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Agenda

e Scope, structure and 10 year synopsis
e Technology requirements

 Difficult challenges

e Cu resistivity effects

 Energy and performance

 Low k roadmap

* Interconnect for memory
— DRAM wiring roadmap
— Non-volatile interconnect requirements

e Beyond metal/dielectric systems
— 3D, optical and carbon nanotubes (CNT)
— 3D roadmap proposal

Last words
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Interconnect scope

Conductors and dielectrics

— Starts at contact

— Metal 1 through global levels

— Includes the pre-metal dielectric (PMD)

Associated planarization

Necessary etch, strip and cleans

Embedded passives

Reliability and system and performance issues
Ends at the top wiring bond pads

“Needs” based replaced by — scaled, equivalently]
scaled or functional diversity drivers
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Typical MPU cross section
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Typlcal ASIC Chip Cross Section
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M1 Half Pitch Trends

—=—2004-2005 DRAM HP
~=—2004 MPU/ASIC HP
—=—2005 MPU/ASIC HP
——2005 FLASH Poly HP
—=—2004-2005 MPU Lg

2005 2010 2015 2020
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Whose linewidth Is it anyway?

 Metal 1 design rule concerns
— Staggered contacted pitch used for
definition
* 68 nm half pitch for 2007

* High performance MPU pitches scaling
at ~0.75/2 years until 2009

e Returning to 0.7/3 years 2010

e Convergence of MPU/ASIC and DRAM pitch
iIn 2010

— Commonality in the backend (Cu based)
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Technology Requirements

Tables for HP MPU and ASIC plus DRAM
Wiring levels including “optional levels”
Reliability metrics

Minimum wiring/via pitches by level
Performance figure of merit and capacitance
Planarization requirements

Conductor resistivity with and without scattering
Barrier thickness

Dielectric metrics including effective k (UPDATED)
Crosstalk metric

Metal 1 variability due to CD and scattering
Power Index
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Technology Requirements

« HP MPU and DRAM tables now restated and organized as
— General requirements
* Resistivity
» Dielectric constant
* Metal levels
* Reliability metrics
* Power metric
— Level specific requirements (M1, intermediate, global)
» Geometrical
— Via size and aspect ratio
— Barrier/cladding thickness
— Planarization specs
— Variability
* Materials requirements
— Conductor effective resistivity and scattering effects
» Electrical characteristics
— Delay, capacitance, Jmax
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The March of Materials
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Difficult challenges (1 of 3)

Meeting the requirements of scaled metal/dielectric systems
— Managing RC delay and power
* New dielectrics (including air gap)
« Controlling conductivity (liners and scattering)
— Filling small features
e Liners
e Conductor deposition
— Reliability
» Electrical and thermo-mechanical

Engineering a manufacturable interconnect stack compatible
with new materials and processes

— Defects
— Metrology
— Variability
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Difficult challenges (2 of 3)

Meeting the requirements with equivalent scaling

— Interconnect design and architecture (includes mulit-core
benefits)

— Alternative metal/dielectric assemblies
e 3D with TSV

— Interconnects beyond metal/dielectrics
« 3D
e Optical wiring
e CNT

— Reliability
» Electrical and thermo-mechanical

Engineering a CMOS-compatible manufacturable interconnect
system

— Non-traditional materials (for optical, CNT etc.)

— Unique metrology (alignment, chirality measurements,
turning radius etc)
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Difficult challenges (3 of 3)

e Adding functional diversity
— Mixed technologies
» Si, GaAs, HgCdTe together
— Mixed signalling approaches
o Rf
» Passive devices

— Intelligent Interconnect (active devices, sensors, MEMS, biochips,
fluidics, etc. in interconnect)

» Repeaters in interconnect, combined metallic/semiconducting
CNT interconnects

* Back-end memory
» Variable resistor via
— Reliability
» Electrical and thermo-mechanical
 Engineering a CMOS-compatible manufacturable interconnect system
— Non-traditional materials 11/V, I1/VI
— Deposition (low temperature epi)
— Unigue metrology (composition)
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Size matters

2003 — the impending impact of Cu resistivity increases at
reduced feature sizes (due to scattering) - first noted

2004 — metrics introduced to highlight the impact of width
dependent scattering on the effective resistivity and impact
on RC delay

— Models have been refined to more accurately predict the
resistivity due to changes in aspect ratio, shape and
metal thickness

2007 - Metrics updated — managed architecture

Adapt the same methodology for DRAM when Cu is
Introduced (2007)

e—" " —

Surface scattering

E/’Lw

Bulk scattering
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Resistivity [UQ cm]

Size matters

| side
wall

> | grain boundary

1- bulk resistivity

T T T T T T T T T T T T
10 100 1000
L|neW|dth (nm) Figure From Infineon
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Dynamic Power

