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Qutline of Presentation

* A short background and some
statistics on the ERC

* Report on overall ERC activities and
progress during the last year

* Future plan and proposed changes
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ERC Mission and Objectives

1. Research to develop science Serformance
and technology leading to Obstacles
simultaneousperformance
Improvement, cost reduction,
and ESH gain

2. Incorporating ESH principles
In engineering and science

education )(

Upper Leve
Constraint

RN

3. Promotlng Design for Cost ESH Impact
Environment and
Sustainability as a Technology A i
Driver and not a burden -
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Emphasis on Interdisciplinary Approach

8  Universities
11 Academic disciplines
25 Faculty members

Students Cumulative:
235 PhD and MS
192 Undergraduates

Employment of graduates:
> 80% joining SC industry &
suppliers; mostly by ERC
members

Optical Sci :
Bio, Medicine, P Physics

Health Sci Chemical &
Environmental
Mechanical En Eng
Materials

Sci & Eng

Electrical &
Computer Eng

Chemistry
Civil Eng
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ERC Member Institutions

o University of Arizona
o MIT

o Stanford University
o UC Berkeley

\

o

Founders
1996

o Cornell University (1998 - )

e Lincoln Laboratory (1998 - )

e Arizona State University (1998 - 2003)
o University of Maryland (1999-2003)

e Purdue University (2003 -)

o Tufts University (2005 -)

o Columbia University (April 2006 -)
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Principal Investigators at the ERC

Years

Boning (MIT)
Chidsey (Stanford)
Gleason (MIT)
Graves (UCB)
Helms (Stanford)
Kimerling (MIT)
Kovacs (Stanford)
McVittie (Stanford)
O’Hanlon (UA)

. Peterson (UA)
. Peyghambarian (UA)
. Raghavan (UA)

. Reif (MIT)

Shadman (UA)

. Sinclair (UA)
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15.

16.
17.

18.

19.

20.

21.

22.
23

24.

Years 4-6

Baygents (UA)

Bent (Stanford)
Blowers (UA)
Boning (MIT)
Dornfeld (UCB)
Gleason (MIT)
Graves (UCB)
Kimerling (MIT)
Khuri-Yakub (Stanford)
Mcl ntyre (Stanford)
McRae (MIT)
Muscat (UA)
Musgrave (Stanford)
Ober (Cornell)
Ogden (UA)
O’Hanlon (UA)
Peterson (UA)
Philipossian (UA)
Raghavan (UA)
Raupp (ASU)

Reif (MIT)

Rubloff (U Maryland)
Saraswat (Stanford)
Shadman (UA)
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Bahl (UA)
Baygents (UA)
Beaudoin (Purdue)
Boning (MIT)
Farrell (UA)
Gleason (MIT)
Graves (UCB)
Jacobsen (UA)
Manno (Tufts)
Mathine (UA)

Mcl ntyre (Stanford)
Muscat (UA)

Nishi (Stanford)
Ober (Cornell)
Philipossian (UA)
Raghavan (UA)
Rogers (Tufts)
Runyan (UA)
Saraswat (Stanford)
Shadman (UA)
Sierra (UA)

. Vermeire (ASU)
Watkins ( U Mass)
West (Columbia)
Wysocki (UA)
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Elements of a New Strategic Plan

New Initiatives, Focus Areas, and Plans
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Current ERC Research Projects

> Two types of projects:

® 12 core projects (funded by the core SRC/Sematech
contract)

® 12 (started) + 2 (new) customized projects (non-cer
funding)

> Core projects were selected through RFP, white
papers, and full proposals; then reviewed by a
committee appointed by SRC and Sematech

> Customized projects are added throughout the year.
Review and selection procedures depend on sponsors.
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Current and Projected Sources of Funding

» SRC and Sematech (core)

» Sematech (customized projects)

» Industrial members (membership)

» Industrial members (customized projects)

» Cost sharing by participating universities

» Grants from Federal and State agencies; examples:
* Educational grants from NSF
* Arizona TRIF Initiative

* Science Foundation of Arizona (cost-sharing
proposal is submitted onlow-energy, low-water
nano-scale manufacturing; Pl: A. Muscat)

Significant funding leverage for the benefit of S/C industry
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Core Projects Selected for 2002007

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

Reductive Dehalogenation of Perfluoroalkyl Surfactats in Semiconductor Effluents

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

CMOS Biochip for Rapid Assessment of New Chemiczal
EHS Impact of Electrochemical Planarization Techologies

Environmentally Benign Electrochemically AssistedChemical Mechanical Planarization (E-
CMP)

Environmentally Benign Vapor-Phase and SC-COProcesses for Patterned Low-k Dielectrics

Non-PFOS/non-PFAS Photo-Acid Generators: Environmantally Friendly Candidates for
Next Generation Lithography

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

ESH Assessment of Materials, Structures and Presses for Nano-scale MOSFETs with High-
Mobility Channel

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

Low Environmental-Impact Processing of sub-50 nnnterconnect Structures
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Customized Projects in 20082007

e Process Optimization and Modeling of Metal CMP(D. Rosales-
Yeomans, L. Borucki, W. Worth and A. Philipossiasponsor: Sematech

o Post-Planarization Waste Minimization(T. Sun, L. Borucki, W. Worth
and A. Philipossian)ponsor: Sematech

e Mechanistic Study and Modeling of Orbital Polisherfor Cu CMP (H.
Lee, L. Borucki, F. O'Moore, S. Joh and A. Philipas$; co-sponsors. SRC
and Novellus

» Screening Options for PFOS Removal from Litho-TrackWastewater
(V. OchoaandR. Sierra);sponsor: Sematech

» Impact of Fluoride and Copper in Wastewater on Pulcly-Owned
Treatment Works (R. Sierra, G. Leon yponsor: Sematech

o Ultra Low-k Film Repair and Pore Sealing Using Supecritical Fluids
(L. Hatch and A. Muscat}iponsor: Sematech
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Customized Projects in 20082007

Evaluation of Radical- and lon-Induced Damage on Lowk Films
(D. Graves)sponsor: Sematech

Lowering Purge-Gas Consumption During Dry-down of s
Distribution Systems(J. Yao, H. Juneja, A. Igbal, F. Shadman, and C.
Geisert);seed project sponsor: Intel

Biomimetic Manufacturing of Nanoscale DevicegA. Muscat, M.
McEvoy, M. Mansuripur)seed funding by Arizona TRIF Initiative

Low-Energy-Hybrid (LEH) Technology for Water Purifi cation and
Recycling (K. Chen, M. Schmotzer, F. Shadmati;sponsors. ERC
and Arizona TRIF Initiative

A Survey of Water Use, Reuse, and Policies Affectin
Semiconductor Industry in Southwest USS. Megdal UA-WRRC);
sponsor: Arizona TRIF initiative

Electro-Coagulation Applied to Water Conservation & \Wastewater
Treatment (J. Baygents, J. Farrell, A. Boyce, A. Fuerst, Zofgeusis),
co-sponsors. WSP and Intel
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Program Organization Under NSF/SRC

Thrust A
BEOL Processes

Thrust B
FEOL Processes

Thrust C
Factory Integration

Thrust D
Patterning

Education

 PFC Alternatives
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

_ Integrated ESH Impact Assessment

Additive Processing

{ Solventless Lithography

Continuing Education and Short Courses
Outreach

{ ESH concepts in Science/Engineering Curricula
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Justification for Re-defining the Thrust Areas

® Focus on future technology areas that need
ESH consideration.

® Better balance of size and focus among ERC
thrust areas.

® Better representation, grouping, and linkage
of projects and Initiatives.

® Better alignment of thrust areas with the
needs and plans of ERC sponsors.
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Proposed New Focus and Thrust Areas

Environmentally Sustainable Electronics Manufacturng

Thrust A Thrust B Thrust C
Novel ESH-Friendly ESH Aspects

Solutions Novel of Future
to Existing Materials and Nano-Scale
ESH Problems Processes Manufacturing

Enabling ESH Fundamentals
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Proposed New Focus and Thrust Areas

» Thrust A: Novel Solutions to Existing ESH Problems

Examples:

® QOrganics (e.g. PFOS) and ionic (Fand Cu **) removal from wastewater
® CMP slurry use reduction

* Water recycling

» Thrust B: ESH-Friendly Novel Materials and Processs

Examples:
* Novel PAG materials to replace PFOS

* Low-energy and low-chemical deposition and patterig methods
* Low-waste planarization beyond CMP

» Thrust C: ESH Aspects of Future Nano-Scale Manufaaring

Examples:

* New low-energy and low-chemical processes specificnano-scale fabrication
(e.g. mimicking bio systems for patterning and settive deposition)

* ESH aspects of nano-particles and other nano-strugtes

* Environmentally sustainable processes for cleaningano-structures
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New Thrust Designation of Core Projects

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

Reductive Dehalogenation of Perfluoroalkyl Surfactans in Semiconductor Effluents

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

CMOS Biochip for Rapid Assessment of New Chemicals
EHS Impact of Electrochemical Planarization Technabgies

Environmentally Benign Electrochemically Assisted @Gemical Mechanical Planarization (E-
CMP)

Environmentally Benign Vapor-Phase and SC-CQProcesses for Patterned Low-k Dielectrics

Non-PFOS/non-PFAS Photo-Acid Generators: Environmetally Friendly Candidates for Next
Generation Lithography

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

ESH Assessment of Materials, Structures and Processes for Nanoscale MOSFETswith High-
Mobility Channel

Low-Water and Low-Energy Rinsing and Drying of NaneStructures and New Materials
Surfaces

Low Environmental-Impact Processing of sub-50 nm Iterconnect Structures
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Resource (Funding) Distribution

A

new

C

new

Cnew
Anew
Doid
Goal
in Funding Distribution
Aold
Current Funding
RS}
mo

in Proposed Thrust Areas

Current Funding
In Current Thrust Areas
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Strategic Plan
New Focus Area

ESH Aspects of
Nano-Scale Manufacturing
and NancTechnology
In Semiconductor Industry
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Broad Scope of ESH In NandManufacturing

Manufacturing of
feed nano-materials

Transportation

of feed nano-materials Nano-products

Nano End-of-life disposal
Manufacturing of products

Introduction of other
potentially harmful

feed materials
Nano-materials in

manufacturing waste
discharge

LCA of Feed EI ) Factory or ) LCA of Products
Materials : Laboratory :” and Emissions
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ESH Aspects of NaneManufacturing

1. Nano-Particles in Manufacturing
« Workers exposure to nano-particles in the fabs
 Emission of nano-particles through fab waste streams

2. Impact on Resource Utilization
 Increase Is water, energy, and chemical usage

3. Introduction of New Materials
 New device materials, new processing fluids, etc.

4. Positive Environmental Impact
e Opportunities for major ESH gain
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ESH Aspects of NaneManufacturing

1. Nano-Particles in Manufacturing
« Workers exposure to nano-particles in the fabs
 Emission of nano-particles through fab waste streams
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Facts and Fictions about NaneParticles

® Our environment is full of nano-particles.
Examples are wide variety of man-made carbon
nano-particles, various macromolecules, and
atmospheric aerosols.

® Research on nano-particles is needed, but has
attracted disproportionate consideration
compared to other more critical sustainabllity
Issues of nano-manufacturing that are based on
science and not fear.
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Functionalized Fabricated NancParticles

New name for some old materials

Zwischen ¢ und 20 Millimikten

bewegt sich die Teilchengrafie von

Aerosil = fumed SiG,

Particle size:
4-20milli-micron (nanometers)

New additive for coating industry

dem newen Hilfsmittel

fiir die- Lackindustrie
Bitte, fordern Sie den neden Prospekt an

DEGUSSA

Colorants & Coatings
ABT.RUSS . FRANKFURT/M.

(Farbe & Lack Journal; April 1949)
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Facts and Fictions about NaneParticles

® Effect of nano-particles and macro-molecules on
biological systems has been the subject of years of
extensive research.

® Primary effect is due to interactions of particle
surface with other contaminants. Therefore, study
of nano-particles without knowing and simulating
the process environment around them is irrelevant
and waste of research resources.
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Nano-Particles in CMP Process

Two types of CMP nano-particles:

Primary Nano-Particles Secondary Nano-Particles
(engineered particles; 5-90nm) (very active surface; <10nm)

Active sites
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What is Unigue About NancParticles?

Treatment problem:

* Nano-particles cannotbe effectively removed
by agglomeration, settling, and filtration; they
also clog membranes.

Svnerqistic ESH impact of nano-particles:

e Active surface /égﬁgr?f:ams

 Selective adsorption
e Pore condensation (kelvin Effect)
e Concentration %~ Shell

 Facilitated transport
 Enhanced life-time
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Other Applications and Sources of NangParticles

® Nano-particles of porogens used in deposition of
porous low-k films (a current ERC project)

® Nano-droplets in sprays

® Aerosols formed in vents and in cooling towers due
to chemical reactions in vapor phase (a graduated
ERC project)

® Nano-tubes and nano-wires; potential release and
handling issues if fabricated ex-situ.
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ESH Aspects of NaneManufacturing

2. Impact on Resource Utilization
 Increase Is water, energy, and chemical usage
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Cleaning Challenges in NandVlanufacturing
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Cleaning Challenges in NandVlanufacturing
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e Change in transport
mechanisms for cleaning liquid
and by-products

* More activated processes due to
strong surface interactions

» Surface charge effects

 More issues with interfacial
contamination (high surface to
volume)

* More processing steps

* More issues with drying and
surface conditioning
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ESH Aspects of NaneManufacturing

3. Introduction of New Materials
 New device materials, new processing fluids, etc.
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Introduction of New Materials

Number

A

<€
Complexity
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ESH Aspects of NaneManufacturing

4. Positive Environmental Impact
e Opportunities for major ESH gain
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Positive Environmental Impact

Evolutionary

e Opportunity to phase out problematic
materials which are deeply rooted in present
manufacturing (e.g. PFCs, PFOS)

Revolutionary

e Opportunity to phase out problematic process
paradigms and replace them with more
friendly processes (e.g. move froraubtractive
to additive processing):
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Material Usaqge Index in Various Industries

0% 100%

Mining
Oil & Gas

Chem/Petrochem

Petroleum Refining

Pharmaceutical

Electronics

Semiconductor

Nano-Technology

|
Euct Feed Material
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Conventional CMP of Interconnect Copper

Duane Boning (MIT)

JBarrler

Dielectric patterning
Barrier deposition

Copper deposition
(seed, fill)

CMP

Top barrier removal
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Chemical Mechanical Planarization (CMP)

Ara Philipossian (UA)

Other
9%

« One of the fast growing processing segments Lol
» Major source of nano particle emission in S/C fabs

» Costly and wasteful operation: For a typical 200- .4
mm factory: 16%

— 6,000,000 liters of slurry ($20M) per year
— 300 metric tons of solid waste per year

Slurry
45%

Equipment
22%

Total slurry input H

Amount of slurry that
reaches the wafer but does
not get underneath

Amount of slurry that
never reaches the wafer

Amount of slurry that does the actual polishing iften less than 10%
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Deposition and Patterning of Dielectrics

Karen Gleason (MIT), Chris Ober (Cornell)

Conventional ESH
Lithography Issues
dielectric Precursors, HAPsS, wastes
deposition

spin-on VOCs, waste

imaging layer

 gelEeie 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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Deposition and Patterning of Dielectrics

Karen Gleason (MIT), Chris Ober (Cornell)

Conventional All-Dry, Resistless

Selective Dielectric
Deposition

Lithography Lithography

dielectric
deposition

Spin-on

imaging layer ‘ wet chemistry eliminated

(CVD)

selective
irradiation

development in
aqueous base

« wet chemistry eliminated

(supercritical CO,) Photo initiated CVD

dielectric
patterning

imaging
layer strip
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Best Examples of Additive Processing

Dan Herr and Victor Zhirnov (SRC)

EUV Lithographic | Growth of a Baby Bio
Subtractive [Bio-Assisted Self-| Advantage
Patterning 32 nm Assembly]
Bits 8.59E+09 7.53E+17
patterned per| bits/s/masking amino acid 8.77E+07
second layer equivalents/s
Energy 1.46E-12 1.29E-20
required per | J/bit/masking layer J/amino acid 1.13E+8
bit equivalent

Evolution = Environmentally Friendly
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Novel Manufacturing Concept for ESH Gain

® Exploring biological systems/methods to develop
environmentally efficient and benign processes for
manufacturing nano-electronics

® ERC was awarded funding by Arizona TRIF
Initiative to start a joint project in this area with
two other large centers at UA (BIO5 and Optics)

® Three ERC seed projects for 2007 ($300k; overhead
free) related toresource utilization and sustainability
of micro- and nano-electronics manufacturing
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Selected Accomplishments

* Research: 67 research projects; 224 peer-reviewed
publications

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

* 51 students national/international awards and
fellow positions; many institutional fellowships arml
scholarships

* Simon Karecki Fellowship and Award

e 22 technology transfer projects directly with
member companies

* $1 M Fujimi Endowment and Professorship in
Planarization

* Five new spin-off companies
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Selected Accomplishments

* Pre-University Outreach

— Wide range of activities (exampleTeachers | nstitute for
science teachers; 25 schools have participated agchduated)

* University Education:
* Industry internship for students
* REU Program for undergraduates (60% are women and
minorities)
* New courses inenign manufacturing

* Post-University Education:

— Short courses and workshops for practicing scientis and
engineers; bi-weekly tele-seminars; distance leanmg courses;
Internships for industry residents at universities;faculty
sabbaticals sponsored by industry
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Gender, Racial, and Ethnic Diversity

Bl CEBSM B Average US Academic Engineering
(Data provided by NSF)

emale Faculty

Female & Minority Faculty

Female Undergraduates

Female &

inority Undergraduates

Female Graduate Students

Female & Minority Graduate Students

0 10 20 30 40 50 %
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Partial List of Student Awards in 2006

> Yasa Adi Sampurno, Best Student Poster, InternationalPlanarization
Technology Conference, Foster City, CA 2006.

> Rachel Morrish, AWIS (association for women in sciece) Award.
> Daniel Rosales-Yeomans, Best Student Paper, Tech¢®ortland, OR 2006.

> Ashok Muthukumaran, "Sandia Mountain Scholarship Award" from
NACE foundation.

> Hyosang Lee, Best Student Poster, International Plamization Technology
Conference, Foster City, CA 2006.

> Igbal, A., Juneja, H., Yao, J., Shadman, F., Bestdper Award, SRC Student
Symposium, October, 2006, Raleigh, North Carolina.
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Important Dates and Program Schedule

* Annual report to SRC, Sematech, and other membersompanies
(February 1, 2007)

* Annual Review Meeting (February 22-23, 2007)
* Review feedback and recommendations (by March 1, R@)

* Project-level decisions and adjustments based ondhreview (by
April 1, 2007

* Decision on funds available for new projects (in awsultation with
SRC, Sematech, and EAC; finalized by April 1, 2007)

* Review of the new core proposals (March and Aprilselection by
April 15, 2007).

* Plan on adding new projects (both core and custonmezl) this year.
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Planarization Long Range Plan

Cabot EYUNIVERSITY AT ALBANY /intel)
% %Microelech‘onics !‘Tx] St Ut T A lnte' Leap ahead
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Team

 Pls: e QOther Researchers:
— Ara Philipossian (UA) — Ed Paul (MIT)
— Duane Boning (MIT) — Len Borucki (Araca)
— Srini Raghavan (UA) — Yun Zhuang (UA)
— Vincent Manno (Tufts) — Fransisca Sudargho (UA)
— Chris Rogers (Tufts) — Yoshi Nishimura (Inoac)

— Robert White (Tufts)

— Stephen Beaudoin (Purdue)  Advisory Committee
— Alan West (Columbia)

— Paul Fischer (Intel)

— Laertis Economikos (IBM)

— CIliff Spiro (Cabot)

— Chris Borst (University at
Albany)
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Team

e Graduate (PhD) Students: e Graduate (PhD) Students
(continued):

— Ashok Muthukumaran (UA)

— Yasa Sampurno (UA) — Daniel Truque (MIT)

— Ting Sun (UA) — Xiaolin Xie (MIT)

— Daniel Rosales-Yeomans (UA) — Kiristin Shattuck (Columbia)
— Hyosang Lee (UA) — Bum Soo Kim (Purdue)
— Xjaomin Wei (UA) — Caitlin Klery (Purdue)

— Rumin Zhuang (UA) — Gautam Kumar (Purdue)
— Nicole Braun (Tufts)

— Caprice Gray (Tufts) e Undergraduate Students:
— Andrew Mueller (Tufts)

— James Vlahakis (Tufts) — Anita Lee (UA)

— Hong Cai (MIT) — Geoff Steward (UA)

— Jessica Torres (Purdue)
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Next Five Years

e |Landscape:

— Research, fundamental in nature yet industrially re levant,
addressing the technological, economic and environmental
challenges of planarizing:

o Copper

e Tantalum and Ruthenium

» Dielectrics (STI, and ILD as it relates to barrier  polish)
 New materials (as they relate to new memory devices )

« Gaps to be Filled:

— Processes & consumables for:

» Advanced processes and consumables for planarizatio n
» Electrochemically assisted planarization
» Post-planarization cleaning and surface preparation
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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 le  ngth scales
and levels of complexity

— Development of validated, science-based description S that

relate specific planarization process and material attributes
(including material micro-structure) to measurable process
outcomes

— Specification and testing of environmentally-consci ous process

and material alternatives for rapid feedback intot  he
planarization design process
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Advanced Processes & Consumables
for Planarization

« Objectives

— Real-time detection and modeling of pattern evoluti on

» Develop novel force-spectra endpoint detection meth ods by
determining how various wafer and pad surface state s during polish
affect the frictional energy in particular frequenc y bands

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

— Effect of pad grooving on process performance

« Empirical and numerical investigation of the effect of various pad
designs (materials, groove shapes and dimensions) a s well as
different types of slurries on RR, COF and pad temp  erature for copper
and tantalum CMP

 Identification and verification of optimal pad desi gns for technology
transfer to 300-mm platforms
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Advanced Processes & Consumables
for Planarization

e Objectives (continued)

— Wear phenomena and their effect on process performa  nce

 Isolate, quantify and model the hydrodynamic, van d er Waals,
hydrophobic and electrostatic processes that determ ine how
nanoparticles (both silica and ceria), pads, diamon ds and wafers
interact with one another in representative systems and how these
interactions evolve with extended use.

* Develop methods to visualize and measure local wafe  r-pad
mechanical interactions using laser-induced fluores cence and micro-
machined shear stress sensors

Once fundamentals of pad asperity evolution & the e  ffect of the multitude of
contacting bodies on pad asperities are understood, their impact on
planarization capability can be modeled.

This will lead to the design of new polishing proto cols & consumables that will
deliver superior performance with reduced environme ntal consequences.

