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Letter from the President

Greetings – another successful SVC TechCon is behind us 
and a very big “thank you” goes out to all involved for the 
efforts spent in planning, inviting, organizing, moderating, 

mentoring, teaching and networking. It takes many people making 
large commitments of time to make a strong successful TechCon. 
This year we had record-breaking attendance for our short courses. 
I personally wish to thank all our exhibitors for making the 
exhibition a memorable one. I know you have choices as to which 
conference to exhibit at and I am glad you picked the TechCon. 
We are striving to make it even better next year. Also, I must thank 
our corporate donors for their support of the TechCon and our 
Foundation. SVC appreciates all the work of the Technical Advisory 
Committees (TAC) committees and all the various committees that 
make up our Society. If you were unable to attend the conference, 
you can catch up with the TAC reports later in this Bulletin. We 
hope to see you next year in Providence, RI.

We owe much gratitude and thanks to Vivienne Harwood Mattox 
and Don Mattox for their 27 years of unwavering guidance, and to 
Beth Strong, Jacque Matanis, and all the MPI team for their many 
years of support. Building upon what they have accomplished for 
us, we can move forward with ASM International’s management 
to help ensure a continued legacy of growth. SVC remains an 
independent non-profit society. We have hired ASM to be our new 
management organization and as a strategic partner we will be able 

to expand our exposure to the greater materials world.
We are very excited about the new opportunities as we partner 

with the ASM team. Strategic planning will soon start to define the 
future training needs of our technicians and engineers. We will be 
seeking equipment donations from our corporate sponsors to grow 
a leading-edge, hands-on training facility that will include substrate 
cleaning, PVD equipment, leak detection, process troubleshooting 
and basic film characterization. No other Society of our size can 
offer this level of year-round training for its members. Technicians 
that start working at PVD related jobs, tend to stay in the field. 
Supporting this highly skilled group can only work to broaden 
their interest in helping to make our Society even stronger. ASM 
has recently completed a major upgrade of its metallography 
lab including new, image-integrated Zeiss scanning electron 
microscope and Leitz optical scopes. You will feel a great sense of 
pride when you see and experience our new integrated training 
center in the Cleveland area.

As we look ahead into our ever-changing future, we are 
committed to develop new tools and methods for member support, 
as well as strengthening our existing offerings. Your ideas, feedback 
and support are valuable in our continuing journey.

With kind regards, 
Gary Vergason, SVC President, Vergason Technology, Inc., 
gvergason@vergason.com

Summer 2016
www.svc.org
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Carl M. Lampert, Technical Editor, SVC Bulletin

As Technical Director of SVC, I have taken on the technical editorship of the SVC 
Bulletin. Donald Mattox, the former editor, has 14 years as Technical Editor of 
the Bulletin and 24 years as Technical Editor of the Annual TechCon Conference 

Proceedings. Don served as SVC Technical Director from 1991 to 2007. Also, Don received 
the SVC’s highest award, the Nathaniel Sugerman Award in 2007. I thank Don for his 
outstanding editorship, insights and direction. 

My vision for the Bulletin is to maintain the highest quality and value to vacuum coaters 
and for it to become an asset to the greater coating community. Also, I want to make 
the Bulletin articles more accessible to a wider group of readers. I am actively looking 
for suggestions for articles and authors to write timely and leading-edge articles in the 
coating field. In addition, writers who would like to summarize technology highlights 
from conferences they have attended would help our readers get a broader view of new 
developments in coatings. 

Technically, I see many developments occurring which affect coatings in general. Many 
changes are taking place with combined or replacement deposition methods. New materials 
including new nanocoatings and multifunctional materials are becoming more widely 
specified. New materials such as 2D semiconductors, graphene, and graphene oxide are 
new additions to our “toolbox” of materials. 3D additive manufacturing, inkjet and laser 
deposition, along with Atomic Layer Deposition (ALD) and High Power Impulse Magnetron 
Sputtering (HiPIMS) are changing the way products are manufactured. R2R (roll-to-roll) 
and planar coatings onto flexible substrates has been on the increase in complexity, quality 
and versatility. R2R is developing as a manufacturing process in the field of flexible wearable 
electronics.

In this issue, we have six original contributed feature articles: Cathode Heating Hysteresis 
in Reactive Magnetron Sputtering: a new method to measure the ion induced secondary 
electron yield, by Don McClure (Acuity Consulting and Training) and his team at 3M; Angus 
MacLeod (Thin Film Center, Inc.), in his continuing quest to educate us, wrote about Optical 
Constants: Part 1; Jake McLain, University of Illinois, the 2016 TechCon “Best Poster” winner, 
talks about a method to improve high-power impulse magnetron sputtering for industrial 
applications; Don Mattox (Management Plus, Inc.) has written a short history of the role 
of mercury in early vacuum technology and more recently in sputtering studies; Vladimir 
Kudriavtsev (Intevac, Inc.) reports on magnetron sputtering with moveable magnets; and 
Ron Willey (Willey Optical Consultants) has written about minimization of stress in optical 
coatings. This topic is the focus of the SVC Workshop on “Stress Evolution in Thin Films and 
Coatings,” that will take place in early October in collaboration with the Advanced Surface 
Engineering Division (ASED) of the AVS. It is hoped that Bulletin readers will find these six 
articles educational and interesting.

About Carl M. Lampert
Carl M. Lampert is the SVC Technical Director and Chair of the Coatings for Energy 
Conversion and Related Processes Technical Advisory Committee (TAC). Carl has served 
two terms on the SVC Board of Directors. Carl’s education comes from the University 
of California at Berkeley with degrees in Materials Science and Electrical Engineering. 
After his engineering doctorate, he was offered a Staff Scientist position at the Lawrence 
Berkeley National Laboratory. Carl’s specialties are coatings for energy, optical and 

electronic applications. Two of his favorite subjects are smart windows and building integrated photovoltaics. 
Carl has worked with PVD, CVD, Solgel, electrochemical and wet chemically deposited films. Since 1980, he 
has been Editor-in-Chief of the refereed archival journal, Solar Energy Materials and Solar Cells. Also, Carl 
served 8 years as Editor-in-Chief of Displays. In 1996, Carl became an independent consultant and worked 
with companies ranging from start-ups to Fortune 500 companies. Dr. Lampert has worked with “Think 
Tank” groups developing new products and repurposing old products and processes. Also, he has provided 
service to The United Nations Development Program, DOE (PV, Buildings and Manufacturing), DOD, 
Fulbright Commission, and various countries. 
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TECHCON2016

SVC continued its mission to connect research with production and innovation 
with business in a unique way, under the banner of this year’s Symposium topic, 

Leading-Edge Coating Technologies –  
High-Performance Films Shape Tomorrow’s Products

The dedicated session and renowned Keynote speakers anchored the Symposium topic. 
Our traditional technical sessions had a mix of basic and applied research alongside 
ideas and tools focused on transitioning research results into production. The sessions 
were filled with the latest developments in areas of vital importance to the vacuum 
coating industry. 

For the industrial practitioner, a number of sessions focused on business topics and 
products, including the Vendor Innovators Showcase, Meet the Experts Corner, Industry 
Forum, Poster Session, and an expanded program of Technology Forum Breakfast round-
table discussions. As always, the Heuréka! Session focused on recent developments 
with refreshments provided by the TechCon Gold Sponsors. The program teams of 
the Society of Vacuum Coaters (SVC) and the International Conference of Metallurgical 
Coatings and Thin Films (ICMCTF) jointly organized a new innovative “Fundamentals of 
Interface Design” Session. 

The technical program was enhanced by unique networking opportunities – such as 
several mixers for exhibitors and conference attendees, a multi-faceted education 
program of 21 tutorial courses, and the largest technology exhibit of its kind, creating the 
ideal environment for learning about the latest research, industry trends, and nurturing 
the right connections to develop your business. We invite you to keep reading for detailed 
reviews of all sessions.

Whether you contributed to the program with a presentation, attended the conference to 
see the latest products and developments in vacuum coating technology, or networked 
with technology and industry experts, we hope that you found that the 2016 SVC TechCon 
was a success for you.

Chris Stoessel, Eastman Chemical Company, 2016 Program Chair; Ralf Bandorf, Fraunhofer Institute of Surface Engineering and Thin 
Films IST, 2016 Assistant Program Chair; Scott Walton, U.S. Naval Research Laboratory, 2016 Past Program Chair; Carl M. Lampert, 
Star Science, Technical Director.

Highlights of the 

2016 SVC Technical Conference
in Indianapolis
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All About the Surface – The Role of Tribological Thin Film Coatings 
in Rolling Element Bearing Applications

Dr. Stephen Johnson of The Timken Company, 
North Canton, OH gave an informative Keynote 
presentation that included a historical overview 
of the development of rolling element bearings 
– going back to before 700 BC (when logs were 
used under sleds to move statues) right up to 

the present day . He explained how, more recently, trends in the 
types of damage seen in bearings has informed and guided 
their development to the extent that life-limiting failures can be 
alleviated and the recent trend to greater efficiency is being met .

Dr . Johnson has had a career with Timken spanning 40+ 
years, so he is well equipped to provide a first-hand insight 
into tribological developments in rolling element bearings . He 
described that in his early career, many bearing failures resulted 
from inclusions in the steels used to make bearings, which led to 
premature fatigue failures . Developments in the making of clean 
steels essentially removed this problem and created a situation 
which (according to a recent survey by the company) around 
75% of bearing failures can now be attributed to surface-related 
effects such as micro-pitting, scuffing, scoring, adhesive wear or 
lubricant-related failure . All of these effects can be profoundly 

influenced by surface coatings (usually in combination with 
advanced finishing methods such as honing or vibratory 
finishing) . It is necessary to understand the importance of the 
Stribeck Curve, which is often used by tribologists to plot the 
friction coefficient versus a dimensionless number, but can also 
be plotted against a parameter combining the lubricant film 
thickness and the surface roughness (called the lambda ratio) . 
Increasingly bearings are operated at low lambda ratios, which 
corresponds to a contact situation known as boundary lubrication 
– in which the asperities between the surfaces can interact . 
Obviously in that situation coatings can have a major role to
play . The Timken Company began investigating and developing
coatings for this contact situation in the mid 1990’s .

Dr . Johnson described the innovative developments by The 
Timken Company which have led to the “ES” series of coatings 
(primarily the ES200 (TiC-aC:H) and ES300 (WC-aC:H), that are 
based on developments in diamond-like coatings (DLC), which 
provide remarkable improvements in bearing performance across 
a wide range of applications .

One key goal in their coating development was to achieve a 
low deposition temperature . This was achieved for the ES300 
coatings around 2007 and has been used in full-scale production 
on rollers since 2008 . The ES300 coatings contain dispersed 
tungsten carbide particles around 2 nanometres in size in a hard 

AN OVERVIEW OF THE KEYNOTE PRESENTATIONS

Thin Film Deposition Techniques for Advanced Energy Materials: 
From Fundamental Aspects to Device Technology

Professor Wolfram Jaegermann of the Technische 
Universität Darmstadt, Germany highlighted in 
his keynote talk the role of thin film deposition 
techniques for Advanced Energy Materials . He 
used his work on advanced thin film solar cells and 

photoelectrochemical cells for fuel production (as well as Li-ion 
battery storage) as engaging examples . He pointed out that 
electricity only provides one third of the needs of society, and so 
there is an unmet need for alternative fuels that can be stored 
and transported according to specific application demands, and 
he presented the hydrogen-based renewable energy system as 
a candidate, motivating the development of advanced energy 
converters . His team is working with integrated cluster systems 
that combine various deposition and processing technologies 
with advanced analytical in-situ techniques including a connection 
to a synchrotron source as well as electrochemical analysis to 
demonstrate, characterize, and operate complex thin film devices . 

Using the example of improving the efficiency of low-cost 
wide-bandgap thin-film photovoltaic systems, he explained 
how interface defects are the “weak link” that inhibits ideal 
performance (especially in the absence of optimal p-type 

transparent conductors) . He described the mechanism by 
which the insertion of an optimized Cd-O-S layer at the CdTe/
TCO interface improves the heterojunction of a CdTe PV system 
by reducing interface defects, creating a better lattice match, 
and how proper morphology control of the CdTe layer achieves 
optimum conversion efficiency . 

Switching to the electrolytic generation of hydrogen using 
photoelectrochemistry, he outlined the design requirements that 
balance the electrochemistry of the electrolysis with the voltage 
capabilities of PV systems . He stated the need for tandem and 
triple junctions along with a catalytic system and passivation 
layers, all arranged in an adequate stack design . An example 
of a Si-based triple cell achieved a solar hydrogen conversion 
efficiency of 9 .5%, and new absorber materials may improve that 
performance . 

Professor Jaegermann had to skip the section on Li intercalation 
battery materials, but the slides are available in his recorded 
presentation on the SVC website . Overall, the talk was a powerful 
testimony to the potential that thin film engineering holds for 
developing highly efficient energy conversion solutions, and 
how detailed expertise and insights into interface effects, film 
morphology control, material property interactions and device 
architecture can advance the performance of energy materials . 

Highlights of the

2016 SVC Technical Conference
in Indianapolis

View PPT/Audio at http://www.svc.org/ConferencesExhibits/2016/index.cfm

continued on page 10
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Printed Electronics: Innovation in Materials, Processes, and 
Devices

Professor Vivek Subramanian of the University of 
California, Berkeley presented a very engaging 
Keynote talk in which he updated us on the 
rapidly developing field of “Printed Electronics: 
Innovations in Materials, Processes, and Devices .” 

Acknowledging that Printed Electronics try to avoid the vacuum 
deposition processes near and dear to SVC’s constituency 
wherever possible, he made a convincing case that there is 
significant common ground regarding applications, tools, 
processes, and surface & interface science, and that the recent 
progress in printed electronics would not have been possible 
without the achievements made in large-area thin film deposition .

Using his lab’s focus on transistor devices, Prof . Subramanian 
pointed out the high degree of vertical integration that 
dominates the printed electronics field currently . Inkjet printing 
is becoming more commoditized now, but a significant trade-
off is the balance between resolution (to approx . 10m) and 
line definition & throughput . His lab’s other favored patterning 
technique – gravure – excels at pattern fidelity and throughput, 
with line edge roughness of less than 20%, and sub-2 μm feature 
size capability demonstrated, and thickness ranges between 50 
nm and 2 μm . Gravure printing has a long history and is treated 
more as an art, and Professor Subramanian commented that 
recent science-based approaches have driven this technology 
quite rapidly to unprecedented performance levels that approach 
that of large-area photolithography at significantly better 
productivity especially where low-density functionality on large 
and perhaps flexible devices is required .

Comparing the “knowledge flow” of printed electronics 
to that of the classic semiconductor/microelectronics field, 
Professor Subramanian pointed out fundamental differences: in 
semiconductors, you buy a deposition tool with a guaranteed 

process, and you design circuits around design rules based on 
very well characterized materials and processes, enabling rapid 
applications innovation . Printed electronics currently has none 
of these knowledge flow advantages, and the materials know-
how, fluid dynamics and other foundations that enable efficient 
and commonly applicable device design rules are just being 
established in this emerging industry .

Establishing the connection between “print” patterning and 
large-area PVD / sputter deposition, Professor Subramanian 
suggested that a combination of low-cost large-area patterning 
(e .g . printed etch masks) with the benefits of sputtering may 
open up application opportunities the vacuum coating industry 
currently can’t access effectively . 

He then went on to explain how a scientific study of physical 
surface phenomena helps improve the performance of gravure 
printing, for example by understanding the underlying physics 
of ink filling, wiping and transfer of drum pattern features as a 
function of ink properties and feature size . If done properly, it 
could enable a production speed of 0 .5 m/s for all-printed organic 
transistors that operate in the MHz range, and inorganic (tin 
oxide-based) devices can be realized with sol gel-based ink jetting 
on flexible glass (due to sol gel processing at 400°C) . Realizing 
that printed semiconductors perform inherently poorer than 
classic Si-based systems but printed metal performance is quite 
high, he proposed using printed micro-electromechanical system 
(MEMS) switches instead of transistors for displays or for the load 
management of thin film photovoltaic cell strings . Such printed 
MEMS devices can also enable sensors, and if fatigue issues can 
be worked out, perhaps even logic devices .

In summary, Professor Subramanian’s talk was a convincing 
testimony to the contribution that surface & interface science and 
materials engineering make towards furthering age-old printing 
processes such as gravure, and how the knowledge of thin-film-
derived device architectures and application of best-practices 
moves the emerging field of printed electronics to new frontiers . 

amorphous hydrocarbon matrix . The company uses a layering 
approach to achieve the desired mechanical properties; the aim 
is to achieve a low elastic modulus . Dr . Johnson provided some 
remarkable data showing life improvement (such as doubling 
the fatigue life compared to a black oxide coating) . The coatings 
also considerably enhance the debris-resistance of the bearing . 
Dr . Johnson also demonstrated improved scuffing and smearing 
resistance in conditions of high slip in the contact region . Even 
condition of “oil-out” due to loss of lubricant could be tolerated 
with these coating (giving a ten-times increase in survival life 
without lubricant compared to the standard) .

Dr . Johnson gave a topical example of how these coatings are 
now providing wind-turbine bearing systems with viable lifetimes, 
when previously they were failing prematurely, thus challenging 

the cost effectiveness of wind-turbine installations . Field tests by 
Timken are indicating no damage even after 6 years of usage .

Dr . Johnson gave an insight into the future of bearing 
developments and he believes that the emphasis will be 
increasingly towards improved efficiency, especially in achieving 
improved power densities (for example in engines) through 
smaller and lighter bearings . Coatings will be critical, and this 
includes the use of coatings which can avoid the need for 
potentially expensive lubricant additives . The coatings can even 
facilitate remote monitoring of the bearing and its environment . 
As ever, when technological developments occur, customers still 
require these new functionalities at the lowest possible cost, so 
The Timken Company also sees the need to keep coating costs 
down as one of the big challenges for the future.

View PPT/Audio at http://www.svc.org/ConferencesExhibits/2016/index.cfm

View PPT/Audio at http://www.svc.org/ConferencesExhibits/2016/index.cfm

...continued from page 9
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AN OVERVIEW OF THE 
DONALD M. MATTOX TUTORIAL LECTURE 

Presented by Professor Allan Matthews, The 
University of Manchester, United Kingdom

New Challenges for Industrial Tribological Coatings

The title of this 2016 Donald M Mattox Tutorial Lecture might also 
be “Challenges for Industrial Tribological Coating Providers,” since a 
central theme is that coating producers need to work closely with 
the end users in helping them meet the product development needs 
against the backdrop of the various drivers for changes in the use of 
coatings . These drivers include legislative and regulatory demands 
and performance demands . At the same time there are technological 
developments which are pushing end users to consider new coatings 
and processes .

In terms of the regulatory pressures, the EU REACh regulations 
are probably the most significant . REACh stands for Registration 
Evaluation Authorisation and Restriction of Chemicals . It entered 
into force on 1st June 2007 and contains a number of deadlines 
which will be progressively implemented until 1st June 2018 . 
REACh replaces about 40 pieces of legislation and covers 
about 30, 000 substances . In the coatings field it is driving the 
replacement of processes such as hard chrome and cadmium 
electroplating . Although it is European Union legislation, 
countries around the world are taking steps to ensure that the 
regulations within REACh can be complied within their countries . 
In the USA there are several organisations that are tackling this, 
for example, by driving the search for alternative coatings and 
by maintaining on-line data resources . One such organisation is 
ASETSDefense . Dr . Keith Legg gave details of this organisation 
at the SVC TechCon 2 years ago, and explained how alternative 
coatings are now actively being pursued on defense equipment 
such as the F-35 plane and on various helicopters . Alternatives 
being investigated include HVOF WC-Co-Cr as an alternative to 
hard chrome . Electroplated ZnNi is being used in place of Cd on 
various fasteners .

One of the critical issues is selecting the correct coating for 
each application . This is a daunting task given both the vast array 
of application conditions and requirements and the equally 
large array of coatings available in the marketplace . Historically, 
the approach to coating selection had been based on trying a 
coating, and if it worked then adopting it . Unfortunately, this may 
mean that better potential solutions are neglected as they are not 
considered . What is needed is a selection approach which begins 
by assuming that all coatings and processes will work, and then 
eliminating them for valid reasons until a shortlist is drawn up 
which can then be subjected to lab testing .  

In the case of tribological coatings it has been found useful to 
define the dominant contact type(s) occurring . There are five main 
contact types: Static, Sliding, Impact, Abrasion, Surface Fatigue 
and Fretting . These five may occur in combination . By identifying 
which of them are active in a particular application, one can 

effectively define the testing and evaluation requirements of that 
application . That approach was recently described by Dr . Lucy 
Berg of the Caterpillar Company at the TechCon . She described 
how her company employ a 3-step methodology for surface 
selection . Step 1 involves fully understanding the component 
and its intended application; Step 2 involves understanding the 
contact types and wear modes and Step 3 involves selecting 
the substrate and the surface engineering solution . By taking an 
example component and application (an inlet control valve from a 
diesel common-rail fuel pump), Dr . Berg was able to describe how 
the valve has 4 Functions: 1) Maintain seal, 2) Resist cyclic impact, 
3) Resist high velocity fluid/ gas, and 4) Accommodate any debris 
(by crushing or elastically deforming) . Other requirements, such as 
temperature capability, manufacturability or geometrical features, 
were also considered and Dr . Berg devised a comprehensive set 
of tests to simulate the main contact types (static stress, impact 
and sliding) . The results of the in-test behaviour analysis were 
validated against the in-service behaviour . The capabilities 
of different surface engineering solutions to carry out the 4 
Functions mentioned above were then assessed . 

