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I, Mary K. Bolin, declare as follows:

1. I am Emeritus Professor at the University of Nebraska—Lincoln Libraries. I have
held the following positions: Professor and Catalog and Metadata Librarian, Digital Initiatives and
Special Collections Department, University of Nebraska—Lincoln Libraries (2015-2020);
Professor and Chair, Discovery and Resource Management and Coordinator of Collection
Development, University of Nebraska—Lincoln Libraries (2004—2015); Lecturer, San Jos¢ State
University School of Information: Lecturer, (2008—present); Head of the Technical Services
Department, University of Idaho Library (1993-2003; promoted to Professor in 1999); Head of
the Cataloging Department, University of Idaho Library (1986—1993; promoted to Associate
Professor and tenured in 1991); Head of Records Maintenance Section, Cataloging Department,
University of Georgia Libraries (1981-1986).

2. Over the course of my work as a librarian, professor, researcher, student research
supervisor, and author of numerous scholarly papers and other publications, I have had extensive
experience with cataloging records and online library management systems built around Machine-
Readable Cataloging (MARC) standards. I also have substantial experience in authenticating

printed documents and establishing the date when they were accessible to ordinarily skilled

researchers.
3. Attachment A is my full resume.
4, I have been retained by Wolf, Greenfield & Sacks, P.C. to evaluate, authenticate,

and establish the dates of public availability of certain documents in the above-captioned IPR
proceeding. For my time performing this service, I am being paid my usual hourly fee of $150 per
hour. I have no financial interest in this proceeding, or affiliation with Petitioners. My

compensation is not dependent upon the outcome of, or my testimony in, this IPR proceeding.



A. Document of Interest

5. This declaration concerns Garrou, P., Bower, C., and Ramm, P.,. Handbook of 3D
Integration: Technology and Applications of 3D Integrated Circuits, Wiley-VCH, 2008. Volume 1
(“Document 17).

B.  Methodology

6. I am familiar with many online catalogs, databases, and search engines. In

preparing for this declaration, I used authoritative information systems such as WorldCat

(https://www.worldcat.org) and the online catalog of the Library of Congress

(https://catalog.loc.gov, “OCLC”), shared research databases such as ResearchGate and

CiteSeerX, the online catalog of a number of large research libraries such as the University of
Nebraska—Lincoln and the British Library, subscription databases such as IOPScience, and
publicly accessible web search engines such as Google Scholar to search for records.

7. I searched for Document 1 using resources such as those listed above. My goal was
to find a record (or records) of Document 1 that contained a date indicating when the document
was available to the public.

C. Document 1

8. The following are my opinions with respect to the authenticity and public
availability of Document 1: Garrou, P., Bower, C., and Ramm, P. (2008). Handbook of 3D
Integration: Technology and Applications of 3D Integrated Circuits, Wiley-VCH, 2008. Volume
1.

L Authentication of Document 1

9. I conducted a search for Document 1 in the catalog of the British Library, the result
of which is shown in Attachment B. I also conducted an “item display search” for Document 1 in

the catalog of the British Library, the result of which is shown in Attachment C. The results of

2.



these searches confirm that Document 1 is in the collection of the British Library and that a
publicly-available catalog search shows information concerning Document 1’s location in the
British Library.

10.  Thavereviewed Ex. 1016, which contains a scanned copy of a letter from the British
Library Research Service in response to a Public Availability Date Request confirming the British
Library Public Availability Date (PAD) of Document 1. The letter in Ex. 1016 references an
attachment containing a scanned copy of select pages from Document 1 in the British Library that
include date-stamps. I understand that those scanned pages are reflected in Ex. 1017. PAD letters
like Ex. 1016 are routinely and reasonably relied upon by experts in my field when forming
opinions on public availability dates. The British Library’s Public Availability Date (PAD) Service
is a very well-known and reliable service that provides written confirmation of the date that an
item was made available from the British Library. A description of the PAD Service can be found
at https://www.bl.uk/business-and-ip-centre/our-research-service, which explains that “We will
check the date on which the an [sic] item was first made available to British Library users either
in our Reading Rooms or through our Document Supply Service and deliver a letter confirming
this with a copy of the relevant date stamp.”

11. I have reviewed Ex. 1017, which is a scan of the front matter for Document 1
volume 1 from the British Library showing a date stamp, together with the table of contents pages.

12. I have reviewed Ex. 1015, which is a scan of the cover and front matter for
Document 1 volume 1, together with the table of contents and pages 157-173 (Chapter 9).

13. Ex. 1017 and Ex. 1015 include identical front matter and table of contents pages,
with the only notable difference being the inclusion of handwritten notes and a British Library date

stamp on the copyright page contained in Ex. 1017 (at page 2). Compare Ex. 1017, page 2 with



Ex. 1015, page 3. I have also compared the section headings and page numbers in Chapter 9 in
Ex. 1015 with the listed section headings and page numbers in the table of contents pages in Ex.
1015 and Ex. 1017, and found them to be identical.

14.  Based on my review of the above, it is my opinion that Ex. 1015 is a true and correct
copy of pages from Document 1.

2. Public Availability of Document 1

15. Publisher Wiley Statement

16. Attachment D is the search result page from the Wiley Online Library for Document

17. Document 1 is found in the Wiley Online Library with the statement, “First
published: 6 August 2008.” Wiley is a well-known and reputable publisher.

18. British Library Date Stamp and Letter

19. I understand from the PAD letter from the British Library (Ex. 1016) that
“According to our records, these items (Volumes 1 & 2) were receipted by The British Library for
Volume 1 receipted 15th August 2008 and Volume 2 receipted 10th September 2008, and they
would have been available for public use from these dates.”

20. I understand from the PAD letter Ex. 1016 that Ex. 1017 contains a date stamp
indicating the date of availability of Volume 1 at the British Library. Consistent with the statement
in Ex. 1016, there is a date stamp appearing on page 2 of Ex. 1017 reflecting August 15, 2008 as
the date of public availability for Document 1.

21.  Actual Usage

22.  Availability and actual usage of a printed document are reflected by subsequent
research papers making reference to it. My research, using resources such as Google Scholar and

IOPScience, has identified at least one article that cited Document 1.

_4.-



23.  Attachment E is the search result from IOPScience showing search results for the
article Knoops et al. (2008) Deposition of TiN and TaN by remote plasma ALD for Cu and Li
diffusion barrier applications. Journal of the Electrochemical Society, 155(12), G287-G294 that
cites Document 1. Ex. 1019 is a PDF copy downloaded from IOPScience for the Knoops et al.
article. Attachment F is a screenshot of the PDF properties of Ex. 1019.

24, Document 1 is cited by the Knoops et al. article as reference [1]. Both the
IOPScience search results page (Attachment E) and the PDF copy (Ex. 1019) for Knoops et al.
include a statement, “Published 10 October 2008.” The PDF properties of Ex. 1019, which indicate
that the PDF file was created on October 10, 2008, are consistent with an October 10, 2008,
publication date.