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Advanced Processes & Consumables
for Electrochemically Assisted Planarization

e Focus and Objectives:

— Development and implementation of a ‘full’ process t hat
includes clearing of copper AND planarization of th e barrier (i.e.
tantalum) layer

— Novel chemistries to enhance and control electrochemical
removal and passivation of copper, tantalum and rut henium

— Novel pads to ensure electrical contact with isolated copper
islands during clearing (requires development of co nducting
pad technology, with appropriate mechanical, electr ochemical &
environmental properties)

— Modeling and characterization of tool, pad and wafer
interactions for design and control (particularly e ndpoint
detection) are needed to minimize process cost and
environmental impact
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Advanced Post-Planarization Cleaning
Processes & Consumables

e Focus and Objectives:

— Fundamental study of the effects of brush (new and used)
material and design on shear force, creep, rebound and
cleaning efficiency of insulator and metal films

— Novel surface mechanical testing methodologies to perform
cyclic and incremental brush deformation measuremen ts before
and after extended wear to understand failure mecha  nisms

— Design and use of novel tribometers  to study the frictional
forces in post-planarization scrubbing

— Modeling and characterization  of brush, cleaning fluid and wafer
Interactions within the realm of nano-lubrication t heories
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Philipossian Selected Projects Update

Advanced Processes & Consumables for Planarization

- Wear Phenomena ... Interactions among slurry,
pad, wafer and diamonds

- Real-Time Detection of Pattern Evolution ... STI
polish with cerium oxide abrasives
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Wear Phenomena

Slurry Transport by Land Areas due to Topography

wafer

Valleys in the land areas of pad surface topography carry fluid directly

The effect of valleys on fluid transport can be qua  ntified from interferometry
with a shear flow factor (O for a smooth surface and > 0 as
valleys become deeper)

Total fluid flux is proportional to the product of the shear flow
factor and the surface height standard deviation

Shear flow factor is relevant for evaluating transp ort by the
land areas of grooved pads
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Wear Phenomena
Slurry Transport by Land Areas due to Topography

e Team:

— T.Sun, Y. Zhuang, L. Borucki and A. Philipossian
e EHS Impact:

—  Slurry consumption reduction
 Key Results:

— Developed and qualified contact method to analyze
mechanical pad surface properties (i.e. top 50 —

°

E
Z. 001

s
g

100 microns) in dry conditions

3 0.0001 4

— Validated results with optical interferometry ‘
— Modeled slurry flow under the wafer in the land

“72100 90 -80 70 -60 -50 -40 -xu 20 -10 0 10 20 30 40 50 60 70 80
Distance from the Mean (microns)

areas with the Reynolds equation with roughness
correction and calculated shear flow factors ~ from
PDF data using the method of homogenization.

— The psiloQuest Cu 4870 (top) shows 5X the fluid
carrying capacity compared to the Rohm and Haas
IC1000 (bottom)

. Plans:

— Extend contact method to analyze moist pads at
different temperatures

— Demonstrate, through polishing tests, that higher
fluid carrying capacity translates to less slurry u se

— Extend the study to other pads and conditioning
methods

L 0 L L B e S A i
01l 1C1000

0.28Ps1

0.0001

Surface Height Probability Density (1/micton)
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Mean Peak Spacing (microns)

Wear Phenomena
Conditioner Pressure Effect on RR and Pad Surface P roperties

—
[

—_
=

—
(=)
T

(L]
T

w0

Higher diamond conditioner pressure means e Team:
faster pad & diamond wear — R. Zhuang, Y. Zhuang, L. Borucki and A.
Philipossian

e EHS Impact:
— Pad and diamond wear reduction

 Key Results:

— Copper RR is higher at lower conditioner
pressures

— RR simulations indicate that lower
conditioner pressure cause removal to be
) more ‘mechanically limited’

— Higher conditioning pressure cause lower
peak spacing, higher peak curvature and
rougher surface

Parameters independently calculated from
pad surface data are consistent with
extracted values from the L — H model

— FIRST experimental & theoretical evidence
that a strong correlation exists between pad
surface profile and kinetic rate constants

. Plans:

0.20 0 — Explore whether these trends hold for other
25 48 25 49 25 49 pads, diamonds, slurries and CMP
applications

0.28 4
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T
|
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Wear Phenomena
Conditioner Pressure Effect on RR and Pad Surface P roperties

Conditioning force: 2.5 |b-f

8000
Cu + nR |:||i(,1 N L 'S 7000 -| | *RR(data)repeatabilty 295 Afmin
e - M k C £ 6000 -| & RR(model) RMS error 146 A/min
o]
—_w_ 1 < 5000 - s
L - L RR = P
= 0 k,C S 4000 - . s
1+ — T 3000 - . ;
k2 S 2000 - g $
a i s, s
© 1000 1 ¢
0 .
Conditioning force: 4.9 |b-f
8000
E 7000 - « RR(data) repeatability 211 A/min g
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E 5000 - !
T 4000 - s
T=T +( p Vi, pV k Aexp[_E] %30007 "
- _~ =A- il
r Vlf’2+e i kT é o . E
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fitting ' '
parameters that 0 10000 20000 30000
depend on pV (Pa-m/s)
pad thermal and
mechanical 1 K0.75
_ properties and
ky=c upV als0 on C, U 105,05 and S0 103
conditioning
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Wear Phenomena
Conditioner Pressure Effect on RR and Pad Surface P roperties

251bf | 4.91b-f

Pad surface analysis and

conditioning theory 1.60E-07 1.24E-07

Langmuir-Hinshelwood model 1.50E-07 1.31E-07

Pad surfa_ce_analysis and 5.84E-03 5.46E-03
conditioning theory

Langmuir-Hinshelwood model 5.95E-03 5.36E-03

The differences between the two methods are 2 — 7 percent

ki/k, Simulation Comparison

2.5 Ib-f 4.9 |b-f
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Detection and Modeling of Pattern Evolution
Real-Time ‘Force Spectroscopy’

Shear force and down force during a 2 — minute
polish of a 200 — mm STI patterned wafer with cerium oxide slurry

Shear force during blanket Copper (top)
and blanket Tantalum (bottom) CMP
with colloidal silica slurry
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Detection and Modeling of Pattern Evolution
Real-Time ‘Force Spectroscopy’
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Detection and Modeling of Pattern Evolution
Real-Time ‘Force Spectroscopy’

Fail to clear oxide
. —_—

Team:

— Y. Sampurno, F. Sudargho, Y. Zhuang
and A. Philipossian

EHS Impact:

—  Slurry and other consumables
reduction (shorter over-polish & use

of ceria slurries)
Key Results:

— Developed and qualified 200 — mm
polisher for real-time XYZ force
analysis

B 4 ab 25 2b 25 b — Demonstrated feasibility of ‘force

e— spectroscopy’ for the detection of:

»  STI pattern evolution

» Silica and ceria-based ILD & STI slurry
abnormalities

e Pad and diamond EOL (copper CMP)
» Insufficient diamond conditioning (STI)
» Blanket copper and tantalum wafers

1 1 1 | 1 1 |
i0 15 20 as 20 35 40
Frequency (Hz)

Plans:

— Demonstrate feasibility of ‘force
spectroscopy’ for Step — 2 and Step —
3 copper & barrier polish

— Integrate and validate results with
MIT’s pattern evolution and nano-
10 15 20 23 30 33 40 topography models

Freguency (Hz)
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Detection and Modeling of Pattern Evolution
Real-Time ‘Force Spectroscopy’

Blanket Copper Wafer

1E+1-
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1E-1-
;g 1E-2-
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1E-5-, 1 1 1 1 1 1 1 1 1 1
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Blanket Tantalum Wafer
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Relating Pad Properties to Feature/Chip-
Scale Topography Evolution

Subtask 1: Wear phenomena and
their effect on process performance

« Key issue: how can we relate pad structure and
parameters to the efficiency of planarization?

« Approach:
— Extend previous empirical CMP model, specifically to...

— Address the role of surface asperities in planarization, dishing,
and erosion

— Enable integration with detailed experiments and models of larger
ERC team (UA, Tufts, Purdue) in pad/slurry effects

 Results:

— Model extensions which improve physical basic for chip-scale
CMP model, and explicitly account for pad surface properties
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Review: Step Height Dependence in |,
Chip-Scale CMP Model 4

Active Area

=
=

o

I IHEHHH?
o o =
= | |
o

i 4

fm

F4i

« Step-Height Model Removal Rate

— Removal rate depends on the step height Kox/P

— Exponential model assumes a continuous
transition between the two phases

Removal Rate @
| 0

Kox/P

_ he Step height
Active Area

_h
RRd=Ke™ =Ke "™
ench Area

0 s
Step height

Small Step Height
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Basis for Extended Model

e Pad Is assumed to consist

of a “bulk” material with m
surface asperities

 Bulk material obeys

— contact wear model
e Asperities are assumed to
+

— have negligible width

— observe Hook’s law, I.e. the
force it exerts Is proportional to

ItS compression Asperities

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Combine Bulk and Asperities

e Bulk surface displacement w and pressure P
wy-Ww=F¢ (P-P,)

» Asperities compression requires
P =pkW¥YWw)+(1-p) k Y(w+h)
— pis local pattern density
— kis Hook’s coefficient
— his local step height
— Define asperities height distribution: p(¢)

WY(w)=s,'dns,'d p(¢)
 From two egns, w and P can be solved
— Removal rate is proportional to P
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Verify Pattern-Density/Step-Height
(PDSH) Model, case 1

e Assumptions
— Uniform asperities height

— i.e. p(€) = &(&.-¢)
* Physical model predicts similar removal
rate as our older pattern density model

Pattern Density P..iccqg Map Pattern Density Model
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Verify PDSH Model, case 1

* When h<¢.-w
— P.iseq=Pot(1-p)kh

raised—

— Pyencn=Po-p kh

trench™ |
 When h, ¢.-w Kol |77 ;
- Praised = PO/p I

- I:)trenchzo

e Transition height "
— h,=Pykip Trench Area

e That Is the assumption h Step height
In PDSH model

Removal Rate
y N

Active Area

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Verify PDSH Model, case 2

e Assumptions
— Exponential distribution of asperity heights: p(§)= e [ A

« Step height dependence

- Praised = I:)0 / ( p + (1'p)e_h/)\)
- I:)trench = PO ¢ e-h/)\ / ( p+(1'p) e-h/)\) )
RemO\ﬂaI Rate Active Area
Kox/P b7
— Physical Model
KOX F ——PDSH  Model
Trench Area
0 —

Step'height
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Opportunities: Pad Properties
Integrated with Chip-Scale Model

* Physical-based mode
— Uses reasonable assumptions
— Computationally feasible
— Verifies and extends previous CMP models
— Link empirical model parameters with physical pad
property parameters (bulk modulus; pad surface
asperity height distributions)
e Next steps

— Implement time-step CMP model

— Verify with experimental data
— Empirical pad asperity height info (UA, Tufts interaction)
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Control of Dishing/Erosion
In Copper Interconnect

Subtask 2: Real-time detection and
modeling of pattern evolution

« Key issue: how do we reduce and control pattern
dependent variations in copper plating/CMP?

» Approach:

— Design “in-pattern” dummy fill structures

— Use new integrated ECD/CMP chip-scale model to jointly
optimize process and dummy fill design

e Results:

— In-pattern dummy fill can dramatically reduce dishing and
required fill thicknesses in future CMP

e Future:

— Relate real-time signals (UA) to pattern evolution on the chip, to
Improve process endpoint and control
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Alternative Dummy Fill Strategies

Top view
ane arc
0o i 02030 | 63000
| -
ifie i 0000 |6o0a D
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e e e Con O O 0 || D Da
ogo =Ta[=Ta| [=Tal=Tal=]|[=]a]=]a]=
/=11 =] 1'=]0=] =0 =10 0|[0/=]0=]0]
Side view

L 117 11 (ITTTTITERTIID

(a) Without dummy fills

(b) With between-pattern (c) With in-pattern
dummy fills dummy fills
Conventional Alternative
Approach Approach
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In-Pattern Dummy Fill

In-Line Dummy

* Total effective line width decreases 5 ~10%

» Copper loss might decease 100~200 A2 (need simulation)
* Electrical resistance almost no significant change

CMP Topography Evolution for Wide Feature with Thick Deposited Copper Film
Less Copper

‘///////// Loss
Effective - _

Feature Size :>

~ 5 pm with //H””H HHHHH‘

in-line dummy

CMP Topography Evolution for Wide Feature with Thin Deposited
Copper Film and In-Line Dummy
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In-Pattern Dummy Design

» Goals:
— Optimize dummy design to
. improve both plating and post-
) ¢ »> - CMP topography
> - Approach:
A — Add “slot” to increase trench wall
surface areas, thus increasing
>« plated copper thicknesses
- — Add “pillar” oxide structures to
L support the pressure of the pad,
Major Fflar and restrict ability of asperities to
reach copper between fill
structures
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ECD Simulation w/o Dummy Fills

S i

[y .........._ mhiammmmamEE  mEmmEmm— = T =1

I

Chip-Scale ECD Modeling at t=100 sec

Average surface height map (A)

Histogram of average surface height
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ECD Simulation w/ Dummy Fills

T T

0
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3500 5
x 10
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Chip-Scale ECD Modeling at t=100 sec
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CMP Simulation w/o Dummy Fills
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CMP Simulation w/ Dummy Fills

ISCD

+-1000
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Step height map (A)
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Envelope map (A)

Chip-Scale CMP Modeling at t=120 sec
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Call Number

Comparison: Effective Copper Thickness
w/o and w/ In-Pattern Dummy Fills

253(104 ) 8x104
T with fill
Without fill Ith 11
6L
15¢ R o
.
, ] 8
3L
2,
0.5-
1,
0 |
3500 1500 2000 2500
Effective Copper Thickness (Angstrom) Effective Copper Thickness (Angstrom)

» Key results

— Dramatically improved topography based on fills designed with
both ECD and CMP in mind

— Reduction of copper thickness required, from 8500 A to 5000 A,
results in >40% reduction in plating and polishing
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Summary and Next Steps

e Team
— Xiaolin Xie (Ph.D. candidate, Physics, finishing this spring)
— Hong Cai (Ph.D. candidate, Materials Science, finishing this spring)
— Daniel Trugue (S.M. student, EECS, finishing this spring)
— Visiting Professor: Dr. Ed Paul (2006-2007 academic year)

e Results

— Extended our previous empirical chip-scale CMP model to include pad
surface asperity effects and statistics

— Completed an integrated ECD/CMP chip-scale model

— Developed an “in-pattern” dummy fill strategy to control and reduce
dishing/erosion loss

* Next Steps
— Relate additional pad/slurry properties to planarization performance

— Explore real-time endpoint signal relationships with pattern evolution
model
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PURDUE School of Chemical Engineering

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

SRC ID #425.020 / ERC Thrust A / Subtask 1.2

Bum Soo Kim
Caiti Kilroy
Steve Beaudoin
School of Chemical Engineering
Purdue University
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PURDUE School of Chemical Engineering

Project Objective

Evaluate electrochemical processes
occurring on Cu surfaces in slurry
CMP-relevant timeframes
Provides information on chemical state,
mechanical properties of Cu surface
Develop, validate models for Cu removal
based on dissolution, abrasion

Including submodels for particle interactions
with Cu surface
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PURDUE School of Chemical Engineering

UNIVERSITY.

Guillotine Electrode: Reactions on CMP Timeframes

Holes for auxiliary electrodes

Hole for the sample insertion

_ : Reservoir for electrolyte
(Cu wire coated with Teflon)

(hold up to 68 mL) \

Safety knob

Cu wire coated
N | ' with Teflon

Cutting blade

Electrolyte

Cross section view

This apparatus allows
Cutting knob ~ Instantaneous formation of
fresh Cu for study of
surface reactions at
different slurry conditions
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PURDUE School of Chemical Engineering

Preliminary Results

14 M H3PO,4 Coated Cu wire 7 M H3PO,, Coated Cu wire
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PURDUE

UNIVERSITY

Reactions on Copper: E-Chem Oscillation

School of Chemical Engineering

Potential (V vs Ag/AgCl)

-0:18 A N - Al I
AVAWANVARPINPA
MR S R W
0 10 Z:ime (Sej)o 40

50

Copper disk at O rpm
» Electrolyte
« 2.25 M HCI
* 0.43 M H,0,
 OCP (Open Circuit Potential)

Rising potential
Net passivation
Decreasing potential
Net dissolution

OCP (Open Circuit Potential) oscillation due to
Balance of mass transfer to electrode surface, surface reaction
Local pH fluctuation due to surface reaction
Instability of the surface film

Repetitive passivation and dissolution of Cu surface while the
surface itself is being smoothed - possible ECMP application
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PURDUE School of Chemical Engineering

UNIVERSITY.

Modeling E-Chem Oscillation

Potential oscillations:

Cu EXpOSEd \ \\MN\ M
Dissolution H
Passivation
Slurry particle I
arrives o
» Allows description of T

Time (Sec)

mass transfer and Large (above) and small (below)

surface reaction diffusion coefficient
effects in Cu CMP
e: dimensionless electrode k;: dimensionless surface d FO”OWing o
potential reaction constant (H *(i=1), . :
v: dimensionless applied Cu?* (i=2)) generallzatlon and 09
potential r: dimensionless solution validation may allow >
u;: dimensionless resistance L. ! 1 , ) | | ﬂ A
concentration in d: dimensionless rotational pl’edICtlon of Cu 5 -
boundary layer 1 which speed . . . &
contacts the electrode m, and m,: dimensionless reaCtlon’ dlSSOlUtIOﬂ,
surface (H *(i=1), Cu?* numbers containing and pass|vatlon rates
(i=2)) electrode surface area, 0 |
w;: dimensionless Faraday number, = .
concentration in layer 2 capacitance, solution Modified model proposed: Koper et
(H*(i=1), Cu?* (i=2)) concentration, temperature al., 3. Chem. Phys. 96(10), (1992) = = » = w =

Time (sec)
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PURDUE School of Chemical Engineering

Conclusion

Corrosion reaction on Cu surface
Corrosion rate dynamics obtained in presence of BTA

Guillotine electrode: reaction on ‘fresh’ metal surface

Surface repassivation and dissolution can be monitored
Independent of any prior oxide film

TREIS can be achieved

Electrochemical oscillation

Continuous passivation and dissolution under various solution
compositions observed

Can predict mass transfer and surface reaction effects in Cu CMP

Coupled with electrochemical polishing, has potential to be utilized
in ECMP
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Environmentally Benign
Electrochemically-Assisted Chemical-

Mechanical Planarization (E-CMP)
Task ID : 425.014

Srini Raghavan (Pl)

Ashok Muthukumaran (Graduate student)

Department of Materials Science and Engineering
The University of Arizona
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TaCMP

»Conventional Ta CMP
« Silica particles in slurry ~ 5-10 weight %

» Alkaline pH ; H,0O, as oxidant

» Mostly mechanical in nature
> Literature information
»Benzene sulfonic acid

* Recent patent applications mention derivativelsemizene sulfonic acid as oxidant under
acidic condition

*United States Patent Application 20060030158.
Cabot Microelectronics (2006)

*United States Patent Application 20050901009, OH
EKC Technology (2005)
« Etching and polishing of Ta nls
. _ _ Potassium salt of dihydroxy
* pKa of dihydroxy benzene sulfonic acid ~12.2  pgnzene sulfonic acid

» Aryl disulfonic acid (e.g: dinydroxy benzene disarifc acid or Tiron)

» Complexes with refractory metals 5
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ODbjective

» To develop chemical system suitable for
electrochemical mechanical removal of tantalum
films with a 1:1 selectivity with respect to copper

under ECMP conditions.

Accomplishments During the Current Contract Y ear

» Developed sulfonic acid based chemical system
suitable for electrochemical mechanical removal

of tantalum films.

3
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M

Polishing area = 22 cm?

odified ECMP T ool

L ow downforce ~ 0.5 ps

Counter Electrode (SS 316L)

Load

SCHE

Computer Controlled
Stepper Motor

Polishing pad with holes

FE Pad Holder O O
Polishing Pad——, Q0 0O OO
Coooo0Ql
Co oo 0 ©O0

T e
B ot /
7 -

| PFACell

YYD M N AN

Metal Plate

O O O
RE CE WE

Potentiostat

Cu/Ta Sample

— PFA Disc

Rotating Table

Note: Picturedrawn not to scale
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Anodic Polarization of Tantalum
(under abrasion)

Load ~ 0.5 psi
0.1M sulfonic acid solution ;
~ 200
0.1M sulfonic acid solution +0.1%
Sio,

- -100 E
0.3M sulfonic acid solution +0.1% =
Sio, lCu)

- -400 5

")
=

- .700 Y

: ‘ -1000
1.E-06 1.E-05 1.E-04 1.E-03

i(A/cm2)

Note: Maximum solubility of 2, 5
dihydroxybenzene sulfonic acid ~ 0.3M

» 2,5 Dihydroxybenzene sulfonic
acid solutions, in the presence and
absence of silica at pH 10

»Potential sweep = OCP to 1V vs.
OCP : Scan rate =5 mV/s

»Low current density in 0.1M
sulfonic acid solution in the absence
of silica particles

» Addition of silica (0.1%) to 0.1M
sulfonic acid solution slightly
Increases the current density

»Higher current density of
0.3 mA/cn# was observed in solution
containing 0.3 M sulfonic acid and

0.1% SiQ i
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Effect of Silica Concentration

g

S

Ta Removal Rate (A/min)
8

o

»0.3 M sulfonic acid solution (pH 10),

i=025mah .
at a current density of 0.25 mA/ém

8

T »>Very low Ta removal rate in the
— absence of SiQ- 20 A/min

=

> Addition of 0.05% SiQslightly
increases the removal rate to 35 A/min

» At 0.1% SiQremoval rate nearly

0o a® o1 1 2 4 doubles 90+ 10 A/min

o i o : :
Yo SIO,in 0.3M sulfonic acid solution (pH 10) > Above 0.1% S@removal rate does

not significantly increase

6
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Electr ochemical M echanical Removal of
Tantalum and Copper

Ta Removal Rate (A/min)
ol

] 120
. 0 0.1 mAcm?
0 0.1 mA/cm2 With perOXId\
150 13 0.25 mven2 100 005 nmAC
125 _ - o]
100 | Without peroxid £
)] a),
B
o
50 = — = = = =
3
25 - 2+ 7
0 0
pH4 pH7 pH10 pH4 pH7 pH10

»0.3 M Sulfonic acid solution + 0.1% SJO
> At pH 10, removal rate of Ta is higher90+ 10 A/minfori = 0.25 mA/cm

> Addition of 1.2M H,O,, removal rate of Ta increasestd 70 A/minfor the same current
density

> At pH 10, Cu removal rate 80 A/minfor a current density of 0.25 mA/ém

7
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Selectivity

e = P
o 0o r N
|

Selectivity (Ta/Cu)

o
>

o
N

41 —e— 0.1 mAcm2
| 0.25 mA/cm?2

pH4 pH7 pH 10

» 0.3 M sulfonic acid solution + 0.1 % Sj@t pH 10
»At pH 4 and 7, selectivity is ~ 0.6
»At pH 10, ideal selectivity of.1+ 0.1was obtained

8
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Ta Removal Rate (&/min)

Effect of Applied Current Density on
Tantalum Removal

o8 8 8 8 8 B

ocP 01mAlcn2 0.255mAlcn?

0 0.1% SICR without suifonic acid (pH 10)
0 0.3V Suiforic acid + 0.1% SIC2 (pH 10)

05 mAlen2

» Absence of sulfonic acid solution

»Removal rate of Talateaus above
0.25mA/cn?

»Higher removal rate of Ta
~ 36 A/min

»Presence of sulfonic acid solution

»Removal rate of Ta increases
linearly with increasing applied
current densities

>Highest removal rate 20 A/min
observed in 0.3 M Sulfonic acid +
0.1% SiQ (pH 10) at current density
of 0.5 mA/cn?

9
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Current Efficiency

Applied current| Estimated | Actual Removal Rate of Current efficiency (%) afte
density Removal Rate Ta (A/min) correcting for OCP removg
(MA/cn?) of Ta (A/min) rate
pH4 pH7  pH10 |PH4 pH7 pH10
OCP - 23 12 30 | - - -
0.1 23 52 35 65 | 120* 102* 142*
0.25 56 71 52 100 | 84 69 119*
0.5 112 - - 119 - - 77

* Current efficiency greater than 100% indicatesyeonechanical removal of

metallic Ta

» Current efficiency calculated after correcting @CP removal rate and
based orihree electron transfer

10
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Future Directions

» Possibility of increasing removal rate by peroxadiglition

» Develop chemical systems for the removal of ob@grier
layers (TaN, Ru)

» Electrochemical endpoint detection

Industrial Interactionsand Technology Transfer

» Had many telephone discussions with Dr. RenhefXgplied
Materials on tantalum removal under ECMP conditions

11
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Summary

> Ta removal rate of 100A/minobtained in 0.3 M Sulfonic acid
solution containing 0.1% SiQpH 10) at a current density of
0.25 mA/cm

» Ta/Cu selectivity of- 1:1observed at pH 10

» Small amount (~ 0.1%) of silica is required for gogemoval
rates of Ta

» 2,5 dihydroxy benzene sulfonic acid is a promisthgmical
for electrochemical mechanical removal of Ta balager
under ECMP conditions

12
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Subtask 3: M odeling,
Optimization and Control

> Pl
— Prof. Duane Boning, EECS, MIT

» Research Personndl:
— Daniel Trugue (S.M. student, EECS, finishing tiuarsy)
— Visiting Scientist: Prof. Ed Paul (2006-2007 acadeyear)

» Results
— Preliminary wafer scale E-CMP removal rate mo®elTruque)

— Explored a model for surface film formation anchoval dynamics
i(n E-CI\/II)P, appropriate for use in feature-scalduian modeling
E. Pau

» Publications

— D. Trugue, X. Xie, and D. Boning, “Wafer Level Mslohg of
Electrochemical-Mechanical Polishing (ECMP),” to bessented,
CMP Symposium, MRS Spring Meeting, April 2007.