In practice, the application also required that “wanted wear” 
should occur, to ensure that geometrical requirements were met 
(particularly in terms of maintaining a seal) . Dr . Berg’s example 
clearly illustrated that in a practical application it is not enough 
to just optimise for example hardness and one contact type (such 
as sliding); it is necessary to fulfil a range of requirements, some 
of which may appear to be contradictory (such as the need to 
achieve adequate wear life of the component whilst having the 
capability to provide some wear for sealing purposes) . 

The presentation concluded by providing details of a recent 
initiative by a UK government agency called the Knowledge 
Transfer Network (KTN), https://connect.innovateuk.org/web/
materialsktn/article-view/-/blogs/surface-engineering-and-
advanced-coatings-report?p_p_auth=M1BcARIz to study the 
Surface Engineering and Advanced Coating (SEAC) industrial 
sector and to make recommendations about how it should 
develop in order to ensure that UK industry gained maximum 
benefit from the SEAC technologies to enhance product 
performance and cost effectiveness and also react to legislative/
regulatory changes and improve sustainability . One of the key 
findings of the Special Interest Group established by the KTN 
to carry out the study was that the producers of coatings must 
integrate within the Design for Manufacture teams within 
the end-users . They also need to ensure that their coatings 
are validated and are produced to definable standards . The 
technology pipeline needs to integrate the science base, 
the design community, the materials community, and the 
manufacturing sector to ensure that the products that emerge 
are fully optimised and reproducible . This also requires effective 
process monitoring and control as well as comprehensive 
documentation/recording to ensure process and product 
reproducibility over a period of time .

View PPT/Audio at http://www.svc.org/ConferencesExhibits/2016/index.cfm
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Highlights of the  
TECHNICAL PROGRAM
Symposium on Leading-Edge Coating Technologies —  
High Performance Films Shape Tomorrow’s Products

The Symposium Session – following the first Keynote talk of the 
conference – was dedicated to this year’s “High-Performance 
Coatings” topic with invited and contributed presentations 

that highlight successful transformations of leading-edge process 
and materials innovation into industrial practice . It complemented 
the series of Keynote talks as well as the Donald M . Mattox Tutorial 
Lecture, which this year was presented by Allan Matthews (The 
University of Manchester, UK) . 

Donald McClure (Acuity Consulting and Training) started 
the Symposium Session with an intriguing invited talk that 
demonstrated how a seemingly mature coating technology – 
magnetron sputtering – can still be advanced with a sound grasp 
on the underlying physics and easily accessible “signals” such as 
cooling water temperature change . This understanding results in 
more efficient process control strategies particularly for reactive 
processes . The approach enables higher deposition rates without 
exceeding the thermal limits of the cathode .

The contributed talk by Jörg Winkler (Plansee, Austria) provided 
further proof of how impressive innovations in vacuum coating 
technology enable outstanding new capabilities in functional 
coatings on glass . The advances in refining the composition of 
target materials and process control enable high-performance 
electrode coatings that are crucial components in modern 
photovoltaics and electronics applications .

A second invited talk by Michael Brazil (Vergason Technology) 
gave an example of the contributions our industry makes to 
solve challenging coating problems . In this case, the replacement 
of classic chrome electroplating of “metal-looking” automotive 
trim parts composed of injection-molded polymer with modern 
PVD technologies . Modern vacuum coating technology is able 
to not only solve the long-standing environmental concerns 
with electrodeposition technology (that relies on carcinogenic 
hexavalent chrome) but also delivers competitive cost, 
exceptional process yields at scale, and excellent fitness-for-use . 
A sound understanding of the role and contribution of all players 
in the value chain (molders, coaters, car manufacturers, and end 
users) in combination with solid process and materials expertise, 
and fast development cycles enhances the automotive product 
appeal to the customer . 

Program Chair: Chris Stoessel, Eastman Chemical Company, stoessel@attglobal.net, 
Assistant Program Chair: Ralf Bandorf, Fraunhofer Institute for Surface Engineering 
and Thin Films IST, Germany, ralf.bandorf@ist.fraunhofer.de,  
Past Program Chair: Scott Walton, U.S. Naval Research Laboratory, scott.walton@nrl.
navy.mil,  
SVC Technical Director: Carl M. Lampert, Star Science, cmlstar@sonic.net
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TECHCON2016
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SPUTTERING
C O M P O N E N T S

Expanded Technical Forums
 Technology Forum Breakfast Sessions
 Industry Forum
 Meet the Experts Corner

The great popularity of the facilitator-led Technology Forum 
Breakfast Sessions at past TechCons, with experts available to 
answer questions and concerns in an informal environment, led 
the SVC Program Committee to expand this program to three 
early morning sessions in 2016 on the following important 15 
topics: Coatings for Thin Film Photovoltaics; High-Power Impulse 
Magnetron Sputtering (HIPIMS); Coatings and Surface Engineering 
for Medical Applications; Process Control and Process Monitoring; 
Tribological Coatings; Atmospheric Plasma Technologies; 
Magnetron Sputtering; Fabrication and Performance of Optical 
Coatings; Modern Coating Sources; Gas/Moisture Permeation 
Barrier Layers; Optical Coating Design; Energy Conversion 
and Storage; Diamond-Like Carbon (DLC) Coatings; Industrial 
Challenges; Transparent Conductive Materials (TCM): from 
Transparent Conductive Oxides (TCO), to Thin Film Metals, to 
Alternative Materials .

The session facilitators are Technical Advisory Committee (TAC) 
Chairs, tutorial course instructors, or research professionals from 
the vacuum equipment manufacturing and surface engineering 
industries . The synergism between the “Three Legs of the SVC 
Stool” – the Technical program, the Education Program, and the 
Exhibit – are brought together through these very popular and 
successful breakfast sessions . 

The Industry Forum “New Coating Materials and Challenges” 
provided a different opportunity for attendees to interact 
directly with three panel members who provided their view of 
new coating materials and challenges the electronics industry 
expects to face . The role of coating processes is huge with 
developments being made in pulse and ion deposition, spatial 
ALD, 3D fabrication, and printed electronics . Equally big are the 
new materials including 2D materials such as graphene, oxide 
and organic electronics, energy harvesters, flexible polymers and 
ultra-thin glass . Attendees had an opportunity to interact directly 
with the panelists from academia and industry – in a way that is 
not feasible in sessions where oral presentations follow in quick 
succession to each other .

Meet the Experts Corner is an interactive question-and-answer 
forum and an opportunity for attendees to discuss their day-to-
day coating challenges in their organization by problem solving 
directly with a small panel of experts . The sessions were titled 
“Operator/Technician Training and In-House Certification” and 
“Modern Source Development ." The involvement of the other 
attendees in the group discussions was extremely valuable to all 
involved . 
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(TAC) Traditional Technical Session Reviews
Web-Tech Roll-to-Roll Coatings for High-End 
Applications
The 2016 Web-Tech Roll-to-Roll Coatings session consisted of 
nine interesting, high quality talks with significant scientific value 
covering permeation barriers, flexible electronics and a variety 
of roll-to-roll deposition techniques as well as post-processing of 
coated films. 

The Web-Tech Session was opened by a very impressive and 
entertaining talk by Wolfgang Skorupa (Helmholtz-Zentrum 
Rossendorf, Germany), who gave an overview about rapid – 
subsecond – thermal processing of thin film coatings to strongly 
improve layer properties such as the sheet-resistance or charge 
carrier mobility in transparent conducting oxides even on 
temperature sensitive substrates. High rate roll-to-roll plasma 
enhanced chemical vapor deposition (PECVD) was the topic of the 
second talk on Thursday given by Michiel Top (Fraunhofer Institute 
for Organic Electronics, Electron Beam and Plasma Technology 
FEP, Germany). Michiel presented process and layer properties for 
silicon-plasma polymer layers that are deposited on PET substrates 
using HMDSO in a hollow-cathode arc discharge plasma in a roll-
to-roll process. In the third talk, John Fahlteich (Fraunhofer Institute 
for Organic Electronics, Electron Beam and Plasma Technology FEP, 
Germany) discussed the status, challenges and future perspective 
of vacuum coatings on fluoropolymer substrates for outdoor 
application and membrane architecture demonstrating promising 
layer properties on ethylene tetrafluroethylene (ETFE) polymer 
webs.

Friday Morning started with two great presentations about 
permeation barrier coatings: The first presentation-given by Hendrik 
de Vries (Dutch Institute for Fundamental Energy Research, 
The Netherlands) used a dielectric barrier discharge for roll-to-
roll PECVD of silica-like barrier layers at atmospheric pressure. 
He analyzed microstructure, chemical layer composition and 
morphology of the layers and investigated the dependence of the 
layers’ water vapor transmission rate on these properties as well 
as the layer thickness. The second presentation – given by Daniel 
Higgs (University of Colorado) – contained very deep detailed 
evaluations of organic layers, which have been manufactured in a 
roll-to-roll molecular layer deposition (MLD) process. The final goal 
of the work was the preparation of multi-layer permeation barriers 
consisting of alternating MLD-made polymer layers and ALD-made 
oxide barrier layers. 

One application for permeation barriers is flexible electronic 
devices. The electronic layers and devices themselves – on flexible 
substrates – were discussed in an outstanding invited talk by Mark 
Poliks (Binghamton University). Mark covered coating of polymers 
and thin glass substrates with oxide semiconductors for transistors 
as well as integration of antennas and printed circuits. One very 
impressive aspect of his talk was roll-to-roll vacuum coating of 
thin glass at high processing temperature to apply high quality 
transparent conductors and semiconductors.

Chris Merton (3M) presented a nice comparison of Al2O3 layers 
on polymer substrates that have been deposited with two different 
sputtering modes in a dual cylindrical magnetron sputtering setup. 
He demonstrated that a secondary cooled anode may be used to 

High Power Impulse Magnetron Sputtering 
(HIPIMS) 
This year the HIPIMS session attracted many attendees in the 
afternoon of the first day of the TechCon. The focus was on 
Technical-Readiness-Level–5 (TRL 5) and above in the fields 
of architectural glass, biomedical implants, tool coatings, and 
microelectronics. TRL-5 level is technology which can be tested as 
a working prototype with full functionality in a simulated industrial 
environment. The dynamics of the user group and interested parties 
created lively discussions during the session and at the satellite 
events - the HIPIMS Technology Forum Breakfast and the two 
Tutorial courses. All this was based on a general perception of the 
technology entering the consumer world underpinned by HIPIMS-
made products appearing on the market. The talks reflected a wide 
arena of interest. 

The deposition of oxides was the prevailing focus of the session. 
The invited talk was presented by Professor. Ju-Liang He (Feng 
Chia University, Taiwan) - one of the International Outreach 
representatives of the SVC. He outlined the advantages of HIPIMS 
over conventional technology for the deposition of metal and 
oxide films on polymeric materials for biomedical implants and to 
functionalise fabrics. Felipe de Campos Carreri (Fraunhofer Institute 
for Surface Engineering and Thin Films IST, Germany) presented the 
deposition of InSnOx by HIPIMS from rotatable metallic targets. 

Enabling technology for stable and efficient deposition production 
of oxides was an important area of discussion. High rate deposition 
of ZrO2, HfO2 and Ta2O5 films was reported by Professor Jaroslav 
Vlcek (University of West Bohemia, Czech Republic) using a 
pulsed reactive gas flow control. Jake McLain (University of Illinois, 
Urbana-Champaign) described novel magnetic field designs 
for the improvement of deposition rates. Professor Xiubo Tian 
(Harbin Institute of Technology, China) presented a new power 
generator and system for hybrid HIPIMS and plasma immersion 
ion implantation of thin films. Joao Oliveira (University of Coimbra, 
Portugal) described an in-depth study of the growth and properties 
of monolithic and nanocomposite Cr, CrN and TiSiN coatings 
deposited by HIPIMS and conventional sputtering. The student 
sponsorship award recipient, Fabio Ferreira (University of Coimbra, 
Portugal), presented new results on β-Ta film deposition by HIPIMS. 
Professor Arutiun P. Ehiasarian (Sheffield Hallam University, United 
Kingdom) demonstrated new coating formulations and operation 
of HIPIMS in carbon-containing gases to combat high temperatures 
and abrasive wear for cutting tool applications.

TAC Chair: Arutiun P. Ehiasarian, Sheffield Hallam University, UK, a.ehiasarian@
shu.ac.uk Assistant TAC Chairs: Ralf Bandorf, Fraunhofer Institute for Surface 
Engineering and Thin Films IST, Germany, ralf.bandorf@ist.fraunhofer.de; Jolanta 
Klemberg-Sapieha, École Polytechnique de Montréal, Canada, jsapieha@polymtl.ca
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TECHCON2016

continued on page 16

enable a higher current capacity and plasma power in the process 
leading to a higher deposition rate. Following that, Sascha Kreher 
(FHR Anlagenbau GmbH, Germany) discussed new concepts for 
roll-to-roll coating machines especially addressing “contactless 
winding” – avoiding contact of the coated side with any rollers – 
in combination with multiple deposition stations in a row. Such 
contactless winding is one possibility to keep particle contamination 
and layer defect formation low. Tim Potts (Dark Field Technologies) 
talked about a high-resolution method to detect such defects  
in-situ during processing. The method is based on Solid State Laser 
Reflection (SSLR) and is able to detect defects with of a size of 1.5 
µm and larger even on a moving substrate in continuous roll-to-roll 
coating.

TAC Co-Chairs: John Fahlteich, Fraunhofer Institute for Organic Electronics, 
Electron Beam and Plasma Technology FEP, Germany, john.fahlteich@fep.
fraunhofer.de; Alberto Argoitia, Viavi Solutions, alberto.argoitia@viavisolutions.
com; Chris Stoessel, Eastman Chemical Company, stoessel@attglobal.net; Scott J. 
Jones, 3M, sjjones@mmm.com

Coatings for Energy Conversion and Related 
Processes
The Energy Conversion Session included papers spanning batteries, 
photovoltaics and smart windows. Our invited speaker was 
Professor Yang-Tse Chang (Department of Chemical and Materials 
Engineering, University of Kentucky). He gave us an excellent 
discussion about how nanocoatings are used to stabilize batteries 
and increase performance and lifetime. He spoke about the drive 
to build the Tesla Giga Plant with its goal to make 50GWh of 
batteries by 2020. One of the problems with Li-ion batteries is the 
large volume expansion and interfacial stress during intercalation 
/deintercalation of Li. Professor Chang’s solution is to use α-Si/
Li2CO3 composite nanosized core-shell particles to make up the 
electrode. Sandra Lobe (Institute of Energy and Climate Research, 
Forschungszentrum Jülich GmbH, Germany) spoke on a new solid-
state thin film battery electrolyte material, Li7La3Zr2O12 (LLZ). The 
batteries are based on LiCoO2/LLZ/Li. She found that LLZ deposited 
by RF magnetron sputtering onto stainless steel gave good results 
with conductivity of 2x10-4 S/cm with good thermal stability.

For electrochromic smart windows, Claes G. Granqvist 
(Department of Engineering Sciences, The Ångstrom Laboratory, 
Uppsala University, Sweden) spoke on his continuing progress 
on making higher performance films for smart windows. Claes 
discussed sputtered VO2 based nanoparticle thermochromics with 
superior optical properties. The particles were made by V sputtering 
using a gold seeding at 450°C. VO2 was formed by an SO2 treatment. 
The particles showed good thermochromic light scattering 
properties in the NIR near-infrared region. The technology could 
be combined with a WO3 electrochromic. Kanapuram Uday Kumar 
(Semiconductor Laboratory, Department of Physics, Indian Institute 
of Technology, Madras, India) spoke about neon sputtered tungsten 
oxide with high coloration efficiency. This study was done jointly 
with the CRM Group, Ghent University, Belgium. A change in 
transmittance of Tvis =70% was achieved for the best films.

 On photovoltaics, Christopf Metzner (Fraunhofer Institute 
for Organic Electronics, Electron Beam and Plasma Technology, 

FEP, Germany) discussed the effect of deposition temperature 
and chlorine activation on the microstructure of CdTe thin films. 
A complete pilot production line was shown with deposition 
rates of 2.5-5 microns/min. Work at First Solar has shown CdTe 
module photovoltaics have a current conversion limit of 18.6%. 
Deepak Kumar Kaushik (Department of Physics, Indian Institute of 
Technology (IIT, Madras, India) an SVC sponsored student, spoke 
on the disorder in DC magnetron sputtered Cu2ZnSnS4 films grown 
in a sulfide plasma. Both Deepak and Kanapuram Uday Kumar are 
students of A. Subrahmanyam (IIT, Madras, India) a member of our 
International Advisory Committee.

Overall, we had an excellent technical session with a great deal 
of interest and discussion. The two Technology Forum Networking 
sessions on Photovoltaics and Energy Conversion were very well 
attended with much lively discussion about the future of thin film 
solar cells and batteries.

TAC Chair: Carl M. Lampert, Star Science, cmlstar@sonic.net; Organizing 
Committee: Claes-Göran Granqvist, Ångstrom Laboratory, Uppsala University, 
Sweden; Volker Sittinger and Wolfgang Diehl, Fraunhofer Institute for Surface 
Engineering and Thin Films IST, Germany; Michael Andreasen, Vacuum Edge; Ric 
Shimshock, MLD Technologies; David Sanchez, Materion Advanced Chemicals

Optical Coating 
The Optical Coating sessions were well attended and audience 
members were treated to many interesting talks. Thursday 
contributions included a talk given by Ludvik Martinu (École 
Polytechnique de Montréal, Canada) describing the fabrication 
of antireflection coatings using nano-structured ultra-low-index 
materials. Through the use of appropriate processing steps, such 
coatings could be made to exhibit surprisingly good durability.

In addition to many talks from well-known workers from the 
optical coating community, there were fresh faces in the form 
of two sponsored student talks. Roya Rudd (University of South 
Australia) gave a very nice presentation regarding her research 
of silicon quantum dot synthesis. She proposed the inclusion 
of these nanoparticles into nanocomposite coatings to enhance 
their optical performance. Martin Caron (École Polytechnique 
de Montréal, Canada) reviewed environmental studies of hybrid 
coatings (SiOCH and ZrOSiCH) for proposed use on polymer 
substrates. The Thursday morning session concluded with an invited 
contribution from Jacques Sebag (Large Synoptic Survey Telescope 
(LSST) Project) who reviewed the current progress and challenges 
ahead for the LSST. They have the interesting task of developing and 
maintaining some of the largest high-curvature monolithic mirrors 
ever made for astronomy. The success of this 10-year survey of the 
sky may provide data that shapes our future understanding of the 
universe.

The Friday sessions began with an invited talk by Peter Munzert 
(Fraunhofer Institut für Angewandte Optik und Feinmechanik IOF, 
Germany) in which he compared the use of Bloch Surface Wave 
(BSW) optical biosensors to the more traditional Surface Plasmon 
Resonance (SPR) method. While SPR uses a thin metal layer, BSW 
uses a dielectric multilayer stack to achieve similar or improved 
label-free sensor detection. Another interesting talk was given by 
Clément David (Solayer GMBH, Germany) where he described the 
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Technical Session Reviews 
continued from page 15      
 

Plasma Processing
The Plasma Processing session on Tuesday included several 
industrial contributions. The first two talks were presented by 
Wojciech Glazek (TRUMPF Huettinger Sp.z o.o., Poland), focused 
on advances in discharge generation and electrical control. Heqing 
Li (Gencoa Ltd., UK) compared performance of rotatable and 
planar magnetrons for the deposition of indium tin oxide films. 
The Tuesday session featured an invited talk by Stanislav Mraz 
(RWTH Aachen University, Germany) who discussed an interesting 
correlation between energy distribution of oxygen negative ions and 
crystallinity of metal oxide films prepared by reactive magnetron 
sputtering. He also discussed the reasons behind the generation of 
negative oxygen ions with different energies.

The Wednesday session was devoted mostly to research on 
plasma-enhanced chemical vapor deposition (PECVD). The invited 
talk by Patrick Choquet (Luxembourg Institute of Science and 
Technology) provided a broad overview of PECVD at low and 
atmospheric pressure. He described the new possibilities opened 
by the utilization of PECVD at atmospheric pressure in which 
low-volatility liquid compounds or nanoparticles in the form of 
an aerosol can be used as precursors. This was followed by SVC 
sponsored student, Adam Obrusník (Masaryk University, Czech 
Republic) who continued with the topic of atmospheric pressure 
PECVD by describing the importance of numerical simulations 
optimizing gas distribution in dielectric barrier discharges (DBD) 
and, when compared to spatially resolved analysis of thin film 
deposition, can be used to determine an overall activation rate and 
sticking coefficients of the precursor. 

The Wednesday session continued, after the coffee break, with 
two talks on plasma processing of barrier coatings based on 
silica-like material. Sergei A. Starostin (Fujifilm Manufacturing 
Europe B.V., The Netherlands) presented advances in the DBD 
deposition of barrier coatings from tetraethyl-orthosilicate 
achieved in a collaboration between Fujifilm, DIFFER (Eindhoven, 
NL) and the Eindhoven University of Technology. Nessima 
Kaabeche (Manchester Metropolitan University, UK) discussed the 
development of SiOx moisture barrier coatings in roll-to-roll PECVD 
from hexamethyldisiloxane. The next talk by Lenka Zajíčková 
(CEITEC, Masaryk University, Czech Republic) focused on the 
influence of PECVD conditions including substrate potential on 
the cross-linking of amine plasma polymers. Scott G. Walton (U.S. 
Naval Research Laboratory) then discussed fundamental processes 
in electron beam generated plasma produced in SF6 gas mixtures as 
studied by plasma diagnostics and modeling. The session closed with 
David J. Mount (ULVAC Technologies), who graciously moved his 
presentation from Tuesday due to technical difficulties. He discussed 
an arc plasma deposition system that can be used for the deposition 
of dense films as well as for the production of metal nanoparticles

TAC Chair: Lenka Zajícková, Central European Institute of Technology, Masaryk 
University, Czech Republic, lenkaz@physics.muni.cz. Assistant TAC Chairs: 
Scott G. Walton, U.S. Naval Research Laboratory, scott.walton@nrl.navy.mil; 
Mariadriana Creatore, Eindhoven University of Technology, The Netherlands, 
m.creatore@tue.nl

Coatings and Processes for Biomedical and 
Environmental Applications 
Shaun Robertson (University of the West of Scotland) a sponsored 
student presenter, spoke about antimicrobial properties of multilayer 
diamond-like coating on silicon (DLC/Si) structure. The DLC top 
coat was formed by pulsed dc hollow cathode plasma enhanced 
CVD on stainless steel. José Esparza Gorraiz (Asociación de la 
Industria Navarra-AIN, Spain) spoke about photocatalytic activity 
and antimicrobial response of TiO2 doped by nitrogen. The coating 
exhibited a shift in the light absorption to the visible wavelength 
range.

