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Participating Institutions

o University of Arizona N
o MIT Founders
o Stanford University " 1996

o UC Berkeley

o

o Cornell University (1998 - )

o Lincoln Laboratory (1998 - )

® Arizona State University (1998 - 2003)

o University of Maryland (1999-2003)

o Purdue University (2003 -)

o Tufts University (2005 -)

o Columbia University (new; starting April 2006)
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Statistics on the Growth of the ERC

23 Faculty
Peak: _32_Fa_cu|ty 9 Disciplines
11 Disciplines 4 Research Thrust
4 Research Thrust $2.7M
20 Faculty Peak: $4.4M
7 Disciplines
3 Research Thrust
$2.2M ©
S
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o c
© =
o O
c ii
= Students 235 Graduate Students
8 192 Undergraduate Students
L
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Program Organization

Thrust A
BEOL Processes

Thrust B
FEOL Processes

Thrust C
Factory Integration

Thrust D
Patterning

Education

 Environmentally Benign Etching of BEOL Dielectrics
Solventless Low-k Dielectric

< Novel Barrier Film Deposition Methods

CMP Waste Minimization
_ Environmentally Benign Planarization

[ Novel Surface Cleaning and Passivation

< Selective Deposition for Gate Stack Manufacturing

| Etching of New High-k and Electrode Materials

 Low-Energy Water Purification and Wastewater Treatment
Efficient Wafer Rinsing and Cleaning
Water Recycle and Reuse

L Integrated ESH Impact Assessment

{ Solventless Lithography

Additive Processing

Continuing Education and Short Courses
Outreach

{ ESH Concepts in Science/Engineering Curricula

[ NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




ERC Mission and Objectives

1. Research to develop science .

) erformance
and technology leading to Obstacles
simultaneous performance
Improvement, cost reduction,
and ESH qgain

2. Incorporating ESH principles
In engineering and science
education

Upper Level
Constraint

3. Pror_notlng Design for Cost ESH Impact
Environment and
Sustainability as a Technology A o L
Driver and not a burden g
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Design for Environment and Sustainability

Is a Technology Driver

Examples of ERC

Strategies, Project, and Highlights
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 1. Low ESH-Impact
through Alternate Chemistries
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Alternate Chemistries and Processes for Etching

Reif (MIT), Graves (UCB)

More exotic

PECVD chamber dielectric etch Unsaturated molecules
Elean ex(llogimeon)ts replacements for dielectric etch Apply etch process
NF; an F Qg

(1996 — 1998) (1997 - 1999) (1999 —present) Eii;zigzngfuuue
Focus 'O]il I?entlf}{lng Drop-in dielectric generatlon Processes
potenjua a ternative etch replacements Decouple C and F
chemistries
(1995 — 1996) (1996 — 1998) (1999 —2001) (2001 — present)

1995 1996 1997 1998 1999 2000 2001

Post-CVD Chamber Clean
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Applications of Supercritical Carbon Dioxide

Ober (Cornell), Muscat (UA)

Pattern collapse due to
surface tension

1. Cleaning of M““““““L 5wl
submicron features Sl wafe o 1y
Y g aspectratio 0 M ’“““““““L
, Si wafer

(>5) lines and spaces

| Hy H
2. Novel photoresist chemistries | “So 7o
nd photo-im le dielectrics e

ESH Driver L ad Major performance gain

[ NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




AIr for Low-k: ESH Gain and Performance Gain

Gleason (MIT)

% porosity

=2 «=15 Bead Deposition
~ -1 A silicon dioxide — - 909 2 09 0909
LPX R0 Ca X 55-65  75-85 Silicon
Lt vt hydrocarbon polymer 40 - 50 64 — 75 OSG
Deposition

— fluorocarbon polymer 0 40-50

__comg
rrarrren

\I/Annealing

e e
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Dielectric Constant = 1.4 ) .
Refractive Index = 1.067 Alternating Bead/OSG Deposition:

Controls Degree of Porosity

Wu, Ross, Gleason; Plasma Proc. Poly. 2, 401 (2005).




Alir for Low-k: ESH Gain and Performance Gain
Gleason (MIT)

Ultimate Dielectric
Air Gap by CVD Process

E(F) 1.73
Eir 1.00
e off ~ 130 — 135

Low-k dense material

+ -
Porosity
100K/ 50 15000x SE 58 - +
Air ga
« All dry _9ap
 Simplified process Aggressive low-k approach

* No hardmask

* RIE resist strip

o With better lithography,
smaller feature sizes

can be fabricated. Chan, Gleason; J. Electrochem. Soc. (in press)
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 2:
Integration of Process Steps

Example:
Integrated Deposition and Patterning of Low-k Dielectrics
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ESH Gain by Integrated Deposition and Patterning of Low-K
Gleason (MIT), Ober (Cornell)

Conventional =gl
Lithography Issues
dielectric Precursors, HAPs, wastes
deposition

VOCs, waste

spin-on
imaging layer

_ selective VOCs, radiation
irradiation
development in VOCs, HAPs
aqueous base
dielectric HAPs, PFCs
patterning
resist A/B chemicals, solvents
strip
imaging A/B chemicals, UPW
layer strip
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ESH Gain by Integrated Deposition and Patterning of Low-K

dielectric
deposition
spin-on
imaging layer

selective
irradiation

development in
aqueous base

dielectric
patterning

resist
strip
imaging
layer strip

Gleason (MIT), Ober (Cornell)

Conventional
Lithography VS

All-Dry, Resistless

Lithography

- « wet chemistry eliminated
- « wet chemistry eliminated

step eliminated

step eliminated

CVD of patternable

a—

dielectric layer

selective
irradiation

supercrltlcal CoO,
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ESH Gain by Integrated Deposition and Patterning of Low-K

dielectric
deposition
spin-on
imaging layer

selective
irradiation

development in
aqueous base

dielectric
patterning

resist
strip
imaging
layer strip

Gleason (MIT), Ober (Cornell)

Conventional
Lithography VS

All-Dry, Resistless

Lithography

- « wet chemistry eliminated
- « wet chemistry eliminated

step eliminated

step eliminated

CVD of patternable

a—

dielectric layer

selective
irradiation

supercrltlcal CoO,
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Solventless Deposition of Low-k Dielectrics
Gleason ( MIT)

A
CF;CFCF, —— > :CF, + CF;CF

-------
V)40 42 49 de 4o 42 dp o s dp 4o A

metal
support frame
\

S‘CI'EWS for
height adjustment

filament
wire

ceramic
spacers

Pyrolytic CVD
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 3: Replace Subtractive
Processing with Additive Processing

Current semiconductor o 100%
manufacturing process
sequence Is primarily
subtractive

ESH goal: Innovations
which make the
manufacturing sequence

primarily additive =

Mining

Oil & Gas

Chem/Petrochem

Petroleum Refining

Pharmaceutical

Electronics

Semiconductor

|

Feed Material

|
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Additive Process for High-k Gate-Stack Fabrication

Bent, Chidsey, Mclntyre, Saraswat (Stanford), Muscat (UA)

lHF followed by H,0

OH |OH OH OH
| | |
sio| [ sio
(a) Si |
l RSiCL,
rR roR
A LSS (d)
|O IO O |O
®) Tsio] f [ sio
Si
l cl,
roR rR
S\i /S\I Si Sl
o lo ()
(c) ’S—OZ‘CI Cl

a) Clean and
Pattern Si
I
SiO
I

c) Activate Si

1

! d, e) Maskless

selective ALD of
high-k dielectric
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 4: All-Out Effort Against
Major Obvious Culprits

CMP: large material/energy usage, large
waste, high cost
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ESH Gain Through Slurry Use Minimization

Philipossian, Raghavan (UA), Boning (MIT), Beaudoin (PU)

Other
Slurry is the largest contributor to CMP COO. Labor 228
Example: for 8000 WSPW, 200-mm factory, 8% Slurry
and five Cu layers: 45%
; Pad
— 6,000,000 liters of slurry ($20M) per year 16%

— 300 metric tons of solid waste per year ‘
Total slurry input H

Equipment
22%

4

7 Amount of slurry

ol pmount o siurry that does the actual
Amount of slurry . :

that never wafer but does not polishing is often
reaches the wafer get underneath

less than 10%

ESH Gain through study of slurry/pad/wafer interactions and pattern
dependency, novel pad and chemistries, process control, and alternative
planarization techniques (e.g. AFP, CAP, and ECMP)
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Reducing CMP and Associate Waste
By Selective Deposition of Metal and Dielectrics

Areas of
i : ... . Inhibited deposition or
Site-Selective Deposition: 7. enhanced dissolution/removal
« Diffusion-limited
Inhibitors for local J

rate modification

» Cyclic deposition and s
dissolution a

« Simultaneous |
depOS”EIOn-and Net:jeposition Rate
planarization
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 5: ESH Impact Assessment of
New Materials and Processes

Life Cycle Analysis (LCA)
Comprehensive Impact Modeling (Performance,
Cost, and ESH)
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ESH Impact of New Processes and New Materials

McRae (MIT), Dornfeld (UCB), Rubloff (UM), Blowers (UA)

¢ SiF, By, Ns...
« Developed a new ESH 1,2? Eneray :
1 roduction Generation ]
impact assessment tool e ; N e % e
e Combined LCA with CoO — oronetion™ Pro"\j'l':‘étion ' Gilr?:g?or HF, CO....
1 Recycled™]
and performance metrics ? ' } N | Wate lscupppre SO
« Developed method for o LR L | chamber
. . . Production Production NF;
handling uncertainties t rFea)
KF
Prodrction Ca(OH) T;Zrt]r?;iln
Ozone Depletion % Cab HF Q)
H Toxicit
lzrr]n oiqc:nxclglr)y ):[E Upper Stream Cleaning Downstream
H Toxicit Production Process Disposal
“cancer) o
Photochemical
Smog t@l——(‘ .
PM10 Effects - * Needed in the early stage of
Acidification % research planning
Potential )
Global Warming Impacts iﬂ;L » Cost effective
1.E-09 1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 ° Des'gn for EnVIronment and
— Sustainability (pro-active
| i ;
- approach)
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Biochip for Rapid Toxicity Testing of New Chemicals

Mathine, Runyan (UA)

® Rapid assessment of
chemicals and process
chemistries

® Important for both
chemical suppliers (starting
materials) and equipment

suppliers/end users (for Photo-detector
process-generated by- l Negatively
products, interactions of /{// oarrode

multiple chemicals,
proprietary chemistries in
R/D stage, etc.)

