1994 NTRS(National Technology Roadmap for Semiconductor)

NTRS 1997
Cu 1999 NTRS
2001 ITRS
2003
MPU ASIC low-k ITRS
(SOC)
near term
long term
(RF)
1998
Cu

k=3.7 180nm
k=2.6-3.0 130nm 90nm
2.6 low-k

Cu
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63 64

CO2

80  45nm
45nm

80

near term 5

45nm long term 5

Interconnect Difficult Challenges

Five Difficult Challenges
>45nm/Through 2009

Summary of Issues

Introduction of new materials to meet conductivity

requirements and reduce the dielectric permittivity™*

The rapid introductions of new materials/processes that are necessary to meet conductivity
requirements and reduce the dielectric permittivity create integration and material

characterization challenges.

Engineering manufacturable interconnect structures
compatible with new materials and processes*

Integration complexity, CMP damage, resist poisoning, dielectric constant degradation. Lack of
interconnect/packaging architecture design optimization tool

Achieving necessary reliability

New materials, structures, and processes create new chip reliability (electrical, thermal, and
mechanical) exposure. Detecting, testing, modeling and control of failure mechanisms will

be key.

Three-dimensional control (3D CD) of interconnect
features (with it’s associated metrology) is required to
achieve necessary circuit performance and reliability.

Line edge roughness, trench depth and profile, via shape, etch bias, thinning due to cleaning,
CMP effects. The multiplicity of levels combined with new materials, reduced feature size,

and pattern dependent processes create this challenge.

Manufacturability and defect management that meet
overall cost/performance requirements

As feature sizes shrink, interconnect processes must be compatible with device roadmaps and
meet ma The International Technology Roadmap for Semiconductors: 2003
nufacturing targets at the specified wafer size. Plasma damage, contamination, thermal
budgets, cleaning of high A/R features, defect tolerant processes, elimination/reduction of
control wafers are key concerns. Where appropriate, global wiring and packaging concerns
will be addressed in an integrated fashion.

Five Difficult Challenges
<45 nnm/Beyond 2009

Summary of Issues

Mitigate impact of size effects in interconnect

structures

Line and via sidewall roughness, intersection of porous low-k voids with sidewall, barrier
roughness, and copper surface roughness will all adversely affect electron scattering in
copper lines and cause increases in resistivity

Three-dimensional control (3D CD) of interconnect
features (with it’s associated metrology) is required

Line edge roughness, trench depth and profile, via shape, etch bias, thinning due to cleaning,
CMP effects. The multiplicity of levels, combined with new materials, reduced feature size
and pattern dependent processes, use of alternative memories, optical and RF interconnect,

continues to challenge.
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As features shrink, etching, cleaning, and filling high aspect ratio structures will be challenging,

Patterning, cleaning, and filling at nano dimensions . . .
especially for low-k dual-Damascene metal structures and DRAM at nano dimensions.

. . . Combinations of materials and processes used to fabricate new structures create integration
Integration of new processes and structures, including

. . . complexity. The increased number of levels exacerbate thermomechanical effects.
interconnects for emerging devices

Novel/active devices may be incorporated into the interconnect.

. . . . Traditional interconnect scaling will no longer satisfy performance requirements. Defining and
Identify solutions which address global wiring

. finding solutions beyond copper and low i will require material innovation, combined
scaling issues*

with accelerated design, packaging and unconventional interconnect.

* Top three challenges

3

RC 3

in-situ
3 CVD
A/R
45nm
Cu
RF
near term 2003-2009 long term 2010-2018
MPU(micro-processor unit), DRAM(dynamic random access memory),SOC(system on
a chip) Table81 82 MPU
Ml
Cu
M1
RC
Fig.54 Ml
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100

—&— Gate Delay
(Fan out 4)

=— Metal 1
(Scaled)

10 — =& Global with Repeaters

=~ Global w/o Repeaters

Relative Delay

0.1
250 180 130 90 65

Process Technology Node (nm)

54 Déeay for | and Global Wiring versus Feature Sze
Near term
Al
Al Cu
low-k
2003
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Typical Chip Cross Section