13
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E-CMP Modeling and Control

» Novel methods and approaches for
modeling and control of patterned

wafer performance: Wafer-level
] ] uniformity in
» Tool, pad and wafer interactions various stages of E-

— For tool design and control
(particularly endpoint detection)

— Minimize process cost &
environmental impact t
. il opography and
» Patterned features (at completion of ey uniformity during
ECMP/CMP)
— Develop feature-scale, chip-scale,
and wafer-scale models of process
— Integrate/couple with plating and  reature-scale

Chip-scale

CMP models for chip-scale evolution during = =g (=
interconnect structure/geometry ~ =""
prediction

14
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E-CMP Modeling and Control Highlights

» Wafer scale uniformity isa Bagel

key concearn. Contact point Cu Wafer

— Motivates existing tool design:
current zones to achieve uniformity

— Future: alternative tool/pad designs Electrolyte R’s

to improve uniformity

A

» Preliminary wafer-scale modeling:
er R’s — Consider distributed current paths

and voltage drops from contact points to waferasef

V3 V2 VL

— Future: interactions with chip & feature-scale

topography evolution

» E-CMP tool and process learning
— Collaboration with IBM/Albany Nanotech (L. Econd«s)

— Assist in installation of new Applied Materials E@ at Albany (summer
2006 — D. Trugue internship at Albany/IBM)

— Initial characterization fabrication runs

15
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Environmental Health and Safety
(EHS) Impact of
Electrochemical Planarization
Technologies

Kristin G. Shattuck
February 22, 2007

Task Number Project Commenced
425.016 May 2006
Faculty Research Advisor Affiliation
Alan West Columbia University
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What 1s eCMP?

perforated
S ort
Wafer (anode) PP
[
polishing |
pad . .

« Potentially eliminates need for particles in slurry

* Reduce/eliminate use of strong oxidizers
— electrons supplied by external circuit oxidize Cu



Project Objectives

Develop and characterize novel chemistries to contr ol Cu/barrier
selectivity

— Ru and Ta-based liners
Determination of planarization mechanisms for Cue-  CMP

— Role of inhibitors
 BTA (Benzotriazole), PTA (Phenyl-1H-Tetrazole)
 Pad/Additive Interactions

Current Focus

— Effect of BTA concentration & pH in phosphate-based electrolyte

— e-CMP Tool

* Design Completed
* Preliminary Polishing results

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




BACKGROUND: Previous Results

 Ratio of currents seen with and without BTA indicat e
planarization capabilities

HEDP + KOH pH 7.7

0.25 1
0.20 _,,
no BTA /
14"'
0.15 _,"
!
o ¥
Current Densit 0.10 Y, P
( Alemd Fd Fa
. K
= - s
0.05 ./, . BTA
-~ 7’
-~ e
— - _.--"'.’. .-'"/
! : 0.00 ! ' : :
-1.00 -0.50 0.00 0.50 1.00 1.50 2.00
=0.05 -
Applied Potential (V)

*US Patent Application 20060163083A1 — Andricacos eta ., IBM Yorktown. July 27, 2006
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PF of BTA/HEDP System

» Define Planarization Factor: PF
— PF=s/ 2
* S =decrease in average step height
* A =the decrease in the average metal layer

thick :
eSS Profilometry data Before _and
After eCMP
¢ SO _ Current density 18 mA / cm?
A 3000
> 2000
1000
Feature
Profile 0
1
. . . -1000
 Planarization results using eCMP test | | l \
structure ~2000 ‘. | i
— Utilizing electrolyte with pH = 7.7 ~3000 —m——ww——vet oy
—4000 | As plated
= hiter e—CMP
 Figure 2 - PF~0.65 -5000 10 7 T T
0 20
- 18mA/cm? Scan Range (um)

*US Patent 20060163083A1 — Andricacos et al., IBM York town. July 27, 2006
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Electrolyte Characterization

Phosphoric acid based systems similar to HEDP

Current Studies Focus on:
— KPO,-H,;PO,/BTA
— H,PO, /PTA

Experimental Parameters
— pH
* Range 0-10.3

— BTA Concentration
* Range 0-0.01 M

— Mass Transfer

Characterization
— Electrochemical Impedance Spectroscopy (EIS)
— Linear Sweep Voltametry (LSV)
— Cyclic Voltametry (CV)
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Proposed eCMP Mechanism Utilizing BTA

1. BTA adheres to surface (BTAY)(BTA)(BTA)(BTA)

— Forms BTA-Cu complex «— Cu

2. Pad mechanically removes Protective BTA layer
— Exposed Cu is dissolved

Cu Dissolution

3. BTA re-attaches to protect new CU surface

( ; STTTLELEL
@ <+<— Pad
*4— Cu
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Results of BTA Inhibitor Study

Effect of pH and Concentration
— Scanrate 5 mV/s — RT — 100 RPM

BTA effect changes with pH

0.20

E (V) vs No BTA
== === E (V)vs 0.001 BTA
E (V) vs 0.01 BTA

0.15 -

0.05

0.00
0.0

2.0

Alcm”2

0.005 T
I\ E (V) vs No BTA
L ——— E(V)vs0.001 BTA
0.004 '| E (V) vs 0.01 BTA
|
0.003
pH 4.3
0.002 +
\
\
0.001 ¢ AN
0.000 - : ! L
0.0 0.5 1.0 1.5 2.0
E (V)
0.002 ', _
E (V) vs No BTA |
= === E (V) vs 0.001 BTA ]
0.002 | E (V) vs 0.01 BTA 'l
i
o pH 7.3 |
£ 0.001 l
(&) ‘ ’
< I
/!
| /
0.001 |\
\
/7
\
7/
\\ -
> D -
0.000 = e e e -
0.0 0.5 1.0 1.5 2.0
E (V)
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Planarization Capability

Where:

| = current
with 0.001
M BTA

INo -
current
with No

BTA

*Related to
dissolution rate
with and without
a polishing pad

10

I/l no

0.01

esss——— £ (V) 0-2vspH 2.3
E (V) 0-2vs pH 4.3
E(V)0-2vspH 7.3
E (V) 0-2 vs pH 10.2

0.001
0.2

0.4

0.6 0.8

1.0
E (V)

1.6

1.8

2.0
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eCMP Tool

* Ablility to compare results
obtained with RDE to eCMP tool

g 0.14 ¢
Pa i
E (V) vs Acid RDE f
Holder 012 |—e E (V) vs Acid eCMP tool ’f"
0.10 +
< 0.08
« Design features: §7
—  Apply and control low downforces (<0.3 PSI) < 006 |
—  Operate in contact and non-contact modes 0.04
*  Major Characterization 0.02
—  Metal-removal rates 0.00
—  Selectivity 00
—  Planarization efficiency E (V)
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Preliminary Polishing Results

pH 2.3 - Pad Contact vs. No Pad Contact
— Rohm & Haas: Suba ™ 500 Pad

000 ——m———r—————— 'l
0.008 | , -
- e E (V) vs No Contact ‘”‘ 1
[ e e« E (V) vs Contact 'OI
0.006
N -
<
S
(&)
2 L
0.004
0.002
0.000 : — — —_—
0.0 0.5 1.0 1.5 2.0
E (V)
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Summary

 H;PO,/BTA Electrolytes

— pH lower than 4
* BTA had little passivation effect
* PTA had slight passivation effect at pH O

— pH above 4
* Inhibition of Cu dissolution increased with both 0. 001 and 0.01 M BTA concentrations
* Change in RPM did not effect current density

« eCMP Tool successfully completed

— Device accuracy confirmed with RDE experiments
— Initial wafer testing has begin

e Future Work

— Perform eCMP experiments on wafers to determine opti  mal electrolyte composition
— Closely monitor effect of pad type on planarization
— Begin investigation on polishing liner materials
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Outline

Industry Technology Trends.
+ Planarization Technology Trends.
+ Environmental Considerations.

+ Conclusions.
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Industry Technology Trends

Moore’s law continues.

+ Increasing integration complexity.
— New uses of known materials
— Introduction of new materials.
— Minimization of overburden.
— More CMP passes.

+ Continued cost pressure.

+ Nano-scale effects.
— Critical stress deviations from bulk effects.
— Size-dependent resistivity factors into materials choice.

(ZCgbor ; © 2007 Cabot Microelectronics Corporation
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Moore’s Law Requires

. Doped Si

B o

=

. Poly
. Nitride
. Doped Ox

Al wire & W Via in Oxide Cu wire in LowK dielectric . Soned S
Mature Logic, Current DRAM Advanced Logic, DRAM 65nm (] (p
Ti(N)+W

Ti+Al(Cu)

Ta(N)+Cu
Low K
. High K
. Metal
. RuTa+Cu

? =

? Cu wire in UltraLowK ULK
Future Interconnects 45/32nm Logic
&/ Cabot © 2007 Cabot Microelectronics Corporation
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Cabot

7 Microelectronics

Cost of Ownership vs Process Step Yield

Cost = CMP Co0O + Yield Loss

140.00

120.00 -

100.00 ~

O Cost of Equipment
H Cost of Production
@ Cost of Scrap

Cost of Ownership ($)

80.00

60.00

40.00 ll

20.00 A i
0.00 ‘ ‘ ‘ ‘

m } CMP CoO

95.00 96.00 97.00 98.00 99.00
Process Step Yield (%)

Re-Qual Interval = 875 wafers, Final Value of Wafer =$2100
Line Loading = 100%, Slurry Price = $30/gal, Usage = 500 ml/wafer

99.99

Source: Lucia Markert CoO

¢

¢

1 Bad Chip in 100 Caused by CMP = 2X the Total Cost of CMP.

The Cost of Slurry and Pads is only 1 part of the T

otal Cost of CMP.

© 2007 Cabot Microelectronics Corporation



Critical Customer Metrics

Key CMP
Requirements

Wafer .
. Productivit
Yield Y
| 1 | 1
Planarity Defectivity Throughput CoO
» 10-15%l/yr ] > 10-20%l/yr ]
lower metal loss. smaller defect size.
(ZCobof © 2007 Cabot Microelectronics Corporation
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International Technology Roadmap for Semiconductors

ITRS Planarity Requirements

=== Erosion: min. pitch, 50% density, 500 um array ==#==Dishing: 100 um wide feature Rs Variation (CD erosion & scattering) ‘

MPU Technology Node (nm)

ITRS 90 78 68 59 52 45 40 36 32
2 —
300 | D | — | —— | 33
Leading Edge 65 45 32 22
+ 32
250 +
Improvements 13
Still Not Good

200 + Enouah —~
g noug | 49 §,
- 5
S 150 | m— S~—— | 6 S
= v o c
g \I\‘ S
0 +28
= 100 | &

10-15%/year o — 4+ 27

Required + 26

0 1 1 1 1 1 1 1 1 25

2005 2006 2007 2008 2009 2010 2011 2012 2013

Production Year
© 2007 Cabot Microelectronics Corporation
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International Technology Roadmap for Semiconductors

ITRS Defect Requirements

‘-'-Killer Defect Density ==#==Critical Defect Size ==#==Critical Particle Size ‘

MPU Technology Node (nm)

ITRS 90 78 68 59 52 45 40 36 32
P —
500 | e | —— : ——— | 100
Leading Edge 65 45 32 22

450 + + 90
. o "Tighter Particle Size
<400 7 —year Control Necessary for T 80
c Improvements CD Scalina” (1
& 350 ¢ Max Particle Size caling” (1) 170 ¢
Z Required <=
2 300 + +60 E
2 S
c
8 250 £ +50 R
8 )]
& 200 f —lw0 3
@ Flat Defect Density =
0 150 | 13 5
5 10-20%/year O
E 100 & Improvement 1 0

in Defect Size —
50 Required 4 10
0 : : : : : : : : 0
2005 2006 2007 2008 2009 2010 2011 2012 2013

Production Year
(1) C. Barns, L. Jiang, T. Younkin & P. Fischer (2006), CAMP’s Eleventh International Symposium on Chemical-

&/ Cabot ; . g .
yam IV Mechanical Planarization (CMP), Lake Placid, NY, Aug. 13-16, 2006.



Critical Customer Metrics

Key CMP
Requirements

Wafer .
. Productivit
Yield Y
| | | |
Planarity Defectivity CoO/Price Support
Step function
1E0 oMo reduction.
> 10-15%/yr > 10-20%lyr . » Throughput. » Customization.
lower metal loss. smaller defect size. .
. o » 300 mm. » Consistency.
» Lower variation. = » Lower variation.=— — )
> Metrology > PSD control » Flow. > Responsweness.
' ' » Shift in Chem/Mech. » Environmental Impacts.
» Metrology
balance.
» Dilution.
(ZCobof © 2007 Cabot Microelectronics Corporation

7 Microelectronics



Planarization Technology Trends

+ Reduction in:

— Mechanical stress.
» Solids content.
 Downforce.

— Costs.

+ Increase In:
— New materials to planarize.
— Chemical activity.
— Planarization efficiency.
— Customization.
— Technical support.

Cabot ; © 2007 Cabot Microelectronics Corporation
7 Microelectronics



Environmental Considerations

+ Wastewater treatment.
— Heavy metals.
« Customers sensitive to Cu, innovate on Al.
— Total oxygen demand (TOD).
» Customer sensitive to TOD, requires novel oxidizers.
— Complexing agents.
* More sensitivity towards complexation efficiency.
+ Toxicity.
— Introduction of Ru as an alternative barrier material.

+ Total Solutions are Essential.

— Yield drives success.
* One misstep erases all the benefits of previous steps.

— Solutions must be cost effective.

(ZCgbor ; © 2007 Cabot Microelectronics Corporation
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Summary

More demanding integration schemes.

+ Challenging planarization and defectivity
requirements stay on 2 year cycles.

+ Advanced nodes require lower mechanical stress.
+ Total number of CMP passes increasing.

+ Focus on lower cost of ownership for
consumables.

+ Additional pressure on wastewater treatment.
— Slurry complexity increasing to achieve performance.

(ZCgbor ; © 2007 Cabot Microelectronics Corporation
77 Microelectronics



In-Situ Thickness and Friction
Measurements during CMP

ERC Task # 425.020

Wafer

Pls: C. B. Rogers, V. P. Manno, and
R. D. White

Platen

Steel Table

RotoPol-31

RAs: N. Braun (MS), C. Gray (PhD),
A. Mueller (MS), J. Vlahakis (PhD)

Force Table

Tufts University
Department of Mechanical Engineering
Medford, MA
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Objectives

Coordinated Projects Focused on Advanced Planarization
Characterization — Benchtop

Use Dual Emission Laser Induced Fluorescence (DEL)Ro obtain in-
situ images of the slurry layer during CMP and quanify wafer-pad
contact during polishing — Caprice Gray

Develop a model of Oxide CMP MRR through a correspading series
of macroscale friction and wafer position experimets — James
Vlahakis

Design and fabricate micromachined shear stress s&ors to measure
local, real-time shear stress at the pad-wafer intéace during CMP
due to slurry and asperity interactions — Andrew Mudler

Investigate the feasibility of using PIV to track $urry particle-slurry
flow at the asperity level in-situ (collateral stug) — Nicole Braun
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Environmental Safety and Health (ESH)
Metrics and Impacts

METRIC IMPACT

Energy Consumption During Understanding wafer-pad

Process — interactipns during polish leads tc
reduced time to polish and tool
energy consumption

DI Water Consumption During Optimized process patanmsdrasec
Process == ON IN-situ characterization of contact,
and forces leads to reduced time t

Process Chemical Consumption  polish and slurry aopson

(Slurry Chemicals) optimization

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




Project 1 - DELIF Studies

e Use Dual Emission Laser Induced Fluorescence
(DELIF) to attain in-situ images of the slurry laye
during CMP

— Images are instantaneous (6 ns time integratiakgn at a rate of 2
Images/sec
— High spatial resolution (>3 mm/pixel) to resolveemn sized featureg

« Detect in-situ pad-wafer contact
— Pads (all polyurethane based): CMC D100, CMC DEddedenburg
FX9, IC1000

— Process variables: applied wafer down force, patémrelative
velocity, slurry particle concentration, pad coimhing

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




DELIF Theory

Laser Profile

Vertical Cursor Profile

- -
.__:\,:’" P
Rl L -

."" "'-—

Division of 2 images cancels

variations in image source intensity

Linear calibration technique to correlate image intensity to fluid layer thickness

27 pm 14 5 pm

297 _14.5 Intensity (27) - Intensity (14.5) = Intensity (12.5)

A I, I, X=Calbration factor (um/intensity-unit)
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DELIF Modeling

e Goals:

— Examine how comparable our actual
system is to existing DELIF models

— Develop rigorous theory Existing Model Geometry

— Use theory to test if ratio intensity
calibration is linear or quadratic o . . .
(Ratio Intensity> Fluid layer L U
thickness) R

CMP Model Geometry

— |

£

Ipad C‘}
- |

dye

t -—
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Reduced Model Results

- I'-:: - [ 0 00 - I:: ki = 2a(M)Cq
1 _ 0 ko 0 0 I‘Ti ky = £4(2,C)
17 ka(M)  Ra(Ap) 00 I; ka(A) = 24n4(N\)Caga(N)
I ] L=k k() 0 0] LI
Boundary Conditions
Simplification Assumptions:
1. No scattering particles L I3 (0) =
2. All excitation light is absorbed .
o I (L) = HD)a()dym,(A)

and no excitation light is reflected

[7(0) =

[ (L) = I7(L) for 100% reflection of 17 (x)
Solution:

— » LINEAR Calibration
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Image Quality Benchmarking

GOOD Z
RESOLUTION

Confocal i
Microscope

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




DELIF for Contact

» 360,000+ pixels 2 2% ~ 7200 pixels
e 50 pum? ~ 7-8 pixels (6.7 um?/pixel)

— Focus must be really good

— We are at the resolution limit for our system
» At this resolution, we are seeing contact region intensity smoothing

500pum

Data for static DELIF on CMC D100

Counts (normalized)

1E-2-

1E-3

1E-4-

1E-5

potential
contact regime

r 3

4 pa

2 psi

pad pore structure

L

1E-6-
0

10 20 30 40 50 60 70 80
% Max Intensity

L.
90 100
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DELIF — Status and Next Steps

Status:

— We had developed an optical model that helps us uadstand calibration
of image intensity to fluid layer thickness.

— We have made optical system improvements to optinezdetection of pad-
wafer contact.

— We have begun to benchmark DELIF method by making ad surface
measurements using other techniques

— We have established a data processing method fortdeting pad-wafer
contact.

Future Work:

Calculate results of full CMP DELIF model including slurry particle
scattering effects

Determine pad to pad DELIF variations
Choose a slurry for optimal DELIF and polishing

Observe pad-wafer contact on various polishing padand differing CMP
run parameters (down-force, pad-wafer speed, etc.)

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Project 2 - CMP Friction Studies — Modeling

Goal — To develop a predictive, microscale model &MP and a
corresponding series of macroscale experiments thaerve to

both inform and develop our model

Chemical forces associated with actual _  The area fraction has been shown to be
material removal
— F, = force due to wafer-pad Abratve " [/ﬂ[A]
interaction oo Ko
—  F,=force due to wafer-abrasive
Interaction . Ultimately, this simple, preliminary
—  We can write analysis arrives at
_ |:|o+|:a E :(Iuprad-l_lua[A])F
(pressurex areawafer) e Kpad +[A] ’

[A] — abrasive concentration

_ We can separate the terms so that Kpad — fitting parameter dependent on pad properties

Fp = /'Ip( pressx areapad)

F. =y (pressxarea, ....) . Develop experiments that test modeling

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 11




Friction and MRR Studies

» Measure friction — force table
* Position — laser sensors Moto
* MRR — patterned wafer

Wafer

Platen

Steel Table

/

RotoPol-31

Force Table

the x, y and z directiohs.

Z

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




coefficient of friction

CMP Friction Studies — Typical Data

CoF vs. slurry dilution,
— stick-slip response grows as we dilute the slurry

— note how CoF plots and spectra develop as stick-sli

CoF vs. Downforce

30% particle
loading

Fz = 55.59 +/- 1.50
COF = 0.93 +/- 0.22

37

2.5

f

T
1} 25

T 000000 00000000y
50 75 100 125
downforce {newtons)

coefficient of friction

5% particle
loading

Fz = 54.94 +/-2.13
COF = 0.34 +/- 0.05

37

2.5-

T
o 25

D)0 0500050500 ()00 00
S0 75 100 125
downforce (newkons)

FXx Sgectra
30% particle
loading
ID—:
o
Y A
=
% D.l—:
T 3
£ ]
£ ooi-
0001 =R TR ey
a S0 100 150 200 250 300 350 400
Frequency {Hz)
5% particle
loading
IU—:
o
< -
=
3 0.1-
2
]
=
<

100 150 =200 250 300 350 400
Frequency (Hz)

coefficient of Friction

coefficient of Friction

downforce {newtons)

CoF vs. Downforce Fx Spectra
0, 1 .
12% particle Fz = 5544 +/- 1.14 12% particle
loading COF = 0.31 +/- 0.03 loading
-
E 107
257 ]
- w 14
2 = ]
3 I
3 s i
1.5- 2 @mig
- =
3 E
1= = j
E E D.Dl-: ’
0.5- ]
g » 0,001 - e e
1= S S 0 S50 100 150 200 250 300 350 400
0 25 50 75 100 125 Frequency (Hz)
downforce (newkons)
0, il .
3% particle Fz= 5527 +/- 4.46 3% particle
loading COF = 0.35 +/- 0.07 loading
7 10
257 .
] g g
2= o ]
- >
g g 01
1.5 =
3 ! ]
3 001
E Ty ¥
0.5- L s O BT oo e
3 0 50 100 150 200 250 300 350 400
2 Frequency (Hz)
I
0 25 50 75 100 125
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CMP Friction Studies — Latest Data

Drag Force vs. slurry dilution

60rpm (~.5m/s) & 1.7psi

Note large CoF (and large o) for
pure slurry. A result of shear
thickening?

CoF remains fairly constant

over a wide range of slurry
dilutions

Our experiments indicate that
for pure H ,O, pH plays a role in
determining CoF

Next steps

Explore particle loadings
in the 0 - 5% range.
Specifically, where does
the “up and over” nature
of the curve begin to
manifest?

Investigate pH
dependence for H ,0

Perform experiment
“backwards” — if we
begin with pure slurry
and work towards pure
H,O, would we see
di%ferent results than if
we started with pure H ,0
and worked towards
pure slurry? If so, what
does this tell us about
slurry/pad interactions?

Drag (kg perin 2)

drag force vs. slurry composition

o

o

S
X

©

»

a1
:

o

w

S
:

0 5 10 15 20 25 30
particle load by wt%

‘ —e— w/ conditioner —8— w /o conditioner —&— Choi data

Choi data — Choi, Lee and Singh, “Effects of Particl e
Concentration in CMP,” Mat. Res. Soc. Symp. Proc. Vo |. 671,
2001

Choi’'s parameters Our parameters
2psi 1.7psi
Particle size ~0.2 pm Particle size ~.09 pm
Vrelative =2.2m/s Vrelative =.5mls
.64in? sapphire 7in? BK7 glass

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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CMP Friction Studies — Status and Future Work

Install position sensors and calibrate patterned wizr

Continue model development leveraging knowledge bashat
exists among this and other SRC groups

|dentify experiments that test model veracity and oordinate data
acquisition with contact and shear force measuremdés

Perform the experiments and iterate until our modeland data
are compatible

Thanks to both the SRC/Sematech ERC and our industri  al partners, Cabot
Microelectronics and Intel, and partner researchers at U of Aand MIT

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 15




Project 3 - Micromachined Shear Sensors

« Fabricate and implement micromachined shear stress
sensors for characterization of surface forces during
chemical-mechanical polishing (CMP).