¢ A first step towards an on-
line ESH monitor.

Novel Technology

Disclosure filed for patent application
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Design for Environment and Sustainability

Is a Technology Driver

Strategy 6:
Minimize Use of Natural Resources

Example: Water and Energy Use Reduction
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Water Sustainability Strateqies

Reduce the SPELELT
Usage and
Reuse
New
Purification Recycle
Technologies i reeees
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Low-Water Rinsing and Cleaning of Micro- and Nano-Features

Shadman (UA), Vermeire (ASU)

Low water rinse technology requires:

1. Metrology for real-time and on-line monitoring
of surface contamination

2. Understanding the process bottleneck in the
complex combination of process steps
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Low-Water Rinsing and Cleaning of Micro- and Nano-Features
Shadman (UA), Vermeire (ASU)

Electro-Chemical Residue

Sensor (ECRS)
= / HCI
A
S\i 0.6 - E H,SO,
45' [ ]
g 04 |7 :’
5 -8
= : @ Solution (pH) ~ UPW (pH=7) HCI (pH=6) HCI (pH=5)
*

2 0271 2 Resistivity (MQ) 18 23 0.23

: oy Resolution (ppt) 5 30 400

Ss.8 kY x6. uui;' 'S. b@ '-51. 0 ‘
- 0 5 10 15 20 25 30
Time (min)
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Water Recycling Technology

Shadman (UA), Rubloff (UM)

Reuse
@ UPW 2 = »( Other Uses |—p
Primary T *
UPW 1 Wafer
P —» P P Rinse
* Polishing l
Secondary

Reuse

4—
<—T

*
b =
....... o
» v
CMP Sub-System (cmpP ] (Clean] (Clean)
PSC Module l y
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Low-Energy Wastewater Treatment

Baygents, Farrell, Field, Ogden, Raghavan, Sierra, Shadman (UA)

Integrated Filtration & Oxidation Field-Assisted Membrane Treatment of
I —— 0% CMP Waste
mAEEE 1 |
:':‘ll : :':E:::‘:;:: CMP mixed waste

l!l'l mEEEEEER

ImEn e ltl'l'l W Water s Anode\- 5 5
ImANRRSINEES
EFE RN R 00
iInEFRewes Il ——— Cathode
00
Catalytic sites d O
in filter Membrane
Effluent recycle
Concentrated
lurry
R . - Recyclable S
r llization Ifi ni
Crystallizatio Sulfidogenic Treated water
Reactor S \Vastewater
Sulfate reduction
Removal of organics
- Metal . .
S sulfides Low energy Bio-Treatment of Organic and

e
b ey

Metallic Contaminants
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Selected Facts/Figures

* Research: 58 research projects; average of
25 peer-reviewed publications/year

* 48 national/international awards and fellow
positions for students; many institutional
fellowships and scholarships

e 21 national/international awards for faculty
* Technology Development: 16 patents

* Technology Transfer: 28 joint ventures with
member companies

* Five new spin-off companies
* $1 M endowed chair
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Education and Qutreach

* Pre-University Outreach

— Wide range of activities (example: Teachers Institute for
science teachers; 73 teachers from 25 schools have participated
and graduated)

— 74 REU undergraduates (60% are women and minorities)

* University Education:
* Industry internship for students
* Research experience for undergraduates
* New courses in benign manufacturing

* Post-University Education:

— 36 short courses and workshops for practicing scientists and
engineers; weekly Tele-Seminars; distance learning courses;
Internships for industry residents at universities; faculty
sabbaticals sponsored by industry
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ERC Membership and Affiliate List

Advanced Micro Devices, Inc. « LSI Logic Corp.

Air Products and Chemicals, Inc. « National Inst. Standards and Tech. (NIST)
Applied Materials, Inc. * NeoPad

Arkema, Inc. *  Novellus Systems, Inc.

Asahi Sunac Corporation « Pall Corp.

Axcelis Technologies, Inc. «  Philips

BOC «  Powerchip Semiconductor Co.

Cabot Microelectronics Corp. «  Praxair, Inc.

Cadence Design Systems «  Samsung Electronics Co.

Degussa AG «  SCP Global Technologies

DuPont Corp. « SEMATECH

Freescale Semiconductor, Inc. «  Semiconductor Industry Association (SIA)
Fujikoshi Machinery Corp. «  Showa-Denko Inc.

Fujimi, Inc. « ST Microelectronics

Hitachi Chemicals Co., Ltd. «  Texas Instruments, Inc.

IBM Corp. «  Tokyo Electron, Ltd.

Industrial Tech Research Institute (ITRI) « TSMC

Infineon Technologies e  United Microelectronics Corp.

INOAC

Intel Corp.
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Faculty Awards in 2005

® Steve Beaudoin: Student Government Teaching Excellence
Award, Purdue

® Paul Blowers: Award for Excellence at the Student Interface, UA

® Karen Gleason: Franciscus C. Donders Visiting Prof Chair,
University of Utrecht

® Anthony Muscat: da Vinci Circle Fellow, UA
® Chris Ober: ACS Award in Applied Polymer Science
® Chris Ober: Elected Vice President of the IUPAC Polymer
Division
¢ I(:3hris Ober: Xerox Lecturer at the Canadian High Polymer
orum

® Ara Philipossian: Takagi Prize, Japan Society for Precision
Engineering

®* Rafael Reif: Provost, MIT
® Farhang Shadman: Regents Professor, UA
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Student Awards in 2005

Katy Bosworth (Cornell): IBM Fellowship
Drew Forman (Cornell): SRC Fellowship

Darren DeNardis (UA): Thomas Chapman Fellowship

Darren DeNardis (UA): Outstanding Paper Award, VLSI/ULSI
Multilevel Interconnection Conference

Umur Yenal (UA): Environmental Scholarship from SEAEMS

Daniel Rosales-Yeomans (UA): Best Paper Award, NMS:
Environment, Safety, and Health

Zheng, X. (UA): Outstanding Paper Award, Electronic
Computational Chemistry Conference

Ashok Muthukumaran (UA): National Association of Corrosion
Engineers Graduate Scholarship

Caprice Grey (Tufts): Provost Fellowship
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Budget ($k)

ERC Financial Status

B Raised by ERC
4,000
g3 ISMT
Sy
EZ SRC w .
% ERC Fundraising
3,000 NSF b - Commitment:
T (e I e I Affiliate/intl
[ ] [ o] [ ] .
! ZEI I - membership;
= % % 0 research grants;
S ] = institutional cost-
fomid N Lo e b .
2000 ! S sharing, etc.
‘N &
S 2
S 1 Base Funding:
[om — o]
1,000 73 s Core members
o through SRC and
" ISMT
0 T T T f
1 2 3 4 5 6 7 3 8 8
™ < O
o o o
Year & & 9
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Core Projects Selected for 2006-2007

1.  An Integrated, Multi-Scale Framework for Designing Environmentally-Benign
Copper, Tantalum, and Ruthenium Planarization Processes

CMOS Biochip for Rapid Assessment of New Chemicals

Destruction of Perfluoroalkyl Surfactants in Semiconductor Process Waters Using
Boron-Doped Diamond Film Electrodes

EHS Impact of Electrochemical Planarization Technologies

5. Environmentally Benign Electrochemically Assisted Chemical Mechanical
Planarization (E-CMP)

6. Environmentally Benign Vapor Phase and SC CO, Processes for Patterned Low- k
Dielectrics

7.  Environmentally-Friendly Cleaning of New Materials and Structures for Future
Micro-and Nano-Electronics Manufacturing

Low Environmental Impact Processing of sub-50 nm Interconnect Structures

Low-Water and Low-Energy Rinsing and Drying of Patterned Wafers, Nano-
Structures, and New Materials Surfaces

10. Non-PFOS/non-PFAS Photoacid Generators: Environmentally Friendly Candidates
for Next Generation Lithography

11. Reductive Dehalogenation of Perfluoroalkyl Surfactants in Semiconductor Effluents
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Thrust A
Back-End Processes
Overview

February 23, 2005
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Agenda

« Overview ... Philipossian ... 5 min

« Task A—1...Boning ... 5min

e TasksA-2—-1land A-2-2... Gleason ... 10 min

e Planarization LRP, TasksA-4-2 A-5 A—-6-3,A
—7,A—-8and A—-10 ... Philipossian ... 20 min

e TasksA-4-1,A-6-1,A-6-3andA-9...
Boning ... 15 min

e Q&A ...5min
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Tasks ... 3D ICs and LK Dielectrics

e Total of 4 Pls and 6 PhD students

« A-1...Environmentally Benign Manufacturing of 3D
ICs

— Prof. D. Boning (MIT)
— Prof. P. Gschwend (MIT)
— Prof. R. Reif (MIT)

e A-2-1... Solventless LK Dielectrics
— Prof. K. Gleason (MIT)

e« A-2-2...Environmentally Benign Precursors for Pore
Scaling and Repair of Porous LK Films

