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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. I 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 1015 a document entitled Characterization of
Electrodeposited Copper Foil Surface Roughness for Accurate Conductor

Power Loss Modeling by Michael B. Griesi.

. Attached hereto as Appendix GRIESIO]1 is a screen capture of a website
entitled "Characterization of Electrodeposited Copper Foil Surface
Roughness for Accurate Conductor Power Loss Modeling" as hosted on the
University of South Carolina: Theses and Dissertations website. I secured

these screen captures myself from https://scholarcommons.sc.edu/etd/2958/.

. Appendix GRIESIO1 contains a true and complete copy of Characterization
of Electrodeposited Copper Foil Surface Roughness for Accurate Conductor
Power Loss Modeling by Michael B. Griesi. In comparing Appendix
GRIESIOI to Exhibit 1015 it is my determination that Exhibit 1015 is a true
and correct copy of Characterization of Electrodeposited Copper Foil

Surface Roughness for Accurate Conductor Power Loss Modeling.

. The ‘Date of Award” field present in Appendix GRIESIOI indicates this

thesis was first submitted to the University of South Carolina as of



December 15, 2014. The ‘PlumX Metrics’ field indicates this thesis was first
made available to download by the University of South Carolina as of

January 21, 2015.

10.Attached hereto as Appendix GRIESIO2 is a screen capture of a website
entitled "A Low Loss X-band Filter Using 3-D Polyjet Technology" as
hosted on the ResearchGate website. [ secured these screen captures myself
from
https://www.researchgate.net/publication/275034841 A Low Loss X-

band Filter Using 3-D Polyjet Technology.

11.ResearchGate is an online database that tracks scholarly publications and
offers copies of those publications for download. Appendix GRIESI02
contains a true and complete copy of "A Low Loss X-band Filter Using 3-D
Polyjet Technology" as published in Proceedings of the 2015 IEEE MTT-S
International Microwave Symposium from the ResearchGate website. Page 9

of Appendix GRIESIO2 includes a citation to the Griesi thesis.

12.Attached hereto as Appendix GRIESIO3 is a screen capture of a website

entitled "A Low Loss X-band Filter Using 3-D Polyjet Technology" as



hosted on the IEEE Xplore website. I secured these screen captures myself

from https://ieeexplore.ieee.org/document/7166895/references#references.

13.Appendix GRIESIO3 is a page describing "A Low Loss X-band Filter Using
3-D Polyjet Technology" as published in Proceedings of the 2015 IEEE
MTT-S International Microwave Symposium. IEEE is the publisher of
Proceedings of the 2015 IEEE MTT-S International Microwave Symposium
and page 1 of this [EEE page indicates this symposium took place between

May 17 — 22, 2015.

14.Appendix GRIESIO1 indicates Characterization of Electrodeposited Copper
Foil Surface Roughness for Accurate Conductor Power Loss Modeling was
first made available to download by the University of South Carolina as of
January 21, 2015. Appendix GRIESIO2 is a paper published that cites the
Griesi thesis, published via the 2015 IEEE MTT-S International Microwave
Symposium which took place between May 17 — 22, 2015. As such it is my
determination that Characterization of Electrodeposited Copper Foil
Surface Roughness for Accurate Conductor Power Loss Modeling was first
made available to the public as of January 21, 2015 and certainly no later

than May 22, 2015.



15.1 have reviewed Exhibit 1005, "Assessment of Activated Polyacrylamide
and Guar as Organic Additives in Copper Electrodeposition" by C.P. Fabian,

et al. as published in Hydrometallurgy, April 2007

16.Attached hereto as Appendix FABIANOI is a true and correct copy of the
MARC record for Hydrometallurgy 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 FABIANOI accurately describes
the title, author, publisher, and ISSN number of Hydrometallurgy. The
‘Dates of Publication and/or Sequential Designation’ field of this record
visible on page 2 indicates this collection includes the April 2007 edition of
Hydrometallurgy containing "Assessment of Activated Polyacrylamide and

Guar as Organic Additives in Copper Electrodeposition".

17.Attached hereto as Appendix FABIANO?2 is a true and correct copy of
"Assessment of Activated Polyacrylamide and Guar as Organic Additives in
Copper Electrodeposition" as published in Hydrometallurgy as held by the
Penn State University library. I secured this file myself from the library’s
collection. In comparing Exhibit 1005 to Appendix FABIANO2, it is my
determination that Exhibit 1005 is a true and correct copy of "Assessment of

Activated Polyacrylamide and Guar as Organic Additives in Copper



Electrodeposition" by C.P. Fabian, et al. as published in Hydrometallurgy

April 2007.

18.The 008 field of the MARC record in Appendix FABIANO1 indicates the
date of record creation. The 008 field of Appendix FABIANO]1 indicates the
Penn State University library first acquired this journal as of April 6, 1998.
Considering this information, it is my determination that Hydrometallurgy
April 2007 and therefore "Assessment of Activated Polyacrylamide and
Guar as Organic Additives in Copper Electrodeposition" was made available

to the public shortly after its initial release in April 2007.

19.1 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.

20.I declare under penalty of perjury that the foregoing is true and correct. |
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: 9/19/2024
/@4/

June Ann Munford



APPENDIX CV

10



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.

e 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
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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.

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.

® 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
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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
® 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.
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Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282
and 39521-004211P2)

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

2019 e Perkins-Coie

Adobe Inc. v. RAH Color Technologies LLC (Cases IPR2019-00627,
[PR2019-00628, IPR2019-00629 and IPR2019-00646)

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 (IPR2020-1449)

2022 e Perkins-Coie
Realtek v. Future Link (IPR2021-01182)

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

2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (IPR2022-00735)

2023 e Fish & Richardson
Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)
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2023 e Pillsbury Winthrop Shaw Whitman LLP

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

2024 e Willkie-Farr
Netflix, Inc. v. VideoLabs. Inc. (IPR2023-00628)

Limited Case and Clientele History

Alston & Bird
e Ericsson

v. Collision Communications (IPR2022-01233)

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

e Universal Electronics Inc

v. Roku Inc (IPR2022-00818)

Arnold & Porter
e [vantis

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

e Samsung

v. Jawbone (Case No. 2:21-cv-00186)
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Benesch Friedlander Coplan & Aronoff
® Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Deschert LLP
e Smaxtec Animal Care

v. ST Reproductive Technologies, LLC (IPR2024-00885)

Erise 1.P.
e Apple

v. Ericsson Inc. (IPR2022-00715)

v. Future Link Systems (IPRs 6317804, 6622108, 6807505, and
7917680)

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

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)
v. Telefonaktiebolaget LM Ericsson (IPR2022-00275)
v. Theta IP, LLC (IPR2024-00818)

e Fanduel

v. CGT (Case No. 19-1393)

e Garmin

v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS)
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e Netscout
v. Longhorn HD LLC (Case No. 2:20-cv-00349)
v. Implicit, LLC (Civil Action No. 2:18-cv-53-JRG)

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

e Unified Patents
v. GE Video Compression (Civil Action No. 2:19-cv-248)

Fish & Richardson
e Apple
v. AliveCor (3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (IPR2021-00305)

v. Masimo (IPR 50095-0012IP1, 50095-00121P2, 50095-00131P1,
50095-00131P2, 50095-0006IP1, 50095-01351P1)

v. Neonode (Case No. 21-cv-08872-EMC)

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

e Dell
v. Neo Wireless (IPR2022-00616)

e Dish Network
v. Entropic Communications, LLC (Case No. 2:2023-CV-01043)
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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 (IPR2021-00688)

e (Genetec

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

e Huawei

v. Bell Northern Research LLC (IPR2019-01174)

e Kianxis

v. Blue Yonder (Case No. 3:20-cv-03636)

e [.G Electronics

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

e Metaswitch

v. Sonus Networks (IPR2018-01719)

e Microsoft

v. Throughputer Inc (IPR2022-00757)

e Mom Enterprises

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

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

e Nearmap Inc

v. EagleView Technologies (IPR2022-01009)

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

e Realtek Semiconductor

v. Future Link (IPR2021-01182)

e Quectel

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

® Samsung
v. Aire Technology (IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-cv-00286-JRG)
v. Communication Technologies Inc (IPR2022-01221)
v. Jawbone Innovations (IPR2022-00865)
v. MemoryWeb LLC (IPR2022-00885)
v. Dodots Licensing Solutions (IPR2023-00701)
v. Telefonaktiebolaget LM Ericsson (IPR2021-00615)

e Texas Instruments

v. Vantage Micro LLC (IPR2020-01261)

® Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)
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Groombridge Wu
e Nearmap

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

Irell & Manella

e Curium

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 (IPR2023-00900)

e Samsung

v. Daedalus Prime LLC (1335 Investigation)

Perkins-Coie
e Amazon

v. Nokia (IPR2024-00847 and IPR2024-00848)
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e Heru Industries

v. The UAB Research Foundation (IPR2022-01148)

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

e Realtek Semiconductor

v. Future Link (IPR2021-01182)

e Twitter Inc

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

e TCL Industries

v. Koninklijke Philips NV (IPR2021-00495, IPR2021-00496
and [PR2021-00497)

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)
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Quinn Emanuel
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 Cadence Design Systems Inc.

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

Stern, Kessler, Goldstein & Fox

e Preliminary Research

Willkie, Farr & Gallagher LLP
e Neurent
v. The Foundry, LLC (IPR2024-00669)
e Netflix, Inc.
v. VideoLabs, Inc. (IPR2023-00628)

22



APPENDIX FABIANO1

23



https://catalog.libraries.psu.edu/catalog/44921680/marc_view August 2, 2024

@ S:Z{:f;fitberaries Catalog Bookmarks @ Course Reserves My Account

Keyword ® | Search... Advanced search Start Over

MARC View

LEADER 01647nas a2200409 a 4500
001 44921680

003 SIRSI
005 20240714090125.0
006 mod
007 crn ASK .‘
008 980406c19759999nyuzx pss 0 adeng ¢ A LIBRARIAN
010 a| 2006264670
016 7 al 012433198 2| Uk
019 a| DO NOT EDIT this 360 MARC RECORD
022 al 1879-1158 || 0304-386X y| 0304-386X
035 a| (WaSeSS)ssj0006371
040 al OH1b| engc| OH1d| OCLd| OCLCQd| BUFd| U9Sd| GUAd| OCLCQ d| OCLCF d| OCLCQ d| UKMGB d| VT2 d| OCLCO d|
OCLCQ d| UAB d| WaSeSS
042 a| pcc
050 4 a| TN688 b| .H89

130 0 a| Hydrometallurgy (Online)

222 0 a| Hydrometallurgy b| (Online)

245 1 0 al| Hydrometallurgy h| [electronic resource].

260 a| [New York, NY]: b| Elsevier, c| 1975-

310 a| Twenty issues yearly, b| <2005>-

321 a| Frequency varies

362 0 al| Vol. 1, issue 1 (Sept. 1975)-

500 a| Title from general information screen (viewed Apr. 6, 1998).

500 a| "An international journal devoted to all aspects of the aqueous processing of metals."
530 a| Also issued in print.

538 a| Mode of access: World Wide Web.

588 a| Latest issue consulted: Vol. 84, no. 3-4 (Nov. 2006) (viewed Nov. 18, 2006).
650 0 a| Hydrometallurgy v| Periodicals.

(o)}
(%))
wv
o

a| Electronic journals.
776 1 t| Hydrometallurgy x| 0304-386X w| (DLC) 76642001 w| (OCoLC)2147037

856 4 0 u| http://SK8ES4MC2L.search.serialssolutions.com/?V=1.0&L=SK8ES4MC2L&S=)Cs&C=HYDR&T=marc
910 a| CONSER online
949 a| Electronic resource w| ASIS c| 1| 44921680-1001 || ONLINE m| ONLINE r| Y s| Y t| ONLINE u| 7/20/2024 o| .STAFF. 360 MARC

PENN STATE CONNECT WITH

e oo : it :
@ PennState Copyright @2019 The Pennsylvania State University. All rights UNIVERSITY LIBRARIES PENN STATE

reserved. Except where otherwise noted, this work is subject UNIVERSITY LIBRARIES

toa £

24



https://catalog.libraries.psu.edu/catalog/44921680 August 2, 2024

@ S:Zﬁ?;ztberaries Catalog Bookmarks [@ Course Reserves My Account

Keyword ¢ | Search.. Advanced search Start Over

Hydrometallurgy [electronic resource].

Uniform Title Hydrometallurgy (Online)

Published [New York, NY] : Elsevier, 1975-

Access Online

£ serialssolutions.com ASK .‘

A LIBRARIAN

Dates of Publication and/or Sequential Designation
Vol. 1, issue 1 (Sept. 1975)-

Subject(s)
Hydrometallurgy—Periodicals

Genre(s)
Electronic journals

ISSN
1879-1158

Publication Frequency
Twenty issues yearly, <2005>-
Frequency varies

Note
Title from general information screen (viewed Apr. 6, 1998).
"An international journal devoted to all aspects of the aqueous processing of metals."

Other Forms
Also issued in print.

Technical Details
Mode of access: World Wide Web.

View MARC record | catkey: 44921680

5 g Femis 5 PENN STATE CONNECT WITH
@ PennState Copyright @2019 The Pennsylvania State University. All rights UNIVERSITY LIBRARIES PENN STATE
reserved. Except where otherwise noted, this work is subject UNIVERSITY LIBRARIES

toa

25



8/12/24, 2:19 PM Assessment of activated polyacrylamide and guar as organic additives in copper electrodeposition - ScienceDirect

ScienceDirect’

Hydrometallurgy

Volume 86, Issues 1-2, April 2007, Pages 44-55

Assessment of activated polyacrylamide and guar as
organic additives in copper electrodeposition

C.P. Fabian P & =, M. Ridd ®, M.E. Sheehan @

Show more v

i= Outline | o& share 99 Cite

https://doi.org/10.1016/j.hydromet.2006.11.002 7

Get rights and content 2

Abstract

The effect of current density, temperature, diffusion layer thickness (&), deposition time, Guarfloc66 (Guar)
and activated polyacrylamide (APAM) on the topography (surface roughness) of electrodeposited copper was
studied. The level of these variables approximates current commercial copper electrowinning (EW) and
electrorefining (ER) operating conditions. The effect of Guar and APAM on surface roughness and number of
Peaks-per-Centimeter was assessed both in combination and alone using a rotating cylinder electrode (RCE)
for up to 6-hour EW time. Observed effects on surface roughness indicate that a more uniform surface and
lower roughness/smoother copper deposits were obtained using the additive APAM rather than Guar.
Regression models indicate APAM has a significant effect on reducing surface roughness at 65°C.

Bench-scale continuous electrowinning tests were carried out at 50°C for 44.6h using parallel plate
electrodes into which APAM and Guar were dosed continuously and independently. These tests also
indicated that APAM produces smoother deposits than Guar. The cross sections of the copper deposits from
these tests showed that APAM exhibits a slightly columnar copper deposit and Guar produced a porous
copper deposit. The copper deposit produced with additive APAM was brighter and produced greater
amounts of both smaller and larger crystallite sizes than those obtained with Guar. This infers that APAM
favours higher nucleation rates and greater 3D crystallite growth and coalescence than Guar.

< | Previous Next | >

Keywords

https://www.sciencedirect.com/science/article/pii/S0304386X0600260X 1/21
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8/12/24, 2:19 PM Assessment of activated polyacrylamide and guar as organic additives in copper electrodeposition - ScienceDirect
Copper; Electrodeposition; Electrowinning; Electrorefining; Polyacrylamide; Rotating cylinder electrode;
Guar; Surface roughness; Statistical analysis

1. Introduction

In the copper deposition industry in general, organic additives and chloride ions need to be dosed to produce
smooth deposits, free of voids or porosity. It is also known that organic additives significantly influence the
current-potential relationship due to their competition for surface coverage with the components of the
electrolyte system including chloride ions. Therefore these organic additives must be carefully selected
according to their role at the metal/electrolyte interface to control the nucleation and growth during the
deposition process. Table 1 summarizes the industry-standard additives used in copper EW, ER and in the
damascene process for micro-electronics industry. Table 1 shows the typical concentration of these organic
additives in the electrolyte bath and their respective roles. An electrode is polarized when, under constant
experimental conditions, the potential in the presence of an additive, e.g., animal glue, PEG, is more negative
than the potential without the additive. An electrode is depolarized when the potential in the presence of an
additive, e.g., chloride ions, is less negative. The polarizer/inhibitor/leveller controls the vertical growth to
produce smooth deposits by conferring preferential adsorption on the peaks or active sites. The grain
refiner/accelerator may predominantly control the nucleation process or promote the formation of new
nuclei to possibly form new crystallites at the recesses (Vereecken et al., 2005). This synergistic process
between the inhibitor and grain refiner is aimed at improving the overall quality of the copper deposit:
purity, smoothness and plant productivity i.e., elimination/reduction of short-circuits caused by dendrites.

Table 1. Industry-standard additives used in copper electrometallurgy

Role of the additive Electrorefining Electrowinning Micro-electronics, PCB and IC
Additive mg/L Additive mg/L Additive mg/L

Leveller Glue 1 Nil Nil PEG* and JGB 100-300 and 1

Brightener** Guar 0.25-5

Grain refiner ** Thiourea 2 Nil Nil SPS/MPSA 1/1

Depolarizer cr- 50-60 CI” 20-25 crr 40-60

*PEG, polyethylene glycol; SPS, bis(3-sulfo-propyl) disulfide; JGB, Janus Green B (safranine dye); MPSA, 3-mercapto-1-

propanesulfinate, **Guar is also known as weak polarizer in the industry. ***Grain refiner or accelerator.

The first step of metal deposition is the formation of nuclei of the depositing metal on a foreign substrate
and on a substrate of the same metal. The structure of the first monolayer(s), has an impact on the
deposition of further layers and therefore on the morphology of the deposited metal. The competition
between nucleation and growth determines the smoothness of the deposit: the higher the nucleation rate;
the finer the crystal size (Budevski et al., 1996). Moreover, the forms of the growing crystals determine their
physical appearance and structure. A higher crystal size growth rate, normal to the substrate, leads to a more
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fibrous/columnar structure. A brightening effect can be achieved when large developed crystal faces grow
parallel to the substrate (Budevski et al., 1996).

It has been shown elsewhere (Fabian, 2005, Fabian et al., 2006b) that a rotating cylinder electrode (RCE) may
be applied as a novel method of determining the effect of the preparation media of polyacrylamide (PAM) on
the surface roughness of electrodeposited copper. It has been shown that when a high molecular weight
PAM (MW 15 million Dalton) is prepared in 16-fold diluted copper electrolyte at 50°C for 2h and dosed into
an EW cell, the electrodeposited copper had a significantly lower mean surface roughness than was the case
when polyacrylamide was prepared in water or full-strength electrolyte or alkaline solution. The hydrolysis
of PAM in pH 2 solutions is reported to produce a block copolymer (Halverson et al., 1985,

Panzer and Halverson, 1988, Panzer et al., 1984). The PAM hydrolysed in 16-fold diluted copper electrolyte
(pH 1.5) was named ‘activated polyacrylamide’ (APAM). It has been also shown that APAM also produced
deposits exhibiting a lower surface roughness than polyacrylic acid (Fabian, 2005).

Guar is a naturally occurring galacto-mannan polymer, a polysaccharide, used as flocculant and coagulant
with typical molecular weights ranging from 200,000 to 500,000Da. Guar is a linear p-mannose sugar with a
p-galactose sugar chain on every other mannose as shown below, Fig. 1 (Mark et al., 1969). Guar is the
industry-standard organic additive used in copper EW as a weak levelling agent for about 40years to
produce bright copper deposits (Langner et al., 1989, Stantke, 1999).
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Fig. 1. The chemical structure of Guar based on Mark et al. (1969).