25. In sum, Document 1 was added to the British Library collection on August 15, 2008,
appears in the Wiley Online Library with a publication date of August 6, 2008, and was cited by
an article in the IOPScience database with publication date of October 10, 2008. Based on these
facts, it is my opinion that Document 1 was publicly available in August 2008—and certainly no
later than October 2008, when the Knoops et al. article was published—and could have been

located by a skilled researcher.

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

are made with the knowledge that willful false statements and the like are punishable by fine,



imprisonment, or both, under Section 1001 of Title 18 of the U.S. Code. I state under penalty of

perjury under the laws of the United States of America that the foregoing is true and correct.

Executed this December 12, 2022, in Kansas City, Missouri.

Mary K. Bolin
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Mary K. Bolin, PhD
2433 U Street
Lincoln, Nebraska 68503
marv@marvkbolin.com

Mary K. Bolin, PhD

Professor Emeritus

University Libraries

University of Nebraska—Lincoln
mbolin2@unl.edu

Lecturer,
School of Information
San José State University

mary.bolin@sjsu.edu

EDUCATION

PhD, Educational Studies (Educational Leadership and Higher Education), 2007, University of
Nebraska

Dissertation: A Typology and Discourse Analysis of the Status and Appointments of Librarians at
Land Grant Universities (available at_digitalcommons.unl.edu)

MA, English, 1999, University of Idaho
Thesis: Grace: A Contrastive Analysis of a Biblical Semantic Field (available at

digitalcommons.unl.edu)

MSLS, 1981, University of Kentucky
BA, Linguistics, 1976, University of Nebraska—Lincoln
WORK EXPERIENCE

Center for Digital Research in the Humanities. Fellow, 2019- Emeritus, 2020-
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University of Nebraska--Lincoln Libraries: Professor and Catalog and Metadata Librarian,
Digital Initiatives and Special Collections, 2015-2020. Emeritus, 2020-

University of Nebraska—Lincoln Libraries: Professor and Chair, Discovery and Resource
Management, 2004-2015; Coordinator of Collection Development, 2012-2015

University of Idaho Library: Head, Technical Services Department, 1993-2003. Promoted to
Professor in 1999

University of Idaho Library: Head, Cataloging Department, 1986-1993. Promoted to Associate
Professor and tenured, 1991

University of Georgia Libraries: Head, Records Maintenance Section, Cataloging Department,
1981-1986

Teaching:
San José State University School of Information:

LIBR 281, Metadata. 2009-

LIBR 248, Introduction to Cataloging and Classification. 2013-

LIBR 202, Information Retrieval. 2008-2013

Associate Coordinator, Gateway PhD program, San Jose State University, 2021-

American Library Association

Cataloging for Non-Catalogers, Online Continuing Education Course, 2017-
Intermediate Cataloging for Non-Catalogers, Online Continuing Education Course, 2018-

Lyrasis

Webinar on BibFrame, taught twice a year, 2020-
Quick and Clean Cataloging, Parts 1, 2, and 3. 2022-

Independent Study in Idaho
Library Science C415, Technical Services for Small Libraries, 2004-2013

Library Science C416, Library Services to Rural Libraries, 2004-2013
Library Science C422, Use of the School Library, 1999-2013
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Library Science C425/525, Organization and Management of Small Libraries,
1988-2013
Library Science C427, Library or Media Center Practicum, 1995-2013

Gateway PhD Program (San Jose State University and Queensland University of Technology).
SJSU supervisor for two PhD students, 2015-

Gateway PhD Program (San Jose State University and Manchester Metropolitan University).
Associate Coordinator, 2021-

Consulting
Expert witness for multiple attorneys employed by Wolf, Greenfield & Sacks, P.C.,
Hughes Hubbard & Reed LLP, and other firms. 2017-

Editing
Language and academic editing for EditSprings, a service for international scholars, 2020-

SCHOLARSHIP

Refereed Publications:

(Publications available from digitalcommons.unl.edu)

Bolin, Mary K. (2022). “Academic Libraries and Writing Centers: Collaborations at US Public

Research Universities.” School of Information Student Research Journal, 11(2). Retrieved from
https://scholarworks.sjsu.edu/ischoolsrj/voll1/iss2/2

Bolin, Mary K. (Forthcoming 2022). Refocusing Academic Libraries through Learning and
Discourse: The Idea of a Library. Oxford, UK: Chandos/Elsevier.

Bolin, Mary K. (2022). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.” In:
Sandra Hirsh (Ed.), Information Services Today: An Introduction. 3rd ed. New York: Rowman
and Littlefield.

Pytlik Zillig, Brian, and Mary K. Bolin. (Forthcoming) “Visualization of Semantic Primes in
Texts from Early Modern English Drama.” Journal of the Japanese Association for the Digital
Humanities.
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https://www.editsprings.com/en/
http://digitalcommons.unl.edu/
https://scholarworks.sjsu.edu/ischoolsrj/vol11/iss2/2

Wintermute, Harriet E., and Bolin, Mary K. (2018). “Metadata Generators for Backlog
Reduction: Metadata Maker Streamlines Cataloging and Facilitates Transition. Technical
Services Quarterly 35(2) doi: https://doi.org/10.1080/07317131.2018.1422879

Bolin, Mary K. (2018). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.”
In: Sandra Hirsh (Ed.), Information Services Today: An Introduction. 2™ ed. New York: Rowman
and Littlefield.

Bolin Mary K. (2017). The 21-century Academic Library: Global Patterns of Organization and
Discourse. Oxford: Chandos Publishing. (Chandos Information Professional Series)

Bolin, Mary K. (2017). Linguistics and LIS: A Research Agenda.” SLIS Student Research
Journal, 7:1.
Retrieved from http://scholarworks.sjsu.edu/slissrj/vol7/iss1/2

Bolin, Mary K. (2014). "Open Access Web Resources for Library Continuing Education and
Training." In S. Hines (Ed.), Revolutionizing the Development of Library and Information
Professionals: Planning for the Future (pp. 107- 124). Hershey, PA: .
do0i:10.4018/978-1-4666-4675-9.ch008.

Bolin, Mary K. (2014). "The Language of Academic Librarianship: The Discourse of Promotion
and Tenure. “Advances in Library Administration and Organization 32.

Bolin, Mary K. "Librarian Status at US Research Universities: Extending the Typology." Journal
of Academic Librarianship 34:4 (September 2008)

Bolin, Mary K. "A Typology of Librarian Status at Land Grant Universities." Journal of
Academic Librarianship, 34: 3 (May 2008)220:230.

Bolin, Mary K. "The Library and the Computer Center: Organizational Patterns at Land Grant
Universities." Journal of Academic Librarianship, 31:1 (2005)

Eckwright, Gail Z. and Mary K. Bolin. "The Hybrid Librarian: The Affinity of Collection
Management with Technical Services and the Organizational Benefits of an Individualized

Assignment." Journal of Academic Librarianship, 27:6 (2001)452:457.