Passivation

~—— Dielectric
-« Etch Stop Layer

Via
Global (upto5) < L <—— Dielectric Capping Layer

>- : E Copper Conductor with
—

Barrier/Nucleation Layer

Intermediate (up to 8) << BE |

Metal 1 { I q - I «—— Pre Metal Dielectric

— L—— Tungsten Contact Plug

1 |
—>i 1<€— Metal 1 Pitch

55 Cross-section of Hierarchical Scaling

8la,b
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8la  MPU Interconnect Technology Requirements—Near-term
Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM %2 Pitch (nm) 100 0 80 70 65 57 50
MPU/AS C %2 Pitch (nm) 120 107 95 85 76 67 60
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 2 20
Number of metal levels 9 10 11 11 11 12 12
Number of optional levels — ground planes/capacitors 4 4 4 4 4 4 4
Total interconnect length (m/cmz) —active wiring only, excluding global levels [1] 579 688 907 1002 1117 1401 1559
FITs/m length/cm2 x10° excluding global levels [2] 8.6 73 5.5 5.0 4.5 36 33
Jmax (Aem?)  intermediate wire (at 105°C) 3.7E05 | 5.0E05 | 6.8E05 | 7.8E05 | 1.0E06 | 1.4E06
Metal 1 wiring pitch (nm) * 240 214 190 170 152 134 120
Metal 1 A/R (for Cu) 16 17 17 17 17 18 1.8
Interconnect RC delay (ps) for | mm Metal 1 line 191 224 284 355 384 a77 595
Line length (mm) where T = RC delay (Metal 1 wire) 79 65 55 46 41 34 28
Cu thinning at minimum pitch due to erosion (nm), 10% X height, 50% areal 19 18 16 14 13 12 11
density, 500 pm square array
Intermediate wiring pitch (nm) 320 275 240 215 195 174 156
Intermediate wiring dual Damascene A/R (Cu wire/via) 17/15 | 1745 | 1.7/15 | 1.7/1.6 | 1.8/1.6 | 1.8/1.6 | 1.8/1.6
Interconnect RC delay (ps) for 1 mm intermediate line 105 139 182 224 229 288 358
Line length (mm) where t = RC delay (intermediate wire) 107 83 69 58 53 43 37
Cu thinning at minimum intermediate pitch due to erosion (nm), 10% x height, 27 23 20 18 18 15 10
50% areal density, 500 pm square array
Minimum global wiring pitch (nm) 475 410 360 320 290 260 234
Ratio range (global wiring pitches/intermediate wiring pitch) 1550 |156.7|156.7|156.7| 1580 | 1.5-8.0 | 1.5-8.0
Global wiring dual Damascene A/R (Cu wire/via) 2119 | 2119 | 22/20 | 2.2/2.0 | 2.2/20 | 2.3/20 | 2.3/2.0
Interconnect RC delay (ps) for | mm global line at minimum pitch 42 55 69 87 92 112 139
Line length (mm) where © = RC delay (global wire at minimum pitch) 169 132 112 93 83 69 59
Cu thinning of maximum width global wiring due to dishing and erosion (nm), 168 193 176 158 172 160 144
10% x height, 80% areal density
Cu thinning global wiring due to dishing (nm), 100 pm wide feature 30 29 24 21 19 17 15
Conductor effective resistivity (uQ-cm) Cu intermediate wiring 22 22 22 22 22 22 22
Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3] 12 10 9 8 7 6 6
Interlevel metal insulator (minimum expected) — effective dielectric constant (i) 3.3-3.6 | 3.1-3.6 | 3.1-3.6 | 3.1-3.6 ALKV}
Interlevel metal insulator (minimum expected) — bulk dielectric constant (i) <3.0 <2.7 <2.7 <2.7

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch 1

Executive Summary

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

Interim solutions are known |4
Manufacturable solutions are NOT known _

8la 81b
(1]
Icm
[2 MPU FIT
FIT
(3
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81b MPU Interconnect Technology Requirements—Long-term

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

DRAM %2 Pitch (nrm) 45 B ) P 2 18
MPU/AS C %2 Pitch (nm) 54 42 38 30 27 21
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Number of metal levels 12 12 12 13 14 14

Number of optional levels — ground planes/capacitors

Total interconnect length (m/cmz) — active wiring only, excluding global levels [1]

FITs/m length/cm2 x10° excluding global levels [2]

Jmax (A/cmz) — intermediate wire (at 105°C)

Metal 1 wiring pitch (nm) *

Metal 1 A/R (for Cu)

Interconnect RC delay (ps) for | mm Metal 1 line

1784
2.8
3.0E06
108
1.8

4
2214

3.7E06

84

2544 | 3544

| 43E06 | 5.1E06

76
1.9

4

14

60
1.9

5035
1.0
6.9E06

Line length (mm) where t = RC delay (Metal 1 wire)

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

Intermediate wiring pitch (nm)

Intermediate wiring dual Damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1 mm intermediate line

Line length (mm) where © = RC delay (intermediate wire)

Cu thinning at minimum intermediate pitch due to erosion (nm),
10% ' height, 50% areal density, 500 pm square array

1.91.7 ‘ 191.7
908

614
19 |

14

Minimum global wiring pitch (nm)