Increasing concern about rising dynamic power In the
Interconnect stack

— Interconnects make a significant contribution to
total dynamic power

Impacts effective k roadmap
— Drives reduction in parasitic capacitance

Dynamic power is a key constraint for high
performance MPUs

Alternative interconnect technologies (optical, CNT,
RF, etc.) should be performance competitive in terms
of delay and power

Influence of number of functions (N), activity (A) and
frequency (F): P = (NAF)CV?
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Capacitance and Power Index

0.25 ¢ — Ml 2.25
—e— [ntermediate NE 2! upper value
’é\ 0.2} —e— Global S 1m . *
S N i " e °
~ T 1.5 o PS
s O 1m //T
- Ry
O o2 = 1t
0.75 |
Used lowest expected k value
90 65 45 32 22 16 90 65 45 32 22 16
M1 %% pitch M1 %4 pitch
[ 7 Jcvaqcmm|e, 1" |-p GH * of metal |
ver |7 | = a z)-| e, = Power per GHz per cm“ of metal layer.
' = capacitance per unit length.
V =V,, p=rpitch, e, = wiring efhiciency, a = average activity factor of interconnects.
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R and C variability

1.40E-09

1.20E-09 -
w=80nm
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. thk
6.00E-10 - w=80nm e=.%"° Barrier |+ 2nm
t =150nm " ° thk
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Integration Schemes

Homogeneous ILD
without trench etch stop

Embedded low x ILD

4— Dielectric
diffusion barrier

4— Etch stop layer

4— Dielectric
diffusion barrier

4— Etch stop layer

o
e 'tf‘i
?&a_:"- T

Homogeneous ILD
with trench etch stop
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Low-k update

4.0

3.5

3.0

2.5

2.0

15 Manufacturable

solutions Red Brick Wall
are known (Solutions are NOT known)

Effective Dielectric Constant; keff

oO7v 08 09 10 11 12 13 14 15 16 17 18 19 20
Year of 1st Shipment
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Low-k Trend (2003-2006 IITC, IEDM, VL, AMC)

90 nm(2005-) 65 nm(2007-) 45 nm(2010-) 32nm(2012-)
intel l — m l_’ —
CVD SiOC DD (k=2.9) CVD SiOC DD (k=2.9) CVD SiOC DD (k=2.6)? CVD SiOC DD (k=2.4)?
r’ = Ii
- __-1 — —
IBM ’ — — —
CVD SiOC DD (k=3.0) CVD SiOC DD (k=2.75) CVD SiOC DD (k=2.45)  CVD SiOC DD (k=2.2-2.4)?
TSMC L — '\“& — “ " —
CVD SiOC DD (k=3.0) CVD SiOC DD (k 5 5) CvD ?&ozc h brld DD CVD(ElOZCZ h b)rld DD
3 CVD SiOoC stack DD
CVD SiOC DD (k=2.9) (k=2.6/3.0) CVD SiOC DD (k=2.65) CVD SiOC DD (k=2.4)?
Uge
! —
Fujitsu — — l l ; —
NCS/CVD SiOC stack DD NCS/NCS stack DD NCS/NCS stack DD
CVD SiOC DD (k=2.9) (k=2.25/2.9) (k=2.25/2.25) (k=2.25/2.25)?
Ny > : : E
SONY _ _ .,
_ PAr/SiOC hybrid DD P-PAr/p-SiOC hybrid DD ULK-PAr/SiOC hybrid DD
NECEL | cvpsiocpp (k=2.9) Ke2.6/2.5 (K=2.3/2.3) K=2.0/2.0

Slow down of low-k technology development speed
and large variation of k values among device companies
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Low-k Roadmap Table Update

Near-term
Year of Production 2007 2008 2009 2010 2011
Interlevel metal insulator — effective dielectric
Was g st Mdassad 27-3.0 2730 2528 2528 2528
constant (i)
Interlevel | insulator — effective dielectri
s nterlevel metal insulator — effective dielectric 2933 20-3.3 26-2.9 262.9 2629
constant (k)
Interlevel metal insulator — bulk dielectri
Was [ orevelmetalinstiator = bk diefectric 2327 2327 21-2.4 2124 21-2.4
constant (k)
Is Interlevel metal insulator — bulk dielectric 2529 2529 2327 2327 2327
constant (i)
iffusi i h- - bulk
New |Copper diffusion barrier and etch-stopper - bu 4.0-45 4.0-4.5 3.5-4.0 3.5-4.0 3.5-4.0
dielectric constant (k)

24

Long-term

2014

2.4-2.6

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

Manufacturable solutions are NOT known _
Internabional Technology Road Semiconduct
nternartion ecnno Ogg oa map or vemiconauctrors
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DRAM