— Prof. K. Gleason (MIT)
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Tasks ... Planarization

 Total of 6 Pls, 18 PhD students, 2 undergraduate
students, 1 post-doc, 1 consultant and 2 visiting
researchers

« A—-4-1... Modeling of Pattern Dependency Effects
— Prof. D. Boning (MIT)

e A—-4-2... Fluid Dynamics Analysis and Tribological
Characterization

— Prof. A. Philipossian (UA)
— Prof. C. Rogers (Tufts)
— Prof. V. Manno (Tufts)

e A-5..Fundamental Pad Characterization
— Prof. A. Philipossian (UA)
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Tasks ... Planarization (continued)

e A—-6-1... ECMP of Copper
— Prof. S. Raghavan (UA)

e« A—-6-3... Coupled Plating and Planarization
— Prof. D. Boning (MIT)

« A-6-4... Controlled Atmosphere Polishing & Novel
Pad Conditioning

— Prof. A. Philipossian (UA)

 A-—7...Post-Planarization Cleaning Waste Minimization
— Prof. A. Philipossian (UA)
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Tasks ... Planarization (continued)

e A—-8... Fundamental Characterization of Diamond
Wear in CMP

— Prof. A. Philipossian (UA)

« A-9... Environmentally Benign Copper Planarization
for Advanced IC Manufacturing

— Prof. S. Beaudoin (Purdue)

e A-10... Mechanistic Study of Novel Orbital Polishers
for Copper CMP

— Prof. A. Philipossian (UA)
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Environmental Assessment of
New Technology Options —
EBSM of 3D Integrated Circuits (Task Al)

B Faculty:
U Prof. Philip Gschwend, MIT Civil & Environmental Engineering
U Prof. Duane Boning, MIT EECS
U Prof. Rafael Reif, MIT EECS (ending)

B Students
U Ajay Somani, PhD Candidate, MIT Mat. Sci. and Eng.
U Sarah Jane White, PhD Candidate, MIT Civil & Eng. Eng.

B Research Objectives:

U Develop methodology to analyze environmental impacts for new
process technologies

U Construct a corresponding database which is more transparent
than previous LCA studies

U Identify critical unit processes that need to be designed with
environmental considerations in addition to performance and cost

[NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|

Technology Assessment/
Comparison Methodology

1. Identify boundaries for analysis (wafer fabrication)

2. Define functional unit for comparison (e.g., # of
transistors)

3. Generate environmental footprint for fabrication of a
standard IC functional unit with chemical/material
specificity

4. Compare alternative fabrication technologies with
respect to performance, cost and environmental
footprint

5. Identify critical unit processes which have
performance, cost, or environmental issues

6. Design new unit process approaches to improve
performance, cost, AND environmental issues
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Case Study: MIT 3-D Process Flow

______ Sacrificial

IBond

1. Cu patterning on SOl

device wafer

2. Bond to handle wafer 3. Thin back SO wafer;

stop on buried oxide

7. Bond to another
device wafer

e
a) Alignment = + 3 um

b} Bond at 400 C

______

aspfpresnsng J

i

sEssssss sEsssssEs

[ — —
v 0 0 0

—— 1

B. Release hande wafer

I
— -
g

| Sacrificial
Bond
Release

v |-

| :

!" hlllll.lllllllpermanent
e
-

Bond
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2-D vs. 3-D Process Steps/Footprint

Unit operation

2D process flow
(for one wafer)

Additional 3D
processes in flow

Photo/Stepper/Ashing |25 1

Dry Etch 13 2

Wet Etch/Clean 31/14 3/4 | Critical step:
CVD 11 1 handle wafer

& release

CMP 14 2

Sputtering Al 1 (0.5 pum for metal 1) |2 (20 um)
Sputtering Ta/Cu 1

Electrodeposition Cu |6 1

Bonding 0 2

Grinding 0 1
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Handle Wafer Options

[ 75mm
Hande 51 1

Tt 1 Si handle wafer Device wafer

Soak i eseasing e mpert
aueous sckuten

o T 7 1 12 Interconnect stack

Etch Stop
Oxide Bond Interface

CVD oxide - 1 ym

SOl - 400 nm
BOX - 500 nm L =— Channels
S Handle Wafer etched in
; - | substrate silicon for
“"'“;h-ms. release
Top wafer is bonded to handle wafer (CVD-
- to-thermal oxides bonding).
Al release layer: Smart cut release? Oxide release structures
* Described in MIT 3-D IC * H, implant @ 150KeV * Similar oxide-oxide bonding
* Requires 20 pm Al (twice) * High energy and expensive « Channels etched in handle
on each handle and device  « Use oxide-oxide bonding wafer for release
wafer * Thermal energy required to  « Nitride used as etch stop
¢ Cu-Cu bonding, use Ta release * 49% HF used for release
* Yield is still an issue ~ for die « Yield is good « Yield is good but still to prove

level, works fine layer transfer — work in progress

1 Fan et al., Electrochem. Solid State Lett., 2, 534 (1999)
2Tan et al., SOI Conference 2005
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Comparison of Handle Wafer Options

Overall Al release Smart cut Oxide release e Qverall Comparisons of different
comparison handle wafer options are considered
Yield 10%- depends on [ 80% - work with | 80% subjected to - Performance_here primarily is
(performance) | cucibendngane |otdetond | nctorely s e denoted by yield
acid oxide proven — Cost are estimates and are
Cost -additional | Cost for deposiing | Cost for H, Oxidation, etch along expressed in terms of one Si wafer
Al on Si wafer which | implantation which | with one CMP which " .
means 1.2 X 510X means 1.2X — Additional means processes required
—— for that handle wafer option
Environmental - | !llustrated very briefly in table below.
additional . .
e Environmental comparison of
different handle wafer options
Environmental |Al release Smart cut | Oxide release

comparison for - Ener%y rr11as been estimated based
additional steps on which processes are energy
intensive In that option

50-100 KWH 20-40 KWH 10-20 KWH d , R
Energy primarily Al primarily H, CMP, Photo o — Water usage — process cooling
sputiering implant water (PCW), de-ionized (DI) water
Water Primarily PCW for | PCW for PCW for oxidation, for cleaning
cooling Al dep./ Wet | implantation, etching and CMP, DI .
etchrequies DI | CMP and water for wet etch in — Chemical Inputs depend on process
water annealing 9% HE and probable outputs are listed
Chemical (inputs) |A" HCIu H2, Sil-‘IZCIZ‘ 02, s‘inclz‘oz, cMP - Cpntras_t manufacturlng fluxes
. N st with estimates of natural fluxes
(e.g., Ta)
i AICI,, HCI Oxide CMP Oxide CMP 3
(%’L‘fg;'fsa)' w:;sé, i dep. hduHFY’;;gp
exhaust exhaust, HF,
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Y

Global Cycle of Tantalum:
Contgast natural and industrial fluxes

4

Atmosphere

e

ICalculated using value from Sohrin et al. 1998

Klee & Graedel 2004

3Calculated using value from Barth et al. 2000
“Calculated using steady-state approximations

N7
9.@ s
pe

403

&y
2%
<
%
%
%
%
Fab Industry
222 glyr | % Ocean?
A)@/{‘ < 5.0 x 10%9g (<0.20 pmol/kg)
S § Terrestrial Biosphere, Rivers?
'fq;r . =2.3x10%g/yr =3
N/ Soil S O&lSedimentation“
— N~
B =2.3x10° glyr
\_09/ Crust®
2.0 x 10% (0.7mg/kg) Surface Sediment

Buried Sediment

%,
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Task A1l — Summary and Current Work

» Methodology for technology/environment
evaluation established

— Establish environmental footprint (energy and specific
material uses) for standard flow

— Comparing with new/additional significant processes
in technology options

» MIT 3D technology as case study

— Identified handle wafer as critical process in 3D IC

» Comparing different options for handle wafer on three axes:
performance, cost and environment

— Energy analysis completed

— Material emissions analysis (e.g. Tantalum,
Indium, ...) in progress
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Solventless Low k Dielectrics
(Task 425.001: ERC EBSM)

Tom Casserly*, Kelvin Chan™, April Ross™
and Karen Gleason
Department of Chemical Engineering
Massachusetts Institute of Technology

*now at Applied Materials
*SRC Fellowships
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Evolution of Low-k Dielectrics Ul

Either increasing fragile porous low k

25 - *Source: International Technology
materials must be integrated ’0 Roadmap for Semiconductors 2001
or 1.5 -
K 10
A robust sacrificial layer must be integrated 0.5 - l
which can form air in the final step 0.0 - | | | |
(sacrificial layer = 100% porogen) 2007 2010 2013 2016 Air Year

“Let's face it. The air gap is a pretty crazy idea. Rather than filling the space between
interconnecting wires with anything that would increase line-to-line capacitance and RC
delay, just go straight for the best performing low-k dielectric of all: Air. More unusual things
have happened. Like effectively taking sandpaper to your device — later perfected into the
state-of-the-art technology of CMP.”

Laura Peters, Senior Editor -- 1/1/2005, Semiconductor International

* Havemann and Jeng (Tl),
Early air gap work: US Patent 5461003, 1995.