 Measure local, real-time shear stress at the pad-wafer
Interface during CMP due to slurry and asperity
Interactions with the wafer.

Polishing Pad

Asperity

Fluid Forces

Polydimethylsiloxane
(PDMS) Surface Structures
deflect to indicate shear
forces present

Asperity Forces

Substrate

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 16




Sensor Process & Design Overview

Light
microscope : Design 1
o Si Substrate image of SU-8 | CAD
L] - mold from Layout
design 1
~100 um SU-8 Photoresist
Expose/Develop =
SU-8 mold
SEM SEM
image of image of
Pour/Cure PDMS onto SU-8 mold SU-8 mold PDMS
from structure
design 1 from
design 1

e Initial Design
— 85 pum high posts: successful
— 80, 90, 100 um diameter: successful
— 10, 15, 20 um : not fully formed; incomplete
formation of mold
 Final Design

— Fabrication limits for final design: 30-40 pm
minimum diameter at 85-100 pm high.

— Camera resolution: 5-10 pm deflection
— Dyeing may improve resolution

30 pm - 100um diameter
nosis >

Calibration block T

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 17




Mounting

Viewing Area
(radially symmetric)

ABS Plastic I?%I Pressure Fit
4/

Acrylic ‘Windows’| it : it «_Adhesive

CMP Axle

Pyrex Wafer
PDMS sensor

d

_ > Covalent Bond
through O,
plasma ashing

Imaging
Current Optics

Without dye: 80-100
pum structures visible.

Expect to be able to
resolve ~5-10 um
displacement with
existing optics.

Sensors seen through acrylic
viewing window, Pyrex, and the
back of the PDMS wafer

Rhodamine B

With dye: some
edges are very bright.

Additional experiments
are planned to attempt
to achieve uniform
edge dyeing.

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 18




Asperity Force Estimations

Total shear force load is COF-Downforce-Wafer Area (for 4” wafer) = 0.5 (1.8 psi) (11(50 mm)?) = 50 N

Number of Asperities in Contact:

Option #1 : Assume 30 um center to Wafer Area/Asperity Neighborhood
center spacing on asperity tips with a W Area (for 4” wafer)
square grid. 30 pm - (11(50 mm)2)/ ((30 um)?2)

< >
< >

e ~ 8.7 - 108 asperity contacts/wafer

Force per asperity is total force over number of asperities = 50 N/(8.7.10° asperities) = 6 LN

Estimate of static wafer

Option #2 _: Determine number of e = contact % area for
. : 0
contacts based on ratio of total contact £ 14 . o’ e 1C1000 pad at 1.8 psi
. .. . ' psi: .
area to individual asperity contact area. B 12 N IC1000 CR = 1.0% pad P
\ g | o downforce is 0.7%.
7 E 0.8 @
~mspm2=~gopm: [ AZOEM || Lo
s o & O 04
i 26 Number of Asperities in Contact:
‘ 0 2 4 6 8
Pressure - psi = (0.007'T[ (50 mm)z)/ 80 l.lm 2
Carolina L. EImufdi and Gregory P. Muldowney, “The Impact of T
ad Microtexture The Impact of Pad Microtexture and Material " mar 0 H
Eropz’tiestantd M;—teria‘l Ppropterti:S onMSurfztacetComact’\gné = Implies point contact pressures 50-100x applied polish pressure = 6 9 ' 105 aSpe“ty ContaCtS/Wafer
Defectivity in CMP on Surface Contact and Defectivity in CMP”

Force per asperity is total force over number of asperities = 50 N/(6.9-10° asperities) = 70 puN

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 19




Micromachined Sensors — Status and Next Steps

Status:

The sensors developed will allow measurement of slrxdforces during CMP
at an estimated force resolution of 1-100 pN and apal resolution of 300 um.

Sensor fabrication feasibility has been proven andiameter limitations have
been established at 30 um.

Calibration and implementation of the shear sensorare ongoing.

Next Steps:

» Develop experimental apparatus for calibrating posteflection under known:
— Fluid flow loads
— Mechanical loads

* Improve dyeing ability to improve optical post resdution.

e Integrate with CMP rig for in situ surface force measurements.

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Industrial Collaboration/Technology Transfer

 Close collaboration with industry partners — Cabot

Microelectronics and Intel

» Monthly telecons — secure website for informationlenge

» Semi-annual face-to-face meetings

» Thesis committees and joint publication authorship

» Metrology and analysis methodology technology ti@ns

» In-kind support — specialized supplies and equipment

» Student internships (e.g. C. Gray at Intel duringh&er 2005)

» Close coordination with A. Philipossian researabugrat U of
Arizona

 Information and results exchange with MIT (D. Baog
ERC project

» Monthly joint meetings of Pls and research students
» Discussion of findings with other colleagues (&gPaul — Stockton
College on leave at MIT)

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




In-Situ Thickness and Friction Measurements
during CMP — Global Last Year Goals

Demonstrate reliable in-situ contact measurement

Determine if pad optical properties can be used gwactical
performance measures

Correlate contact-macroscale friction-MRR-MEMS sensr data

Develop oxide CMP MRR model that maps small scalehgnomena and
large scale, integrated data acquisition

Thanks to SRC/Sematech ERC, our industrial sponsorgabot
Microelectronics and Intel, and partner researchersat University

of Arizona and MIT and OUR STUDENTS!

QUESTIONS?

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | 22




Low Environmental | mpact
Processing of Sub-50 nm
| nterconnect Structures

Chia-Hua Lee and Karen Gleason
Department of Chemical Engineering
Department of Materials Science and Engineering
Massachusetts | nstitute of Technology



Approach

Direct deposition patterned sacrificial layers egith
than blanket

Use of Dip-Pen Nanolithography (DPN) to create
surface patterns (expected resolution sub 50nm)
(collaboration with Prof. Angela Belcher’'s (MIT)
group)

Use supercritical C£xo remove sacrificial
materialgcollaboration with Prof. Muscat (UA)

group)

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Sacrificial Materialsfor Air Gap

Use of Sacrificial Materials (or Porogens) for
Low-Dielectric-Constant Integration

AIr has the lowest k of 1.0 (reduce RC delay,
power, noise)

Direct Patterning Deposition

|

Deposition of bridge layer

|

SacrifiéidlGaterials  Decomposition

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Patter ning Approaches

Additive
Processing

Subtractive
Processing

CVD sacrificial
layer

spin-on
imaging layer

selective
irradiation

development in
aqueous base

Selective CVD of
sacrificial layer

 Microcontact Printing ;
 Dip-pen Nanolithography

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing

pattern
transfer

imaging
layer strip

* Photolithography;




Pattern Fabrication

A
v Dip-pen patterned
b4 initiator A

~ T Substrate

AFM Cantilever

l Photo-initiated CVD
(PICVD) Polymerization Area
Monomer B

Vapor Stream

l (Heating Filament)

Patterned Polymer

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Patter ned Sacrificial Polymers

H OH OH H
Piranha solution
silicon wafer

P —
(BPTD) Benzophenone
Di p-Pen -3,3',4,4'-tetracarboxylic

NH2  NHZ2  Gianhydride
(AEATMS) NH2|  NH2 7 3
(N-(2-aminoethyl)-3- j@@ {;z
aminopropyltrimethoxyiilane © © R

Monomer (CHMA) cyclohexyl methacrylate

(Photo-initiator Bridges) i@ (Patterned Sacrificial Polymers)

L o

PICVD @ ‘Z

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Photo-initiated CVD for sacrificial Polymers

UV Lamp
Pressure Throttling
Gauge Butterfly
/ Valve
Flow /// : + 9
Control :‘
v,
. Reactor

monomer To Exhaust
Quartz
Top

insitu thickness monitoring by
interferometry or quartz
crystal microbalance

Substrates remain near room
temperature during coating, essential EERSIEULT
for heat-sensitive optodes CoalE:

PICVD process characteristics:

All-dry process, no worker exposure to solvents
low-temperature process

(substrate at ~ room temperature; no high-temperdilament)

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




PICVD Sacrificial Layer Chemistry

Monomer Cyclohexyl Methacrylate (CHMA)

i eselective bond scission

0~ 0 esystematic compositional variation
@ using feed gas

CHMA is not a photosensitive monomer
Decomposition > 99.7% by thickness
Onset temperature of decomp ~ 200

A environmental improvement over previously-reporte
spin-on sacrificial materials

Reference: K. Chan and K. K. Gleason, J. Electrochem. Soc.,
153, 4, C223-C228 (2006)

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




L ateral Force Microscope (LFM) Friction |mages

H2

H2 (Photo-initiator Bridges) (Patterned polymers)

NH2| NH2

500.0 mY

easue Data Zoom

Acknowledgement: Chung-Yi Chiang and Prof. Angela Belcher

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Conclusion and Future Work

The direct pattering of sacrificial po
demonstrated prepared by the com

ymer hasibee
pnination of DPN and

PICVD technology(collaboration wit

n Belcher group)

PICVD processes for additive processing will be
optimized for growth rate, uniformity, absence oifface
defects, chemical structure, minimization of EH®att,
and compatibility with dry polymeric removal.

Air gap structures will be tested for removal dé th
sacrificial layer(collaboration with Muscat group)

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Low Environmental | mpact Processing
of Sub-50 nm I nterconnect Structures

Air gap fabrication through sacrificial polymer
removal in supercritical CO,

Rachel Morrish and Anthony Muscat

Department of Chemical and Environmental Engineering
University of Arizona



Sacrificial Polymer Removal

Air gap structure fabrication by etching sacrifigalymer

pattern and remove
deposit polymer

‘ polymer \ |
—_— —_—

Removing sacrificial polymer in supercritical €(3cCQ)
high density, low surface tension, low temperature
EHS benefits

Polymer solubility in scC®
polycyclohexyl methacrylate (CHMA)

O
polymerized methacrylates > 2000 bar > é@

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing 12




Sacrificial Polymer Removal

Polymerized CHMA thin film in cosolvent/CQOnixture
compared IPA, hexane, acetone, CHMA monomer costdve
film thickness measured by ellipsometry, initiaD:0250 nm
1 —-2.5 M cosolvent mixed in CO
T=60+3°C, P =170t 15 bar
reaction time = 30 minutes

100

75

CHMA monomer exhibited
highest removal

Increases solution density

favorable intermolecular
Interactions for dissolution

50

% removal

25

pure CO2 IPA hexane acetone CHMA
monomer

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Sacrificial Polymer Removal

Removed sacrificial polymer with CHMA monomer In
scCQ at 170 bar

solubility increased with increasing CHMA concetita
verified removal using FTIR

100

60 deg C ) { 15x10°- C-Hstretch | C=0 stretch]
¢ 60 deg

A75degC initial
75 |
o partial

L X 4

Q i _
g c
o © removal
€ 50 =
o 3
A 4 2
°© <
* 5 complete -
25 . A removal
0e oL | | |
0 0.5 1 15 2 25 3500 3000 2500 2000 1500
pure CO, -1
CHMA (mol/L) Wavenumber (cm ")

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Conclusion and Future Work

Conclusion

Demonstrated removal of sacrificial polymer usirntdMA
monomer in scC@solution

Future Work
Determine optimum processing conditions for etching
Investigate dissolution kinetics usingsitu FTIR reactor
Test sacrificial polymer removal on patterned siates
Explore viability of recycling CQOand monomer cosolvent

Acknowledgments
Gleason group

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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ERC/SRC Task ID #425.017

Environmentally Benign Vapor
Phase and Supercritical CO,
Processes for Patterned Low-k
Dielectrics

W. Shannan O’Shaughnessy?, Sal Baxamusa?!, Sivakumar Nagarajan?,
Nelson Felix3, Jin Kyun Lee3, Prof. Karen K. Gleason?, Prof. James J.
Watkins? and Prof. Christopher K. Ober3

1Chemical Engineering, Massachusetts Institute of Technology
2Polymer Science & Engineering, UMass Amherst
SMaterials Science & Engineering, Cornell University
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Approaches

ERC/SRC Task ID #425.017

 Molecular glass precursors and porogens
— Vapor phase
— Supercritical CO,

* Photoinitiated (pi)CVD patterned growth of
dielectrics

» Supercritical (sc)CO, processing of low-k
dielectric films

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




Rationale and ESH Benefits

@ = 40°C
08— GOZC
I 80°C | all dry
| ed) 04 semiconductor
h" 02 processing
CVD |, scCO,

0 50 100 150
Pressure (bar)

* Low k materials require fundamental understanding and novel
approaches to dielectric deposition, patterning, processing and
repair

« Complementary research program combines innovative deposition

and processing of low k materials to meet ITRS roadmap goal of
dielectric constants lower than 2.0

e Program designed to test new concepts in ESH friendly
semiconductor production based on dry deposition and
supercritical CO,, processing

« Team provides access to unique tools (CVD deposition tools
[MIT], scCO, processing equipment and nanoimprint lithography
[UMASS], nanofabrication facility [Cornell CNF]).

\ H .
\ Cornell University I I I I I 3

Massachusetts Institute of Technology



Photoinitiated CVD

Photoinitiated CVD invented by Gleason s
evolutionary from plasma enhanced CVD (PECVD) of
low k Si:O:C:H films.

Photoinitiated patterning of growth sites drives the
assembly and free radical gas phase low k precursors
and porogens (designed by Ober).

High resolution initiator deposition carried out by Ober
(Cornell) and Watkins (UMASS)

UV light

U

plasma-enhanced CVD
(electric field, blanket films
for subtractive processing)

“\‘\ J

photo-initiated CVD
(UV photons, patterned films
for additive processing)

Quartz window

Type Il initiator (vapor) Low k/porogen precursors (vapor)

HHHH HHHH ) ce e ce e
| ] | |

Si wafer

H .
Cornell University I I I I I

Massachusetts Institute of Technology




| ow k Molecular Glasses

* Investigate molecular glasses for patterning and as low k
Precursors

 Molecular glass precursors will be prepared by Ober using
synthetic schemes developed expressly for these studies.

« Low k films deposited from glass and porogen precursors in
collaboration with Gleason and Schmidt (Bayreuth).

« Porogen and film processing using scCO, by Ober and
Watkins.

Combinatorial deposition
positionable /—%
substrate holder

positionable mask A

saESSaESSS mask holder
---------
---------

~allEned molecuiarglass

!!!!!!!!!
iiiiiiii
---------
---------

quartz crystal
sensors

) )] Cornell University I III °

&,

Massachusetts Institute of Technology



scCO, Processing of Low k Materials
from Self-assembled Templates

 Develop new approach to mesoporous ultralow k (ULK) silicate
films involving 3-D replication of self-assembled block
copolymer templates in scCO, (Watkins)

* With Ober, synthesized new block copolymers capable of
template formation and direct lithographic processing.

« Advantage of this approach Iis the separation of
photopatternable template preparation (via spin coating and
self-assembly) and silicate network formation into discrete
steps.

N H .
] Cornell University I I I I I

Massachusetts Institute of Technology



Presentations

ERC/SRC Task ID #425.017

 Molecular glasses: lithographic processing
and porogen precursors

— Nelson Felix (Cornell)

e pICVD patterning of low K films
— Shannan O'Shaughnessy (MIT)

e \Well-Ordered ULK Films via SCF
Processing

— Sivakumar Nagarajan(UMASS)

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




Molecular Glasses

* Small molecule size ~1-2nm

ERC/SRC Task ID #425.017

— Potential for lower Line-Edge
Roughness (LER)

 Well defined molecular structures |
— No distribution of mass | | " ene

 Low tendency towards
crystallization

— bulky irregular shape or different
conformation states

|
: Hexa(hydroxyph
|

d=21nm
Iy
« Strong intermolecular attractive
forces for high Tg
— Specific interactions such as H-
bonding d=3.9nm
o Better miscibility with other small

components

& | Cornell University

Poly(hydroxystyrene), 50 repeat units
—— e

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




Performance as Resists

ERC/SRC Task ID #425.017

¥ N 1 | L 1
3.0kV 4.1mm x20.0k SE(U) 04/28/2005 13:21 2.00um

e 30NnmL/S, LER ~5nm

 Best EUV exposure results with
molecular glasses

[ B R B T B
3.0kV 4.1mm x20.0k SE(U) 04/28/2005 13:17 2.00um

S. W. Chang, R. Ayothi, D. Bratton, D. Yang, N.ikeH. B. Cao,
H. Deng and C. K. Obed, Mater. Chem., 16 (2006), 1470-74.
mages obtained at Lawrence Berkeley National Laboratories by EUV microexposure tool

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Supercritical CO,, Solubllity

>< ERC/SRC Task ID #425.017
g on
o0 )(J)\X O OR
730\ O O ° B N ‘ O ‘ Developed in scCO2
e T 0O LER ~ 7nm
O O Q RO OR
[ade )ik SN
O O

0
417 P -R =-H or -tBOC

Contrast Curve, 300 bar
*
1 > m
0.8 ! -
---#-- 35C i n
06 M-~ 50C L
.. A-- 65C
0.4 -~
02 b A
0 A s I T ‘ |
0 0.2 0.4 0.6 0.8 1 1.2

log(dose, mJ/cm2)
Felix, N. M, Tsuchiya, K., and C. K. Obe\gv. Mater., 18(4), 2006, p 442-44

G )
d(&G P Cornell University m x50.1k SE(U) 05/09/2005 21:20
SR

il e,

0

1
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CO, Dissolution Rates of Small Molecule Films

ERC/SRC Task ID #425.017
o} 0

7§OJ<° O O>\_O)T 40C A( @ \ 7 /@Q?_(}T

1800
g T, |
1600 - & bisphenol-AP-tboc 5
= 1400 m trisphenol-tboc !
§ T-shaped-tboc100
g 1200 m bulky phenol-tboc
)
§ 1000 =
c 800
2
5 600 - A4 {
@ 400 0 o o
0 8 9200 1 o
o] >\—o |
A AT e = = |
O 1000 1200 1400 1600 1800 2000

O Pressure (psi)

* Non-polar molecules up to 1300 g/mol tested
) cmamesty o Solubility varies predictably with molecular wi.

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Vapor Deposition of Molecular Glasses

ERC/SRC Task ID #425.017
« Small molecules sufficiently volatile and stable to deposit
by dry deposition technique without degradation

 Allows for precise control of resist components -
deposition on curved surfaces

Sample System Used

Glass-former Crosslinker Photoacid Generator

Cornell University

e
HE)
)

12
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Deposition and Screening

ERC/SRC Task ID #425.017

Up to 10 different
resist compositions
on one wafer

positicnable
substrate holder

positionable
mask holder
quartz crystal
sensors
vapor deposited sectors
with a composition
gradient from sector Ato E
: mask A

controlled mixtures,
and rapid screening

UNIVERSITAT '
BAYREUTH positionable  positionable

mask holder Si wafer

E@@g Cornell University
N A

3

1
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Results

ERC/SRC Task ID #425.017

e Test exposure using 365 nm Stepper
 Developable in water

£
A&} Cornell University
S 4

1
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Inspiration: MG-type Porogens

Weight (%)

« Small molecule porogens with low
decomposition temperatures

 Simple, easily-synthesized structures
« Potential for lower annealing temperature, time.

ERC/SRC Task ID #425.017

105°C JKL-111

- CHs
HaC HS‘*\D o
.0
HC o D-ohy
by
CHs

130°C

JKL-135
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Summary

ERC/SRC Task ID #425.017

 Molecular glass components have shown great
synergy with environmentally-friendly processing

— Demonstrated ability to process a variety of small
molecules with scCO,

— Vapor Deposition possible
» Deposition of blanket films of resist components
« Compatibility with vapor-based low-k dielectric processes

16
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Presentations

ERC/SRC Task ID #425.017

* Molecular glasses: lithographic processing
and porogen precursors
— Nelson Felix (Cornell)
e pICVD patterning of low K films
— Shannan O'Shaughnessy (MIT)
 Well-Ordered ULK Films via SCF
Processing

— Sivakumar Nagarajan(UMASS)

7

1
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PICVD - Project Goals

ERC/SRC Task ID #425.017

" Dielectic Growth 11l wv

e Current
Technology

— Resist based
lithography of Patterned
blanket dielectric  Dielectric

layer
 Reduce time &
ESH impact

Substrate

8

1
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New Approach

ERC/SRC Task ID #425.017

Hiill

* In situ Patterned Growth
— Apply Initiator UV
— Lithographic Patterning

* Microcontact Printing
» E-beam lithography
* Dip pen lithography

* Photobleaching

— Grow piCVD material
« Gas phase monomer & porogen

— Remove porogen
 Improves cost and ESH

— Fewer steps Substrate

— Less solvent

 Complementary to sacrificial
materials patterning

tenn
lectri

9

1
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Chemistry

ERC/SRC Task ID #425.017

Novel Pore Generating Molecules
| C/
o] O\\
o J\f
5 | 7 \’[
- O L//

Hexamethyl ether afyo-inositol IKL-139

JKL-111

20
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Results — Novel Porogens

Percentage

12

10

B Void %

-0 Thickness Loss

Norbornene JKL-111

JKL-139

Win degrees

ERC/SRC Task ID #425.017

100

80+
60|~
401

201

0 L
200 300 400 500 600 700
Wavelength (nm)- voge Fit

Ellipsometry data plus model fit for porous film

Test properties of novel molecules as porogens

— Ensure incorporation and thermal removal
— Compare to Norbornene

« Commercially available porogen

— Void percentage modeled using spectroscopic ellipsometry

» Effective medium approximation

1

2
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Initial Patterning Results

ERC/SRC Task ID #425.017

e System

— Benzophenone on bare silicon

— 100um circles and rectangles

» See patterned growth but no
fill in

2

2
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Patterning- Issues & Solutions

ERC/SRC Task ID #425.017
e |Ssues
— Limited initiator surface Q

affinit S
Y SIN
* Poor coverage ey Si
— Max initiator concentration OH OH O —— b o/ Llh\o
limited by onset of L B W
crystalization L 1] | [ ]
e Results in thin structures Silicon Watfer

e Solutions
— Modify substrate surface

(0]
 Create more favorable
interactions O O
— Switch Initiators
\N N/

« Same mode of action

* Less solvent affinity &
crystallization Michler's Ketone

23
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Results — Patterned Films

ERC/SRC Task ID #425.017

Optical micrograph of 100um X B » “ Iine
200um rectangles created through created through piCVD
piCVD on pre-patterned initiator on pre-patterned initiator
* Full coverage of patterned area achieved
e Feature thickness increased

— 25um features at >200nm thickness

4

2
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Milestones and Future Work

ERC/SRC Task ID #425.017

e Milestones

— Patterned dielectric growth
* Proof of concept achieved
o 25um features with >200nm thickness

— Novel Porogen materials validated
* 9.7% porosity achieved with novel porogen JKL-111
» >93% thickness retention

e Future Work
— Optimize initiator lithography
 Smaller Features
* Tethered initiators

— Optimize porogen incorporation and chemistry
— Integrate pattern film growth with porogen addition

25
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Milestones and Future Work

ERC/SRC Task ID #425.017

* Milestones
— scCO2 processing of small molecules
« Patterning and development

— Vapor deposition of molecular glasses
» Deposition of blanket films of resist components
« Compatibility with vapor-based low-k dielectric processes

— Novel porogen materials synthesized
« Clean decomposition at relatively low temperatures
e Future work
— Optimize porogen chemistry

— Continue exploration of vapor-depositable and scCO2-soluble
molecular glass systems

26
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Presentations

ERC/SRC Task ID #425.017

* Molecular glasses: lithographic processing
and porogen precursors
— Nelson Felix (Cornell)

e pICVD patterning of low K films
— Shannan O'Shaughnessy (MIT)

e Well-Ordered ULK Films via SCF
Processing

— Sivakumar Nagarajan(UMASS)

7

2
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Di or Tri-Block Copolymer
. /2 Template

S Organic Acid if needed

& ° EtOH

H,O

l Spin Coat

l Anneal / Order / Orient

l Infuse / Condense Alkoxide

500nm

M(OR), in humidified CQ

* mutual solubility of template and precursor is not required
« extraction of ROH from incipient film drives condensation
» alkoxide condensation is decoupled from template assembly l Remove Template

* rapid process cycle
* heterogeneous approach preserves structural details m

of pre-formed BCP template

Supercritical fluids provide a unique, environmentally friendly, reaction environment that is
ideally suited for materials chemistry for semiconductor and nanostructured devices
| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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ULK Mesoporous Films Prepared in CO,

First Generation Films Exhibit Excellent Performance

* k< 2.2 demonstrated
* Rapid process times, 18t generation survives CMP
* Low stress, high crack threshold
« Small pores are accessible via
template blends

Can we do better?
Yes, Through Engineered ULKs

Mechanical properties can be optimized
Inclusion of POSS (see A. Romang poster)
Use of bridged silsesquioxanes
Fully condensed networks via new catalysts
Direct patterning provides process differentiation
Directly patterned fat lines for BEOL process
compression (cost savings + resource reduction).
Subsequent entry point for ULK < 2.2

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Doping Templates with “Nanoparticle” Fillers
to Improve Mechanical Properties

30

Spin Coat l

Y

T

Anneal/Order
Orient

|

Template
Infusion

Precursor
Condensation

|

Remove
Template

Image: Prof. Brian Gorman, UNT
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Nanoindentation of Mesoporous Silica Thin films

> A standard Berkovich probe (3 sided pyramidal shape) was used to perform load-controlled
indents using Hysitron Nanoindenter.