Ratio range (global wiring pitches/intermediate wiring pitch)

Global wiring dual-Damascene A/R (Cu wire/via)

Interconnect RC delay (ps) for 1 mm global line at minimum pitch

Line length (mm) where T =RC delay (global wire at minimum pitch)

Cu thinning of maximum width global wiring due to dishing and erosion (nm), 10% x
height, 80% areal density

Cu thinning global wiring due to dishing (nm), 100 um wide feature

2.32.1
143
52
155 |

2.3/2.1

220
37
127

Conductor effective resistivity (uQ-cm) Cu intermediate wiring

Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3]

Interlevel metal insulator — effective dielectric constant (i)

Interlevel metal insulator (minimum expected) — bulk dielectric constant (k)

5

4

24/22\

30\

10
2.2
35

2326 | 2326 | 2024

<2.1

<2.1

<1.9

24/2.2

354
23
122

2.0-24

<1.9

2.0/1.8

1582

8
6

83

15-16

2.52.3
618
13
130

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch 1 Executive Summary

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

Manufacturable solutions are NOT known [

8la 8lb
(1
lcm
(2 MPU FIT 1
FIT
(3]
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82a DRAM Interconnect Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp20 hp65

DRAM Y2 Pitch (nm) 100 9 80 70 65 57 50
MPU/ASC Y2 Pitch (nm) 107 9 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
Number of metal layers 4 4 4 4 4 4 4
Contact A/R — stacked capacitor 13 15 15 16 16 17 17
Metal 1 wiring pitch (nm) * 180 | 160 | 140 | 130 | 114 | 100 90
Specific contact resistance (Q_sz) 1.00E-07|8.50E-08(7.00E-08|5.00E-08|4.00E-08|3.50E-08(3.00E-08
Specific via resistance (Q-cm?) 1.10E-09|9.00E-10|7.50E-105.80E-10|5.00E-10[4.00E-10|3.50E-10
Conductor effective resistivity (uQ-cm) 33 33 33 33 2.2 22 22
Interlevel metal insulator — effective dielectric constant (k) | 3.6-4.1 | 3.6-4.1| 3.6-4.1 | 3.6-4.1|3.1-36 | 3.1-3.6 | 3.1-3.6

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch

1 Executive Summary

82b DRAM Interconnect Technology Requirements—Long-term

Contact A/R — stacked capacitor

Metal 1 wiring pitch (nm) *

Specific contact resistance (Q-cm2)

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

DRAM Y2 Pitch (nm) 45 35 32 25 22 18
MPU/AS C %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
Number of metal levels 4 4 4 4 4 4

>20
80

>20 >20 >20 >20
57 44 40 32

2.30E-08 1.60E-08 1.20E-08 7.70E-09 5.50E-09 3.90E-09

Specific via resistance (Q-cm?)

3.20E-10|2.

Conductor effective resistivity (L2-cm)

22

2.2 2.2 2.2 2.2

22

Interlevel metal insulator — effective dielectric constant (k)

2.7-3.1|2.7-31|2.7-3.1 | 2.7-3.1 AR N /¥

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known |
Manufacturable solutions are NOT known _

DRAM

FSG
DRAM

1 Executive Summary

DRAM
65 Cu
Cu
DRAM Al
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CMP

near term

Homogeneous ILD
with trench etch
stop

CMP CMP

MPU/ASIC
56
Ta

ECD

CvD ALD

FRAM

Ky

Homogeneous ILD
without trench

(ILD)

DRAM
Cu
Cu

22nm

(MIM)

CMP Stop
Layer

Etch Stop
Layer

Dielectric
Diffusion
Barrier

CMP
Stop
Layer

Embedded low x ILD

etch stop (i <K5)
56  Typical ILD Architectures
near term
Cu CMP Cu
CMP
low-k
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130
130nm
DRAM
Cu
20 100
MPU/ASIC  SoC
MIM
PMD (Pre-Metal Dielectric)
PMD
PMD(Pre-Metd Didectric)
NiS DRAM
NOR
NiS 450-490
NiS
NOR
10 NiS
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DRAM 2005 16 1

(Plasma Induced Damage)

K
low-k 2010
( -eff) 2.7-3.1 2018 2.0-24
PMD
IC (k=4.1)
180nm Cu FSG(k=3.7) FSG
30 low-k
low-k N N
Cu
RC
low-k
250nm
“full-via-first”
/
“Supplemental file” low-k
ITRS
low-k
193 Cu-CMP
low-k

low-k
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low-k
248nm 193nm
CMP k-eff
3.0