An excellent invited paper “Plasmas and Liquids” by Felipe 
Iza (Loughborough University, UK) presented an overview of 
applications of plasma in and in contact with liquids, especially 
plasma processes in and in contact with organic liquids. The plasma 
can be used as a synthesis tool in organic chemistry. In reverse, 
organic compounds can be used for diagnostics of reactive species in 
the plasma, for example the detection of ozone, OH, O2 and H2O2. 

Bin Dong (University of North Texas) a sponsored student 
presenter reported on boron carbide/aromatic polymer composites. 
She described the correlation between chemical and electronic 
properties of the composite films and applications in neutron 
detection and other areas. Pi-Wei Wang (Feng Chia University, 
Taiwan) presented results on DLC coated fabrics for electrochemical 
oxidation process. The coating is prepared by ion plating and 
the DLC coated fabric is used as an anode/filter in a waste-water 
treatment system

TAC Co-Chairs: Hana Baránková, Uppsala University, Sweden, hana.barankova@
angstrom.uu.se; Dave Glocker, Isoflux, dglocker@isofluxinc.com

pulsed DC magnetron sputtering of indium tin oxide (ITO) films 
onto temperature-sensitive substrates. Processing these films with 
conventional thermal annealing processes is not possible since 
the substrates cannot handle the required temperatures. However, 
their use of flash lamp annealing applies significant heat to the film 
while avoiding elevated temperatures within the substrates and 
significantly enhances the film’s electrical conductivity and optical 
transmission. The session concluded with several talks given by 
Selim Elhadj (Lawrence Livermore National Laboratory) on the 
challenges associated with conductive coatings having high laser 
damage thresholds, and the principal damage mechanisms found in 
such coatings.

TAC Co-Chairs: Bryant Hichwa, Sonoma State University (retired), bryant.hichwa@
sonoma.edu; James N. Hilfiker, J.A. Woollam Co., Inc., jhilfiker@jawoollam.com; 
Robert Sargent, Viavi Solutions, robert.sargent@viavisolutions.com; Ulrike Schulz, 
Fraunhofer Institut für Angewandte Optik und Feinmechanik IOF, Germany, ulrike.
schulz@iof.fraunhofer.de
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Large Area Coating 
The Large Area Coating TAC sponsored two sessions in which 
14 well-attended presentations were made. In keeping with the 
Symposium theme, an excellent invited talk was given by Sylvain 
Lecoultre (Glas Trösch AG, Switzerland) during Tuesday’s kickoff 
session titled “Scratch-Resistant Coatings for Architectural Glass”. 
Scratch-related damage throughout post-coating fabrication, 
transportation and installation steps is a significant yield and field 
loss factor in the 660 million square meter (2015) coated glass 
market that is growing at 6%/year. Significant resources have been 
devoted to developments in equipment, process and coating design 
to reduce scratch-related damage. Sylvain covered root causes and 
coating development that Glas Trösch has implemented to enhance 
both wet and dry scratch resistance. Dry stress/scratch damage can 
be reduced with appropriately designed titania based topcoats and 
wet stress/scratch resistance can be reduced with compressive silicon 
nitride based topcoats.

Manuela Junghähnel (Fraunhofer Institute for Organic 
Electronics, Electron Beam and Plasma Technology FEP, Germany) 
cooperated with Corning in a presentation on “Upscaling of Sheet-
to-Sheet Processes for Large Area Coating on Flexible Glass”. The 
substrate, Corning® Willow® Glass, was 100 microns thick and about 
600 mm square and was coated with indium tin oxide (ITO) in a 
vertical format sputter coater with an oxide target in DC mode. 

TECHCON2016

continued on page 18

Dynamic flash lamp annealing was used post-coating to improve 
the conductivity and transmittance. Annealing in this manner takes 
only milliseconds, so the potential for in-line, high-volume, low-cost 
large area coating, as would be advantageous for the electronics 
industry, is established. 

Holger Proehl (VON ARDENNE, GmbH, Germany) presented on 
“DC-Dual Anode Reactive Sputter (DAS) Deposition of Transparent 
Dielectrics with Low Substrate Heating”. The DAS method was 
applied to reactive sputtering of SiO2 and Al2O3 as well as TiO2 and 
Nb2O5 from ceramic targets. Energy impact at the substrate and 
deposition rates were measured and compared to conventional AC-
MF (medium-frequency, 42 KHz) sputtering. It turned out that this 
method could be promising for coating of temperature sensitive web 
substrates.

Other noteworthy presentations included: Jorg Oberste-Berghaus 
(Soleras Advanced Coatings BVBA, Belgium) on “Magnetron 
Sputtering of Oxide-Films from Novel Ceramic Rotary Targets 
for Large Area Applications”, and Paul Lippens (Umicore Thin 
Film Products AG, Liechtenstein) on “Review and Recent Insights 
Regarding Target Nodule Formation Upon Depositing ITO”.

TAC Chair: Michael Andreasen, Vacuum Edge, michael.andreasen@vacuumedge.
com; Assistant TAC Chair: Harald Hagenstroem, VON ARDENNE GmbH, Germany, 
hagenstroem.harald@vonardenne.biz
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Technical Session Reviews 
continued from page 17      
 
Fundamentals of Interface Design - SVC/ICMCTF 
Joint Session
This new TechCon session was jointly organized by the program 
teams of the Society of Vacuum Coaters (SVC) and the Advanced 
Surface Engineering Division (ASED) of the AVS - organizer of 
the International Conference of Metallurgical Coatings and Thin 
Films (ICMCTF). It leveraged the combined strengths of SVC’s 
application-oriented perspective with the first-principles rigor 
typical of the ICMCTF to highlight the latest advances in interface 
design for film and coating technologies. The talks meshed well 
with the 2016 TechCon Symposium on high-performance films 
by highlighting the connection between leading-edge coating 
technologies that often nucleate in Academia and government-
funded R&D environments and a market environment that demands 
continued coating technology innovation to deliver competitive new 
products. 

Gregory Exarhos (Pacific Northwest National Laboratory) 
gave the first invited talk. He discussed the influence of defect 
engineering to optimize the performance of transparent conducting 
oxides (TCOs). The work emphasized the main variables – 
primarily doping level and microstructure. Also, he discussed 
various traditional and innovative treatments that can optimize the 
performance of p- and n-type TCOs. A contributed talk by Chris 
Muratore (University of Dayton) continued the electronic materials 
theme. He reported on molecular-scale functionalization by laser or 
photonic patterning of 2-dimensional dichalcogenide materials to 
make flexible devices on polymer substrates. This technique can be 
extended to multi-layer structures. Yip-Wah Chung (Northwestern 
University) switched the session’s perspective towards tribological 
applications by explaining how targeted structural engineering 
can make tribological coatings based on hard and tough metals. 
This was compared to the more common ceramic hard-coating 
systems. Scott Walton (U.S. Naval Research Laboratory) reported 
on advances in the functionalization of graphene towards practical 
devices. Scott focused on improving the thermal and electrical 
transport characteristics of the metal-graphene interface which is 
necessary for circuit interconnects. The session was concluded by 
a second invited talk by two presenters from Essilor. Karin Scherer 
(Essilor International, France) explained the underlying complex 
functionalities integrated in modern ophthalmic lens coating 
systems. Mark Mildebrath (Essilor of America) highlighted the 
implications of the practical manufacturing methods needed for 
successful commercialization of modern eye glass lenses.

In summary, the session featured a wide range of contributions 
that employ and emphasize a science-based approach to examine 
the role of interfaces in modern coating technologies while speaking 
to application-related functionalities and scalability that meet the 
demands of the industrial environment.

Joint Session Chairs: Chris Stoessel, Eastman Chemical Company, stoessel@
attglobal.net; and Christian Mitterer, University of Leoben, Austria, mitterer@
unileuben.ac.at

Emerging Technologies
The first part of the Emerging Technology session on Tuesday 
highlighted topics related to new emerging techniques for thin-film 
modification. Daniel Higgs (University of Colorado) opened the 
session with atomic layer etching (ALE) using thermal reactions. 
By using atomic layer deposition (ALD) in a reverse mode a highly 
controlled ablation of thin-films is feasible. This opens up new 
approaches for surface etching by removing individual atomic layers.

In an interesting contribution Alban Sublet (Vacuum Surfaces 
and Coating Group, CERN, Switzerland) discussed superconducting 
coatings on accelerating cavities with complex geometries. Such 
cavities, which are used as quarter wave resonators in CERN, are 
made of 3D-forged copper and are coated inside by sputtering with 
a thin superconducting niobium film. The presentation by Eric 
Dickey (Lotus Applied Technology, LLC) discussed the optimization 
of precursor utilization using spatial ALD, which is a hot topic. 
The presentation pointed out a new method for saving precursor 
material in ALD processes by recycling and reutilization and is very 
important for the reduction of coating costs. 

Ralf Bandorf (Fraunhofer Institute for Surface Engineering and 
Thin Films IST, Germany) reported about using gas flow sputtering 
for manufacture of high quality hard magnetic films. This interesting 
presentation highlighted the variability of gas flow sputtering for a 
wide range of emerging applications. 

The first session was closed by the invited presentation from 
Professor Thomas Brown (Centre for Hybrid and Organic Solar 
Energy, University of Rome, Italy) about developing perovskite and 
dye sensitized solar cells and modules on flexible substrates. Since 
perovskite bandgaps are tunable, such types of solar cells can be 
optimized for the solar spectrum to reach maximum conversion 
efficiencies.

In the second part of the Emerging Technology session on 
Wednesday, Mohamed Bah (University of Delaware) reported, in a 
SVC student sponsorship program funded presentation, about his 
work on synthesis and characterization of polycrystalline hollow 
magnetic nanoparticles by vacuum evaporation and inert gas 
condensation. Dorina M. Mihut (Mercer University), presented 
the manufacture of titanium nitride nanotubes using high vacuum 
magnetron sputtering depositions. In a second presentation from 
the Vacuum Surfaces and Coating Group at CERN, Pedro Costa 
Pinto gave a view in his latest research about the development of a 
sputtering device for in-situ, low-secondary-electron-yield carbon 
coating of long beam pipes for particle accelerators. 

Ruediger Sprengard (Schott AG, Germany) highlighted their latest 
impressive achievements for coating of ultra-thin flexible glass. The 
availability of ultra-thin glass opens up new possibilities in flexible 
electronics and enhances the trend for further miniaturization in the 
high-tech industry. 

TAC Co-Chairs: Clark Bright, Bright Thin Film Solutions (3M retired), brightcrew@
aol.com; Chris Stoessel, Eastman Chemical Company, stoessel@attglobal.
net; Jacob Bertrand, Maxima Sciences LLC, jacob@max-sci.com; Manuela 
Junghähnel, Fraunhofer Institute for Organic Electronics, Electron Beam and 
Plasma Technology FEP, Germany, manuela.junghaehnel@fep.fraunhofer.de
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TECHCON2016

continued on page 20

Protective, Tribological and Decorative (PT&D) 
Coatings 
The program of the Protective, Tribological and Decorative Coatings 
sessions contained excellent talks from high level speakers. The 
invited talk presented by Siegfried Krassnitzer (OC Oerlikon Balzers 
AG, Liechtenstein) showed the progress in HIPIMS development 
for industrial applications. Application of this technology leads to 
significant advantages over conventional magnetron sputtering. 
This is due to a much higher degree of ionized species of the 
sputtered materials and a much smoother surface in comparison to 
arc coatings. Dense hard coatings with excellent adhesion and low 
defect densities can be achieved in this way. Hardware and process 
development efforts, specifically on the power supplies and the 
cathode cooling, enable independent adjustment of pulse power 
densities up to 2kW/cm2 and pulse lengths covering a wide range 
from 50 µs up to 100 msec. The pulse shape for voltage and current 
is near to rectangular. Power control avoids runaway effects, thus 
preventing uncontrolled situations. Oerlikon claims wide range 
tuning of the coating properties for specific applications based on 
hard coatings like TiN, TiCN, TiAlN, and AlCrN. Reactive processes 
are stable, reproducible, and can be operated with narrow or absent 
hysteresis while not compromising deposition rates. Results of oxide 
based materials and DLC coatings were shown with low hydrogen 
content in the DLC coatings which are adjustable through the 

variation of a hydrocarbon containing gas added to the process. 
Combining arc vaporization and HIPIMS processes was shown as a 
possibility for new coating material development.

A further highlight was the keynote presentation by Steve Johnson 
(The Timken Company) showing a comprehensive overview of the 
role of coatings and surface engineering in very demanding bearing 
applications. This talk, demonstrates the role of leading-edge coating 
technologies. 

The presentation by Allan Matthews (The University of 
Manchester, UK) in the Donald M. Mattox Tutorial Lecture, gave an 
overview of the important role that the application of tribological 
coatings have played in enabling wear protection for innovative 
applications. 

Interesting new coatings were presented by Papken Hovsepian 
(Sheffield Hallam University, UK). He presented new metal-doped 
carbon coatings that offer higher temperature stability than a-C:H 
coatings. The combination of two different metals in the carbon 
matrix gives protective properties and lowers friction of the 
tribological system both for low and upper temperature applications.

TAC Chair: Roel Tietema, Hauzer Techno Coating BV, The Netherlands, rtietema@
hauzer.nl; Assistant TAC Chair: Jolanta Klemberg-Sapieha, École Polytechnique de 
Montréal, Canada, jsapieha@polymtl.ca
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continued from page 19      
 
Industrial Forum: New Coating Materials and 
Challenges 
The Industry forum looked at new technologies that will impact the 

future of coatings in general. John Murray, President 
and CEO (Concept Laser, Inc.) provided a view of the 
developing field of 3D or additive manufacturing to 
make prototypes, production products and complex 
designs that could never be machined. This is a new 

way of manufacturing and is beginning to hit the mainstream of 
manufacturing, especially for complex and replacement parts. This 
method of manufacturing can eliminate warehousing of replacement 
parts. The fastest growing type is 3D printing of metal objects. The 
types of metals that can be 3D printed are Ti-6Al-4V (airframes), 
titanium, nickel, Inconel, 316L stainless steel, 17-4PH stainless steel, 
aluminum, cobalt, chromium, copper, silver, and gold. Custom 
jewelry is another growing market. The leading 3D industry sectors 
are aerospace, medical and dental devices. In 2014, the 3D printed 
metal market was 156 M$, it is expected to grow to 776 M$ by 2020 
(IDTechEx). Also, laser cladding or Directed Energy Deposition 
appears to be advancing. Laser based coating and processes are an 
important area for our Society to get involved with.

Professor Vivek Subramanian, Department 
of Electrical Engineering and Computer Science, 
(University of California, Berkeley, CA) spoke on inkjet 
printing and gravure printing as a method to make 
electronic devices. Gravure printing is commonly 

used for printing currency with 6-7 m resolution. In some 
cases where density is not required inkjet printing is becoming a 
preferred technology in electronics. The current market for printed 
electronics is 8.8 B$ (2015) growing to about 15 B$ (2025) according 
to IDTechEx.Vivek showed us his work on making inkjeted and 
gravure printed FETs and how to design deposition processes using 
the flow dynamics of inks. The currently achievable line widths for 
ink are 5m. With good understanding of your ink, gravure can 
print at best about 2 m. Gravure printing is not a challenger for 
higher density memory applications which are still dominated by 
wafer based technologies. Current flash memory products use 16-20 
nm line widths. 

Don Veri, Sales & Business Development Director 
(Meyer Burger, Thun, Switzerland) spoke on turn-key 
and R&D manufacturing of thin-film photovoltaics 
and organic photovoltaics (OPV) and encapsulation 
films needed for the next generation of solar cells. Don 

outlined Meyer Burger equipment designed for inkjet printing, 
thin film deposition including plasma tools and spatial atomic layer 
deposition (ALD). Also, Meyer Burger makes systems that use 
spatial ALD for Roll-to-Roll coaters. One of the major markets for 
this equipment is film barriers and encapsulation for organic light 
emitting diodes (OLEDS) and OPV. The market for wearables is at 
17.9 B$ (2015) and predicted to grow to 33.8 B$ (2018) (IDC data). 
For active matrix OLEDS (AMOLED) the market for flexible devices 
is at 57 M units (2015) growing to 390 M units (2022) with a CAGR 

of 31.6%. For rigid devices the market is at 233 M units (2015) 
growing to 474 M units (2022) with a CAGR of 10.7%. (IHS 2015 
study). For thin film PV applications, including PE-CVD deposition 
and sealing of OPV, the thin film PV market is currently at 53 GWhp 
(2015) and predicted to climb to 63 GWhp (2020).

Overall, the forum provided the attendees with an exposure to 
new technologies and commercial market opportunities. The forum 
was a great success. 
 
Forum Chair: Carl M. Lampert, Star Science. Organizers: Ric Shimshock (MLD 
Technologies); Michael Andreasen (Vacuum Edge); Chris Stoessel (Eastman 
Chemical Company); David Sanchez (Materion Advanced Chemicals).

“Heuréka!” 
The program of the “Heuréka!” evening session contained five very 
interesting and stimulating papers devoted mainly to the monitoring 
and control of deposition processes. 

The first paper from Patrick Morse (Sputtering Components 
Inc.) was entitled "Exploration into Sputtered ITO Film Properties 
as a Function of Magnetic Field Strength". Patrick described room 
temperature ITO deposition process and resulting film properties as 
a function of magnetic field strength, to determine key mechanisms 
responsible for changing the ITO film properties. The second paper 
by Bill Sproul (Gencoa USA) introduced "A Novel Sensor Using 
Remote Plasma Emission Spectroscopy Monitoring and Control 
of Vacuum Processes". The method utilizes plasma emission 
monitoring of species sampled outside the plasma region. The third 
paper entitled "Tribomechanical Properties of DLC (diamond-like 
carbon) Coatings Deposited by Magnetron Sputtering on Metallic 
and Insulating Substrates" was presented by Ivan Fernández-
Martinez on behalf of authors from Nano4Energy SL (Spain), 
ETSII-UPM (Spain), Gencoa UK, Imdea Materiales (Spain) and 
Gencoa USA. Very hard DLC films, with excellent resistance to 
delamination, were deposited on both metallic and insulating 
substrates by DC, DC-Pulsed and HIPIMS, respective modes of 
magnetron sputtering in optimized magnetic configurations. The 
fourth paper "A Novel Sensor for Se Vapour Deposition Monitoring 
and Control" was presented by Dermot Monaghan (Gencoa 
UK) with co-authors from Gencoa USA, Nano4Energy SL and 
Universidad Autónoma de Madrid, Spain. The group has developed 
and tested a new Selenium sensor for production of copper indium 
gallium sulfide (CIGS) solar cells. It is combined with a pulsed Se 
effusion cell and allows feedback control regulation to maintain 
stable vapor pressure. The last paper on "Advances in Broadband 
Plasma Emission Monitoring Technology for Production" was 
presented by Martynas Audronis (Nova Fabrica Ltd., Lithuania). 
The author explained how relevant knowledge and innovation in 
optics, electronics, software and automation can provide significant 
improvements in the existing processes and materials. 

Co-Chairs: Lad Bardos, Uppsala University, Sweden, ladislav.bardos@angstrom.
uu.se; Hana Barankova, Uppsala University, Sweden, hana.barankova@angstrom.
uu.se 
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Vendor Innovator Showcase 
The session was chaired by Jason Hrebik (Kurt J. Lesker Company) 
and Marcel Anaya (DHF Technical Products). Both Chairs felt the 
quality of the talks had improved compared to past years. What 
Marcel liked about the session was that competing products and 
different approaches to problems could be compared. It was an 
easy way to learn about new products and development tracks 
used by other companies. Some of the highlights from the first 
half of the program included talks on the FlowTron X for plasma 
monitoring (Nova Fabrica Ltd., Lithuania); the product portfolio 
of VON ARDENNE GmbH (Germany); Rotatable Magnetrons 
(Gencoa, United Kingdom); Energy management (Advanced 
Energy Industries, Inc.); Custom Coating Solutions (Fraunhofer, 
IST, Germany). The second half of the program included a talk on 
performance of HIPIMS coatings (Kurt J. Lesker), followed by two 
talks on HIPIMS generators (4A-Plasma, Germany; MELEC GmbH, 
Germany). Surface cleaning and film adhesion was discussed 
(Ebatco). A talk was presented on target utilization in low melting 
point materials (Advanced Energy Industries, Inc.). Other talks 
covered pumping and cryopumping (Plasus, Germany; Brooks 
Automation; Cacejen Vacuum) and in situ monitoring (m-u-t, 
GmbH, Germany). Another talk covered ion beam deposition and 
etching (scia Systems GmbH, Germany). 