Bolin, Mary K. "Catalog Design, Catalog Maintenance, Catalog Governance," Library
Collections, Acquisitions, and Technical Services. 24: (2000)53-63.
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https://doi.org/10.1080/07317131.2018.1422879

Bolin, Mary K. "The Collegial Environment and the Functional Organization," Journal of
Library Administration. 29:2(1999):49-61.

Bolin, Mary K. "Cataloging Environmental Impact Statements and Related Documents,"
Resource Sharing and Library Networks. 14:1(1999): 21-40.

Bolin, Mary K. "Waiting for the Electrician or Someone like Him: Client-Centered Technical
Services" Proceedings of the Association of College and Research Libraries National
Conference, Nashville, April 1997.

< http://www.ala.org/Content/ContentGroups/ACRL 1/Nashville 1997 Papers/Bolin.htm >

Grants:

Electronic Theses and Dissertations. Seed Grant from University of Idaho Office of Research,
2002. Co PI with Gail Z. Eckwright. $6500.

Interoperability of Metadata for Thematic Research Collections. Grant to the Center for Digital
Research in the Humanities from the Institute of Museum and Library Services 2005-2008.
Project Team Member.
http://unlcms.unl.edu/cas/center-for-digital-research-in-the-humanities/projects/pages/iom_files/I

OM_Final Narrative Report July 2008.pdf

Other Publications:

Library Philosophy & Practice. Peer-reviewed electronic library science journal. Mary K. Bolin
and Gail Z. Eckwright, founders and editors. http://digitalcommons.unl.edu/libphilprac

Library Science C415, Technical Services for Small Libraries, through Independent Study in
Idaho. 2004.

Library Science C416, Library Services to Rural Libraries, through Independent Study in Idaho.
2004.

Library Science C422, Use of the School Library, through Independent Study in Idaho. Revised
1999.

Library Science C425/525, Organization and Management of Small Libraries through
Independent Study in Idaho. Revised 2005.
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http://www.ala.org/Content/ContentGroups/ACRL1/Nashville_1997_Papers/Bolin.htm
http://unlcms.unl.edu/cas/center-for-digital-research-in-the-humanities/projects/pages/iom_files/IOM_Final_Narrative_Report_July_2008.pdf
http://unlcms.unl.edu/cas/center-for-digital-research-in-the-humanities/projects/pages/iom_files/IOM_Final_Narrative_Report_July_2008.pdf
http://unlcms.unl.edu/cas/center-for-digital-research-in-the-humanities/projects/pages/iom_files/IOM_Final_Narrative_Report_July_2008.pdf
http://digitalcommons.unl.edu/libphilprac

Library Science C427, Library or Media Center Practicum, Independent Study in Idaho. Revised
1999.

Presentations:
Bolin, Mary K. “BibFrame and the MARC Cataloging Environment: an Introduction.” Lyrasis

Webinar, June 16, 2020, August 17, 2021.. Recording available
http://lyrasis.adobeconnect.com/paufo9e0dm30/

Pytlik Zillig, Brian, and Mary K. Bolin. “A Little More than Kin, a Little Less than Kind”: the
Semantic Field Grace in Early Modern English" Poster Session, Text Encoding Initiative
Meeting, Graz, Austria, September 18, 2019

Pytlik Zillig, Brian, and Mary K. Bolin. “Shakespeare and the Enumeration of Semantic Primes.”
Research Paper Presentation, Text Encoding Initiative Meeting, Tokyo, Japan, September 13,
2018

"Library Philosophy and Practice: Creating and Maintaining an Open-Access E-Journal,"
Presentation to UNCL meeting (libraries at campuses of the University of Nebraska), Lincoln,
Nebraska, March 20, 2008.

Presentation to "Thinking outside the Borders" participants on the open-access electronic journal
Library Philosophy and Practice and its role in the international library community. University of
Nebraska—Lincoln Libraries, October 24, 2007

Panel discussion on open access electronic journals. GWLA directors' meeting. Linda K. Hall
Library, Kansas City, Missouri. April 2007.

"Waiting for the Electrician or Someone Like Him: Client-Centered Technical Services."
Association of College and Research Libraries National Conference, Nashville, April 5, 1997.

" 'Some Problems of an Editor": the Idaho Librarian from Manuscript to Published Issue," Joint
Annual Conference of the Idaho Library Association and the Washington Library Association,
Spokane, Washington, April 6, 1995.

"Automating Idaho's Libraries: a Historical Perspective." Idaho Library Association Annual
Conference, Idaho Falls, October 4, 1990.
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http://lyrasis.adobeconnect.com/paufo9e0dm30/

"Small Library Management." Idaho Library Association Spring Conference, Lewiston, Idaho,
May 13, 1989.

"No More 'Good Workers': Excellence and Academic Library Classified Staff." Association of
College and Research Libraries 5th Annual Conference, Cincinnati, April 7, 1989.

"Communication to and from Cataloging Departments." Heads of Cataloging Discussion Group,
American Library Association Midwinter Meeting, San Antonio, January 1988.

Discussion Leader at the LAMA (Library Administration and Management) Management
Exchange. American Library Association Annual Meeting, San Francisco, June 1987.

"Staff Turnover." Heads of Cataloging Discussion Group, American Library Association
Midwinter Meeting, Chicago, January 1987.

SELECTED PROFESSIONAL SERVICE

Reviewer. Resources for College Libraries. Linguistics bibliography, Spring 2020.
Peer reviewer for ALISE National Conference presentations, Spring 2020.

Peer reviewer for Journal of Academic Librarianship, 2012-

Peer reviewer for refereed journal, Western Nigerian Journal of Medical Sciences

(http://www.wnjms.org/ ), a publication of Ladoke Akintola University of Technology
(LAUTECH) Teaching Hospital, 2008-

PhD Reviewer for students from Aligarh Muslim University, India, 2010-
Outside reviewer for numerous library faculty promotion and tenure cases in US universities.

University of Nebraska--Lincoln
Chair, University Libraries Faculty, 2018

Faculty Senate Academic Rights and Responsibilities Committee, 2016- Chair, 2018-19
Faculty Senate — 2004-2008; 2008-2011

Faculty Senate Executive Committee 2004-2008
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http://www.wnjms.org/

Academic Planning Committee (APC), 2005-2008; Vice Chair, 2006-2007; Chair,
2007-2008

Aesthetic Review Committee 2006-2007

APC monitor for academic program reviews: Department of Political Science, 2005;
Department of Educational Psychology 2006
Pacific Northwest Library Association:
Editor, PNLA Quarterly, December 2002-December 2013

Idaho Library Association:

Editor, The Idaho Librarian, September 1990-January 1996
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12/10/22,2:14 PM Handbook of 3D integration : technology and applications of 3D integrated circuits / edited by Philip Garrou, Christopher Bower and Peter Ra...
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Main catalogue Available online (beta)  Our website  Explore Further

garrou handbook of 3d integration Everything in this catalogue

Advanced Search

Back to results list

Handbook of 3D integration : technology and applications of 3D integrated
circuits / edited by Philip Garrou, Christopher Bower and Peter Ramm.
Weinheim : Wiley-VCH, 2008.