Small changes in specific via and contact resistivity

Contact A/R (stacked capacitor) rises to >20 In
2010 - a nearby red challenge - associated with the
45 nm DRAM half pitch

Cu implemented in 2007

Low k with an effective dielectric constant of 3.1 —
3.4 pushed back one year to 2009

Plan to distinguish embedded, flash, and traditional
DRAM along with alternative memory Iin the
Interconnect in the future (2009)
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2007 DRAM Table - n+Si, p+Si and Via

Year of Froduction 2007 2008 2009 2000 2001 2002 2013 2014 2005 2006 27 2008 2019 2020 2021 2022
DRAM % Fifch {wm) {ronfacted) 5] 57 5t 45 41 36 32 28 25 22 29 18 16 14 13 1i
MPUZASTC Mefal 1 3% Fifch

{rm)fcontacted) i 29 52 45 40 36 32 28 25 22 20 18 16 14 13 1i
MFU Physical Gate Length fm) 25 22 20 18 16 Id i3 i 10 g 3 7 [ [

Humber of metal layers 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Contact AR - stacked capacitor 16 17 =20 =20 =20 =20 =20

etal | witing piteh (g * 130 14 80 12 64 56 50 44 40

Specific contact resistance (Q)-cm’) for

n+ 5i PRSI ] 1.20E08  9.60E09 6.20E09 6.90EL3 5.80E09  4.60E09  4.00E09  340E09  2.60E09

Specific contact resistance (Q-cm?) for

pt5i RISl ] 1.80E08  150E08  1.30E08) 1.10E08  9.20E09  7J40E09  6.20E09  5.10E09)  4.30E09

Specific via resistance (0-cm?) 01d LRIV NN R 2.90E10 250E10 2.10E10  1.70E-10  1.40E10  1.20E10  1.00E10  8.40E11  7.00E-N

Specific via resistance (0-cm®) EW ENUI RTINS R 2.90E10 250E10  2.10E10  1.70E-10 1.40E10 1.20E10  1.00E110  8.40E11  7.00E-1 -

Conductot effective resistivity (pS2-cr)

assumes no scattering for Cu 22 2.2 22 22 22 22 2.2 2.2 22 22 22 22

Interlevel metal insulator — effective

dielectric constant <) 0ld 3.6-41 3.1-34 3134 3134 2.7-3.0 2.1-30 2.7-3.0 25-28 25-28 2.5-2.8 23-26 23-26

Inierlevel metal insulator — effective

dieleciric constant () eV 3.6-41 3.6-4.1 ) 3134 3134 2.7-3.0 2130 2730 25-28 25-28 25-28 23-26 23-256

1. Values for Contact and Vias are basically consistent with measured data up to

2009

2. Beyond 2009 the values are extrapolated as proposed previously by Japan TWG:
Based on contact CD scaling assumption, 30 % every 2 years (factor = 0,83/year) is
between compensation of width scaling (factor = 0,89/year) and area scaling (factor =

0,79/year);
certain limit.

3. Values 2010 to 2022 should stay in red

30 % every 2 years is a good approach to keep the contact Rs below a

2007 ITRS DRAFT DO NOT PUBLISH
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Jmax 2007 — small changes

Inverter circuit (F.0=3)
Vvdd -Minimum Tr width (Wmin.):

—_ Cg*Wg NMOS Gate width= (ASIC Half-pitch)x 4
\' PMOS Gate width=(NMOS Gate-width) x 2
= | -Tr-width (Wg):

Wg =Wmin.x 8

b

-Gate capacitance(Cq)

wire -Wiring capacitance(Ci): Updated keff

I—li Intermediate LI -Wiring length (Li): IM-Pitch x 200
Cg*wg _L | i
Fan oyt - @

N=3 Average current density of IM-
4[: interconnect (J,,..)
= f (Cg*Wg *N+Ci) *vdd/(Wi*Ti)
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Multi-core Impact on Interconnect

* Wiring lengths change
— Critical path reduced (in core)

— Mechanical integrity challenges will
change

— Jmax changes

— Hierarchical structure may no longer be
necessary

« Converge to more fine pitch
local/intermediate wires

« Power and ground delivered through grid
— Global delay challenge relaxed
— 3D may include multi-core

 Need to consider splitting metrics 10
into: - Memory IF & Chip-to-Chip IF -

— In-core (intra-tile) and Inter-core (inter-tile) Figure From ITRS 2006 Design TWG
* New bandwidth requirements
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Emerging Interconnect

e Use geometry T
—-3D P
— Air gap P

« Use different signaling methods
— Signal design
— Signal coding techniques

e Use innovative design and package options
— Interconnect - centric design
—Package intermediated interconnect
— Chip-package co-design

e 3 ln][erna][iona] Tec]_'mologg Roatlmap {or Semiconducfors
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From low x to no x - air gaps

