E6 4.0E6 6.6E6
Jmax (mA) - via 0.24 0.20 0.17
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MPU Long Term Requirements (contd)

YEAR OF INTRODUCTION “TECHNOLOGY NODE” 2008 2011 2014
70 nm 50 nm 35 nm
Intermediate wiring pitch (nm) 240

Intermediate wiring dual damascene A/R (Cu) 4.8
55

Cu intermediate dishing (nm), 15 micron line, 20% x
height

Dielectric erosion, intermediate, 50% density, 15% x
height

Minimum global wiring pitch (nm)
Global wiring A/R (Cu)
Cu global dishing (nm), 15 micron line, 20% x height

Minimum metal effective resistivity (Q-cm) Cu wiring*

Barrier/cladding thickness (conformal) (nm)

Interlevel metal insulator - effective dielectric constant

(k)
Effective K less than 1.5 have No Known Solutions

Solutions Exist [ ] Solutions Being Pursued [ ] No Known Solutions
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SOC Short Term Requirements

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2004 2005

“PECHNOLOGY NODE’ 180 nm 130 nm 100 nm
MPU pitch (nm) 230 210 180 160 145 130 115
ASIC gate (nm) 180 165 150 130 120 110 100
Number of metal levels 6 6 7 7 7-8 8 8
Number of optional levels 0 0 2 2 4 4 4
— passive elements
Local wiring pitch (nm) 450 405 360 325 290 260 230
Local wiring A/R (for Al) 2 2 2.1 2.1 2.2
Local wiring A/R (for Cu) 1.4 1.4 1.5 1.5 1.6 1.6 1.7
Intermediate wiring pitch 560 505 450 405 360 325 285
(nm)

Solutions Exist [ | Solutions Being Pursued L] No Known Solutions s

SOC characterized by more aggressive local pitch than MPU

Passive elements require the use of more levels of metal
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SOC Short Term Requirements

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2004 2005

“TECHNOLOGY NODE” 180 nm 130 nm 100 nm
Intermediate wiring A/R (Al) 2.2 2.3 2.4 2.5 2.6
Intermediate via A/R (Al) 2.8 2.8 2.9 2.9 3.0
Intermediate wiring dual 4.1 4.2 4.3 4.3 4.4 4.5 4.6
damascene A/R (Cu)
Global wiring pitch (nm) 900 810 720 650 580 520 460
Global wiring A/R (Al) 2.2 2.3 24 2.5 2.6
Global wiring A/R (Cu) 1.6 1.6 1.7 1.7 1.8
Global wiring dual 3.8 3.9 4.0 4.0 4.1 4.2 4.3
damascene A/R (Cu)
Interlevel metal insulator - 35-40]|35-40]27-3527-35]|22-27|22-27|1.6-2.2
effective dielectric constant
(k)

Solutions Exist [ | Solutions Being Pursued L] No Known Solutions s

Lilernational
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SOC Long Term Requirements

YEAR OF INTRODUCTION “TECHNOLOGY NODE” 2008 2011 2014
70 nm 50 nm 35 nm

MPU pitch (nm)
ASIC gate (nm)

Number of metal levels

Number of optional levels — passive elements

Local wiring pitch (nm)
Local wiring A/R (for Cu)

Intermediate wiring pitch (nm)

Intermediate wiring dual damascene A/R (Cu)

Global wiring pitch (nm)

Global wiring dual damascene A/R (Cu)

Interlevel metal insulator - effective dielectric constant

(K)

Solutions Exist [ ] Solutions Being Pursued [ ] No Known Solutions e

emiconductors m
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DRAM Short Term Requirements

Up to 4 interconnect levels

YEAR OF INTRODUCTION 1999 2000 2001 2002 2003 2004 2005
“TECHNOLOGY NODE”’ 180 nm 130 nm 100 nm
DRAM pitch 180 165 150 130 120 110 100
Number of metal levels 3 3 3 34 4 4 4
Contact A/R — stacked 6.3 6.7 7.1 7.5 8.0 8.5 “
capacitor
Local wiring pitch (nm) non- 360 330 300 260 240 210 200
contacted
Specific contact resistance 6E-7 3E-7 2E-7
(Q-cm)
Specific via resistance 7E-9 2E-9 1E-9
(Q-cm)
Metal effective resistivity 3.3 3.3 3.3 3.3 33 3.3 2.2
(HQ2-cm)
Interlevel metal insulator - 4.1 4.1 4.1 3.0-4.1 3.0-4.1 3.0-4.1 2.5-3.0
effective dielectric constant
(K)

Solutions Exist L] Solutions Being Pursued L] No Known Solutions I

niernﬂﬂnnﬂl ecl'mnlugg Rnaclm&p {nr emicnnclucl:nrs

4>

Interconnect/7-8-99/CCase #



DRAM Long Term Requirements

Contact A/R — stacked capacitor

Local wiring pitch (nm) non-contacted

10.5

140

|
100

YEAR OF INTRODUCTION “TECHNOLOGY NODE” 2008 2011 2014

70 nm 50 nm 35 nm
DRAM pitch 70 50 35
Number of metal levels 4 4 4

70

Specific contact resistance (Q-cm”) SE-8 3E-8 2E-8
Specific via resistance (Q-cm’) 6E-10 3E-10 1.5E-10
Metal effective resistivity (UQ-cm) 2.2 2.2 2.2
Interlevel metal insulator - effective dielectric constant (k) 25-3.0 2.0-25 2.0-23
Solutions Exist L] Solutions Being Pursued No Known Solutions I

