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1. My name is June Ann Munford. I am over the age of 18, have personal
knowledge of the facts set forth herein, and am competent to testify to the

same.

2. T earned a Master of Library and Information Science (MLIS) from the
University of Wisconsin-Milwaukee in 2009. I have over ten years of
experience in the library/information science field. Beginning in 2004, I
have served in various positions in the public library sector including
Assistant Librarian, Youth Services Librarian and Library Director. I have

attached my Curriculum Vitae as Appendix CV.

3. During my career in the library profession, I have been responsible for
materials acquisition for multiple libraries. In that position, I have cataloged,
purchased and processed incoming library works. That includes purchasing
materials directly from vendors, recording publishing data from the material
in question, creating detailed material records for library catalogs and
physically preparing that material for circulation. In addition to my
experience in acquisitions, I was also responsible for analyzing large

collections of library materials, tailoring library records for optimal catalog



search performance and creating lending agreements between libraries

during my time as a Library Director.

. I am fully familiar with the catalog record creation process in the library
sector. In preparing a material for public availability, a library catalog record
describing that material would be created. These records are typically
written in Machine Readable Catalog (herein referred to as “MARC”) code
and contain information such as a physical description of the material,
metadata from the material’s publisher, and date of library acquisition. In
particular, the 008 field of the MARC record is reserved for denoting the
date of creation of the library record itself. As this typically occurs during
the process of preparing materials for public access, it is my experience that

an item’s MARC record indicates the date of an item’s public availability.

. Typically, in creating a MARC record, a librarian would gather various bits
of metadata such as book title, publisher and subject headings among others
and assign each value to a relevant numerical field. For example, a book’s
physical description is tracked in field 300 while title/attribution is tracked in
field 245. The 008 field of the MARC record is reserved for denoting the
creation of the library record itself. As this is the only date reflecting the

inclusion of said materials within the library’s collection, it is my experience



that an item’s 008 field accurately indicates the date of an item’s public

availability.

. I have reviewed Exhibit 1007, "Planarized Multilevel Interconnection Using
Chemical Mechanical Polishing of Selective CVD-A1 Via Plugs" by Takao
Amazawa, et al as published in IEEE Transactions on Electron Devices

April 1998.

. Attached hereto as Appendix AMAZAWAQOLI is a true and correct copy of
the MARC record for IEEE Transactions on Electron Devices as held by the
Penn State University Library. I secured this record myself from the
library’s public catalog. The MARC record contained within Appendix
AMAZAWAO]1 accurately describes the title, publisher and ISSN number of
IEEE Transactions on Electron Devices. The Showing Results field present
on page 3 of this record indicates the library's collection includes the April
1998 issue of IEEE Transactions on Electron Devices containing "Planarized
Multilevel Interconnection Using Chemical Mechanical Polishing of

Selective CVD-A1 Via Plugs".

. Attached hereto as Appendix AMAZAWAQO?2 is a true and correct copy of

"Planarized Multilevel Interconnection Using Chemical Mechanical



Polishing of Selective CVD-A1 Via Plugs" as published in IEEE
Transactions on Electron Devices as held by the Penn State University
Library. These scans were secured from the library’s collection. In
comparing Exhibit 1007 to Appendix AMAZAWAQ?2, it is my determination
that Exhibit 1007 is a true and correct copy of "Planarized Multilevel
Interconnection Using Chemical Mechanical Polishing of Selective CVD-A1
Via Plugs" by Takao Amazawa, et al as published in IEEE Transactions on

Electron Devices.

. The 008 field of the MARC record in Appendix AMAZAWAQOI indicates
the date of record creation. The 008 field of Appendix AMAZAWAOI
indicates the Penn State University Library first acquired IEEE Transactions
on Electron Devices as of June 29, 2000 and held the journal in perpetuity
until the publication of "Planarized Multilevel Interconnection Using
Chemical Mechanical Polishing of Selective CVD-A1 Via Plugs".
Considering this information, it is my determination that IEEE Transactions
on Electron Devices April 1998 and therefore "Planarized Multilevel
Interconnection Using Chemical Mechanical Polishing of Selective CVD-A1
Via Plugs" was made available to the public shortly after its initial

publication in April 1998 and certainly by no later than June 29, 2000.



10.1 have reviewed Exhibit 1006, "Chemical Mechanical Polishing for Selective
CVD-W" by M.T. Wang, et al as published in Materials Chemistry and

Physics October 1997.

11.Attached hereto as Appendix WANGOI is a true and correct copy of the
MARC record for Materials Chemistry and Physics as held by the Penn
State University Library. I secured this record myself from the library’s
public catalog. The MARC record contained within Appendix WANGO1
accurately describes the title, publisher and ISSN number of Materials
Chemistry and Physics. The Showing Results field present on page 3 of this
record indicates the library's collection includes the October 1997 issue of
Materials Chemistry and Physics containing "Chemical Mechanical

Polishing for Selective CVD-W".

12.Attached hereto as Appendix WANGO?2 is a true and correct copy of
"Chemical Mechanical Polishing for Selective CVD-W" as published in
Materials Chemistry and Physics as held by the Penn State University
Library. These scans were secured from the library’s collection. In
comparing Exhibit 1006 to Appendix WANGO02, it is my determination that

Exhibit 1006 is a true and correct copy of "Chemical Mechanical Polishing



for Selective CVD-W" by M.T. Wang, et al as published in Materials

Chemistry and Physics.

13.The 008 field of the MARC record in Appendix WANGO1 indicates the date
of record creation. The 008 field of Appendix WANGO1 indicates the Penn
State University Library first acquired Materials Chemistry and Physics as
of May 5, 1998 and held the journal in perpetuity until the publication of
"Chemical Mechanical Polishing for Selective CVD-W". Considering this
information, it is my determination that Materials Chemistry and Physics
October 1997 and therefore "Chemical Mechanical Polishing for Selective
CVD-W" was made available to the public shortly after its initial publication

in October 1997 and certainly by no later than May 5, 1998.

14.1 have been retained on behalf of the Petitioner to provide assistance in the
above-illustrated matter in establishing the authenticity and public
availability of the documents discussed in this declaration. I am being
compensated for my services in this matter at the rate of $200.00 per hour
plus reasonable expenses. My statements are objective, and my

compensation does not depend on the outcome of this matter.



15.1 declare under penalty of perjury that the foregoing is true and correct. I
hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to
be true; and further that these statements were made the knowledge that
willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States

Code.

Dated: 2/2/2026
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Appendix
CV



June A. Munford
Curriculum Vitae

Education

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009
Milwaukee, WI

e Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
e Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008
Allendale, MI

e Coursework included linguistics, documentation and literary analysis.
e Minor in political science with a focus in local-level economics and
government.

Professional Experience

Researcher / Expert Witness, October 2017 — present
Freelance e Pittsburgh, Pennsylvania & Grand Rapids, Michigan

e Material authentication and public accessibility determination. Declarations of
authenticity and/or public accessibility provided upon research completion. Experienced
with appeals and deposition process.

® Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

e Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish & Richardson,
Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie, Pillsbury Winthrop Shaw
Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015
Dowagiac District Library @ Dowagiac, Michigan

e Executive administrator of the Dowagiac District Library. Located in
Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.
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e Developed careful budgeting guidelines to produce a 15% surplus during the 2013-
2014 & 2014-2015 fiscal years while being audited.

e Using this budget surplus, oversaw significant library investments including the
purchase of property for a future building site, demolition of existing buildings and
building renovation projects on the current facility.

e [ ed the organization and digitization of the library's archival records.

e Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

e Developed an objective-based analysis system for measuring library services -
including a full collection analysis of the library's 50,000+ circulating items and their
records.

November 2010 - January 2013
Librarian & Branch Manager, Anchorage Public Library @ Anchorage, Alaska

e Headed the 2013 Anchorage Reads community reading campaign including event
planning, staging public performances and creating marketing materials for mass
distribution.

e Co-led the social media department of the library's marketing team, drafting social
media guidelines, creating original content and instituting long-term planning via content
calendars.

e Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013
Library Assistant, Hart Area Public Library
Hart, MI

e Responsible for verifying imported MARC records and original MARC
cataloging for the local-level collection as well as the Michigan Electronic
Library.

e Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement

Alaska Library Association - Anchorage Chapter
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e Treasurer, 2012

Library Of Michigan
e [ evel VII Certification, 2008
e Level II Certification, 2013

Michigan Library Association Annual Conference 2014
e New Directors Conference Panel Member

Southwest Michigan Library Cooperative
e Represented the Dowagiac District Library, 2013-2015

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, MI
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

Public Library Association Intensive Library Management Training, October 2011
Nashville, TN
e Attended a five-day workshop focused on strategic planning, staff
management, statistical analysis, collections and cataloging theory.

Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012
Fairbanks, AK
e Attended seminars on EBSCO advanced search methods, budgeting,
cataloging, database usage and marketing.

Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (Case No. [PR2018-001281, 39521-004211P, [IPR2018-01282 and
39521-004211P2)

2019 e Erise IP
Implicit, LLC v. Netscout Systems, Inc (Case No. 2:18-cv-53-JRG)

2019 e Perkins-Coie

Adobe Inc. v. RAH Color Technologies LLC (Case No. IPR2019-00627, IPR2019-
00628, IPR2019-00629 and IPR2019-00646)
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2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (Case No. IPR2020-1449)

2022 e Perkins-Coie
Realtek v. Future Link (Case No. [PR2021-01182)

2023 e Fish & Richardson
Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040)

2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (Case No. [PR2022-00735)

2023 e Fish & Richardson
Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)

2023 e Pillsbury Winthrop Shaw Whitman LLP

Gravel Rating Systems v. Costco Wholesale Corp. (Case No.
4:21-cv-149-ALM)

2024 e Willkie-Farr
Netflix, Inc. v. VideoLabs. Inc. (Case No. [PR2023-00628)

2024 e Quinn Emanuel Urquhart & Sullivan
Purdue University v. Wolfspeed (Case No. 1:21-CV-840)

2024 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. IPR2024-00393)
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2025 e Perkins Coie
Amazon.com, Inc. v. Nokia Technologies Oy (Case No. IPR2024-00572)

2025 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. IPR2024-00373)

2025 e Fish & Richardson
SK Nexilis Co., Ltd. v. Solus Advanced Materials (Case No. 2:2023-cv-00539)

2025 e Covington & Burling
Samsung v. Pictiva (Case No. IPR2024-01222)

Limited Case and Clientele History

Alston & Bird
e Ericsson

v. Collision Communications (Case No. [PR2022-01233)

e Nokia
v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876)

e Universal Electronics Inc

v. Roku Inc (Case No. [PR2022-00818)

Alavi & Anaipakos PLLC
e Stingray Group Inc. and Stingray Music USA, Inc.

v. Edwin A. Hernandez-Mondragon and Egla Corp. (Case No. 1:24-cv-
21226-RAR)
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Arnold & Porter
e [vantis

v. Glaukos (Case No. 8:18-cv-00620)

® Samsung

v. Jawbone (Case No. 2:21-cv-00186)

Benesch Friedlander Coplan & Aronoff
e Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Buchanan, Ingersoll & Rooney PC

e Google LLC, AT&T Service Inc., T Mobile USA Inc., Cellco Partnership, Ericsson
Inc. & Nokia of America Corp.

v. KT Corp & Pegasus Wireless Innovation LLC (Case No. IPR2025-00293)

e Google LLC

v. K. Mizra LLC (Case No. 1:25-cv-00236)

Covington & Burling
e First Solar, Inc.

v. JinkoSolar (Case No. 25-cv-223)

e Samsung

v. Pictiva (Case No. [IPR2024-01222)
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Deschert LLP
® Smaxtec Animal Care

v. ST Reproductive Technologies, LLC (Case No. IPR2024-00885)

Duane Morris
e Kangxi Communication Technologies

v. Skyworks Solutions Inc. (Case No. [IPR2025-00373)

® Microsoft

v. Edge Networking Systems LLC (Case No. 1:24-cv-00215)

Erise I.P.
e Apple

v. Ericsson Inc. (Case No. IPR2022-00715)

v. Future Link Systems (Case No. [PRs 6317804, 6622108, 6807505, and
7917680)

v. INVT (Case No. 20-1881)
v. Navblazer LLC (Case No. IPR2020-01253)

v. Qualcomm (Case No. [IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)

v. Telefonaktiebolaget LM Ericsson (Case No. [PR2022-00275)
v. Theta IP, LLC (Case No. [PR2024-00818)

v. THL Holding Company LLC (Case No. 1:23-cv-00548)

o CrowdStrike

v. Skysong Innovations (Case No. [PR2025-01398)
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e Fanduel

v. CGT (Case No. 19-1393)

e Garmin

v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS)

e Netscout
v. Longhorn HD LLC (Case No. 2:20-cv-00349)
v. Implicit, LLC (Case No. 2:18-cv-53-JRG)

e Sony Interactive Entertainment LLC
v. Bot M8 LLC (Case No. IPR2020-01288)
v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG)

® Tesla

v. Charge Fusion Technologies LLC (Case No. [IPR2025-00032)

e Unified Patents

v. GE Video Compression (Case No. 2:19-cv-248)