2.2

Cu Cu
Cu

k-eff
5<k<40
DRAM
DRAM
(k>40)
DRAM

high-k
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2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 2017 2018
Technology Node hpgo hp6s hpds hp32 hp22 hp16
PRE-METAL DIELECTRIC (PMD)
HDP-silicon oxide (K=4.2)
PSG (k=3.9)
SA-CVD «=45) | %% 7%
I
Spin on MSQ (K<3.0)
Spin on HSQ (K<3.0)

INTRA/INTER-METAL
DIELECTRIC (IMD)
CvD

FSG (k=3.7)
0SG (2.9<K<3.2)

OSG (2.5<K<2.8)

0SG (2.2<K<2.4)

Polymer (2.2<k<2.5)

Ultra-low Kk (<2.0)

SPINON -\ ISQIHSQ (2.5<Kk<3.2)
Porous MSQ (2.2<k<2.4)

Porous MSQ (1.8<x<2.1)

Polymer (2.6<k<3.0)

Porous polymer (2.0<k<2.4)

Ultra-low-k (K<2.0)

HARDMASK
CvD

Silicon nitride (ik=7.0) /
-
D% %%

Silicon dioxide (K=4.2)

Silicon carbide (4.5<k<5.0)

\

0SG (K<3.7)

Spin on — MSQ (k<3.0)

I Rescarch Required  [IIIN] 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.

HDP—highdensityplasma  SA-CVD—sub atmospheric CVD PSG—phospho-silicateglass ~ MSQ—methyl silsesquioxane
HSQ—hydrogensilsesquioxane ~ FSG—fluorinated slicateglass ~ OSG—organosilicate glass

57 Didlectric Potential Solutions
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082009 | 20112012 | 20142015 | 2017 2018 |

Technology Node hp90 hp65 hp45 hp32 hp22 hpl6

ETCH STOP - VIA
CVD
Silicon nitride (k=7.0) ]
I
silicon oxicarbide (4.5<k<6.0) | 27777777 7/
silicon carbonitride (4.5<k<6.0) | V2777777 7

N-doped organosilicate (3.5<k<4.5)

Organosilicate glass (OSG) (k<3.0)

ETCH STOP - TRENCH
cvb Silicon nitride (x=7.0)
Silicon dioxide (K=4.2)
Silicon carbide (4.5<k<6.0)
0SG (2.9<K<4.5)

Spin-on
MSQ/OSG (3.0<k<3.5)

Polymer (2.6<k<3.2)

FERAM
PVDI/CVD — PZT (30-40uC/cm?)

CVD - BST (20pC/cm?)

DRAM
CVvD

Silicon nitride (k=9)

Aluminum oxide (k=12)

Tantalum oxide (K=25)

Hafnium oxide (26<k<45)

PVD — BST/STO (>100)

| | — —1 Continuous Improvement

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

PVD—physical vapor deposition PZT—Pb(zr, Ti)O4 BST—bariumstrontiumtitanate ~ STO—strontiumtitanate

57 Dielectric Potential Solutions (continued)

G‘MO”
MPU ASIC,DRAM
CVD ALD Atomic Layer Deposition
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DRAM 2009 17 1
ALD
DRAM 2012 20
CVD/PVD
MPU  ASIC Cu
CMP CEP Chemically
Enhanced Planalization
CVD Cu
Cu
Cu 2010 Cu
Cu
Cu
2 3
Cu
Cu
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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

LOCAL WIRING
ffgr)nless fill W conductor (example 200
gllg: GIR CVD W contact fill for _-W/////////////////////////////%
Enhanced PVD/CVD Al fill Y

High A/R alternative contact fill for
DRAM

METAL 1 AND INTERMEDIATE

WIRING

ECD Cu %

e and CEP) i i iy,

Seamless fill CVD Cu -W////////////////

CVD/PVD Cu variants -W/////////////////////////%

ey cgposted rom — m
1 | |

Low resistivity Cu process* -W////////////////////////%

GLOBAL WIRING

ECD Cu ik iiiiiiziziiiiiiiiziiiiiiziiiiiiiiiiiiiin

Package intermediated interconnect y;ri:)on“; -W////////////////////////////%

RF/microwave interconnects

[ Wzzzzz7z2777%

Optical interconnects

|
Radical solutions (spin, nanotubes,

) I
etc. spin
enciuies ootione IR/

molecular

cooled conductors

superconductors

PASSIVES
insulatormetal capaciors Y/
Magnetic materials for inductors V77777777
WIRING FOR ALTERNATIVE
MEMORY
Material and process optimization -
| ] | —— — Continuous Improvement