Details | want this

Actions ~

Title: Handbook of 3D integration : technology and applications of 3D integrated Links

circuits / edited by Philip Garrou, Christopher Bower and Peter Ramm. Item Holdings
Contributor: Philip E Garrou; View record in Library Hub
Christopher Andrew Bower; Discover

Peter Ramm View record in WorldCat®
Subjects: Integrated circuits; Integrated circuits -- Design and construction; Report Catalogue Error
Semiconductor wafers; Three-dimensional imaging; MARC display

Dewey: 621.3815

Rights: Terms governing use: Current Copyright Fee: GBP32.00

Publication Details: Weinheim : Wiley-VCH, 2008.

Language: English

Identifier: ISBN 9783527320349 (set) : £135.00; BNB GBA8A2148; System number:
014470978

Notes: Bibliography note: Includes bibliographical references and index.

Physical Description: 2 v. :ill. (some col.) ; 25 cm.

Obsolete shelfmark: (B) 621.3815

Shelfmark(s): Document Supply m08/.29671 vol. 2
Document Supply m08/.29670 vol. 1

Science, Technology & Business (B) 621.3815 v.2
General Reference Collection YC.2016.a.12928

UIN: BLL01014470978

Back to results list 4+ Previous Result

P1

B-1
https://explore.bl.uk/primo_library/libweb/action/display.do?tabs=moreTab&ct=display&fn=search&doc=BLL01014470978&indx=4&reclds=BLL01014470978&re...  1/1


https://explore.bl.uk/primo_library/libweb/action/display.do?ct=display&fn=search&doc=BLL01014470978&indx=4&recIds=BLL01014470978&recIdxs=0&elementId=0&renderMode=poppedOut&displayMode=full&dscnt=0&mode=Basic&vid=BLVU1&tab=local_tab&http://explore.bl.uk/primo_library/libweb/action/display.do?elementId=3&dstmp=1670703130048&frbg=&frbrVersion=&scp.scps=scope%3A%28BLCONTENT%29&tb=t&vl(297891280UI0)=any&srt=rank&dum=true&vl(freeText0)=garrou%20handbook%20of%203d%20integration&tabs=detailsTab&gathStatTab=true
https://explore.bl.uk/primo_library/libweb/action/display.do?ct=display&fn=search&doc=BLL01014470978&indx=4&recIds=BLL01014470978&recIdxs=0&elementId=0&renderMode=poppedOut&displayMode=full&dscnt=0&mode=Basic&vid=BLVU1&tab=local_tab&http://explore.bl.uk/primo_library/libweb/action/display.do?elementId=3&dstmp=1670703130048&frbg=&frbrVersion=&scp.scps=scope%3A%28BLCONTENT%29&tb=t&vl(297891280UI0)=any&srt=rank&dum=true&vl(freeText0)=garrou%20handbook%20of%203d%20integration&tabs=moreTab&gathStatTab=true
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=Philip+E++Garrou%20&vl(297891280UI0)=creator&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=Christopher+Andrew++Bower&vl(297891280UI0)=creator&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=Peter++Ramm&vl(297891280UI0)=creator&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=Integrated+circuits&vl(297891280UI0)=sub&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=+Integrated+circuits+--+Design+and+construction&vl(297891280UI0)=sub&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=+Semiconductor+wafers&vl(297891280UI0)=sub&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=+Three-dimensional+imaging&vl(297891280UI0)=sub&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
https://explore.bl.uk/primo_library/libweb/action/search.do?vl(freeText0)=Dewey%3a+621.3815&vl(297891280UI0)=sub&vl(340803643UI1)=all_items&fn=search&tab=local_tab&mode=Basic&vid=BLVU1&scp.scps=scope%3a(BLCONTENT)&ct=lateralLinking
http://primocat.bl.uk/F?func=direct&local_base=ITEMV&doc_number=014470978&con_lng=eng
https://discover.libraryhub.jisc.ac.uk/search?author=Garrou&publisher=Wiley-VCH&isn=9783527320349
http://www.worldcat.org/search?q=isbn%3A9783527320349
http://forms.bl.uk/catalogueerror?pid=BLL01014470978&sid=BLL01
http://primocat.bl.uk/F/?func=direct&local_base=PRIMO&doc_number=014470978&format=001&con_lng=eng
https://explore.bl.uk/primo_library/libweb/action/search.do?pag=bak&indx=1&ct=&viewAllItemsClicked=false&selectedLocation=&http://explore.bl.uk/primo_library/libweb/action/display.do?tabs=moreTab&indx=4&fn=search&dscnt=0&recIds=BLL01014470978&mode=Basic&vid=BLVU1&tab=local_tab&http://explore.bl.uk/primo_library/libweb/action/display.do?elementId=3&dstmp=1670703129946&elementId=0&frbg=&frbrVersion=&scp.scps=scope%3A%28BLCONTENT%29&tb=t&displayMode=full&renderMode=poppedOut&ct=display&recIdxs=0&vl(297891280UI0)=any&srt=rank&doc=BLL01014470978&dum=true&vl(freeText0)=garrou%20handbook%20of%203d%20integration&doc=BLL01014470978
https://explore.bl.uk/primo_library/libweb/action/display.do?pag=prv&indx=4&ct=display&fn=search&elementId=0&renderMode=poppedOut&displayMode=full&dscnt=0&mode=Basic&vid=BLVU1&tab=local_tab&http://explore.bl.uk/primo_library/libweb/action/display.do?elementId=3&dstmp=1670703130048&frbg=&frbrVersion=&scp.scps=scope%3A%28BLCONTENT%29&tb=t&vl(297891280UI0)=any&srt=rank&dum=true&vl(freeText0)=garrou%20handbook%20of%203d%20integration
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combinations of -I-H[N{CHR}E]S precursor with H, plasma and TiCly precursor with H, — N,
plasma, respectively. Both the TaN and TiN films had a cubic phase composition with a
relatively low resistivity (TaN: 380 €2 ¢m; TiN: 150 £ ¢cm). Dissimilar from the TiN
properties, the material properties of the TaN films were found to depend strongly on the
plasma exposure time. Preliminary tests on planar substrates were carried out revealing the
potential of the TaN and TiN films as Cu and Li diffusion barriers in through-silicon via and
silicon-integrated thin-film battery applications, respectively. For the specific films studied, it
was found that TiN showed better barrier properties than TaN for both application areas. The
TiN films were an effective barrier to Cu diffusion and had no Cu diffusion for anneal
temperatures up to 700 ° C. The TiN films showed low Li intercalation during
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consequently, Cu diffusion barriers are also of strategic relevance for the "More than Moore"
approach in which several functionalities and components (computing, processing, storage,
transmitting, sensing, etc.) are combined in, for example, "System-in-Package (SiP)"

devices.®

A development being part of the "More than Moore" approach is research toward 3D
integrated solid-state thin-film batteries.®-8 These batteries have the potential to provide the
high-density storage capacity required for future miniaturized autonomous wireless devices
or as a backup power supply in circuits.?: 7 The batteries are based on Li ions as charge
carriers and high aspect ratio structures in silicon to obtain high storage densities. The
battery stack consists of several functional layers (diffusion barrier layer, anode, electrolyte,
cathode, current collector) deposited conformally in these 3D structures. Because silicon
easily takes up elemental Li, it is an attractive anode material. However, to prevent the loss of
Li from the Si anode to the underlying Si substrate while still providing an electrical
connection to the anode layer, a conductive and conformal Li diffusion barrier film is required

in-between.®: 7

As Cu diffusion barrier materials, mainly refractory metallic systems (Ti, Ta, W, Mo, Cr, etc.