> In load-control mode, the instrument applies a normal force to the indenter tip while
continually measuring tip displacement into the sample.

202-

0~
5 AL A5 20025 300 35 40 45

A A2 /o
£
{

TSI-POSSITE

- ;:;;;v
N

0

—
,,;‘f;/ e ey
ot . i

= By

Displacement (nm)

31

Sample Reduced Hardness Hardness
Modulus (GPa) (GPa) Normalized to
TEOS
1. TEOS 419+ 0.11 0.18 £ 0.004 1.0
2. BTESM 4.69 +0.19 0.47 £0.03 2.6
3.TSI- 21.45 +2.06 1.92 +0.12 10.7
POSS/TEOS
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Fabrication of Micro-patterned Mesoporous Silica Films

Domain (microscopic) and Device (nanoscopic) level control:

-Controlling the presence of acid in two different length scales by using
a photo acid generator (PAG) instead of normal acid (pTSA).

Block copolymer template with
Photo acid generator (PAG)

\ Patterning

l UV light

b

| —

/Photomask

BERRRRRNNNNNNN
e

O Photo acid generator
3 Generated Acid

Deposition

Sececes oL 00 L0
%o e OC 050 SO0

Patterned Inorganic network

‘ Calcination

TEOSin humidified SCCO,

Silica infusion/condensation

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Patterned Mesoporous Silica Films from Pluronics(F108)

Photo acid generator: Tri phenyl sulfonium triflate — generates Triflic acid.

- uv Various
(C6H5)3S+CF3SO3 254 nm > CF3SO3H + decomposition
products
Device Level Replication: Domain level Replication:
Microscopic structures. Mesoporous siica fim  Nanoscopic stuctues

.........
= TR

®
L

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Patterned Mesoporous Silica Films from PtbocStyrene Films:

Crude Contact Mask
1. UV exposure —{CH.CH)- co, + CHa@ CHs
+ PAG R . I
o /CH3 (H) 2, post exposure / s
g /C\CHs Bake (PEB) H ® s
cH H  +CH,=C
Pth St3 HPdHOShT'r oo
oc ydrophilic _ _
Hydrophobic Regeneration of acid

directly patterned
silica film

> Good pattern replication with sharp boundaries.
» Device level features down to few microns in size

»Resolution determined by lithography, not materials
| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




Micro-patterned Mesoporous silica films from PS-b-PtbocSt films ]

Domain (nanoscale) and Device (micron scale) level control

Feasibility Test — Crude Contact Mask
300gUg! P 1bocSt Fat lines are within reach. Extendible to sub 100 nm ?

- [a] &)
0:%:::':::::':':::':!030---0-5- »»5 D 100 nm
0¢%0%0%0%°0%9:%0%0%2%0%20% %0 ection Analysis

lUV exposure
A2 A4 2N 2 227

SeteiaRseseaaeseasteases

Post -exposure bake

Silica infusion O Photo acid generator
Generated Acid

B s e ) OO Vo e U L PHOST
! | " i o
i FEE:

3

1Templa1'e. removal

LS00, s sPatterned silica film

Next: Litho by 248 stepper at partner company

| SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |
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Well-Ordered ULK Films via SCF Processing: Conclusions

Use of POSS additives substantially improves mechanicals
-Same approach is applicable to zeolites

Direct Patterning Shows Promise
feasibility using contacts masks demonstrated
first target: fat lines
process compression offers cost and ESH benefits

Recent acquisition of 200 mm tool will permit scale-up

Acknowledgments
Additional funding: UMass Center for Hierarchical Manufacturing
and NSF NIRT
BOC Edwards 200 mm Tool Donation
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ESH Metrics
 Comparison to

— Current subtractive processing with resist application, development, and
pattern transfer
— Spin-on photoresist for lithography

Emission Reduction

Usage Reduction

Goals/ Other
Possibilities  Epergy Water  Chemicals PFCx VOCs HAPs  Hazardous
Wastes
Selective Potgntially Spin-on
deposition of higher resists
dielectric layers >90% NA > 90% emissions >90% NA requires
by photoinitiated | reduction reduction | for CVD due | reduction solids
Chemical Vapor to chamber waste
Deposition cleans disposal
I H .
Cornell University I I I I 37
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Thrust D-425.013

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

Victor M Gamez!, Ramakrishan Ayothi?, Yi Yi?, James A Field’, Chris K Ober?, Reyes Sierra’

! Department of Chemical & Environmental Engineering, University of Arizona
2 Department of Materials Science and Engineering, Cornell University

[ SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing]



A@ Project Background

® This project aims to develop novel PFOS-free PAGs that meet the stringent
performance demands required by semiconductor manufacturing and do not
pose a risk to public health or the environment.

® Work on the development of the novel non-PFOS/non-PFAS PAGS is
conducted at Cornell University (Ober group).

® Environmental studies of these new materials in progress at the University
of Arizona (Sierra group).

® Studies of new PAGs and research to evaluate the inhibitory potential of the
new chemistries are presented here.




® These studies will be of critical importance in assessing synthetic
strategies for environmental acceptability and will be used to guide
the design of new PFOS-free photoacid generators.




A Requirements for EUV Res

»Resolution : 32 nm node and beyond

»DOF: 2 0.2um

»Line Width Roughness (LWR) (3 0):<1.5nm
»Sensitivity: 2- 5 mJ/cm 2

»Absorption ( um-1) : Low

»O0utgassing: < 10 ! molecules/cm 2 at E

size

Cao, Heidi, et al., Proceeding SPIE 2003, 5039, 484

B |SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor ManUfaCturing| ]




Non-PFOS PAG
o Strategy

SIZE, MISCIBILITY, ELECTRON
SOLUBILITY, DIFFUSIVITY,  ATTRACTING
HYDROPHOBIC/HYDROPHILIC ~ GROUPS

POLARIZER

SPACER/
LINKER

KA

TAIL OR
POLARIZER POLARIZER HEAD
l +TAIL
SULFONATE
BREAK !
SEAL CARBOXYLATE,

METHIDE, CARBIDE

»Non-PFOS PAG anion features
Lithography : pKa, size, functional group, element composition
ESH:=<CF,, logP Bioconcentration Factor (BCF)

oil/water 1

t | SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | - ]




A Non-PFOS PAG Anions |

> Acid strength = FF
Few fluorine atoms S | M pe
Non-fluorinated electron attracting group R X n//S\\
O O
»Transparency/radiation effect FsC s o
Phenyl group/Reduced fluorine G s’
A
\/\ O O
»PAG or Photoacid miscibility R
Phenyl group/Functional group R
L) e
» Size/volatility/solubility \ //s\\
Variation of R group O O

8- b | SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor ManUfaCturing| ] 1




PF2 SF2
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® PFOS PAGs vs PEBS I

O% / St
S,

PAG Structure

CH,OCF,CF,-SO, *S(CH,),

CF;-CF,-CF,CF,-SO, *S(CH,),

Molecular Weight 537 562

Purity NMR, DSC, Elemental analysis 99 %

Decomposition [Td] ( °C), DSC 305 398
Meélting Point [Tm] ( °C), DSC 93, White solid 84 - 88, White solid

Solubility GBL, PGME, EL, DPM, PGMEA GBL, PGME, EL, DPM, PGMEA
Solubility in Poly(4-hydroxy styrene), ESCAP, 10wt % 10wt %
Methacrylate/PGMEA
*Molar volume of photoacid (+ 3 cm?d) 170 162
*Acid Strength pKa (Taft) -4.86 -4.99
*Partition coefficient (Pgater) 2.3298 24113
*Bioconcentration Factor (BCF) 3.162 3.162

*Estimated Properties

e | SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | =
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Molecular Glass Resist: CDI_F.I‘DE _f‘l_JD il

@

E, =21.0 mJ/cm?
R=25-30 nm
LER (60 nm) = 5.0 nm

oDtz

E, =39.0 mJ/cm 2
R=30-35nm
LER (60 nm) = 4.3 nm

3.0kV 4.1mm x20.0k SE(U) 04/28/2005 13:10

CHj3
3

Molecular Glass Resist

e % ke
3.0kV 4.2mm x100k SE(U) 05/07/2005 14:47

“Better sensitivity, resolution and acceptable LER for PFBS free resist”

Formulation: MG = 5 wt %; PAG = mole % (5 wt % wrt  polymer); Thickness = 90 nm; TOA = 0.12 %; PAB=10 O
°C/120 s; PEB =80 °C/30 s; 0.026M TMAH/ 10 s. HMDS substrate for Non- PFOS PAG and BARC for PFBS PAG

' [ SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing] | -




R OF
O =
AL
F F (4/ \O

ESCAP (26 % tBA)  METHACRYLIC (1. 1)
248 nm & EUV 193 nm & EUV

mm Mag = 9265 K Apertire St = A pm ESAGMHd= 150 Siials= hless Dk 20 Nouw A0S o=
no= &mm EHT= 250K Pl 'SEe = 35 /m SI0N3IE = hLers Tme (172408

amim Mag = 9216 KX .npem e Stz = A0 pm ESAGId= 15y Sigials= hilers DI 2 Now DS
o= =mi EHT = 2k PhlSke = 32 1m Sgeal B = liless Thme 19

E, =28 pC/lcm? - E., =24 pC/cm?
LER=5.3+0.6 LER=49+1.1
R=70nm (2:1,1:1,1:2 lines) R =60nm (2:1,1:1,1:2 lines)

Formulation:  Poly (GBL -co-MAdMA) = 6 %; PAG = 1.633 * 10 ®> mole (~ 5 wrt to polymer);
Solvent = PGMEA/2-butanone; TOA — 0.06 %; Film =300 Orpm ; PAB =115 °C/60 s; Dose = 12

LC/cm? to 40 AC/cm? (Step Size 4 |AC/cm?); PEB = 120 °C/60 s; Development = 0.26 N TMAH

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




PAG Miscibility in
. @ Resist by

R F
S,
©/F F (4/\\0

14

13 PAB+ . o 7772 PAB
el R e . R
"% 1.0—: 7 7 “% 1'4_-
€ 094 <
8 48] . 8 124
§ 074 7 § 1.0-
I 06 £ o8
< 051 Z
E 04 7 }C',’ 06
§ 0.3-: 5 04
o] % " o]
00 ) 004
0 70 0 70
XPS (Take of Angle) XPS (Take of Angle)
»XPS TOA 70°(surface ~ 1- 3 nm) and 0°(~ 3- 7 nm)
»Depth dependent variation in fluorine concentration Is negligible

»Concentration of PAG used in XPS studies are higher
»Comparable lithographic performance at EUV and e-be = am /PAG miscibility

Poly (GBL -co-MAdMA) = 6 wt %; PAG = same molar concentration (~ 10 wt % wrt to polymer ); Solvent =
PGMEA; Film Thickness = 150 + 10 nm; PAB = 115 °C/60 s; Exposure = 90 mJ/cm?; PEB = 115 °C/60 s

: | SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | _




Comparison of Non-PFO
Performance at EUV

iz
EUV @ ALS MET E-Beam (100 kV) @ CNF
PAG
Structure
LER for 100 R (nm) LER for R (nm)
E0 for 100 Es for 40nm nm Ilnes (1.1 elbow) E0 for 500 Es for 100 nm 1ﬁr?er;m (1:5:1]5:1’
nm lines lines nm lines lines and below .
(mJicm?) | (mJ/cm ?) (uC/cm?) (uCl/cm?)
(j%é@ <4.9 7.5 7.7+ 0.8 30 16 28 5.3+0.6 70
@ <6 8.6 8.0+0.6 30 16 24 49+1.1 60

EF
- FF
@S O
N F

Sensitivity, resolution and LER are comparable at e

Formulation: _ Poly (GBL -co-MAdMA) = 6 %; PAG = 1.633 * 10 ® mol % (~ 5 wrt to polymer); Solvent

= PGMEA/2-butanone; TOA — 0.06 %; Film = 3000 rpm ;
Development = 0.26 N TMAH

PAB = 115 °C/60 s; PEB = 120 °C/60 s;

-beam and EUV




E-beam Lithogra
e Photoresis

Poly (GBL -co-MAdMA)

o,
Shzad

E, =24 puClcm?
LER=8.5+1.0
R =60nm (2:1,1:1,1:2)

0.
s O

E, =12 uC/icm?
LER=6.3+0.7 nm
R =80nm (2:1,1:1,1:2)

nm

//S\M
OOFE F

E, = 16 uC/lcm?
LER=93+1.1
R=70nm (2:1,1:1,1:2)

E, = 18 uC/icm?
LER=7.1+£0.7 nm
R =100 nm (2:1,1:1,1:2)

DY SgulA-SE Dak SO IS -]
" SigalB=SE2  Thne 2106017

» Sensitivity and LER improvement for non-PFOS PAG in ESCAP resist — PAG miscibility
>Non—PFOS PAG and PFBS PAG performance are comparabl e in different resist




Material and

® The inhibitory potential of three non-PFOS PAGs (SF1, SF2 and PF1) and their
counter ions, diphenyl iodonium (DPI) and triphenyl sulfonium (TPS ), was
evaluated using three different bioassays:

® Mitochondrial Toxicity Test (MTT);

e Microtox® (a widely-used, commercial assay utilizing a marine bacterium that
emits fluorescence), and

e Methanogenic inhibition test.

M;//\\ //\< @ ij@
DPI TPS

Fig. 1- Non-PFOS PAGs that will be synthesized and studied. Counter ions studied.
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Results:

® The PAG counter ions, DPIl and TPS, showed the highest toxic effects in the MTT
assay (Fig. 2). PF1 was the only PAG displaying toxicity in this bioassay.

120%

al

__100%
—-SF1

—=-SF2
——PF1
—PFBS
——DPI
--TPS

80%

60%

40%

Control Activity (%

20%

0% I I I T |

0 300 600 900 1200 1500
Concentration (LM)

Fig. 2- Inhibitory effect of the new non-PFOS PAGs and the PAG counter ions in the MTT bioassay.
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Results:

In agreement with the findings of the MTT assay, the PAG counter ions were also the most
inhibitory compounds in the Microtox assay. PF1 also displayed microbial inhibition, albeit at

Microtox As

relatively high concentrations (50% inhibitory concn. (IC5,)= 1.6-2.2 mM).

Inhibitory effect of the new PAGs and their counter ions in the Microtox bioassay. IC50 and IC80 are the

concentrations of the compounds causing 50 and 80% inhibition in the assay.

IC50 (UM) IC80 (uUM)
Compound | 5 min 15min 30 min 5min  15min 30 min
SF1 NT* NT NT NT NT NT
SF2 NT NT NT NT NT NT
PF1 2,195 1,705 1,614 9,698 5,467 4,371
PFBS NT NT NT NT NT NT
) DPI 40 10 5 179 48 22
— TPS 40 29 38 145 78 76

*NT= Not toxic at the highest concn. tested for SF1, SF2 and PFBS (11,250 uM).

: | SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing | _




Results:

® The counter ions displayed inhibition towards H, and acetate-utilizing methanogens. In contrast, the
PAGs were generally not toxic. SF2 was an exception, with an IC50 value of 1,470 uM. Methanogens
constitute an important microbial population in anaerobic sludge digestors. Severe methanogenic
inhibition can result in process failure.

1600

yaco | A B
1200 -
1000
800 -
600 -
400 -
200 -
o NT NT NT NT NT NT NT NT NT

SF1 SF2 PF1 PFBS DPI TPS SF1 SF2 PF1 PFBS DPI TPS

Concentration (uM)

Inhibitory effect (IC50) of the new PAGs and counter ions in (A) autotrophic methanogens and (B) acetoclastic

methanogens in anaerobic sludge. *NT= Not toxic at the highest concn. tested (in uM): SF1 (2,560); SF2 (1,850),
PF1 (1,830), PFBS (1,670).
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A@ Conclusions

® The counter ions, diphenyl iodonium (DPI) and triphenyl sulfonium
(TPS), showed the highest toxic effects in all three tests.

® The new PAGs, SF1 and SF2, were not inhibitory or only at very
high concentrations.

® PF1 displayed inhibition in the MTT and Microtox assays but the

IC50 levels were 1-2 orders of magnitude higher compared to those
determined for the counter ions.




A\ Future

® Complete ongoing studies of the toxicity of PAGs and counter ions
under aerobic and nitrifying conditions.

® Investigate the susceptibility of the novel PAGs to biodegradation by
microorganisms commonly found in wastewater treatment systems.

® Investigate the treatability of the most promising PAG(s) by
conventional biological and/pr physio-chemical methods.




A Industrial Collabot
® Technology Tran

Industrial Collaboration:

Jim Jewett, Intel Corporation
Ralph Dammel, AZ-Microelectronic Materials, Inc.
George Barclay, Rohm and Haas Microelectronics

Disclosures and Patents:

A patent application has been filed on ionic non-PFOS/non-PFAS PAGs
following the general design strategy described in the proposal.
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DIOCTIIPS allu IVIICTO-AlTays 101
Rapid Assessment of
Chemical Toxicity

Sub Task C-4; SRC 425.012

by
David L. Mathine!, Joseph J. Bahl?, and Raymond B. Runyan?®
!Optical Sciences, University of Arizona, Tuscon, AZ

2Sarver Heart Center, University of Arizona, Tucson, AZ
3Department of Anatomy and Cell Biology, University of Arizona, Tucson, AZ
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and Process Chemistries

apid assessment of chemicals
and process chemistries

[mportant for both chemical
suppliers (starting materials) and
2quipment suppliers/end users
for process-generated by-
oroducts, interactions of multiple
chemicals, proprietary
chemistries in R/D stage, etc.)

A first step towards an on-line
=SH monitor.
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Cell ATTachimenT

DU145 on
Poly-L-lysine
Patterned SiO

COS-7
on CMOS Chip
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- Developed novel technique
based on calcium handling
cells.

- P19 cells were exposed to
levels of TCE for 24 hour

then treated with
reated: 10ppb TCE cells @ 10nM VP VGSSOPI"CSSiOH to measure

E 1 intracellular flux of calcit

Low Calcium flow High Calcium flow . M@C(Sl.lr'ed Cﬂ'(':'lum fIUX by
changes in fluorescence.
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and insulator surfaces g~

Demonstrated calcium
measurement for toxicity.
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chemicals




Environmentally-Friendly Cleaning of New
Materialsand Structuresfor Future Micro-
and Nano-Electronics Manufacturing

(SRC 425.022)

Part 1: Ge Surface Clean and Passivation
Jungyup Kim and Y oshio Nishi
Speaker: Jungyup Kim

Part 2. BEOL cleaning of Copper Structures
Nandini Venkataraman and Srini Raghavan
Speaker: Srini Raghavan

Part 3: Drying of Thin Porous Low-k Films
Asad Igbal, Junpin Yao, Har preet Jungja, Farhang Shadman

Speaker: Asad Igbal
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Ge Surface Clean and Passivation

J. Kim, J. McVittie, K. Saraswat and Y. Nishi

Stanford University
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Introduction

Etch Rate Aspects/Surface Roughness
Native Oxide Removal and Passivation
Metal Removal

Environmental Considerations

o 0k W N K

Conclusions
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1. Introduction
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Why Germanium ?

» Ge is gaining interest as a substrate for high mobility
applications because of higher carrier mobility.
( 2X electron & 4X hole mobility of Si)

(cm2V-1s1) Si Ge
Electron 1450 3900
Hole 505 1800

Schaffler et alSemiconductor Sci. Tech. (1997)

> Effective surface preparation is required to fully
utilize the high mobility properties of Ge in
process integration.
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Wet Cleaning of Germanium Surface

organics
metals é particles

(D Efficient Contaminant Removal

& A
(O Native Oxide

(2) Minimal Substrate Consumption

(3) Minimal Surface Roughness

=
s

(4) Efficient Passivation
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2. Etch Rate Aspects/Surface Roughness
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Etch Rate in Standard Clean Solutions

Substrate Etch Rate (A/min)

10°* ;;?_DJDSQ"T. Ge in_S_C-z—; Oxidant  Etchant
3 : a0 ] ~~
S : mp ¥
10k B B o p O Silicon
10’ -----S’I"Inf%ﬂ@ . Etchant  Oxidant
0 50 e O ~_~
10° APV o BN Germanium

(Si etch rates from Kobayashi et al, Jpn.J. Appl.Phys.)

> Water solubility of GeO, (2 pm/min) results in high Ge etch
rates for room temp SC-1 & SC-2. (Si etch rates <10 A/min)

> Need alternative minimal-etching clean solution for Ge.
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Roughness Improvement with DI-O,
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3. Native Oxide Removal and Passivation
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Native Oxide Removal

High Resolution Scans of Oxygen (1s) on Ge

| O HF(2%) It o HCIe%) 1l o HBr(2%) i
L O HF(10%) 1Ll o HCI(10%) 1l o HBr(10%) i
A HF(20%) 1Ll 2 HCI(20%) 1l & HBr(20%) i

Electron Counts (arbitrary units)

538 536 534 532 530 528 538 536 534 532 530 528 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

» Relative O(1s) signal represent remaining oxide.
» HF (all concentration @2mins) does not remove oxide layer.

» Concentrated HCI and HBr gives complete removal of the
contaminant containing native oxide.
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Passivation of HC| Treated Ge Surface

s e = '|c'3 3d 1l
| HCl on Ge(100) 9* | O 1s

| © Immediate 11 l _
| o 10 m!ns 1+ 00&%0 time A
~ 30 mins o X 4

Electron Counts (arbitrary units)

26 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

» Complete removal of oxide achieved.

»  Oxide re-growth in 10mins.
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Passivation of HBr Treated Ge Surface

| HBr on Ge(100) |Ge+3d 1t

| o 10 mins ﬁ 11
o 30 mins 2 1
| ~ 6hrs o ]
A
v 12 hrs

Electron Counts (arbitrary units)

28 26 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

» Complete removal of oxide achieved.