-Carl M. Lampert, SVC Technical Director, cmlstar@sonic.net

Poster Session 

The Poster Session began with optional 3-minute oral presentations.
Within three minutes the audience heard a short summary from 
each poster author. This included the hypothesis, investigation 
methods and results. The authors ranged from students and 
professional institute researchers to industry investigators. The “Best 
Poster” winner was Jake McLain, a graduate student at the University 
of Illinois, Center for Plasma Material Interactions (Urbana, IL). 
Jakes’s poster was entitled “A Method to Improve High-Power 
Impulse Magnetron Sputtering for Industrial Applications”. 

-Carl M. Lampert, SVC Technical Director, cmlstar@sonic.net

TECHCON2016

Best Poster Winner: Jake McLain.
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Nathaniel H. Sugerman Award
The Nathaniel H. Sugerman Memorial Award was established in 
1992 to commemorate the efforts of Nat Sugerman (1922-1991) in 
founding, nurturing, and supporting SVC.

André Anders  Lawrence Berkeley National Laboratories, Berkeley, CA 
Award Citation: For his many contributions to the 
science of plasmas, particularly time dependent 
effects in magnetrons, and vacuum coating 
technology education
André grew up in East Germany. He applied 
to study physics abroad with the (communist) 

government and was told to learn Polish and go to the University 
of Wrocław, Poland. The precursors of the collapse of the “Soviet 
Empire” were obvious in Poland in 1980. In the summer of 1981, 
he was called back on the eve of Poland’s Martial Law. André 
continued his studies at Humboldt University in (East) Berlin 
to get his Dipl. Phys. (M.S.) Degree in 1984 on dielectric barrier 
discharges. He again applied to study abroad, this time being told to 
learn Russian and to attend Lomonosov Moscow State University, 
where he researched atmospheric pressure discharges. In 1987, he 
completed his PhD at Humboldt University. His first job was at 
the Academy of Sciences (Berlin). He was then drafted to the East 
German military service. He learned to drive a truck and, on the 
side, started to compile fundamental and practical formulas for 
plasma physics. He arranged this collection as a book that appeared 
in print in 1990, just months after the fall of the Berlin Wall. The fall 
of the Berlin Wall was a turning point in his life. It opened the door 
to apply for funding and to pursue opportunities abroad. 

After completing research on cathode spot plasmas (1990-91) 
at the Academy of Sciences, André joined Lawrence Berkeley 
National Laboratory (LBNL), in Berkeley, California, initially as 
a visiting researcher and later as Staff Scientist. His research at 
LBNL shifted from plasmas to materials, thin films, and surface 
engineering. For example, he worked on filtered arc technology 
for the deposition of ultrathin diamond-like carbon films, which 
is still used today by manufacturers of read-write heads in the 
magnetic storage industry. The range of topics and applications 
of his research at LBNL is wide, including optical and protective 
coatings, switchable materials and layer systems for electrochromic 
windows, formation of nanoparticles, ion implantation, plasma 
immersion ion implantation to produce graded interfaces and well-
adherent coatings, doped diamond-like carbon for biointerfaces, 
and transparent conducting oxides. 

André has published 3 books and over 300 papers in peer-
reviewed journals. His work has been recognized by several awards, 
including two R&D100 Awards, the IEEE Merit Award, the Walter 
P. Dyke Award, and the SVC Mentor Award. He is currently Editor-
in-Chief for the Journal of Applied Physics. For his contributions 
to plasma and material sciences, André was elected Fellow of the 
American Physical Society (APS), American Vacuum Society 
(AVS), the Institute of Electrical and Electronic Engineers (IEEE), 
and the Institute of Physics (IoP).

 

SVC Mentor Award
The SVC Mentor Award program was established to recognize 
those who have made or are making significant contributions to 
the SVC and/or the industry. 

David J. Christie  Advanced Energy Industries, Inc., Fort Collins, CO
Award Citation: For his contributions to the 
understanding of, and power supply technology 
supporting reactive magnetron sputtering
In 1995 Dave joined AEI, where he is currently 
Director of Applications Technology - previously 
serving as Director of Engineering and Senior 

Scientist. Before joining AEI, he held various positions at IXYS 
Colorado, Lawrence Livermore National Laboratory, and General 
Motors. In addition, he also had an adjunct faculty appointment 
at Colorado State University. He received his PhD from Colorado 
State University, MSEE from University of Illinois, and BEE 
from Kettering University. His experience and expertise include 
product development, technology development, advanced power 
applications for thin films, and intellectual property. He has 
numerous thin film related publications, and several patents.

Paolo Raugei  Deposition Technology Innovations, Jeffersonville, IN
Award Citation: For his key roles in championing 
the SVC strategic plan, as a founder of the SVC 
scholarship program and the SVC Foundation, 
for service on both boards of directors, and as 
Foundation Chair
Paolo’s vacuum coating career began in 1976 

when he joined the Italian vacuum metallizing equipment maker 
Galileo Vacuum Systems. He has fond memories of the company’s 
pioneering spirit in vacuum web coating technology. His career 
with Galileo took him all over the world. In 1989, he finally landed 
in the US as VP of marketing for Galileo Vacuum Systems, Inc. 
The same year coincides with his introduction to the SVC where 
he served in different roles over the years, most recently serving as 
Chair of the SVC Foundation. In 2012 he joined DTI, a fast growing 
web sputter coater, which gave him the opportunity to transition 
from equipment to product development. 

SVC Awards Committee Solicits Nominees for 
2017 Awards

The SVC Awards Committee is charged with the annual selection of the 
Nathaniel H. Sugerman Award recipient for distinguished achievement. The 
committee also selects recipients of the Mentor Award given to those who have 
made significant contributions to the society or the vacuum coating industry. 
 The criteria for the awards, as well as a list of past awardees can be found at 
http://www.svc.org/AboutSVC/Awards.cfm. The nomination should be 
in writing, and include a brief, thoughtful statement about the individual 
including why he/she should be considered for the award. 
 Submit nominations to the Committee Chair, before December 15, 2016.  
Awards Committee Chair: Clark Bright, Bright Thin Film Solutions (retired, 3M),  
brightcrew@aol.com 

2016 SVC Awards
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Change in 
SVC Management Services

Vivienne Harwood Mattox
MPI President
SVC Executive Director (1988-2016) 
Donald M. Mattox
MPI Secretary/Treasurer
SVC Technical Director (1991-2007)

Announced at the 2016 SVC Annual Business Meeting 
It was announced in Indianapolis at the 2016 SVC Technical 
Conference that the management of services for the Society of 
Vacuum Coaters would change from Management Plus, Inc. (MPI), 
Albuquerque, NM to ASM International, Materials Park, OH on July 1, 
2016.

For over 27 years Vivienne and Don Mattox (MPI) have managed 
SVC by initiating and implementing, with Board of Directors 
approval, many creative new programs that have bridged the 
academic and manufacturing worlds of vacuum coating technology 
and surface engineering. These programs have led to the worldwide 
recognition of SVC as a truly professional society among engineers, 
scientists and academics. MPI has striven to meet the needs of 
individuals and companies within the vacuum coating community. 
The development of successful education programs, a vibrant 
exhibit that emphasizes networking and information exchange, 
high quality publications in print and online – including the 

SVC and SVC Foundation  
Student Sponsorship Program

Sponsored by SVC
Martin Caron École Polytechnique de Montréal, Canada
Fabio Ferreira University of Coimbra, Portugal
Deepak Kumar Kaushik Indian Institute of Technology Madras, India
Adam Obrusnik Masaryk University, Czech Republic
Wu Chang Peng National Chung Hsing University, Taichung, Taiwan
Shaun Robertson University of the West of Scotland, United Kingdom
Roya Rudd University of South Australia, Australia

Sponsored by the SVC Foundation
Mohammad Bah University of Delaware, USA 
Bin Dong University of North Texas, USA 
Renan Oss Giacomelli Universidade Federal de Santa Catarina, Brazil
Erika Herrera Jiménez École Polytechnique de Montréal, Canada
Daniel J. Higgs University of Colorado, USA

The SVC Student Sponsorship Program provides travel support 
and conference registration fee waivers to selected full-time 
students to present their work at the TechCon. Selections are 
made based on the quality and relevance of the student’s project 
to the interests and mission of the SVC. 

Figure 1. 2016 MPI TechCon Operations Team, left to right: Sue Jordan (19), Jacque Matanis (26), Quindi 
Robertson (1), Linnea Dueker (21), Matt Kochis (21), Kim Fay (22), Beth Strong (8), Christina Miller (13), 
Marge Kozak (9). Missing from the photo is Bette Kauffman (6).

Bulletin magazine – have been some of the goals. This could not 
have been achieved without a strong partnership between MPI 
and an incredibly talented team of a dozen dedicated professional 
employees and contractors. Figure 1 shows the 2016 MPI TechCon 
Operations team (with their number of years at various TechCons 
noted in parentheses). Other current MPI management team 
members are Miriam Hill (graphic designer) and Nancy Bramlett 
(web mistress) who have had key roles in the design and promotion 
of SVC TechCons for several years and have also worked at the 
TechCons. 

Following the TechCon, MPI has assisted ASM International with 
the management transition of all SVC programs and publications.

TECHCON2016TECHCON2016TECHCON2016

Young Members and students network at the Young Members/Mentor "Happy Hour".
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All Mark I & II Ion Source parts in-stock!

Try Intlvac’s
Long-life Hollow Cathode Tip

Mark I, I+, II & II+ components!

1.800.959.5517  •  www.intlvac.com/parts

2016 Exhibit + Networking
34% of ALL ATTENDEES in 2016 were First Timers
Data Source: SVC Online Registration System

Demographic questions were “required” as part of the on-line 
registration system. The majority of the attendees stated that their 
primary reason for attending the SVC Conference was to network 
and gain new contacts. This response was followed by the need to 
obtain new customers for products/research, and the need to update 
their technical knowledge by attending the technical sessions and 
tutorial courses. 

2016 TechCon Registration and Exhibit Data
Total number of TechCon registrants 1,155
Number of TechCon registrants from outside North America 233
Registrants were primarily from Europe, Asia, Australia and South America
Number of Exhibiting companies (21% from outside USA) 164  
Number of First-time Exhibiting companies 23
Number of 10’x10’ booths sold 196

First Booth Choice 2016 Raffle Winner – Matthew Hughes, 
Semicore Equipment, Inc. Matt will be the first to choose a booth 
location at the 2017 TechCon Exhibit in Providence, RI. 

Social Networking Events 
The importance of Networking 
Events at a conference that 
facilitates face-to-face discussions 
should not be underestimated.

The Welcome Reception on 
the first evening of the TechCon, 
immediately following the Awards 
Ceremony, combined ambience and 

good food with live music, and provided the perfect networking 
opportunity for attendees to connect with old friends and new 
faces. SVC gratefully acknowledges the financial support for this 
event from Denton Vacuum, LLC.

SVC hosted two events inside the Exhibit Hall – a Reception on 
Wednesday before the close of the first day, and a luncheon buffet 
on Thursday. Materion and Plansee sponsored the Specialty Coffee 
station each day and Vacuum Research Corporation sponsored 
the Frozen treats on Thursday afternoon. The Exhibit closed on a 
high note on Thursday with the ever-popular traditional Beer Blast 
sponsored by VON ARDENNE GmbH, Germany.

The Casino Fun 
Networking Mixer was 
a major new evening 
event on Wednesday that 
provided exhibitors with 
an opportunity to mingle 
directly with the technical 
program attendees 

away from their booth in the Exhibit Hall. It was a very successful 
dinner event that enabled the growth of business relationships in an 
environment that was primarily social. SVC acknowledges IntlVac 
as the generous sponsor for this event and donor of the first prize; 
thanks also go to R.D. Mathis who supplied two additional prizes.
Some Comments from Attendees 
Positive Reponses:
~ Indy was a great choice
~ Invited talks (I listened to) were good – which they have not always been in the past
~ Really enjoyed the TechCon 2016 and hope to be able to attend the next one
~ Prefer to extend the Exhibit to 3 days (only 12:00 p.m.- 5:00 p.m.). This would give  
 attendees more time to engage with exhibitors without missing too much of the  
 technical sessions 
~ TechCon provides a good platform to interact with eminent researchers and   
 experts for networking  

Not so Positive Responses: 
~ Whereas having the DLC Technology Forum Breakfast the same day as the DLC   
 course resulted in great attendance, the DLC talks in parallel to the DLC   
 course had poor attendance
~ Breakfast session timings were too early. 8.00 a.m. preferred
~ SVC really needs to work on the content and quality of the presentations. Some   
 presentations were purely commercial advertisements
~ More information needed to assist in selecting a course appropriate for my skill   
 and knowledge level
~ Provide more food for free
~ More variety of papers in the optical thin films field (the conflict with the Optical  
 Interference Coatings Conference (OIC) this year probably had an impact)
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Education Program  
at 2016 TechCon and other locations

2016 TechCon Tutorial Course Program in Indianapolis 
— a huge success!
Total attendance and net revenue from the twenty-one tutorial 
courses was higher than at any TechCon since 2011. Reasons for 
this welcome success are probably based on several significant 
changes that were made to the program that had an impact on 
attendance. These included a complete revamp of every tutorial 
course description to make it more clear as to the appropriate 
background of registrants who would benefit from the course, 
and the decision to offer discounted course fees to 2016 SVC 
members for the first time. Another factor could be that the SVC 
TechCon had never before visited Indianapolis and the location had 
similarities to Chicago where SVC tutorial courses have performed 
extremely well in the earlier years of 2011 and 2008. 

Another factor that has been considered is the impact of the 
Webinar and On-Location Program presentations on the courses 
offered at the TechCon. Care had been taken to minimize this 
possible concern in the months leading up the 2016 TechCon.

Online Education ... Webinars and Long Distance Learning
The Webinar Program (13 webinars) has established itself as an 
excellent online training resource for those companies that have 
limited travel budgets for training. All live courses that have been 
presented since 2012 are available in a recorded format via WebEx 
On-Demand Webinars on the SVC Website. Discounts offered 
to groups of 5 or more individuals have been very successful in 
enabling SVC to receive repeat regular customers in the past 12 
months. 

Another online Long Distance Learning program between SVC 
and the University of Delaware has been successfully offered twice 
each year for the past 10 years. It is next scheduled for December 
5-16, 2016. However the program will need to undergo some 
changes in 2017, as the CD-ROM on which this program has been 
based is no longer available after 2016.

TECHCON2016TECHCON2016TECHCON2016

On-Location Tutorial Course Program
Customization of tutorial course presentations to meet the needs of 
industrial organizations via the On-Location Program has become 
a relatively new and greatly appreciated feature of recent contractual 
individualized presentations. 

The presentation of SVC tutorial courses at International 
Conferences – another format for the On-Location programs – 
has been in place since 2008. Between October 2015 and 2016, 
customized course programs have been presented at the 9th 
Symposium on Vacuum based Science and Technology, Koszalin, 
Poland in November 2015, and at the Seventh International 
Conference on Fundamentals and Industrial Applications of 
HIPIMS in Sheffield, UK in June 2016. The next SVC tutorial course 
will be presented at PSE 2016 – 15th International Conference on 
Plasma Surface Engineering, Garmisch-Partenkirchen, Germany on 
September 15, 2016. These international educational presentations 
have encouraged individuals and exhibiting companies from 
Europe and Asia to become increasingly involved in all aspects of 
the SVC TechCon.
Vivienne Harwood Mattox, Management Plus, Inc. vivienne.mattox@mpinm.
com and 2016 Education Committee Chair, Syed I. Shah, University of 
Delaware ismat@udel.edu

 

Webinars
On-Demand (Recorded) and Live
http://www.svc.org/Education/Webinars.cfm

Distance Learning (Self-Paced Tutorial)
SVC and University of Delaware present 
Fundamentals of Vapor Deposition, Dec 5-16, 2016
http://www.svc.org/Education/Distance-
Learning.cfm
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Networking Lounge › $4,950 AVAILABLE

Beer Blast › VON ARDENNE

USB Flash Drive › Agilent Technologies

New! Mobile App Splash Screen - $3,500 AVAILABLE

Badge Lanyards › Telemark

Notepad › Reliable Silver Corporation

Specialty Coffee Station
 › Materion 
› PLANSEE 

$2,800 One more sponsorship AVAILABLE

Wednesday Evening Networking Mixer 
 › Intlvac Thin Film

Frozen Treats in the Exhibit Hall 
 › Vacuum Research Corporation

Exhibit Reception Sponsor 
$2,400 AVAILABLE

Welcome Reception Sponsor  
› Denton Vacuum, LLC

Conference Tote Bags
› Brooks Automation, Inc.

›Fil-Tech, Inc.
› Nordmeccanico Group 

› UC Components, Inc. 
$2,350 One sponsorship AVAILABLE

On-Line Registration Splash Page 
$2,300 AVAILABLE

Bottled Water › DHF Technical Products

Hotel Registration Splash Page › R.D. Mathis Company  

Thinfilm Systems

PVD ALD ( ) CVDPVD, ALD (Spatial), CVD
Evap, Automation

Flex R2R , Glass SheetsFlex R2R , Glass Sheets
Wafers (125/156/200/300/ 450RD)
Volume Production Equipment
Coating Services Process DevelopmentCoating Services, Process Development

www.kurdex.com +1 408 734 8181

REGISTER ONLINE NOW at WWW.SVC.ORG 
– for Your Badge and to Attend Networking Social Events
Early Bird Pricing Ends on April 9.

Networking Goals: Relationships are built and discussions 
take place during every Networking Event. These cannot be 
compared to the type of interactions that occur through digital 
means!

 • Link attendees with exhibitors both inside and outside the
Exhibit Halls – by offering specialty coffee breaks, Poster session, 
and reception in the Exhibit Hall prior to a Wednesday evening 
Networking Mixer with dinner buffet at the Hyatt Indianapolis 
for everyone on exhibit day 1. This is followed by an SVC hosted 
lunch, frozen treats, Beer Blast and awards presentations inside 
the Exhibit Hall on Thursday, exhibit day 2. SVC exhibitors 
really appreciate our 2-day Exhibit!

 • Interact in the SVC Networking Lounge located just outside
the Exhibit Hall for quiet conversation. 

 • Mingle with old friends, meet new colleagues, exhibitors and
Award recipients – at the Welcome Reception on Monday 
evening – a great way to start the conference week.

 • Foster the involvement of young conference attendees and
students in SVC – at the Young Members Group and Happy 
Hour on Tuesday evening. The mentoring program offers 
participants the opportunity to engage in one-on-one discussions 
with volunteer mentors from industry and academia. Young 
members are students and young people with an interest in 
vacuum coating and related technologies, who are 35 and under, 
at any time in 2016.

 • Enjoy the SVC Foundation Golf Tournament and 5K Fun Run
Walk! (see page 52)

For more details visit the NETWORKING button at www.svc.org/
SVCTechCon

TECHCON2016

TechCon SOCIAL  
NETWORKING

For more information, contact:

Christina Sandoval 
Global Exhibition Manager 
9639 Kinsman Road | Materials Park, Ohio 
44073-0002 USA

P 440.338.5151 ext. 5625 
E Christina.Sandoval@asminternational.org   
www.asminternational.org

FOR MORE INFORMATION CONTACT:

SVCINFO@SVC.ORG     440.338.5151    WWW.SVC.ORG

Call-for-Papers

Important Dates

Important  
Deadlines

PLAN TODAY TO ATTEND  
THE GO-TO SHOW FOR THE  
VACUUM COATING INDUSTRY.

EXHIBIT AT THE LARGEST EXPO  
DEDICATED TO VACUUM COATING 
TECHNOLOGIES

60th Annual Technical  Conference  

RHODE ISLAND CONVENTION CENTER | PROVIDENCE, RHODE ISLAND | April 29-May 4, 2017

NOW ACCEPTING ABSTRACTS FOR  
THE SYMPOSIUM AND TECHNICAL SESSIONS. 
The Technical Program will focus on the materials  
and processes utilized in the vacuum coating industry.  
Visit www.svc.org to view the full list of topics.

Abstracts Due: October 10, 2016

MAY 1 - 4: TECHNICAL PROGRAM

APRIL 29 - MAY 4: EDUCATION PROGRAM

MAY 2 - 3: EQUIPMENT EXHIBITION

MAY 1 - 4: INTERACTIVE NETWORKING

SEPTEMBER 26, 2016:  
FIRST EXHIBITION BOOTH DEADLINE 

OCTOBER 10, 2016:  
ABSTRACTS DUE 

OCTOBER 10, 2016: 
SPONSORED STUDENT APPLICATION DUE

MAY 1, 2017 :  
PAPERS DUE 

Reserve Early for Best Booth Selection & Price !

Reserving a booth early is essential for exhibitors 

who want to be prominently placed on the exhibit 

floor and engage face-to-face with industry 

decision makers.

Exhibitor  
Information

EXHIBIT DATES AND HOURS*
TUESDAY, MAY 2:  10:00 a.m. – 5:30 p.m.

WEDNESDAY, MAY 3:  10:00 a.m. – 5:00 p.m.

*exhibit hours subject to change

BOOTH FEES
RESERVE BY SEPTEMBER 26, 2016 - $2,495

RESERVE AFTER SEPTEMBER 26, 2016 - $2,595

10 ft. x 10 ft. space includes: 8 ft. back drape,  

3 ft. side dividers, and a 7 in. x 44 in. one-line  

identification sign. 

SVC TechCon 2 Page Spread.indd   2-3 8/18/16   11:24 AM
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TechCon sponsors are recognized as key players in 
the vacuum coating community, and every sponsor is 
acknowledged during their sponsored event with prominent 
signage, on the SVC Website and in all SVC publications 
throughout the year. Participate in our Sponsor Program 
to reinforce your name recognition and demonstrate your 
commitment to the industry. Choose the sponsorship that 
fits your budget from the list.