and their nitrides) are used due to their characteristic chemical inertness and low diffusion

rate related to their high melting points.®: 10 Furthermore, because of the relatively low

resistivity of these materials they can be directly used as metal electrodes in capacitor
structures and as metal gate electrodes for complementary metal oxide semiconductor.?: 12
Among these materials, TaN and TiN have been considered most often and these materials

are known to be good diffusion barriers, especially for Cu.9 10. 12-14 Both sputtered TaN and

TiN have been used as a diffusion barrier for TSV experiments.# 15> Note, that the adhesion ofDF
Cu on TiN might not be sufficient for the small feature sizes in the more traditional Help
interconnect technology. Nevertheless TiN is considered to be a good candidate for the

relatively large vias used in 3D integration.?: 4

In this article, we report on TaN and TiN films deposited with remote plasma atomic layer

deposition (ALD). In principle, this technique is capable of depositing high-quality films with a
good conformality in high aspect ratio structures.2: 16-19 Because the microstructure and the
composition of the films could have a large influence on the diffusion barrier properties, 4 17,

20-22 e have studied the material properties of the deposited TaN and TiN films for various
This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out 9
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on planar wafers to test the performance of TaN and TiN films as Cu and Li diffusion barriers
in future SiP applications. Furthermore, by comparing the diffusion barrier properties for both

Cu and Li, more insight into the barrier characteristics of TaN and TiN has been obtained.

Experimental

Remote plasma ALD reactors

The TaN and TiN films investigated and used in the barrier experiments were deposited using
two remote plasma ALD reactors. The TaN films were deposited using the homebuilt ALD-I
reactor as described extensively by Langereis et al.23 The TiN films in this work were
deposited using the Oxford Instruments FlexAL reactor, and this process is described by Heil
et al.24 In this work, we describe the deposition of both materials and report on the Cu and Li

diffusion barrier properties on planar film stacks.

Both ALD reactors have the same basic configuration as schematically represented in Fig.

1a. The reactors consisted of a deposition chamber, a pump unit, an inductively coupled
plasma source, and a precursor dosing system. The pump unit and plasma source were
connected to the deposition chamber through gate valves. The chamber was pumped by a
combination of a turbomolecular pump and a rotary pump reaching a base pressure of

< 10 Torr by overnight pumping. The ALD-I reactor was an open-load reactor that could
handle wafers with a diameter up to 100 mm. The FlexAL reactor could handle wafers with
diameters up to 200 mm, and these wafers were loaded through a load lock. Unlike the ALD-
| reactor, the FlexAL reactor had a higher maximum power setting for the plasma source (
600 W instead of 1()() W) and was also equipped with mass flow controllers and an
automated pressure control valve. PDF

Help
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Figure 1. (a) A schematic overview of the basic configuration of the remote plasma
ALD reactors. In addition to the different reactor components, the in situ
spectroscopic ellipsometer is also shown. (b) A schematic of a typical remote plasma

ALD cycle for the deposition of conductive thin films.

Figure 1b schematically shows a typical ALD cycle used for both processes. The cycle began
with the precursor dosage. For the TaN process -I-H[N{CHF}E]S
(pentakis(dimethylamino)tantalum, PDMAT) precursor was heated to 75 © (, and an Ar flow
was used to transport the 'I'a[N{CH3]2]5 vapor into the chamber by bubbling. A dosing time
of 5 s was used to obtain saturation. For TiN deposition, TiCl; was dosed using a fast
switch valve (minimum switch time was 10 ms). Because of the high vapor pressure of TiCl,
, only a short dosage time of 4() ms was required to achieve saturation while keeping the
TiCly at 30 © C. After purging with Ar, the gate valve between plasma source and chamber
was opened and the plasma ALD half-cycle was started. For the TaN process, an H, plasma
was used; for the TiN process, we used an Hs — N1 plasma. After the plasma step, the next
cycle started again with an Ar purge. Table | summarizes the details of the "baseline"

conditions used throughout this work.

Table I. "Baseline" deposition conditions for remote plasma ALD of TiN and TaN films.

ALD process TiN TaN

ALD reactor FlexAL ALD-I

PDF
Substrate temperature (°C) 350 225

Help
Precursor: TiCl, TH(N{CHH]E]_

5
Dosing time (s) 0.04 5
Temperature (°C) 30 75
Ar pressure (mTorr)
Plasma:
Gas mixture
This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out Q
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ALD process TiN TaN
Pressure (mTorr) 15 7.5
Power (W) 250 100
Exposure time (s) 5 10

Thin-film analysis

In situ spectroscopic ellipsometry (SE) was used to study the thin-film growth during the
deposition processes on both ALD reactors. The ellipsometer used was a J.A. Woollam, Inc.
M2000U visible and near-infrared ellipsometer. A proper modeling of the dielectric function
results in an accurate determination of the thickness of the deposited film.23: 25 Electrical
sheet resistance measurements were carried out ex situ at room temperature using a
Signatone four-point probe (FPP) in combination with a Keithley 2400 Source Measurement
Unit, acting both as current source and voltage meter. The resistivity was obtained from the
slope of the current-voltage () curve, and the film thickness was deduced from the SE
measurements. The atomic compositions and areal atomic densities of the films were
determined from Rutherford backscattering spectrometry and elastic recoil detection using
ions. Mass densities were calculated from the areal densities using the thickness data
obtained by SE. The microstructure of the films was studied using X-ray diffraction (XRD) with
a Philips X'Pert MPD diffractometer equipped with a Cu source ( radiation). The thickness
and mass density were corroborated by X-ray reflectometry measurements performed on a

Bruker D8 Advance X-ray diffractometer.