Fish & Richardson
e Apple
v. AliveCor (Case No. 3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (Case No. [PR2021-00305)

v. Masimo (Case No. IPR 50095-00121P1, 50095-00121P2, 50095-00131P1,
50095-00131P2, 50095-0006IP1, 50095-01351P1)

v. Neonode (Case No. 21-cv-08872-EMC)
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v. Qualcomm (Case No. IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Resonant Sys. (Case No. 7:23-cv-00077-ADA)

e AsusTek Computer Inc.
v. Videolabs, Inc. (Case No. 22-CV-00720-ADA)

e Dell
v. Neo Wireless (Case No. IPR2022-00616)

e Dish Network
v. Entropic Communications, LLC (Case No. 2:2023-CV-01043)
v. Entropic Communications LLC (Case No. [IPR2024-00393)
v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ)
v. TQ Delta LLC (Case No. 18-1798)

e Evapco Dry Cooling
v. SPG Dry Cooling (Case No. IPR2021-00688)

e Generac

v. PSLC (Case No. 2:24-cv-01270)

e Genetec

v. Sensormatic Electronics (Case No. 1:20-CV-00760)

e Huawei

v. Bell Northern Research LLC (Case No. [IPR2019-01174)

e Kianxis

v. Blue Yonder (Case No. 3:20-cv-03636)
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e [.G Electronics

v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM)

e MediaTek
v. MOSAID (Case No. IPR2024-00718)

o Metaswitch

v. Sonus Networks (Case No. IPR2018-01719)

o Microsoft

v. Throughputer Inc (Case No. IPR2022-00757)

e Mom Enterprises

v. Ddrops Company (Case No. 1:22-cv-00332)

e MLC Intellectual Property
v. MicronTech (Case No. 3:14-cv-03657-SI)

e Nearmap Inc

v. EagleView Technologies (Case No. [PR2022-01009)

o Neuroderm Ltd.

v. Abbvie, Inc (Case No. PGR2022-00040)

e Par-Kan

v. Unverferth (Case No. 3:23-cv-00653)

e Posco Co Ltd.
v. Pascal Drillet et al. (Case No. [IPR2025-00370)

e Realtek Semiconductor
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v. Future Link (Case No. IPR2021-01182)

e Quectel

v. Koninklijke Philips (Case No. 1:20-cv-01710)

e Samsung
v. Aire Technology (Case No. IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-¢v-00286-JRG)
v. Communication Technologies Inc (Case No. IPR2022-01221)
v. Jawbone Innovations (Case No. IPR2022-00865)
. MemoryWeb LLC (Case No. IPR2022-00885)

<

v. Dodots Licensing Solutions (Case No. [PR2023-00701)
v. Telefonaktiebolaget LM Ericsson (Case No. IPR2021-00615)

® Tesla

v. Intellectual Ventures (Case No. 1:24-cv-00390, 6:24-cv-00188)

e Texas Instruments
v. ParkerVision (Case No. [PR2024-00934)
v. Vantage Micro LLC (Case No. [IPR2020-01261)

e Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)

Goodwin Proctor
o Intel

v. Proxense, LLC (Case No. 6:24-cv-00283)
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e Samsung Electronics

v. Mobile Data Technologies (Case No. 2:24-cv-00435)

e Taiwan Semiconductor Manufacturing Company Ltd.

v. Advanced Integrated Circuit Process LLC (Case No. 2:24-cv-00623)

Groombridge Wu
® Atossa

v. Jina & Intas Pharmaceuticals (Case No. PGR2025-00043)

e Nearmap

v. Eagle View Technologies Inc. and Pictometry International Corp. (Case No.
2:21-cv-00283-TS-DAO)

Holland & Knight
e Wilmington Trust, N.A.

v. Herman Segal & John Hancock Life Insurance Company of New York (Case
No. 1:21-CV-01540-PKC-TAM)

Irell & Manella

e Curium

Latham & Watkins LLP
e Apple
v. Advanced Coding Research LL.C
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e Google
v. Advanced Coding Research (Case No. 2:24-cv-0035)

e Western Digital Technologies
MR Technologies GmbH (Case No. 8:24-cv-01848-JVS)

Leydig, Voit & Mayer, Ltd.

e Public Availability Consultancy

O’Melveny & Myers
e Apple
v. Maxell (Case No. 5:19-cv-00036-RWS)

e Disney Media & Entertainment Distribution LLC
v. Digital Media Technology Holdings, LLC (Case No. 2:22-
cv-01642)

e Micron Technology Inc.

v. Besang Inc (Case No. [PR2023-00900)

® Samsung

v. Daedalus Prime LLC (1335 Investigation)
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Perkins-Coie
® Amazon
v. Nokia (Case No. IPR2024-00847 and [IPR2024-00848)
v. Nokia Technologies Oy (Case No. IPR2024-00572)

e Google LLC
v. Clear Imaging Research LLC (Case No. 202510451)

e Heru Industries

v. The UAB Research Foundation (Case No. [PR2022-01148)

e Intel Corporation
v. BeSang Inc. (Case No. IPR2023-00991)
v. BitMICRO (Case No. 5:23-cv-00625)
v. Telefonaktiebolaget L M Ericsson (Case No. IPR2024-00610)

® Microsoft

v. Sandpiper (Case No. 2:25-cv-00664)

e Niantic, Inc.

v. ImagineAR, Inc. (C.A. No. 24-1252-JD)

e Realtek Semiconductor

v. Future Link (Case No. [IPR2021-01182)

® r-pac

v. Adasa, Inc. (Case No. 1:2024cv06102)
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e Twitter Inc

v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD)

o Twitch/Amazon

v. RazDog (Case No. IPR2025-00308)

e TCL Industries

v. Koninklijke Philips NV (Case No. IPR2021-00495, IPR2021-00496
and IPR2021-00497)

e VusionGroup

v. Hanshow (Case No. IPR2024-00857)

Pillsbury Winthrop Shaw Pittman
e Intel

v. FG SRC LLC (Case No. 6:20-cv-00315)

e Gravel Rating Systems

v. Costco (Case No. 4:21-cv-149)

v. Lowe’s Home Centers (Case No. 4:21-cv-150)
v. T-Mobile USA (Case No. 4:21-cv-152)

v. Kohl’s Inc. (Case No. 4:21-cv-258)

v. Under Armor (Case No. 4:21-cv-356)

Quinn Emanuel
e Exact Sciences Corporation

v. Geneoscopy, Inc. (Case No. [PR2024-00459 and IPR2024-1330)
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e ServiceNow, Inc.

v. InQuisient, Inc. (Case No. 22-900-CJB)

e Wolfspeed
v. The Trustees of Purdue University (Case No. 1:2021-cv-00840)

Sheppard, Mullin, Richter & Hampton LLP
e Advanced Micro Devices, Inc and Pensando Systems, Inc.

v. Concurrent Ventures LLC and Xtreamedge, Inc. (Case No. IPR2025-00478)

e Amazon

v. Nokia

e Cadence Design Systems Inc.

v. Semiconductor Design Technologies (Case No. 3:23-cv-01001)

e Marvell Semiconductor

v. Credo Technology (Case No. [IPR2025-01219)

e Sandisk Technologies, Inc.

v. Longitude Flash Memory Solutions Ltd. (Case No. [PR2025-01283)

Shook, Hardy & Bacon LLP
e HP Inc.