Networking Lounge › $4,950 AVAILABLE

Beer Blast › VON ARDENNE

USB Flash Drive › Agilent Technologies

New! Mobile App Splash Screen - $3,500 AVAILABLE

Badge Lanyards › Telemark

Notepad › Reliable Silver Corporation

Specialty Coffee Station
 › Materion 
› PLANSEE 

$2,800 One more sponsorship AVAILABLE

Wednesday Evening Networking Mixer 
 › Intlvac Thin Film

Frozen Treats in the Exhibit Hall 
 › Vacuum Research Corporation

Exhibit Reception Sponsor 
$2,400 AVAILABLE

Welcome Reception Sponsor  
› Denton Vacuum, LLC

Conference Tote Bags
› Brooks Automation, Inc.

›Fil-Tech, Inc.
› Nordmeccanico Group 

› UC Components, Inc. 
$2,350 One sponsorship AVAILABLE

On-Line Registration Splash Page 
$2,300 AVAILABLE

Bottled Water › DHF Technical Products

Hotel Registration Splash Page › R.D. Mathis Company  

Gold - $2,800
 › INFICON

 › Ionbond - IHI Group 
 › Soleras Advanced Coatings 

 › Vergason Technology, Inc.

Silver - $1,900
 › Advanced Energy Industries, Inc.

 › Bürkert Fluid Control Systems
 › GfE Metalle und Materialien GmbH

 › Heraeus Materials Technology 
 › Indium Corporation

› SAFINA
 › Umicore Thin Film Products

Bronze - $950
› BOBST Manchester Limited

 › Hauzer Techno Coating – IHI Group
 › MDC Vacuum Products, LLC

for more information
svcinfo@svc.org

505.856.7188
www.svc.org
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Sponsors
THANK YOU

Benefits of sponsorship start when you sign up and 
last until long after the TechCon! 

TECHCON2016
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This work was presented at the 59th SVC Technical Conference in 
Indianapolis, IN, as an Invited Presentation on Tuesday, May 10, 2016.

Abstract
We describe measurements of a previously ignored reactive 
sputtering variable that shows hysteresis: sputter cathode 
heating. Analysis of the heating hysteresis data provides a direct 
determination of the ion-induced secondary electron emission 
coefficient. This determination can be made at any operating point 
of the process from metallic sputtering to oxide sputtering and all 
points in between. This seems to be a totally new method, is direct 
and simple, and in many respects provides better values than any 
previous method. The results also lead to a better understanding of 
the reactive sputtering process. Additionally for the many processes 
in which the secondary electron yield rises with added reactive gas, 
monitoring the cathode heating hysteresis will allow an increase 
in the power delivered to the cathode, and thus an increase in rate, 
without excessive heating of the cathode. We report results for 
SiAlOx, AlOx, and TiOx. 

Introduction
Reactive magnetron sputtering is an important process used for 
producing thin films of a wide range of metal compounds (oxides, 
nitrides and carbides) for applications including optical, dielectric, 
transparent conductive, semiconductor, protective, and barrier 
coatings. The principle is simple: start with a metallic target and 
add enough reactive gas (oxygen, nitrogen or carbon containing 
gas) to allow formation of the desired compound on the substrate. 
Unfortunately, it is seldom that simple. A complexity arises because 
of the pronounced hysteresis observed while relating desired 
process outcomes to traditional control variables. The hysteresis 
separates two distinct operating modes: the process space that 
enables the preferred deposited-film stoichiometries; and the 
process space that enables the much higher rates possible with 
metal targets operated without reactive gas additions. 

There are many solutions to this difficulty, and, to be sure, this 
paper does not offer a new solution. Rather it describes a method 
to determine the ion-induced secondary electron emission (ISEE) 
coefficient based on measurements of the sputter cathode heating 
hysteresis, by simply measuring the temperature rise of the coolant 
as a function of reactive gas additions. The advantages of this 
method over previous methods will be described. This method 
enables the determination of the ISEE coefficient at any operating 
point of the process in any coating systems (production, pilot, 
or lab scale). This in turn allows an improved understanding 
of the reactive sputtering process, especially within its most 
technologically important region: the region of reactive gas flows or 
partial pressures where hysteresis effects dominate. This seems to be 
a totally new method and is direct and simple. Additionally for the 
many materials systems wherein the secondary electron yield rises 
with added reactive gas, monitoring the cathode heating hysteresis 

will allow an increase in the power delivered to the cathode, and 
thus an increase in rate, without excessive heating of the cathode.

The Importance of the Oxide ISEE Coefficient
Oxide ISEE coefficients have been difficult to measure under actual 
sputtering conditions [1]. Ion beam methods [2] are powerful but 
give values that may not be appropriate for magnetron systems 
used for coating because they don’t properly account for the large 
fraction of electrons that are “recaptured” in the magnetic fields 
of our sputter coating tools. The fraction of secondary electrons 
recaptured has been estimated to be between 65% and 75% 
[3]. A second method is based on correlating cathode voltage 
measurements to ISEE coefficients [4]. This method is powerful in 
that it produces values for a large range of materials and has led to 
significant improvements in our understanding of the trends for 
ISEE coefficients for differing target materials. However the results 
are cathode and pressure specific and may be difficult to extrapolate 
to other systems. Moreover the oxide ISEE coefficients produced 
are generated only under conditions in which the targets are fully 
oxidized. By contrast our results shows that the ISEE coefficient 
for a partially oxidized metal target (for oxygen flows within the 
hysteresis loop where most production coating systems operate) 
may be higher than that in the fully oxidized mode for certain 
materials. 

The lack of good values for the ISEE coefficient for oxide surfaces 
under real sputtering conditions hamper efforts to accurately model 
the discharges in sputter coating systems. It has been reported that 
the “literature data for ion-induced emission yield of oxides are 
scarce” [5], and that this scarcity “is probably the most fundamental 
factor limiting the output of magnetron simulations” [6]. The ISEE 
coefficient directly and significantly affects the operating cathode 
voltage [7]. The cathode voltage affects the energy of the secondary 
electrons entering the plasma and, in turn, the many ionization 
reactions, energy transfer and thermalization processes that ensue.

Experimental
The experiments were carried out in a pilot scale roll-to-roll 
sputtering system using a pair of custom-made planar cathodes 
with face sizes of 7.82 cm x 43.28 cm (3.08 inches x 17.04 inches) 
operated in dual cathode mode. They were powered by an 
Advanced Energy Industries PEII 10K power supply operated at 
40 kHz and 5 kW. Coolant temperature measurements were made 
using immersion thermocouples mounted in the branch of a tee 
with the coolant flowing in and out of the running ends of the 
tee so as to insure the sensor was fully immersed in the coolant 
flow. Measurements were made five minutes after a change in 
oxygen flow to allow the system to come to thermal steady state. 
The nominal coolant flow rate in the closed-loop cooling system 
was monitored using an in-line rotameter measurement. For our 
work with SiAlOx, the argon flow was 350 sccm, the oxygen flow 
was varied in steps from 0 to 100 sccm and back to 0. The system 

Cathode Heating Hysteresis in Reactive Magnetron Sputtering: A Path to 
Accurate Values of the Ion-induced Secondary Electron Yield
by Donald J. McClure1,2, Cedric Bedoya2, Edward J. Anderson2

1Acuity Consulting and Training, Lindstrom, MN, 23M Corporate Research Laboratories, St Paul, MN Contributed Original Article
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is diffusion pumped; the pressure without added oxygen was 3.1 
mTorr. We also looked at AlOx and TiOx; the cathode power, gas and 
water flows, and pressures for those systems are reported below.

Background 
The Berg model [8] for reactive sputtering does an excellent job of 
describing what happens to the reactive gas partial pressure and 
cathode material removal rate as the reactive gas flow is increased 
under steady state conditions. The model is based on incrementally 
changing the reactive gas partial pressure and calculating the steady 
state fluxes and surface coverages for all surfaces in the sputtering 
system. These values are then used to calculate the gas flows and 
cathode material removal rates. The hysteresis in those latter two 
variables appears naturally. 

The relationship between reactive gas partial pressure and 
flow is often presented with flow on the x-axis, suggesting that 
it is the independent variable. The resulting graph features the 
familiar hysteresis loop within which there are three values of 
partial pressure for each value of flow. Stable operations under 
flow control can only be maintained for points around the 
periphery of the hysteresis loop but not within its interior. For 
most systems that means either non-stoichiometric films at 
high rates or stoichiometric films at low rates. In contrast to the 
implications of the normal presentation which shows the flow as 
the independent variable, the model itself treats the partial pressure 
as the independent variable and calculates the reactive gas flow in 
response to changing the partial pressure. When viewed this way 
the reactive gas flow always has a single value as the partial pressure 
is changed. This is the basis for many modern control strategies 
that provide stable operation at points within the hysteresis loop 
by control of the reactive gas partial pressure, whether measured 
directly with lambda probes or mass spectrometry, or indirectly via 
a variety of optical methods, or, with certain materials, using the 
cathode voltage as a proxy for the partial pressure. Under partial 
pressure control, good film stoichiometries and higher rates are 
simultaneously possible. A similar plot of the cathode material 
removal rate as a function of gas flow shows a comparable hysteresis 
loop.

When sputter cathode heating is monitored, it is most often done 
to confirm that the cooling system is working normally, which in 
turn ensures the integrity of our sputter cathodes. In the method 
described here, the temperature rise for coolant flowing through the 
cathode is monitored as the reactive gas is added to the system and 
compared to the same measurement while sputtering in the metal 
mode (typically in pure argon) at the same power input. That data 
can be transformed to calculate the ISEE coefficient at any value of 
added reactive gas flow. The basis for this method is described next.

Method
We show our method by using reactive sputtering of SiAlOx as an 
example. We will later share results for sputtering of AlOx and TiOx. 
Electrical power is the product of voltage and current. The power 
measured by our power supplies is the product of the cathode 
voltage multiplied by the sum of the positive ion current to the 
cathode plus the negative electron and negative ion current leaving 
the cathode. We may get sloppy in our thinking and neglect the 
negatively charged species leaving the electrode, but our power 
supplies cannot distinguish between these two components. This 

is hardly a new concept. In a 1955 review article [9], Fred Wehner 
remarked: “The ion current to the cathode cannot be divorced from 
the electron current leaving the cathode. Yield data are therefore 
usually given in S/(1+γ), leaving the actual value of γ (number of 
electrons liberated by one impinging ion) open.” The S in Wehner’s 
reports are the measured sputter yield values. He does not know the 
value of γ, but recognizes the need to reduce S by (1+ γ) to get true 
sputter yield values.

By contrast the heat delivered to our cathodes due to ion 
bombardment, to first order, is the cathode voltage multiplied 
by the positive ion current to the cathode, with no contribution 
from electrons or negative ions leaving. The energy consumed in 
sputtering an atom or other species of material off a cathode is the 
sum of the departing specie’s sublimation energy and its gas phase 
kinetic energy. These energies are small compared to the heating of 
the cathode and will be considered later. 

The ion induced secondary electron emission coefficient, γ, is 
defined as,

 γ = i− / i+, (1)
 or,
 i− = i+ * γ, (2)

where i- is the current of secondary electrons generated due to 
the positive ion bombardment, and i+ is the positive ion current, 
typically Ar+ in metal mode or a mix of Ar+ and oxygen ions 
in oxide mode. For simplicity we will describe oxygen reactive 
sputtering; the changes needed for nitrogen or carbon based 
reactive sputtering are straightforward. Again for simplicity we will 

continued on page 30
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also ignore the reality that metal atoms sputtered off the target may 
get ionized in the plasma and contribute to the positive ion current. 
Our results do not depend on the identity of the positive ions 
bombarding the target. 

For those who deposit onto polymer substrates or other 
substrates that may carry water into the discharge, it is appropriate 
to note that the water can dissociate in the plasma forming H+ ions, 
among others. H+ ions formed in this way contribute to the positive 
ion current and to heating but are almost completely ineffective ions 
for sputtering due to their very low mass. 

The electrical power into the cathode can be written as 
  Welectrical = V * (i+ + i−) (3)

where V is the cathode voltage.

The thermal power (heat) into the cathode can be written as
  Wthermal = V * i+ (4)

This heat is that which at steady state is removed by the coolant. 
Note that there is no contribution to the heating from the negative 
electron or negative ion current leaving the cathode.

If we start with a cathode being operated in metal mode and 
add enough oxygen to move it through the transition zone into the 
oxide or poisoned mode, many changes occur. The first material 
studied here, SiAlOx, shares characteristics with many but certainly 

not all materials. When enough oxygen is added to enter the 
transition zone, the cathode voltage drops significantly, as shown 
in Figure 1. Our data is taken at constant power, thus when the 
voltage drops, the total current must increase. We will see that the 
ISEE coefficient for the oxide target is much greater than that for the 
metal target. This implies that for an oxide target, a greater fraction 
of the total electrical current is produced by the secondary electron 
current and a lesser fraction by the positive ion current, compared 
to the same values for metal targets. This further implies that the 
heat into the cathode, as measured by the change in the coolant 
temperature, decreases. Figure 1 also shows data confirming 
the change in the coolant temperature for SiAlOx sputtering 
as the oxygen flow is increased. The method used to convert 
measurements of the change in coolant temperature to values 
for the ISEE coefficient is shown next. Remarkably the following 
analysis does not depend on the changes in cathode voltage. 

We can write the sum of the currents at the cathode as,
 (i+ + i−) = (i+ + i+ * γ) = i+ * (1 + γ), (5)

and substitute that result into equation 3. Thus 
 Welectrical = V * i+ * (1 + γ). (6)

Since, we hold Welectrical constant while adding oxygen, we can say,
 Wm

electrical = Wox
electrical,  (7)

where the subscripts refer to metal or oxide mode. Substituting 
equation 6 into equation 7, we get, 

 Vm * im
+ * (1 + γm) = Vox * iox

+ * (1 + γox). (8)

Cathode Heating Hysteresis in Reactive Magnetron Sputtering:  
A Path to Accurate Values of the Ion-induced Secondary Electron Yield
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Solving for γox, 
 γox = (1+ γm ) * (Vm * im

+ / Vox * iox
+) – 1. (9)

Using equation (4), we can rewrite this as
 γox = (1+ γm ) * (Wm

thermal) / (Wox
thermal) – 1.  (10)

If we now assume γm = 0.1, then
 γox = 1.1 * (Wm

thermal) / (Wox
thermal) – 1. (11)

For constant coolant flow, 
 γox = 1.1 * ∆Tm / ∆Tox – 1,  (12)
where ∆T is the temperature rise of the coolant for the respective 
modes, metal (∆Tm) or oxide (∆Tox). We will see that shortly that 
setting γm to 0.1 is not only a reasonable estimate but one that, if 
incorrect, causes only modest errors in our estimates of γox. When 
more accurate values for γm are known more accurate values for γox 
will result, but the method is still valid and sound.

Sputtering SiAlOx
Using the equation 12 we can convert the measured changes in 
∆T to values for γox. The results are also shown in Figure 1 for 
a sequence of increasing and then decreasing oxygen flows. For 
completeness we have added a plot of the oxygen partial pressure as 
a function of oxygen flow. The cathode voltage and ISEE coefficient 
values have been scaled to fit on the shared y-axis. Note that the 
data show hysteresis, in that the data for the first three variables 
for increasing oxygen flows are offset to the right from those for 
decreasing oxygen flows. The widths of the hysteresis loops for the 
three variables are narrow. This is consistent with the Berg model 
results for systems like this one in which the pumping speed is high. 
The oxygen pressure shows little or no detectable hysteresis but does 
show the expected change in slope at flows in the transition zone.

Figure 1. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 10), 
calculated ISEE coefficients, and oxygen pressure for sputtering a SiAl target while increasing the oxygen flow 
from 0 to 100 sccm and then decreasing it back to 0.

For low values of added oxygen, there is no change in the ISEE 
coefficient. The ISEE coefficient begins to rise only at flows higher 
than the point at which the voltage drops. This suggests that, for 
SiAlOx, the rise in ISEE coefficient occurs only in the racetrack 
and only when the racetrack is becoming oxidized. For our fully 
oxidized target the value for the ISEE coefficient is 0.6, yet there 

is one point in each of the curves, for increasing and decreasing 
oxygen flow, that has a higher value of 0.7. This suggests the 
possibility of an “oxide island” effect [10], which implies that the 
ISEE coefficient for a target with isolated islands of oxide on a 
partially oxidized surface is higher than that for a fully oxidized 
surface. These observations could also be explained by an ISEE 
coefficient for a uniform thin oxide layer that is higher than that for 
a thicker oxide layer; the data do not distinguish between the two 
possible mechanisms. 

Oxygen Negative Ions and Reactive Sputtering
While doing reactive sputtering in partial pressures of oxygen, we 
often must deal with oxygen negative ions [11]. Oxygen negative 
ions are formed at the target surface and are accelerated away from 
the target at energies equal to the cathode voltage. When these ions 
strike a growing film at typical energies they cause several types 
of damage: uneven etching of the growing film, compositional 
changes, and structural and electronic damage. In our analysis we 
cannot distinguish between oxygen negative ions leaving the target 
and ion-induced secondary electrons leaving the target. Thus one 
should think of the ISEE coefficient here as the ratio of the sum of 
the oxygen negative ion and electron currents to the total positive 
ion current. 

The Value for the Metal ISEE Coefficient and its Effect on the 
Oxide ISEE Coefficient Result
We have assumed a value for the ISEE coefficient of the Si/Al target 
in metal mode of 0.1. We examine the basis for that assumption 
here and also describe its effects of our determination of the oxide 
ISEE coefficient.

We do not have values for the ISEE coefficient for Si/Al, so an 
assumption needed to be made. Rossnagel [12] published results 
for four materials with values ranging from 0.024 (for Si) to 
0.15 (for Mo). These values were presented without reference to 
methods or sources. Depla’s group [13] has made ISEE coefficient 
determinations for fourteen metals with values for the ISEE 
coefficient ranging from 0.05 to 0.19. For reference, half of the 
18 values are in range from 0.08-0.12. We have used the largest 
and smallest values for the metal ISEE coefficients from these 
two sources to estimate the possible error of our use of 0.1 for 
our analysis. The results are shown in the Table 1 for the point at 
which we found the largest value of the ISEE coefficient and thus 
the largest possible error. The absolute values and per cent errors 
are shown. As can be seen, the calculated value for the oxide ISEE 
coefficient is relatively insensitive to the value assumed for the ISEE 
coefficient of the metal. Indeed when a good value for the ISEE 
coefficient of Si/Al in metal mode is determined, it will be easy to 
correct our estimate for the ISEE coefficient of the oxide. 

Table 1. γox values and percentage errors for calculating the maximum value for γox based on the highest and 
lowest values for γm found in the literature compared to our assumption, using a value of 0.1 for γm.
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γm 0.024 0.10 0.19 

γox
 calculated 0.57 0.68 0.82 

γox (% of 0.10 value) 84% 100% 121% 
Table 1. γox values and percentage errors for calculating the maximum 
value for γox based on the highest and lowest values for γm found in the 
literature compared to our assumption, using a value of 0.1 for γm.   

 
Increasing the oxide sputter rate 
For a materials with γox > γm, we have shown that the thermal power to the cathode drops when 
moving from the metal to the oxide mode. Thus the electrical power can be increased as the pro-
cess is moved into the oxide mode, by amounts inversely proportional to the measured amount of 
heating reduction, without changing the absolute heating of the cathode. Increased powers will 
lead to higher rates. For sputtering this class of materials, with cathodes thought to be operating 
at electrical powers limited by cathode cooling while in metal mode, still higher powers can be 
tolerated in oxide mode without overheating of the cathode. For the SiAlx material studied here 
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to the cathode drops when moving from the metal to the oxide 
mode. Thus the electrical power can be increased as the process 
is moved into the oxide mode, by amounts inversely proportional 
to the measured amount of heating reduction, without changing 
the absolute heating of the cathode. Increased powers will lead to 
higher rates. For sputtering this class of materials, with cathodes 
thought to be operating at electrical powers limited by cathode 
cooling while in metal mode, still higher powers can be tolerated 
in oxide mode without overheating of the cathode. For the SiAlx 
material studied here the implied tolerable power increase is 1.4x 
in fully oxidized mode and 1.5x at the points with the maximum 
coolant delta T reduction seen in Figure 1. Monitoring actual 
coolant temperatures is the best means to ensure an appropriate and 
safe choice.

Al/AlOx Sputtering
We performed a similar set of experiments using aluminum targets. 
The results are shown in Figure 2. In this system our method 
gives values for the ISEE in the oxide mode of 0.6 to 0.7, but we 
see no evidence for enhanced values of ISEE coefficient due to 
the oxide island effect. Other workers have published values of 
0.2 for the coefficient for AlOx using an indirect method (4). This 
latter method is based on sputtering the target in pure oxygen to 
insure it is fully oxidized, removing all the oxygen, adding argon, 
then measuring the cathode voltage as soon as the power supply 
stabilizes. The instantaneous cathode voltage is then used to 
estimate the ISEE coefficient based on the correlation of comparable 
voltage-coefficient relationships for other materials. Perhaps 
it speaks to the power of the method described here that the 
coefficient is determined directly. 

Figure 2. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 30), 
calculated ISEE coefficients, and oxygen pressure for sputtering an Al target while increasing the oxygen flow 
from 0 to 46 sccm and then decreasing it back to 0.

Ti/TiOx sputtering
We have also performed measurements on the reactive sputtering 
of Ti in oxygen. The results are shown in Figure 3. While adding 
oxygen to move the target from metal mode to oxide mode, we 

saw changes in the cathode voltage but no changes in the cathode 
coolant temperature, within the noise of our experiment. After 
the fact we discovered that little change was expected. Several 
researchers [4, 14] have noted that the ISEE coefficient for titanium 
oxide is less or at least slightly less than that for titanium metal. We 
ran our experiments without knowledge of that behavior. Luckily 
this was not the first material we looked at. 