« Anand et al., IEEE, 1997.
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OSG Mechanical Properties Mir

or solids in which all atoms are able to form two or more bonds, the
percolation of rigidity occurs at an average connectivity number of 2.4*"

* J. Phillips, J. Non-Cryst. Solids 34, 153 (1979)

0.5
Vg Me
g S~ °
0.4 Nle\{l (;(Me
7
R Me o _0 Me
g
g 0.3 Me Me Y
: 056
recursor
S 0.2- P ..
T °
‘M’ Group 'D' Group ‘T' Group '‘Q’ Group
Chain Terminating Chain Propagating Crosslinking  Fully Networked 0.17
<r>=15 <r>=2.0 <r>=24 <r>=2.67
0
2.2 2.25 2.3 2.35 2.4 2.45

Average Connectivity Number

Ross AD and Gleason KK, J. Appl. Phys. 97, 113707 (2005)

1007% T groups gives a matrix just at the percolation threshold
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Density Functional Theory for OSG Precursors |l

120

) I ) I ) I ) I )
- - #- D (Si-C)
Hr @ D(Si-0) ]
g 10 |- ._.--‘"--‘-_A_-‘!DZQS(O—C)_-
= @
< 105 |- .
= L 4
& 100 |- -
[ee) - -
& o |- -
OEL %0 [ : _
o S T S
T.B. Casserly and K.K. Gleason, 80 e ————_————
Plasma Processes and Polymers 2, 669 (2005). (%) (%) %) S
Plasma Processes and Polymers 2, 679 (2005). @O O® q,® o§
™ D o O
NN
m Si-O bond is strongest (likely preserved) R vl FTIR from low
m Si-C and O-C bonds have similar bond strengths power PECVD
O No selectivit films

O Likely loss of Si-C bonding i
DFT predicts
m Expectations / \\1\' even stronger
0O MO3MS - M / selectivity to T
O 2MO2MS - D 4/ \I\P
1

group with
0O 3MOMS -T ] addition of H, to

—>b1aa | 11
1300 1280 1260 1240 SMOMS
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Air-Gap Fabrication i

= Ordinary Sacrificial

3 Materials
deposition of . . .
sacrificial layer O Require physical contact with
etchant/solvent for selective
etrat removal
substrate .
O Surface-tension problems for
l . wet processes
patterning

m Self-Decomposing
Sacrificial Materials
- O Requires no agent for removal
ldepos't'on o o Dry removal process (heat, UV,

substrate

cover layer (overcoat)
e-beam)

O Allow fabrication of closed-
cavity structures

cemoval of m CVD sacrificial layers

sacrificial material O evolutionary from CVD silicon
dioxide and from OSG low k
materials

O environmentally attractive
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CVD for Sacrificial Polymers Mir

Plasma Enhanced |nitiated

mnonselective chemistry m selective bond scission
m uncontrolled crosslinking m systematic compositional variation using feed gas
which gives rise to char m controlled cross-linking

O increases solvent stability (insolubility, lack of swelling)
O increased thermal stability

O increased mechanical strength

O designed to prevent char formation

formation: unsuitable for
sacrifical layers

iICVD process characteristics:
O low energy input (<10 watts for 200 mm wafer)
O low-temperature process
(substrate at ~ room temperature)
O no ion bombardment or UV irradiation (no plasma)
O All-dry process, no worker exposure to solvents
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CVD Sacrificial Layer Chemistry ir

monomer o Stable under normal temperatures and pressures.

Hazardous Decomposition Products: carbon monoxide, carbon dioxide.
Hazardous Polymerization: Will not occur.

Potential Health Effects: Causes eye and skin irritation.
Carcinogenicity: Not listed by ACGIH, IARC, NIOSH, NTP, or OSHA.

cyclohexyl methacrylate (CHMA)
crosslinker Stable under normal temperatures and pressures.

Q Irritating to respiratory system.
O\/\ LD50/LC50: Oral, mouse: LD50 = 2 gm/kg; Oral, rat: LD50 = 3300 mg/kg.
o Carcinogenicity: Not listed by ACGIH, IARC, NIOSH, NTP, or OSHA
@)

ethylene glycol dimethacrylate (EGDMA)

Stability : Explosive if heated, subjected to shock, or treated with
initiator reducing agents. Highly flammable. Refrigerate.

O— IPR-RAT LD50 3.210 g/kg : ORL-RAT LD50 > 25 g/kg
Carcinogenicity: Not listed by ACGIH, IARC, NIOSH, NTP, or OSHA

tert-butyl peroxide

initiator
monomer
crosslinker

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing| 7




crosslilnker/monomer ratio

0.5

0.4

0.3

0.1

0.0

0.2

Cross-link Density (FTIR & XPS) Mir

—©=XPS
L= FTIR

0
crosslinker partial pressure (mTorr)

20

40

60

80

100

two independent
methods confirm
systematic

control over crosslink
incorporation in the film

O degree of crosslinking can be systematically adjusted
O impossible to spin cast insoluble crosslinked material
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Normalized surface concentration (a.u.)

Decreasing substrate temperature

Normalized surface concentration (a.u.)

Decreasing substrate temperature

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|

Control using Surface Concentration i
Quartz Crystal Microbalance (QCM)
measures surface concentration of monomer, [M],
in the absence of reaction
100 J T J p— 30,000 —————p——p ey
r O CHMA (167 mTorr) . | * O CHMA (167 mTorr) . '
< 80F . 4 2 27,500 | ) R -
E O I 1l 35 . . "
£ . d = 25000 F . -
% 60} L S . Lt .
© I ° ] = 22500 - -
é 40 - 05 g . - 05 .
2 -4 (KK.py... 4 § 20000 F [ K, RT, ) roq]
S m-i- » T Ok RT [M] S i . = [M] I
© 20F " o {1 E 17500 F F™ 2kik. ... .
| 1 . 15,000 =, 1 . 1 . 1 . 1 ]
4 8 0 2 4 6 8



Film Properties hr

Does not dissolve in any H

commonly used solvents: =k RN ko
photoresist can be removed by :
dissolution instead of ashing. R R R R R R R

Decomposition > 99.7% by
thickness (VASE). Crosslinking

Via the dimethacrYIate unzipping of CHMA units from one chain:
monomer is key. one end of EGDMA unit released

Onset temperature of decomp. LT {ﬁj
~ 270 °C (ITS) ww./j{\/l\/l j\04 ...............

Good adhesion to substrate H
and photoresist

High etch rate in oxygen RIE w/I\/i\/| \F

(0'35 I‘Imlmin)' Eliminates the unzipping of CHMA units from the other chain;
nGEd fOI’ a hard maSk, an 1entire EGDMA unit released
economic and environmental JOOO, .
improvement over previously- {R=—CH, s
reported spin-on sacrificial P R-
materials ;
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Fabrication Mir

CD iCVD of polymer @ polymer
decomposition

substrate

AccV SpotMagn Det WD ——— 2m

@ spin coating of
photoresist

100kV 30 15000k SE b9
@ PECVD of SiO,
substrate
@ Tacetone rinse
ﬁ
oxygen reactive-ion
substrate etching (RIE) substrate
AccV SpotMagn Det WD ——— 2m
100kv 30 10000x SE 6.0
*no hardmask With better lithography, smaller
= - feature sizes can be fabricated.
*RIE resist strip
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Conclusions U

m Local bonding environments in OSG films
determine mechanical strength: all “T” groups
represents a percolation of rigidity limit.

m Density functional theory (DFT) calculations for
new precursors predict the likelyhood of
formation of local bonding environments in OSG
films.

m iCVD sacrificial layers represent a evolutionary
and environmentally friendly strategy for the
integration of air gaps.

O controllable crosslinking which cleanly degrades
O no hardmask required for fabrication

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing| 12




Thrust A
Planarization Long Range Plan

February 23, 2006
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Principle Investigators

e Prof. Ara Philipossian (University of Arizona)
 Prof. Duane Boning (MIT)

* Prof. Srini Raghavan (University of Arizona)
 Prof. Vincent Manno (Tufts University)

* Prof. Chris Rogers (Tufts University)

* Prof. Stephen Beaudoin (Purdue University)
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Planarization Advisory Committee Members

Dr. Paul Fischer (Intel)

Dr. Laertis Economikos (IBM)

Dr. Cliff Spiro (Cabot Microelectronics)

Dr. Chris Borst (Texas Instruments)
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Landscape for the Next 5 Years

« Research, fundamental in nature yet industrially
relevant, addressing the technical, economic and
environmental challenges of planarizing the following
materials:

— Copper
— Tantalum and tantalum nitride
— Ruthenium

— Dielectric (for STI only)
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Gaps to be Filled in the Next 5 Years

« Advanced processes and consumables (i.e. pads and
chemical solutions) for electrochemically assisted
planarization

« Advanced processes and consumables (i.e. chemical
solutions, abrasive particles, pads and diamond
conditioners) for planarization

« Advanced post-planarization cleaning and surface
preparation processes and consumables (i.e. chemical
solutions and brush rollers)

 Exploratory planarization schemes

— Controlled Atmosphere Planarization (CAP) or others

NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Advanced Processes & Consumables for
Electrochemically Assisted Planarization

e PIs:

— Prof. Srini Raghavan
— Prof. Duane Boning
— Prof. Ara Philipossian

e Students:

— 3 Ph.D. students (2 at UA and 1 at MIT)

 Focus will be on the development and implementation
of a ‘full’ process:

— Clearing of copper (primary focus)
— Planarization of the barrier layer (secondary focus)
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Advanced Processes & Consumables for
Electrochemically Assisted Planarization

 Objectives include development & implementation of:

— Novel chemistries to enhance and control the
electrochemical removal and passivation of copper,
tantalum, ruthenium, or other future barrier materials

— Novel pads to ensure electrical contact with isolated
copper islands during clearing. This requires development
of conducting pad technology, with appropriate
mechanical, electrochemical & environmental properties.