» Passivation effective for 6 hours
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Organic Removal

0.5 I I I I I | | I I
9 2 r C s 2
E 04 . % WMNM
o)
< fo 5 i 300°C 15hrs
S 03¢ . E 250°C 12hrs,
m N
‘.E -.g WWMWWMW%
8 02h | 5
c 0\0  83 200°C 6hrs
8 i o c
c 0 1 8 WWWWWWWMVMMWMWm
S 01} B 5
-(8\5 2 MMMWMW%%M

w

o

00 | N 1 \ | 8 1 . L 1 1 | ) | 1 1 ) | 1

0 50 100 150 200 290 288 286 284 282 280 278
UV-O, Treatment Time (mins) Binding Energy (eV)

» UV-0O3 decrease the carbon contamination level

» Thermal treatment decreases the carbon level but prolonged treatment at
high temperatures redeposit carbon.
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4. Metal Removal
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Wafer Surface Analysis (WSA) Method

) 3X Wafer Scan
Intentional ) :
Contamination

Droplet
Metal
2 2 4 V
= —

( —_— » [o=R VIS
) Measurement

» |CP-MS : Inductively Coupled Plasma Mass Spectroscopy
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Metal Removal Efficiency (MRE)

120 F , . = 120 F ; , .
- : /O/ /A/A i : 1
| A /D ] A

_ 100} | 1 100 | : | 5 a8
3 : o | - ;\; - D/ : O/O VAN

g sof HF HCI HBr | 3 8o} HF HCl HBr -
-q_') ------- .... : | m | :

e —53rd 2 |

om0y o 1 E 60} | _
- : 2nd: . LI |

SN | S :

g 40 b ! i © 40} ! i
[0 K DlSt ! GE.) |

x R ! g - |

3 20r | 1 & 20t i i

Metal Recovered by WSA Method
Initial Contamination on Wafer

Metal Removal Efficiency = X 100

» MRE - “Effectiveness of Clean”

» Fe, Al, Ni, Ti, Co, Cr, Cu show >80% MRE for HF,HCI| and HBr
except Cu with HF solution.
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Proposed Ge Cleaning Solution

: :I\V UV-O, Treatment
[ Organic Removal } [Minimal Exposure to Environment}

[ Surface Roughness } ) [ DI-O, Treatment }

.

Metal Removal :
[Native Oxide Removal} j> [Cycllc Concentrated HCI & HBr}

[ Passivation } j> [ Concentrated HBr }
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5. Environmental Considerations
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ESH Benefits of Ge Cleaning Solution

Process Advantages
*UV-O, (Organics) O, breaks down naturally to O,
®DI-O, (Surface Roughness) (non-toxic by-product)

Room temp process: does not require heat
eCyclic HCI (Metal) as in SC-2 (65~85°C) for Si.

(energy conservation)

» Water-soluble GeO, allows the use of DI water instead of HF as
oxide etchant. HF usage can be eliminated.
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6. Conclusions
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Conclusions

. Ge has abnormally high etch rates in room temp. SC-1 &

SC-2.

. Surface roughness is improved with DI-O,.

. Native oxide is efficiently removed with conc. HCI| & HBr.
. Ge Is passivated efficiently by HBr.

. Metals are removed efficiently by HCI & HBr.

. Proposed Ge clean process uses O, chemistry and room

temp processes.
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Future Work

> Further work with DI-O4 and DI-O4/Acid mixtures on
contamination removal of Ge surfaces.

» Establish correlation of contaminants on electrical
properties of Ge surfaces.

> ab-initio modeling of oxidation of halide-passivated surface.
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Environmentally -Friendly Cleaning of New
Materials and Structures for Future Micro - and
Nano-Electronics Manufacturing

Task ID : 425.022

Srini Raghavan (PI)
Graduate Student
Nandini Venkataraman

Department of Materials Science & Engineering,

The University of Arizona
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Project Objectives

O Identify and evaluate novel chemistries suitable fo r
BEOL cleaning that selectively remove copper oxide
residues without corroding copper

L Examine the feasibility of using Electrochemical
Impedance Spectroscopy (EIS) as a technique to
determine the end point of copper oxide removal and
detect the transition from copper oxide to copper

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




BEOL cleaning of Cu/low k structures

d Involves removal of post etch residues including ¢ opper
oxide residues from the sidewalls and bottom of the copper
lines

1 Formulations required to exhibit high selectivity b etween
copper oxide and underlying copper lines and should not
alter the low k dielectric material

 Semi-aqueous fluoride (SAF) and some all-aqueous
chemical systems (based on ammonium phosphate and
organic acids) have been reported in literature

 Mechanism of action largely unknown due to propriet ary
nature of formulations
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Preparation of Samples by Controlled oxidation of ¢ opper

E vs SCEI(V)

Thickness (nm)
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Time(s)
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1200

1030

1000

800

600

600

415

400
195

200

350

0 .
2 5 10

Duration of Oxidation (min)

15

20

30

O Electroplated copper (~ 0.65 pm) oxidized
at 300°C in high purity air ambient

O Thickness of copper oxide estimated
using electrochemical reduction technique
and calculated using Faraday’s law

O Three electrode setup with SCE as
reference electrode and Pt counter electrode

Applied current density: 0.75 mA/cm 2
Electrolyte: 0.1 M NaHCO 4

O Copper oxide reduces at two potentials

= -0.6 V vs SCE corresponding to
reduction of copper (Il) oxide (CuO)

» -0.8 V vs SCE corresponding to
reduction of copper (I) oxide (Cu ,0)

d 55 nm copper oxide (mostly Cu ,0) formed
by oxidation for 5 minutes used for all
further experiments.
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Investigation of SAF formulations

200
/>
150

- / -
/ //

——

0 0.5

al
o

Removal Rate (A/min)

1 1.5 2
% HF

—e— 49% DMSO(pH 4.2)
—=— 599 DMSO(pH 4.5)
—st— 69% DMSO(pH 4.8)

ol
(@)
-

N
o

T

2>
S 30 .
§ 2 /’4
& 10
0 ‘ : ‘
0 0.5 1 15 2

% HF

—e— 49% DM SO (pH 4.2) —8— 59% DM SO (pH 4.5)
—A— 69% DM SO (pH 4.8)

= Immersion tests in formulations containing
Dimethyl Sulfoxide (DMSO), HF and H ,0O

» Immersed area: 4 cm 2

= Duration of Immersion ; 3 minutes

= Solution analyzed for copper by Atomic
Absorption Spectroscopy and removal rate
calculated

=Selectivity = Removal rate of copper oxide
Etch rate of copper

» Removal rate of copper oxide and selectivity
Increase when

= 06 HF increases

= 0% DMSO decreases

= 49% DMSO, 2% HF, 49% H,O (pH 4.2) shows
= Highest Cleaning Rate ~ 170 A/min
= Highest Selectivity ~ 42:1
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All aqueous (NH ,),HPO, formulations

160

=3
§ 120
o
g 80 /
= ::
= 40 ~
=
(O]
m O T T
4 5 6 7 8
pH
—e— 5% (NH4)2HPO4  —m— 10% (NH4)2HPO4
—a— 15% (NH4)2HPO4
12
10
2 84
>
85 6
()
° 4
)
2
0 T T T
4 5 6 7 8

pH

—o— 5% (NH4)2HPO4 —=— 10% (NH4)2HPO4
—— 15% (NH4)2HPO4

» Removal rate of copper oxide and
selectivity increases when

= (NH,),HPO, concentration is
increased

= pH is alkaline (pH 8)

= Highest removal rate ~ 115 A/min

in formulation containing 15%
(NH,),HPO, at pH 8, (with selectivity of
8:1)

= Highest selectivity ~ 10:1 obtained in
formulation containing 5% (NH ,),HPO,
at pH 8, (with removal rate of 80 A/min)
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Combination of (NH ,),HPO, and Citric Acid

Removal Rate (A/min)

Selectivity

=
o o1 o Ol
|

o]
o

oSS
20 \\J

0 2 4 pH 6 8

—— 5% (NH4)2HPO4 + 0.1 M CA
—8— 10% (NH4)2HPO4 + 0.1 M CA
—a— 15% (NH4)2HPO4 + 0.1 M CA

N
o

10

o
N
S
D
0]

10

—e—5% (NH4)2HPO4 + 0.1 M CA
—=—10% (NH4)2HPO4 + 0.1 M CA
—a— 15% (NH4)2HPO4 + 0.1 M CA

= Increasing (NH ,),HPO, concentration
increases removal rate of copper oxide
and selectivity

= Higher removal rates at acidic pH
(PH 2)

» Formulation containing 15%
(NH,),HPO, and 0.1 M Citric Acid (pH 2)

= Highest removal rate ~ 60 A/min

» Highest selectivity ~15:1
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Electrochemical Impedance Spectroscopy Investigatio

500
400 | /////
300 ////

200

100 +

0 100 200 300 400 500

Rs CPE
LY

—NA ?7
Rp
— 1
ZCPE — [T*(ia))P] O S P S 1

WhenP =1, Z e = Z¢

—t=2min
——t=5min
—t=8min
—t=12min
——t=15min

= Sample : 55 nm copper oxide with 2
cm? area

» Three electrode setup : Pt wire
reference electrode, Pt counter
electrode

= Electrolyte : 49% DMSO, 1% HF, 50%
H,O (pH 4.2)

= Amplitude of AC signal : 5 mV

» Frequency range used : 10 ®Hz to 0.1
Hz

» Impedance spectra measured as a
function of time

= Simple equivalent circuit consists of
solution resistance (Rs), in series
with a parallel combination of
interfacial resistance (Rp) and a
Constant Phase Element (CPE)
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Time evolution of equivalent circuit parameters

CPE-T

2000

1500

S 1000

500

5.00E-04

4.00E-04

3.00E-04

2.00E-04

1.00E-04

0.00E+00

5 10 15 20

Time (min)

= ComponentR

= decrease with time corresponds to
reduction in copper oxide thickness

" minimum corresponds to complete
dissolution of copper oxide

= slight increase corresponds to
corrosion of copper.

= Component CPE-T

= Analogous to capacitance,
inversely proportional to thickness

= increases with time — decrease in
copper oxide thickness

* reaches maximum, corresponds to
complete removal of copper oxide
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Effect of BTA on evolution of EIS spectra

—t=2mn

—t=5min

—t=8min
—t=12mn

—t=15min

A\ N

0 1000 1500 2000 2500
Zl

= Sample : 55 nm copper oxide
with 2 cm 2 area

= Electrolyte : 49% DMSO, 1% HF,
50% H,O + 0.001 M BTA (pH 4.2)

= Amplitude of AC signal : 5 mV

» Frequency range used : 10 ° Hz
to 0.1 Hz

» Impedance spectra measured as
a function of time and the data fit
to the proposed equivalent circuit
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Effect of BTA on equivalent circuit parameters

2500 = Component R 0
2000 = Addition of BTA results in overall
1500 \ Increase in magnitude of R 0
* 1000 \ / = Indicates greater resistance to
500 | \/ charge transfer at the interface due
; to adsorption of BTA on the surface
0 > 10 1 20 = Component CPE-T

Time (min)

» Decrease in magnitude of CPE-T
1.60E-04

upon addition of BTA

1205041 /\ = CPE-T analogous to capacitance.
5 800E0S Adsorption of BTA increases the
O / capacitance component.

4.00E-05 /

0.00E+00

0 5 10 15 20
Time (min)
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Conclusions

0 DMSO based semi aqueous fluoride chemistry (SAF) an  d all-
aqueous chemistries based on ammonium hydrogen phos phate
((NH,),HPO,) and citric acid have been investigated for clean  ing
copper oxide residues.

O Electrochemical Impedance Spectroscopy has been dem onstrated
as a technigue to determine the end point of remova | of copper oxide
and detect the transition from copper oxide to copp er on the surface .

Future Directions

Q Determine the applicability of the EIS technique to evaluate cleaning
performance of these formulations in patterned test structures with
high aspect ratio features

O Work with Prof. Shadman’s group in using the techni gue to follow
rinsing of structures after cleaning
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Environmentally -Friendly Cleaning of New
Materials and Structures for Future Micro - and
Nano-Electronics Manufacturing

Drying of Thin Porous Low-k Films

SRC 425.022

Asad Igbal, Junpin Yao, Harpreet Juneja, Farhang Shadnan
Chemical and Environmental Engineering

University of Arizona
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Background

» Moisture can deteriorate thek value, create adhesion problems, and
cause reliability issues.

Objectives

» Determine the fundamentals of moisture interactiongnd outgassing in
both uniform and non-uniform porous low-k films:
— loading
— molecular transport
— chemical interactions
— removal

* Develop experimental and process modeling technigsid¢or
minimizing the chemical and energy usage during céing and
purging of low-k films.
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Experimental Setup

Gas Purifiers Zero gas line
\J
N
MECL MFC 2
D ; ;
_ APIMS CRDS EIMS
. < Sample gas line B
N, Main Sample gas line A ‘
Supply Purified nitrogen to direct injection syst(;\
Temperature - Direct Injection System
Controller | Reactor
MFC 6

» Atmospheric Pressure lonization
Mass Spectrometer (APIMS)

_ 4 UHP N, Main ) .
Moisture -~ Supply » Cavity Ring Down Spectroscope
Permeation (CRDS)
Device
MFEC 4 » Electron Impact Mass

Spectrometer (EIMS)

e Fourier Transform Infrared
Gas Purifiers Spectrometer (FTIR)
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Outlet Gas Concentration

Experimental Procedure

260
i e |
I— Adsorption Desorption 8_ adsorption desorption bake
and bake _, .. £ 250 > >e—> > >
O 30°C 300C [100C |200C |30CC
S 200 -
© Purge
O]
= 150 - |
o
O |
= 100
L 50- LLK.
>
O O \ \ \ \
Time 0 40 80 120 160
Time (hr)

Experimental procedure

Adsorption at 30°C; then Temporal profile

desorption at 30°C; followed Exposure to 110 ppb moisture; followed by

by bake-out at 100, 200 & temper ature-programmed desorption

300°C
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Adsorption Loading

(10* molecules/cr)

3.50

Moisture Loading and Retention

Comparison

Challenge Concentration: 56 ppb

3.00 -
2.50 -
2.00 -
1.50 A
1.00 A
0.50 A

0.00 -

50

Moisture Removed (%)

40 A

30 A

20 A

10 A

100 nm
300 nm
100 nm
Sio, p-MSQ BDII
Purge Time: 10 hr
Sio, p-MSQ BDII
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Moisture Transport Pathways
In Porous Low-k Film

Gas flow Desorption from
] matrix

Substrate

Porous lowk film
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Process Model for NorUniform Films

Transport of moisture in matrix:

_ L

 Substrate

Transport of moisture in pore:
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Validation of Model

p-MSQ (JSR LKD 5109); Challenge Concentration: 56 pp;
Purge Gas Purity: 1 ppb; Purge Gas Flow Rate: 318sm;
Film Thickness: 4000 A

60

Two smooth lines are model
predictions

Outlet Gas Moisture
Concentration (ppb)

0 5 10 15 20
Time (hr)
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Effect of Temperature on Moisture Removal

p-MSQ (partial etch, N,H, ash); Challenge Concentration: 1500 ppm;
Film Thickness: 1000 A; Purge Gas Flow Rate: 350 sax
Purge Gas Purity: 1 ppb

Moisture Removed (%)

O | |
0 ) 10 15
Time (hr)
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Dependence of Moisture Removal
on Purge Purity

p-MSQ (LKD 5109); Challenge Concentration: 500 ppb;Temperature: 250°C,;
Film Thickness: 4000 A; Purge Gas Flow Rate: 600 set

100}
S on-
= 90
@
.CEG Purge Gas Purity (ppb)
© 871 0 S<go----E
o
v 100
402) 10
5 70 1
=

60 ) ) ) ) )

0 2 4 6 8 10 12
Time (hr)
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Effect of Capping on Moisture Uptake/Remaoval

Moisture Concentration

(x103 mol/cm3)

Temperature: 25°C; Challenge Concentration: 1500 ppm; Lowk Film
Thickness: 100 nm; Cap Layer Thickness: 10 nm;

Ds (lowk)=Ds (cap)=7e-13 cais; Solubility (low-k) = 350,000; Solubility (cap) = 60 cifgas)/ cni(solid);

6 6 ¢
Uncapped | -%
Low-k . 5

Abe— Adsorption], § 5

2t Capped Low-k 12 % X

.é

O 1 1 1 1 1 0

0 1 2 3 4 5 6
Time (hr) 6

Desorption

IS

Uncapped

N

Moisture Concentration
(X102 mol/cm3)

o

Time (hr)
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ESH Gain in Optimizing the Purge Process

Challenge Conditions: 500 ppb moisture at 3@ for 1 hr. Purge for 80% moisture removal

8.00
20 ppb
+ 3s00c
6.00 -1 1000 sccm
L ———+—> hr
@ 350°C
E 1000 sccm \$
E 400 n —+—+—+—phr ?‘
: N
© 200+ 150 350°C
1500 350 sccm
350 sccm —t———> r
» hr
0.00 - . .
1.50 2.50 3.50 4.50 5.50

Time (hr)
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Conclusions

* Moisture removal is a slow and highly activated proess.

» Porous lowk films has a higher uptake capacity as compared to
SiO,.

* There is an optimum extent of heating for enhancinghe
desorption.

* Purge gas purity primarily help the late stages obutgassing.

» Cap layer with low moisture solubility prevents mosture intrusion,
but does not affect moisture removal.

» A process model is developed for data analysis apdirge
optimization. This model can be used to minimizéhe chemical
and energy consumption, reduce the purge time, andcrease the
throughput.
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Low-Water and Low-Energy

Rinsing and Drying of Patterned
Wafers and Nanostructures
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Hsi-An Kwong, Tom Roche, Jack Shively
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Rinsing of Patterned Wafers

Convection ‘
- Water

c
ie) c
2 3
= o
8 =
v, 9
(@) go]

Diffusion

Chemical

Over-Flow Rinse Process

—

‘ Convection

ption

ption

‘Convection

Convection/
Diffusion

Desor
e
Desor
\

 Fundamentals of rinsing patterned wafers are poorlyunderstood

» Key to low-water rinse is on-line metrology; techntogy not available
presently
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Objective and Method of Approach

Obijective:

® Develop technology for reducing water, energy, and
chemicals used during cleaning of patterned wafers,
without sacrificing the cleaning performance

Method of Approach:

® Develop a novel sensor for in-situ and real-time
measurement of residual contamination in microstrutures
during wafer cleaning, rinsing, and drying

® Develop new cleaning methods, using sensor
measurements and process modeling
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Novel Electro-Chemical Residue Sensor (ECRS)

Side View of Trench
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Experimental Configurations

Contaminant

Dummy wafer
concentration

‘©/Eddies
Sensor

» Multi-wafer configuration

* Slow laminar flow between wafers
* Poor mixing

i ©/ Eddies
/@/Sensor
A

» Single-wafer configuration

* High convective and turbulent flow
» Good mixing

Depth
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Sensor Performance and Capabilities

625

HgsoiRinsinq

Resistivity i)ro be readings
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Single -wafer experiment
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Effect of Temperature

g 350
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Comprehensive Simulation of Rinse Process

Transport equation for H*, OH-, NH,* and SO;2:

aC.
ot | |

Surface adsorption and desorption:
oC

% =Ka2Co(Spp =Csp) ~Ky2Cso
Poisson equation:
qu) ) _S Convection ' Convection/
where charge density: | Diffusion
0= F,z z Ci Desorption /
Ohm’s law:
J =0¢E OE=0

where electrical conductivity:
o =Y A1.C.
i | | 8
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NH," Rinse out of 20nm Trench

Time=2551  Sorfece: Conoeniration, cF

wan”T M 3221022

9
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Cleaning time (sec)

Effect of Feature Size on Cleaning

Rinsing NH,*
2400 - Time for 99.99% Cleanup
2200+ Aspect Ratio = 10

1800

1000 T T T T T .
0 200 400 600 800 1000 1200
Trench width (nm)
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Rinse Optimization Using ECRS

0.09 % HCI. Flow rate: 19.2 gpm, 9'42 & HZSO“’_ .
Chemical exposure: 4 min Chemical exposure: 4 min
g 350 g 35( Flow rate: 19.2 gpm
o 300 a |
(&] O
S 250 | -.,O‘Mp\"‘w"‘m 8
2 200 *4.: 8
E o E
= 150 :! : | -
2 100 T purge regime § 100%"7 purge regime
-} E
S J—h ‘/ > =) > Fy J e >
© : x % © ‘ - —
= s O
0 100 200 300 400 500 0 100 200 300 400 500 600
Time (sec) Time (sec)

e Transitions from purge regime to desorption regime

o Strategy: Optimum change in flow rate and temperatre,
based on the transition, detected by ECRS
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Material/lEnergy Use Reduction during Drying

Surface drying

Axial and radial
drying

Desorption
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Summary and Conclusions

Improved the ECSR design for better S/N and directool
Integration

Developed and verified a comprehensive process made
the model is applicable to rinsing and cleaning dine
structures on patterned wafers.

Used ECRS measurements and process modeling to
develop rinse processes that require significantlfess
water and energy.

Have been working with Freescale team towards
developing a new rinse recipe based on staged floate.
Based on preliminary tests, concluded that water s
reduction of 40% (cold rinse) and 50% (hot rinse)s
achievable.
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Future Plans and Technology Transfer

® Investigate the application of ECRS technology for
other applications (drying and post-etch cleaningfo
sidewalls)

® Continue joint work with Sematech and the Freescale
task force to validate and implement the project
results.

® Commercialize the ECRS through joint work with
Environmental Metrology Corp.

® Continue collaboration and technology transfer that
has been initiated with other members (e.g. Samsuhg
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PFOS - Difficult for Treatment

Aerobic biotreatment: Ineffective

Sinclair & Kannan, EST, in press

Advanced oxidation treatment: Ineffective

0,,05/UV,05/H,0,, H,0,/Fe?* (Fenton’s reagent)
Schroeder & Meester, J. Chromatog.A, 2005, 1082:110

Activated carbon: Moderate effectiveness
(Sierra et al. unpublished report, 2006)

Membrane processes: Effective, but expensive
Tang et al. EST, 2006, 40:7343 Disposal of concentrate!!
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Objectives

Investigate the feasibility of novel reductive dehalogenation
pretreatment methods to facilitate the removal of PFOS in

semiconductor wastewaters

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing




Reductive Dehalogenation

R-F + 2¢e¢ + 2Ht*—> R-H + HF

Reductive dehalogenation is the
main means of degradation of
highly halogenated organics.
Eg. PCE, PCBs, PBDEs.

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing 5




Mechanism of Reductive Dehalogenation

Oxidized Oxidized
form Cobalamin I form
PFOS, CgF,,SO;H Ti(IV)

Pollutant Mediator Electron donor
Reduced Cobalamin II Reduced
form form
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EHS Benefits

® Reductive dehalogenation of perfluorinated PFOS-containing effluent
compounds is expected to lead to products
amenable to biodegradation, which can be 1

removed effectively in existing biological treatment
infrastructure (eg. municipal wastewater treatment
plants).

Reductive dehalogenation

|

® Compound mineralization is advantageous )
POTW: Conventional

over alternative techniques (e.g. adsorption,
membrane processes, ion exchange) which Aerobic treatment
generate residuals and brines. 1

PFOS/PFAS-free effluent

SRC/Sematech Engineering Research Center for Emaiatally Benign Semiconductor Manufacturing 7




Reductive Dehalogenation of PFOS by
Vitamin B,, and Ti(III)-citrate

14

Time course of fluoride release in 12 f
control samples ) and treatment 0
samples ¢).

Biomimetic reductive dehalogenation of
PFOS isomes with vitamin B12 (260 uM)
and Ti(lll) citrate (36 mM) in control
samples (PFOS + Ti(lll) citrate) and ol
treatment samples (PFOS + Ti(lll) citrate
+ Vitamin B,,). Samples were incubated at
70°C and pH 9.0. 0

Fluoride (mg/l)

Time (days)
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Reductive Dehalogenation of PFOS by
Vitamin B,, and Ti(III)-citrate

Reductive dehalogenation of PFOS did not occur in assays with

cobalt(Il) in lieu of vitamin B,

Rate of PFOS degradation increased considerable with increasing temperature.