Pye and Schurz (1957) patented the electrowinning of zinc and copper in the presence of polyacrylamide.
They reported that acrylamide polymer can be dissolved in water or electrolyte.

Vereecken and Winand (1976) compared the influence of non-ionic and cationic polyacrylamides with Guar
on the quality of copper deposits using “industrial” copper sulphate solution at 200A/m? and 50°C. The
conclusion of this study was that the quality of the copper deposits obtained with Guar was always better
than those obtained with both non-ionic and cationic polyacrylamides. The conditions under which these
studies were conducted are outdated, therefore their results may not be applicable to the current EW
commercial plant practice as described in Robinson et al. (2003).

In this paper the results of fractional factorial experimental designs are presented which aims to compare
the efficacy of APAM and Guar in controlling surface roughness and dendrite formation. Fractional factorial
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experimental designs are a variation of a basic experimental design in which only a subset of runs are
systematically selected and conducted to minimize the number of experiments but include all the process
variables (Montgomery, 2001). The experimental designs selected for this work use high and low levels of
these variables, including Guar and APAM to closely replicate the industry-standard operating conditions of
commercial copper EW.

The variables in commercial copper EW and ER are the flow rate of the feed electrolyte into the electrolytic
cells containing fresh additives, electrolyte temperature, current density, and copper, sulfuric acid and
chloride ion concentrations. Increasing the electrolyte flow rate into the electrolytic cell increases the
velocity of the bulk electrolyte near the metal electrode/electrolyte interface and therefore may increase the
forced convection and decrease the diffusion layer thickness, 6. In the experimental work described in this
publication, the following studies were conducted to evaluate APAM against the industry standard Guar. (i) A
fractional factorial experimental design was devised to evaluate whether APAM or Guar act independently or
perform the same role. (ii) As APAM and Guar were found to have different roles, APAM and Guar were
directly and separately compared in a Guar or APAM 22 experimental design at 6-hour EW time. (iii) As these
tests indicated that APAM produces smoother copper deposits than Guar, APAM and Guar were further
compared in continuous bench scale tests using parallel plate electrodes and commercial copper EW
conditions.

2. Experimental

The testwork described below was designed to evaluate the effectiveness of APAM and Guar to control
dendrite formation using the rotating cylinder electrode (RCE) and parallel plate electrodes (PPE) described
by Fabian (2005) and Fabian et al. (2006b). The construction and characterization of the RCE is described
elsewhere (Fabian, 2005, Fabian et al., 2006b). The RCE was used to conduct experimental design testwork at
batch scale.

The electrolyte was prepared using AR grade copper sulfate and sulfuric acid and its composition throughout
the testwork was as follows: Cu?*=36g/L, H,SO4=160g/L and chloride ions=25mg/L. 15 million Dalton
polyacrylamide, Magnafloc® 800 HP, CIBA was prepared in 16-fold diluted electrolyte at 50°C for 2h under
stirring conditions (Fabian et al., 2006b). Guarfloc®66 (Guar) from Cognis Corporation Mining Chemicals
was prepared in water at 25°C. The Guar concentration in the EW system used at the Mt. Gordon Operation
in Australia was approximately 0.52mg/L electrolyte or 175¢g Guar/tonne copper cathode. This concentration
was used as the low level factor in the experimental design and the high level was set at 1.0mg/L electrolyte.

2.1. Experimental using an RCE

Table 2 shows two 2°72 fractional factorial experimental designs. The factors at low level are common for
both designs. The factors at high level differ in temperature only. The values of the diffusion layer thickness,
& were derived using the equation developed by Arvia and Carrozza (1962) and Fick (

Newman and Thomas-Alyea, 2004), respectively, using Mathcad 12 (

MathSoft Engineering and Education, 2004) and Fluent® as described in Fabian et al. (2006a). The low and
high temperature levels of 45°C and 65°C were chosen to evaluate the behaviour of APAM at electrolyte
temperatures similar to commercial copper EW and ER conditions, respectively. The organic additives, once
dosed to the electrolyte, were subjected to 15min mixing at 40rpm and 5min at 10 or 25rpm before the
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application of the desired current to the electrolytic cell. Therefore the total residence time of the organic
additives in the electrolyte was 20min in addition to the EW times at 45°C, 50°C or 65°C+0.5°C.

Table 2. Two 2°~2 fractional factorial experimental designs

Factors Factor level

Low High
A T (Temperature, °C) 45 55 65
B I (Current density, A.m™2) 280 320 320
C Guar, mg/L 0.5 1 1
D APAM, mg/L 05 1 1
E 6 (Diff. Layer Thickness, um) 87 108 110

The surface roughness was measured using a Mahr Perthometer M1 (Mahr, 2002) as described elsewhere (
Fabian, 2005, Fabian et al., 2006Db, [lgar and O'Keefe, 1997). The surface roughness evaluation includes
analysis of variance (ANOVA) and statistical inference procedures using Design-Expert® software (
Stat-Ease, 2003, Fabian, 2005, Fabian et al., 2006b, Ilgar and O'Keefe, 1997, Barkey et al., 1989). The adequacy
of the models was checked using residual analysis as described by Montgomery (2001) and Stat-Ease (2003).

The cross-section of the copper deposits was prepared for SEM examination. The samples were embedded in
an epoxy resin and the cross-section cut with 600grit silicon carbide powder. It was then sequentially
polished with 3, 1 and 0.25um diamond paste. It was finally etched with a solution of 5g of ferric chloride
and 5mL hydrochloric acid in 90mL ethanol for 20-25s. XRD data were collected from the copper deposits
produced using a Siemens/Bruker General Area Detector Diffraction Solution, GADDS diffractometer and
interpreted using the Scherrer equation (Fabian et al., 2003, Mathe et al., 2005).

Guar was dosed twice and APAM was dosed once during this testwork unless otherwise stated. The first dose
was added at the beginning and the second at approximately half EW time depending on the current
density. The total electrowinning time was 4h 21 min at a current density of 320A/m? and 4h 58min at
280A/m?. The number of Coulombs applied was 500C/cm?.

2.2. Experimental using parallel plate electrodes

The comparison between Guar and APAM was also carried out using parallel plate electrodes at current-
industry standard copper electrowinning operating conditions — except for current density which was
increased to 340A/m? from the industry standard of 280-300A/m?. (Robinson et al., 2003). Simultaneously,
Guar and APAM concentrations were also increased from about 175g/tonne copper cathode or 0.25-
0.50mg/L in the electrolyte (as was dosed at Mt. Gordon) to 200g/tonne or 0.68 mg|/L.

A 316L 2B finish stainless steel cathode with a surface roughness of 0.25+£0.05um and a lead-alloy anode
procured from Mt. Gordon Operations were cut to prepare the electrodes for this testwork. Current industry-
standard ABS edge strips were inserted on the stainless steel and the corners were joined at 45° with
Araldite K138 and hardener K138 Part B — an acid resistant and thermally stable epoxy resin. The stainless
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steel substrates were thoroughly washed with acetone and water, soaked in an electrolyte solution for 24h
and washed again with distilled water. The distance between the electrodes was 40mm, which is similar to
the industry standard in copper EW. Fig. 2 shows the EW cell design in detail and Fig. 3 shows the overall

bench scale design.
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Fig. 2. EW cell design-parallel plate electrodes.
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Fig. 3. Bench scale process.

Table 3 shows the details of the operating conditions for the bench scale experiments. The net electrolyte
volume in the EW cell was 3.9L (without electrodes) and the flow rates of the re-circulating and advanced
electrolyte were maintained constant at 31.5 and 7.9mL/min, respectively. Eighty percent of the total
electrolyte flow rate was re-circulated to the EW cell using a Watson Marlow 505S peristaltic pump to
simulate the commercial operation at Mt. Gordon. This recirculation maintains the activity of Guar or APAM
constant in the EW cell and also possibly controls their ageing processes. The organic additives were dosed
constantly at 2.1 mL/h using a syringe infusion pump. The concentration of the organic additive in the aliquot
was 0.68mg/mL. The electrolyte in the EW cell was stirred with minimum agitation using a magnetic stirrer
to improve the diffusion of the organic additive. The electrolyte temperature was kept at 50.5+0.5°Cin a
water bath.

Table 3. Bench scale experimental conditions

Current density, A/m? 340

Voltage drop, V 2.15

EW iime, h 44.6

Deposition area (85.5x103.5mm), cm? 88.5

Average copper concentration, g/L 35+1

Sulfuric acid concentration, g/L 160

Chloride ions concentration mg/L 25
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Electrolyte net volume, L

Electrolyte temperature, °C

Guar or APAM, g/tonne copper cathode

Guar or APAM concentration in electrolyte, mg/L

Advanced electrolyte, mL/min

Recirculating electrolyte, mL/min

Syringe pump-dosing Guar or APAM, mL/h
Power to stir solution, (30mA), Watts
Copper concentration in advanced electrolyte, g/L

Sulfuric concentration in advanced electrolyte, g/L

Chloride concentration in advanced electrolyte, mg/L

3.9

50.5+0.5

200

0.68

315

7.9

21

7-8

50

142

30

3. Results and discussion

3.1. 2°~2 Experimental design results at 45°C-55°C

Table 4 presents the results indicating the effect of temperature (A), current density (B), Guar concentration

(C), APAM concentration (D) and diffusion layer thickness (E) on surface roughness. The regression model

obtained from this testwork is shown in Eq. (1). An F-value of 9.41 implies that the model is significant.

There is only a 0.01% chance that the model F-value this large could occur due to noise. If the “Prob>F-value”

(a)is very small (less than 0.05), then the terms in the model have a significant effect on the response (
Montgomery, 2001, Stat-Ease, 2003).

Surface Roughness (um) = +6.26 + 0.05+ A + 0.27+ B — 0.053« C — 0.056+ D (1)
+ 0.25+ F — 0.62: B C — 0.38: B+ E
Table 4. 2°~2 Fractional factorial experimental results—temperature levels 45°C-55°C
A B C D=A*B# E=A*C# Mean surface roughness S.D.

Run Temperature Current density Guar APAM  Diffusion layer thickness

Standard °C mA/cm? mg/L mg/L um Ra, pm

1 45 28 0.50 1.00 108 5.95 0.47
2 55 28 0.50 0.50 87 4.90 0.42
3 45 32 0.50 0.50 108 7.08 1.38
4 55 32 0.50 1.00 87 7.33 1.09
5 45 28 1.00 100 87 5.83 0.72
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A B C D=A*B# E=A*C# Mean surface roughness S.D.
Run Temperature Current density Guar APAM  Diffusion layer thickness
Standard °C mA/cm? mg/L mg/L pum Ra, pm
6 55 28 1.00 0.50 108 7.31 1.08
7 45 32 1.00 0.50 87 5.99 0.66
8 55 32 1.00 100 108 5.71 0.68
CcP 50 30 0.75 0.75 97.50 7.04 0.93

#Level of factors D and E were determined by the levels of A*B and A*C, respectively.

It can be seen that the surface roughness is strongly influenced by the current density B, (a=0.0180) and
diffusion layer thickness E, (a¢=0.0247) as depicted in Fig. 4. Fig. 4 clearly indicates that at high rotational

speed of the cylinder and low current density the smoothest surface roughness is achieved. In addition, it is

also evident that the terms involving B*C (current density*Guar, a<0.0001), depicted in Fig. 5, significantly

affect surface roughness. It can be seen that increasing the Guar concentration increases surface roughness

at current densities lower than about 300A/m?, a surprising result for an organic additive dosed to control

dendrite formation. Moreover, it indicates that the surface roughness increases more steeply with an
increase in the current density than with an increase in Guar concentration.

Surface Roughness, Microns
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Fig. 4. The significant effect of diffusion layer thickness (E) and current density (B) on surface roughness in

the temperature range of 45°C-55°C. The other variables are fixed at their centre point: A: temperature,

50°C; Guar, 0.75mg/L and D: APAM, 0.75mg/L.

https://www.sciencedirect.com/science/article/pii/S0304386X0600260X

34

9/21



8/12/24, 2:19 PM Assessment of activated polyacrylamide and guar as organic additives in copper electrodeposition - ScienceDirect

Surface Roughness, Microns

00 = 20
0900, 310
0,800 e
070 .
C: Guar, mg/L 080~ 290-8: C Density, Am"2
0.500 280.

Download: Download full-size image

Fig. 5. The significant effect of current density (B) and Guar (C) on surface roughness in the temperature
range of 45°C-55°C. The other variables are fixed at their centre point: A: temperature, 50°C; D: APAM,
0.75mg/L and E: diffusion layer thickness, 97.5um.

The effect of APAM was insignificant in this temperature range possibly due to the kinetics of its ageing in
the electrolyte. The rationale for this conclusion is as follows. Cyclic voltammetry results (Fabian, 2005)
indicate that at 45°C, a maximum polarization of APAM was obtained at about 3-hour residence time in the
electrolyte whilst at 65°C it was obtained at about 1-hour residence time. It is therefore inferred that the
first 3h of the EW tests at 45°C-55°C took place under sub-optimal adsorption/polarization conditions of
APAM.

3.2. 2°72 Experimental design results at 45°C-65°C

Table 5 presents the results indicating the effect of temperature (A), current density (B), Guar concentration
(C), APAM concentration (D) and diffusion layer thickness (E) on surface roughness. The EW tests at this
temperature range were also carried out for 4.35 and 4.97h (14,000C) as in the previous testwork. The model
obtained from this testwork is shown in Eq. (2). An F-value of 2.06 implies that the model is significant and
that there is a 6.3% chance that the model F-value this large could occur due to noise.

Surface Roughness (um) = +6.16 — 0.051« A — 0.089« B — 0.075«C — 0.41+ D (2)
+0.23: FE —0.17- B:C

Table 5. 2°~2 Fractional factorial experimental results—temperature levels 45°C-65°C

A B C D=A*B E=A*C Mean surface roughness S.D.
Run Temperature Current density Guar PAM  Diffusion layer thickness
Standard °C mA/cm? mg/L mg/L pm Ra, pm
1 45 28 0.50 1.00 110 5.95 0.47
2 65 28 0.50 0.50 87 6.36 0.64
3 45 32 050 0.50 110 7.08 1.38
https://www.sciencedirect.com/science/article/pii/fS0304386X0600260X 10/21
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A B C D=A*B E=A*C Mean surface roughness S.D.
Run Temperature Current density Guar PAM  Diffusion layer thickness
Standard °C mA/cm? mg/L mg/L pupm Ra, pum
4 65 32 0.50 1.00 87 5.56 0.67
5 45 28 1.00 100 87 5.83 0.72
6 65 28 1.00 0.50 110 6.86 2.28
7 45 32 1.00 0.50 87 5.99 0.66
8 65 32 1.00 100 110 5.66 0.69

It can be seen from this model that APAM (D, a=0.0041) has the most significant effect on reducing surface
roughness. Diffusion layer thickness (E, a=0.1004) has the next largest effect and an increase in E increases
surface roughness as expected (Ilgar and O'Keefe, 1997). The aliased effect of current density (B) and Guar (C)
are insignificant (B*C, a=0.2185). Current density B (a=0.5192), Guar C, (a=0.5855) and temperature A,
(a=0.7129) are also insignificant. The regression analysis (Montgomery, 2001) indicates again that APAM and
Guar are also not aliased and therefore confirms that APAM acts independently of Guar to reduce surface
roughness. Therefore the effect of Guar and APAM on surface roughness was investigated separately, as
described in the following Sections.

3.3. Effect of Guar or APAM over 6-hour EW at 50°C

This test was conducted to continue evaluating the effectiveness of Guar or APAM, either alone or in
combination, on surface roughness and on the number of Peaks-per Centimetre (PPC) over 6h of EW. PPC is
defined as the number of roughness profile elements per centimetre which consecutively intersect at a
specified upper profile section level and a lower profile section (Mahr, 2002). A surface profile can have the
same surface roughness with a different number of PPC. Guar was dosed twice and APAM once. The
electrolyte temperature, current density and § were 50°C, 300A/m? and 109um (10rpm), respectively. The
experimental design and results are shown in Table 6. Eq. (3) shows the surface roughness model for this
testwork where A is Guar concentration and B is APAM concentration.

Surface Roughness (um) = 6.45 + 0.144« A — 0.627+ B (3)

Table 6. 6-hour EW time at 50°C: Guar-or-APAM

Factors, mg/L Surface roughness, um No. PPC Dendrites
Run B=APAM A = Guar Mean SD. Mean S.D. Small needles
1 0 0 7.68 216 6513 13.95  Numerous
2 0 1 6.48 0.70 8763 8.35 Numerous nascents
3 1 0 6.42 027 8275 824 None
4 1 1 6.71 036 83.38 7.46 None
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The Model F-value of 2.58 for surface roughness implies the model shown in Eq. (3) is significant with a
9.37% chance that a “Model F-Value” this large could occur due to noise. APAM (B, a=0.0388) has a
significant effect on reducing surface roughness and Guar (A, a=0.623) has an insignificant effect on
increasing surface roughness as shown in Fig. 6.
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Fig. 6. The significant effect of APAM on surface roughness after 6-hour EW.

The number of PPC reported in Table 6 was also analysed to confirm the surface roughness results described
above. The model for the PPC is presented in Eq. (4) and depicted in Fig. 7. The Model F-value of 8.85 for the
number of PPC implies the model is significant with only a 0.11% chance that a “Model F-Value” this large
could occur due to noise.

Number of Peaks — per — Centimetre = 85.2 + 0.313+ A + 8.81: B (4)
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Fig. 7. The significant effect of APAM on Peaks-per-Centimetre after 6-hour EW.

It is concluded from these results that APAM significantly reduced surface roughness and increased the
number of PPC. In contrast, Guar increased the surface roughness and decreased the number of PPC similar
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to the copper deposit produced without additives. Table 6 shows results and visual observations from the
testwork. It can be seen that qualitatively, the formation of dendrites is reduced in the presence of APAM.

3.4. Effect of Guar or APAM in continuous bench scale tests

Bench scale testwork was aimed at verifying the effectiveness of Guar and APAM in controlling dendrite
growth in a continuous copper EW system using parallel plate electrodes. The surface roughness of the
copper deposits was unable to be measured since it surpassed the specifications of the M1 Perthometer
(10nm-100pum). Photographs of the electrowon copper deposits in the presence of Guar and APAM are
shown in Fig. 8, Fig. 9, respectively. It can be seen that the physical appearance of copper deposit obtained
with Guar was rougher than that obtained with APAM. Both sides of the deposit produced with Guar have a
needle-like, granular appearance throughout the plate. In contrast, the deposit produced with APAM is
smoother, brighter and more compact than the copper deposit produced with Guar. Moreover, the copper
deposits obtained with Guar possess three areas where copper deposition has not taken place. This is
described as “lacy” copper deposit and was also reported by Sun and O'Keefe (1992) in the absence of
additives. This kind of deposit is often found at commercial scale electrowinning operations but not at ER
operations where animal glue and thiourea are used as organic additives. The brightening effect of the
copper deposit in the presence of APAM was probably achieved through large crystal faces that are parallel
to the substrate.

Dendntie and discontinuouns copper deposit: “lacy™ copper
deposit, Tt was also reported as such in Sun et al,, 1992,

Download: Download full-size image

Fig. 8. Copper deposit obtained with Guar at 340A/m? and 44h and 35min.
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Fig. 9. Copper deposit obtained with APAM at 340A/m? and 44h and 35min.