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

ALD—atomic layer deposition ECD—dlectrochemical deposition ~ CMP—chemical mechanical planarization
CEP—chemically enhanced planarization
*Cu process with optimized interfaces, microstructures, and impuritiesto alleviate resitivity rise at small critical dimensons

58 Conductor Potential Solutions
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CvD

Cu
Ta Ti S

ALD

low-k

Ti/TiN
PVvD CVvD ALD
CVD Ti/TiN DRAM
ALD Ti/TIN ALD W
Al PVD
ALD
PvD CVD
ALD ALD
ALD
CO2

Cu

CoWP

Cu

S3N4 SCN SC
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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

LOCAL WIRING
Barriers for seamless fill W

gc:%i)uctor (PVD, long throw PVD, -W/////////////////////////j

Barrers for seamless fil W i i
. ) ]

ooy | | [ T T

B o L YD meo

fill (PVD, ionized PVD, long throw W////////////////////////////%

Barriers for enhanced PVD/CVD Al
PVD, CVD)

E“?E:ilg)for enhanced PVD/CVD Al T
__-

Barriers for high A/R alternative
contact fill for DRAM (ALD)

Diiizzzmiizzzzi iz

METAL 1 AND INTERMEDIATE
WIRING (FOR Cu)
Long throw PVD, ionized PVD, CVD

of nitrides and Si nitrides of Ta, Ti, 7//////////////////////%

and W

?:.2 no(; \r;\iltrides and Si nitrides of Ta, -W////////////////////////////%

Imn oSci!ti;:cdaTiLe:tric formation %////////////////////

Electroless deposited barriers -

Barriers deposited from supercritical _v

co, [ D277

\(fvap;ejzgogz:ise;rs (CoWP, selective w2

restants Cuprocess —
GLOBAL WIRING

3D interconnects 77777

Barriers for RF/Microwave ___

interconnects | V77777777777

Barriers for optical interconnects | V77777

Barriers compatible with cooled _ __

conduions | V77777777777
I ]

Barriers compatible with cooled -W////////////%

superconductors
Barriers for alternative memory -
materials (SBT, PZT)

I Rescarch Required  [IIN] Development Underway [ ] Qualification/Pre-Production V77ZZZZZZ3 Continuous Improvement

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

BT—strontiumbariumtitanate

59 Barrier Potential Solutions
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DRAM
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ALD W Al
ALD Al
Cu
Cu
ALD CcO2 Cu
PVD Cu
Cu
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2004 2007 2010

2013
2003 | 20052006 | 2008 2009 | 20112012 | 2014 2015 | 2017 2018

2016

2019

Technology Node

hpoo hp65 hp45

hp32

hp22 hp16

LOCAL WIRING

Nucleation layers (ALD) for seamless fill
W conductor

Nucleation layers (ALD) for high A/R CVD
W contact fill for DRAM

Nucleation layers (CVD, ALD) for
enhanced PVD/CVD Al fill

Nucleation layers (ALD) for high A/R
alternative contact fill for DRAM

METAL 1, INTERMEDIATE,
AND GLOBAL WIRING
(FOR Cu)

Nucleation layers

Electroless deposited
Cu nucleation layer

ALD Cu nucleation layer

Enhanced PVD deposited
Cu nucleation layer

Enhanced CVD deposited
Cu nucleation layer

Supercritical CO, deposited
nucleation layer

Other
Self nucleating layer for ECD
(SNL ECD)

ECD Cu nucleation layer repair

I |

"%z

| Wzz:7zziiidizziin
D%

| Wiz

60 Nucleation Potential Solutions

(CMP)

LSI CMP
(PMD)
W-CMP
ILD
PMD CMP
CMP
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I Rescarch Required [N 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.

CMP
PMD
PMD CMP

CMP

CMP
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1ILD W-Via CMP Cu
Cu CMP
Cu (BM) CMP
Cu &k )
(ULK)
CMP ULK Cap
k
CMP
CMP

10%

Cu BM-CMP

32nm
CMP
CEP ECMP
ULK
CMP Cu
(Ultra)low-k Cu CMP
Cu BM
APC
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(3

Cu BM
Cu
Cu
Cu-CMP
CMP
CMP
45nm
CMP
CMP

(Green Tool)”

CMP

Cu

CMP
low-k
CMP
CMP
Cu-CMP
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082000 | 20112012 | 20142015 | 2017 2018 |

Technology Node

hp90 hp65 hp45 hp32 hp22 hp16

MAJOR APPLICATIONS

Dielectric
STI [indirect and direct]

PMD [target and selective]

ILD

Conductor
Polysilicon [selective and target]

Tunsten
[local interconnect, contact, and via]

Copper/barrier
[standard dielectrics and low-x]

Copper/barrier
[ultra and extreme low-k]

Gate metal
Noble metal capacitor

EQUIPMENT

CMP tool with integrated clean and
endpoint defect

CMP tool with onboard metrology and
process control

CMP tool for low stress polishing

Tool for combined CMP and
electropolishing or ECMP

CONSUMABLES
Fluids

High solids slurries
Low or no solids slurries
Slurries for electropolishing or ECMP

General cleaning solutions

Cleaning solutions tailored to slurries

Pads
CMP pads for new applications

Abrasive containing pads

Uiz i
.