Cu and Li diffusion barrier experiments PDF

For the Cu diffusion barrier experiments, test structures were fabricated by sputter depositincj'eIp
Cu films ( in thickness) onto air exposed barrier films ( in thickness) which were deposited on
HF-last n-type silicon wafers (P-doped, resistivity of ). These stacks were annealed in a
vacuum oven together with control stacks that had no Cu film on top. For the FPP resistivity
measurements, the samples were heated up to the anneal temperature at a ramp rate of . At
the moment the anneal temperature was reached, the samples were cooled down to at a
cooling rate of after which the sample was heated to the next anneal temperature. The

anneal temperature was increased in steps of up to . During these thermal cycles the sheet
This site uses cookles B ntl in this sjte you et ies. T d out
resistance was m eca gﬁ-’ﬁ?r the 13p Elde of fhe't 2P LRGP 1T e analysis ();]
more, see our rlvacy and |es policy.
E-7
https://iopscience.iop.org/article/10.1149/1.2988651 7/36


http://ioppublishing.org/privacyPolicy
https://scholar.google.com/scholar_url?url=https://iopscience.iop.org/article/10.1149/1.2988651/pdf%3Fcasa_token%3DGQsSKVTbom0AAAAA:kXtRmwH0L1VbSM4zmJOMMSNEthGVBVMVKKkNOqBj96D9KI2kAqUu5nIqeIhcpykfPO280mvOGvPoKSZJRyg&hl=en&sa=T&oi=ucasa&ct=ucasa&ei=yeuUY_CAMM6TywSuq4KQDg&scisig=AAGBfm0HsmMvJ7q9ZwhI8q5ph-_hxHeqkw
https://scholar.google.com/scholar/help.html#access

12/10/22,2:33 PM Deposition of TiN and TaN by Remote Plasma ALD for Cu and Li Diffusion Barrier Applications - IOPscience
these measurements, the sheet resistance at was considered to prevent any intrinsic
influence of the temperature dependence of the Cu, TaN, TiN, and Si resistivity. The stacks
for the XRD measurements were annealed using a slightly different procedure, each stack
was individually heated up to the anneal temperature at a ramp rate of and kept at this

temperature for , after which they were slowly cooled inside the furnace.

For the Li diffusion barrier test, cyclic voltammetry was conducted with an Autolab
PGSTAT30 (Ecochemie B.V., Utrecht, The Netherlands) and galvanostatic cycling was
performed using a M4300 galvanostat (Maccor, Tulsa, USA). The procedure used was
identical to the one described by Baggetto et al.” An n-type silicon wafer (Sb-doped,
resistivity of ) was used as a substrate to facilitate the electrical connection to the barrier

layer. The substrate had a native oxide surface.

Results and Discussion

Remote plasma ALD of TiN and TaN films

TiN and TaN films were deposited with various plasma exposure times using the baseline
conditions listed in Table I. The resulting material properties are summarized in Table Il. The
thickness of the TiN and TaN films is shown as a function of the number of cycles in Fig. 2.

Both TiN and TaN show a linear increase in thickness with the number of cycles.

Table Il. The material properties of remote plasma ALD TiN and TaN films for various

plasma exposure times. In situ spectroscopic ellipsometry, Rutherford backscattering
spectroscopy, and four-point probe measurements were used to determine the material
properties. The typical experimental errors are shown in each column; a dash means "not PDF

measured." The deposition conditions from Table | were used unless indicated otherwise. Hep

Plasma Thickness Growth per Mass Atomic composition (at %) Electrical
exposure (nm) cycle density resistivity
step (nm/cycle) (g CITI_}] T Ta N O C d (12 cm)
TiN
2s 21.1£0.2 0.035£0.02 4.0+£0.1 w00 — 46 20 — 27 175+15
Hy — N,
This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out Q
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Plasma Thickness  Growth per Mass Atomic composition (at %) Electrical
exposure (nm) cycle density resistivity
step (nm/cycle) (g (:m_'ﬁ‘] i Ta N O C C (12 cm)
5s 23.2 0.039 3.9 50 — 46 20 — 1.8 162
H, - N,
10 s 23.5 0.039 4.0 50 — 47 2.0 — 1.3 147
H, - N,
20 s 25.2 0.042 — - - - — — — 145
H, — N,
10 s 31.8 0.058 - 47 — 47 35 — 1.9 200
H, - N,
a,c
5s 60+05 — - 47 — 42 9 - 2 -
H, — N,b
TaN
3sH, 26.0+0.5 0.038+0.02 9.1+£0.5 — == 32 15 10 — 3400+ 100
10sHy 316 0.049 10.4 — 59 29 12 <2 — 1200
30 s H: 28.1 0.056 12.1 — 56 257 12 — 380
10sH,2 292 0.045 — - - - - — = 1550
10sH-0 60 — — — 48 30 22 <2 — — PPF
Help
8Films used in Cu-diffusion barrier experiments. BEilms used in Li-diffusion barrier experiments. °Film
deposited using 4(0() © C substrate temperature and a S0() W plasma with a H; — N,
(60 — 8 scem) gas mixture at ~ 19 mTorr-
This site uses cookies. By continuing to use this site you agree to our use of cookies. To find out Q
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Figure 2. The thickness of the TaN and TiN films as a function of number of ALD

cycles. The thicknesses have been determined by in situ spectroscopic ellipsometry.

The TiN properties showed almost no dependence on the plasma exposure time, only a slight
decrease in Cl content and decrease in resistivity was observed for longer plasma exposures.

PDF
The TiN films investigated had an [N]/[Ti] ratio of and all contained a relatively low level of

impurities.24 This is in agreement with previous work where the combination of and plasma .
showed excellent material properties compared to other ALD TiN processes.28 Note that, for
the Cu diffusion barrier experiments, slightly different deposition conditions were used (
substrate temperature and a plasma with a gas mixture), which resulted in a slight increase

in growth rate and resistivity.

The TaN properties depend strongly on the plasma exposure time. This can be explained by
the fact that TaN can exist in many crystal phases, depending on the [Ta]/[N] ratio. Stable
Ehssieplias €9 vkingiRy faHinoBIdactigdhitosEenic RV hese bemkiespdrtitiBuThe Tal\b
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films obtained with a plasma were reasonably conductive , had a relatively low N content of
32%, and had the cubic crystal phase (see below). The N content further reduced down to
25% when the plasma exposure time was increased, which also resulted in a higher mass
density and lower resistivity (as low as , Table Il). mixtures and were also used as the
plasma gasses, but these conditions resulted in a large increase in resistivity (e.g., for a 98:2
plasma) and even led to the semiconducting phase.23 Because our interest lies in conductive

barrier films, only films deposited by plasma were investigated in the current work.

Figures 3a and 3b show the growth per cycle and FPP resistivity of the films as a function of
plasma exposure time. During the first few seconds of plasma exposure, both processes
show a large increase in the growth per cycle after which saturation takes place. For TaN a
so-called soft saturation behavior is observed while the saturation in growth per cycle is
much clearer for the TiN case. This soft saturation can be explained by the aforementioned
dependence of the material properties on the plasma exposure time (see Table 11).23 The
change in material properties for TaN is also evident by the large change in resistivity with
plasma exposure time (Fig. 3b). For TiN, only minor changes take place that can be attributed

to a small reduction in the Cl-impurity content.

Figure 3. (a) The growth per cycle and (b) the FPP resistivity of TaN and TiN films as
a function of the plasma exposure time in the ALD cycle. The lines serve as guides to

the eyes.