Fig. 10, Fig. 11 are SEM micrographs of the cross-sectioned copper cathodes obtained from this testwork. It
can be seen in Fig. 10 that the cross section of the copper cathode obtained with APAM exhibits columnar
growth. It has been reported that this type of growth may be improved into an equiaxial microstructure by
adding a sulfur bearing organic additive into the electrolyte bath (Plieth, 1992). In contrast, in the presence
of Guar, the microstructure of the copper deposit is porous (Fig. 11).

Download: Download full-size image

Fig. 10. SEM micrographs of copper deposit obtained using 0.68mg/L APAM (200g/tonne Copper Cathode) at
340A/m? current density. Note the slightly fibrous or columnar structure.
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Download: Download full-size image

Fig. 11. SEM micrographs of copper deposit obtained using 0.68 mg/L Guar (200g/tonne Copper Cathode) at
340A/m? current density. Note a porous copper cathode.

Crystallite size was also determined usmg an XRD techﬁique, General Area Diffraction Detector Solution

(GADDS), according to the technique described elsewhere (Fabian et al., 2003). The crystallite size was
determined to assess whether the presence of APAM or Guar results in higher nucleation rates during EW
under otherwise constant conditions. These tests may also be important to determine coalescence of small
crystallite sizes to form larger crystal sizes according to the mechanism of 3D crystallite size growth.

Table 7 shows the Kruskal-Wallis test results for APAM and Guar crystallite size obtained from the bench
scale testwork using parallel plate electrode. The median crystallite size with APAM (405A) is slightly
smaller than with Guar (427A). Therefore APAM appears to favour a higher nucleation rate than Guar. The
other important results are the 41% crystallite size greater than 1800A: for APAM and 24% for Guar. The
inferred crystallite size decreases as the full width at half-maximum (FWHM) of the copper deposit sample
increases (Klug and Alexander, 1974). If the FWHM of the sample is smaller than that of the LaBg standard,
the crystallite size is not processed and is reported as greater than 1800A. These calculations therefore
appear to indicate that nucleation rates, 3D crystallite growth, and coalescence is higher with APAM than
with Guar.

Table 7. Kruskal-Wallis test results for APAM and Guar crystallite size

Test no. APAM Guar

Electrowinning Time, h 44.60 44.60

FWHM number of readings, N 338 440

Crystallite size data processed, N 198 335

Crystallites size >18004, % 41 24

Kruskal-Wallis crystallite size mean rank 220 295

Asymptotic significance 0.000
https://www.sciencedirect.com/science/article/pii/S0304386X0600260X 15/21
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Test no. APAM Guar

Median crystallite size, A 405 427

Bench-scale continuous electrowinning tests using parallel plate electrodes where APAM and Guar were
dosed continuously and independently also indicated that APAM produces smoother deposits than Guar. The
overall results suggest that APAM is more specifically adsorbed than Guar at the metal electrode/electrolyte
interface where high electrical fields are convergent. This behaviour can therefore inhibit the formation of
protrusions/dendrites. The covalent bonding that polyacrylamide block polymer confers at the
metal/electrolyte interface (Halverson et al., 1985, Panzer and Halverson, 1988, Panzer et al., 1984) probably
plays an important role for APAM to be more specifically adsorbed than Guar.

The adsorption properties for Guar were not found in the literature. The difference on inhibition
(polarization) and adsorption produced by Guar and APAM has been studied by us using Cyclic Voltammetry
and Electrochemical Impedance Spectroscopy (Fabian, 2005) and will be discussed in subsequent papers.

4. Conclusions

It was found that when 14,000C were applied in the fractional factorial experimental design that the effect
of APAM was significant in reducing surface roughness at 65°C but insignificant at 45°C. This difference is
attributed to stronger adsorption and enhanced polarization of APAM at 65 °C. The regression models from
this experimental design indicated that APAM and Guar are not aliased and that APAM acts truly
independently of Guar. It was also found that current density and Guar were aliased but decreases in
significance with increasing temperature consistent with the faster degradation of Guar. Therefore, the role
of Guar and APAM was concluded to be independent. In the 6-hour EW tests, APAM significantly reduced
surface roughness and increased the number of Peaks-per-Centimetre.

Bench-scale continuous electrowinning tests where APAM and Guar were dosed continuously and
independently indicated that APAM produces smoother deposits than Guar. SEM examination of cross
sections of the copper deposits showed that Guar produced porous deposits and APAM produced slightly
columnar deposits. Furthermore, the copper deposit with APAM is brighter and has greater amounts of both
smaller and larger crystallite sizes than those with Guar. We infer that presence of APAM favours higher
nucleation rates and greater 3D crystallite growth and coalescence than Guar and that APAM can produce
purer copper deposits since voids and porosity can be reduced by smaller crystallites.

The overall results of this work indicate that APAM produces smoother, brighter and more compact copper
electrodeposits than Guar. Therefore APAM can be viewed as a potential new levelling and brightening agent
for copper electrometallurgy.
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Abstract

The effect of current density, temperature, diffusion layer thickness (8), deposition time, Guarfloc66 (Guar) and activated
polyacrylamide (APAM) on the topography (surface roughness) of electrodeposited copper was studied. The level of these
variables approximates current commercial copper electrowinning (EW) and electrorefining (ER) operating conditions. The effect
of Guar and APAM on surface roughness and number of Peaks-per-Centimeter was assessed both in combination and alone using a
rotating cylinder electrode (RCE) for up to 6-hour EW time. Observed effects on surface roughness indicate that a more uniform
surface and lower roughness/smoother copper deposits were obtained using the additive APAM rather than Guar. Regression
models indicate APAM has a significant effect on reducing surface roughness at 65 °C.

Bench-scale continuous electrowinning tests were carried out at 50 °C for 44.6 h using parallel plate electrodes into which
APAM and Guar were dosed continuously and independently. These tests also indicated that APAM produces smoother deposits
than Guar. The cross sections of the copper deposits from these tests showed that APAM exhibits a slightly columnar copper
deposit and Guar produced a porous copper deposit. The copper deposit produced with additive APAM was brighter and produced
greater amounts of both smaller and larger crystallite sizes than those obtained with Guar. This infers that APAM favours higher
nucleation rates and greater 3D crystallite growth and coalescence than Guar.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Copper; Electrodeposition; Electrowinning; Electrorefining; Polyacrylamide; Rotating cylinder electrode; Guar; Surface roughness;
Statistical analysis

1. Introduction known that organic additives significantly influence the
current—potential relationship due to their competition

In the copper deposition industry in general, organic for surface coverage with the components of the
additives and chloride ions need to be dosed to produce electrolyte system including chloride ions. Therefore
smooth deposits, free of voids or porosity. It is also these organic additives must be carefully selected ac-

cording to their role at the metal/electrolyte interface to
control the nucleation and growth during the deposition
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School of Engineering, James Cook University, Townsville, QLD.,

4811 Australia. Tel.: +61 2 9717 7067; fax: +61 2 9543 7179. additives used in copper EW, ER and in the damascene
E-mail addresses: cfabian2@bigpond.net.au, process for micro-electronics industry. Table 1 shows
ces.fabian@ansto.gov.au (C.P. Fabian). the typical concentration of these organic additives in
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the electrolyte bath and their respective roles. An
electrode is polarized when, under constant experimen-
tal conditions, the potential in the presence of an
additive, e.g., animal glue, PEG, is more negative than
the potential without the additive. An electrode is
depolarized when the potential in the presence of an
additive, e.g., chloride ions, is less negative. The
polarizer/inhibitor/leveller controls the vertical growth
to produce smooth deposits by conferring preferential
adsorption on the peaks or active sites. The grain refiner/
accelerator may predominantly control the nucleation
process or promote the formation of new nuclei to
possibly form new crystallites at the recesses (Vereecken
et al., 2005). This synergistic process between the
inhibitor and grain refiner is aimed at improving the
overall quality of the copper deposit: purity, smoothness
and plant productivity i.e., elimination/reduction of
short-circuits caused by dendrites.

The first step of metal deposition is the formation of
nuclei of the depositing metal on a foreign substrate and
on a substrate of the same metal. The structure of the first
monolayer(s), has an impact on the deposition of further
layers and therefore on the morphology of the deposited
metal. The competition between nucleation and growth
determines the smoothness of the deposit: the higher the
nucleation rate; the finer the crystal size (Budevski et al.,
1996). Moreover, the forms of the growing crystals
determine their physical appearance and structure. A
higher crystal size growth rate, normal to the substrate,
leads to a more fibrous/columnar structure. A brightening
effect can be achieved when large developed crystal faces
grow parallel to the substrate (Budevski et al., 1996).

It has been shown elsewhere (Fabian, 2005; Fabian
et al., 2006b) that a rotating cylinder electrode (RCE)
may be applied as a novel method of determining the
effect of the preparation media of polyacrylamide (PAM)
on the surface roughness of electrodeposited copper. It
has been shown that when a high molecular weight PAM
(MW 15 million Dalton) is prepared in 16-fold diluted
copper electrolyte at 50 °C for 2 h and dosed into an EW
cell, the electrodeposited copper had a significantly lower

CH,OH H H
H 0 H
H OH OH
Mannose
OH OH 7
0 /!
(0]
H H CH,
CH,OH ‘
HO 0] o
H
‘ OH H Galactose
H
H OH

Fig. 1. The chemical structure of Guar based on Mark et al. (1969).

mean surface roughness than was the case when
polyacrylamide was prepared in water or full-strength
electrolyte or alkaline solution. The hydrolysis of PAM in
pH 2 solutions is reported to produce a block copolymer
(Halverson et al., 1985; Panzer and Halverson, 1988;
Panzer et al., 1984). The PAM hydrolysed in 16-fold
diluted copper electrolyte (pH 1.5) was named ‘activated
polyacrylamide’ (APAM). It has been also shown that
APAM also produced deposits exhibiting a lower surface
roughness than polyacrylic acid (Fabian, 2005).

Guar is a naturally occurring galacto-mannan
polymer, a polysaccharide, used as flocculant and
coagulant with typical molecular weights ranging from
200,000 to 500,000 Da. Guar is a linear D-mannose
sugar with a D-galactose sugar chain on every other
mannose as shown below, Fig. 1 (Mark et al., 1969).
Guar is the industry-standard organic additive used in
copper EW as a weak levelling agent for about 40 years
to produce bright copper deposits (Langner et al., 1989;
Stantke, 1999).

Pye and Schurz (1957) patented the electrowinning
of zinc and copper in the presence of polyacrylamide.
They reported that acrylamide polymer can be dissolved
in water or electrolyte. Vereecken and Winand (1976)
compared the influence of non-ionic and cationic

Table 1

Industry-standard additives used in copper electrometallurgy

Role of the Electrorefining Electrowinning Micro-electronics, PCB and IC

additive Additive mg/L Additive mg/L Additive mg/L

Leveller Glue 1 Nil Nil PEG* and JGB 100-300 and 1
Brightener** Guar 0.25-5

Grain refiner*** Thiourea 2 Nil Nil SPS/MPSA 1/1
Depolarizer Clr 50-60 Cl 20-25 Cl 40-60

*PEG, polyethylene glycol; SPS, bis(3-sulfo-propyl) disulfide; JGB, Janus Green B (safranine dye); MPSA, 3-mercapto-1-propanesulfinate. **Guar
is also known as weak polarizer in the industry. ***Grain refiner or accelerator.
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Table 2
Two 2° 2 fractional factorial experimental designs

Factors Factor level

Low High
A T (Temperature, °C) 45 55 65
B I (Current density, A.m 2) 280 320 320
C Guar, mg/L 0.5 1 1
D APAM, mg/L 0.5 1 1
E ¢ (Diff. Layer Thickness, pm) 87 108 110

polyacrylamides with Guar on the quality of copper
deposits using “industrial” copper sulphate solution at
200 A/m? and 50 °C. The conclusion of this study was
that the quality of the copper deposits obtained with
Guar was always better than those obtained with both
non-ionic and cationic polyacrylamides. The conditions
under which these studies were conducted are outdated,
therefore their results may not be applicable to the
current EW commercial plant practice as described in
Robinson et al. (2003).

In this paper the results of fractional factorial
experimental designs are presented which aims to
compare the efficacy of APAM and Guar in controlling
surface roughness and dendrite formation. Fractional
factorial experimental designs are a variation of a basic
experimental design in which only a subset of runs are
systematically selected and conducted to minimize the
number of experiments but include all the process
variables (Montgomery, 2001). The experimental
designs selected for this work use high and low levels
of these variables, including Guar and APAM to closely
replicate the industry-standard operating conditions of
commercial copper EW.

The variables in commercial copper EW and ER are
the flow rate of the feed electrolyte into the electrolytic
cells containing fresh additives, electrolyte temperature,
current density, and copper, sulfuric acid and chloride
ion concentrations. Increasing the electrolyte flow rate
into the electrolytic cell increases the velocity of the
bulk electrolyte near the metal electrode/electrolyte
interface and therefore may increase the forced
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Fig. 2. EW cell design—parallel plate electrodes.

50



C.P. Fabian et al. / Hydrometallurgy 86 (2007) 44-55

47

Syringe Infusion Pump: 2.1mL/Hour

1

| |

EW Cell: 5L glass N
beaker with a spout o Power Point: 240V
| | Heater
Water Bath
- Powgg.lster: 30mA
Magnetic - @
Stirrer Peristaltic
Pump:
et 7.9 mL/Min
Peristaltic
R T Pump:
Iﬂ 31.5 mL/Min
100mL Beaker
Advanced
Elecfrolyte
50L
Container 1

Fig. 3. Bench scale process.

convection and decrease the diffusion layer thickness,
0. In the experimental work described in this publica-
tion, the following studies were conducted to evaluate
APAM against the industry standard Guar. (i) A
fractional factorial experimental design was devised
to evaluate whether APAM or Guar act independently
or perform the same role. (ii)) As APAM and Guar were
found to have different roles, APAM and Guar were
directly and separately compared in a Guar or APAM
2? experimental design at 6-hour EW time. (iii) As
these tests indicated that APAM produces smoother
copper deposits than Guar, APAM and Guar were
further compared in continuous bench scale tests using
parallel plate electrodes and commercial copper EW
conditions.

2. Experimental

The testwork described below was designed to
evaluate the effectiveness of APAM and Guar to control
dendrite formation using the rotating cylinder electrode
(RCE) and parallel plate electrodes (PPE) described by
Fabian (2005) and Fabian et al. (2006b). The construc-
tion and characterization of the RCE is described

51

elsewhere (Fabian, 2005; Fabian et al., 2006b). The
RCE was used to conduct experimental design testwork
at batch scale.

The electrolyte was prepared using AR grade copper
sulfate and sulfuric acid and its composition throughout the
testwork was as follows: Cu?" =36 g/L, H,SO4=160 g/L
and chloride ions=25 mg/L. 15 million Dalton polyacryl-
amide, Magnafloc® 800 HP, CIBA was prepared in 16-
fold diluted electrolyte at 50 °C for 2 h under stirring
conditions (Fabian et al., 2006b). Guarfloc®66 (Guar)
from Cognis Corporation Mining Chemicals was prepared
in water at 25 °C. The Guar concentration in the EW
system used at the Mt. Gordon Operation in Australia was
approximately 0.52 mg/L electrolyte or 175 g Guar/tonne
copper cathode. This concentration was used as the low
level factor in the experimental design and the high level
was set at 1.0 mg/L electrolyte.

2.1. Experimental using an RCE

Table 2 shows two 2°~ 2 fractional factorial exper-
imental designs. The factors at low level are common for
both designs. The factors at high level differ in
temperature only. The values of the diffusion layer
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thickness, & were derived using the equation developed
by Arvia and Carrozza (1962) and Fick (Newman and
Thomas-Alyea, 2004), respectively, using Mathcad 12
(MathSoft Engineering and Education, 2004) and
Fluent® as described in Fabian et al. (2006a). The low
and high temperature levels of 45 °C and 65 °C were
chosen to evaluate the behaviour of APAM at electrolyte
temperatures similar to commercial copper EW and ER
conditions, respectively. The organic additives, once
dosed to the electrolyte, were subjected to 15 min
mixing at 40 rpm and 5 min at 10 or 25 rpm before the
application of the desired current to the electrolytic cell.
Therefore the total residence time of the organic
additives in the electrolyte was 20 min in addition to
the EW times at 45 °C, 50 °C or 65 °C+£0.5 °C.

The surface roughness was measured using a Mahr
Perthometer M1 (Mahr, 2002) as described elsewhere
(Fabian, 2005; Fabian et al., 2006b, Ilgar and O’Keefe,
1997). The surface roughness evaluation includes
analysis of variance (ANOVA) and statistical inference
procedures using Design-Expert® software (Stat-Ease,
2003; Fabian, 2005; Fabian et al., 2006b, Ilgar and
O’Keefe, 1997; Barkey et al., 1989). The adequacy of
the models was checked using residual analysis as
described by Montgomery (2001) and Stat-Ease
(2003).

The cross-section of the copper deposits was
prepared for SEM examination. The samples were
embedded in an epoxy resin and the cross-section cut
with 600 grit silicon carbide powder. It was then
sequentially polished with 3, 1 and 0.25 pm diamond
paste. It was finally etched with a solution of 5 g of ferric
chloride and 5 mL hydrochloric acid in 90 mL ethanol
for 20-25 s. XRD data were collected from the
copper deposits produced using a Siemens/Bruker
General Area Detector Diffraction Solution, GADDS
diffractometer and interpreted using the Scherrer
equation (Fabian et al., 2003; Mathe et al., 2005).

Guar was dosed twice and APAM was dosed once
during this testwork unless otherwise stated. The first
dose was added at the beginning and the second at
approximately half EW time depending on the current
density. The total electrowinning time was 4 h 21 min ata
current density of 320 A/m? and 4 h 58 min at 280 A/m”.
The number of Coulombs applied was 500 C/cm”.

2.2. Experimental using parallel plate electrodes

The comparison between Guar and APAM was also
carried out using parallel plate electrodes at current-
industry standard copper electrowinning operating
conditions — except for current density which was

increased to 340 A/m” from the industry standard of
280-300 A/m”. (Robinson et al., 2003). Simultaneously,
Guar and APAM concentrations were also increased
from about 175 g/tonne copper cathode or 0.25-
0.50 mg/L in the electrolyte (as was dosed at Mt.
Gordon) to 200 g/tonne or 0.68 mg/L.

A 316L 2B finish stainless steel cathode with a
surface roughness of 0.25+0.05 um and a lead—alloy
anode procured from Mt. Gordon Operations were cut to
prepare the electrodes for this testwork. Current
industry-standard ABS edge strips were inserted on
the stainless steel and the corners were joined at 45°
with Araldite K138 and hardener K138 Part B — an
acid resistant and thermally stable epoxy resin. The
stainless steel substrates were thoroughly washed with
acetone and water, soaked in an electrolyte solution for
24 h and washed again with distilled water. The distance
between the electrodes was 40 mm, which is similar to
the industry standard in copper EW. Fig. 2 shows the
EW cell design in detail and Fig. 3 shows the overall
bench scale design.