No Known Solutions to A/R

High k materials may provide some relief
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Conductor Potential Solutions

Conductor Potential Solutions 1999 2001 2003 2005 2007 2009 2011 2013 2015

I
Low temperature W conductor I LOW temp CVD W for lOW K

High A/R CVD W contact fil CO mp atib ility

High A/R contact fill for
Enhanced PVD/CVD Al fill DRAM

Second generation Cu ECD

Challenges

Other high A/R contact fill

Cu fill of dual damascene

oo structures with reduced CD
and high A/R

3 e Identifying and
. implementing solutions after
I Research Required Chrﬁ\:r eeeeeeeeeeeeeeee [ Qualification/Pre-Production Cu and lOW K
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Barrier Potential Solutions

Barrier Potential Solutions

1999 2001 2003 2005 2007 2009 2011 2013 2015

I

(Long throw PVD, ionized PVD, CVD) TiN for high A/R CVD W

(Long throw PVD, ionized PVD, CVD) TiN for

enhanced Al fill

I

—CVD Ta, TaN, TaSiN, TiN, TiSiN, WN, WSIiN
—PVD Ta, TaN, TaSiN, TiN, TiSiN, WN, WSiN

—Electroless barriers (CoP, CoWP)

I

Narrow
Options

[ ]

— Dielectric

— In situ formation - dielectric modification

I

— Metal dopant surface segregation

Narrow
Options

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 solution.

Lilernational
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Challenges

Solutions for high A/R
DRAM contacts

Conformal barriers for
dual damascene Cu - thin,
effective diffusion barrier,
low via resistance

Barrier free solutions to
reduce effective Cu
resistivity




Dielectric Potential Solutions

First Year of IC Production 1999 2001 2003 2005 2007 2009 2011 2013 2015

high-k dielectric

Relative permittivity (k)
N
[9)]
g

£[0) e —— | -------------------------- .
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Challenges

High K and ferroelectrics
materials development

Development and integration of
ultra low K materials with
acceptable mechanical/thermal
properties

Fabricating low-temp low-loss
Si0, optical interconnect

Addressing turning radius of
lossy polymer optics

a




Etch Potential Solutions

1999 2001 2003 2005 2007 2009 2011 2013 2015

First Year of IC Production

DIELECTRIC ETCH ContactNiaITren+h

Challenges

Fluorinated silicate glass - RIE/HDP
HSQ - RIE/HDP

Organic - RIE/HDP
SiOC - RIE/HDP

Dimensional control with small
=A features and high A/R

Porous PTFE - HDP

Porous k < 1.5 - HDP

]
Porous k < 1.5 - Reduced damagel/distortion ptio :I SelectiVity tO etCh StOpS and
hard masks

Porous k < 1.5 - HDP

Porous k < 1.5 - Reduced damage/distortion

)

ol Many new low and high K

S B B materials - may require new
chemistries

Strip/clean compatibility with
these new materials

Low damage

a
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Planarization Potential Solutions

1999 2001 2003 2005 2007 2009 2011 2013 2015

First Year of IC Production
Planarization Techniques
Chem-Mechanical Polish (CMP)
Chemically Enhanced Planar. (CEP)

Other

Layout/Integration Enhancements
Smart Layout Tools
Polish Stops for Cu Damascene
Other

Consummables Enhancements

High Selectivity Slurries
Slurryless Pads

Low Defect Density Pads and
Slurries for Cu

Planarization Tools
Rotary
Orbital
Ellipsoidal

Separate Polish and Clean

Integrated Polish andClean

Cleaning Techniques
Brush
Spray
Immersion with and without
Megasonic
Supercritical CO,
New chemical agents
Other

icates the time during which

eeeeeeeeeeeeeeeeeee

Challenges

Continued development of
tools/slurries/pads

Cleaning technologies

Many new low and high K
materials - may require new
planariztion approaches

Pattern dependent
planarization

Planarization over passive
elements for SOC
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Long term prospective

e Cu/low k interconnects extendable for
local/intermediate wiring

— Crosstalk must be carefully managed

— Dimensional effects at < 50 nm

 Alternatives needed for global wiring

— Design solutions (repeaters, new architectures...)

— Coplanar waveguides or free space rf

— Optical interconnects




Complexity

* Complexity of connectivity a looming 1ssue

— Exceeding CAD tool capability & package
pinout

— SOC may alleviate

* 3D structures (active and interconnect) may
alleviate the connectivity dilemma
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Coplanar Waveguides

» Key advantages include:
— High bandwidth

— Low frequency dispersion and low loss
— Modular interconnect compatibility/connectivity

— Compatibility with traditional on-chip and off-
chip interconnect technologies

» Key disadvantages include:

— Signal coupling/matching

— Circuit complexity (noise figure)




Free space rf interconnects

» Key advantages include
— High bandwidth
— Low frequency dispersion and low loss

— Modular interconnect including compatibility
with traditional on-chip and off-chip interconnect
technologies

» Key disadvantages include

— Signal discrimination

— Circuit complexity




Optical Interconnects

» Key advantages include:
— High bandwidth
— No frequency-dependent loss or crosstalk
— No distance-dependent loss or degradation
— Modular interconnect compatibility/connectivity
— Compatibility with off-chip optical communications

» Key disadvantages include:

— Process complexity/cost

— Additional power needed (especially for receiver
circuit)




L.ast words

Rapid changes in materials

Materials solutions alone cannot deliver
performance - end of traditional scaling

System level solutions must be accelerated
System on a Chip implementations will
propagate

Optical/rt/waveguide/3D current alternatives
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