— Modeling and control of patterned wafer performance: the
fundamental technological objective is formation of
damascene patterned features, and modeling &
characterization of tool, pad and wafer interactions for
design and control (particularly endpoint detection) are
needed to minimize process cost & environmental impact.
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Advanced Processes & Consumables
for Planarization

e PIs:

— Prof. Duane Boning

— Prof. Ara Philipossian
— Prof. Vincent Manno

— Prof. Chris Rogers

— Prof. Stephen Beaudoin

e Students:

— Seven Ph.D. students (3 at UA, 1 at MIT, 2 at Tufts and 1 at
Purdue)
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Advanced Processes & Consumables
for Planarization

e [Focus:

— Basic scientific investigations of the controlling processes
In planarization of advanced materials over several length
scales and levels of complexity.

— Development of validated, science-based descriptions that
relate specific planarization process and material
attributes to measurable process outcomes.

— This understanding will allow environmentally-conscious
process and material alternatives to be specified and
tested in a rapid manner, and will allow for the rapid
feedback of experimental results into the planarization
design process
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Advanced Processes & Consumables
for Planarization

« Objectives
— Real-time detection and modeling of pattern evolution

* Develop novel force-spectra endpoint detection methods by
determining how various wafer and pad surface states during
polish affect the frictional energy in particular frequency
bands.

* Relate these signals to details of the wafer topography
evolution by integrating pattern evolution models with the
above endpoint or diagnostic signal analysis.

NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Advanced Processes & Consumables
for Planarization

 Objectives (continued)

— Wear phenomena and their effect on process performance

* Isolate, quantify and model the hydrodynamic, van der Waals,
hydrophobic and electrostatic processes that determine how
nanoparticles interact with pads, diamonds and wafers in
representative systems and how these interactions evolve
with extended use.

 Develop methods to visualize wafer-pad mechanical
interactions in real-time using laser-induced fluorescence

 Once the fundamentals of pad asperity evolution and the
effect of the multitude of contacting bodies on pad asperities
are understood, their impact on planarization capability can
be modeled, thereby leading to the design of new polishing
protocols and consumables that will deliver superior
performance but with reduced environmental consequences.
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Advanced Processes & Consumables
for Planarization

 Objectives (continued)

— Effect of pad grooving on process performance

 Empirical and numerical investigation of the effect of various
pad designs (materials, groove shapes, dimensions and slant
angles) as well as different types of slurries on RR, COF and
pad temperature for copper and tantalum CMP

« Identification and verification of optimal pad designs for
technology transfer to 300-mm platforms
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Advanced Post-Planarization Cleaning
Processes and Consumables

e PI

— Prof. Ara Philipossian
e Student

— One Ph.D. student at UA
e Focus:

— Fundamental study of the effects of the brush material and
nodule design on the frictional force, brush deformation
and cleaning efficiency during silicon dioxide, carbide and
copper post-CMP cleaning processes.

— Study will not be limited to new PVA brushes
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Advanced Post-Planarization Cleaning
Processes and Consumables

 Focus (continued):

— The potential degradation and performance of brushes as
a function of extended use will also be investigated.

— The ultimate goal of this work is to improve cleaning
efficiency as well as extend the life of the PVA brush by
understanding the mechanisms and modes of failure
during normal and accelerated stress conditions.
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Task A-4-1
Fluid Dynamics and Tribology of CMP

1st Generation Modified Langmuir — Hinshelwood Kinetics Model

‘n” moles of reactant R in the slurry react at rate constant k, with copper film on
the wafer to form a product layer L on the surface

Cu+nR—4 5L |k = Aexp(-E/KT,)| [RR = (M, / p K,

Product layer L is subsequently removed by mechanical abrasion with rate
constant K,

L_>k2 L | k,=c,x(COF)pV RR = (M ,c,/p)pV

Abraded material L is carried away by the slurry

e My KC
poqy K
K>
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Task A-4-1
Fluid Dynamics and Tribology of CMP

Integrating the Role of Temperature in CMP

Removal Rate

ar_ My _kkC

0k, +kC

Friction & Heat
Dissipation ‘

Mechanical

NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




78

68

OC)

58

48

38

Reaction Temperature (

28

18

Task A-4-1
Fluid Dynamics and Tribology of CMP
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Reaction Temperature vs. Slurry Flow Rate

i 120 ml per minute vs. 200 cc per minute
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Task A-4-1
Fluid Dynamics and Tribology of CMP

Pad Temperature vs. Wafer Size
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Task A-4-1
Fluid Dynamics and Tribology of CMP

ICue 600Y75
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Task A-4-1
Fluid Dynamics and Tribology of CMP

ICue EP-C7092
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10000 10000
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Task A-4-1
Fluid Dynamics and Tribology of CMP

Chemical Rate Constant — k1

120 ml per minute 200 ml per minute
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k, (Moles/m?sec)

Task A-4-1
Fluid Dynamics and Tribology of CMP

Mechanical Rate Constant — k2
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Task A-4-1
Fluid Dynamics and Tribology of CMP

Chemical vs. Mechanical Action
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Task A-4-1
Fluid Dynamics and Tribology of CMP

In-Situ Thickness Measurement using DELIF on
Wafers with 18-micron Etched Wells

1_
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Task A-4-1
Fluid Dynamics and Tribology of CMP

Slurry Thickness in the Wafer — Pad Region as a Function of Wafer
Pressure (0.5vs. 6.0 PSI) ... u=0.34 m/s
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Task A -5
Fundamental Pad Characterization

2nd Generation Kinetics Model

K, K,
Cu+0OX —3 CuOX* — 3 CuOX

Passive Film Formation l Mechanical Removal
Ks
Dissolution
CuOX
W a M, Kk, (kz+ k)
k1= 2> NQF exp| —— |exp| —22_v =
MW ox KT 2KTx P K AT
K2 =cC u pV
E Dissolution rate (k;) can be significant as
— Aexp(— 2 j pressure x velocity approaches zero
RT
K3 =
(Xc — X)
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Task A -5
Fundamental Pad Characterization

New Pad Designs ... Logarithmic Spiral & Floral

Basic ldea ...

Positive Log. and Spiral Grooves

Transport fresh slurry into the pad — Water and pad. U
wafer interface grooves) rotate in the

Negative Log. and Spiral Grooves Discharge Countgr-clc_)ckmse
spent slurry and by — products away direction
from the pad — wafer interface
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Task A -5
Fundamental Pad Characterization
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Task A -5
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Average COF
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Task A -5
Fundamental Pad Characterization

Logarithmic (-) Spiral (+) presents the
highest average COF

K Groove and Floral designs present the
lowest average COF

Log(-) Spiral(+) Log(-) Spiral(-) K Groove Log(+) Spiral(+) Log(+) Spiral(-) Floral
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Task A -5
Fundamental Pad Characterization

Misconception about COF and ULK Delamination

COE = F shear The photograph below and the SEM
avg F micrograph are courtesy of Hitachi
Normal Chemical

COE, x FN = FShear

avg ormal™

Foorma < P

Normal w

COF X P OC FShear B O WSVRS T 1. U Ui 1|11

avg” ' w
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Velocity

Task A -5
Fundamental Pad Characterization

Power of Lim — Ashby Plots

Log (-) Spiral (+) K - Groove Floral

_

P=12PSI P=22PS|

P=24PSI

Pressure

At a given RR, the Log (-) Spiral (+) is less dependent on P (at constant V)
This is an advantage in polishing ULK materials where low pressures are

required
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Task A — 8

Fundamental Characterization of Diamond Wear

COF, Temperature and Removal Rate are Tightly Correlated
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Task A — 8
Fundamental Characterization of Diamond Wear

Horizontal Cistance {mm)
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Surface Height Probability Density (1/micron)

Task A —8

Fundamental Characterization of Diamond Wear
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—— Used Oxide Conditioner (407) :
—— New Oxide Conditioner (404)

Oxide CMP

Metallization

—— New Copper Conditioner (410) 1

—— Used Copper Conditioner (406) ||
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Task A — 8
Fundamental Characterization of Diamond Wear

Monte Carlo Simulation of Conditioning
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Task A — 8

Fundamental Characterization of Diamond Wear
Condltlomng Unlformlty Resonance Plots
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Planarization Modeling and Optimization

 Ability to planarize chip o Slurry, pad, & water

/Manufacturing Performancﬂ ESH Performance A
* Yield (e.g. wafer edge '2_ STI Model/Endpoint consumption

» Uniformity - : Slurry solid waste output
Integration (Bonin
» Cost J J ( SlJ) - Slurry effluent waste
— 3. Pad Planarization Studies (Boning) =
|
1. Cu Plating 4. Pad Elastic Prf)/perty Studies (Beaudoin)

Model (Boning)
Joint Optimization of Process/ESH Performance

» Minimize film thickness, plating/CMP time,
consumables/effluent

Process Alternatives 5. Cu ECMP

« Abrasive free polishing (AFP) to eliminate solid ~ Chemistries
slurry waste, while achieving high performance (Raghavan)

» Electrochemical-mechanical planarization (ECMP) |

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




Planarization Modeling and Optimization
(Tasks A4-1 and A6-3)

B Faculty:
4 Prof. Duane Boning, MIT

B Students:
0 Hong Cai, PhD Candidate, MIT Mat. Sci. and Eng.
4 Daniel Trugue, SM Candidate, MIT EECS
4 Xiaolin Xie, PhD Candidate, MIT Physics

B Research Objectives:

U Process models to minimize slurry, pad, and water in CMP
processes, with emphasis on pattern dependent effects in copper
and shallow trench isolation (STI) CMP

O Understand and optimize interactions between copper
electroplating and planarization

O Modeling for alternative pads, slurries, and processes (ECMP)