v. Universal Connectivity Technologies (Case No. 1:23-cv-01177)
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Stern, Kessler, Goldstein & Fox

e Preliminary Research

Wilmer, Cutler, Pickering, Hale and Dorr
e Apple
v. Shunock (Case No. 1:23-cv-08598)

e Dell Technologies Inc

v. EireOg Innovations Ltd. (Case No. 1:24-cv-00416-AD)

e Dropbox

® Quest Diagnostics Inc., Haystack Oncology Inc. and Haystack Oncology GmbH
v. Natera, Inc. (Case No. 1:23-cv-08598)

e NVIDIA
v. Onesta [P (Case No. 1:25-cv-00586)

e Oracle

v. EireOg Innovations Ltd. (Case No. 4-cv-00697-ADA)

e Roche Diabetes, Inc.

v. Trividia Health, Inc. (Case No. 1:24-cv-00668)

e Shopify Inc.
v. Lower48 IP LLC (C.A. No. 6:22-cv-00997-DAE)
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e United Services Automobile Association

v. Regions Bank (Case No. 2-25-cv-00082)

Willkie, Farr & Gallagher LLP
e Lenovo, Dell, HP
v. Universal Connectivity Technologies Inc. (Case No. 2:2023cv00449)

o Neurent

v. The Foundry, LLC (Case No. IPR2024-00669)

o Netflix, Inc.

v. DivX (Case No. 2:19-cv-1602-GW-AGR)

e Netflix, Inc.

v. VideoLabs, Inc. (Case No. [PR2023-00628)
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https://catalog.libraries.psu.edu/catalog/49457613/marc_view January 9, 2026
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MARC View
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001 49457613

003 SIRSI

005 20251114090051.0
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008 000629¢19639999nyumr pss 0 aleng c

010 a| 2005214272

016 7 a| 012433283 2| Uk

019 a| DO NOT EDIT this 360 MARC RECORD

022 a| 1557-9646 || 0018-9383 y| 0018-9383

035 a| (WaSeSS)ssj0016442

037 b| 345 East 47 Street, New York, N.Y. 10017
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060 0 al W1 1223E

082 1 0 a| 539.72| 13 1] https://id.oclc.org/worldcat/ddc/E3jglyQTrKwxpKPbvYGdYYqw4)

130 0 a| IEEE transactions on electron devices (Online)

210 0 a| IEEE trans. electron devices b| (Online)

222 0 a| IEEE transactions on electron devices b| (Online)

245 0 a| IEEE transactions on electron devices h| [electronic resource].

246 3 0 a| Transactions on electron devices

246 3 0 a| Electron devices

260 a| New York : b| Institute of Electrical and Electronics Engineers.

310 a| Monthly

362 1 a| Print began in 1963.

500 a| Title from IEEExplore homepage (viewed June 29, 2000).

538 a| Mode of access: World Wide Web.

588 1 a| Vol. 52, no. 9 (Sept. 2005) (viewed IEEE website Sept. 13, 2005).

650 0 a| Electronic apparatus and appliances v| Periodicals. ASK .‘

650 2 a| Electronics x| instrumentation A LIBRARIAN

655 0 a| Electronic journals.

655 2 a| Periodical

710 2 a| IEEE Electron Devices Society. 1| https://id.oclc.org/worldcat/entity/E39QQPVp7TBrDkHVVrTHg9Kvgg.

710 2 a| Institute of Electrical and Electronics Engineers. b| Electron Devices Group.

776 0 8 i| Printversion: t| IEEE transactions on electron devices x| 0018-9383

780 0 0 a] Institute of Radio Engineers. Professional Group on Electron Devices. t| IRE transactions on electron devices x| 2379-8661 w| (DLC)

2015202699 w| (OCoLC)61334402
856 4 0 u| http://SKBES4MC2L.search.serialssolutions.com/?V=1.0&L=SK8ES4MC2L&S=)Cs&C=IEEET&T=marc
910 a| CONSER online
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Planarized Multilevel Interconnection
Using Chemical Mechanical Polishing
of Selective CVD-AI Via Plugs

Takao Amazawa, Eiichi Yamamoto, and Yoshinobu Arita

Abstract— A planarization process for selective CVD-Al via
plugs using chemical mechanical polishing (CMP) is proposed
and a four-level interconnection system with all stacked via plugs
is demonstrated. A Cl./Ar post-cleaning treatment after Al plug
CMP is shown to be the key process in obtaining excellent
via chain characteristics with high yield and small resistance
scattering. A sandwich of Ti/TiN/Ti barrier layers with a CVD-Al
plug is proved to be one of the best via plug structures because
of its low via resistance and high reliability. Quarter-micron 120-
kG gate array LSI’s have been successfully fabricated using a
1.4-:m, equal pitch and four-level interconnection.

Index Terms— Aluminum integrated circuit conductors, alu-
minum materials/devices, CVD, electromigration, integrated cir-
cuit metallization, interconnections, CMP

1. INTRODUCTION

IA connection between upper- and lower-level intercon-
Vnections will be a key technology in realizing future
0.1-pm ULSI’s. Stacked via structures and borderless via
layouts are becoming essential in reducing the interconnection
pitch and increasing the packing density of LSI’s [1]-[3]. Via
size has to be reduced because it determines the minimum
size of the interconnection pattern rule. However, the via size
reduction process has some serious problems that need to be
overcome. For instance, the poor reliability of conventional
W via plugs due to current blocking has already become a
significant problem in multilevel interconnections [4], [5]. The
increase in via resistance with the reduction in via hole size can
also lower the operating speeds of LSI’s. Many kinds of via
plugging methods using high-temperature Al-flow techniques
have been proposed, but almost all of these have resulted in
void formation in small Al via plugs [6]-[8]. Besides, the use
of high-temperature processes above 400 °C is undesirable for
low dielectric constant (low-%) organic materials, which are
expected to replace conventional SiO5 insulators in multilevel
interconnections [9], [10].

In 1986, the authors reported for the first time that Al could
be selectively deposited on a silicon substrate by CVD using
tri-isobutyl aluminum, or TIBA, as the source gas [11], [12]. It
has already been shown that this method can completely plug
very small via holes only a quarter micron in diameter [13]. Se-
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Fig. 1. Schematic diagram of multi-chamber AI-CVD system. The system
consists of load-lock and buffer chambers and two reactors.

lective Al film can essentially grow only on the bottom of a via
hole and very small holes are definitely plugged without voids.
Recently, many researchers have reported using this approach
to make contacts and vias [14]-[17]. It has a high compatibility
with low-k materials because the deposition temperature can
be as low as 300 °C [18]. However, the process has been
found to have some drawbacks related to surface morphology.
Selectively deposited plugs have sharp crystal facets and a
little unevenness originating in the difference between the
via depth and plug height. This unevenness degrades via
connection characteristics in stacked via structures.

In this paper, a fully planarized and highly reliable new
via plug process based on the chemical mechanical polishing
(CMP) of selective Al CVD is presented and applied to
quarter-micron LSI’s with four-level interconnection.