Vi

D% %

Vi
Dz

iz

Uiz
1 )

D T i i

Doz %%

Diizzzzziiiiiiziziiiddiiiiiii ik

Diizizziiisdivzrzzzzziioninziiiiziiddiiiiziionk i

I Rescarch Required [N Development Underway [ ] Qualification/Pre-Production V7777777 Continuous Improvement

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

STl—shallow trench isolation ECMP—Electro-chemical-mechanical polishing

61 Planarization Potential Solutions
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BEOL

Al

100um Via

Via

ITRS

Via

90nm

Xenon

62

>20:1
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Self Alignhed Via First Trench First Top Hardmask

62 Etch Schemes for Dual Damascene

PVD 1 2

ILD

ILD

Wet

Via
RIE
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Si etch
Metal Cu barrier (e.g., WCoP)
SEMICONDUCTOR ETCH
SiGe
GaAs
DIELECTRIC ETCH
High-k materials (k>100)
Moderate k materials (10<k<60)
Standard k materials (3.5<k<10)
Low-x materials (2.5<k<3.0)

Ultra-low-x materials (2.0<k<2.5)

Extreme low-k materials
(1.5<x<1.9)

FERROELECTRIC ETCH
PVD/CBD - PZT (30 — 40 pClcm?)

CVD -BST (20 uClcm?)

Diiiiiiiizzsni

| iiizziiiiiizzn

| D77 /i

2004 2007 2010 2013 2016 2019
2003 | 20052006 | 2008 2009 | 20112012 | 20142015 | 2017 2018 |
Technology Node hp90 hp65 hp45 hp32 hp22 hp16
METAL ETCH
Al etch
New electrode materials
(e.g., Pt, Ru)

WCoP—tungsten cobalt phosphide ~ CBD—chemical bath deposition

Cu ULK

low-k

63

Etch Potential Solutions
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I Research Required [N Development Underway [ ] Qualification/Pre-Production V777772 Continuous Improvement

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

CMP
Cu



Wet
Wet
CMP
Wet Wet
DRAM
DRAM Cu
DRAM
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Cu PVD
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83a I nterconnect Surface Preparation Technology Requirements*—Near-term

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 D%
MPU/AS C Y2 Pitch (nm) 107 0 80 70 65 57 50 M
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28 M
MPU Physical Gate Length (nm) 45 37 3R 28 25 22 20 M
Wafer diameter (mm) 300 300 300 300 300 300 300 D%, M
Wafer edge exclusion (mm) 2 2 2 2 2 2 2 DY, M
Front surface particles

Killer defect density, DyR;, (#/sz) [A] 0.0172 | 0.0217 | 0.0283 | 0.0185 | 0.0233 | 0.0158 | 0.0199 D%

Critical particle diameter, d (nm) [B] 50 45 40 35 325 275 25 D%

Critical particle density, Dy, (#/watfer) [C] 59 75 97 64 80 54 68 DY
Back surface particles

Back surface critical particle diameter (nm) [D] TBD TBD TBD TBD TBD TBD TBD DY, M

Back surface critical particle density (#/wafer) [E] TBD TBD TBD TBD TBD TBD TBD DY, M
Edge bevel particles

Edge bevel critical particle diameter (nm) [F] 200 180 160 140 130 114 100 DM

Particles (Cm—Z) (G) TBD TBD TBD TBD TBD TBD TBD M

Particles (#/wafer) (G) TBD TBD TBD TBD TBD TBD TBD M
Metallic Contamination

Critical front surface metals (109 atoms/cmz) H 50 50 10 10 10 10 10 M

Critical back surface metals (Cu) (10° atoms/cm?) (1) 1000 | 1000 | 1000 | 1000 | 500 500 500 M

Mobile ions (10" atoms/cm?) [J] 5 5 5 5 25 25 25 D%
Organic contamination (1013 C at/cmz) K] 18 16 14 13 12 1.0 0.9 M
Cleaning Effects on Didlectric Material
Maximum dielectric constant increase due to Strip + Clean [L] 4.00% 2.50% 2.50% 2.50% 2.50% 2.50% 2.50% M
Maximum dielectric constant increase due to rework [L] 4.00% 2.50% 2.50% 2.50% 2.50% 2.50% 2.50% M
quimum effect on dielectric critical dimension due to 250% | 250% | 250% | 250% | 250% | 250% | 250% M
Strip + Clean [M]