Figure 3. Measured cathode voltages (divided by 1000), delta Ts for the cathode coolant (divided by 
20), and oxygen pressure for sputtering a Ti target while increasing the oxygen flow from 0 to 60 sccm and 
then decreasing it back to 0. The lack of a change in the coolant temperature implies no change in the ISEE 
coefficient, thus ISEE coefficient values are not plotted.
 

Neglected Energy Contributions and Measurement Errors – 
the Fussy Details
In our first order model we have neglected three contributions to 
the total energy budget. These three energy contributions are the 
sublimation energies for the sputtered material species leaving the 
target surface, their kinetic energies in the gas phase, and the energy 
to remove the secondary electrons from the target (for the metal 
mode, this is just the work function). To do a complete assessment 
of the impact of these contributions, they need to be evaluated for 
both the metal and the oxide. Since our method is referenced to the 
energy per arriving argon ion, the first two contributions need to 
be scaled by the values of the appropriate sputter yield and the third 
needs to be scaled to the ISEE coefficient for the metal or oxide as 
appropriate. 

Estimating the effects of neglecting these contributions is 
rather involved and subject to several uncertainties. Even if we 
assume values for all the uncertainties that are unfavorable to 
our method, the resultant absolute errors are small compared 
to the energies involved in the model and are comparable to the 
experimental errors for our present measurements. We will provide 
the details showing these estimates in a future publication. On the 
experimental side, we are in process of reducing our experimental 
errors in order to extract still more information from the data. 

Note that the determination of the ISEE coefficients in this 
method comes from ratios of powers. By using ratios, the absolute 
coolant flows, which are constant (on the time scales of our 
temperature measurement), cancel out. The absolute value of the 
flows are not needed. We only need the ratio of temperature rises. 

The ISEE coefficient, γox, by this method is given in equation 12. 
 One needs to make temperature measurements, take differences, 
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then ratios. We took ordinary care in our temperature 
measurements and had absolute uncertainties of 0.1 degree. We 
generally found it advisable to reduce our coolant flows for these 
data sets compared to the flows we might normally use during 
coating. This in turn raises the value of the temperature differences, 
and reduces the uncertainty in the resulting value of γox. The 
uncertainties are easy to calculate but tedious to write about. The 
uncertainty in γox for the data in Figure 1 is at its maximum in the 
fully oxidized mode where the ∆Tox is smallest and is calculated to 
be 3.8%.

Our three data sets show different values for the normalization 
of the change in coolant temperatures. The primary cause of 
these differences are due to using different coolant flows and 
different cathode powers used for each of the data sets. The flows 
were changed to insure good precision in the measurements 
of the change in coolant temperatures. Comparing the ratio of 
temperature rises, actual sputter powers, and actual water flows 
gives a self-consistent set of values with 85-95% (±10%) of the 
measured electrical power going to the cathode coolant loop while 
sputtering in metal mode. We hope to improve our measurements 
in the future to include determinations of more accurate values for 
where the power or heat goes. 

Summary
We have demonstrated a novel and simple method to determine the 
ion-induced secondary electron emission coefficient for reactive 
sputtering at any point in the reactive gas flow hysteresis loop. It 
appears to overcome shortcomings in previous methods and yields 
results which should enable much more accurate models of the 
reactive sputtering process to be demonstrated. We also learned that 
for a large class of materials the heat input to the cathode goes down 
when moving from metal mode to oxide mode. For those materials, 
the electrically measured power to the cathode can be raised by 
amounts comparable to the measured heat reduction without 
exceeding the cooling specifications for their cathodes. Higher rates 
can thus be obtained.
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Material optical constants are of critical importance 
in optical coatings. They consist of two parameters, 
refractive index n and extinction coefficient k, and 

they are often written together in the form of a complex number 
(n - ik). In fact, as any microwave practitioner will tell us, two 
more parameters are required for accurate interference structure 
calculations, the real and imaginary parts of characteristic 
impedance or admittance. However, in the optical regime we 
benefit from an immensely important simplification. At the 
exceedingly high frequencies that characterize light and optics, 
characteristic admittance is directly proportional to (n - ik), the 
constant of proportionality being Y, the characteristic admittance 
of free space, equal to 1/376.73031 siemens. Thus we need only 
(n - ik) for our calculations. We understand well the concept of the 
optical constants but it has taken more than two millenia for this 
to develop. We start our account with refraction and the refractive 
index and the associated bending of the light rays that dominates 
its history, a history that is also inextricably entangled with political 
history. Also, it will not escape the attention of the reader that the 
knowledge we have of individual contributors is limited to male 
participants.

Snell’s Law
The refractive index, n, first appeared in connection with refraction, 
that is the deviation of a ray of light when it passes through a 
surface between two media of differing refractive index. The 
incident ray is broken into a reflected portion and a transmitted, 
or refracted, portion, all of the various directions being coplanar 
with the normal to the surface. It was known at a very early stage 
that the angle between the normal and the reflected direction was 
always equal to that between the normal and the incident ray and 
this is the Law of Reflection. Not as much was understood about 
the refracted ray beyond the fact that its direction changed and 
it was a very long time before the Law of Refraction, the Law of 
Sines, the Law of Descartes, or Snell’sLaw, as it is variously called, 
was enunciated and still later when the concept of refractive index 
appeared. It is still not clear when all this actually occurred nor who 
really should have the priority.

The law is remarkably simple:
   

where n0 and n1 are the refractive indices on either side of the 
surface and the angles ϑ0 and ϑ1 are the corresponding angles 
between the ray directions and the surface normal.

Early Ideas of Refraction
The optical meaning of the word refraction is very familiar 

to us, as is the parameter refractive index. The term is derived 
from a combination of the Latin prefix re together with the third 
conjugation Latin verb frangere meaning to break, or sometimes 

to defeat, and with a perfect passive participle of fractus meaning 
broken.

We do not know where or when our story really starts. Surely as 
soon as man could make a spear it would have been observed that 
when partially immersed obliquely in water it would apparently 
bend at the point of entry. That this was a purely visual effect would 
have been well established. Apart from effects like this, there would 
also have been a sense of a line of sight as an apparent straight line.

Our most certain interpretation of history is derived from 
surviving documents. Without written records we are reduced 
to induction based on discovered artifacts. It seems clear that 
the Mesopotamians and Egyptians had considerable optical, 
geometrical and perhaps even trigonometrical skills, otherwise 
their advanced constructions would have been impossible, but we 
have little documentary details. Some worked crystals, shaped as 
lenses, date back to around 700 BCE. There is much debate about 
their possible use, but it appears likely that a primary one would 
have been as a burning glass. Even so, concentration of the sun’s 
rays would have been observed and interpreted as some kind of 
bending of light in a transparent solid.

The Greek Philosophers
Our more certain knowledge, although still fragmentary, starts 
with the Greek philosophers although the writings that we rely 
upon are all centuries-later accounts and virtually all copies of 
copies. Nowadays we tend to interpret the term philosophy rather 
narrowly, mostly denoting the study of the meaning of existence, 
reality or morality, but the term has a much larger connotation. 
Especially in respect of the ancients, the term essentially means 
the study of all wisdom including what we would now describe as 
science and technology.

Ancient Greece was not really a country but rather a collection 
of city states spread over much more of the Mediterranean region 
than modern Greece and united by a common Greek culture 
but separated politically. Yet this loose collection of states was 
responsible for an almost incredible volume and rate of scientific 
development. Science advances steadily over a broad front as 
a common activity. A true history (we avoid the philosophical 
question of what this can possibly mean) is beyond complexity 
and thus accounts of progress describe individuals to whom are 
attributed advances in knowledge. Of necessity we must follow that 
method, but we must not fall into the trap of thinking that these 
philosophers worked in isolation. They were part of a community 
that possessed advanced knowledge and a multitude of skills, 
including the ability to construct accurate instrumentation. Our 
account largely concerns Europe and the Mediterranean because 
that is the information that exists.

Refraction is only one aspect of light and its propagation, 
and, at least in the early development of optics, impossible to 
disentangle from the whole. Optics in early Greek science is 
much concerned with the nature of vision. Although vision was 
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recognized as connected with light - one cannot see in the dark - it 
was not necessarily recognized as a simple sensing of light and its 
distribution. There were two conflicting theories that persisted for 
many centuries, the extramission theory that held that the eye itself 
was the source of sight-enabling radiation and the intromission 
theory that held that sight-enabling radiation emanated from the 
object itself [1]. Even today there is a common belief that a person 
can sense the gaze of someone looking at them [1].

Founded originally by Minoans, Miletus, situated on the 
west coast of southern Turkey, was, in the 7th Century BCE, an 
important Ionian city. Thales of Miletus (his approximate life span 
was 624-546 BCE) is one of the earliest Greek philosophers of 
whom we have a little knowledge, most deduced from later writings 
by others. He is credited with the introduction of the scientific 
method by avoiding myth and the supernatural in his studies of 
natural phenomena, and is reputed to be the inventor of geometry. 
He was apparently able to measure the height of buildings by 
recognizing that the ratio of height to shadow in the building was 
the same as that of his height to his shadow, demonstrating his 
appreciation of the straight path of a light ray in a homogeneous 
medium. Thales was clearly an exceptional figure but it does seem 
unlikely that Thales was responsible for a scientific revolution all on 
his own. The later attributions to Thales might better be understood 
as an assessment of the general scientific climate at that time.

We have slightly better records when we turn to Aristotle (384-
322 BCE). Aristotle was born in Macedonia but spent his early 
years in Athens at Plato’s academy. Plato (possibly 428-348 BCE) 
was an extramission adherent but Aristotle argued for intromission. 
Since he believed that some kind of motion was what was actually 
transmitted, he also argued for the existence of the ether to support 
the movement (not completely different from Young’s ideas). He 
struggled, however, with the nature of an image. He also made use 
of a camera obscura and surely must have understood that light 
rays cross each other without any influence of either on the other 
a principle we owe to Huygens. On the death of Plato, Aristotle 
returned to Macedonia where he was tutor to Alexander III of 
Macedonia, known as Alexander the Great, conqueror of the world.

Alexander was an exceptional general, possibly the greatest 
tactician who ever lived. His most significant achievement, from our 
current point of view, was the founding in 331 BCE on the northern 
coast of Egypt, just to the west of the Nile Delta, of Alexandria, the 
greatest Greek city of the Hellenistic period. Here was established 
the Musaeum, a center of Greek culture that included a great library 
and was essentially a university in everything except name.

At the Musaeum, Euclid of Alexandria (his dates are not known 
but roughly some time in the 4th to some time in the 3rd Centuries 
BCE) wrote his Elements, used for the teaching of mathematics 
and especially geometry into the 20th Century, and perhaps in 
some places even the 21st. He also wrote a treatise on Optics. The 
original was, of course, in Greek and only later, much later, copies 
exist, and an English translation has been published by Burton [2]. 
Many scholars hold that Euclid favored the extramission theory 
but it is not completely clear from his Optics. We are all familiar 
with the idea of a line of sight drawn from the eye to the object as 
a geometrical construction that simplifies analysis but in no way 
represents emission of light from the eye, and, since the Optics is 
virtually pure geometry, this may well have been Euclid’s intention. 
Although refraction is not considered, it is clear that the laws of 

reflection were well understood and Euclid includes an account of 
the use of a mirror in estimating height when the sun is obscured so 
that no shadow is present.

A contemporary of Euclid, Epicurus (342-270 BCE) from the 
island of Samos, just off the Turkish coast, also held an intromission 
theory but complicated it by attempting to explain image formation 
as the transmission of a kind of replica film, or skin, that traveled 
from the object to the eye and contained the complete visual shape 
of the object.

The Hellenistic city of Syracuse, a kingdom on the east coast of 
modern Sicily, was home to Archimedes (probably 287-212 BCE) 
who is justly considered to be one of the greatest mathematicians, 
possibly the greatest, of all time, but Archimedes was active in 
every area of science and technology. Unfortunately almost all that 
we know of him is indirect. The earliest existing manuscript is a 
copy, dating around the middle of the 10th Century CE, of earlier 
Greek documents, and is known as the Archimedes Palimpsest. 
Documents written in Medieval times commonly used animal 
skin parchment. Writing on such parchment could be scraped 
off, a process known as palimpsesting, so that the parchment 
could be used again. The Archimedes Palimpsest is made up of a 
number of documents, not just of Archimedes, that were scraped, 
folded in half, reused and rebound into a prayer book sometime 
in the 13th Century. In 1906, Johan Ludvig Heiberg, a professor of 
philology at the University of Copenhagen and the leading expert 
on Archimedes, discovered that the very faint original writings 
contained seven texts by Archimedes, three of which were hitherto 
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unknown. None of these, however, contains anything on optics. For 
a fascinating account of the recent restoration of the palimpsest see [3].

We know that Archimedes was an accomplished astronomer and 
later accounts of the use of arrays of burning mirrors as a defensive 
weapon, confirm that Archimedes was skilled in optics. He had 
also studied, perhaps under Euclid, or certainly his immediate 
successors, in Alexandria, and, according to Theon of Alexandria 
(335-405 CE) had written a Catoptrica, [4], now completely lost. 
Still later, Olympiodorus the Younger of Alexandria attributed to 
Archimedes [4] the appearing coin phenomenon, where an out-
of-sight coin at the bottom of an opaque container becomes visible 
with the addition of water. It seems likely that Archimedes wrote on 
refraction, perhaps the first person to do so.

Previously a supporter of Rome, Syracuse threw its support 
behind Carthage during the Second Punic War resulting in its 
attack and subsequent siege by a Roman force commanded by 
Marcus Claudius Marcellus. Ingenious assault-repulsion engines 
designed by Archimedes kept the Romans at bay for some two years 
until overconfidence on the part of the defenders resulted, in 212 
BCE, in the penetration of the Roman forces into the major part 
of the city. Archimedes, now well over 70 years of age, was slain, 
reputedly by a single Roman soldier, in spite of Marcellus’s strict 
orders that he be spared. The central citadel of the city then held out 
for a further eight months until finally capitulating.

The Roman Influence
Having defeated and utterly destroyed Carthage in the Third Punic 
War, Rome was supreme in the Mediterranean and gradually 
extended its territory. Alexandria fell under Roman rule in 80 
BCE although it had been much influenced by Rome even before 
that. Then the Roman Republic was replaced by the Empire in 27 
BCE with Alexandria and Egypt becoming a Roman province. 
Alexandria still continued as a center of culture and learning.

Hero of Alexandria (10-70 CE) would certainly be described as 
an engineer today. He invented a vending machine that provided 
a measured quantity of holy water when a coin was entered, an 
automatic system for opening temple doors, probably the first steam 
engine, and many other applications. He is credited with being 
the first to enunciate the idea of light’s following the shortest path 
between two points, later developed by Fermat. He wrote on the 
properties of mirrors. As with the other Greek philosophers his 
original writings, in Greek, have completely disappeared so that we 
must rely on much later references.

The bending of the direction of light was clearly known by that 
time but quantitative measures were still missing. Then Claudius 
Ptolemaeus (100-170 CE) a Roman citizen of Alexandria, known 
in more modern terms as Ptolemy and not to be confused with 
the Ptolemaic rulers of Egypt, wrote his great treatise on optics, in 
Greek of course, which was still the scientific language. The original 
version has vanished like the other Greek manuscripts and we must 
rely on a much later 12th Century version in Latin, translated from 
Arabic, itself translated from Greek, and missing some parts, and 
finally, translated only recently into English [5].

The Optics makes it clear that Ptolemaeus was a supporter of the 
extramission model of vision but this does not affect the validity 

and accuracy of his measurements of refraction. He knew that 
the incident, refracted and reflected rays were coplanar with the 
normal to the surface thus forming the plane of incidence, and he 
constructed a special very accurate angular scale of bronze so that 
he could make measurements of the angles. His results on refraction 
between air and water, between air and glass and even between 
water and glass for angles of incidence from zero to 80° are almost 
correct, although the values of index that we can deduce from them 
are somewhat low. Ptolemy also studied apparent depth showing 
that this was due to refraction. However he did not arrive at any 
regular functional relationship connecting incident and refracted 
angles, although he stated [5] that “the angles do bear a certain 
consistent quantitative relation to one another with respect to the 
normals.” A good recent analysis is given by Wilk [6]. We note 
that Ptolemy’s measurements on glass required the construction 
of a glass semi cylinder the flat surface of which contained the 
cylindrical axis. Considerable skill and knowledge of glass and its 
working would have been required in this. Ptolemy also realized 
that refraction in the atmosphere was responsible for displacements 
of stellar positions near the horizon. An excellent account of the 
history of atmospheric refraction is given by Lehn and van der Werf [7].

By the time of Ptolemaeus, Rome controlled the entire 
Mediterranean region. Byzantium, a Greek colony on the 
Bosphorus from the seventh century BCE, was now Roman, but 
like the entire eastern side of the Roman Empire, its culture was still 
Greek and, although Latin was the official language, Greek was the 
spoken and written language. Constantine the Great (272-337 CE), 
Roman Emperor from 306 to 337 CE, reorganized and revitalized 
the Empire. Much of his early career was spent in the east and, as 
Emperor, he established a new imperial residence at Byzantium that 
was renamed Constantinople. His preference for Constantinople, an 
already important cultural and political city, soon rendered it the de 
facto capital of the Empire. Increasingly, Constantinople took the 
cultural leadership from Alexandria.

Gradually the Roman Empire split into two halves, the Latin-
speaking Western part succumbing to attacks by the Visigoths and 
Vandals late in the 5th Century but the Greek-speaking Eastern part 
lasting until the 15th Century with the Greek language’s becoming 
official in the 7th Century. Constantinople was now the most 
important center of learning, culture and commerce and hosted 
exceptional activity in the transcribing and preservation of the 
Greek philosophical manuscripts most of which had been written 
on papyrus. The Empire in the East became known as the Byzantine 
Empire in modern writings.

The 6th Century saw Justinian I as emperor, who was the last 
emperor with Latin as his first language. From then on the history 
of the Byzantine Empire becomes complex and still more turbulent 
with one war after another, each changing the political geography 
of the region and almost impossible to follow. Confusion was 
increased by the crusades, starting with the first in 1095, which 
although nominally inspired by religious motives were completely 
political in reality and consisted of essentially uncontrollably 
rapacious mixed forces looking largely for plunder. Constantinople 
was sacked by the Fourth Crusade in 1204 and the Byzantine 
Empire was split in two, the Nicaean part of the Empire (Nicaea 
is situated a little south of Constantinople) recovering control of 
Constantinople in 1261. However, the Byzantine Empire never 
really recovered from the effects of the Fourth Crusade and was 
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finally destroyed in a long conflict with the growing Ottoman 
Empire.

The Arabs and Ottomans
What is known as the Golden Age of Arab science [8] began in 
the middle of the 8th Century with the construction of Baghdad 
on the site of an older settlement by the Abbasid Caliphate (the 
third after the Prophet Muhammad). The uniting of the Arab 
tribes on the Arabian Peninsula in the middle of the 7th Century 
CE by the Prophet Muhammad launched the Islamic Empire. The 
expansion of the Islamic world was swift, reaching into India and 
southern Europe. The teachings of the Prophet strongly emphasized 
scholarship over martyrdom and welcomed medical research. 
Baghdad became the most important city of the Islamic Empire 
and a center of scientific and medical scholarship. The insatiable 
appetite for knowledge was fed from all possible sources, including 
the Byzantine Empire, in all possible languages, including Chinese, 
all of which were translated into Arabic by an army of translators. 
Research into all aspects of science and medicine was pursued. 
Southern Spain, ruled by Arab Muslims since 711, competed 
with Baghdad in the encouragement of science. One of the great 
achievements of the Empire was the ready availability of books 
that were written in the common language. The book industry and 
associated libraries sprang up everywhere. The books mainly used 
paper rather than parchment, the production of which had been 
learned (by force) from China. One of the books translated into 
Arabic was Ptolemy’s Optics.

Because of the disturbed history of the Mediterranean our 

 
 

 
 

documentary evidence for the Golden Age is rudimentary. But 
given the drive for knowledge, its availability in the form of books, 
and the exceptionally favorable political climate, science and 
technology, and especially for us, optics, flourished, so that rapid 
development continued. Ptolemy’s book was certainly readily 
available in Arabic and appears to have exerted considerable 
influence. Once more we are reduced to picking out a few scattered 
names of which some knowledge has survived. 

Burning glasses, of great importance throughout the history of 
man, were the subject of a treatise written in the 10th Century by 
a scientist in Baghdad named Ibn Sahl (probably 940–1000) [9]. 
Roshdi Rashed discovered that two obscure incomplete Arabic 
documents, one in Tehran, rather dilapidated with pages out of 
order, and one in Damascus, were actually different fragments of 
a single document authored by Ibn Sahl. Although pages were still 
missing, he succeeded in reassembling and then translating the 
work. This treatise is of great importance for a number of reasons. 
Science does not flourish in a vacuum. The very existence of the 
treatise is strong evidence of a scientific community sufficiently 
advanced in knowledge for the treatise to be of any use. It deals 
with optics, as distinct from vision and it includes the design 
of aspheric lenses by a kind of ray tracing. It also contains a 
geometrical construction that, although in a different form, we can 
recognize as equivalent to Snell’s Law, and is, therefore, the earliest 
known enunciation of a law of refraction. There is no account 
of any experimental measurements nor is there any sign of the 
modern refractive index as a material property. It does suggest 
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decline. It finally ended with the abolition of the Ottoman Sultanate 
in 1922.