II. PLUG PLANARIZATION PROCESS

A. Selective AI-CVD System

Selective Al plugs were formed in a production-model
CVD system (Fig. 1). The system consists of load-lock and
buffer chambers, and two reactors. All of the chambers were
evacuated using a turbo-molecular pumping system and their
ultimate pressures were in the order of 10~7 Torr (10~° Pa).
The central buffer chamber was equipped with a wafer han-
dling arm. Reactor 1 has an infrared lamp heater and an RF
stage, which are used for precleaning before Al-CVD. Al
films were deposited in Reactor 2 using a double-wall CVD
[12]. Double-wall CVD provided Al plugs of uniform height
because high-density nuclei generated at the bottom of the via
holes. The TIBA is stored in liquid form and vaporized near
Reactor 2 after being supplied by a liquid mass flow controller.

0018-9383/98$10.00 © 1998 IEEE
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®

Fig. 2. Process flow for fully planarized multilevel interconnections with
selective Al-CVD via plugs. Both the intermetal insulator and selective
Al plugs were polished using the same CMP equipment. (a) Lower-metal
patterning and insulator deposition. (b) Insulator CMP. (c) Insultor deposition
and via opening. (d) Via cleaning and AI-CVD (over-deposition). (e) Al-plug
CMP and post-cleaning. (f) Upper-metal deposition and patterning.

In the via plugging processes, wafer substrates after via
hole opening are at first moved to Reactor 1, where they are
preheated to 350 °C by an infrared lamp and the native oxide
on the metal surface is precleaned by RIE with a 3% mixture of
Cly and Ar gas. They are then transferred to Reactor 2 and Al
plugs are selectively deposited in the via holes. Typical CVD
conditions are as follows: a 5-mm space between the substrate
and the two heaters; front and back heater temperatures of
280 and 240 °C, respectively; and a TIBA pressure of 50
mTorr (6.7 Pa) with a liquid flow rate of 0.5 g/min. Wafers
can also be cleaned just before deposition. The precleaning
and Al-CVD process times for plugging holes 0.5-pm deep
are about 3 min each.

B. Process Flow

Fig. 2 shows the process flow for fully planarized multilevel
interconnection using the CMP of selective CVD—-AI via plugs.
In this process, both intermetal insulator and selective Al
plugs are polished using the same CMP equipment. First, the
intermetal insulator film is deposited on the lower metal pattern
and planarized by CMP. The CMP slurry is an ammonia-
based silica, which is commonly used for insulator CMP. After
CMP, the interlayer insulator is deposited and via holes are
opened. Then, Al is selectively deposited in the holes so that
the holes are slightly overfilled. The overfilled Al heads are
then polished under nearly the same conditions as intermetal
insulator CMP. The polishing rate of SiOs during Al CMP

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 45, NO. 4, APRIL 1998

i3

(d

Fig. 3. SEM micrographs of Al plugs after (a) selective Al-CVD, (b)
Al-plug CMP, (c) post-cleaning, and (d) upper-metal deposition.

is reduced to 35 nm/min and the Al plugs are completely
planarized in one minute. The polishing rate of SiO, does not
change due to the existence of Al plugs because the surface
area of Al plugs in usual interconnection pattern is very small
(under 0.1 cm? in a 6-inch wafer). The polishing residue on
Al plugs is then cleaned by Cly/Ar RIE and the upper metal
pattern is formed. Sputter-deposited Al alloys with Ti/TiN
layers are used for the lower and upper level interconnections.
Multilevel interconnection is achieved by simply repeating the
above process steps.

Fig. 3 shows SEM micrographs of the Al plugs for each
process step. Enough Al is deposited so that even the deep-
est holes can be fully plugged [Fig. 3(a)]. The Al plug is
planarized by CMP [Fig. 3(b)] and the polished surface is
efficiently cleaned by post-CMP cleaning [Fig. 3(c)]. There
is no indentation in the upper-level metal surface [Fig. 3(d)].

The CMP process for selective CVD—-AI plugs eliminates
the drawbacks of both selective CVD itself and blanket CVD.
Via holes with different depths can be plugged flush to the
insulator surface by combining selective CVD with plug CMP.
Furthermore, there is no need to be concerned about selectivity
loss (i.e., deposition on SiO3). There is no void formation
which sometimes occurs with blanket CVD. The CMP of
selectively formed Al plugs is very simple and it is much
easier to control the polishing thickness than it is to control
the thickness of blanket film.

C. Effect of CMP Post-Cleaning

Polishing is very effective in planarizing the surface, but
as shown in Fig. 3(b), a small amount of residue remains on
the Al plug surface. As a result, we examined post-cleaning
treatment using Clo/Ar RIE in an R1 reactor. Fig. 4 shows the
etching thickness of PECVD-SiO, as a function of etching
time. Under these conditions, the etching rate of Al plugs was
estimated to be smaller than that of SiO, by approximately
10-20% by measuring the steps between Al plugs and SiOs.
The surfaces of Al plugs were always covered with a very thin
aluminum oxide, the etching rate of which was much lower
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Fig. 4. Etching thickness of PE-CVD SiO2 as a function of etching time for
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Fig. 5. Results of micro-Auger analysis of polished Al plugs before and
after post-cleaning.

than Al itself in Cly/Ar RIE. For this reason, prior to Cla/Ar
RIE, 10 nm of an Al-plug surface was sputter-etched using Ar
gas. During CMP post-cleaning, about 50 nm of contaminated
layer should be etched off. This is done in a 2-min Cly/Ar
RIE following the Ar sputter-etch.

The results of the micro-Auger analysis of polished Al
plugs 0.5-pm in diameter before and after CMP post-cleaning
are shown in Fig. 5. Many kinds of contaminants were de-
tected on the polished Al plug surface. Oxygen, silicon and
nitrogen were considered to have originated from the silica
and ammonia in the slurry, and sulfur and fluorine were
thought to have originated from the chemically amplified
photoresist we used. These residues were removed thoroughly
by the Cly/Ar post-cleaning treatment. The remaining peaks for
silicon and oxygen were confirmed to originate from SiOs on
the surroundings of the via plug. Fig. 6 shows cross-sectional
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Fig. 6. Cross-sectional TEM images of Al-plugs before and after postclean-
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Fig. 7. Via resistance measured by the Kelvin method for CMP Al plugs (a)
without and (b) with post-cleaning.
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TEM images of Al plugs before and after post-cleaning. About
a 50-nm thick contaminated layer, which covered the polished
Al via plug surface, was completely removed by post-cleaning.
The thickness of the contaminated layer can be reduced by
optimizing CMP conditions.

The via resistance of two-level interconnections with and
without cleaning was evaluated to clarify the effects of CMP
post-cleaning. As shown in Fig. 7, the scatter of via Kelvin
resistance in a wafer can clearly be reduced by post-cleaning.
The yield of the 10°-via chain was also raised from 78%
to 100% by removing the plug-CMP residue. These results
confirm that post-cleaning treatment effectively improves the
electrical characteristics of via connection.