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

Manufacturable solutions are NOT known

Notes for 83a and 83b:

[A] (Killer defect density) 99%
Aeff Dp Rp
DpRp Rp
size);dc Rp 02 Aeff
DRAM A2 SFT+(1-aFT/Ahip) X0.6Ahip- F
DRAM ( ) Achip DRAM

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003

Y=0.99=exp-DpRpAeff

a

MPU

(Critical Particle

Front End Surface Preparation

Aeff=aT(GL)Y

GL
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Aeff DpRp

[B] (Critical particle diameter);dc 12

[C] Rp 02

Rpx3.14159x( Y

Dalternate=Dcritical(dcritical/ dalternate)*

[D] and [E] 2003

(depth of focus: DOF)

DOF
172 2003 DOF 04
0.2
2003 0.2 400
[F] and [G] DRAM 1/2 2
CMP
1/4 4
[H]
1E13 Cu 1E10
Cu Cu
(1] Cu Cu
Cu
TDDB
1E15 1E11
[J]
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2
(K]
180nm
Dc Si 10% (7.3E+13 /cm2) Dec CD
Dc=(CD/180) (7.3E+13)
(L]
M] CDO SiOx
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83b I nterconnect Surface Preparation Technology Requirements*—Long-term
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 D%
MPU / ASC Y2 Pitch (nm) 45 35 32 25 22 18 M
MPU Printed Gate Length (nm) 25 20 18 14 13 10 M
MPU Physical Gate Length (nm) 18 14 13 10 9 7 M
Wafer diameter (mm) 300 300 300 450 450 450 DY M
Wafer edge exclusion (mm) 2 2 2 2 2 2 DY, M
Front surface particles
Killer defect density, DyR;, (#/sz) [A] 0.0250 | 0.0199 | 0.0250 | 0.0199 | 0.0136 | 0.0215 D %2
Critical particle diameter, d (nm) [B] 225 175 16 125 11 9 D%
Critical particle density, Dy, (#/wafer) [C] 86 155 195 155 106 168 DY
Back surface particles
Back surface critical particle diameter (nm) [D] TBD TBD TBD TBD TBD TBD DY, M
Back surface critical particle density (#/wafer) [E] TBD TBD TBD TBD TBD TBD D% M
Edge beve particles
Edge bevel critical particle diameter (nm) [F] 90 70 64 50 44 36 DY M
Particles (cm ) (G) TBD TBD TBD TBD TBD TBD M
Particles (#/wafer) (G) TBD TBD TBD TBD TBD TBD M
Metallic Contamination
Critical front surface metals (10” atoms/em’) (H) 10 10 10 10 10 10 M
Critical back surface metals (Cu) (10° atoms/cm?) (1) 250 250 100 100 100 100 M
Mobile ions (1010 atoms/cmz) ] 25 25 24 24 23 23 D%
Organic contamination (1013 C at/cmz) K] 0.9 0.9 0.9 0.9 0.9 0.9 M
Cleaning Effects on Dielectric Material
Maximum dielectric constant increase due to Strip + Clean [L] 2.00% 2.00% 2.00% 2.00% 0.00% M
Maximum dielectric constant increase due to rework [L] 2.00% 2.00% 2.00% 2.00% 0.00% M
Maximum effect on dielectric critical dimension due to Strip + Clean [M] 2.50% 2.50% 2.50% 2.50% 2.50% 2.50% M
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known
Manufacturable solutionsare NOT known
“ ” Cu low-k
90nm 65nm
Cu low-k
low-k
Cu
Cu
Cu
Cu
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45nm 65nm
ultra low-k
wet
wet 90nm 65nm CMP
Cu low-k wet
/
45nm
wet 45nm
low-k
CO,

“chemica formulation”

(IPA)
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082009 | 20112012 | 20142015 | 2017 2018 |

Technology Node

hp90 hp65 hp45 hp32 hp22 hp16

Cu/LOW-x POST CMP AND
POST DEPOSITION
CLEANING

Control of Cu roughness, control of
Cu surface (CuO, or CuF,), control
of Cu corrosion, control of Cu
removal, particle removal, clean Cu
in the presence of low-k dielectric

Wet method
Amine-based (basic)

Acid-based

Fluoride-based

Surfactants/wetting agents
Corrosion inhibitors/chelating agents
Dilute acids and bases
Non-damaging megasonics
Improved scrubbing techniques