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




1. Coupled Plating and Planarization

ELECTROPLATING:
. Plating Model Output:

Map across chip of
« array heights
* step heights

Okxide

Fine Line Large Line Fine Line Large Line
Fine Space Large Space ~ Medium Space Fine Space

AH: Array height SH: Step height used as input
to CMP model

COPPER CMP: CMP Model Output:

Dishing Eroswn

............................... Map across chip of

Copper . .
i W e
» erosion of dielectric

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




New Development: Time-Stepping Plating Model

B Goals:

O Jointly design/optimize the
plating/CMP process

O Requires model of
thickness and time
dependencies

O Improve plating model
accuracy

B Approach: Approximate
geometric model

O Drawing from feature-scale
physical models

L Modifications to achieve
chip-scale modeling ability
and efficiency

2000 T T T T T T 2000
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DMWWW*MWWﬁ E N il . 0
-1000 CUUL T LU0 g0 oo
-2000 -2000
-3000 ‘ | -3000
g TMW
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»a‘w#ﬁ%wmwm
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Yellow: local step heights
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o ey 'ng
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Thickness (A)
Chip-Scale
Plating Simulation
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2. STl Model/Endpoint Integration

Endpoint detection needed in STI CMP
O Reduce polish time/consumption; reduce dishing/erosion

Objective: to understand and model friction force evolution during
CMP, and relate to motor current signal

Model Assumption: Friction proportional to
O Topography roughness
O Coefficient of friction for different %areas exposed during topography
evolution
Approach:

O Patterned wafer CMP model calibrated with polished wafer
measurements

O Wafer surface evolution is predicated with the calibrated CMP model
O Friction is estimated with friction model

Experiments:
Q Different STI processes/ceria slurries
» Different oxide/nitride coefficient of friction ratios

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




2. STI Model/Endpoint Integration

Endpoint detection needed in STI

f
roughness

CM P 0.15

Chip Topography

O Reduce polish time/consumption;
reduce dishing/erosion

6000

Objective: to understand and model
friction force evolution during CMP,
and relate to motor current signal

4000

20001

a0 100
Time (s}

150

Model Assumption: Friction
proportional to

O Topography roughness: f,;,nness

Q Coefficient of friction for different
%areas exposed during topography
evolution: fM

Approach:

50 100
Time (s}

O Patterned wafer CMP model calibrated with polished wafer measurements

O Wafer surface evolution is predicated with the calibrated CMP model
O Friction is estimated with friction model

Experiments:
O Different STI processes/ceria slurries
» Different oxide/nitride coefficient of friction ratios

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
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Comparison: Measured

Process 1

Process 2

Measured Motor Current

Endpoint Signal
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3. Pad Planarization Performance Modeling

Novel Pad with Water B Goal: Understand how pad parameters, such as

. stiffness, pore size and distribution, relate to pad
Soluble Particles (WSP) planarization performance

WSP B Observations
Pad U Both pads polish low pattern density areas
faster than high pattern density areas
sy —v « Fundamental pattern density dependency
wafer —__ U Novel pad exhibits less pattern dependency

» a smaller spread in the times required to
planarize 10% and 90% pattern density

Conv Step Height JSR Step Height
9000 T T T 9000 T T T T
: Wodel 10% ! Model 10%
2000 +  ProfData |4 2000 F +  ProfData |
Model 20% Mol 30%
+  Prof Data
F000 + Prof Data [ 7000 - u
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<C 000 Mads! 50% | ] < Fooof + ProfDasta |7
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Collaboration with JSR
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Copper Planarization —
Pad/Process Studies (Task A9)

B Faculty:
O Prof. Steve Beaudoin, Purdue Chemical Engineering

B Students
0 Bum Soo Kim, Purdue, Chemical Engineering
Q Caitlin Kilroy, Purdue, Chemical Engineering

B Research Objectives:

O Overall: understand/optimize Cu CMP protocols to reduce energy, water
and chemical usage

O Recent focus: Methods to decouple/study pad bulk and surface asperity
elastic modulus properties

O Current focus: Connect pad/slurry properties to pad/particle/wafer
interactions and to planarization performance

B Acknowledgments
O State of Indiana 21st Century Fund; Praxair Microelectronics
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Interpretation: Pad Elastic Modulus Studies

_ Asperities
Force Tension dominate under
applied low compressive
T load
“Soft” pad Force
surface applied
L “Hard” core l
Force Pad cross
applied section
Core dominates Compression
under tensile load P T
Force
applied

Can isolate behavior of pad core and asperities
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Elastic Modulus (MPa)

Measured Elastic Modulus in Tension

700
@ Dry _
600 8 O e 12 i
O Praxair Cu (15 m)
500 | ] Tl T B Prasalr Cu (12 h
B Praxair Cu (24 h)
400 -
300 -
200
100
0 |
IC1000 (k- Praxair (non- Praxair Praxair
groove) groove) (grooved) (grooved,
Pad type polished)
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Elastic Modulus (MPa)

Measured Elastic Modulus in Compression

14 - = Dry
[ [ [ m DI water (15 min)
12 T T O DI water (24 h) || Does
O Praxair Cu (15 m) conditioning/wear
B Praxair Cu (1 h) remove softer
10 @ Praxair Cu (12 h) — asperities?
B Praxair Cu (24 h)
8 |
6 [ T T [ [ T T T T T
4 -
2 |
0
IC1000 (k- Praxair (non- Praxair Praxair
groove) groove) (grooved) (grooved,
polished)
Pad type
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Interpretation: Pad Behavior

B Asperity layer and bulk pad studied

4 Effects of cyclical loading during CMP, soaking in slurries, and
soaking in aqueous solutions studied

O Asperity layer
« Pad asperities undergo minor changes

« Conditioning/polishing wear may increase effective modulus
slightly

4 Bulk pad

« Core region of pad becomes softer (lower modulus) with
Increased exposure to slurry, aqueous solution, or polishing

» Polishing accelerates reduction in modulus

B [mplications

O Pad conditioning may influence load/asperity, but may not
Influence mechanical properties of individual asperities

U Pad break-in periods may reflect combined evolution of pad bulk
modulus and pad asperity contact area

| NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




Electrochemical Mechanical Planarization
(ECMP) of Copper (Task Ab6)

B Faculty:
Q Prof. Srini Raghavan, U. Arizona, Materials Science & Engineering

B Students
Q Viral Lowalekar, U. Arizona, Materials Science & Engineering
O Ashok Muthukumaran, U. Arizona, Materials Science & Engineering

B Research Objectives:

O Develop chemical systems suitable for ECMP of copper through
electrochemical investigations

 |dentify inhibitors that can function effectively under anodic potential
O Reduction in abrasives use/output, reduced cost, and low pressure polish

B Key Accomplishments:

O Developed oxalic acid based chemical system containing a redox inhibitor
(TSA) that is suitable for copper ECMP

O Characterized the mechanism of inhibition by electrochemical
investigations

ZAS | NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




ECMP for Bulk Copper Removal

Load
Cu |Oxide
Protected low area
Passivation Anodically
polarized
= /

Cu mechanically ¢ Pad Cu electrochemically
abraded dissolving

» Wafer is anodically biased during polishing in a solution at very low (~0.5
psSi) pressure

» Passivating agent/corrosion inhibitor is added to protect low lying areas
while higher areas are polished.

> Inhibitors must be stable at anodic overpotentials

e Efficiency of the most commonly used inhibitor BTA decreases with applied
anodic potential

A | NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|




ECMP of Copper in Oxalic Acid System
- Comparison of TSA and BTA as Inhibitor

Removal rates determined by profilometry

1000 , . . - . 1200
| I Static | ‘gstatic |
[ Polishing 1 o
800~ [ Polishing (EC) . - 1000 w
_ Load =2 psi, pH 4 £ Load = 2 psi, pH 4
£ < 800
3 600 - . g
g T_SA' - T 600
L oo No static removal | @ BTA:
: 2 400 | Increased static
. | rate a problem
200 -
oL — [N

300 500 750

300 500

Overpotential (mV)
Overpotential (mV)

> 0.1 M Oxalic +0.01 MTSA+1% 310, 3 0.1 M Oxalic + 0.001M BTA + 1%SiO,
> Increase in overpotential increases Cu > Higher polishing and static removal rates

removal rates. with higher overpotential.
> Unlike BTA, no static removal seen at

higher overpotentials.
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Proposed Inhibition Mechanism for BTA and TSA

With BTA, Smalln  With BTA, Large 0

With TSA, Smalln  With TSA, Large n

No Inhibitor

TSA oxidation
resultsin a
protective film

VSLXO VSLIXO
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Future Directions

» Continue work with redox inhibitors and study rate —planarity
relationship

» Investigate the feasibility of removal of barrier layers (Ta,
TaN, Ru) using ECMP technique.

¢ 1:1 selectivity between Cu and barrier layer

A | NSF/SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|



The Means to Select New Materials
and Devices Using ATDF at
SEMATECH

Jeff Wetzel

jeff.wetzel@atdf.com '\
Manager, EmerginP Technologies -

Advanced Technology Development Facility
February 24, 2006
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« ATDF Status iIn SEMATECH and Business
Model

- Specific Examples
- FEOL: Fermi-FET™
- BEOL: Dual Damascene Imprint

. Summary

arch meets manufacturing.

www.atdf.com Where rese
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1988
1996
1997
1998
2001
2003

2004 (July)

www.atdf.com

SEMATECH founded
T300T subsidiary started
ATDF Test Wafer Services
International members join
BEOL Cu 300 mm capabillity

First custom projects

Customer can define own R&D program and protect
developed IP

ATDF as independent for-profit subsidiary

= ATDF is a SEMATECH-owned company
with its own independent Board of Directors

atdf

Where research meets manufacturing.