III. VIA PLUG RELIABILITY

The electromigration reliability of Al plugs was evaluated
using the layered and nonlayered metal structures shown in
Fig. 8. The nonlayered Al plug structure in Fig. 8(a) has
a Ti/TiN/Ti capping layer and a Ti wetting layer for the
Al-1%8Si-0.5%Cu alloy interconnection, which is sputtered at
100 °C. The via holes were opened such that the capping layer
of the lower-level interconnections could not be etched during
via-opening RIE. The capping layer was then etched off just
before the AI-CVD under the same conditions as precleaning
except for time, so there was no TiN barrier at the top or
bottom of the plug. The layered Al plug structure in Fig. 8(b)
employs Ti/TiN/Ti for both the capping and wetting layers.
Here, only part of the Ti was removed during precleaning,
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(a) (b)

Fig. 8. Cross sections of (a) a nonlayered Al plug and (b) a layered Al plug
with a TiN barrier.
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Fig. 9. Electromigraton resistance of 1400 via chains for layered and non-
layered Al plugs.

and the plug was sandwiched between two TiN barriers. The
thickness of the TiN layers is 20 nm.

Electromigration stress testing was carried out using a serial
via chain pattern with 1400 vias. The diameter of the vias
was 0.36 pm, the distance between them was 2 pm, and the
width of the metal line was 1.2 pm. The stress conditions
were 7.5 MA/cm? for each via at a temperature of 150 °C.
Fig. 9 shows the cumulative failure rate as a percentage of
the total number over time for the two test structures. Many
failures occurred in the via chain with nonlayered Al plugs in
less than 100 h. By contrast, only one failure in eight samples
occurred in the via chain with layered plugs in 750 h. The test
was terminated after 1000 h.

Fig. 10 shows cross-sectional TEM images of Al plugs with
layered and nonlayered structures. A grain boundary can be
seen to have generated in the nonlayered Al plugs [Fig. 10(a)].
Such grain boundaries were observed when part of the grain
boundary of the lower-level Al alloy was located at the bottom
of the via hole. However, no grain boundaries were observed
in a layered Al plug even when the plug was situated on a
grain boundary in a lower-level Al alloy.

Fig. 11 shows a model to improve electromigration resis-
tance. In nonlayered Al plugs without barrier layers, the grain
boundary extends from the bottom of the via all the way
through to the upper-level Al alloy on top. This occurs when
a plug is situated on a grain boundary in a lower-level Al
alloy. The grain boundary in an Al plug is considered to be
formed during Al plug deposition. Al grows epitaxially on
an Al alloy substrate, and if a grain boundary exists at the
bottom of a via hole, it extends into the Al plug. It is well
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Fig. 10. Cross-sectional TEM micrographs of (a) a non-layered Al plug and
(b) a layered Al-plug with a TiN barrier.

Al VIA PLUG

(2) (b)

Fig. 11. The model for improved electromigration resistance. (a) A
non-layered Al plug occasionally has a grain boundary. (b) A grain boundary
in a lower-level Al alloy is terminated by barrier metals in a layered Al-plug
structure.

known that Al atoms mainly migrate through grain boundaries
during electromigration testing. If many Al plugs in a via chain
have grain boundaries, Al atoms easily migrate in the via
chain and electromigration resistance deteriorates. However,
as shown in Fig. 11(b), the TiN barriers reduce the frequency
of grain boundary generation in Al plugs. Here, the migration
resistance of the via chain is greatly improved because there is
hardly any migration of Al atoms in a single crystal Al plug.

Another mechanism whereby electromigration resistance is
improved is when the TiN itself operates as a barrier to Al atom
migration between an Al plug and Al alloy interconnection.
It is generally known that the electromigration reliability of
via chains with W plugs is largely affected by the blocking
effect of W plugs [4]. When the distance between two vias is
more than a few dozen microns, vacancies in the Al alloy
interconnection collect at the lower course of the W plug
and grow into a large void, which degrades electromigration
reliability. However, if the Al alloy interconnection between
vias is short enough, the electromigration resistance of the via
chain is greatly strengthened because the W plug completely
dams up the flow of Al atoms.

In our test structure, the interconnection patterns between
vias were short and wide and the current density of inter-
connection had quite a low value (1.25 MA/cm?) compared
to vias (7.5 MA/cm?). Failure analysis of electromigration
samples revealed that the main cause of the failures was void
formation in the Al plugs. If the blocking effect is the dominant
factor affecting failure, voids should be formed in part of the
interconnection near the via. Therefore, the difference in the
failure time between the two structures in Fig. 9 is considered
to originate from the crystal structure of the Al plug itself
and we can at least conclude that the short lifetime of the
nonlayered Al plug is greatly improved by a layered plug
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structure with a single crystal. In actual devices with narrow
and long interconnections, lifetime will definitely be shortened
by the blocking effect of the layered via plug structure. The
degree of degradation is expected to change as a result of the
structure of barrier layers especially the barrier layer thickness.
This is the next subject to be discussed on layered Al plug
reliability.

IV. APPLICATION TO LSIS

Fully planarized four-level interconnections were fabricated
by the plug CMP process shown in Fig. 2 and their electrical
characteristics were evaluated. The via chain pattern in each
level interconnection was the same as that used in the elec-
tromigration test and the cross sectional views are shown in
Fig. 12. The diameter and the depth of all vias were fixed at
0.36 and 0.5 pm, respectively. The vias on the first level metal
had a nonstacked structure, but all of those on the second and
third metals had a stacked via structure with dummy vias just
under all the vias. The chain resistance of the first-, second-,
and third-level vias and the three-level stacks were measured
individually. There were 10° vias in each level via chain, so
the total number in the three-level stacks was three times that.
The histograms show that the via chain resistance for each

4TH METAL
JRD METAL
ZND METAL

15T METAL
W PLUG

1 um
[ M——

SEM cross-section of four level interconnection with AI-CVD stacked via plugs applied to 120-kG gate array LSI’s.

level and for all-stacked vias is sufficiently small and that the
distribution is very narrow. No failure could be observed in
37 chips on a 6-in wafer, and the chain resistance of a stack
was about the same as that for a single level. From the chain
resistance, the via resistance of one plug could be estimated
to be from 0.5 € to 0.7€2.

Gate-array LSI’s were fabricated using fully planarized
four-level interconnection. All four levels had an equal pitch of
1.4 pm, a via hole size of 0.36 um, a line width of 0.6 m, and
a line spacing of 0.36 pum. Stacked via structures were used
for all four-level interconnections. Fig. 13 is a cross-sectional
SEM image of a four-level interconnection in a 120-kG gate-
array LSI fabricated by KrF-excimer-laser lithography and the
quarter-micron-gate CMOS/SIMOX process. The polysilicon
gate and all four metal layers are completely planarized and
Al via plugs are all stacked. Fully functional operations were
obtained in 120-kG gate-array LSI’s.