Increase of the reaction pH from 7.5 to 9.0 also had a positive impact on

the rate of PFOS defluorination, although less marked compared to the results
obtained at high temperature.

Vitamin B,, concentration affects rates.
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Reductive Dehalogenation of PFOS

21
18
15
= 12 1

I

mg/l)

F release

37 j
0,_—_-_I I

30°C s0°C 70°C

B Day 0 @Day 7

Black bars = Controls with PFOS + Ti(lll);
Grays bars = Complete treatments with PFOS + Ti(HIvitamin B12.
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Reductive Dehalogenation of PFOS

3.0

2.0
1.5

0.5

Fluoride release (mg/l)

0.0
6.4 7.3 8.4 8.9

Medium pH

Gray bars = Controls with PFOS + Ti(lll);
Black bars = Complete treatments with PFOS + Tj(Hlvitamin B12.
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PFOS Isomers:

% Technical PFOS contains 20-30% (w/w) branched isomers.

+ Branched PFOS isomers more susceptible to reductive dehalogenation
compared to the linear PFOS isomer.

6-CF,-PFOS 5-CF,-PFOS

Linear isomer

Branched isomers

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing 12




Biomimetic Reductive Dehalogenation of
Branched PFOS Isomers

PFOS isomers (mg/l)

Time (days)

(*) Treatment samples : (PFOS + Ti(lll)-citrate + Vitamin B,,)
(o) Control (PFOS + Ti(lll)-citrate)
Samples were incubated at 70°C and pH 9.0

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing

13



Conclusions

PFOS is susceptible to biomimetic reductive dehalogenation by
Ti(III) citrate/vitamin B,,.

Important implications: partially defluorinated PFOS derivatives,
comparable to the products expected from reductive defluorination, are
susceptible to biodegradation by aerobic bacteria.

These findings suggest that microbial reductive defluorination
of PFOS might be possible.

The observation that branched PFOS isomers are more susceptible to attack
than linear PFOS provide clues for the design of perfluorinated chemicals
more prone to degradation in the environment.

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing
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Industrial Collaboration/ Technology Transfer

Industrial Liaisons:

Walter Worth - Sematech
Tim Yeakley — TI

Disclosures:

UA07-037 (active) - Biomimetic degradation of perfluorinated and

highly-fluorinated organic compounds. R. Sierra

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing

15



Future Plans

Obtain sediments from PFOS-impacted sediments for testing reductive
defluorination by microorganisms

Characterization of organic intermediates from biomimetic dehalogenation of PFOS.

Study the mechanisms of biomimetic dehalogenation.

Investigate the microbial degradation of partially defluorinated organics.

SRC/Sematech Engineering Research Center for Ema&atally Benign Semiconductor Manufacturing
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Destruction of Perfluoroalkyl Surfactants
(PFAS) in Semiconductor Process Waters
using Boron Doped Diamond Film Electrodes

Task # 425.018 / Thrust C

James Farrell, Kimberly Carter,Valeria Ochoa, Reyes Sierra
Department of Chemical and Environmental Engineering
The University of Arizona
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Research Objectives

 Determine the feasibility of electrochemical destruction of
PFAS In dilute agueous waste streams.

e Determine the degree of electrolysis required to generate
products that are readily biodegraded in municipal
wastewater treatment plants.

e Develop an adsorptive method using hydrophobic
zeolites or anion exchange resins for concentrating PFAS
compounds from dilute agueous solutions.

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing



ESH Impact / ESH Metrics

PFAS are used in photoresist developers and antireflective coatings.
Most PFAS waste is contained in organic solvents and destroyed by incineration.
There is a need to treat dilute aqueous streams containing PFAS.

lon exchange, carbon adsorption, UV/peroxide, sonolysis & biodegradation
treatments are impractical or ineffective.

An effective method for removing PFAS from aqueous waste streams is needed in
order to secure a limited use exemption from the U.S. Environmental Protection

Agency.

Goal/Possibilities Energy PFCs
Remove PFAS from | Elimination of costly | 99% removal from
aqueous waste reverse 0sSmosis disposed
streams treatments wastewaters

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing



Boron-Doped Diamond Film (BDD) Electrodes

Diamond film grown on p-silicon substrate using CVD
Boron doping provides electrical conductivity

Highly stable under anodic polarization

No catalyst to foul or leach from electrode

Emerging technology being adopted for water disinfection

Scanning electron micrograph of BDD
electrode. The individual diamond
crystals are ~0.5 um in size.
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Proposed Treatment Scheme

1. Online adsorption

concentration

% Adsorbent bed

%

2. off-line thermal
desorption

Multi-step treatment scheme:

1.

2.

3. electrolysis with

recirculation

anode camber

Z

cathode chamber

2

4. Disposal to sewer
system

Concentrate PFAS from dilute aqueous solutions on an adsorbent.

Thermally desorb PFAS into a concentrated solution.

Recirculate concentrated PFAS solution through a BDD electrode reactor for

electrolytic destruction.

Dispose of biodegradable electrolysis products to the sanitary sewer system.
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Experimental Systems

Rotating disk electrode (RDE) in batch reactor.

* N0 mass transfer limitations —
* electrode surface area = 1 cm? L e
* solution volume = 350 mL Parallel plate flow-cell.

e a, = 0.00286 cm?/mL o
* rates similar to real treatment process

» electrode surface area = 25 cm?
e solution volume = 15 mL
*a,=1.67 cm?/mL

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing



Experimental Results

40

d[PF O3]

= —kprog [PFOS]

+ 20

TOC Concentration (v

+ 10

PFOS Concentration (v

0

0] 10 26 3‘0 4‘0 50 60
PFOS and total organic carbon concentration (TOC) in
flow-cell operated at a current density of 15 mA/cm?.

« PFOS can be rapidly removed from water

e Reaction rates are first order in concentration
e Treatment half-life of less than 10 minutes

e No build-up of reaction products
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PFOS Conc. (m

F per PFOS Degrac

Reaction Products

o4l Fluoride s |, oo SO~ o4
| _ |
0.2 1 T 2% g 0.2 1 0.2
0.1+ PFOS lE 0.1 PFOS 0.1
. 0 10_|_ime (hr)15 20 25 ' 0 ‘5 l‘oTime (hr)15 2‘0 : 25 '
- Only trace quantities of:

: 1. Perfluorooctanoic acid

: 2. Perfluoroheptanoic acid
“ 3. Perfluorohexanoic acid

2

.5

T T
5 10 15

Current Density (mA/cm 2?)
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Proposed Reaction Sequence
PFOS PFOA
C.,F.SOH +3H,0 - C.F.COH+SO; +4H" +2F +2H,
CF.COH+2H,0 ~ C,F,CO,H+ CO,+2H +2F +H,
C.F,COH
C,FCQC,H
C,FCOH
Pentafluoropropionic acid C,FCQO,H volatile species
Trifluoroacetic acid ~ CF,CQO,H volatile species

* Fluoride mass balance of 11 F-released per PFOS degraded suggests that
volatile species are lost from solution.

* No observation of intermediate products suggests near complete degradation
in a single interaction with the electrode surface.
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Effect of Current Density on Reaction Rates

1.2 0.05 mM
= 101 PFOS solution
1.0 ~ <
e <
~ blank
= 08 - > solution
= ‘o blank
E g solution ] ]
s %] O s cathodic reaction anodic reaction
j’ 04 - g N H, evolution O, evolution
£ ,
0.2 - o .
0.0 \ : : ‘ -20 : : ; ; ‘ ‘ ‘
0 5 10 15 20 -3.50 -2.50 -1.50 -0.50 0.50 1.50 2.50 3.50
Current Density (mA/cm?) Potential/SHE (Volts)
The effect of current density onthe | jnear sweep voltammograms from RDE
RDE surface area normalized rateé  j, pjank electrolyte and PFOS solutions.

constants (k.,) for PFOS oxidation.

* Oxygen gas bubbles at high current densities reduce the wetted surface
area of the electrode and interfere with PFOS oxidation.

* Maximum practical reaction rates are limited by the competing reaction of
oxygen evolution.
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Treatment Costs

1.20 - + 0.12
S 1.00 - 0.10
-
o
; 0.80 - + 0.08 S
B
é N
0.60 - + 0.06
> I
o o
-
@ 0.40 - +0.04 QO
c
L
0.20 - + 0.02
0.00 ‘ ‘ ‘ ‘ 0.00
0 100 200 300 400 500

Influent Concentration (mg/L)

Electrical power requirements and costs required to reach a final PFOS
concentration of 1 mg/L (2.5 pM) as a function of the influent concentration.
Costs based on flow-cell operated at a current density of 20 mA/cm?.

* Electrical power costs are small compared to other treatment methods.

 Capital costs for a 10 liter per minute flow-cell are ~$5000.
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Conclusions

1. Developed analytical methods for measuring PFAS compounds.
2. Demonstrated that PFOS can be rapidly oxidized at BDD electrodes.

3. Determined the products of PFOS oxidation.

Future Plans

1. Determine the optimal operating conditions for oxidation of other
PFAS compounds.

2. Determine the most effective adsorbents for PFAS concentration.
3. Determine the biodegradability of PFAS oxidation products

4 Pilot test treatment scheme on real process wastewaters.
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Novel Materials and Device Structures
for
High Mobility MOSFETs and Interconnects
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Outline

Need for high mobility channel
Ge PMOS

Is high mobility the only criterion for high
performance?

NMOS Ge or lll-V ?
Future interconnect technologies
Summary
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Scaling of Si Bulk MOSFET

Source: Intel

DNA is 15 nm wide
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= Although devices can be scaled but performance is not improved
= | eakage keeps increasing
= Need new device structures for better electrostatic control
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Non Planar MOSFETs

Vertical FET Double Gate FInFET Tri Gate FET

Bate Channel

- x-S‘ib— )
Channel
Stanford UC Berkeley Intel

= New device structures for better electrostatic control = low leakage
= On current still a problem

A ‘
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Mobility Enhancements in Strained-Si MOSFETs

NMOS

Gibbons, A
Stanford, 1994 .;..' X PMOS
Strained Si - | Intel 2003
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Si, _Ge, 7€ si,_Ge,

p-type MOSFET .+

Uniaxial Strain

® Measured, J. Welser, et al.,

- Universal Hole
IEDM 1994 - Mobility )" AN\

r Rimetal.

Mobility / cm / (V*Sec)

Calculated for strained Si
MOS inversion layer
S. Takagi, et al., J. Appl. Phys. 80, 1996.
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Substrate Ge fraction, x Em / (MVIcm)
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o

Mobility enhancement good for just 1 or 2 generations
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High Mobility Channel Impact On Device
Performance

I, =qNg, ...V X

Source ” inj

—— Back scattered (r)

Low m* — High v,

—> Lowr

transport

Vi @ low field mobility

After Natori, Lundstrom

Increasing u brings us closer to the ballistic limit
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Motivating Focus for High-y Channel

Historical CMOS Performance vs. Scaling: The 1/L; “law”

Courtesy: D. Antoniadis (MIT)