Advanced wet cleaning

Dry method

H, based plasmas
Cryogenic aerosols
Supercritical fluids

Advanced plasma cleaning

Uik jiiiizzzizkiiiiiiiiiigiiiiiziiiiiiiiziiiiiiiin
[ D 22v:viiiviiiiiiiiiiiiiiiiiiiiin

- | 9>
L ), i

Diiidczziziidiiczzziiiiiiiiiiiiiiiiiiii
I 7 i
%%,

2

I Rescarch Required  [IIIN] Development Underway [ ] Qualification/Pre-Production V7777777 Continuous Improvement

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

64

I nterconnect Surface Preparation Potential Solutions
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2003

2004

2005 2006

2007

2010 2013 2016 2019
2008 2009 2011 2012 2014 2015 2017 2018

Technology Node

hp90

hp65

hp45 hp32 hp22 hp16

Cu/LOW-x POST-ETCH
STRIPPING AND CLEANING

Cleaning porous materials, cleaning
material with C content, cleaning
hydrophobic films, minimal dielectric

minimal k-value shift, cleaning high
aspect ratios, BARC/resist residue
removal, clean dielectrics in the
presence of Cu

Wet methods
Amine-based

Fluoride-based
Surfactants/wetting agents
Corrosion inhibitors

Dilute acids and bases
Advanced wet cleaning

Dry methods
"RIE" ashing/cleaning

H, based plasmas
Cryogenic aerosols
Supercritical fluids

Advanced dry cleaning techniques

RINSING AND DRYING
PROCESSES

Porous low-k materials, low-k
restoration, high aspect ratios,
hydrophobic films, stiction-free
liquid removal

Wet and dry methods
Thermal processes

Supercritical fluids
Advanced surface tension drying
Advanced vacuum drying

Advanced drying techniques
and chemistry

Surfactants/wetting agents

Pore sealing

removal, minimal CD loss, CD control,

I R
Vim0
I

BARC—hottom anti-refl ective coating

I Rescarch Required [N Development Underway [ ] Qualification/Pre-Production V777ZZ3 Continuous Improvement

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

64 Interconnect Surface Preparation Potential Solutions (continued)
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(RF) (SoC)
MIM
- - (MIM)
RF
MIM
1.5-2fF/um’
MIM
MM Q

MIM
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RF CMOS
PIDS RF
53a 53 IC
CMOS Bi-CMOS
A/D, D/A
RF RF
MIM

4500
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Appendix: Optional levels — passive devices

RF
RF RF
RF
Q
Q
Al Cu
RF
appendix: Optional levels —
passive devices
Q
SoC
TCR 1/f Q
f
%
TaN

appendix: Optional levels —

passive devices
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Cu/Low-k

Cu Al

Ta TaN

Cu

Cu/Low-k

Al

Cu

SiN  SiC

low-k

IC

Cu/low-k
Cu
Cu
Cu
Cu
Cu
Cu Cu
90nm Cu
low-k Cu
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Jmax

Si

Cu
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Si02  Si02 low-k
low-k
low-k SiO2 173
low-k
Si02 low-k
low-k Cu
low-k
CAD
CAD CAD
CAD
Cu/low-k Cu/low-k
Cu
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Cu/low-k

Cu

15nm
10

Vdd
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3
low-k
Cu 180nm
2000
3 40
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Cu/low-k

SIP

Cu/low-k

RC

Cu/low-k

IC

ITRS

IC/
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3D
IC

Al W Cu Si02 low-k
IC

I/O

sea of leads
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SoC SIP DRAM
-v CMOS IC

RF

LAN
IC
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e S CMOS
. S CMOS ( )
e S CMOS ( )
10%Hz 1 1 RF
Culow-k SO2

RF “Intermediate”
e S CMOS ( )
e S CMOS ( )
e S CMOS ( )
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1959
Cu/low-k

N o o bk~ DD PR

©

10.

Cu/low-k
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ITRS

RLC
RC

RLC 10GHz
(30GHz lecm ) RF

3DIC RF

Cu

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



46

PVD CMP

Cu
Thinning Dishing

low-k IC
SiO2

IC

low-k

Cu
low-k
Cu

low-k
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13 9 Cu Al

CMP
CMP
IC Known Good Die
ESH
ESH
Low-k High-k Cu
CVD / Cuw/ CMP Low-«/high-x /
ESH CMP
ESH
close-loop Low-k CVvD /
ESH
ESH
CMP / PFC (
ESH )
ESH low-k CVD
low-k
Cu Al
Cu CMP «“ 7
Cu CMP «“ ”
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CMP Cu

Cu/low-k « ” Cu

SOC picture
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