Introduction of air gap architectures
— Creation of air gaps with non-conformal deposition
— Removal of sacrificial materials after multi-level interconnects

= Values of effective k-value down to 1.7 with low crosstalk levels
— Localized air gaps to maintain good thermal and mechanical properties

Ultra-low « and Air gap (k<1.7) (CVD and Spin-on)
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Emerging interconnect

o Use different physics

— Optics (waveguides, emitters, detectors, free
space, trans-impedance amps, modulators)

— RF/microwaves (transmitters, receivers, free
space, waveguides)

— Terahertz photonics
e Radical solutions
— Nanowires/nanotubes
— Molecules
— Spintronics
— Quantum wave functions
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Hypothetical On-die Optical Interconnects with WDM

Wavelength specific
modulator

\(
H'ﬂ

| Waveguide

C I ]"l.{‘.e_ll*]fl.d{'io n a.]_ ]_BC_ITI.].'I.O_I_Ogg 'R..oa.(l_lfn_a,p {O]’.1 Semi con (.I.l]_C.{'.Ol*S
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High Density 3D Integration

e Through silicon via (TSV)

— Reliability

— Physical metrics (pitch, diameter, density)
« Alignment tolerance
e Bond layer

— Reliability

— Interfacial defect density

— Adhesion

 List of “Difficult Challenges”, e.g. TSV
processes, alignment, low k impact on TSV, etc.
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The Introduction of Thru-Si-Stacking (TSV)

= Fa ¥ F g
Fé 100k 0.5um 1pam 3jarn Bum 10pm i
S Vafer /Wafer |
@ Bond Alignment
= >
3# 10k -
=
@ |
$ 1k- :
Oy
=
=
] 100 - .
5 -
o = Adapted fram
£ 10- il Tapol, IBM,2006
e Transistor Lewel Macro Level Uit Lewel Caore Level Chip Level
0,25pm via 0.75um via 2pami via Aum via 30pm via
= s Via Chip/\Via Stacking 1st
FIEHREEG e s Process Connection Type Application
Standard Chip Large,{~ 20pm) Post Om Chip Diie J Die
Architecture  ~ 10.. 100ichip Front-End RODL Die | Wafer Edash Phase 1
First 3D Medium,{= Sum]) Pre lIn [Post Integrated Die | Wafer
Elements -~ 200.. 1000ichip Front-End in Me layers . Wafer | Wafer DRAM, Sensor=. | Phase 2
Complete Fine, (< 1pm]j Pre fn Integrated
30 Design =~ 1k... 100K/chip Front-End InMefayers  ‘Wafer!Wafer 772 Phase 3

The 3D Thru-5i-Via Stacking Technology will be introduced stepwise to be beneficial

2007 IEEE International Solid-State Circuits Conference © 2007 IEEE
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Summary of Notable 2007 changes

 Low-k slowdown
— New range for bulk k and K
 New Technology Introduction

— ALD barrier processes and metal capping layers for
Cu are lagging in introduction.

* No solutions seen for Cu resistivity rise
 Power Metric

— Capacitance per unit length decreases due to
decreases of the dielectric constant.

— However, the dynamic power is expected to increase
because of the increased number of metallization
layer, larger chip size and increased frequency.
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Last words
 Must manage the power envelope

* Must continue to meet requirements of
scaled metal/dielectric systems while
developing CMOS-compatible equivalent
scaling solutions
— Cu resistivity impact real but manageable

— materials solutions alone cannot deliver
performance - end of traditional scaling

— Integrated system approach required
* Functional diversity enhances value

ln{er]{laﬁonal TeC]_'anIOgg ROﬂdmap {OI‘ Semiconductors
2007 ITRS DRAFT DO NOT PUBLISH




	Interconnect Working Group
	ITWG Regional Chairs
	Partial List of Contributors
	Agenda
	Interconnect scope
	Slide Number 6
	Slide Number 7
	M1 Half Pitch Trends
	Whose linewidth is it anyway?
	Technology Requirements 
	Technology Requirements
	Slide Number 12
	Difficult challenges (1 of 3)
	Difficult challenges (2 of 3)
	Difficult challenges (3 of 3)
	Size matters
	Size matters
	Dynamic Power
	Capacitance and Power Index
	R and C variability
	Integration Schemes
	Slide Number 22
	Slide Number 23
	Slide Number 24
	DRAM
	Slide Number 26
	Jmax 2007 – small changes
	Multi-core Impact on Interconnect
	Emerging Interconnect
	From low k to no k -  air gaps
	Emerging interconnect
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Summary of Notable 2007 changes
	Last words