V. CONCLUSION

We developed process to completely planarize Al plugs
using selective AI-CVD and plug CMP. Cly/Ar post-cleaning
treatment after CMP eliminated many kinds of contaminants
on the CMP-Al plug surface, largely improved the yield, and
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reduced the resistance scattering of via chains. A Ti/TiN/Ti-
layered plug structure, in which Al plugs were sandwiched
between TiN barriers, showed extremely high electromigration
resistance. This is because the TiN barrier suppressed both
grain-boundary generation and Al-atom migration in the via
plug. Planarized interconnections with stacked vias exhibited
excellent characteristics such as low via resistance, narrow
distribution of resistances, and a high via-chain yield. Gate
array VLSI’s were fabricated using four-level interconnection
and were confirmed to be fully functional. The CMP Al via
plug with barrier layers is a promising candidate for future
ULSI multilevel interconnections.
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Abstract

This work investigates chemical mechanical polishing (CMP) for W-filled contact holes, vias, and trenches by selective chemical vapor
deposition. A novel process that combines the CMP technique with selective chemical vapor deposition of [ungsten (CVD-W) was employed
to remove nail heads due o overgrcwtu and W -pat rticles on the surface of dielectric due to bc}:s.uvu._y loss. The overfilled nail heads and the
selectivity loss can be completely removed with very low down-pressure (3 psi) in a very short polishing time (30 s). This indicates that the
novel process is very nmmlsmo for ULSI multilevel interconnection 'mnhmtmn The removal rate selectivities of W to thermal oxide, PECVD-

TEOS, and BPSG were found to be 47:1, 30:1 and 15:1, respectively, while the selectivities of W to the barrier metals of TiW, Ti and Ta

were determined to be 0.6:1, 6:1 and 28:1, respectively. © 1997 Elsevier Science S.A.

Keywords: Selective tungsten chemical vapor deposition; Chemical mechanical polishing; Removal rate selectivity

1. Introduction

As device dimensions in integrated circuits are continually
reduced, the requirements imposed on the advanced metalli-
zation become increasingly stringent. These include
improved photolithographic margin, increased process win-
dow, and reduced defect density. Chemical mechanical pol-
ishing (CMP) has been proposed as a viable technique to
meet the above requirements [1,2]. For industrial applica-
tion, poor productivity is the main disadvantage of the W-
CMP planarization process. The low throughput of W CMP
results in high process cost per wafer. -

The selective chemical vapor deposition of tungsten
(CVD-W) is in principle much simpler than the blanket
approach for contact holes or vias filling, because no adhesion
layer and etch back process is needed [3-5]. However, the
selective-W approach is not adequate for contacts and vias
with different heights which occur in many applications.

Thue an annronriate noct-denosition treatment ic necessary
101Us, an appropriaié post-Geposiiion ireatment 1s nécessar

to eliminate the selectivity loss, and to remove the nail heads
formed due to overfilled dpposwhr‘m and dpnth \mrmn(\n of the
contacts.

In this study, CMP was employed to eliminate the selec-
tivity loss and to remove the nail heads. A novel process that

combines the CMP technique with the selective CVD-W

* Corresponding author.

0254-0584/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved
PII§0254-0584(97)01965-2

process was developed to promote the productivity of W-
CMP. Removal rate selectivities of W to dielectrics (thermal
oxide, PECVD-TEOS, and BPSG) and barrier metals ( TiW,
Ti and Ta) were also investigated.

--2.- Experimental

Three types of samples were prepared on 6 inch Si wafers
in this work: blanket tungsten, selective CVD-W on contact

—holes, and selective CVD-W on vias/trenches. Blanket tung-

sten films were directly deposited on bare Si wafers for the
purpose of determining the optimal deposition condition as
well as the proper W-CMP process. For the contact holes
samples, contact holes with sizes ranging from 0.4 to 1.0 pm
were patterned on 5000 A thick thermal oxide using the con-
ventional photolithographic and dry etching technique. For
the vias/trenches samples, a four-layer structure of Ti/TiN/
AlSiCu/TiN was sputter-deposited on thermally oxidized Si
wafers to the thicknesses of 500/1000/5000/400 A. The
samples were then patterned with reactive ion etching (RIE)
aid subsequently covered, in sequence, with dielectric layers
of 2000 A plasma-enhanced chemically vapor-deposited
(PECVD) oxide, 3000 A spin-on-glass (SOG), and 3000 A
PECVD oxide. Vias with sizes ranging from 0.4 to 1.0 pm
were patterned using dry etching technique and the 400 A
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Table 1
General specifications of the slurry for W-CMP

Sluery W-A355/FEL0
Oxidizer Fe(NO;),

pH valoe .7

Abrasive material AL,

Solid content 6%

Mean abrasive particle size {00 nm

Table 2

Experimental parameters used for W-CMP

Platen/carrier speed 32/28 rpm
Down-pressure 3.0 psi
Back-pressure 2.0psi

Sturry flow rate 150 m] min™"
Temperature 29-30°C

Pad IC-1000/SUBA IV

TiN layer was removed during the RIE. Trenches with widths
ranging from 0.6 to 1.2 um were also patterned by RIE.

Prior to the CVD-W, precleaning of the wafers was care-
fully performed. The blanket and contact hole samples were
dipped in dilute HF solution (50:1) to remove the native
oxide. The vias/trenches samples were dipped in a 0.1 M
solution of hydroxylamine sulfate [ (NH,OH), -H,S0,] at
60°C for 2 min with in situ ultrasonic agitation [4]. The
wafers were loaded into a load-locked cold wall CVD system
within 5 min of precleaning. The selective CVD-W process
was used to deposit W on the contact holes and vias/trenches
samples. For the contact holes filling, selective CVD-W was
performed at 300°C and a total pressure of 100 mTorr, while
for the vias/trenches filling, the deposition was carried out at
250°C and a pressure of 8 mTorr. Tungsten was overfilled to
ensure that the W-plugs and vias/trenches were stuffed
completely.

After selective CVD-W, the overfilled W and the selective
loss were removed by W-CMP using a commercially avail-
able CMP polisher [ Westech-372M ]. Table 1 shows the gen-
eral specifications of the slurry for W-CMP, and Table 2
shows the experimental parameters of W-CMP used in this
work.