Table 3 shows the details of the operating conditions
for the bench scale experiments. The net electrolyte
volume in the EW cell was 3.9 L (without electrodes)
and the flow rates of the re-circulating and advanced
electrolyte were maintained constant at 31.5 and
7.9 mL/min, respectively. Eighty percent of the total
electrolyte flow rate was re-circulated to the EW cell
using a Watson Marlow 505S peristaltic pump to
simulate the commercial operation at Mt. Gordon.
This recirculation maintains the activity of Guar or
APAM constant in the EW cell and also possibly

Table 3

Bench scale experimental conditions

Current density, A/m> 340
Voltage drop, V 2.15
EW iime, h 44.6
Deposition area (85.5x 103.5 mm), cm* 88.5
Average copper concentration, g/L 35+1
Sulfuric acid concentration, g/L 160
Chloride ions concentration mg/L 25
Electrolyte net volume, L 3.9
Electrolyte temperature, °C 50.5+0.5
Guar or APAM, g/tonne copper cathode 200
Guar or APAM concentration in electrolyte, mg/L 0.68
Advanced electrolyte, mL/min 31.5
Recirculating electrolyte, mL/min 7.9
Syringe pump-dosing Guar or APAM, mL/h 2.1
Power to stir solution, (30 mA), Watts 7-8
Copper concentration in advanced electrolyte, g/L 50
Sulfuric concentration in advanced electrolyte, g/L 142
Chloride concentration in advanced electrolyte, mg/L 30
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controls their ageing processes. The organic additives
were dosed constantly at 2.1 mL/h using a syringe
infusion pump. The concentration of the organic additive
in the aliquot was 0.68 mg/mL. The electrolyte in the EW
cell was stirred with minimum agitation using a magnetic
stirrer to improve the diffusion of the organic additive.
The electrolyte temperature was kept at 50.5+0.5 °Cina
water bath.

3. Results and discussion
3.1. 2°2 Experimental design results at 45 °C-55 °C

Table 4 presents the results indicating the effect of
temperature (4), current density (B), Guar concentration
(C), APAM concentration (D) and diffusion layer
thickness (E) on surface roughness. The regression
model obtained from this testwork is shown in Eq. (1).
An F-value of 9.41 implies that the model is significant.
There is only a 0.01% chance that the model F-value this
large could occur due to noise. If the “Prob> F-value” (cr)
is very small (less than 0.05), then the terms in the model
have a significant effect on the response (Montgomery,
2001; Stat-Ease, 2003).

Surface Roughness(um) = +6.26 + 0.05*4 + 0.27*B
-0.053*C-0.056*D
+0.25%E-0.62*B*C
—-0.38*B*E

(1)
It can be seen that the surface roughness is strongly

influenced by the current density B, (¢=0.0180) and
diffusion layer thickness E, (2=0.0247) as depicted in
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Fig. 4. The significant effect of diffusion layer thickness (£) and
current density (B) on surface roughness in the temperature range of
45 °C-55 °C. The other variables are fixed at their centre point: A:
temperature, 50 °C; Guar, 0.75 mg/L and D: APAM, 0.75 mg/L.

Fig. 4. Fig. 4 clearly indicates that at high rotational speed
of the cylinder and low current density the smoothest
surface roughness is achieved. In addition, it is also evident
that the terms involving B*C (current density * Guar,
a<0.0001), depicted in Fig. 5, significantly affect surface
roughness. It can be seen that increasing the Guar
concentration increases surface roughness at current
densities lower than about 300 A/m?, a surprising result
for an organic additive dosed to control dendrite formation.
Moreover, it indicates that the surface roughness increases
more steeply with an increase in the current density than
with an increase in Guar concentration.

The effect of APAM was insignificant in this
temperature range possibly due to the kinetics of its
ageing in the electrolyte. The rationale for this
conclusion is as follows. Cyclic voltammetry results

Table 4
272 Fractional factorial experimental results—temperature levels 45 °C—55 °C

A B C D=A*B# E=A*C# Mean S.D.
Run Temperature Current density Guar APAM Diffusion layer thickness surface

roughness

Standard °C mA/cm? mg/L mg/L pm Ra, um
1 45 28 0.50 1.00 108 5.95 0.47
2 55 28 0.50 0.50 87 4.90 0.42
3 45 32 0.50 0.50 108 7.08 1.38
4 55 32 0.50 1.00 87 7.33 1.09
5 45 28 1.00 1.00 87 5.83 0.72
6 55 28 1.00 0.50 108 7.31 1.08
7 45 32 1.00 0.50 87 5.99 0.66
8 55 32 1.00 1.00 108 5.71 0.68
Ccp 50 30 0.75 0.75 97.50 7.04 0.93

#Level of factors D and £ were determined by the levels of 4* B and 4 * C, respectively.

53



50

e e e
S0l etets!

Surface Roughness, Microns

0.700
C: Guar, mg/L

Fig. 5. The significant effect of current density (B) and Guar (C) on
surface roughness in the temperature range of 45 °C—55 °C. The other
variables are fixed at their centre point: 4: temperature, 50 °C; D:
APAM, 0.75 mg/L and E: diffusion layer thickness, 97.5 pm.

(Fabian, 2005) indicate that at 45 °C, a maximum
polarization of APAM was obtained at about 3-hour
residence time in the electrolyte whilst at 65 °C it was
obtained at about 1-hour residence time. It is therefore
inferred that the first 3 h of the EW tests at 45 °C—-55 °C
took place under sub-optimal adsorption/polarization
conditions of APAM.

3.2. 2°72 Experimental design results at 45 °C—65 °C

Table 5 presents the results indicating the effect of
temperature (4), current density (B), Guar concentration
(C), APAM concentration (D) and diffusion layer
thickness (£) on surface roughness. The EW tests at this
temperature range were also carried out for 4.35
and 4.97 h (14,000 C) as in the previous testwork. The
model obtained from this testwork is shown in Eq. (2). An
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F-value of 2.06 implies that the model is significant and
that there is a 6.3% chance that the model F-value this
large could occur due to noise.

Surface Roughness(um) = +6.16—0.051*4-0.089*B
—0.075*C-0.41*D
+0.23*E—0.17*B*C

(2)

It can be seen from this model that APAM (D,
a=0.0041) has the most significant effect on reducing
surface roughness. Diffusion layer thickness (E,
a=0.1004) has the next largest effect and an increase
in E increases surface roughness as expected (Ilgar and
O’Keefe, 1997). The aliased effect of current density (B)
and Guar (C) are insignificant (B*C, o=0.2185).
Current density B (¢=0.5192), Guar C, («=0.5855)
and temperature 4, («=0.7129) are also insignificant.
The regression analysis (Montgomery, 2001) indicates
again that APAM and Guar are also not aliased and
therefore confirms that APAM acts independently of
Guar to reduce surface roughness. Therefore the effect
of Guar and APAM on surface roughness was
investigated separately, as described in the following
Sections.

3.3. Effect of Guar or APAM over 6-hour EW at 50 °C

This test was conducted to continue evaluating the
effectiveness of Guar or APAM, either alone or in
combination, on surface roughness and on the number
of Peaks-per Centimetre (PPC) over 6 h of EW. PPC is
defined as the number of roughness profile elements
per centimetre which consecutively intersect at a
specified upper profile section level and a lower profile
section (Mahr, 2002). A surface profile can have the

Table 5
2°"2 Fractional factorial experimental results—temperature levels 45 °C—65 °C

A B C D=A4*B E=4*C Mean surface S.D.
Run Temperature Current density Guar PAM Diffusion layer thickness roughness
Standard °C mA/cm? mg/L mg/L pm Ra, pm
1 45 28 0.50 1.00 110 5.95 0.47
2 65 28 0.50 0.50 87 6.36 0.64
3 45 32 0.50 0.50 110 7.08 1.38
4 65 32 0.50 1.00 87 5.56 0.67
5 45 28 1.00 1.00 87 5.83 0.72
6 65 28 1.00 0.50 110 6.86 2.28
7 45 32 1.00 0.50 87 5.99 0.66
8 65 32 1.00 1.00 110 5.66 0.69
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Table 6
6-hour EW time at 50 °C: Guar-or-APAM

Factors, mg/L Surface roughness, pm No. PPC Dendrites
Run B = APAM A = Guar Mean S.D. Mean S.D. Small needles
1 0 0 7.68 2.16 65.13 13.95 Numerous
2 0 1 6.48 0.70 87.63 8.35 Numerous nascents
3 1 0 6.42 0.27 82.75 8.24 None
4 1 1 6.71 0.36 83.38 7.46 None

same surface roughness with a different number of
PPC. Guar was dosed twice and APAM once. The
electrolyte temperature, current density and & were
50 °C, 300 A/m? and 109 pm (10 rpm), respectively.
The experimental design and results are shown in
Table 6. Eq. (3) shows the surface roughness model for
this testwork where 4 is Guar concentration and B is
APAM concentration.

Surface Roughness(um) = 6.45 + 0.144*4-0.627*B
(3)

The Model F-value of 2.58 for surface roughness
implies the model shown in Eq. (3) is significant with a
9.37% chance that a “Model F-Value” this large could
occur due to noise. APAM (B, «=0.0388) has a
significant effect on reducing surface roughness and
Guar (4, «=0.623) has an insignificant effect on
increasing surface roughness as shown in Fig. 6.

The number of PPC reported in Table 6 was also
analysed to confirm the surface roughness results
described above. The model for the PPC is presented in

Surface Roughness, Microns

1.00
0.500

A: Guar, mg/L

0.750

0.500
0.250

0.000 0.000 B: APAM, mg/L
Fig. 6. The significant effect of APAM on surface roughness after 6-hour
EW.
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Eq. (4) and depicted in Fig. 7. The Model F-value of 8.85
for the number of PPC implies the model is significant
with only a 0.11% chance that a “Model F-Value” this
large could occur due to noise.

Number of Peaks — per — Centimetre =85.2+0.313%4
+8.81*B

(4)

It is concluded from these results that APAM
significantly reduced surface roughness and increased
the number of PPC. In contrast, Guar increased the
surface roughness and decreased the number of PPC
similar to the copper deposit produced without additives.
Table 6 shows results and visual observations from the
testwork. It can be seen that qualitatively, the formation
of dendrites is reduced in the presence of APAM.

3.4. Effect of Guar or APAM in continuous bench scale
tests

Bench scale testwork was aimed at verifying the
effectiveness of Guar and APAM in controlling
dendrite growth in a continuous copper EW system
using parallel plate electrodes. The surface roughness
of the copper deposits was unable to be measured
since it surpassed the specifications of the MI
Perthometer (10 nm—100 pm). Photographs of the
electrowon copper deposits in the presence of Guar
and APAM are shown in Figs. 8 and 9, respectively. It
can be seen that the physical appearance of copper
deposit obtained with Guar was rougher than that
obtained with APAM. Both sides of the deposit
produced with Guar have a needle-like, granular
appearance throughout the plate. In contrast, the
deposit produced with APAM is smoother, brighter
and more compact than the copper deposit produced
with Guar. Moreover, the copper deposits obtained
with Guar possess three areas where copper deposition
has not taken place. This is described as “lacy” copper
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Fig. 7. The significant effect of APAM on Peaks-per-Centimetre after
6-hour EW.

deposit and was also reported by Sun and O’Keefe
(1992) in the absence of additives. This kind of
deposit is often found at commercial scale electro-
winning operations but not at ER operations where
animal glue and thiourea are used as organic additives.
The brightening effect of the copper deposit in the
presence of APAM was probably achieved through
large crystal faces that are parallel to the substrate.
Figs. 10 and 11 are SEM micrographs of the cross-
sectioned copper cathodes obtained from this testwork.
It can be seen in Fig. 10 that the cross section of the
copper cathode obtained with APAM exhibits colum-

Dendritic and discontinuous copper deposit: “lacy” copper
deposit. It was also reported as such in Sun et al., 1992,

Fig. 8. Copper deposit obtained with Guar at 340 A/m” and 44 h and
35 min.
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Bright and smooth copper deposit showing a large number of crystallite

surfaces parallel to the surface of the substrate (Budevski, E. et al. 1996).

Fig. 9. Copper deposit obtained with APAM at 340 A/m” and 44 h and
35 min.

nar growth. It has been reported that this type of growth
may be improved into an equiaxial microstructure by
adding a sulfur bearing organic additive into the
electrolyte bath (Plieth, 1992). In contrast, in the
presence of Guar, the microstructure of the copper
deposit is porous (Fig. 11).

Crystallite size was also determined using an XRD
technique, General Area Diffraction Detector Solution
(GADDS), according to the technique described
elsewhere (Fabian et al., 2003). The crystallite size
was determined to assess whether the presence of
APAM or Guar results in higher nucleation rates during
EW under otherwise constant conditions. These tests
may also be important to determine coalescence of
small crystallite sizes to form larger crystal sizes
according to the mechanism of 3D crystallite size
growth.

Table 7 shows the Kruskal-Wallis test results for
APAM and Guar crystallite size obtained from the
bench scale testwork using parallel plate electrode. The
median crystallite size with APAM (405 A) is slightly
smaller than with Guar (427 A). Therefore APAM
appears to favour a higher nucleation rate than Guar.
The other important results are the 41% crystallite size
greater than 1800 A: for APAM and 24% for Guar. The
inferred crystallite size decreases as the full width at
half-maximum (FWHM) of the copper deposit sample
increases (Klug and Alexander, 1974). If the FWHM of
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Fig. 10. SEM micrographs of copper deposit obtained using 0.68 mg/L APAM (200 g/tonne Copper Cathode) at 340 A/m” current density. Note the

slightly fibrous or columnar structure.

the sample is smaller than that of the LaBg standard, the
crystallite size is not processed and is reported as
greater than 1800 A. These calculations therefore
appear to indicate that nucleation rates, 3D crystallite
growth, and coalescence is higher with APAM than
with Guar.

Bench-scale continuous electrowinning tests using
parallel plate electrodes where APAM and Guar were
dosed continuously and independently also indicated
that APAM produces smoother deposits than Guar. The
overall results suggest that APAM is more specifically
adsorbed than Guar at the metal electrode/electrolyte

interface where high electrical fields are convergent.
This behaviour can therefore inhibit the formation of
protrusions/dendrites. The covalent bonding that poly-
acrylamide block polymer confers at the metal/electro-
lyte interface (Halverson et al., 1985; Panzer and
Halverson, 1988; Panzer et al., 1984) probably plays
an important role for APAM to be more specifically
adsorbed than Guar.

The adsorption properties for Guar were not found in
the literature. The difference on inhibition (polarization)
and adsorption produced by Guar and APAM has
been studied by us using Cyclic Voltammetry and

Fig. 11. SEM micrographs of copper deposit obtained using 0.68 mg/L Guar (200 g/tonne Copper Cathode) at 340 A/m? current density. Note a

porous copper cathode.

57



54

Table 7

Kruskal-Wallis test results for APAM and Guar crystallite size

Test no. APAM Guar
Electrowinning Time, h 44.60 44.60
FWHM number of readings, N 338 440
Crystallite size data processed, N 198 335
Crystallites size >1800 A, % 41 24
Kruskal-Wallis crystallite size mean rank 220 295
Asymptotic significance 0.000

Median crystallite size, A 405 427

Electrochemical Impedance Spectroscopy (Fabian,
2005) and will be discussed in subsequent papers.

4. Conclusions

It was found that when 14,000 C were applied in the
fractional factorial experimental design that the effect of
APAM was significant in reducing surface roughness at
65 °C but insignificant at 45 °C. This difference is
attributed to stronger adsorption and enhanced polari-
zation of APAM at 65 °C. The regression models from
this experimental design indicated that APAM and Guar
are not aliased and that APAM acts truly independently
of Guar. It was also found that current density and Guar
were aliased but decreases in significance with
increasing temperature consistent with the faster
degradation of Guar. Therefore, the role of Guar and
APAM was concluded to be independent. In the 6-hour
EW tests, APAM significantly reduced surface rough-
ness and increased the number of Peaks-per-
Centimetre.

Bench-scale continuous electrowinning tests where
APAM and Guar were dosed continuously and inde-
pendently indicated that APAM produces smoother
deposits than Guar. SEM examination of cross sections
of the copper deposits showed that Guar produced
porous deposits and APAM produced slightly columnar
deposits. Furthermore, the copper deposit with APAM is
brighter and has greater amounts of both smaller and
larger crystallite sizes than those with Guar. We infer
that presence of APAM favours higher nucleation rates
and greater 3D crystallite growth and coalescence than
Guar and that APAM can produce purer copper deposits
since voids and porosity can be reduced by smaller
crystallites.

The overall results of this work indicate that APAM
produces smoother, brighter and more compact copper
electrodeposits than Guar. Therefore APAM can be
viewed as a potential new levelling and brightening
agent for copper electrometallurgy.
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ABSTRACT

As computer data rates have increased, designers observed that the standard
models for estimating the impact of copper foil surface roughness on conductor loss are
limited to a few GHz. The more recent snowball model (a “snowball” estimation of the
Huray Model) has demonstrated improved conductor loss predictions up to 50 GHz by
estimating the necessary parameters using reasonable assumptions about the geometric
surface features of electrodeposited copper foil. Since then, the Huray Model has been
incorporated into commercial electromagnetic field simulators. However, a standard
method of characterizing the electrodeposited copper foil used in high-speed circuits to
directly implement the snowball model has not yet been fully established. Therefore, the
primary objective of this thesis was to develop a method of more accurately
characterizing the geometric parameters of electrodeposited copper foil surfaces for

accurate conductor loss modeling as defined by the snowball model.

This thesis demonstrates the first methods of directly characterizing
electrodeposited copper foil surface roughness to obtain snowball model parameters.
Additionally, this research further legitimizes the analytic form of the snowball model as
it pertains to scattered power, demonstrates the practical impact of its parameters, and
reveals a source of existing irregularities between the estimated model parameters and

actual performance measurements.
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PREFACE

This work is divided into six chapters. Chapter one introduces the motivation and
reasons for this research. Chapter two reviews the history of conductor loss modeling,
introduces electrodeposited copper foil and recent developments in conductor loss
modeling. Chapter three meets the primary objective of this research by demonstrating
methods for characterizing the surface of electrodeposited copper foil for accurate
conductor loss modeling with results. Chapter four demonstrates a method for
implementing the characterized parameters in commercially available simulation tools.
Chapter five considers some limitations and concerns for the characterization methods
described and alternatives measurements. Chapter six concludes with significant

takeaways and recommendations for future work.
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CHAPTER 1
INTRODUCTION

With computer bus speeds increasing from only 108 kHz in 1971 to nearly 4 GHz
in 2010 and even higher frequencies currently under development, the success of high-
speed circuit designs depends more than ever on precisely predicting signal power loss
[1] [2]. Interestingly, however, most of today’s high speed bus designs rely on low-
frequency circuit concepts with hypothetical parameters, rather than applying a first
principle analysis to the propagation of high-frequency electromagnetic fields using
properly characterized materials. In particular is the power loss prediction associated with
copper foil conductors used in modern printed circuit boards (PCBs). While a low
frequency analysis of conductor loss is rather simple, a high frequency analysis becomes
especially challenging when considering the effects of a conductor’s surface roughness
geometry on electromagnetic fields.