Science and technology were greatly encouraged by the Ottoman 
rulers under whom Constantinople continued as a center of 
scientific and technological development, although little written 
evidence remains. As a result, not a great deal is known of optical 
developments in the Ottoman Empire. Rather like the Islamic 
Empire, the details of scientific developments are lost and few 
names survive. In the 16th Century, the great astronomer in 
Constantinople, Taqi al-Din ibn Ma‘ruf (probably 1521-1585) wrote 
the Book of Optics [13], which exists today in four copies. Taqi 
al-Din’s model of light is a transmitted movement having a certain 
speed in a medium, being less in a denser medium, and responsible 
for refraction as detailed in Book III of his work. For such a book 
to have been written there had to exist a surrounding supporting 
climate of scholarship and knowledge. However it was rather 
later than the Arabic texts that were translated into Latin and that 
influenced the Western Europeans, so it was not known there.

Western Europe
Our focus in the 13th Century now moves to Western Europe 
where the rate of scientific advance was overtaking that in the east. 
Refraction continued to be an important topic. Although there was 
gradual improvement in understanding, there was still a long way to 
go before the appearance of the material parameter we know as the 
refractive index. Our account will continue in Part 2.
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that a “consistent quantitative relationship” amongst the angles, as 
suggested by Ptolemy, was, by now, quite well known.

We are more familiar with Ibn al-Haytham (965-1039) known 
also by his Latin name Alhacen, or sometimes Alhazen, possibly 
a student of Ibn Sahl, who was author of many books on optics, 
chief among them being his Kitab al-Manazir or Book of Optics. 
The book was translated into Latin in 1270 as Opticae Thesaurus 
Alhazen [10] although there are accounts of an earlier translation 
in the 12th Century by Gerard of Cremona who worked in Toledo 
[11]. The Latin version of this book was well known to western 
scientists and exercised great influence on the further developments 
of optics. It clearly builds on Ptolemy’s Optics, but that was 
unknown until quite recently because no version of the Optics 
had previously appeared to have survived. Alhacen dismissed 
completely any ideas of extramission and proposed a detailed model 
of the human eye that presented much that was correct. However 
he misunderstood the function of the retina and believed that 
somehow the image in the eye was upright and reduced in extent 
to fit into the optic nerve so that it could be transmitted to the 
brain. We have to wait for Kepler’s great leap in understanding [12]. 
Alhacen was presumably familiar with Ibn Sahl’s work but although 
refraction is treated extensively in his book there is no account of 
any experimental work nor any functional Law of Refraction in it.

The Byzantine Empire had taken Sicily in the 6th Century as 
part of a bid to reunite the split Roman Empire. Sicily was then 
conquered by Muslim Arabs in the 9th Century and remained 
in their hands as an essentially independent state until the 11th 
Century conquest of southern Italy and Sicily by the Normans. 
Sicily was a rich source of Arabic records amongst which was a 
copy of the Arabic translation of Ptolemy’s Optics, although missing 
Book I completely and part of Book V. Eugenius of Palermo (likely 
1130 – 1202) was an admiral of the Kingdom of Sicily who was 
native in Greek and skilled in Arabic and Latin. In or around the 
1150’s he translated Ptolemy’s Optics from Arabic to Latin. This 
incomplete translation is all we have of the Optics and even this 
itself disappeared, until later copies were rediscovered at the end 
of the 18th Century. It has since been translated both into French 
and English [5]. Book V is on refraction and contains Ptolemy’s 
measurements as well as his experimental procedure.

The Ottoman Empire began in the middle of southern Turkey 
in the late 13th Century when Osman, ruler of a small principality, 
declared himself to be a Sultan and established the Ottoman 
Dynasty. There then followed a continual conflict between what 
became the Ottoman Empire and the Byzantine Empire, in which 
the Ottomans gradually increased their territory. From the 14th 
Century onwards, the Balkans, as the result of a vicious conflict, 
were dominated by the Ottoman Empire that now extended 
from the Middle East and that turned its attention towards 
Constantinople. There followed a long siege of Constantinople 
by Sultan Mehmet II who overcame the city in 1453 effectively 
destroying the Byzantine Empire that now gradually faded away. 
This cemented the Ottoman control of the eastern Mediterranean, 
but their subsequent defeat at Vienna followed by the failure of their 
siege of Malta and their loss of the great sea battle of Lepanto, all in 
the 16th Century, halted the Empire’s advance and began its long 
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This work was presented at the 59th SVC Technical Conference in 
Indianapolis, IN and received the 2016 Best Poster Award.

Abstract
High Power Impulse Magnetron Sputtering (HiPIMS) is an ionized 
Physical Vapor Deposition (iPVD) technique that utilizes high 
power pulses applied to the sputtering target at low duty cycles. 
Because of the high peak power densities in HiPIMS discharges, a 
larger fraction of sputtered material is ionized when compared with 
DC magnetron sputtering (DCMS). HiPIMS produces coatings of 
higher quality, but suffers from intrinsically low deposition rates 
when compared with DCMS, due to the “return effect.” These 
low deposition rates hinder the ability to implement HiPIMS on 
an industrial scale. The Center for Plasma-Material Interactions 
(CPMI), University of Illinois (Urbana, IL) has developed the new 
magnetic field configuration called the “Tripack” magnet pack, 
which provides a higher deposition rate in a HiPIMS discharge for 
circular sputtering magnetrons. The Tripack yielded deposition 
rates in the HiPIMS mode comparable to or greater than a standard 
magnet pack DCMS deposition rate for titanium. Also, the Tripack 
showed equivalent deposition rates for carbon at 500W average 
power. To become industrially relevant, HiPIMS must produce 
higher deposition rates for linear cathodes, which can be scaled to 
any desirable size. This work shows the modeling and design of a 
linear cathode driven Tripack that can function as a simple upgrade 
to existing commercially available magnetrons. 

Introduction
Physical vapor deposition (PVD) is a principal technique used to 
create coatings or films. PVD is simply the physical removal of 
atoms on a target with intention of relocating those atoms onto 
a surface to create a coating or film. These coatings have certain 
properties of importance, such as purity, density and adhesion 
to the substrate surface. Because this technique is used in the 
semiconductor industry, the automotive industry, the tool industry, 
and many other industries, there is always an increasing demand for 
high quality films and coatings.

HiPIMS differs from DCMS by applying high power pulses to 
the sputtering target at low duty cycles as opposed to applying a 
constant power, voltage, and current. This allows for peak power 
densities of up to hundreds of kilowatts per square inch, while 
keeping the average power densities the same as DCMS. These high 
power densities allow for a very high electron density in the near-
target plasma. The high electron density is responsible for ionizing 
the sputtered target material, increasing the ionized deposition flux 
[1], which leads to superior film quality over DCMS [2].

Motivation
Superior film quality is the main reason for the increasing use 
of HiPIMS for research applications, and the intrinsically low 
deposition rates associated with HiPIMS are the reason for its lack 
of industrial use. In most competitive environments, the throughput 
of the product is the primary concern, and when HiPIMS can 
have deposition rates as low as 30% of DCMS deposition rates, it is 
often not even considered. Figure 1 shows the DCMS and HiPIMS 
comparison of deposition rates for many relative target materials. 

Figure 1. Deposition rate comparison between HiPIMS and DCMS for different target materials (shown on the 
left axis). The dotted line shows the ratio of HiPIMS/DCMS rates (shown on the right axis) [3].

A traditional magnetron operates by utilizing a static magnetic 
field, primarily responsible for trapping the electrons in the near 
target area to increase the electron density. The working gas 
is ionized near the target, and an electric field accelerates the 
ionized working gas towards the sputtering target, sputtering off 
target atoms, which are then ionized. In HiPIMS ions are the new 
dominating deposition flux species, allowing for influence by a 
substrate bias to control the incident energy and angle. This control 
allows for the superior film quality (high density and low porosity) 
associated with HiPIMS.

In HiPIMS, the strong magnetic field that traps the electrons near 
the target and the negative applied target voltage are responsible 
for creating a strong electric field toward the target, influencing 
the sputtered ions. The ions return to the target and the magnetron 
enters a self-sputtering operating mode, where the new working 
gas is primarily target material ions. Because the sputtering yield is 
lower in self-sputtering than with an ideal working gas incident on 
the target, the deposition rate decreases.
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Figure 1 – Deposition rate comparison between HiPIMS and DCMS for different target materials. [3] 

 

Figure 2 – Deposition rates normalized to DCMS deposition rates using the conventional magnet pack. The 
shading in the bars signifies different input parameters for the same average power. [5] 
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There are many approaches one can take to tackle the low 
HiPIMS deposition rate issue. At the Center for Plasma-Material 
Interactions (CPMI), University of Illinois (Urbana, IL), a redesign 
of the magnetron magnet pack was carried out for a 4-inch circular 
magnetron with positive results. An optimization of the magnetic 
field topology was created, and a high deposition rate HiPIMS 
magnet pack was manufactured, following the patent application 
[4]. This circular magnet pack is known as the TriPIMS magnet 
pack and features three confinement regions for the electrons, 
contributing to three erosion zones. 

 In this work, the linear Tripack magnet pack yielded 
HiPIMS deposition rates that were higher than DCMS conventional 
magnet pack deposition rates for titanium and equal deposition 
rates for carbon. It is important to note that because HiPIMS has 
more input parameters, there can also be different deposition 
rates for the same average power in HiPIMS. Figure 2 shows these 
results, where the shaded regions on the bar graph take into account 
different input conditions for a constant average power.

Figure 2. Conventional and Tripack deposition rates for Ti, C, and Al at 500W. The rates are normalized to 
DCMS deposition rates using the conventional magnet pack. The shading in the bars signifies different input 
parameters for the same average power of 500W [5].

The results seen in Raman et al. [5] show that a change in the 
magnetic field profile changes the associated deposition rate, and 
shows that for a 4-inch circular magnetron, the Tripack magnet 
pack increased HiPIMS deposition rate over the conventional pack 
HiPIMS deposition rate in all cases. For HiPIMS to become relevant 
on an industrial scale, a high deposition rate magnet pack must be 
modeled and created for a scalable linear magnetron.

Modeling Results
Modeling of the linear magnetron high deposition rate HiPIMS 
magnet pack’s magnetic fields, electron confinement, and electron 
transport are crucial to the understanding of the magnet pack 
design. First, visualization of the magnetic field lines is necessary 
for the linear magnetron conventional magnet pack. Figure 3 
shows the magnetic field lines and magnetic field strength for the 
conventional magnet pack. Figure 4, on the other hand, shows 
the magnetic field lines and magnitude for the proposed linear 
magnetron Tripack magnet pack. COMSOL Multiphysics finite 
element software was used to model this system at the Visualization 
Laboratory at the Beckman Institute, University of Illinois.

Figure 3. 2-D cross sectional magnetic field lines and magnetic field strength for the linear conventional 
magnet pack. The magnetic field strength is color coded on the right hand vertical axis in Tesla.
 

Figure 4. 2D cross sectional magnetic field lines and magnetic field strength for the linear Tripack magnet 
pack. The magnetic field strength is color coded on the right hand vertical axis in Tesla.

The magnetic and electric fields can tell us a lot about the 
magnetron and behavior of particles, but a thorough analysis 
of electron trajectories is the ideal way to understand how they 
will behave. Full-scale 3-D models of the electron trajectories 
have shown that the electrons behave as expected, following the 
E×B direction and being well confined in the expected zones. A 
2-D cross section of these electron trajectories is a much simpler 
visualization of how the electrons behave in both of the magnet 
packs. The model shown in Figures 5 and 6 assume a 0.5-inch 
(1.28 cm) copper target biased to -600V, 1 mTorr (0.133 Pa) 
argon working gas, coulombic collisions between electrons, and 
neutral gas scattering. 1000 electrons are released along the target 
surface uniformly. Figures 5 and 6 show the electron trajectories 
for the conventional magnet pack and the Tripack magnet pack, 
respectively, for a linear magnetron. 

Figure 1 – Deposition rate comparison between HiPIMS and DCMS for different target materials. [3] 

 

Figure 2 – Deposition rates normalized to DCMS deposition rates using the conventional magnet pack. The 
shading in the bars signifies different input parameters for the same average power. [5] 
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loss for any electrons that are caught in the magnetic trap, but the 
Tripack shows that there truly are routes for controlled electron 
loss. This electron loss is due to the magnetic field strength 
decreasing quicker than the conventional magnet pack magnetic 
field strength as the distance from the target increases, as well as the 
Tripack’s magnetic field lines not being closed at a distance from 
the target. Because of these results, as well as the similar work and 
results for the 4 inch (10.24 cm) circular Tripack, this HiPIMS high 
deposition rate magnet pack is expected to produce higher HiPIMS 
deposition rates.

Conclusions
HiPIMS is a tool that is capable of producing films of higher quality 
than those deposited by DCMS. The main deterrent of HiPIMS 
for industrial use is its intrinsic low deposition rate compared with 
DCMS. The linear Tripack magnet pack modeling yielded results 
that are promising. This is promising due to the similarities between 
the linear magnetron results and previous work on a 4-inch (10.24 
cm) DCMS circular magnetron, where a circular Tripack produced 
higher deposition rates than a conventional magnet pack in HiPIMS 
mode.
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Figure 5. Electron trajectories and energy in electron volts for the linear magnetron conventional magnet pack. 

Figure 6. Electron trajectories and energy in electron volts for the linear magnetron Tripack magnet pack.

Figure 3 shows that the magnetic field lines are closed without 
an obvious path for loss of electrons, contributing to the return 
effect of the ions back to the target for a conventional magnet pack. 
[6] In Figure 4, paths for electron loss can be seen, and the field 
lines are not closed far away from the target surface. This allows the 
electrons to escape the magnet field trap and pull ions away from 
the target with them by ambipolar diffusion, increasing deposition 
rate. Ambipolar diffusion is the process by which charge separation 
produces a local electric field, influencing the electrons by slowing 
them down, and speeding up the ions toward the electrons. In 
this situation, the electrons are directed towards the substrate, and 
trapped ions are pulled out of the magnetic trap to deposit onto the 
substrate.

It is important to understand that complete loss of electrons from 
the target is not ideal. The electrons are essential to the magnetron 
system, being the main contributor to ionization of the working gas. 
Figure 4 clearly shows that the magnetic field strengths trapping 
electrons are very similar to those in the conventional magnet pack 
in Figure 3. This keeps the overall operation of the magnetron 
satisfactory.

Figures 5 and 6 show that both of the magnet packs confine 
electrons well, the conventional in its expected confinement 
location and the Tripack in all three of its confinement locations. 
More importantly, the conventional magnet pack shows no particle 
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Introduction
Today, the element mercury has a bad reputation with the general 
public for the perceived health risks from coming in contact with it. 
In truth, the health risk is only when the mercury is ingested in the 
form of a vapor, compound or the liquid [1]. In the field of vacuum 
technology, “mercurial” pumps were the first high vacuum pumps 
[2] and were the main subject of the earliest books on vacuum 
technology [3-8]. Since Cecil R. Burch (Metropolitan-Vickers 
Electrical Co., England) introduced low-vapor pressure oils and 
greases (Apiezon™) to the vacuum industry in 1928, [9] mercury has 
been barely mentioned in texts on vacuum technology

Measurement of Pressure Differential (Manometers and 
Barometers)
Vacuum in the form of a siphon was of interest to Hero (Heron) 
of Alexandria who wrote on the subject (circa 50 AD) [10]. The 
engineering use of the siphon established that water could only be 
lifted to a certain height by a siphon (~10 meters). 

A “manometer” is a device to measure the pressure difference 
between two volumes by measuring the height of a liquid 
column sustained by the pressure differential. A “barometer” 
in a manometer that is designed to measure the pressure of the 
ambient atmosphere by having the pool of liquid open to the 
atmosphere. It was probably the latter part of 1641 (p. 20 [11]) 
that Gasparo Berti demonstrated his water barometer (~10 meters 
tall). Evangelista Torricelli, utilizing mercury rather than water, 
probably demonstrated his famous mercury barometer (~1 meter 
tall) instrument in 1644 (p. 30 [11]) not the off-quoted 1643a. The 
Torricelli manometer was made by filling a tube that was closed 
at one end with mercury, closing the open end (usually with a 
finger), and up-ending the tube into a mercury pool – the mercury 
in the tube fell to a level dictated by the ambient pressure leaving 
a “Torricellian vacuum” in the tube above the mercury. Torricelli 
noted that the mercury height would change with time (indicating 
what are now called “Lows” and “Highs” in meteorology)b. The 
vacuum/pressure unit “Torr” (mm Hg) is named after Torricelli.

In 1648 Blaise Pascal, who proposed the experiment (from Paris) 
and Florin Périer (Pascal’s brother-in-law who actually climbed 
the Puy-de-Dôme mountain {1465 meters} with witnesses) were 
the first to show that atmospheric pressure decreased with an 
increased height above the earth’s surface. Florin Périer found that 
the mercury column was 85 mm less in height on the top of the 

mountain (627 mmHg) than at the monastery at the base of the 
mountain (711 mmHg) (~1000 meters altitude difference). 

In 1873 Herbert G. McLeod described a vacuum gauge 
(manometer) that measured the pressure (vacuum) in a volume by 
compressing the gas in the volume by a known amount and then 
measuring the pressure differential by a mercury manometer [12]. 
The McLeod gauge is capable of measuring pressures in the 1 to 10-6 
Torr range and greatly influenced early vacuum technology. Early 
problems with the Mcleod gauge were discussed in Appendix IV 
“Vacuum gauges” (McLeod and spark {glow discharge} gauges)(p. 
32 of [2]).

 “Mercurial” High Vacuum Pumps
After Torricelli demonstrated the mercury manometer, the 
properties of the Torricellian vacuum was studied by many 
academicians including the heat transfer studies of Count Rumford 
(Benjamin Thompson) (1798) [2]. Even after the development of 
the vacuum (syringe-type) pump by von Guericke in ~1647, the 
Torricellian vacuum was considered the most perfect vacuum. Of 
course this “perfect” vacuum was filled with Hg vapor (the vapor 
pressure of mercury at room temperature is ~0.002 Torr) as well as 
vapors from contaminates in the mercury and gases/vapors from 
the glass walls. Page 30 of [2] outlines the mercury purification 
techniques used in the 1880s. 

The first mercurial multi-stroke “air pump” was invented 
by Emanuel Swedenborg in 1722 and described by him in his 
“Miscellanea” [2]. Over the next hundred years, there were 
numerous variations and improvements. Examples are [2]: Baader 
– 1784; Hindenberg (solid piston pressing on the mercury) – 1787; 
Edelcrantz – 1804, and Kemp (double acting {continuous flow} 
pump – similar to the later Fleuss split-cylinder piston pump) – 1830.

In 1855, H. Geisslerc improved on the large-volume compression 
design (first publically mentioned in a pamphlet “Ueber das 
geschichtete elektrische licht” (About the stratified electric light) in 
1858 [2]) and his pump could achieve a vacuum of about 0.1 mTorr. 
August Töpler improved on Geissler’s design in 1862 using a second 
mercury column and his design used one open/close valve (p. 44 
[3]). Improvements on the Geissler-Töpler design continued until at 
least 1881 [2].

In 1865 H. Sprengel reported a valveless vacuum pump that 
allowed production of a “good” vacuum using falling mercury 
drops through a small diameter tube (“fall” or “drop” tube) to act as 
“pistons” to compress the gas [2, 13]. The pumping speed was still 
very low. 

Sprengel’s pump was a version of the “trompe” (or “trombe”) air 
compressor, which had been known in Europe at least since the 
sixteenth century [14]. In a trompe, water falls from a reservoir 
through a pipe. The pipe’s upper end is closed except for a set of 

a It is interesting to note that Otto von Guerkie, who invented the first 
mechanical piston “air pump” (vacuum pump) in about 1647 also made a water 
barometer in 1654. His water barometer had a manikin on a cork floating on 
top of the water. An engraving of this instrument has often been reproduced 
(p. 364 [11]). Von Guerkie was critical of Torricelli’s method when he noticed 
gas bubbles clinging to the walls in the mercury column (p. 5 in Adventures in 
Vacuum, M. J. Sparnaay, Elsevier/North Holland (1992).

bToday most meteorologist use hectopascals (hPa) as the measure of pressure  
(1 hPa = 100 Pa = 0.75006 Torr).
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cH. Geissler, was the glassblower for the University of Bonn when he developed 
his vacuum pump for Professor Julius Plücker.
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small-diameter tubes, each of which is open to the air at one end 
and which dips under the water at its other end. As the water falls, it 
entrains air from the tubes. The water carries the air to the bottom 
of the pipe, where the air collects in a reservoir at “high” pressure. 
The trompe was used to produce a constant stream of high-pressure 
air for smelting and metal-working.

 Sprengel connected the chamber to be evacuated to the trompe 
pipe’s upper end and substituted mercury for the water. A “good” 
vacuum was indicated when the mercury column in the small 
diameter tube did not show any air bubbles. The practical vacuum 
limited was about 0.1 mTorr. In some cases the mercury vapor was 
trapped before getting to the vacuum chamberd. The pump could be 
started at atmospheric pressure but it is better started at a reduced 
pressure which could be produced by a Geissler pump.

In 1881, Edison patented an all-mercury combination vacuum 
pump that used a Geissler “roughing” pump, a Sprengel “high 
vacuum”pump, a McLeod manometer vacuum gauge and a Geissler 
(glow-discharge) tube as a vacuum indicator {“spark gauge” p. 
32 [2]} [15]. Böhm [16] also patented a combination Geissler/
Sprengler vacuum pumping system in 1881. Edison used banks of 
the pumps in parallel [15] to evacuate his incandescent lamps up 
to 1896. The mercury-glass pumps required continuous cleaning, 
maintenance, repair and replacemente. This opened up a skilled job 
for women. To quote from {p. 37 [2]}: “A Sprengel pump, for which 
he use to give £10 – £15; the girls thought they were handsomely 
paid at 10s” (£0.5). Figure 1 shows a late-model Sprengel Pump.