PDF

The microstructure of the films was investigated by XRD and the measured spectra for TaN "e®
and TiN films deposited under the baseline conditions of Table | are given in Fig. 4. For both
films, it is clear that the material has a cubic phase structure as can be concluded from the
comparison to the powder sample data.?8 Both the TaN and TiN films show a strong
preferential (200) growth direction compared to the powder sample. Fréty et al. found that
sputtered TaN also showed a preferential (200) growth direction depending on the pressure
during deposition.?2 For a TaN film of deposited using plasma and precursor, Kim et al.

found no preferential direction,'” while Park et al. reported an increase of the (200) peak
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precursor.'® For sputtered TiN, a strong preferential orientation was found as well but in the
(111) direction.’ In previous work, we found that for ALD TiN the preferential (200) growth
direction disappears when a lower deposition temperature of was used.’® As can be seen
from these literature comparisons, the microstructure depends largely on the deposition

method and the process conditions used.

Figure 4. XRD spectra for (a) a thick TaN film and (b) a thick TiN film. The diffraction

patterns for cubic powder samples are also given.

Cu diffusion barrier properties

The Cu diffusion barrier properties were studied in an experiment in which Cu diffusion
through the barrier layer was monitored as a function of temperature in order to determine
the barrier failure temperature. Evidently, a higher failure temperature indicates a higher
barrier quality. Test structures were fabricated by sputter depositing Cu films onto the barrier
layers as described in the experimental details. The TaN and TiN film were deposited on the
Si substrates, where TaN was deposited using the baseline conditions (Table [), and the TiN
film was deposited under slightly modified conditions (i.e., deposition temperature, plasma
with and ). These conditions result in very similar material properties as shown for the

baseline conditions (Table II).

For both barrier materials, two different experiments were carried out. First, the sheet

resistance of a Cu-barrier-Si stack was monitored as a function of anneal temperature. PDF

Variation of Cu sheet resistance with anneal temperature is known to provide a good measurgeIp
of barrier performance.4 22. 29. 30 Barrier failure leads to a significant change in resistivity due
to the formation of poorly conductive ,14 20.22. 29 whijch will result in an increase in the sheet
resistance due to the concurrent loss of Cu. As a reference, the sheet resistance of a barrier-

Si stack was also measured to find possible annealing effects and to investigate the thermal

stability of the barrier material itself.

Figure 5 shows the sheet resistance at of the TaN-Si, TiN-Si, Cu-TaN-Si, and the Cu-TiN-Si

stacksanasiuowtion of asnerlitgmrpaiatHesitdpesistanse af tbecfalokibstasidesteases f%
RerpEesred BYacY RBSaarss Bahccurs atEiqgtead of just above the deposition
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temperature demonstrates the thermal stability of the TaN. A similar but less pronounced
annealing effect is visible for the TiN-Si stack possibly related to the higher deposition
temperature of . Because of the Cu film, the Cu-TaN-Si and Cu-TiN-Si stacks show a very
low sheet resistance ( and , respectively), which is lost for both barriers for annealing

temperatures of , when the sheet resistance suddenly increases.

Figure 5. The sheet resistance at of the TaN-Si, TiN-Si, Cu-TaN-Si, and Cu-TiN-Si
stacks after heating to the anneal temperature indicated at the horizontal axis. The

annealing temperature was increased in steps of up to a maximum temperature of .

To attribute the change in sheet resistance with annealing to barrier failure or another effect, a
second experiment was performed; XRD spectra were measured for the stacks after
annealing at different temperatures. These spectra should reveal possible formation and the
concurrent loss of Cu. For completeness, it should be noted that the XRD spectra for the
annealed TaN and TiN films without a Cu layer (not shown) were indistinguishable from the
original (not-annealed) film. This indicates that the reduction in resistivity of the TiN and TaN
in the TiN-Si and TaN-Si stacks shown in Fig. 5 is not caused by a measurable change in

microstructure.

The XRD spectra for the Cu-TaN-Si stacks annealed at 200, 400, 600, 650, and are shown in
Fig. 6. The most intense lines for the diffraction patterns of powder samples of cubic TaN,

Cu, and are also indicated in Fig. 6. Three observations can be made when comparing the PDF
XRD spectra: (i) the TaN lines are not affected by the anneal, (ii) the intensity of the Cu lines "e®
drops for the samples annealed at 650 and , and, most importantly, (i) lines appear for the
samples annealed above . These lines are best visible at values of 65 and . These
observations are therefore in agreement with the result obtained by the sheet resistance
measurements (i.e., between 600 and Cu starts diffusing through the TaN film and the barrier

fails).
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Figure 6. XRD spectra of Cu-TaN-Si stacks with of Cu and of TaN. Spectra are
given for samples annealed at 200, 400, 600, 650, and . The most intense lines for
the diffraction pattern of cubic TaN, Cu, and powder samples are indicated. The

spectra are shifted vertically for clarity.

For sputtered TaN films ranging from thick, it has been reported that Cu diffusion starts
between 650 and ,13:29. 31 where the rate of diffusion is lower for films with higher N
content.2? Kim et al. reported a failure temperature of for a thick film deposited by ALD
usinga plasma.!” The same group also reported that similar to sputtered barrier films an
increase in N content further increases the failure temperature.'”- 21 However, it should also
be noted that increasing the N content of the TaN film increases the resistivity, which can be
undesirable in barrier applications. Our results are in qualitative agreement with those
reported in literature, considering the fact that a lower failure temperature was observed for
TaN films with lower N content (, Table Il). Moreover, a difference in microstructure can also
have a large effect on failure temperature.!”- 20 We observed a preferential (200) growth
direction while Kim et al. did not report such a preferential growth direction.!” This is a factor
that likely contributes to the difference in failure temperature because a strong preferential
growth can be related to a columnar microstructure, which gives rise to fast diffusion

pathways.22: 29

The XRD spectra for the Cu-TiN-Si stacks annealed at 200, 400, 600, and are shown in Fig.
7. The most intense lines for the diffraction patterns of powder samples of cubic TiN, Cu, and

are also indicated in Fig. 7. Two conclusions can be drawn when comparing the XRD
PDF

spectra: the TiN lines are not affected by the anneal and the Cu lines become more intense
Help

and narrower for higher anneal temperatures. Most importantly, no lines are observed, which

points to no barrier failure up to a temperature of .
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Figure 7. XRD spectra of Cu-TiN-Si stacks with of Cu and of TiN. Spectra are
given for samples annealed at 200, 400, 600, and . The most intense lines for the
diffraction pattern of cubic TiN, Cu, and powder samples are indicated. The spectra

are shifted vertically for clarity.

To further investigate the evolution of the Cu in the stack with anneal temperature for both the
Cu-TaN-Si and Cu-TiN-Si stacks, the intensity of the strong Cu(111) peak ( ) was determined
and the crystallite size was obtained from the full width at half maximum of this peak using
Scherrer's equation.32 Figures 8a and 8b show the intensity and the crystallite size vs anneal
temperature for Cu(111) in the Cu-TaN-Si and Cu-TiN-Si stacks, respectively. The Cu peak
intensity shows an increase with anneal temperature for both TaN and TiN up to , indicating
Cu crystallization. The Cu crystallization is in agreement with the FPP results in Fig. 5,
showing a small decrease in resistance. Similar increases in Cu(111) intensity have been
reported in the literature.’3: 14.29. 31 Above an anneal temperature of , the Cu peak intensity
from the Cu-TaN-Si stack shows a strong decrease as also expected from the peak
appearance and the strong increase in sheet resistance. A completely different behavior is
observed for Cu in the Cu-TiN-Si stack. The intensity increases strongly while the crystallite
size also increases slightly, especially for a temperature of . This suggests a strong
crystallization behavior that can be related to high bulk diffusion inside the Cu above due to

its low melting point .