The conventional method of estimating the impact of conductor surface roughness
on electrical power loss is the Morgan-Hammerstad empirical fit. The conclusions of this
empirical fit were based on a hypothetical surface roughness with illogical assumptions
that contradicted causality and, in some instances, principles of relativity that has
consequently proven incapable of suitably estimating conductor power losses above a
few GHz. While there are a few modified forms of the Morgan-Hammerstad empirical fit
which attempt to correct its inherent frequency limitation, they are all plagued by the

same logic flaw that limits accurate conductor loss modeling to a relatively narrow band.
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Recently, as industry struggled to increase bus speeds to 8 Gbps (4 GHz), the Huray
surface roughness model was developed using a first principles analysis of high-
frequency propagating electromagnetic fields in copper-based channels to enable logical
and accurate conductor loss predictions for all frequencies. This provided a much needed
fundamental description of conductor loss as determined directly from Maxwell’s field
equations. In order to provide industry with a simple and practical method of
implementing the Huray surface roughness model, the snowball model was derived
directly from the more general Huray surface roughness model to correspond with
scanning electron microscope (SEM) images taken of electrodeposited copper foil used in

modern high-speed transmission lines.
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CHAPTER 2

BACKGROUND

2.1 ELECTRICAL CONDUCTOR LOSSES IN HIGH-SPEED TRANSMISSION LINES
At low frequencies, conductor losses are easily explained by Joule’s first law:
Pioss = I?Reonauctor (1
where Pj,¢s is the power lost to heat in W and [ is the current flowing through the

conductor in amperes. R onauctor 1S the resistance of the conductor in Q defined as

pl
R onductor = n ()

where p is the resistivity in Qm, [ is the length in m and A is the cross sectional area in
m”. The simplicity of this analysis is thanks to a relatively uniform current density
distributed throughout the entire thickness of a conductor at low, at or near DC,

frequencies. However, as the frequency of the signal transmitted through the conductor

increases, the exponentially decaying penetration depth, e /s , of the current density
reduces until it resides largely on the surface of the conductor effectively reducing the
cross sectional area of the conductor and increasing the resistance as described by (2).

This is well known as the skin effect and can be determined by

O ()

where & is the exponential penetration depth of the current density in meters, w is the

angular frequency in rad/s of a propagating signal, u is the permeability in H/m of the

conductor, o is the conductivity in S/m of the conductor, and f is the frequency in Hz of
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a propagating signal. It is clear from (2) that the penetration depth decreases as frequency
increases. It is important to note however, as the electric field intensity oscillates, so does

the induced current density. In other words, the current is induced inside the conductor

which penetrates up to an exponential depth (i.e. the skin depth) at the point of e /s
magnetic field intensity and decays along with the electric field intensity as it oscillates
45° out of phase with the magnetic field intensity. This concept is critical when
considering the distribution of current and the associated power losses in a practical
conductor which has a rough surface rather than a flat surface. This would effectively
isolate the current flow within the surface profile of the conductor as a function of
frequency. The challenge is then to describe and predict how an irregular surface impacts
conductor losses when the current density is not uniform and oscillates harmonically in
time.
2.2 THE MORGAN-HAMMERSTAD EMPIRICAL FIT

An early work that addressed the impact of surface roughness on conductor losses
was written by Samuel Morgan and published in 1949 [3]. This research was inspired by
existing measurements that observed conductor losses exceeded the predictions of (1) at 1
GHz and increased with higher frequencies, even after R.ynquctor Was calculated to
account for a reduced skin depth. The approach was to analyze hypothetical transverse
and parallel grooves in an imagined “rough” surface since there were no SEM
instruments available in 1949. The study was simplified by choosing imagined
rectangular and triangular grooves, and then extending them infinitely for a two-
dimensional analysis rather than three since computers had not been developed in 1949

(Figure 2.1).
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Figure 2.1 (a) Rectangular and (b) triangular surface grooves.

The red surface perimeter was varied to a maximum of twice the length of the blue path
labeled d in Figure 2.1. Some later engineers have incorrectly interpreted this picture as if
the electric field intensity propagating in the x direction in Figure 2.1 caused current
traveling parallel to the grooved surface would need to travel along the longer red path of
the transverse conductor grooves compared to a flat surface blue path. This concept led
those engineers to conclude that increased conductor losses at microwave frequencies are
caused by an increased current path length, effectively resulting in additional Joule
heating for induced eddy currents. Morgan also analyzed electric field intensity in
grooves parallel to the direction of propagation (i.e. the x direction) and concluded the
power dissipation attributed to them was 36% of the impact attributed by transverse
grooves.

In an effort to apply Morgan’s work with a more practical calculation for high-
speed copper channel designers, Erik Hammerstad presented an empirical fit to Morgan’s

transverse grooves as:

2
FPrough _ 4 4 %arctan [1-4 (?) ] ¥

Psmooth

82



Prough
where ——2~
smooth

is the ratio of power loss caused by a rough conductor versus a perfectly

flat conductor, and A is the RMS deviation from a perfectly flat surface [4] [5]. This
Morgan-Hammerstad empirical fit, which is only a mathematical guess to an accurate
expression, attempts to describes the impact of a conductor’s surface roughness as a
function of eddy current flow with a relatively small skin depth at high frequencies

isolated within the RMS deviation of the surface (Figure 2.2).

Figure 2.2 Current density isolated within the RMS surface roughness.

2.3 PROBLEMS WITH THE MORGAN-HAMMERSTAD EMPIRICAL FIT

There is no scientific basis for the arctan function in (4); it is simply a guess of a
function that empirically fits Morgan’s two-dimensional data. This function’s asymptotic
maximum of 2.00 roughly agrees with Morgan’s results since Morgan chose a maximum
increased path length (i.e. the red perimeter in Figure 2.1) of 2.00. In practice however,
the surface roughness can impact power loss greater than a factor of 2.00. Also, (4) does
not consider power loss which may be contributed by parallel grooves. Although Morgan
considered the impact of parallel grooves to be 36%, Hammerstad chose to ignore it.
Using Hammerstad’s empirical fit, high-speed bus designers have been able to predict
conductor losses within practical error up to about 4 GHz. However, these predictions
were observed to break down as bus speeds approached 8 Gbps [6]. Specifically,

performance measurements indicated conductor losses were greater than predicted when
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using the empirical fit, implying that the fit tends to underestimate these losses with a

growing error trend for all frequencies greater than a few GHz (Figure 2.3) [7].

It Logs
¢ T T T
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i
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\ Empirical Fit
A5
g
Tl /
1
VNA Measurement | |'
| |
1._

1 1 1 1 Il |
a 5 n 15 0 5 0 X 8 & 0
Freguancy (GHz)

Figure 2.3 Hammerstad Fit vs. VNA measurement of 7’ microstrip.

Any simple modification to (4) will not adequately solve this logical problem
because there is a fundamental flaw in the premise behind the empirical fit. Morgan’s
two-dimensional transverse grooves assume the skin depth follows the surface profile
(i.e. skin depth is normal to the surface at any point), causing the current to travel a
farther distance. While it is true that a reduced cross section and increased length would
increase Joule heating (1-2), it cannot be true that the current density follows the surface

profile (Figure 2.4).
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Figure 2.4 Incorrect current path for a rough surface with skin depth. [8]

In order for Figure 2.4 to be true, 1 of these 2 observations must be true:

1. Propagation delay between a transmitter and receiver increases.

2. Causality and in some instances principles of relativity are violated.
Since the propagation delay between a transmitter and receiver does not increase as a
function of surface roughness, we are left with the contradictions to causality and
relativity. It is important to remember that the surface current density is induced by
Gauss’s Law applied to a propagating electric field intensity in the horizontal direction.
To begin with causality alone, there is no mechanism for surface current density to
reverse when it encounters a hook like structure without the field reversing. Likewise,
current density cannot instantaneously flow vertically when it encounters a vertical
structure without the field somehow pausing, which would then violate Faraday’s law
even if it were possible. Relativity can be discussed with a single substrate media such as
FR-4 where a propagating electric field is traveling a 1/2 the speed of light. Then when
reconsidering Morgan’s equilateral triangular surface, the propagating electric charge

density would need to travel at the speed of light since the distance traveled would be
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doubled, as illustrated in Figure 2.1. Worse off, as the permittivity of the media decreases
(e.g. Teflon = 2.08) or the surface roughness increases beyond 2.00, charge density
would need to travel faster than the speed of light. Since neither of the conditions
necessary to support Figure 2.4 is met, it is clear that the Hammerstad empirical fit is not
a physical model of surface roughness but rather a convenient rule of thumb that works
for some frequencies. It is not surprising then that the empirical fit tends to break down at
some frequency, which happens to be around 4-5 GHz for a microstrip transmission line.
While there has been value in the empirical fit for designers, higher frequency designs
need to consider a first principles method for modeling conductor losses.

In order to calibrate our understanding of current density in a high-speed circuit,
the current density should be thought of as eddy currents induced by a surface charge
density that’s caused by a propagating signal electric field intensity displacing electrons,
transverse to the surface, rather than a discrete current traveling along the surface path as
shown in Figure 2.4. This idea is a bit more intuitive when considering an isolated

conducting feature near the conductor but not in contact (Figure 2.5).

Figure 2.5 Cross sectional view of isolated copper below a microstrip.
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If current were to flow discretely through the conductor, there would be no way for
current to also travel through an isolated feature. It is quite clear that any current residing
in this feature would be induced eddy currents. Likewise, the power loss caused by the
surface roughness can be thought of the same way as the isolated feature. Since eddy

currents are directly proportional to the frequency

oVXE =-V xf= —jwuaﬁ %)
(marginally simplified by assuming a large conductivity), where E is the electric field
intensity in volts/m, f is the electric current density in amperes/m”, and H is the magnetic
field intensity in. amperes/m, an increase in eddy currents induced over an increased

surface area at high frequencies would result in higher losses, rather than increased

resistance over length (Figure 2.6).

Figure 2.6 (a) Traditional vs (b) fundamental current density in high-speed conductors.

The integral form of Faraday’s equation highlights the double integration of the magnetic

flux density B over a surface area

10
87



$E-dl=—=[]B-ds (6)
as opposed to the single length dimension used in the empirical fit. This idea changes our
traditional view of ohmic losses as determined by RMS surface deviation and skin depth
to a fundamentals based view of electromagnetic field losses based on electric field
intensity and induced surface charge density as determined by the total surface area. It is
the absorption and scattering of these fields from the increased surface area of these
irregular features which contribute to conductor losses at high frequencies. For that
reason, the geometric features of the conductor surfaces used in high-speed PCB design
need to be carefully examined and characterized for accurate conductor power loss
modeling.

2.4 ELECTRODEPOSITED COPPER FOIL

As concluded in Section 2.3, it is necessary to examine the surfaces of the
conductors used in high-speed PCB design. This is almost always a form of
electrodeposited (ED) copper foil for its dimensional consistency, peel strength, and
electrical characteristics. Today’s manufacturer’s use 3 main phases to fabricate these

foils (Figure 2.7).
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Figure 2.7 Three phases of ED copper foil fabrication. [9]
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The electrodeposition and surface treatment phases (b and ¢ in Figure 2.7) play key roles
in determining the surface roughness of the ED foil. To begin, there are 2 sides of the foil
made during the electrodeposition phase; the “drum side” and the “matte side”. The
surface roughness of the drum side (also known as the “shiny side” in Figure 2.7 b) is
determined by the roughness of the drum, or titanium cathode, itself. These drums are
polished to have an extremely smooth surface which creates the “low profile” side of the

ED foil with an average deviation in the z-axis height as low as 0.3 um (Figure 2.8).

Figure 2.8 Oak-Mitsui Untreated Drum Side 0.5 oz MLS GIII HTE foil 3500x.

The surface roughness of the matte side is determined by how uniformly the copper
grows outward from the drum. Several factors contribute to this surface such as the
flatness of the base (i.e. the drum), the purity of the copper sulfate (CuSO,), the
uniformity of the electric field, the pH and temperature of the solution, and the time
allowed for growth as determined by the electrodeposition over potential and current.

Since so many factors are associated with determining surface of the matte or “high
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profile” side of the ED foil, it usually has a larger deviation in the z-axis height typically

ranging from 2-25 um (Figure 2.9).

Figure 2.9 Oak-Mitsui Untreated Matte Side 0.5 oz TOB GIII HTE 3500x.

After the electrodeposition phase, a number of surface treatments are given to the
foil for mostly mechanical and chemical properties such as anti-tarnish, chemical
resistance, thermal resistance, and PCB adhesion. Of particular interest to the electrical
properties are the copper dendrites or “anchor nodules” grown on the surface for PCB
adhesion. These anchor nodules leave pockets for resin to fill during PCB lamination to
increase the mechanical adhesion, referred to by its test name “peel strength”. The size
and distribution of anchor nodules may be affected by the surface profile fabricated
during the electrodeposition phase. While manufacturers typically have a substantial
degree of control over this, there are generally 2 different distribution arrangements of
anchor nodule growth; one for the drum side and another for the matte side. The anchor
nodules on the drum side appear similar in size and distributed uniformly across the
surface (Figure 2.10).
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Figure 2.10 Oak-Mitsui Treated Drum Side 0.5 oz MLS GIII HTE foil 3500x.

The anchor nodules on the matte side, however, appear to concentrate towards the peaks

of the untreated matte surface (Figure 2.11).

Figure 2.11 Oak-Mitsui Treated Matte Side 0.5 oz TOB GIII HTE 3500x.
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Therefore, in order to examine and characterize the surface as concluded in Section 2.3,
two components must be analyzed. The first is the surface area of the untreated ED foil
before anchor nodules are deposited. The second is the surface area of the anchor nodules
themselves. Both analyses are necessary for accurate conductor power loss modeling.
2.5 THE SNOWBALL MODEL

In an effort to describe the impact in terms of the untreated ED foil and the
geometric features of any surface anomalies such as anchor nodules as concluded in
Section 2.4, Dr. Paul Huray applied a first principles analysis to describe the power loss

of a conductor’s rough surface with respect to a flat surface

Py S5 j n w8
il [ﬂow |H0|2AMatte + Z{:l Niatotal,i E IHolz]/[uo_ IHoleFlat] (7)

Psmootn 4 4

where H, is the local magnetic field intensity maximum in amperes/m, Apgeee 1S the
untreated copper foil surface area (drum side or matte side) without anchor nodules m?,
Apqe is the perfectly flat two-dimensional area in m”, g is the permeability of free space
in H/m, N; is the total number of surface spherical features of radial size a; , 0¢o¢q;; 1S the
total absorption and scattering cross sections of radial size a; spheres in m*, and 7 is the
intrinsic impedance of the propagating medium in €. Taking a closer look at the anchor

nodules reveals a stack-up of copper balls which resemble “snowballs” (Figure 2.12).

Figure 2.12 Gould Treated Drum Side 5000x.
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Approximating the snowballs to spheres and substituting the cross section of a

distribution of j different sized snowballs into (7) yields

Prough __ Amatte j Niﬂ:ai2 s ﬁ
~ +63_, [(A )/(1 +=+ mf)] (8)

Psmooth AFlat Flat i

where a; is the radius of the i snowball (sphere). In this equation, two assumptions have
been made: the absorbed power is so much larger than scattered power that the latter may
be neglected and that the dipole terms in the absorption are so much larger than the

quadrupole (and higher) terms that the latter may be neglected. The form of (8) clearly

. . . A . .
isolates the two components concluded in Section 2.4, where % describes the ratio of
Flat

surface area of the untreated ED foil before anchor nodules are deposited to a perfectly
flat surface area and the remainder describes the total surface area of the various sized
snowballs per unit flat area in the (parenthesis of the numerator) modified by the
frequency dependence in the (parenthesis of the denominator). Furthermore, the form of
(8) allows for a simple analysis of (7) requiring the surface characterization of only three

measurable components (Table 2.1).

Table 2.1 Conductor Surface Parameters of the Snowball Model

Parameter Description
Apyatte/ Arlat The relative surface area without snowballs per unit flat area
a; The radius of the i snowball
N;/Apiat The number of snowballs with radius a; per unit flat area

Channel performance VNA measurements have been used to fit estimations for

the 3 parameters of (8) which have demonstrated improved channel loss prediction within
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industry and have subsequently been incorporated into commercial electromagnetic field
simulators. The qualitative accuracy of the snowball model in dB/in was determined to be
within 1% of measured transmission line losses up to 50 GHz using these estimations for
a 7” microstrip (Figure 2.13). While a qualitative verification has only been performed up
to 50 GHz, the snowball model is predicted to maintain the same accuracy up to a

minimum of 100 GHz.
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Figure 2.13 Snowball model vs. VNA measurement of 7 microstrip.

2.6 OBJECTIONS TO AND PROBLEMS WITH THE SNOWBALL MODEL
The first and perhaps most pressing question about the first principles snowball
model is whether it is necessary. The Hammerstad empirical fit to Morgan’s two-

dimensional data has served bus designers for more than 30 years with acceptable error
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up to about 4-5 GHz, depending on the length of the transmission line. From an academic
perspective, the Hammerstad empirical fit exploits our mistaken intuition for eddy current
paths in high-speed conductors, ignores our conviction in causality, and challenges our
fundamental understanding of relativity; as evident from Figures 2.4 and 2.6. Conversely,
the snowball model clears this misunderstanding by providing a description which agrees
with the standard model of propagating electromagnetic fields in a dielectric (like FR-4)
at a boundary with a good conductor (like copper). Without this clarification, scientific
and technological advances are easily hindered by misidentifying the root cause of
electromagnetic power absorption caused by conductor surface roughness.

This leads to the impact it has on industry when designing higher-speed digital
communications using copper channels. To begin, copper channels are plagued with
inherently low-pass filter characteristics, which limits trace length to account for signal
loss and distortion at high frequencies. Even at lengths as short as 1 inch, the impact of
ED foil surface roughness on signal power absorption becomes significant at frequencies
above 1 GHz. Although it may be true that the empirical fit has performed well in the
past up to a few GHz, Figure 2.3 clearly illustrates its practical limitations. In fact, the
loss error in dB/in associated with the empirical fit continues to grow after only a few
more GHz, resulting in unacceptably large errors. When comparing the predictions of the
snowball model in Figure 2.13 to the predictions of the empirical fit in Figure 2.3, it
becomes quite clear that high-speed designs which exceed 5 GHz will require a new
model to prevent significantly underestimating signal loss, which can be provided by the
snowball model. Underestimating this loss would most certainly lead to unanticipated

closed signal “eyes” at the receiver and ultimately inhibit operational success of the
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design. In short, future designs at frequencies above a few GHz will need to consider an
improved method of predicting conductor loss. The snowball model can fulfill that need
for industry designs of the near future. At a minimum, the snowball model can allow
designers to accurately predict these losses and design around them. The snowball model
provides a clear root cause that future designs can use to mitigate the effects of surface
roughness; which is not possible with the empirical fit since the Hammerstad fit is
incorrect.

Another concern about the snowball model is revealed with a closer look at the
derivation of (8) from (7). When a propagating signal encounters a good conducting
sphere, like an approximation for a copper snowball, the signal can either be scattered
(outgoing power) or absorbed (incoming power). The total cross section for a copper
snowball is then the sum of the absorption and scattering cross sections

Ototal = Oabsorbed T Oscattered )
If the absorption and scattering cross sections (neglecting quadrupole and higher multi-

pole terms) are deduced as

) 852
Uabsorbed(w) ~ 37Tk2al-25/[1 + a_i + 242 (10)
and
10 2(6
Oscattered (w) ~ Tﬂ kgaiG [1 + E (a_l)] (1 1)

where the wave vector for the non-conducting medium is

ky = Wy\[Ho€o€r2 (12)

and the intrinsic impedance of the propagating medium is

77 = Y, /’lo/gogr,z (13)
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then (8) disregards the scattered cross section. While (7) is entirely capable of
considering the effects of scattered power, the calculations become arduous. With this in
mind, we can ask: “To what extent can the scattered cross section be ignored?” That is, to
determine at what frequencies are the effect of scattered power negligible. By
normalizing (10) and (11) to the geometric cross section of an individual snowball of size

i, their effects can be compared directly as a function of frequency (Figure 2.14).
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Figure 2.14 Absorption and scattering cross-sections of various size copper spheres. [10]

Selecting a reasonable radial length of a; = 0.5 um at 100 GHz, we can see that the
scattered cross section is only 107" of the geometric cross section, which is also relatively
minute when compared to the absorbed cross section at 10™. As well, the scattered cross
section reduces at a rate of about 10™ per decade of frequency. So, if a 36% impact has
been considered ‘negligible’ by the Hammerstad empirical fit for the past 30 years, it

seems sensible to consider a 10 impact or less as negligible in this approximation.
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Therefore, the practical answer to when the scattered cross section can be ignored is: for
all frequencies below 100 GHz. Only when frequencies are above 100 GHz, and certainly
as they extend into the optical range (i.e. above 10 THz), will the effects of scattered
power have a significant impact. Thus, by accepting an error of 10” to be negligible, (8)
is justified in disregarding the scattered cross section.