A scanning electron microscope was employed to charac-
terize surface morphology, step coverage, and deposition rate
of W. The tungsten films’ crystalline phase was examined by
X-ray diffraction analysis. To evaluate removal rate selectiv-
ities of W for various dielectrics (thermal oxide, PECVD-
TEOS, and BPSG) and barrier metals (TiW, Ti and Ta),
CMP was performed under the conditions shown in Table 2.
An ellipsometer was used to measure the thickness of the
dielectrics. For barrier metals, a four-point probe was used to
measure the sheet resistance at 13 points across the wafer,
and the change of sheet resistance before and after CMP was
used to determine the removal rate of metals.
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3. Results and discussion

The resistivity and deposition rate of the blanket W-film
varies with WF,/SiH, flow rates. Fig. 1 shows that both the
resistivity and the deposition rate increase with increasing
SiH, flow rate at a constant WF, flow rate of 20 sccm. The
larger amount of Si incorporated into the W-film is presum-
ably responsible for the higher resistivity [6]. Grain struc-
tures of the blanket W films deposited with different WF/
SiH, flow rate ratios are fairly different, as shown in Fig. 2.
The X-ray diffraction patterns of the W films deposited on
bare Si with different WF,/SiH, flow rates are illustrated in
Fig. 3. The «-W signals were detected on the films deposited
with lower the SiH, flow rate of 10 sccm (Fig. 3(a)), while
the B-W signals were detected on the films deposited with
the higher SiH, flow rate of 30 sccm (Fig. 3(b)). The a-W
phase, which has the b.c.c. type-A2 lattice, is desirable for
ULSI application because it is thermodynamically stable and
exhibits the lowest resistivity among all crystailine phases of
tungsten [7]. The 8-W phase has a cubic, type-A15 lattice,
and is metastable below 630°C [8]. For the WF,/SiH, flow
rate ratio less than 1/2, amorphous WSi, film was obtained
(Fig. 3(c)) and the deposition selectivity was lost com-
pletely [9].

Fig. 4 shows the half-filled and overfilled contact holes of
1.0 pm size using selective CVD-W technique. Excellent
selectivity, good uniformity, and low resistivity W can be

30 T T T T T T 1500 ?
’é‘ 1 —0—Resistivity ] 2
G‘.’ 25 —o—Deposition Rate 1200 %’
= 20+ WF_ =20sccm 4900 2
2 ‘ z
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Fig. 1. Resistivity and deposition rate of blanket CVD-W vs, SiH, flow rate
at a fixed WF, flow rate of 20 scem.,
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Fig, 2. XRD spectra of tungsten films deposited on bare Si substrate with
WF./SiH, flow rates of {a) 20/10, (b) 20/30 and {c) 2/30sccm,
respectively,



M.T. Wang et al. / Materials Chemistry and Physics 51 (1997) 75-79 77

26.0kV X18.8K 1.89.im

Fig. 4. (a) Half-filled and (b) overﬁlled contact holes with size of 1.0 wm using selective CVD-W process.

obtained with the WF,/SiH, flow rate of 20/10 sccm. Thus,
the WF,/SiH, flow rate of 20/10 scem was used to deposit
tungsten for CMP study in this work. Compared with the
blanket W, the total volume of W that needs to be removed
during the W-CMP process is very small for the selective
CVD-W, as shown in Fig. 5. Only a small volume of the nail
heads due to overgrowth and some W-particles on the surface
of dielectric due to selectivity loss need to be removed. The
belly-shaped vias were formed as a result of the different
etching rate between SOG and PECVD ox1de durmg the via

surface roughness was flattened and a scratch-free surface
was obtained after the CMP process, as shown in Fig. 6(b).

Fig. 7 shows the results of a processing series of pattern
definition (Fig. 7(a)), selective CVD-W (Fig. 7(b)), W-
CMP (Fig. 7(c)), and post-CMP cleaning (Fig. 7(d)) in
sequence performed for 0.6 wm trenches. The overgrowth of
CVD-W on the trenches was completely removed aftera 30 s
W-CMP process; however, some abrasive particles ( Al,O5)
remained, as shown in Fig. 7(¢). A dilute ammonia solution
(0.6%) was used to remove the contamination from slurry

. e

etching [4].

CMP was firstly applied to polish the blanket tungsten films
with a thickness of 8000 A. A very smooth surface can be
obtained at a down-pressure of 3 psi and a back-pressure of
2 psi with a removal rate of 1400 A min~". Before CMP, the
tungsten film has a rough surface, as shown in Fig. 6(a); the

i PB.2kYV X28.eK

988nm

ATy Xy ~n ATy

and/or from dirty CMP environments. With such a post-CMP
cleaning step, no abrasive particle residues can be observed,
as shown in Fig. 7(d) [10,11]. Increased ammonia content
in the solution tends to induce corrosion of tungsten; Fig. 8
shows a serious corrosion of tungsten following a 120 s post-
CMP cleaning in a 5% ammonia solution.

Fig. 5. The total volume of tungsten films needs to be removed durmv W-CMP process 1s smaller for (a) selcctxve CVD-W, as compared with (b) blanket

deposition,
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Fig. 7. Scanning electron micrographs showing the results of a series of processing in sequence: (a) pattern definition, (b) selective CVD-W, (¢) W-CMP

process, and (d) post-CMP cleaning. The pattern contains 0.6.m trenches.

i5 28, 8kY

Fig. 8. Scanning electron micrographs showing a serious corrosion of tung-
sten resulting from a 120 s post-CMP cleaning in a 5% ammonia solution.

The overfilled nail heads of selective CVD-W and the
tungsten particles deposited on the surface of dielectric due
to selectivity loss can be removed effectively even using a
very low down-pressure of 3 psi in a very short polishing
time of 30 5. The lower down-pressure of W-CMP reduces
surface roughness and extends pad lifetime, and the shorter
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Fig. 9. Removal rate selectivities of W o barrier meials.

polishing time promotes throughput of CMP and reduces
consumption of slurry; thus, the process cost of W-CMP can
be reduced effectively. The removal rate selectivities of W to
various dielectrics and barrier metals were also evaluated with
the CMP process performed under the conditions shown in
Table 2. The removal rates of thermal oxide, PECVD-TEOS,
and BPSG were found to be 30, 45 and 95 A min~!, respec-
tively; thus the removal rate selectivities of W to thermal
oxide, PECVD-TEOS, and BPSG were determined to be
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47:1, 30:1 and 15:1, respectively. The removal rates of the
barrier metals of TiW, Ti and Ta were found to be about 2300,
240 and 50 A min™', respectively. These removal rates
together with those of W measured at various positions across
a 6 in substrate are illustrated in Fig. 9. The removal rate
selectivities of W to TiW, Ti, and Ta were determined to be
0.6:1, 6:1 and 28:1, respectively, in the center part of sub-
strate. The results of this study indicate that this novel process
is very promising for ULSI multilevel interconnection
application.

4. Conclusions

A novel process that combines selective CVD-W with the
W-CMP technique was developed. This novel process not
only improves the throughput of W-CMP dramatically, but
also extends the pad lifetime and reduces the consumption of
slurry; thus, the process cost of W-CMP can be reduced.
Overfilled nail heads and selectivity loss can be removed
effectively using a very low down-pressure of 3 psiin a very
short polishing time of 30 s. The lower down-pressure of W-

CMDP reduces curface rouchnece and avtende nad lifetime
Vi TEGUCES SUridle rougnness ana SxiCnas pad iicime,

and the shorter polishing time promotes throughput of CMP
and reduces consumption of slurry; thus, the process cost of
W-CMP can be reduced effectively. Furthermore, the
removal rate selectivities of W to thermal oxide, PECVD-
TEOS, and BPSG were found to be 47:1, 30:1 and 15:1,
respectively. These results indicate that the novel process
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developed in this study is very promising for ULSI multilevel

interconnection application.
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