Carrier velocity increase is
paramount for performance scaling
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Gate Length (nm)
But, carrier velocity increase has saturated
with scaling...
MOSFET delay has continued to decrease by use of Si
strain to boost velocity... o o
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strain-based Si band engmeermg Channel Length (nm)

~~~~~
O Electrons @) -Q~
O Holes

M
—
=
o
'
>
=
o
o
o
>
c
o
-~
5
S
2
=

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Picking the Right High-u Material

Material = Si Ge GaAs InAs InSb
Property |

Electron mobility 9200 Z10[010]0) 77000

Hole mobility 400 500 850

Bandgap (eV) : : 1.424 0.36 0.17

Dielectric : 12.4 14.8 17.7
constant

Questions we must answer

= Does the high p translate into a high |5y and high switching frequency?
= What is the minimum obtainable |57

» What are the parasitic R and C of transistor with high y materials?

» |s the transistor with high p scalable to nanoscale?

( SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




High Mobility PMOSFETs with High-k Gate

Dielectric on Bulk Ge

TEM + CV = EOT ~5-7 A

T Leakage Mobility
2 3f T T T T T T ? 400 T T T T
L 107 n SN, - —e— 25 ym Ge hi-x pFET |
‘2 : . 3\ HfO, (noIL) o HFO 3(with IL) NZ —A— 30 um Ge hi-k pFET
RIS . Hfo; (nolL) g 300+ —=a— 100 pum Ge hi-k pFET -
S S \'\_’ ® ZrO,(nolL) ‘;
______ @) 0-3 : \\ O\-\ AI203 E 200 | ...\ |
& e Ta W _eoNi 8 | SiUnvesa  A—allwa,
2 ool TN « um = Mooty s
> ;Zr0, (no IL) \.<>° S L 2 100} M |
- Y SHIO, (with 1L} 5 Si hi-x pFET
M 107 1 ' 3 4 5 £ s
e i Equivalent Oxide Thickness (nm“)ﬁ %.2 0.3 04 0.5 0.6
Effective Field (MV/cm)

Passivation of Ge with GeO,N,, ZrO, and HfO,

High-k dielectrics reduce leakage by several orders of magnitude
Field isolation by GeO,N, + CVD SiO,
1st demo of Ge MOSFETs with metal gate and hi-x

Chui, Saraswat, et al., IEDM 02 & IEEE TED, July, 2006.
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High Mobility Materials

Effective mass vs. Bandgap Strain vs. Bandgap
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Si [001] stress

( Fischetti et al, JAP 1996 )

Smaller Effective Mass and Smaller Bandgap
-> Larger BTBT and Larger Off State Current.
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High Mobility Channel Impact On
Device Performance
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Quantization Effects at the Nanoscale

Thick Body DGFET

Oxi Channel xide

Tbody

Thin Body DGFET

Large Tunneling Barrier
Strong Quantization

/)

Tunnel Barrier] |g -
> Eg -

<+—>
Tbody

O Thin Body Increases Tunneling Barrier Height = Lower BTBT
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Performance — Biaxial Strain

ION

lon vs Strain

Compressive

—— Si on SiGe
—— Ge on SiGe

Tensile

-2

0
Strain

loff,min (A/um)

lorr

loff,min vs Strain

—— Si on SiGe
~— Ge on SiGe

Compressive

Tensile

Lg=16nm, T;,,4, = 5nm, T, =0.9nm, V;,=0.7V

Optimal Performance Tradeoff:
- Biaxial Compressively Strained (2-3%) Germanium

Krishnamohan et al.IEEE IEDM 06
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Strained-Ge Heterostructure SOl PMOS

TEM

> High |, . Gate ox_ide

UT-SOI sﬁi):strate :‘:A:A:.: :.:.::. -

[ St | Burled vxide

High E-field in wide bandgap Si
Low E-field in Ge
» Low leakage

Eg {} due to quantization in Ge thin film
> Low leakage
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Strained-Ge Heterostructure SOl PMOS

Mobility

——#1: SiGe -B-#1:SiGe on SOI
on SOI

80% Strained_SiGe _ s - #4:SiGe on Bulk
—/—#4: SiGe . ¥ ——#5:SiGe on Bulk

on Bulk —<#3:80I control
'+#5: SiGe

on Bulk ] X j ——#7:Bulk Si control

-X-#6: SiGe
on Bulk
——#2: SSDOI

control 80%bo Strained-SiGe
——#3: SOI 4 onSOI

control ] A HFET on SOI

——#7: Bulk Si
control

Mobility {(cm2/V/-s)

2E+12 4E+12 6E+12

4X improvement over Si due to:
v’ Strain in Ge

v" Reduced scattering due to
— Reduced E-field in Ge
— Channel away from the interface

Low BTBT leakage:

v' Eg {} due to quantization in Ge
thin film

v Reduced E-field in Ge

Krishnamohan, Krivokapic, Uchida, Nish and Saraswat, IEEE TED, May 2006,
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Ge/Si PMOS Ultimate Performance
Comparison

Structures

Monomaterial Heterostructure-FET

Wide E. (Low p)

Gate
Heterostructure DG MOSFET
(Center Channel)

High mobility DG MOSFET
(Surface Channel)

Materials:
Relexed Si (r-Si), Strained Si (s-Si),
Relaxed-Ge (r-Ge), Strained-Ge (s-Ge),
Strained-SiGe (s-SiGe)

Terminology (x,y) for channel material

Switching Frequency (THz)

X = Ge content in the channel material and

y = Ge content in an imaginary relaxed (r)
substrate to which the channel is strained (s

8 12 16

4

0

Power-Performance
L;=16nm, T4 = 5nm, V,,=0.7V

-(0.6,0) s-SiGe
*(1,0) s-Ge
(0,0.6) s-Si
(0,1) s-Si 'R
(1,1) r-Ge '\
(0,0) r-Si control "\

|

o>

(0.6,0) s-SiGGe
H-FET

‘_ 7

.

. s -
00.6)s-Sifhfha = = = " W

+(1,0) s-Ge
]

1) 1-Ge

IDFF, min (NM)

Saraswat, et al. IEEE IEDM, Dec. 2006,
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Ge NMOS Performance

 Low Ge n-MOS electron mobility
® Bestu, ~ 370
e I,y limited by high D,
® Asymmetric interface state density distribution

Chui, et al., IEEE TED. July, 2006. (Martens et al,, to be published)

» ]
— Foo23A0E oegk k!

L GerNy/p_Ge _(111) | — 78K

2

Capacitance [F/cm™

i
As-Deposited

o,
w

r Frequencies \
I 8k—1.6M

-
K
o
‘®
c
a
o

0.0 I I I I |
-1.0 -05 00 05 10 15
Gate Voltage [V]

Temperature [K]
vV 78

¢ > 208

\.~ After FGA 300°C c

Cc
'_.‘ 1 . 1 . 1 . Eli . 1 1 1 L 1 "_-
-03 -02 01 00 01 0.2 O. | ! |
Surface Potential (V) .

Valence band offset [V]

—
N

Interface State Density [1/eV/cm2]

Interface Tra

= Need improved dielectric stack achieve high mobilities
* Need atomic level modeling to understand interface states on Ge and llI-V
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High Mobility llI-V Channel NMOS?

LCELYY Strongly

quantized quantized Main question

p o\ » Will high mobility provide high performance?

V

AN Problems

IAEg * low density of states in the I'-valley - reduced

Thody L Qi ersion @Nd hence Iy

ody
* Quantization in thin films and high surface E-field

- Charge occupies high DOS L and X valleys with
heavy mass

Charge Quantization

X
* Materials like InAs and InSb, have a much smaller
band gap - high leakage

» High dielectric constant and hence inferior short-
channel effects
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Off Current: Band Engineering

Tyoay DEpendence (Vp,=0.9V)

P © tb=10nm
@ t=5nm
. tb=3nm

Si

GaAs

035 05 0.66 112 1.42
Bandgap (eV)

Thin body :
 Small bandgap materials - large BTBT
* Quantization > Eg { = small BTBT

It is possible to engineer a material with low |, but

Saraswat, et al. IEEE IEDM, Dec. 2006,
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NMOS Drive Currents (Ballistic)

Body Thickness Effect (V,,=0.9V)
30

T —e—Si

Tox=1nm,
L= 15nm,
lope = 0.1pA/pmM

a lgy for 1lI-V materials is similar to Ge at higher V ,
a For low T,,4, charge spills into L and X = low I,
O Innovative device structures needed to improve Iy,

Saraswat, et al. IEEE IEDM, Dec. 2006,
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“MOSFET”-like structures using IllI-V

High mobility,
High-k diglectric G g\l £o 11y Structure 1:

High-k dielectric as Insulator for a
G Surface Channel MOSFET

High E-field

Wide Eg llI-V High mobility, Surface Channels
, Sl 5 [ Structure 2:

Wide bandgap IlI-V as Insulator
G for a Surface Channel MOSFET

High E-field

High mobility,

_ ) Center Channel
Wide Eg llI-V Small Eg lll-V

Structure 3:
High-k dielectric as Insulator for
G G 3 Center Channel MOSFET

\

G High-k dielectric Zero E-field

Picking the right structure?
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60 nm In, ,Ga, ;As HEMTs

InAlAs insulator

InAlAs buffer

MAS 3.0kV 4.2mm x200k

J. A. del Alamo, MIT
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Performance of InGaAs HEMT

 |lI-V QW devices show very high
performance at low V. (0.5V).

e Compare favorably with 65 nm Si
CMOS Logic Suitability
% SiNMOSFETSs
Voo = 117159) « Low S/D leakage but Schottky
10" 10° gate leakage high
Gate Length, Lg [nm]

D. Kim, J. Alamo et al. (MIT), IEDM 2006
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Grand Challenge in llI-V MOSFETSs:
Compatibility of llI-V and High-K/Metal-gate Stack

AlInSb / High-K / metal-gate

2
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—0—f =5 Mz
 —4—f=1MHz
| —0—f =500 kHz
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-Fast Surface® &
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I I I | I V- [V] N l lll 1

-1.0 -0.5 0.0 0.5 1.0 -1, -0.5 0.0 05

GATE VOLTAGE [V] GATE VOLTAGE [V]
R. Chau , INFOS, Leuven 6/05

GATE LEAKAGE CURRENT [A/cm’]

o
[

High-K / metal-gate technology needed for IlI-V MOSFET
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Examples of Efforts to Passivate IlI-V

Image intensity, a.u.

Ga;0;(Gd,0;)

Oktyabrsky (Alban .
M. Hong (Tsinghua) Y y ( y)

B e i

HfO,

i InGaAs
- Rt

' .IHJJ:IJ?;{IHI . . w0
Kummel (UCSD) Mclntyre (Stanford) T. P. Ma -Yale
N. Goel (Intel)
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Ballistic Nanotube TranS|stors
MOS Transistor

Catalyst Support

L ~50 nm
Dai (Stanford)

Mclntyre (Stanford)
Gordon (Harvard) Vps =-0.1,-0.2,-0.3 V
Lundstrom (Purdue)

VGS (V) VGS (V)
Key Challenge: Low thermal budget controlled growth
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Transistor Scaling: Future Options

2013-2019

2 ‘\.:.. Prototype
A8 (Research) |

(Development) e

Uniaxial | . - ‘; \

Strain T/l e
High-k /

Metal Gate

\
\ C-nanotube
\ Prototype

4
(Research) Ge Device,
\ Prototype

Non-planar\ ~ . _ (Reseafch)
Tri-Gate Architecture
Option

Source: W. Tsai (Intel)

S v e S

SiGe S/D

- -

S
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Seemingly Useful Devices

() {o®] L)

pr————

M—

Single Electron
Transistors (SET)  Quantum Dot Resonant

Limited Current Drive Limited Fan-Out Tunneling Diode

Cryogenic operation Critical dimension control Challenging fabrication
and process integration

Spintronics Carbon
Need high spin injection Nanotubes

and long spin coherence time Limited thermal stability Controlled growth
New architectures needed
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Future Terascale Integration

Entertainment Ref: J. Bautista (Intel)

Learning & Travel

wu
b _ Personal Media
Creation and

Management

©
O
C
©
=
o
T
O
al

Multi-core

Single-core
Health

Kilobytes Megabytes Gigabytes Terabytes

*Tera-scale Applications:

Dataset Size Visual Media Indexing

Interconnects will have not only latency but also enormous bandwidth requirement
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Future Processor Requirements

» High-BW, low-power on-chip wires
> 100 Th/s

a » Clocking and Synchronization
\l R g 3 < 5ps jitter and skew

» High-BW, off-chip links
> 40 Tb/s, 80 Gb/s/link

> Heat Removal
Manage average > 200W, 64W/cm?2,
local ‘hot-spots’ 250 - 400 W/cm?

» Power Distribution
Manage ~ 300A current at 0.7V V44

» Optical/Electrical Packaging

»>3D heterogeneous integration of novel
devices and materials
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Interconnect Technologies for Future

WDM Detector

Metal nanowires _ spliter  array

" @ B B B B EH BN Tunable
—— Laser
" E m N N E B E N
—
" = § BN ]
.
= A 8 § m EHE
I ||
Modulator WDM

array combiner

CMOS chip
Optical interconnect
Lasers,modulators,detectors,
WDM components

N\~

M2 Plasmonic  Plasmon
antenna interconnect MSM detector

Nanotube
. e [ (SR | <
interconnect uu_“
Nanoscale photonics

@ ‘ and plasmonics
\ Mi Optical
icroprocessor Electncal Insulator  Electrical Interconnect signals -
; _-I 7 7T Ge-MSM Mﬂ E;f;f:;fs"

Metal bassivation] Metal >
P Dielectrics

Sio, SID s/iD <—_ 2nd active

) Ge layer

1st active

Ghss Si Devices with Metallization *—_ Silayer

Spintronic interconnect

Fluid Microchannel

Heat Transfer Si compatible photonics
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Summary

- Moore’s Law increasingly relies on
material innovations

* There is an implosion of new materials

- We need to worry about the EHS issues at
the time of technology development
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Materials, Structures and Processes for Nanoscale
MOSFETs with High-Mobility Channels: ESH Assessments

Thrust B

Eunji Kim?!, K.C. Saraswat!?and P.C. Mcintyrel

1 Department of Materials Science & Engineering, Stanford University
2 Department of Electrical Engineering, Stanford University
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Background

= W ~
N
& N g\/

z 107% I . .
L NMOS ! o) .
S - ; 111-V channel devices
<E [ - -  Higher effective carrier
w2 107 : . mobilities
(] ﬂ I
x — o 1
E 10°F R o siMosFETs |4 * Lower power dissipation
L : . fﬁ“ﬁﬂ?’su_m - (operating voltage)
L .m-:H : L 1
1 10 100 1000 10000
R.Chau et. al, IEEE Trans. Nanotechnology.
GATE LENGTH [nm] 4, 153 (2005)

v" A high quality interface between gate dielectrics and IlI-V
semiconductors is essential to integrate a nanoscale IlI-V-based MOS
device.

v However, a large density of defect states exists at the interface
between the native oxide and GaAs, InGas, InP, etc.

v" llI-V materials are new to MOS device fabrication and present special
ESH problems
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Objective

« Conventional methods to remove native oxides of IlI-V semiconductors
do not produce a stable oxide-free surface, but generate potentially toxic
effluents from IlI-V compounds.

Alternatively, many passivation methods followed by wet cleaning have
been reported.

» S-passivation using S-containing aqueous solution ((NH,),S, CL.S,,
etc.)

» Deposition of a capping/passivation layer (Si, As, Sb, Bi, etc.) :
Additional energy cost, complexity of decapping/surface oxidation

v" Find an effective way to remove the native oxide of 1lI-V compounds.

v Passivate the oxide-free surface with low thermal budget so that
multiple surface cleans are not needed prior to gate dielectric growth

v Demonstrate effects on MOS capacitor and transistor properties
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4 D
\N’_Z_E/

H,SO,/H,0, : 120~150°C 10min
Strips organics

H,O/HF : Room T 1min
Strips chemical oxide

DI H,O Rinse : Room T

80~90°C 10min
Strips organics, metals, particles

DI H,O Rinse : Room T

HCI/H,0,/H,O SC-2 :
80~90°C 10min
Strips alkali ions, metals

DI H,O Rinse : Room T

Standard RCA cleaning procedure for Si wafer

Cleaning Procedure (Si vs GaAs)

Acetone : Sonication, Room T 5min
Strips organics

Dilute (HF or HCI or NH,OH)
removes native oxide

DI H,O Rinse : Room T

Passivation

DI H,O Rinse : Room T
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Native oxide removal process

HCl-etching

As,O, + 6HCI -> 2AsCl, + 3H,0
As,O; + 10HCI -> 2AsCl, + 5H,0
Ga,0, + 6HCl -> 2GaCl, + 3H,0
Toxic or har mful effluents:

AsCl,;, AsCl,, GaCl,
HF-etching

As,0, + 6HF -> 2AsF, + 3H,0
As,O, + 10HF -> 2AsF, + 5H,0
Ga,0, + 6HF -> 2GaF, + 3H,0
Toxic or harmful effluents:
Ask;, ACl,, GaF,

Special care must be taken for
disposal of HF

Potential ESH Impact

S-passivation

(NH,),S solution

Hardly produce any As-containing
effluents

Disposal as hazardous waste

HfO, deposition

Atomic Layer Deposition
150°C : low thermal budget

relatively lower vacuum : lower
energy cost compared to MBE
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Sample Fabrication

Epitaxial Be-doped GaAs
(1~5*1017cm-3)

Sonication in acetone for 5min
Surface treatment Short DI water dip
18% HCI etching for 3min (2% HF etching for 3min)
Short DI water dip
5% (NH,),S for 15min
Short DI water dip

Gate dielectric deposition Atomic Layer Deposition of HfO,
TDEAH, water, 150°C, 250cy

Metal aate d iti 50nm W for front contact,
Sral 9ate GEPOSTOn Ti(50nm)/Au(150nm) for back
contact by e-beam evaporation
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Electron Counts

Electron Counts

Non-treated GaAs

700

non-treated GaAs

600 - Ga 3d

500

400 -

GaAs

300 -

200

100

17 18 19 20 21 22
Binding Energy (eV)

non-treated GaAs

As 3d
30-  Gaas
300 -
250 +
200 |

150

100 -

50 i Il L i Il
38 40 42 44 46 48
Binding Energy (eV)

Electron Counts

Electron Counts

HF-etched GaAs

800

HF-etched GaAs

700 Ga 3d

600
500
400
300
200

100

17 18 19 20 21 22

Binding Energy (eV)

600
HF-etched GaAs 6hr

500 Ga 3d

400

300

200

100

17 18 19 20 21 22
Binding Energy (eV)

Electron Counts

Electron Counts

Surface Treatments

HCl-etched GaAs

700

HCl-etched GaAs|
Ga 3d

600

500

400

300 -

200

100

17 18 19 20 21 22
Binding Energy (eV)

900
HCl-etched GaAs 6hr

s Ga 3d

700
600

GaAs

500
400
300
200
100

17 18 19 20 21 22
Binding Energy (eV)

Ga,0;, As,O,, As,O.

Reduced Ga,0,

Reduced Ga,0,
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Electron Counts

Surface Treatments

Before S-passivatoin

700

non-treated GaAs
600 - Ga 3d

500 |
400 -
300 | GaAs Ga,0
200

100

17 18 19 20 21 22
Binding Energy (eV)

400 non-treated GaAs
As 3d
30-  Gaas
300 |
250 -
200 +

150

100 -

50 i Il L i Il
38 40 42 44 46 48
Binding Energy (eV)

Ga,0;, As,O,, As,O.

Electron Counts

Electron Counts

After S-passivation

800

HCl-etched & S-passivated GaAs

700 Ga 3d
600 - GaAs

500 -
400
300
200 -

100 -

17 18 19 20 21 22
Binding Energy (eV)

800

HCl-etched & S-passivated GaAs

700 As 3d

GaAs
600 -
500 -
400 +
300 -

200 -

100

38 40 42 44 46 48
Binding Energy (eV)

Oxide-free surface
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Surface Treatment Summary

After 6 hour
exposureto lab
atmosphere

no surface
treatment)

Non-treated | HF-etched HCl-etched | HF-etched& | HCl-etched &
GaAs GaAs GaAs S-passivated S-passivated
GaAS GaAs
Ga,Ojftotal Ga | 56% (reference, | 17% 14% 11% ~0%
After surface no surface
treatment treatment)
Ga,Oftotal Ga | 56% (reference, | 25% 19% 13% 11%

* HCl-etching exhibits better performance in removing native oxides of GaAs
than HF-etching

* Native oxide removal followed by S-passivation using dilute agueous
(NH,),S produces a more stable oxide-free surface

v S-passivation has ESH benefits by potentially reducing the
number of wet cleaning steps used prior to gate dielectric deposition
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C-V Charcteristics

06 HfO,(250cy)/non-treated p-GaAs 0 HfO,(250cy)/S-passivated p-GaAs
— —m— 10kHz-100kHz — —m— 10kHz-100kHz |
g eug, —@— 100kHz-800kHz & —e— 100kHZz-800kHz -
. I.. 0
I 05" s - L 0.5
T e T, EOT=6.94nm R EOT=6.9nm
O A '-__ (100-800kHz) 1 5 [ M,
\ o | J ]
g 04L % '\:'.. " . L 04} LS ".\ .
© o . e u c " | )
20 N e 2 o, ",
:é .i ii Q. '. T \\\\.‘ | |
S 0.3} \, . % % - ® 03| . '\ 1
Y ..o " %o, m Y = L
O “oeglng "eeln O L
“'="ll *olyy L |%
02| uulllllu. 02| , % }
I...:'
! . | A L . . ! : L . L ,'l'l-
-4 -3 -2 -1 0 -4 -3 -2 -1 0
Gate Bias (V) Gate Bias (V)

v S-passivated (HCl-etched) sample shows improved CV characteristics
e complete elimination of frequency dispersion
e recovery of a near-ideal flat band voltage

* modest decrease in CV hysteresis
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Summary

* We have performed an assessment of ESH impact of
chemistries used in this research

* We have shown that HCI-etching is more efficient in terms of
removing the native oxide of GaAs than HF-etching.

* We have studied the surface stability of various surface
treatments and confirmed that S-passivation using (NH,),S
solution followed by HCI-etching produces a more stable oxide-
free surface

-Important to minimize the number of wet cleaning steps (effluent
generation) prior to gate dielectric deposition

* We have demonstrated improved electrical properties of
W/ALD-HfO,/p-GaAs such as complete elimination of frequency
dispersion, a decrease in CV hysteresis, and recovery of flat
band voltage shift by S-passivation.
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Future Plan

 Improve properties of HfO,/GaAs (& InGaAs) by post-deposition
anneals under various conditions.

 Study in-situ hydrogen thermal anneals and hydrogen plasma
anneals to remove the S-layer adsorbed on GaAs surface prior to HfO,,

deposition (S may dope the surface of such crystals, which may have negative
consequences in terms of electrical control of MOS devices. By removing S-layer prior to
gate dielectric deposition, we will be also able to minimize potential S contamination in the
subsequent device fabrication process.)

* Perform a systematic assessment of ESH benefits from a stable
chemical passivation of Ill-V surfaces in a realistic device fabrication
flow (jointly with the Nishi and Shadman groups)

* Investigate possible issues associated with removal of residual
passivating agent (e.g. S) either before or after gate dielectric
deposition (jointly with the Nishi and Shadman groups)

* This research involves active collaboration with researchers at Intel
Corporation: Dr. Niti Goel, and Dr. Wilman Tsali
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Sematech Project Update
Process Optimization and Modeling of Metal CMP

e Team:
— D. Rosales-Yeomans, L. Borucki, W. Worth and A. Phi  lipossian

 Goal: (EHS Impact ... Slurry and Pad Consumption Reduction)

— Analyze effect of novel grooves on kinetic, thermal and tribological
attributes of metal CMP

 Key Results:
— Design & manufacture of pads with novel grooves

— Application of new 3-step Cu removal model to expla  in data in terms
of chemical, mechanical & dissolution rate constant S

— Significant increase in pad life due to nearly 50 p  ercent reduction in
required wafer pressure with certain grooves

— Significant reduction in slurry consumption associa ted with certain
grooves

e Plans:

— Refine 3-step model by incorporating the role of pr ocess parameters
on passivation film growth

— Prove mechanism of slurry transport by flow visuali zation using
DEUVEF
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velocity

Sematech Project Update
Process Optimization and Modeling of Metal CMP

Pressure

SRC/Sematech Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Sematech Project Update
Post-Planarization Waste Minimization

e Team:
— T. Sun, L. Borucki, W. Worth and A. Philipossian

« Goal: (EHS Impact ... Pad Consumption Reduction)

— Investigate effect of brush physical properties on tribological
behavior during post-CMP cleaning

— Investigate brush asperity deformation as a functio n of applied load
and extended use

 Key Results:
— Harder brushes were less stable than softer brushes in terms of COF
and they also exhibited a greater degree of hydrody = namic chattering
— COF showed a power law dependence with sliding velo  city
 Plans:

— Theoretically explain the power law dependence of C  OF on sliding
velocity using modified nano-lubrication models

— Qualify and adopt incremental and cyclic loading me thods to perform
brush deformation measurements before and after ext ended wear to

understand failure mechanisms of PVA brushes during post-CMP
scrubbing
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Sematech Project Update

Post-Planarization Waste Minimization
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Novellus-SRC Customized Project
Mechanistic Study and Modeling of Orbital Polisher for Cu CMP

e Team:
— H. Lee, L. Borucki, F. O'Moore, S. Joh and A. Philipo ssian

 Goal: (EHS Impact ... Slurry and Pad Consumption Reduction)

— Characterize by-product build up on pad surface and investigate how
process parameters affect by-product build up & pol iIsh performance

— Develop a 3D fluid transport model for fluid flow a nd couple it with a
model for transport and consumption of reactant and for production
and deposition of by-products to predict pad staini ng and compare
with experimental results

 Key Results:
— Staining due to mechanical action during polishing which was then
advected downstream by slurry flow
— Staining increased with polishing pressure, wafer r otation rate, slurry
flow rate and polish time

— Simulated slurry velocity increased gradually on th e wafer surface in
the radial direction due to wafer rotation. This af  fected velocity in the
grooves. Simulation results showed shear flow on la nd areas and
wafer-driven circulation in the grooves
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Novellus-SRC Customized Project
Mechanistic Study and Modeling of Orbital Polisher for Cu CMP

Slurry velocity on
land area

_'-_‘_"-:_'_l'"-n_._ k. 4
L Rt Slurry velocity in Showr Whakscity akd [}

1
\ Y-direction groove
b

Slurny velocity in
— ¥-direction groove -

» Plans (already completed in February 2007):
— With simulated slurry velocity and temperature prof iles, by-product
generation, transport, and deposition on pad will b e simulated to
illustrate the mechanism of stain formation
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Proposed New Seed Project
Quantifying Pad-Wafer Contact Area using Confocal M icroscopy

e Team:
— X. Wei, L. Borucki and A. Philipossian
e Background:
— Several new types of pads with vastly different bul k and surface
mechanical properties are being introduced in the p lanarization space
» Porous open or closed cell
* Non-porous with water-soluble particles or fibers

» Conductive closed cell for E-CMP
* Micro-replicated asperity

— Actual contact area (caused by surface topography, mechanical
properties and process conditions) affects surface abrasion as well as
defectivity

« Goal: (EHS Impact ... Pad Consumption Reduction)
— Use confocal microscopy to get high-resolution imag es from a single

focal plane of samples under typical pressures used In planarization
— Develop reflectance-interference contrast methods f  or improved
imaging

— Recommend general pad structures and micro-textures that provide
high contact area, better contact uniformity and le SS contact pressure
for improved planarity, less defects and longer pad life
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Proposed New Seed Project
Quantifying Pad-Wafer Contact Area using Confocal M icroscopy
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Subtask C-1-5 : Screening of four options for PFOS
removal from litho-track wastewater

- 1 year Sematech seed project -

(Completed)

Reyes Sierra and Valeria Ochoa

Chemical and Environmental Engineering
University of Arizona
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OBJECTIVES

The aim of this seed project was to evaluate the effectiveness of four

different approaches for the removal of PFQOS, i.e.,

7) Biomimetic dehalogenation (vitamin B,,-Ti(lll)-citrate).
2) Anaerobic reductive dehalogenation.
3) Activated carbon adsorption.

4) Biosorption by wastewater treatment sludge.
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CONCLUSIONS

7) PFOS is susceptible to biomimetic dehalogenation with

vitamin B4,-Ti(lll)-citrate -> 3 moles Fluoride released/mol PFOS.

2) Biodegradation of PFOS and PFBS was not observed after 6 months

of incubation under anaerobic conditions.

3) Adsorption onto granular activated carbon (GAC) is a promising
method for the removal of PFOS from dilute aqueous streams.

Affinity of GAC for PFOS > PFOA = PFBS.

4) Partial removal of PFOS should be expected during wastewater

treatment due to biosorption.
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Adsorption of PFOS on Different Media
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Impact of Fluoride and Copper in Wastewater

on Publicly-Owned Treatment Works (POTWS)

- New Sematech Project -

Reyes Sierra and Glendy Leon

Dept Chemical and Environmental Engineering
The University of Arizona
PO Box 210011, Tucson, AZ 85721
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Fluoride and Copper in Semiconductor
Manufacturing Effluents

+

Fluoride (F) and copper (Cu?*) often present in combined semiconductor
manufacturing effluents.

F - Max. conc. (mg/L): 4.7 - 72.0 mg/L; Avg Conc. (mg/L): 4.3 -26.8 mg/L
Cu 2* - Max. conc. (mg/L): 0.03-4.0 mg/L; Avg Conc. (mg/L): 0.01-0.9 mg/L

There is a lack of information regarding the toxicity of F- to microorganisms in
POTWs and higher aquatic organisms.

The inhibitory potential of Cu is well
established. However, no evidence is available
to judge the hypothesis that F- has a synergistic

effect on Cu toxicity. ey
1. L0 5
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Project Objectives

Literature review - Impact of F and Cu?* on:

Biological wastewater treatment

Species used in effluent ecotoxicology monitoring

Determine the inhibitory effect of F~ and Cu?* to:
1 Main microbial populations in POTWs

Common effluent monitoring species
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Unit processes and key microbial populations
in a typical municipal wastewater treatment plant
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Ultra Low-k Film Repair and Pore Sealing
Using Supercritical Fluids

Sematech Final Project Report
SRC/TI Customization

Lieschen Hatch and Anthony Muscat
Department of Chemical & Environmental Engineering
University of Arizona, Tucson, AZ 85721

Acknowledgements: Sematech, SRC, and Texas Instruments
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Chemistry of Chlorosilanes and p-MSQ

Patterning damage
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Intensity

Pore Size Distribution and EP

Pore Size Distribution
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» Series MTCS/TMCS decrease porosity by 50 %
e Series MTCS/TMCS better at capping pores than Mixed MTCS

+ TMCS
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Conclusions

« Repaired p-MSQ (mesoporous) ST XA{;@.&
with chlorosilanes dissolved in scCO, ~. 4 s
( k=3.4 damaged film - 2.4) Gt 4 ae LY
— Hydrophobic surface T S

— Removed/reacted OH groups : ) b
— Repaired films stable in air for 30 days “$

 Demonstrated sequential MTCS/TMCS process
sealed pores of plasma-treated p-MSQ
— Polymerization reactions in fluid and on surface

« Controlled sealing layer thickness
— Chorosilane concentration
— Moisture
— Process T and p
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Accomplishments

e Students:
— Dr. Bo Xie (Applied Materials)
— Eduardo Vyhmeister (Ph.D. candidate, UPRM)

 Publications:

Xie, A. J. Muscat, E. Busch, T. Rhoad. Advanced Metallization Conference Proceedings, 2004.
Xie, A. J. Muscat. Proceedings — Electrochemical Society, 2004.

Xie, A. J. Muscat. Microelectronic Engineering, 2004

Xie, A. J. Muscat. Materials Research Society Symposium Proceedings, 2004.

Xie, A. J. Muscat. Solid State Phenomena, 2005.

Xie, A. J. Muscat. Microelectronic Engineering, 2005.

Xie, G. Montano-Miranda, C. C. Finstad, A. J. Muscat. Materials in Semiconductor Proc., 2005.
Xie, C. C. Finstad, A. J. Muscat. Chemistry of Materials, 2005.

Xie, L. Choate, A. J. Muscat. Microelectronic Engineering, 2005.
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Biomimetic Manufacturing of
Nanoscale Devices

Anthony Muscat!, Megan McEvoy?, Masud Mansuripur3
Department of Chemical and Environmental Engineering
’Department of Biochemistry and Molecular Biophysics
3College of Optical Sciences
University of Arizona, Tucson, AZ 85721

Initial phase, seed project, funded by Arizona TRIF, January 2007
Proposal submitted to NSF NIRT program




Objective

« Harness biomolecules isolated from bacteria to
rapidly and selectively deposit materials on
semiconductor substrates to create uniform
arrays of dots and grow nanowires in 3D




Rationale

Minimize costs of materials, energy, and water to
fabricate nanoscale devices using bio-based strategy

Exploit homogeneity, mild reaction conditions, and
specificity of of biological molecules

— Other biomolecule work grows wires based on passive
electrostatic adsorption on viruses, DNA, etc.

Grow 3D structures to achieve scalable architecture

— Address current show stopper to grow oriented arrangement of
nanowires

Employ additive, bottom up patterning methods



Lowering Purge-Gas Consumption during

Dry-down of Gas Distribution Systems

A Joint ERC-Intel Seed Project

Junpin Yao*, Harpreet Juneja*, Asad Igbal*, Farhang Shadman*, and Carl
Geisert”

Department of Chemical and Environmental Engineering
University of Arizona

#Intel Corporation, Chandler, Arizona

February 2007
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QOutline

Experimental procedure and model development
Experimental results and model validation
Parametric study and model application

Summary and Conclusion
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Summary and Conclusions

* Moisture removal from stainless steel surfaces is a
slow and activated process.

* A technique, that combines measurement and
process modeling, is developed to study the
dynamics of moisture absorption and desorption,
moisture loading, and moisture profile in a gas
distribution network.

®* The technique can be used to optimize the dry-down
time and lower the purge-gas consumption during
system start-up or recovery.
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Etching of Metals and Polysilicon During Megasonic Cleaning

Srini Raghavan
Pierre Deymier
Department of Materials Science and Engineering

University of Arizona



Project Justification
* Megasonic cleaning after CMP exposes metal and polysilicon features

» Corrosion (pitting and intergranular) and feature damage is known to be a
problem during cleaning but the interaction between sound field and chemistry
In causing the damage has not been established

o Literature reports on systematic investigations of etching of metals in
megasonic field are virtually nil

Proposed Work

* Investigate the etching of W, Cu and polysilicon films in solutions of interest to
post-CMP cleaning in megasonic field using an electrochemical quartz crystal
microbalance (ECQCM)

» Characterize the cavitation characteristics (intensity and bubble size) in
different cleaning solutions using a cavitation probe and hydrophone and relate
them to etching

* |dentify megasonic conditions (power, frequency, angle of impingement) that
could reduce the extent of etching and feature damage

« Experiments will be correlated to modeling and simulation results



» Experience of the PI, Infrastructure and Industrial
Collaborations

* PIs have an immersion megasonic system, cavitation probe,
hydrophone and a ECQCM to carry out experiments

» Professor Deymier has been active in developing MD
(Molecular Dynamics) simulations on cavity formation in liquids
and on substrates immersed in liquids as well as capabilities for
modeling linear and non-linear acoustic wave propagation in
iInhomogeneous fluid/solid media.

* PIs have a working collaboration with Prosys Megasonics, a
leading megasonic tool manufacturer

 ESH Impacts

» Proposed work can help in the development of cleaning
systems that can provide effective cleaning in dilute chemical
systems at reduced megasonic power



Quantitative Structure-Biodegradability
Relationships for Organofluorine Compounds

Dr. Jim Field, Dr. Reyes Sierra UA ChEE Biodegradation
Dr. Paul Blowers UA ChEE Computational Chemistry

Dr. Chris Ober Cornell PAG Chemistry

Background PFOS and new PAG substitutes contain fluorine groups

Small changes in PAG chemistries have large impacts on
biotransformation

Reductive Dehalogenation (Vit B12): Linear versus Branched

Cooxidation (monooxygenase): F groups versus H groups
F
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Objective

Methods

Identify key structural characteristics of organofluorine
compounds promoting environmental biodegradability
without compromising PAG quality

Test Series of Structurally Related PFOS and New PAGs for
Biodegradability

(variations on F, H, branching, O-groups, NO2-groups etc)
Reductive dehalogenation: biomimic Vit B12; anaerobic sludge
Cooxidation: methane monooxygenase

Aerobic Growth: activated sludge

Computational Chemistry

Correlations: HOMO energies, total atomic charges, ring angles,
solvation energies, and dipole moments

Calculations: B3LYP/6-31g* for molecular geometry predictions

PAG Chemistry
Organic Synthesis: structural series

PAG: performance in photolithography