A problem with the snowball model as it exists today is that industry has had
trouble in obtaining the 3 necessary parameters listed in Table 2.1. So far, performance
correlation has been made by measuring a channel after fabrication and fitting the
parameters to match the measured data. For each of these parameters, assumptions were
made about the surface of the ED foil to estimate their values. The assumptions were:

1. Snowball stack-ups can be treated as uniform, average sized spheres.

2. The number of snowballs can be ascertained using a perfectly flat base.

3. The surface (without snowballs) is flat (i.e. Aygtte/Ariae = 1).
Using SEM images, each of these assumptions can be investigated. The first assumption
simplified a; by assuming all snowballs were the same size and assigning a single value.

However, real snowballs have many different sizes (Figure 2.15).

Figure 2.15 Distribution of snowball sizes emphasized with orange rings.
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The second assumption simplified N;/Af;q; by assuming the base of the stack-up was
flat. However, a close look at the surface before snowballs are added, reveals that the
base is not perfectly flat (Figures 2.8 and 2.9). This could alter the number of snowballs
in a stack up as compared to the estimated number of snowballs in a stack up by reducing

the available volume (Figure 2.16).

—
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Figure 2.16 Altered number of snowballs in stack-up caused by an irregular base.

Furthermore, the number of snowballs per unit area may change between products since
the distribution of snowballs change with different bases (drum side or matte side) as

described in Section 2.4 (Figure 2.17).

Figure 2.17 Snowball densities on drum side (left) vs. matte side (right).

The third assumption simplified Apq¢te/Afiqe by assuming it was flat in order to estimate

the number of snowballs in the second assumption.
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While these assumptions have demonstrated the model’s usefulness and potential
accuracy to within 1% from 5-50 GHz for channels up to 77, they still exhibit minor
deviations between approximations in the snowball theory and measurement as a function
of frequency. It is the primary objective of this thesis to address this problem by
describing and demonstrating a method of more accurately characterizing the surface of
electrodeposited copper foil in order to obtain the 3 parameters for industry

implementation.
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CHAPTER 3
COPPER FOIL SURFACE CHARACTERIZATION

3.1 IMPACT OF SNOWBALL MODEL PARAMETERS ON CONDUCTOR LOSS

Much of the text and images in this chapter have been submitted for a technical
conference paper and presentation [22]. Before considering practical methods of
characterizing copper foil to obtain parameters for the snowball model, it is important to
determine if a snowball radii distribution is necessary or whether a single average radius
is sufficient. This was assessed by calculating (8) for skewed, narrow and wide
distributions, and a single average radius for comparison, all with the same total number
of snowballs per unit flat area. The Morgan-Hammerstad empirical fit (4) was also
calculated for comparison. The small and large skewed distributions did not reveal any
surprises. It was expected that a decrease in surface area would result in a decrease in
power loss and vice versa. What’s particularly interesting is how a normal distribution of
snowballs with the same average size as the single average results in a significantly
different magnitude and slightly shifted point of inflection. Results show that as the
standard deviation of a normal distribution of snowball radii increases, the power loss
also increases, even though the average size of the snowballs remains constant (Figure
3.1). If instead, the volume of added copper in the nodules is the same for all radii, then
the surface area of small radii per unit volume will be much larger for small spheres as
for large spheres. Therefore, each of the 3 parameters defined by the snowball model play

a distinct role in
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predicting conductor losses over a wideband, and should be determined completely and

independently for the most accurate results.
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Figure 3.1 Distribution effect on skin loss.

The impact of snowball distributions on power loss is shown in Figure 3.2.
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Figure 3.2 Distribution effect on power loss for a 5 microstrip.
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Although Figure 3.1 demonstrates the impact of a distribution of snowball radii, it
does not clearly demonstrate the impact of a uniform radius. That is, a single radius for all
N; that is not necessarily the average radius. This was assessed by comparing the narrow
and wide distributions to a single uniform radius with an impact of similar magnitude

(Figures 3.3 and 3.4).
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Figure 3.3 Effect of a uniform snowball radius vs. a narrow distribution of radii.

Impact of Uniform Snowball Size vs. a Wide Snowball Distribution
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Figure 3.4 Effect of a uniform snowball radius vs. a wide distribution of radii.
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Figures 3.3 and 3.4 demonstrate the impact of a distribution of snowball radii as
described by Figure 2.14. This low-to-high frequency inflection point suggests an
increased impact on conductor loss at relatively low frequencies and a slightly reduced
impact at higher frequencies which is also proportional to the standard deviation of the
snowball radial length distribution. This data could provide an explanation for the error
observed in [7] when correlating the snowball model with VNA measurements.

Another concern of interest is that any characterization performed before PCB
lamination might not predict the impact of snowballs shifting during the annealing
process. This is not expected to have any significant impact since (8) is not dependent on
where the snowballs are located and there is no reason to believe a shift in location would
alter the average snowball density N;/Ap;,; for the total area.

3.2 CHARACTERIZING TREATED COPPER FOIL: a; AND N;/Agq;

In order to obtain a; and N;/Af,;, images must be taken of the treated copper
surface with enough magnification and resolution to easily distinguish the snowballs
while maintaining the largest field of view possible. A nice balance was found for these
criteria at a magnification of 3500x. There are 2 methods presented for obtaining a
snowball distribution. The first method uses images taken by an SEM, and the second
uses images taken by a 3D digital microscope. After the images are obtained, there are 3
challenges to extracting a; and N;/ Afiar:

1. Identify all of the snowballs in the image.
2. Count the number of snowballs in the image.

3. Measure the radius of each snowball in the image.
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Performing these 3 challenges manually would not be a practical solution. Some common
approaches to automating image feature detection include binarization and RGB
thresholding to isolate the foreground from the background, usually after clustering and
filtering [11] [12] [13]. However, it was found that these methods did not prove reliable
for this type of analysis since they often missed snowballs in the filtered background and
clumped neighboring snowballs together in the foreground. Since the snowballs are
approximately spherical, and thus circular in a 2D image, a more appropriate choice is a
Circular Hough Transform (CHT) [14]. While a CHT can identify partially hidden
snowballs, one possible drawback to analyzing a 2D image of the surface is that there
may be snowballs completely hidden beneath other snowballs. This may be a concern if
the surface had several layers of snowballs. If this is a concern, it may be possible to
analyze a cross-section of the foil to determine how many layers of snowballs are stacked
and extend the surface distribution to the appropriate number of layers, but this was not
performed during this research.
3.2.1 SEM ANALYSIS METHOD

The SEM used to capture images of the treated copper foil was an SEII v2.3 PCI

SEM (Figure 3.5).

Figure 3.5 SEII v2.3 PCI Scanning Electron Microscope (SEM).
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The previously recommended magnification of 3500x was chosen since it gave the
largest field of view where the snowballs were still readily visible. Five samples were
analyzed from 5 positions across the entire width of two rolls of copper foil, 1 treated
drum side and 1 treated matte side, illustrated in Figures 2.10 and 2.11 respectively. After

SEM images were captured, MATLAB was used to implement a CHT and identify the

snowballs (Figure 3.6).

Figure 3.6 MATLAB Snowballs on Drum (left) and Matte (right) Sides.

Although the CHT algorithm in MATLAB is quite simple, some initial care
should be taken to fine tune the sensitivity and edge detection threshold for the first
image to qualitatively assess whether too many or too few snowballs are being detected.
After these are set initially, all subsequent analyses should be standardized to the same
settings. After the snowballs are identified, MATLAB can also be used to count the

number of snowballs and measure their respective radii (Figure 3.7).
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Figure 3.7 Snowball Radii Distribution of Drum Side from SEM Method.

Distributions were divided into 15 bins. Drum side analysis determined an average a; of
0.54 um with a standard deviation of only 0.03 um and an average N;/Afq of 45
snowballs per 100 um” with a standard deviation less than 3 snowballs per 100 pum?.
Matte side analysis determined an average a; of 0.56 um with a standard deviation of
0.09 pm and an average N;/Afq of 43 snowballs per 100 um? with a standard deviation
of 4 snowballs per 100 pm? (excluding 1 outlier of 64 snowballs per 100 um?).
3.2.2 DIGITAL 3D MICROSCOPE ANALYSIS METHOD

The 3D microscope used to capture images of the treated copper foil was a Hirox

KH-8700 E (Figure 3.8).
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Figure 3.8 Hirox KH-8700 E 3D Digital Microscope.

A magnification of 2800x was chosen since it provided the clearest image. One factor
that proved difficult to overcome was vibration. The base of the microscope features a
vibration absorber and the included software offers a digital signal processing (DSP) anti-
vibration filter that provided some needed stability, but the setup could benefit from
additional support from something like an isolated anti-vibration table. Again, 5 samples
from 5 positions across the entire width of two rolls of copper foil, 1 treated drum side
and 1 treated matte side were analyzed.

After the microscope images were captured, the system’s accompanying software
was used to identify the snowballs and determine the distribution of their radii. With
measurement and image processing tools built in to provide a complete solution, this is
certainly a convenient option. In particular, the software provides a particle counter.
Unfortunately, the only algorithms provided for counting particles (or in this case
snowballs) is binarization or RGB thresholding. Nonetheless, after images were captured,

the provided software was used to identify the snowballs using binarization (Figure 3.9).
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Figure 3.9 Microscope Snowballs on Drum (left) and Matte (right) Sides.

Unlike the MATLAB process, it was necessary to manually tune the binarization
filters to qualitatively isolate the snowballs for each image. This can be time consuming
and disrupts the automation process. As well, using different settings for each
measurement decreases measurement precision (or repeatability), which could lead to
increased standard deviation between similar measurements. Furthermore, Figure 3.9
provides a good example of how some snowballs are missed in the “background” while
snowballs in the “foreground” are often clumped together when using binarization to
count snowballs. Although the system’s software cannot directly determine the snowball
distribution, it does provide some immediate calculated statistics such as the total area
ratio which can be used to improve the precision between measurements. Furthermore,
the software allows all of the data and any measurements to be exported as a csv file.
What’s particularly nice about this capability is that it provides visibility of each
measurement. Therefore, impractically large or small measured radii can be filtered out.
However, there are 2 caveats to filtering this data. First, though this process may

eliminate outlier radii, it will also eliminate the total number and thus total surface area of
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the snowballs. Second, there is no inherent justification for choosing which radii are
actually too large or too small. In consideration for the stated limitations and caveats, two
results are provided. Both results used the previous SEM measurements to justify
filtering all radii less than 0.3 pm and greater than 2 um. Snowball counting and

distribution binning was then performed with MATLAB (Figure 3.10).
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Figure 3.10 Snowball Radii Distribution of Drum Side from Microscope Method.

With no further adjustments or filtering other than what was previously stated, the
drum side analysis determined an average a; of 0.59 um with a standard deviation of only
0.03 um and an average N;/As 4, of 11 snowballs per 100 um? with a standard deviation
of 4 snowballs per 100 pm”. Matte side analysis determined an average a; of 0.70 pm
with a standard deviation of 0.08 um and an average N;/Afq; of 10 snowballs per 100

um” with a standard deviation of 3 snowballs per 100 pm”.
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Since most, if not all, of the large radii previously filtered out to determine the
snowball radii distribution were potentially neighbor snowballs clumped together during
binarization, the distribution of snowballs was scaled to match the total area measured
(i.e. the unfiltered area) in an attempt to recover surface area lost during filtering without
skewing the distribution. This process does not change the value of a; or its standard
deviation but N;/Afq; does change. The scaled drum side analysis determined 12
snowballs per 100 pm? with a standard deviation of 4 snowballs per 100 pm?. The scaled
matte side analysis determined 11 snowballs per 100 pm® with a standard deviation of 2
snowballs per 100 pm”. Clearly this approach did not make a significant difference.

Although the microscope data for a; closely correlated with the SEM method, it is
difficult to know how accurate the method would be with other foils since the
binarization method seemed to miss a significant number of snowballs, as evident from a
comparison of N;/Agq¢ between the microscope and SEM methods as well as Figure 3.9.
Furthermore, the correlation for a; was not too surprising since any radius measurement
less than 0.3 pm or greater than 2 pm was intentionally filtered out, which was ultimately
justified using SEM measurements. None the less, with a few small improvements such
as an anti-vibration table, a CHT method for particle counting and the inclusion of
statistical software capable of providing a distribution within the system, this method can
provide a convenient approach.

3.3 CHARACTERIZING UNTREATED COPPER FOIL: Apgte /Afiar
There are 2 methods presented to obtain the Apgere/Afiqe parameter of an

untreated copper surface. The first method uses a mechanical profilometer (or

perthometer) to measure the length, including all of the surface irregularities, in the x and

34
111



y dimensions to calculate the area. The second method uses a stack of images to create a
quasi-three-dimensional image taken by a 3D digital microscope and measured using
built-in software.

All measurement methods require some method of interpolating the distance
between the measured discrete data points. There are 4 interpolation methods presented,
which includes a minimum length, an effective maximum length and 2 intermediate
lengths. The first interpolation is a simple linear interpolation using the Pythagorean

Theorem to define the absolute minimum possible length between 2 points

Lengthp,, =/ (Flat Length)? + (Height)? (14)
shown in Figure 3.11.

Linear Interpolation

Figure 3.11 Linear Interpolation between Data Points (Absolute Minimum).

The second interpolation method calculates the arc length of a sine wave from 0
to m/2. This was considered a maximum length since it assumes a non-linear path
between all points. In truth, this is not an absolute maximum. If the distance between the
points is small, in this case less than 1 pum, this would provide a reasonable maximum
estimate. However, as the data points move farther apart, this consideration breaks down

since there is a higher probability for larger deviations and hence longer path lengths.
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Since all of the step sizes between measurements were significantly less than 1 um, it was
considered the maximum length between points. The formula for calculating a non-linear

arc length is

2
arclength = [ |1+ (Z—i) dx (15)

A simple method of implementing (15) for a sin interpolation is to use Simpson’s Rule

arc length = % [f(xo) + 2 Zjn:/i_l f(xz)) +4 Z]n:/i f(xg-1) + f(xn)] (16)

where f(x,,) =+/1 + cos?(x,) and n = 10, shown in Figure 3.12.

Sin Interpolation

Figure 3.12 Sin Interpolation between Data Points (Effective Maximum).

The minimum and maximum interpolation methods can be used as a tool to
determine whether other methods are unrealistic. The third, and recommended,
interpolation is a hybrid of the first 2 methods. The idea behind this method is, if a linear
interpolation underestimates the total length and a sin interpolation overestimates the
entire length, then it’s reasonable to believe the actual length is comprised of some
relatively linear paths and some non-linear paths. Therefore, the hybrid interpolation uses

a linear interpolation when dz/dx = 0 and a sin interpolation otherwise (Figure 3.13).
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Hybrid Interpolation

Figure 3.13 Hybrid Interpolation between Data Points (Intermediate).

The fourth method attempts to create a periodic interpolation by averaging the
frequent small deviations across less frequent large deviations. This effectively acts like a
low pass filter in an attempt to average the total length. There are 2 steps to implement
this method. The first step is to binarize the peaks and valleys as determined by the

average surface height deviation (R,). The second step is to calculate the arc length of x>

using (16), where f(x,) = V1 + 4a?x?,a = [4Ra/l?lat] and n = 10 (Figure 3.14).

Figure 3.14 Periodic Interpolation of Data Points (Intermediate).

3.3.1 MECHANICAL PROFILOMETER (PERTHOMETER) METHOD
The perthometer used to measure the surface profile was a Mahr M2 (Figure

3.15).
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Figure 3.15 Mahr M2 Perthometer Controller (left) and Pull Force Meter (right).

As mentioned, width and length measurements are needed to calculate the area. The
perthometer does not record discrete data points or automatically calculate the total

length. However, it will print a scaled profile on a receipt (Figure 3.16).
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Figure 3.16 Printed Perthometer Surface Profile of Raw Untreated Copper Foil.

After the length and width measurements are obtained, the receipts need to be
digitally scanned and converted to discrete data points (Figure 3.17). In order to get a step

size between points of 0.335 um, the receipts were scanned with a resolution of 600ppi.

Figure 3.17 Recreation of Surface Profile from Discrete Data Points.
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All 4 interpolation methods were implemented in Python and calculated on the fly
during data discretization. Ten samples from both sides of raw untreated copper, drum

and matte sides, were analyzed from 5 positions across the entire width of two rolls of

copper foil. Results for A, qere /Afiqe using the perthometer method were as follows:

Table 3.1 Drum Side Apqete /Afiar

Interpolation Linear Sin Hybrid Periodic
Average 1.0224 1.0758 1.0549 1.0222
o 0.003 0.003 0.003 0.006
Table 3.2 Matte Side Amqrre/Afiar
Interpolation Linear Sin Hybrid Periodic
Average 1.1095 1.1674 1.1455 1.1165
O 0.006 0.007 0.007 0.028

The periodic interpolation method was found to unrealistically underestimate
lengths and consequently the area, and had the largest standard deviation. Therefore, the
recommended method is the hybrid method. One possible concern for the perthometer
method is that it assumes the same length and width profiles exist across the entire area.
However, if this assumption were incorrect it would likely result in a large standard
deviation, where these measurements showed only small standard deviations. One way to
test this assumption and/or improve the accuracy would be to use an optical profilometer.

The methods outlined for a mechanical profilometer can be used directly to calculate the
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area between all the data points and summing the complete area like a grid. This would
reduce uncertainty of the measurement to a much smaller area, increasing the overall
accuracy.
3.3.2 DIGITAL 3D MICROSCOPE ANALYSIS METHOD

The same 3D microscope used to determine a; and N;/Ag4¢, a Hirox KH-8700 E,
was also used to determine Agere/Afiqe- This analysis requires the microscope to
capture a quasi-3D image of the surface by taking several images at different focal

lengths and stacking them, which is a simple automated process (Figure 3.18).

Figure 3.18 3D Drum Side (left) and Matte Side (right) Untreated Copper Surfaces.

Analysis is made easy using the built-in volume measurement software by setting
the range and simply clicking on the surface. The software’s interpolation algorithm
between data points is undetermined. However, the measurement step size can be
determined by exporting the data as a csv file, which in this case was 0.057 pm. Five
samples from both sides of raw untreated copper, drum and matte sides, were analyzed
from 5 positions across the entire width of two rolls of copper foil. Drum side analysis

determined an average Apqgete/Afiqe of 1.13 with a standard deviation of 0.028. Matte
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side analysis determined an average Apmqere/Af1qr 0f 1.17 with a standard deviation of
0.022.