Increase of R&D Cost
Many companies finding the traditional collaboration
methods NOT worth the effort

Chip Making R&D Versus Revenues
(Worldwide in $M)
* R&D&E costs 1.6+06
Increasing at almost
1.E+05
2X the revenue rate /
1.E+04
e« 300 mm R&D very 2004-2020 Annual Growth:
expensive 1E+03 / Attt |
* “Need new ways to 1E+02 /
make R&D more = Total RD&E (Chip + Eq)
- - ” 1.E+01 G emiconductor Revenuss
efficient... /
D-HutCheSOn(VLSI 1E+DI:| rT1TT TTTTTT TTT TT TT T TT T T T T TTT T T TT TTTT
Copyright £ 2005 by VIL5! Research Inc.

IS one solution, where chip makers and
suppliers share R&D costs
PP atdf

www.atdf.com Where research meets manufacturing.



ATDF’s R&D Foundry Vision

=>» To become the 15t 300 mm R&D foundry that serves
our customers with

> |P Protection — Protection of IPs generated

» Full Customization — Customer defined projects
w/ ATDF and/or other Partners

» Fast Learning — 6 cycles of R&D device learning
per year
» Low Cost -- Low capital costs are passed on

to customers. Per Wafer pricing

\
“atdf

www.atdf.com Where research meets manufacturing.



 Walfer Services
— ATDF shipped 109,750 test wafers to suppliers, 2005
- > 300 customers world wide, #1 test wafer supplier

— Analytical Services

 Emerqging Technologies
— Major IDM makers outsource their R&D
— Start-up companies prototype

« SEMATECH programs/AMRC support/SRC and universities
— Front End of Line - Interconnect - Lithography

o Supplier programs
- Cleanroom space made available for private use/access controlled
— IP created by customer & protected
— ATDF infrastructure available
— TAP — Tool Access Program

« 300 mm start-up support
Wafers to start-up equipment, training, best known methods for fab
layout modeling support --Ti, AMD, IFX 300 mm start-up support

atdf

www.atdf.com Where research meets manufacturing.



ATDF Infrastructure

62,000 sq ft (5800m2) cleanroom
(42,000 sq ft of Class 1)

~ 200 process & analytical tools

Complete 200 mm FEOL Flow
— 300 mm conversion in 2007

Complete 300 mm Cu/low-k multilevel interconnect

Custom process design and flows

7 day/24 hour production

~ 11,000 wafer starts per month

Equipment, process, and test devices have been
developed or improved in the ATDF

www.atdf.com

Where researc eets



rRoadmap

200mm 200mm 300mm
/s /s /s
ATDF ATDF ATDF
85nm Gate 45nm Gate 32nm Gate
CMOS Current Tools New Tools
Production Year end of 2004 Q1 of 2006 2007/2008
Active Pitch (nm) 700/700 250/250 100/150
N+ to P+ Space (hm) N/A
Gate Line/Space (hm) 100/900 65/250 45/200
Gate Physical (nm) 85 45 32
Contact size (nm) 350 150 90
Metal 1 Line/Space (nr 350/350 150/150 100/100
Via 1 size (nm) N/A 250 90
Metal 2 Line/space (nr N/A 250/250 100/100

Established 200 mm Baselines:
- Planar CMOS 85 nm Lg

- Planar CMOS Biaxially Strained Si 85 nm Lg

300 mm Baseline;
130 nm Cu/Low-K

-TriGate and FINFET (MuGFET) CMOS (45/65 Fin/Gate)

www.atdf.com

Dual Damascene

atdf

Where research meets manufacturing.




Platform

New Process, Material, Ideas

Gap Fill Hi-K Local Strain New
CMP FUSI XMOS Material

Si Isolation | |Gate stack || Transistor Silicide BEOL
_ PNO b
Si ST Poly Si Planar N|S|. Cu, Lowk

~/

atdf

www.atdf.com Where research meets manufacturing.



- Thunderbird Technologies, Inc., uses ATDF’s 85
nm CMOS baseline.

www.atdf.com

— STI, silicide, contact, M1 modules reused.
— Gate stack is customized for desired workfunction.

-~ Well, halo, channel implants optimized for enhanced
performance, reduced leakage current for Lg=85 nm.

- Thermal budget, implant conditions to be calibrated to
provide device models (ongoing).

- Spacer module optimized in context of implants, thermal
budget.

- “Foundary-friendly” process technology.

Where research meets manufacturing.



Higher | Performan ce Device:

Fermi-FeT 1
" SCA Band Diagram
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Band diagrams at V=V,

Fermi-FET device provides
nearly zero surface field at
threshold.
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~ermi-

r

r Performance Devices
|—' - ' &
-FET 2

Measured 180 nm P-channel I, vs. | - Behavior

Normalized loff (pA/um)
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Higher Performance Devices
~ermi-rFrel 3
Measured 180 nm N-Channel CV Behavior
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Dual Damascene Process Overview
SEMATECH’s “Dual Top Hard Mask” Process

- e 10
EXx oFe
Develop

< Photoresist

B S 7o Hard Mask
: ESP(OI’T? rlqard"I R/Iask
<« Low-K Metal ILD

< Low-k Via ILD

I S

#7447 Molecular Imprints, Inc. Y N @ atdf
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Dual Damascene Process Overview
SEMATECH’s “Dual Top Hard Mask” Process

# of process steps: 10
Expose

Develop

h resist.
<q Photoresist

«abtARTench Hard Mask

#4474 Molecular Imprints, Inc. Y N 0 atdf

Molecular FOUNDRY MOTOROLA Where research meets manufacturing.



Dual Damascene Process Overview
SEMATECH’s “Dual Top Hard Mask” Process

# of process steps: 19

Ash & Trench Hard Mask Open
Etch Via Hard Mask

Etch Via & Trench Stop

4447 Molecular Imprints, Inc. | N 0 atdf

Molecular FOUNDRY MOTOROLA Where research meets manufacturing.



Dual Damascene Process Overview
SEMATECH’s “Dual Top Hard Mask” Process

# of process steps: 2.3

X 8
184

er Seed
Copper Plate

Trench & Via Etch

Barrier Etch

~ A
4447 Molecular Imprints, Inc. Y N 0 atdf

Molecular FOUNDRY MOTOROLA Where research meets manufacturing.



SFIL Damascene Process

SFIL IMPRINTING
Release

ShiedLDdteetiocsor

<q Copper Barrier

\ M Molecular Imprints, Inc. Y . \m

Molecular FOUNDRY

# of process steps: 2



SFIL Damascene Process

# of process steps: 7

X 8
56
CMP
Copper Seed Savings of
Copper Plate 184 —56 =128
steps

BEF AV &RAYRNFSRe alignment step

 Trench-to-via alignment
transferred from template
* No lithography over topography

#4474 Molecular Imprints, Inc. Y N 0 atdf
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Copper Flow Integration

- Via opening etches (residual layer and barrier layer)
- Thermal stablility (deposition and anneal steps)
- Adhesion & mechanical stability during CMP

M2 level Serpentine M2 & Via pattern

PCL#050225008 W#4101269AA-01C 0.5um VHORG RELA19022>008 £H012000A 015 0 UVl

DF-4700-2 2.0kV 3.2mm x35.0k SE(U) 2{27/05 DF-4700-2 2.0kV 3.3mm x35.0k SE(U) 2{27/05

DuPont Photomasks Template \\/

www.atdf.com Where research meets manufacturing.



Post-CMP Features

M1 - Blanket Copper/Ta

PCL#050224014 W#4072813A-04 Edge 1.2um Isolated Via (DF)

AccY Spot Magn  Det WD s i KT
500kY 20 26000x TLD 4.4

LBNL Template

y‘atdf
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ATDF’s Contributions to the Functional
Resist Project

- Customized Test Vehicle Design

— 810 GDS dataset created for DD processing in ATDF,
based on 0.25 um test vehicle.

— Scaled to 0.25; 0.5; 1.0 and 2.0 um features
-~ M1 reticle and template, and M2/V1 template

- Integration and Process Engineering
— Etch development for Cu open step
— PVD barrier/seed development, low temp degas
— RT recrystallation of plated Cu
-~ Low down-force CMP of Cu and Ta

- Electrical Testing: in-line and bench test

*
ATDF Confidential atd
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- ATDF is a flexible R&D device foundary.
— Operated as a Pilot Line in an IDM

— Able to evaluate new materials and minimize/avoid
risks associated with contamination to allow
integration.

- Complete Process, Device and Materials
Evaluations

— Wafer process, in-line metrology, materials/process
characterization, electrical testing, reliability testing.

- Ongoing in 2006:
— Process simulation and calibration

— Device simulation and calibration
— Device Models

www.atdf.com a td f

Where research meets manufacturing.



- Process Capabillities
- Analytical Capabilties
- Test Capabilities

arch meets manufacturing.
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- Dr. Michael Dennen, Dr. Bill Richards, Dr. Drew
Vinal of Thunderbird Technologies, Inc.

- Hideki Takeuchi, Dr. Shuji Ikeda of ATDF

- Dr. Michael Stewart of Molecular Imprints Inc.,
Dr. Grant Willson of U. of Texas at Austin.

SEMATECH, the SEMATECH logo, AMRC, Advanced Materials Research Center, ATDF, the ATDF logo, Advanced Technology
Development Facility, ISMT and International SEMATECH Manufacturing Initiative are service marks of the SEMATECH, Inc. All
other service marks are trademarks are the property of their respective owners.