PDF
Figure 8. Peak intensity and crystallite size (derived using Scherrer's equation) of the

Cu(111) peak in the XRD spectra for (a) Cu-TaN-Si (Fig. 6) and (b) Cu-TiN-Si (Fig. 7)

stacks annealed at different temperatures.

Help

Because no peaks are formed and the Cu peak intensity is not decreasing for the Cu-TiN-Si
stack, the increase in sheet resistance for temperatures of in Fig. 5 cannot be explained by
the loss of Cu. Figure 9 shows scanning electron microscope (SEM) images of the surface of

—TiN-Si stack: th - ited film (Fig. how moaoth f red to th
Iftpnes(s:il’fle uses %nglae%. By goﬁtslngﬁgc%g ues(c:‘;l this s‘te ogag‘?eeo tosogr%seoc?f cosé |rer§l.C O?ilglglga edtothe

ut
amnealed owPsurtgca dHiypolief pdigh reveals a clear roughening of the Cu film. Annealing isQ
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reported to cause roughening of Cu films on poorly wettable surfaces such as TiN.33: 34 When
a larger area is observed ( width, Fig. 9c), a discontinuous Cu film is visible. The
discontinuous Cu film explains why the resistance increases for temperatures of .35 Because
of the large crystallite growth above , poorly connected islands are formed, resulting in an
increase in sheet resistance. Apparently the Cu film is not thick enough to prevent this effect.
Contrary to TiN, Ta-rich TaN, which is used for the Cu-TaN-Si stacks, has been reported to
have excellent wettability for Cu.3® For TiN, the resistance increase is therefore not caused by
Cu diffusion through the barrier, suggesting excellent barrier properties. A method to improve

the wettability of TiN by surface treatments will be reported in a future publication.3”

Figure 9. SEM images of the Cu-TiN-Si stack: (a) the smooth as-deposited Cu film
and (b) the roughened Cu film after annealing at . (c) The as-deposited closed Cu film

has become discontinuous after annealing, exposing areas of the underlying surface.

For stacks with of sputtered TiN, failure temperatures were reported ranging from for
increasing TiN mass density .4 It is interesting to note that the density of the films in our
work is lower (, Table Il) while the barrier properties are still good up to . Uhm and Jeon
reported a resistance increase using FPP measurements at temperatures above , peaks in
XRD spectra at , and small defects using an etch pit test at for ALD TiN films deposited at
using and .38 Comparing these failure temperatures to our results indicate excellent barrier

properties for the TiN films deposited by remote plasma ALD. PDF

Help

Li diffusion barrier properties

In 3D integrated all-solid-state batteries, the barrier layers must prevent diffusion of Li from
the active battery layers into the substrate over the entire electrochemical potential range
used. A thin barrier layer is desired while maintaining the barrier properties and sufficient
electrical conduction. Baggetto et al. reported the feasibility of using sputtered TaN and TiN
films as planar Li diffusion barriers.” To assess the prospects of using high aspect ratio
structures in future 3D batteries, TaN and TiN films deposited with ALD were investigated in

this work.
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To do so, the electrochemical properties of thick planar TiN and TaN films deposited by
remote plasma ALD under the baseline conditions were studied (see Table | and Il). Figure 10
shows cyclic voltammograms of the films measured in a Li-containing electrolyte solution
under the experimental conditions as described by Baggetto et al.” The TiN film shows a very
low current over the entire potential range, indicating low reactivity toward Li and
demonstrating its capability as Li diffusion barrier. The reactivity of the TaN film is much
higher than that of the TiN film, as indicated by the intensity of the current peaks at and .
These peaks can be ascribed to tantalate structures, such as ,3° which are known to be
active intercalation materials below . As can be seen from the atomic composition (Table Il), a
significant fraction of oxygen is present in the TaN films. When the TaN film is exposed to
cycles of constant-current charging and discharging, an experiment that provides information
about the amount of charge involved during continuous cycling, an intercalation response
into silicon is observed after a few cycles (not presented here). This response means that the
actual TaN films do not prevent the penetration of Li ions into the bulk of silicon. For the TiN
film, the barrier performs well under this galvanostatic cycling and it has an even lower Li

intercalation capacity than a thick sputtered TiN film as shown in Fig. 11.

Figure 10. Cyclic voltammetric scans at of thick TaN and TiN films showing the

reaction of the films toward Li ions.

PDF
Help
Figure 11. Galvanostatic cycling for TiN prepared by sputtering and remote plasma
ALD at a constant current of . The remote plasma ALD TiN film shows a lower
capacity for Li, indicating better barrier properties.
Obviously, for the TaN film, the reactivity toward Li is too high. However, because TaN can
have a wide range of compositions, tuning the composition might provide adequate barrier
RRstigsor st TAN Mg R o8l ek VR LFRmndg AL tsslis 1S fpgligpcy clear
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that TiN deposited by remote plasma ALD is a very promising candidate for Li diffusion
barrier applications. For sputtered films, TiN also showed better characteristics than TaN,’

while the ALD grown TiN films exhibit an even lower Li capacity.

Conclusions

Remote plasma ALD of TaN and TiN films has been investigated using the combinations of
precursor with plasma and precursor with plasma, respectively. Cubic metal nitride films
with a relatively low electrical resistivity (TaN: ; TiN: ) can be deposited for both materials with

the properties of the TaN material strongly depending on the plasma exposure time.

Furthermore, diffusion barrier tests have been carried out with respect to the anticipated
application of the materials as Cu and Li diffusion barriers. TaN films show a good Cu barrier
performance up to 600 © C, as found by FPP and XRD experiments. For TiN films, no Cu
diffusion was observed up to a temperature of 700 © C. However, in this case the Cu film
became discontinuous at annealing temperatures of 600 ° C due to roughening, causing a

large increase in electrical resistance.

The first Li diffusion barrier experiments show that the TiN film is a very promising Li barrier,
whereas the TaN barrier layers need further improvement. Consequently, both Cu and Li
diffusion barrier experiments indicate better barrier properties for the TiN films, suggesting

that the TiN films prepared by remote plasma ALD yields an overall better barrier

performance than the TaN films prepared by remote plasma ALD. Although it is unclear for

the moment whether the difference in Cu barrier performance is an intrinsic material property

or due to the difference in process conditions used (such as halide precursor at high

substrate temperature of 400 © C for TiN and metallorganic precursor at lower substrate =~ PDF
temperature of 225 © (C for TaN), future work will focus on TiN addressing its barrier Help

properties when deposited in high aspect ratio structures required for future 3D-SiP devices.
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