Again, the vibration proved difficult to overcome for this measurement. The
number of focal lengths was set to 15 intervals but it can be set higher to reduce the step
size in the z-axis and improve the resolution. Beyond 15 intervals, the anti-vibration DSP
filter was unable to properly compensate and caused the image to distort. As well, the
vibration likely shifted the X-Y plane between focal lengths, further degrading accuracy
of the measurements. This may explain the larger surface areas and increased standard
deviation as compared to the perthometer method. It also seems unlikely that there is only
a 4% difference in surface area between the drum and matte sides. Still, this is a very
simple and convenient method that could likely improve its results with an anti-vibration

table.
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CHAPTER 4
USING CHARACTERIZED PARAMETERS IN SIMULATION TOOLS
Much of the text and images in this chapter have been submitted for a technical
conference paper and presentation [22]. As concluded previously, all snowball radii
should be determined entirely and described as a distribution, since power loss can
change as a function of distribution and standard deviation. Although that conclusion is
correct, only a single radius can be used in existing commercially available simulation
tools to guarantee a causal impedance boundary function [15]
Sl 1 4 (2) (SR (M) (17)

a 2\ a

where SR is the Hall-Huray Surface Ratio [16]

__ 4mNa?

SR

(18)

Aflat
One concern as previously described for using a single radius rather than a radii
distribution is minor deviations as a function of frequency. Such deviations are often
negligible for practical purposes under 100 GHz, but can be improved with a distribution.
Also, the assumption made by (17) that A,,4¢re/Afiqe = 1 may underestimate conductor
losses under a few GHz, depending on how close the untreated surface is to being
perfectly flat. The approach is then to determine a single “effective” radius that best
represents the impact of the complete snowball distribution and untreated surface area on

total power loss.
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4.1 AN EFFECTIVE SNOWBALL RADIUS

Implementation of (17) requires that a single effective snowball radius be
determined, which is not the same as determining the average snowball size. To clarify,
depending on how the calculation is performed, there may be 2 different averages. An
absolute average is determined by averaging all of the measured snowball radii. A bin
average 1s determined by averaging the range or distribution bins. All previously reported
averages were the absolute averages. There are then 3 different radii: an ‘absolute
average radius’, a ‘bin average radius’, and an ‘effective radius’.

In order to compare the characterization methods and snowball model predictions
to actual insertion loss measurements, the SEM analysis method was used to characterize
the snowball distribution of a single image of ED foil manufactured by Gould (Figure
2.15) to correspond with VNA measurements previously obtained by [7].
Characterization obtained a distribution for N;/As 4, With a total density Niyeqi/Afiqe of

32 snowballs per 90 pm? (Figure 4.1).
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Figure 4.1 Gould Snowball Radii Distribution of Drum Side from SEM Method.
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The value for Apgere /Af1qr Was assumed to be the same as the Oak-Mitsui copper
of 1.055from the recommended hybrid interpolation results in Table 3.1 since a sample of
untreated Gould copper was not available. Equation (8) was then calculated for the
complete distribution across 15 bins and subsequently calculated for a single absolute
average radius of 0.6 pm as well as a bin average radius of 0.7 um, all using the same
total snowball density Neoeq;/Afiqr of 32 snowballs per 90 um2 . A single effective radius
as it pertains to SR, was then calculated with the same total snowball density
Niotar/ Afiae of 32 snowballs per 90 um?, only this time Au,gere /Afiqe Was set to 1 to
agree with (17), and the effective radius a.ffecrive Was manually tuned until the

effective curve best matched the complete distribution curve at 0.63 um (Figure 4.2).

Effective Snowball Radius
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Figure 4.2 Determination of an Effective Snowball Radius.
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In this instance, the absolute average radius tended to slightly underestimate the
impact of the snowballs at high frequencies, while the bin average radius tended to
overestimate. The proximity of the complete distribution and absolute average curves
were caused by the skewed distribution of the snowballs which may change with
products and vendors, and thus does not conflict with or supersede Figure 3.1. One
convenient relationship between the complete distribution and effective radius curves
worth noting is a single cross-over frequency. This metric could be leveraged to easily
automate the process of fitting the effective radius curve to the complete distribution
curve by selecting an appropriate cross-over frequency as an algorithm condition. The 2
parameters necessary to define the finite conductivity boundary in simulation for this
particular copper foil were then: an effective radius of 0.63 um and a corresponding
Hall-Huray Surface Ratio of 1.77 from (18).

4.2 PERFORMANCE EXPERIMENTS

To evaluate the accuracy of the effective radius and its corresponding Hall-
Huray Surface Ratio as determined in the previous section, 5” and 7” single-ended
microstrips were modeled in Ansys® HFSS™ for insertion loss predictions and
compared to actual VNA insertion loss measurements from the same test boards used by
[7]. Microstrip and substrate dimensions of [7] were determined as previously measured
by [17] (layer 6 - bottom layer) (Table 4.1). The dielectric constant and dissipation factor
were &, = 3.78 and tan$ = 0.086 at 2 GHz, as determined from the manufacturer’s
specifications [18]. The dimensions were modeled exactly and a solder mask was added

as illustrated in [17], with &, = 3.5 and tan 6 = 0.025 at 7 GHz [15] (Figure 4.3).
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Figure 4.3 Actual Microstrip (top) and Modeled Microstrip (bottom).

Table 4.1 Microstrip Model Dimensions

Feature Size
Trace Width (top) 2.4579 mils
Trace Width (bottom) 3.6256 mils
Trace Thickness 2.5746 mils

Substrate Thickness 2.8957 mils

Ground Thickness 1.3907 mils

Finally, a conductivity boundary was set for the conductor using the software’s
Huray Surface Roughness Model with the previously determined effective radius of 0.63
pum and Hall-Huray Surface Ratio of 1.77 before simulation. The only difference
between the 5” and 7" models is the length. For comparison, HFSS offers a modified

version of the Morgan-Hammerstad empirical fit, known as the Groisse equation

M=1+exp ~ [ (19)
(- [l

Psmooth
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which also saturates at a maximum of 2.0 like the Morgan-Hammerstad empirical fit, but
the Hammerstad equation saturates at a lower frequency [19]. An RMS value of 1.2 um
was used for the Groisse equation, as previously characterized in [7]. It was first
simulated at 5” using a flat non-causal substrate model (Figures 4.4 and 4.5).
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Figure 4.4 5 Huray Model with a flat non-causal substrate vs. VNA Measured.
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Figure 4.5 5” Groisse Model with a flat non-causal substrate vs. VNA Measured.
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Figure 4.4 show a close correlation between the predicted and actual insertion
losses up to 50 GHz using the Huray model with a characterized effective radius and a
flat non-causal substrate model, with some expected minor deviations as a function of
frequency. Figure 4.5 shows the Groisse equation was only capable of predicting up to 12
GHz for a 5” single-ended microstrip. It was then simulated at 7 using a flat non-causal

substrate model (Figures 4.6 and 4.7).
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Figure 4.6 7 Huray Model with a flat non-causal substrate vs. VNA Measured.
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Figure 4.7 77 Groisse Model with a flat non-causal substrate vs. VNA Measured.
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Figure 4.6 shows the 7" microstrip was slightly less lossy than predicted by the
Huray model with a characterized effective radius and a flat non-causal substrate model,
but maintained a relatively close correlation up to 50 GHz. The Groisse equation was
again incapable of predicting above 12 GHz. The 5” microstrips were then simulated
using a wideband Debye (Djordjevic-Sarkar) substrate model (Figures 4.8 and 4.9).
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Figure 4.8 5 Huray Model with a Djordjevic-Sarkar substrate vs. VNA Measured.
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Figure 4.9 5” Groisse Model with a Djordjevic-Sarkar substrate vs. VNA Measured.
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Figure 4.8 shows the Huray model with a characterized effective radius was
capable of predicting up to about 22 GHz for a 5” trace using a Djordjevic-Sarkar
substrate model. Figure 4.9 shows the Groisse model was only capable of predicting up to
about 10 GHz using the same trace and substrate. Finally, the 7” microstrips were

simulated using a Djordjevic-Sarkar substrate model (Figures 4.10 and 4.11).
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Figure 4.10 77 Huray Model with a Djordjevic-Sarkar substrate vs. VNA Measured.
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Figure 4.11 7” Groisse Model with a Djordjevic-Sarkar substrate vs. VNA Measured.

50
127



Figure 4.10 shows the Huray model with a characterized effective radius was
again capable of predicting up to about 22 GHz for a 7” trace using a Djordjevic-Sarkar
substrate model. Figure 4.11 shows the Groisse model was only capable of predicting up
to about 8 GHz using the same trace and substrate. It is difficult at this point to know the
exact root causes for all deviations observed. Figures 4.4 —4.11 do support the claim that
the Huray model was able to improve the predicted insertion loss as compared to the
Groisse equation and thus the Morgan-Hammerstad empirical fit. Although only 1 image
was used to determine a snowball distribution and a subsequent effective radius, Figures
4.4 — 4.11 also suggest the characterization methods described in this thesis can yield
accurate conductor loss modeling at higher frequencies as compared to conventional
methods.

It is also unclear at this point if there are hidden snowballs impacting the results
or whether multiple layers of snowballs would have a significant effect. Still, it was
surprising how well the distribution of only a single image predicted insertion loss when
compared to conventional methods. Nonetheless, it seems reasonable to believe that an
analysis of several samples could obtain a more statistically reliable representation of the

snowball distribution across the entire copper foil surface.
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CHAPTER 5
DISCUSSION
5.1 CONCERNS AND ALTERNATIVES
A potential concern for measuring the snowball distribution from SEM images is
the obtainable field of view. Since an SEM image can only reveal the surface snowballs,
any snowballs hidden between the surface snowballs and the matte foil surface are
undetectable. More to the point, there is no way of determining the depth of a snowball
stack-up with a two-dimensional image of the surface. Therefore, a method is
recommended to estimate the total volume occupied by snowballs within an area if
determined necessary. This process will need to be slightly different for the drum and
matte sides. For the drum side, an additional cross section image will be needed to
determine the height of the stack-up. The height could in turn be used to calculate the

total volume occupied by the snowballs (Figure 5.1).

Figure 5.1 Hidden snowballs (blue) beneath surface snowballs on low profile ED foil.

Finally, the size distribution of the surface snowballs can be scaled to match the total

volume occupied (Figure 5.2).
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Figure 5.2 Hypothetical distribution (orange) scaled by hidden snowballs (blue).

For the matte side, it may be possible to measure the average diameter of the

snowball stack-up at the peak (Figure 5.3).

Figure 5.3 Hidden snowballs (blue) beneath surface snowballs on high profile ED foil.

This may need to be corrected if the snowball stack-up is not spherical. The diameter
could in turn be used to calculate the total volume occupied by snowballs. Again, the size
distribution of the surface snowballs can be scaled to match the total volume occupied
(Figure 5.2).
5.2 KNOWN LIMITATIONS OF THIS RESEARCH

There are a few known limitations of these results. The first is that it ignores the

elemental composition of the snowballs. While the snowballs are mostly copper, the
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treatment process illustrated as the third phase in Figure 2.7, intentionally add impurities
to the surface to provide a number of non-electrical properties such as anti-oxidation,
anti-staining or PCB adhesion. One example is called a “treatment of brass” (TOB) which
results in a surface composition of copper, carbon, oxygen, silicon, zinc, and nitrogen

(Figure 5.4).

Auger Electron Spectroscopy on a High Profile PCB Surface following Sputtering
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Figure 5.4 Elemental compositions of snowballs after a treatment of brass. [9]

Figure 5.4 shows how the elemental composition of a snowball changes from CuZn
(brass) at the snowball surface to almost pure copper around 260 nm deep. Since the
conductivity changes with each element, this can affect the snowball model’s results,
especially at higher frequencies where skin depth decreases. However, many of the
impurities added to ED foil are trade secrets and can therefore change from one product

to another. As future skin depths become isolated within this region, each manufacturer
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will need to be responsible for their own analysis in order to maintain their trade secrets.
Therefore, the elemental composition of the snowballs has been deemed beyond the
scope of this research.

A second limitation of this research is the assumption that dielectric loss can be
accurately determined for VNA correlation. This is especially true since the dielectric
used for correlation was FR-4. It has been previously established that the periodic
structure of the glass weave within the resin structure can cause additional resonant losses
which are not accounted for in simulation [20]. Also, common substrate materials exhibit
resonant effects on signal propagation [17]. Since this research is focused on the
conductor losses, this known limitation has also been deemed beyond the scope of this
research.

A third limitation is that the characterization methods described cannot be
performed after lamination. Although this may not have any meaningful effect on the
predicted losses, it does pose a challenge to PCB manufacturers. It is unusual for
manufacturers to have access to either the material or instruments needed to perform the
characterization outlined by this research. None the less, this research provides a
considerable milestone towards the advancement of foil characterization as it pertains to
accurate conductor loss modeling in high-speed devices. It may be adopted as presented
by the manufacturers themselves as the demand for this characterization increases along
with higher data rate designs in the near future. It may also be used in future research to
develop a solution that is available to PCB manufacturers after the lamination process;
such as a hybrid between this research and other RMS surface roughness detection

methods from PCB cross sectional images [21].
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 CONCLUSION

This thesis demonstrated a few methods of directly -characterizing
electrodeposited copper foil surface roughness to obtain snowball model parameters for
accurate conductor loss modeling. The characterized parameters include Apygete/Ariat
a;, and N;/Ap;q:. In doing so, this research has advanced the existing body of literature
on high-speed conductor losses by improving the description of geometric surface
profiles for electrodeposited copper foil as well as providing industry with the first steps
to directly implement the snowball model. Additionally, this thesis further legitimized the
analytic form of the snowball model as it pertains to scattered power, demonstrated the
practical impact of its parameters, and revealed a source of existing irregularities between
the estimated model parameters and actual performance measurements.

Furthermore, a method of determining a single effective snowball radius,
Qeffective USING Niorar/Afiqe, Was presented to implement the snowball model in existing
commercially available field simulator software. Particular attention was paid to the value
of ascertaining a complete distribution of snowball radii and how to determine the most
effective radius to best represent the impact of the entire snowball distribution and
untreated surface area on conductor loss. Simulation experiments, while limited, still
demonstrated reasonable power loss predictions up to 50 GHz using a characterized

snowball distribution and effective snowball radius with the snowball model.
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6.2 FUTURE WORK

The next step could be to fabricate new test boards using the same
electrodeposited foil characterized in this thesis to measure insertion loss for comparison
with these results. A low loss substrate without periodic structures, such as
polytetrafluoroethylene (PTFE) would be preferred to better isolate the conductor loss
from the substrate loss. A foil cross section analysis could provide a method of
characterizing multiple snowball layers to determine whether they exist and if they have
any significant impact on conductor loss. If cross section images can be obtained with
reasonable snowball visibility, the methods outlined in this thesis could be extended to
analyze a PCB cross section for a post lamination characterization. While perhaps time
consuming and simulation intensive, it would be interesting to model the snowballs
explicitly in a field simulator and explore the results. Finally, the impact of the elemental

composition of the snowballs is still undetermined.
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APPENDIX A — PERIODIC INTERPOLATION PSEUDOCODE
Find R, from all data points.
. Use Boolean operator to identify number of peaks and valleys (defined R, /2) for a
cross section in 1 plane.
Measure the length of each peak or valley (resolution®*N data points) and average
for Lz 4.
Repeat for each cross section to find average number of peaks and valleys along with
their average lengths.
Create a periodic representation of average peaks and valleys per unit length for
matee/Lptat-
Calculate 1 positive and negative arc length using their respective average lengths and
a maximum R, peak.
Multiply by the respective number of peaks and valleys for desired ¢4,

Repeat steps 1-6 for other plane.

Amatte

The product of steps 7 * 8 = .
Aflat
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APPENDIX B—-MATLAB CODE FOR OAK-MITSUI IMAGE ANALYSIS
% Count & Measure Snowballs
clear;
warning('off','images:initSize:adjustingMag'); % Suppress image size warning
warning('off','images:imfindcircles:warnForLargeRadiusRange'"); % Suppress circle
radius range warning
warning('off','images:imfindcircles:warnForSmallRadius'); % Suppress circle radius
minimum warning
folder = 'Images/'; % Image Folder
titleName = input('Enter JPG image file name: ', 's");
fileName = strcat(folder,titleName,'.jpg");
semln = imread(fileName); % Read Image
semln = imresize(semlIn,850/size(semlIn,2)); % Maximize Image
figure; % Open New Figure Window
imshow(semlIn,'Border','tight"); % Show Scaled Image
measureDist = imdistline; % Show Line Tool
scalePix = input('Measure the length of the scale with the line tool and enter: ');
scaleLin = input('Enter the actual scale value: ")/scalePix; % Calculate Pixel-to-Linear
Conversion Factor
scaleUnit = input('Enter the scale units: ', 's");

delete(measureDist); % Remove Line Tool
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measureDist = imdistline; % Show Line Tool

croplm = input('Measure from the top of the image to the top of the bottom info border
with the line tool and enter: ');

semlIn = imcrop(semlIn,[0 0 size(semlIn,2) cropIm]); % Crop Image
delete(measureDist); % Remove Line Tool

close(figure,1); % Close Figure Window

snowballlmage = figure; % Open New Figure Window

imshow(semlIn,'Border','tight"); % Show Cropped Image

measureDist = imdistline; % Show Line Tool

radiusSmall = floor(input('Measure the diameter of the smallest snowball with the line
tool and enter: ")/2);

delete(measureDist); % Remove Line Tool

measureDist = imdistline; % Show Line Tool

radiusLarge = ceil(input('Measure the diameter of the largest snowball with the line tool
and enter: ')/2);

delete(measureDist); % Remove Line Tool

[centerLocation, radiiPix] = imfindcircles(semlIn,[radiusSmall
radiusLarge],'ObjectPolarity','bright','Sensitivity',0.95,'Method','twostage','Edge Threshold
',0.25); % Find Circles

results = viscircles(centerLocation,radiiPix); % Draw Circles

radiiLin = radiiPix*scaleLin; % Convert pixel radii to linear radii

histogramImage = figure; % Open New Figure Window

hist(radiiLin, 15); % Display histogram of snowball sizes in 15 bins
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histTitle = strrep(titleName,' ',"."); % Format Histogram Title
title(textwrap(strcat('Snowball Distribution for',{' '} ,histTitle),30)); % Histogram Title
xlabel(strcat('Snowball Radius (a_1) in [',scaleUnit,"T')); % Histogram X-axis Label
ylabel("Number of Snowballs (N)"); % Histogram Y -axis Label