The Dual Damascene/SFIL work is an AMRC project presentation made possible, in part, by funding provided by SEMATECH.

Fermi-FET is a registered trademark of Thunderbird Technologies, Inc.
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Process Capabilties (200mm)

o Lithography
248 patterning (200 mm & 300 mm)
193 patterning (200 mm & 300 mm)
 Wet Processing/Cleaning
sImmersion (PreGate, Metals); Spray-FSI's (Doped, Undoped);
Spray-SEZ (backside, Wedding Cake); Vapor HF (FSI)
« Diffusion/Hot Processing
«Atmospheric (Anneals, Oxidation(wet/dry), LowK Cure)
*Reduced Pressure (TEOS, LowK Cure)
 Plasma Etch/Ash
* Poly (LAM, Applied Materials); Si (LAM, Applied Materials); Oxide (TEL, Applied
Materials); Metal (LAM, Applied Materials)
*Ash (ULVAC, Axcelis) — special processes for metals
 Implant
*High Current (AMAT-Leap); Medium Current (ULVAC, Bridge tool, Quad)
*Dose 1E11-1e16/ 200eV-80KeV; 1E11-1E14/3KeV-900KeV, max 60° tilt
 Metals
* PVD* (Cu, Ta, TaN, Ti, TiN, Al, Mo, Co, Ni); ALD*; CVD W, TiN(Si); ECD Cu
« PECVD (SiN, TEOS, SIiON, PSG, SIiC, SiCN, SiCO)
 Anneal — Mattson Spike, Mattson Flash(private), AG8800 (lamp)
e CMP — Cu, Oxide (Applied Materials Mirra)

\
“atdf
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In-Line Metrology Capabilities

Litho — Overlay, CD

— Applied Materials CD SEM (expect a 2" Applied Materials CD
SEM)

- Films — thickness, R, stress, multilayers, pattern

recognition for features, composition

— Spectroscopic ellipsometry

- FTIR

— Wafer curvature, wafer bow

— AFM/Profilometer

— X-ray reflectivity (specular and diffuse)

- SAW

« Particles, defect review station

- SPC —tools are routinely qualified for particles and
process and film parameters.
— Eg, dep rate, etch rate and uniformity. Film thickness and

uniformity.
“atdf'
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Analytical Services

Capabilities

www.atdf.com

Atomic Force Microscopy (AFM)

FE Auger

FE Scanning Electron Microscope (FE SEM)
SEM EDS Analysis and OIM

Secondary lon Mass Spectroscopy (SIMS)
Transmission Electron Microscopy (TEM/STEM)
TEM/STEM EDS, EELS and Electron Diffraction
Total X-Ray Fluorescence (TXRF)

X-Ray Florescence (XRF)

X-Ray Reflectometry (XRR)

X-Ray Photoelectron Spectroscopy (XPS)

VPD ICP-MS

BEAT (Beveled Edge Analytical Technique)
Atomic Absorption (AA)

Hg-Probe CV - Analysis

\
“atdf
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Electrical Test Capabilities

Equipment:

eHigh volume automated in-line parametrics — 200 mm & 300 mm
eHigh volume automated IV & CV arrays with up to 60,000 lines of data
«|IC-V software allows for fast custom test generation & auto testing
«8753C Network Analyzer

eData analysis tools

eRaw Data Extraction

eHot chuck temperatures up to 300C

Cold chuck temperatures down to L-He

eEngineering Stations

Algorithms:

eWafer Level Reliability- HCI, NBTI, BTS, TDDB, GOI, RVB, EM
eCharge trapping, charge pumping /quasi-static Dit characterizations
«ID family of curves- 1V,IDVD, IDVG, IGVG, lon, loff, Isat, body bias
eCapacitance — multiple frequency 20Hz-110MHz

\
“atdf
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Materials Integration Challenges
for Next-Generation
Interconnects

Michael D. Goodner
Mansour Moinpour

Intel Corporation

2006 Review: NSF/SRC ERC for Environmentally
Benign Semiconductor Manufacturing

February 23, 2006 — Tucson, Arizona



Agenda

* Motivation for low k materials

* Integration challenges with current materials
- Pore sealing
- Etch stop

* Next-generation interconnect options
* Focus areas for future development
* Summary

Contributors:
Boyan Boyanov, Grant Kloster, Bruce Block

2006 ERC Review — February 23, 2006



Interconnect Scaling & Future Options

1000 nm
Two Al Metal
layers, BPSG
I
= 500 nm
F .'_—_: = r-'—_—'.”_D planarization,
!-_.r N ,l W plugs w etch
—- back

350 nm

Four Al metal

I W polish Optical
ayers, W polish, :
B Go Options
— 250 nm
EEE ERN
Five Al metal -
nm

b-m layers, SiOF

Cu Resistivity vs Line Width % Eight Cu Layer

180 nm

130 nm
Six Cu Layer

(ll'lte-!: 2006 ERC Review — February 23, 2006 3




Motivation for Low-K

Technology Node
(from ITRS 2001/2002)
150130100 90 80 70 65 45 32 22

—

[y

—

Number of Metal Layers

NGO O X O o0 A O v 0o
Q " " T O O O N N N
P PP PP PP g
Year of Production
* Interconnect RC delay is now equal to or greater than front end
delay effects
- Cu provides lower R than Al, but cannot be reduced each generation

- Power, cross-talk and delay must be minimized by reducing ILD
capacitance (k)

* Main approaches to achieve lower K are carbon doping and/or to
Introduce porosity

= Requires significant integration and provides limited extendibility

lntel 2006 ERC Review — February 23, 2006

ILD Bulk Dielectric

Constant



Challenges — Porous ILD

MDD * Robust k < 2.4 film will likely be

] porous
* Metallization of porous ILD
1 presents several challenges
_ - Pores cause defects in barrier
Bopiibariieriseedicoverage coverage - reliability failures

due to exposed pores ] _
- Increasing porosity (> 20-30%)

leads to interconnected pores 2
ALD / CVD precursor penetration

4 h

Need solutions to minimize
and/or eliminate Low K /
Precursor penetration: Toluene

penetration is one method to \_ Barrier interaction )
determine porosity

1 ' Source: IMEC
('"tel,) 2006 ERC Review — February 23, 2006




Dual Damascene Pore Sealing

Two primary routes for sealing porous dielectrics:
- Plasma / beam treatments
- Deposition of separate sealing layer

Both have shortcomings:

- Difficult to control sealing thickness of plasma & beam
treatments, chemistry can be similar to damage layer

- Non-selective deposition can leave trench bottoms exposed,
unless trench ES is used

For k, 5= 2.4, 10nm
trench ES increases k: DIZ{ Pore seal

- 2% fork =3.0 ES
- 8% fork =55 ES

/ Need low-k pore\

sealing material
selective to Cu /

metal ca
\ P / DDI etch Pore seal Metallization

Ueki, et al., 2004 Symposium on VLSI Technologies
2006 ERC Review — February 23, 2006




Selective Pore Sealing

* Process and materials (¢ SIC/SI0; (d) S0,

solutions being explored

®* Process:

- Etch byproduct redeposition

= Concerns about surface
roughness, adhesion and
pinhole defects

* Materials:
. Furuya, et al., 2004 IITC :
- ALD S|||Ca de Rouffignac, et al.,
. . . Electrochem Solid-State Lett,
= Conformal SiO, coatings with (2004) v 7, pp G306-G308
Al seed

= Need to tailor penetration and
metal selectivity

= Larger K4 iImpact than low k
sealants

- Parylene deposition
= Selective to transition metals

= Must limit penetration to
minimize k impact

Jezewski, J Electrochem Soc,

. i l (2004) v 151, pp F157-F161
(II'I e,. 2006 ERC Review — February 23, 2006 7



Low K Etch Stop

(intel'

Limited but important options for For ki p = 2.4 model system:
Iow—kletch stop development Kes | thkes | Kep | Akyy
= Reduction from 25nm to 10nm gives
6.8% reduction in K 55 | 25 | 284 | ---
= However, higher selectivity to low-k 55 10 2.65 6.8
ILD is needed 30 .- 229 | 123
- Low K etch stop : : :
= Reduction from k ~5.5to k ~ 3.0 gives 3.0 10 245 | 13.6

12.3% reduction in K

= Must have chemical diversity to
maintain etch selectivity between ILD / . \
y Low K hermetic ES

and ES
Reducing kg provides biggest devl_elopl)ment tesEn .tci
impact realize ar_g:st pciltentla
- Requires greatest material gain with smallest
development \ process impact /
2006 ERC Review — February 23, 2006 8



Air-Gap: The lowest possible K

* Air-gap incorporates the limiting
casek, =21

* Two approaches to air-gap
Interconnects:

- Process: Form air-gap through
deposition properties

B Mate”_aJS: Remove sacrificial Noguchi, et al., IEEE Transactions on
material downstream Electron Devices (2005), v 52, n 3, pp 352-359

* Both have significant challenges:

- Structural integrity of final
structure is questionable

- Additional process steps add
significant cost!

- Multi-layer processing presents
additional challenges...

Bhusari, et al., J. Microelectromechanical
Systems, (2001), v 10, n 3, pp 400-408

2006 ERC Review — February 23, 2006 9
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Multi-Level Air-Gap Challenges

e Common issues

- Metal Barrier: Thick enough to Sacrificial
prevent EM, but low R impact removal

- Unlanded vias: If allowed,
need film to land on

* For process-generated air-gap:

- Keyhole needs to be optimized
to ensure zero fill while
maintaining ES integrity

- Residue must be inert and
immobile

- Line spacing is restricted on
all layers

* For sacrificial material air-gap:
- Robust removal technique

needed Keyhole
_ 