[N, ai] = hist(radiiLin, 15); % Store snowball distribution

totalSnowballs = sum(N); % Total number of snowballs

avgSnowballRadius = mean(radiiLin); % Average size of snowballs
saveas(snowballlmage,char(strcat('Results/' titleName, {' '},'- Snowballs')),'png"); % Save
Snowball Image

close(snowballlmage);

saveas(histogramImage,char(strcat('Results/ titleName, {' '},'- Histogram')),'png"); % Save
Histogram Image

close(histogramImage);

xIName = char(strcat('Results/ titleName, {' '},'- Data','.x1sx")); % Excel File Name
%Store Data in Excel Spreadsheet

xlswrite(xIName,strcat({'Average Snowball Radius in ['},scaleUnit,{']'}),'Sheet1','A1");
xlswrite(xIName,avgSnowballRadius,'Sheet1','A2");

xlswrite(x|Name, {'Total Number of Snowballs'},'Sheet1','B1");
xlswrite(xIName,totalSnowballs,'Sheet1','B2');

xlIswrite(xIName,strcat({'Snowball Size (a 1) in ['},scaleUnit,{']'}),'Sheet1','A4");
xlswrite(xIName,transpose(ai),'Sheet1',A5:A19");

xlswrite(xIName, {'Number of Snowballs (N _1i)'},'Sheetl','B4");

xlswrite(xIName,transpose(N),'Sheet1','B5:B19");
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APPENDIX C - MATLAB CODE FOR GOULD IMAGE ANALYSIS
% Count & Measure Snowballs
clear;
warning('off','images:initSize:adjustingMag'); % Suppress image size warning
warning('off','images:imfindcircles:warnForLargeRadiusRange'); % Suppress circle
radius range warning
warning('off','images:imfindcircles:warnForSmallRadius'); % Suppress circle radius
minimum warning
folder = 'Images/'; % Image Folder
titleName = input('Enter JPG image file name: ', 's');
fileName = strcat(folder,titleName,'.jpg");
semln = imread(fileName); % Read Image
semIn = imresize(semIn,850/size(semln,2)); % Maximize Image
snowballlmage = figure; % Open New Figure Window
imshow(semlIn,'Border','tight"); % Show Scaled Image
measureDist = imdistline; % Show Line Tool
scalePix = input('Measure the length of the scale with the line tool and enter: ');
scaleLin = input('Enter the actual scale value: ")/scalePix; % Calculate Pixel-to-Linear
Conversion Factor

scaleUnit = input('Enter the scale units: ', 's");
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delete(measureDist); % Remove Line Tool

measureDist = imdistline; % Show Line Tool

radiusSmall = floor(input('Measure the diameter of the smallest snowball with the line
tool and enter: ")/2);

delete(measureDist); % Remove Line Tool

measureDist = imdistline; % Show Line Tool

radiusLarge = ceil(input('Measure the diameter of the largest snowball with the line tool
and enter: ')/2);

delete(measureDist); % Remove Line Tool

[centerLocation, radiiPix] = imfindcircles(semlIn,[radiusSmall
radiusLarge],'ObjectPolarity','bright','Sensitivity',0.94,'Method','twostage',' Edge Threshold
',0.1); % Find Circles

results = viscircles(centerLocation,radiiPix); % Draw Circles

radiiLin = radiiPix*scaleLin; % Convert pixel radii to linear radii

histogramImage = figure; % Open New Figure Window

hist(radiiLin, 15); % Display histogram of snowball sizes in 15 bins

histTitle = strrep(titleName,' ',"."); % Format Histogram Title
title(textwrap(strcat("Snowball Distribution for',{' '} ,histTitle),30)); % Histogram Title
xlabel(strcat('Snowball Radius (a_i) in [',scaleUnit,"]'")); % Histogram X-axis Label
ylabel('"Number of Snowballs (N)'); % Histogram Y-axis Label

[N, ai] = hist(radiiLin, 15); % Store snowball distribution

totalSnowballs = sum(N); % Total number of snowballs

avgSnowballRadius = mean(radiiLin); % Average size of snowballs
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saveas(snowballlmage,char(strcat('Results/ titleName, {' '},'- Snowballs")),'png'); % Save
Snowball Image

close(snowballlmage);

saveas(histogramImage,char(strcat('Results/ titleName, {' '},'- Histogram')),'png"); % Save
Histogram Image

close(histogramImage);

xIName = char(strcat('Results/ titleName, {' '},'- Data','.x1sx")); % Excel File Name
%Store Data in Excel Spreadsheet

xlswrite(xIName,strcat( {'Average Snowball Radius in ['},scaleUnit,{']'}),'Sheet1','A1");
xIswrite(xIName,avgSnowballRadius,'Sheet1','A2');

xlswrite(x]Name, {'Total Number of Snowballs'},'Sheet1','B1");
xlswrite(xIName,totalSnowballs,'Sheet1','B2');

xlswrite(xIName,strcat({'Snowball Size (a i) in ['},scaleUnit,{']'}),'Sheet1','A4");
xlswrite(xIName,transpose(ai),'Sheet1',A5:A19");

xlswrite(xIName, {'Number of Snowballs (N _i)'},'Sheetl','B4");
xIswrite(xIName,transpose(N),'Sheet1','B5:B19");

clear;
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APPENDIX D - MATLAB CODE FOR 3D MICROSCOPE DISTRIBUTION BINNING
clear;

folder = 'Spreadsheets/"; % Spreadsheet Folder

scaleUnit = 'um'; % Units

titleName = input('Enter Excel file name: ', 's");

fileName = strcat(folder,titleName,'.x1sx");

dataln = xIsread(fileName);

histogramImage = figure; % Open New Figure Window

hist(dataln, 15); % Display histogram of snowball sizes in 15 bins

histTitle = strrep(titleName,' ',"."); % Format Histogram Title
title(textwrap(strcat('Snowball Distribution for',{' '} ,histTitle),30)); % Histogram Title
xlabel(strcat('Snowball Radius (a i) in [',scaleUnit,"]")); % Histogram X-axis Label
ylabel('"Number of Snowballs (N)'); % Histogram Y-axis Label

[N, ai] = hist(dataln, 15); % Store snowball distribution

totalSnowballs = sum(N); % Total number of snowballs

avgSnowballRadius = mean(dataln); % Average size of snowballs
saveas(histogramImage,char(strcat('Results/ titleName, {' '},'- Histogram')),'png'); % Save
Histogram Image

close(histogramImage);

xIName = char(strcat('Results/titleName, {' '},'- Data',' xIsx")); % Excel File Name
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%Store Data in Excel Spreadsheet

xIswrite(xIName,strcat({'Average Snowball Radius in ['},scaleUnit,{']'}),'Sheet1','A1");
xlswrite(x]Name,avgSnowballRadius,'Sheet1','A2");

xlswrite(x]Name, {'Total Number of Snowballs'},'Sheetl','B1");
xlswrite(xIName,totalSnowballs,'Sheet1','B2');

xIswrite(xIName,strcat({'Snowball Size (a i) in ['},scaleUnit,{']'}),'Sheet1','A4");
xIswrite(xIName,transpose(ai),'Sheet1','A5:A19");

xIswrite(xIName, { Number of Snowballs (N 1)'},'Sheetl','B4');
xIswrite(xIName,transpose(N),'Sheet1','B5:B19");

clear;
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APPENDIX E - MATLAB CODE FOR AVERAGE DISTRIBUTION BINNING

clear;
folder = 'Spreadsheets/"; % Spreadsheet Folder
scaleUnit = 'um'; % Units
titleName = input('Enter Excel file name: ', 's");
fileName = strcat(folder,titleName,'.x1sx');
xMin = xIsread(fileName,'A1:A1");
xMax = xlsread(fileName,'A15:A15");
xSpan = xMax - xMin;
xInterval = xSpan/14;
xData = [xMin,0,0,0,0,0,0,0,0,0,0,0,0,0,xMax];
for i=2:14

xData(i)=xMin + ((i-1)*xInterval);
end
xData = transpose(xData);
yData = xIsread(fileName,'B:B");
barlmage = figure; % Open New Figure Window
bar(xData, yData, 1); % Display histogram of snowball sizes
histTitle = strrep(titleName,' ',"."); % Format Histogram Title

title(textwrap(strcat('Snowball Distribution for',{' '} ,histTitle),30)); % Histogram Title
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xlabel(strcat('Snowball Radius (a_1) in [',scaleUnit,"')); % Histogram X-axis Label
ylabel('Number of Snowballs (N)'); % Histogram Y -axis Label
saveas(barlmage,char(strcat('Results/’ titleName, {' '},'- Histogram')),'png'); % Save
Histogram Image

close(barlmage);

clear;
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APPENDIX F — PYTHON CODE FOR COMPOSITE SIMPSON’S RULE
def arcLengthSinX(mag=1, upper=math.pi, lower=0, n=10):
""mag int [int] upper float [radians]
lower float [radians] n int [int]™
deltaX = (upper-lower)/n
sumTotal = 0
sumLoop =0
for i in range(n+1):
xN = lower + (i*deltaX)
if(i==0)|(i==n):
sumLoop =
math.sqrt(1+(math.pow(mag,2)*math.pow(math.cos(xN),2)))
elif i%2 !=0:
sumLoop =
4*math.sqrt(1+(math.pow(mag,2)*math.pow(math.cos(xN),2)))
else:
sumLoop =
2*math.sqrt(1+(math.pow(mag,2)*math.pow(math.cos(xN),2)))
sumTotal = sumTotal + sumLoop

return round((deltaX/3)*sumTotal,4)
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def arcLengthX2(mag=1, upper=1, lower=0, n=10):
""mag int [int] upper float [radians]
lower float [radians] n int [int] "
deltaX = (upper-lower)/n
sumTotal =0
sumLoop =0
for 1 in range(n+1):
xN = lower + (i*deltaX)
if(i==0)|(i==n):
sumLoop = math.sqrt(1+(4*math.pow(mag,2)*math.pow(xN,2)))
elif %2 !=0:
sumLoop =
4*math.sqrt(1+(4*math.pow(mag,2)*math.pow(xN,2)))
else:
sumLoop =
2*math.sqrt(1+(4*math.pow(mag,2)*math.pow(xN,2)))
sumTotal = sumTotal + sumLoop

return round((deltaX/3)*sumTotal,4)
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APPENDIX G — DERIVATION OF EDDY CURRENT EQUATION
Iff VxHg=]s

Then the on both sides is: ~ V(V - Hg) — V?Hg = V X Jg

From Gauss’s law V- H = 0,s0:  —V2H; = V X Js
From Ohm’s law ] = oE, so: —V2H; = gV X Es
From Faraday’s law V X E = %f so: VZH; = aaa—?
Finally, from [3]: —V2Hg = —jwuoHg

So: anET;= -V X]?z—ja);wﬁ;

As shown in (5).
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A Low Loss X-band Filter Using 3-D Polyjet Technology

Fan Cai, Wasif Tanveer Khan, John Papapolymerou

Georgia Institute of Technology
Atlanta, USA
fecaib@gatech.edu

Abstract — In this paper, the Polyjet technology was applied to
build high-Q X-band resonators and low loss filters for the first
time. As one of state-of-the-art 3-D printing technologies, the
Polyjet technique produces RF models with finest resolution and
outstanding surface finish in a clean, fast and affordable way. The
measured resonator with 0.3% frequency shift yielded a quality
factor of 214 at 10.26 GHz. A Vertically stacked two-cavity
bandpass filter with an insertion loss of 2.1 dB and 5.1%
bandwidth (BW) was realized successfully. The dimensional
tolerance of this process was found to be less than 0.5%. The well
matched performance of the resonator and the filter, as well as the
fine feature size indicate that the Polyjet process is suitable for the
implementation of low loss and low cost RF devices.

Index Terms— 3-D printing, cavity resonators,
bandpass cavity filter, Polyjet printing.

narrow

I. INTRODUCTION

HREE dimensional (3-D) printing has recently received
intense interest as it enables the development of cost
effective, high performance, complex, and reliable
components. This high-tech fabrication approach has
demonstrated wide applications in bio-medical, mechanical, art
and environmental areas by showing potential huge benefits.
However, it is still in an early stage when it applies to the RF
area.

To date low temperature Co-Fired Ceramic (LTCC) and
Multi-Layer Organic (MLO) techniques have been the
dominant methods for 3-D system on package (SOP) [1]-[2] RF
front ends. However, they require several steps, such as
etching, making masks, etc. These techniques are not only
costly, but also show relatively increased complexity. The
conventional microwave resonators and waveguides made of
metal are heavy and bulky while costly to manufacture. Digital
printed electronics can get rid of time consuming steps, be
highly repeatable and largely reduce the new prototype
manufacturing cost.

Currently, Polyjet technology represents state-of-the-art
additive printing technology due to its high accuracy, edge
visualization and fine feature details among all of the additive
manufacturing technologies. Previously, the mostly used 3-D
printing technology for RF structures was mainly implemented
by strereolithography (SL) [3]-[5] due to its fine feature size of
50 pum. However, the Polyjet technology improves the
resolution to 16 pum per layer. Recently in [6], it was
demonstrated that a horn antenna was printed by Fused
Deposition Modeling (FDM) with ABS plastic and coated by
conductive spray. This process is low cost whereas the

resolution is above 100 pm. Furthermore, the surface roughness
is around 60 pm which is prohibitive for RF applications where
the quality is a major concern.

In this paper, we demonstrate the rapid development of a
low-cost, lightweight high-Q X-band resonator and bandpass
filter implemented by Polyjet printing for the first time. The
technique achieved 16 pm at individual layer thickness and the
horizontal fabrication deviation was less than 0.5%. A single
cavity resonator and a vertical stacked filter are analyzed and
built. The theoretically calculated results are well-matched with
measurements. The fabrication process is simplified as much as
possible and only takes two steps: printing resin and sputtering
or electroplating copper. The final parts were measured without
tuning while the surface was not subjected to any post finishing
process.

I1. DESIGN

A. Resonator

The finite-element method (FEM) was used in the theoretical
analysis to compute the EM fields inside the cavity with the aid
of Ansys High Frequency Structure Simulator (HFSS).

First, a rectangular X-band cavity resonator was built to
characterize the processing technique. The resonant frequency
of the dominant mode TE;,; dictates the dimensions of the
cavity by

c mmy?2 mm\? lm
fin = e | Ca) () v O

Where a = 20.2 mm, b =5 mm, and d = 21.4 mm are the
width, height, and length of the cavity, respectively. m=1=1, n
= 0 are the indexes for the 101 mode. f101 was calculated to be
10.2 GHz.

The proposed cavity resonator was made in two pieces and
assembled along the vertical center plane, excited by two
Pasternack connectors (PE44217). No obvious electric field
distortion or degradation was found because the assembly plane
was parallel to the E-field. The simulated E-field within the
assembled cavity is shown in Fig. 1. The simulated quality
factor was found to be 255 in HFSS with the built-in Huray
Model to assess the additional loss caused by the surface
roughness. The physical mechanism of the model and its
implementation process is shown in [7]. The surface roughness
is measured to be 0.5 pm=0.lum. The waviness in the surface
roughness profile with a varied value of more than 3 pm
increases the loss and this is effectively taken into account
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within the Huray’s model.

B. Filter

The vertically integrated two-pole filter can be developed by
using two-cavity resonators from a 2"-order Chebyshev filter
calculation [8], [9]. The overhang structure is oriented
vertically, therefore, it cannot be monolithically fabricated
using traditional techniques such as micromachining and
conventional printing. The fractional bandwidth is designed to
be 3.9%. Each resonator has dimensions 0f 20.2 mm x 21.4 mm
x 5 mm. The iris aperture is 6.2 mm wide. The wall of the resin
is designed to be 3.18 mm thick for properly securing the
excitation probes at the feeding position. The geometry of the
two cavity filter is described in Fig. 2.

II. FABRICATION

Polyjet 3-D printing is able to provide high-quality rapid
prototyping with highest accuracy. It is easy, clean, quick and
cost-effective. The outstanding surface finish, fine details and
durability make this technique suitable for RF applications. In
addition, the small-footprint system as well as the
environmental friendly process make it ideal for future low cost
RF product fabrication. The system contains 3-D printer jets

E Field[¥_per_m

. 1.15e004

6.91e003
4.14e003

2.48e003
1.49e003
Fig. 1. Simulated E-field of the practical resonator with split plane.
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Fig. 2. HFSS simulation model of the two cavity filter.

Fig. 3. Objet Eden 250 system.

Fig. 4. Fabricated samples: (a) raw resin samples; (b) vertical filter
sample after sputtering with copper; (c) assembled filter sample
connected with K-band connectors.

and instantly UV-cures tiny droplets of liquid photopolymer.
Fine layers accumulate on the build tray to create a precise 3D
model or part. The complex and overhang shapes are formed by
the removable gel-like support material which could be easily
removed by hand, or with water. The final performance of the
parts will be determined by manufacturing tolerances and the
surface roughness.

The resonator and the filter were fabricated by the Objet
Eden 250 system shown in Fig. 3 with UV curable resin. Aside
from the fact that the resolution improves to a large extent, the
fabrication process is much easier than traditional
photolithography. The lateral resolution of Eden was larger
than 15 pum while the vertical resolution was 16 pum. The
fabrication process only includes two steps: printing the parts
by the Objet Eden 250 system and sputtering 5 um thick copper
on the surface of the parts. The latter step can also be replaced
by appropriate electroplating.
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For the HFSS simulation models shown in Fig. 1 and Fig. 2,
the dimensions were measured and summarized in Table I. The
measured resonant frequency of the cavity resonator is shown
both in Table I and in Fig. 5. The fabricated samples are shown
in Fig. 4. The fabrication tolerance of the Polyjet process was
less than 0.5%. The surface roughness of the parts is not
uniform throughout the sample, but depends on the printing
direction. It was found to be around 0.5 um when the surface
plane is parallel to the printing direction. However, this could
be largely distorted when this is perpendicular to the surface
plane or sacrificial materials exist.

TABLE I
FABRICATION TOLERANCES & RESONATOR’S FREQUENCY
Des. (mm) Fab. (mm) Deviation
20.20 20.18 0.1%
5.00 4.98 0.4%
d 21.4 21.21 0.42%
Liris 6.20 6.19 0.16%
Teont 1.85 1.85 0.11%
Gap 6.00 6.01 0.17%
fe 20.2 20.26 0.3%
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Fig. 5. Simulated and measured S21 of the single cavity
resonator.
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Fig. 6. Simulated and measured results of the filter.

III. MEASUREMENT

The filter was assembled with screws and the critical external
coupling was achieved by using a coaxial line feed. The screws
were placed inside holes that were “produced” as part of the
prototype during the fabrication (no extra steps were needed for
this). An SOLT calibration was performed. The reference
planes for the measurement were at the edge of connectors. The
measured and simulated results of the fabricated resonator and
two-pole filter can be seen in Fig. 5 and Fig. 6, respectively.
The small difference in the resonant frequency is due to the
fabrication tolerances.

The loaded QI of the cavity is defined as:

fo
=— 2

0 =5 @)

where f0 = 10.26 GHz is the measured resonant frequency
and Af3-dB = 0.05 GHz is the 3 dB bandwidth shown in Fig. 5.
Based on (2) the loaded quality factor was measured to be 205.
The weaker coupling observed in the measurement as
compared to the simulation is due to the contact space between
the connectors and the resonator. The external Qex of the
resonator can be derived from the following equation:

5,1(dB) = zozogmg—l 3)

Based on Qex and QI, we can calculate Qu from Equation (4)
and it is found to be 214.

11,1
Ql_Qu Qex

The slight difference between the measured and simulated
values of the unloaded quality factor can be attributed to
possible increased surface roughness inside the walls of the
fabricated cavities and non-idealities in the metal coverage of
the resin material. This issue is still under investigation.

“)

For the filter, the measured results matched closely with the
simulations without any post-tuning. The measured fractional
bandwidth was found to be 5.1%, compared to 3.9% of the
designed value. The measured insertion loss (IL) was 2.1 dB,
matching well the simulated value of 1.9 dB. The shift of the
center frequency between the simulation model and the
fabricated prototype is 0.2 GHz, representing 2% variation. In
addition, the return loss (RL) is better than 15 dB through the
pass band.

IV. CONCLUSIONS

This paper presents the Polyjet printing technology for RF
application for the first time. It shows the best precision among
all of the additive printing technologies and thus produces
measurements which agreed very well with the simulations.
The fabricated resonator showed an unloaded quality factor of
214 at X-band with slight frequency shift by 0.3%. The
insertion loss of the fabricated filter was measured to be 2.1 dB
with 15 dB return loss. The fractional bandwidth was 5.1%. The
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loss is mainly due to surface roughness and possible
non-idealities in the metal coverage of the resin material. These
results indicate that the developed Polyjet printing process is
promising for the next generation low cost passive RF
components.
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