In 1896, Edison began using “getter” (“chemical exhaust”) 
pumping patented by A. Malignani (Italy) in 1895 [17]. Malignani 
used vaporized materials to react (chemically and/or by adsorption) 
with the residual air and water vapor. In the production of 
Edison’s incandescent lamps, use of this “chemical exhaust” with 
phosphorous reduced the pump-down time from 30 minutes using 
mercurial pumps to <2 minutes [18,19].

In 1905, Gaede developed the hand-cranked rotating mercury-
filled mechanical high-vacuum pump using impeller vanes 
mounted on a rotating disk that was partially submerged in a 

pool of mercury [20,21]. Leybold (Germany) produced the pump 
beginning in 1907 and it quickly became popular [22]. The vacuum 
pump greatly increased the pumping speed over the Geissler pump. 
The operating range of the pump was from 10 Torr to 0.05 milliTorr 
but did require a “backing” pump (initially a piston pump or water 
aspirator {~20 Torr} pump). 

Shortly thereafter Gaede introduced an oil-sealed rotating pump 
using an eccentrically mounted cylinder with a spring-loaded vane 
that is in common use today. This “box pump” (Kapselpumpe) was 
similar in design to a water pump (‘water-bolt”) by Prince Rupert 
(~1650) and this in turn was similar to a water pump by Ramelli 
from 1588 [23]. This “box-pump” was capable of “rough” vacuum 
and was used as a backing pump for the mercury pump as early as 
1908 as shown in a Leybold 1908 catalog (Fig. 15, p. 54 [22]).

Motor-driven, vane-type vacuum pumps were in common use 
by 1910 with a pumping speed of greater than 100 times that of 
the Geissler pump. The pump often had a chamber charged with 
replaceable P2O5 to absorb water vapor to prevent liquefaction of 
the water vapor under compression, This was later replaced by a 
Gaede’s “ballast valve” design on oil box-pumps in 1935.

Mercury Diffusion (“Vapor Jet”) Pumps
In 1913, Gaede developed a glass mercury vapor jet “diffusion” 
pump [24-26]. It was produced by Leybold but was not popular. In 
Gaede’s pump the gas to be pumped entered into the mercury vapor 
stream through a slit/nozzle (Fig. 21, p. 60 [3]).

In 1916, Irvin Langmuir improved on the Gaede pump 
(Langmuir called his pump a “condensation” pump) by changing 
the injector configuration to direct the mercury jet away from the 

continued on page 46

dPage 36 of ref. [2] (discussions) describes an early all-solid Hg vapor trapping 
technique using iodine then sulfur then silver. Mercury vapor can be trapped 
using “cold traps” (liquification of air - Carl von Linde 1876).

e Professor Thompson recommended cleaning the Sprengel pumps with glacial 
acetic acid (p. 25 [2]).

Ref. [2a] gives an interesting description of the action of the mercury piston. “ In 
the original Sprengel pump the supply vessel was a funnel fixed at the top, from 
which the mercury was delivered at a steady rate through a narrow india-rubber 
tube, nipped by an adjustable pinch-cock. After passing this point it fell in drops 
down a glass tube of narrow bore but having strong external walls more than 
30 inches in length, and known as the fall-tube. As it fell it swept out the air of 
the tube and the air which entered from the side, each drop acting as a piston to 
propel the air below it. To secure this action, it was essential that the fall-tube not 
be too wide. For rapid, partial exhaustions, an internal bore of 2 to 3 millimeters 
appears to be about the right size; for slower exhaustions, carried to the highest 
degree of rarefication, a bore of 1.4 to 1.8 millimeters is preferable. During 
the first stages of the process of exhaustion, whilst yet there is a considerable 
amount of air in the fall-tube, the successive drops of mercury move separately 
down the tube, almost silently, being separated from one another by the 
intervening cushion of air, which as they descend the tube become more and 
more compressed. As higher degree of rarefaction is attained there is no longer a 
sufficient cushion of air; the drops fall smartly though the vacuous space with a 
loud clicking sound as they strike upon the top of the barometric column, which 
occupies the lower 30 inches or so of the fall-tube.” 

Figure 1. The epitome of fall-tube Sprengel pumps was a 9-tube in-parallel automated system patented in 
1885 “Mercurial pump exhausting apparatus,” William Maxwell and Theophilus Vaughn Hughes, USP 361117 
(priority 1885 {England}, published 12 Aug. 1887). Automation of raising the mercury to the supply reservoir 
was by use of a mercury shut-off and atmospheric pressure. 
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nozzle and cooling the pump walls (hence the name “condensation” 
pump) [{p. 58 [3]},27-29]. Langmuir also produced the first 
metal (non-glass) mercury diffusion pump. In 1917 W. Crawford 
improved the Langmuir pump [30] and then developed a multi-
stage pump [31]. In 1922, Gaede developed a highly effective 
4-stage steel mercury pump [32]. Mercury diffusion pumps were 
used in the industrial production of electron tubes into the 1940s 
[33,34] and for other industrial applications into the 1960s with 
pump sizes to at least 32 inches [35]. In 1923 Gaede published a 
paper on the origins and development of the mercury diffusion 
pump and contrasted his design with those of Langmuir and 
Crawford [36]. 

Mercury in Vacuum Valves
In the early 1800s, valves such as glass stopcocks used grease as 
a sealant between the glass surfaces. Their high vapor pressure 
made these materials impractical for high vacuum applications. To 
solve this problem, the contact areas of the valves were surrounded 
externally by a mercury pool/jacket. By the late 1800s designs 
using integral mercury “gaskets” came into use. One such stopcock 
was described by Mr. Eiloart in 1887 (Fig. 40, p. 29 [2]) and used 
mercury-filled circular grooves in the stem portion of a taper-plug, 
straight-through stopcock above and below the passage. Shenstone 
described other valve and trap designs related to mercurial pumps 
in his 1886 book on glass blowing [37], as did Roth in his 1966 book 
on vacuum sealing [38].

Sputtering and Sputter Deposition Using Mercury
In 1942, H. Fetz reported the use of a triode mercury glow 
discharge sputtering system that used a mercury pool as the cathode 
[39]. G. Wehner began his mercury plasma sputtering studies 
at General Mills in the early 1950s and added a grid to separate 
the anode space from the cathode space. Wehner used this Hg 
plasma sputtering arrangement for his seminal sputtering studies 
using Hg ions in the late 1950s and early 1960s [e.g. 40-44]. These 
studies disproved the “hot spot” theory of sputtering and gave the 
“momentum transfer” theory prominence.

The advantage of sputter deposition using mercury ion sputtering 
is that the mercury is not incorporated into the film (unless it 
reacts or alloys with the depositing material) and in 1962, Wehner 
patented the use of low-energy concurrent bombardment with Hg 
ions during PVD deposition to enhance epitaxial growth [45].

 
The Future
Films of HgCdTe are of interest in IR optics and Molecular Beam 
Epitaxy (MBE) is used to deposit the HgCdTe films using mercury 
diffusion pumps [46]. HgTe may be sputter deposited using 
mercury pumps [47]. Elemental mercury is still used in applications 
such as tilt switches and R. Cuthrell (1986) used mercury sputtering 
to clean and texture metal surfaces for Hg-metal contact angle and 
angle-of-repose studies (he also used a mercury diffusion pump for 
vacuum pumping) [48]. There is renewed interest in Hg diffusion 
pumps (backed by Hg liquid ring pumps)f in fusion reactors 
because of the low solubility of hydrogen/tritium in mercury [49]. 
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Abstract
Capital equipment suppliers designing and building vacuum 
coating systems for commercial High Volume Manufacturing 
processes often find they must simultaneously optimize multiple 
key performance results that turn out to all depend on the same 
set of hardware and process variables, but that also are in conflict 
with each other in some unfortunate way, such that for any single 
process of record a reasonable compromise must always be sought. 
To best understand how performance follows deliberate variations 
in hardware design and process variable settings, the question for 
the design engineer becomes whether simulation, or prototyping, 
provides the better answer. We offer in this article details about 
our experience, using both computational models and a judicious 
amount of prototyping, on improving PVD-based metallization 
for crystalline silicon photovoltaic cell manufacturing in a linear 
transport-based system employing a linear scanning magnetron.

Introduction
Vacuum sputtering technology is a science almost 150 years old 
as of this writing, with the inventor Thomas Edison being the first 
person to make effective commercial use of it in 1902 [1]. However, 
many aspects of the technology still remain obscure to Physical 
Vapor Deposition (PVD) system designers today. One reason for 
this is the multiple families of sputter tool configurations used. 

Currently, three types of sputtering systems are being actively 
used by Industry: rotatable target magnetrons, rotating magnetrons, 
and static magnetrons. Rotatable target magnetrons are widely used 
for applications such as large area coatings. In this implementation 
of sputtering technology, magnets are mounted inside a rotating 
cylindrical target, and deposition proceeds from the outside of the 
cylindrical target to a work piece placed above, below, or to the 
side. Rotating magnetrons use static disk-shaped targets and have 
a magnetic array that is rotating in a plane parallel to the target. 
Rotating magnetrons are actively used by the vacuum coating 
industry in applications such as depositing magnetic and other 
films on hard disk storage media. Static magnetrons use stationary 
targets and stationary magnets. In this configuration, a magnetic 
“racetrack” is projected through the target surface, and into the 
plasma, resulting in a distinctive target erosion pattern and, often, a 
relatively short target life.

Many PVD targets are very expensive and represent a significant 
component of cost of ownership in vacuum coating applications. 
The effective efficiency of target usage is represented by target 
utilization (TU). TU is measured by the difference between initial 
target weight and the weight at the end of its useful life. Projected 
TU can be determined for targets that are only partially eroded. 
Industrial uses of sputtering processes require that some safety 
offset, equal perhaps to 0.25-0.5mm remaining target thickness, be 
built into the target maintenance cycle, so that a target is never fully 
depleted, or burned through. Being able to maximize productive 
time on a PVD system without risking burn through depends on 

how well the particular sputtering process was characterized in the 
first place, and how tightly controlled it is in volume manufacturing. 
Rotatable target magnetrons have very high TU, ranging from 
70-90%. Rotating magnetrons can have target utilizations in the 
50-60% range, while static magnetrons generally have much lower 
target utilization, somewhere in the 25-45% range.

Rotatable target and rotating magnetrons are characterized as 
having very complex and expensive designs of their magnetic 
plasma sources, vacuum/atmospheric pressure separation, heat 
sinks, motion and rotation drives. Static magnetron sources, while 
their TU is low, have designs that are much simpler (with no 
moving parts!) than the other families, and are thus usually cheaper 
to manufacture and to purchase.

At Intevac, we have introduced a fourth type of magnetron 
source [2,3] which combines the simplicity of a static magnetron 
geometry with a planar mechanical motion of the magnetic 
array. This configuration enables users to achieve much higher 
target utilizations than with a completely static source due to the 
advantageous “smearing” of target erosion over a larger surface than 
that of a magnetically bounded racetrack. Additional advantages 
of the design include removal of re-deposition from the target and 
elimination of target poisoning. This design is also not prone to 
creating nodules that form around erosion tracks, typical when 
sputtering various target materials.

We have developed over our history several small-target scanning 
PVD sources, first for the HDD media drive industry and, later, 
for display cover glass applications. Subsequently, this source 
development included thin film solar cell applications and large 
target based silicon solar backside metallization applications. PVD 
is being increasingly used in solar cell manufacturing for advanced 
cell architectures (bi-facial, PERT and IBC cell designs) utilizing 
back reflectors and also for barrier-seed applications, where 
precision sputtering of copper, aluminum, NiV, titanium and other 
alloys is required.

In order to build an effective high throughput, 4000 wafers/hour, 
production sputtering system it is important to have the plasma 
magnetron source design well understood, well characterized, and 
then perfected to achieve the best possible target utilization while 
simultaneously meeting stringent requirements for substrate film 
uniformity and deposition rate. For solar cell applications, we are 
simultaneously sputtering at least five 125/156 mm silicon wafers 
arranged side-by-side on a common carrier, in a sputtering chamber 
where the magnetron plasma track is approximately 1 meter wide, 
to accommodate the string of wafers across the carrier (Figures 
1(A,B)). Industrial HVM sputtering in the PV industry is typically 
implemented with multiple plasma chambers on a single system, 
where the wafers are subjected to sputtering of different metal layers 
in a production system that can have 4-8 PVD chambers, and where 
the length of each chamber is largely determined by silicon wafer 
speed, rate of deposition and stability of plasma production.

The design engineering process for the mechanical design and 
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optimization of plasma-based vacuum coating chambers requires 
both structural analysis and thermal analysis of targets and heat 
sinks. Structural analysis is used to determine target and heat sink 
deformation and to define required structural reinforcements 
to bear the force of pressure differentials, for example. Thermal 
analysis is used to determine the temperatures of key elements to 
avoid de-bonding and melting of PVD targets and their backing 
plates. A fluid mechanics analysis to determine the efficiency of heat 
transfer in heat sinks also comes into play.

All of the above mentioned analyses are routinely performed 
at Intevac using ANSYS multi-physics simulations and multi-
objective optimization [8], but are outside the scope of the present 
article, where we are focused on PVD source magnetics and 
motion. In this article we will be discussing our approach to the 
continued optimization of our source and magnetron designed 
for High Volume Manufacturing (HVM) of multicrystalline and 
monocrystalline silicon solar photovoltaic cells, updates of which 
we have been reporting in a series of presentations [4-7]. 

Linear Scanning Magnetron Array Design and Schematics
The key to the development and design of the magnetron source lies 
in the multi-pole magnet (magpack) design, which remains a kind 
of “dark art” of the industry, known to and mastered by a very few. 

A magpack is an assembly of magnets that are facing the back 
of the sputter target, with sides of opposite polarities arranged 
together to create closed loop magnetic lines (where Bz is equal to 
zero). That in turn creates a closed loop E x B field in the sputter 
plasma, leading to additional collisions of electrons through field-
induced spiral motion. This increases plasma ionization, plasma 
density and reduces process voltages. Magnet tracks can vary in 
shape, (especially in turn areas) spatial width and local magnetic 
strength. The interplay of these parameters can create many design 
possibilities and improve process solutions. When these variations 
are averaged by rotational or linear motion they simultaneously 
create new design challenges and rewards.

We have a history of developing our own sputtering and multi-
pole magnet arrays for both rotating magnetrons, static and linear 
scanning magnet sources.

Key considerations for pole designs are:
1) Magnetic flux density that is normal to target Bz (Br) at   

 required projected distance
2) Magnet track width (L)
3) Distance between North and South poles
4) Magnet material selection (AlNiCo, Samarium Cobalt,   

 Neodymium Boron) with the maximum stored energy   
 expressed in MGOe (megagauss-oerstead (cgs) or tesla-A/m (SI)). 

5) Target pass-through flux (PTF) for magnetic target materials.
Both (1) and (2) are tightly intertwined with the geometry of the 

source design, heat sink thickness, target thickness, and chamber 
length. At worst, the magnetic flux (Bz) will not be sufficient to 
ignite a sputtering plasma at the required process pressures, the 
process voltages will be too high for stable plasma power control, 
or the resulting spitting and micro-arcs (due to higher voltage) will 
cause too many film defects. These designs are to be avoided.

Over-reaching magnetic flux will lead to unacceptably large 
magnet dimensions or magnet energy product (MGOe) which 
bring with them an associated increase in cost, increased difficulty 
in assembly, maintenance and assembly safety issues, increased 

plasma/erosion “racetrack” size and eddy current losses during 
magnet motion. Plasma ionization efficiency eventually saturates 
with increases in Bz (Bz>1000G), thus over-reaching may not 
provide any gains, or at least will have considerably diminished 
returns.

Figures 1(A, B) depict Intevac’s Matrix System and the LSMA™ 
design schematic. Silicon substrates pass under a metal PVD 
target over which lies a linear moving magnetic array which has a 
characteristic trapezoidal velocity profile as the array moves back 
and forth across the width of the target, shown on Figure 1(C). 
The LSMA™ motion system can accommodate dynamically stable 
operation with moving magnets often exceeding 20 kg in weight 
and acceleration/deceleration in the 4-8 g range. As follows from 
Figure 1(C), motion deceleration leads to more sputtering time at 
scan end points, thus leading to deeper erosion grooves at the target 
ends. 

Figures 1(A,B). PVD Matrix deposition system (A) and linear  
scanning magnetic array (LSMA™) schematics (B).

Figure 1(C). LSMA erosion and motion profiles-motion deceleration leads to more sputtering time at scan 
end points leading to deeper grooves at the ends. These grooves become factors limiting TU; -“inner” groove is 
always deeper and represents a limiting factor. This effect is due to the shape of the “static” erosion profile.

Magnet Development Process Flow
The design and development process used for an optimal PVD 
process module configuration starts with optimizing the magnetic 
array configuration itself. This is a virtual, computer-aided design 
step (no metal is cut at this point), and includes the development of 
a static magnetic field computer model, where magnetic properties 

continued on page 50
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are assigned to active magnets and to magnetic materials, and 
where properties are also assigned to nonmagnetic elements in the 
assembly. The design process flow is shown in Figures 2A (static 
analysis) and 2B (motion analysis).

The resulting magnetostatic computations are presented in a 
form representing the magnetic field components (Bx, By, Bz) on 
the target surface or in the vicinity of that surface. The magnetic 
plasma containment track is determined by searching for locations 
where the perpendicular component of magnetic field Bz=0, while 
considering variations in Bx and By along this track. Magnetic field 
characteristics are studied for various sizings of the magnetic array 
configuration, for various magnet dimensions, for various distances 
between magnets and target, and for various target thicknesses. 
The objective here is to provide specific field strengths at certain 
distances away from the magnets. This effective working design 
distance usually depends on source design and can vary between 12 
to 30 mm, realizing that with increasing distance the magnetic field 
gets progressively weaker and it is therefore harder to ignite and 
sustain the plasma. This distance is usually controlled by the stacked 
thicknesses of the space or gap between the magnets and the heat 
sink, the heat sink thickness, and the target thickness.

The strength of N or S polarity can be selectively increased in 
the magnet array, creating balanced or unbalanced magnetron 
configurations that affect maximum field strengths, target erosion 

profiles and widths, and erosion concentration in the middle of the 
target. Magnetic field characteristics are extracted from the erosion 
track profile and theoretical erosion profiles are calculated. These 
profiles allow estimations of the “static” target utilization. Once 
the final virtual design is selected, engineers build the first physical 
magnetic array prototype and evaluate its magnetic properties 
using a planar Hall Effect 2D magnetic scan instrument. These 
results are compared with the computational model for consistency 
and theoretical erosion profiles are confirmed on the basis of real 
experimental magnetic field data. If these results meet the designer’s 
expectations the first hardware design iteration is finalized. 
Subsequent design iterations can also be used to further improve 
local field distribution to affect finer performance details.

LSMA™ Erosion Considerations and Simulations
The next step of the analysis utilizes experimentally extracted 
magnetic field (or previously computed magnetic field) data to 
estimate the resulting 2D LSMA erosion profile that is due to the 
magnet array motion described in Figure 1(C). A computational 
model was developed allowing the effect of many individual “static” 
magnetic array positions (for example trapezoidal velocity profile) 
with weighting functions to account for time variations of each 
step to be superimposed allowing various motion scenarios to be 
factored in, including motion endpoint overlaps as shown in Figure 3A. 
Overlaps of various magnitudes and sequences can then be 
considered as a way to smooth transitions and reduce deep grooves 
at end points.

Variations in static magnetic field characteristics lead to 
substantial possible variations in PVD target erosion, with the 
largest variations located usually on the periphery of the target. 
Localized grooves and corner holes, for example (Figure 3(A)), can 
severely affect target utilization of a moving LSMA, even when the 
static magnet configuration has a very reasonable target erosion 
profile or when the erosion profile is very good in the middle of the 
target. 

What typical sputtering target erosion pitfalls can be attributed 
to less-than-optimal magnetron designs? “Endpoint grooves” are 
formed because of a combination of endpoint motion start/stop 
delays and result from having half the plasma racetrack (due to its 
geometry) project itself twice longer at the deep endpoint groove. 
“Edge grooves” are formed due to the fact that the turn-around 
area of the plasma racetrack is, most of the time, larger than the 
equivalent area in the middle of racetrack, thus causing more 
erosion. “Corner holes” appear when edge grooves and endpoint 
grooves are superimposed on each other.

Optimizing both the shapes of the static magnetic field with its 
resultant static erosion profile, and the magnet array motion with its 
dynamic erosion profile can result in significant reduction of these 
pitfalls (shown also on Figure 3A). These results lead to largely 
improved target utilization, which is the designer’s goal.

Motion Profile Effects
The computational model was developed to estimate motion profile 
effects where simulating the productivity limiting case of middle-of-
target erosion was a primary interest. The model’s inputs are specific 
1-D static erosion distributions, from which it outputs the effects 
on target utilization of changes in array motion overlaps, changes in 
magnet motion speeds, and variations of acceleration/deceleration. 

Optimizing a Linear Scanning Magnetron Array for Deposition 
Uniformity and Improved PVD Target Utilization Efficiency 
continued from page 49

Figure 2A. Design Process Flow – Static Analysis showing magnetic racetrack.

Figure 2B. Design Process Flow –Motion Analysis showing magnetic racetrack, possibility of 
grooves and four critical corner spots (holes) shown in red.
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Two normalized parameters were utilized to characterize motion. 
Factor ‘F’ represents the difference between time spent in the 
middle of the target versus the same distance at the target’s ends. A 
smaller ‘F’ results in faster acceleration/deceleration, with F=1 being 
the idealized situation, where acceleration is instant. The velocity 
ratio, Vr, characterizes the difference in magnet speed vs wafer 
speed of the linear wafer transport. For a given motor acceleration/
deceleration, reductions in the magnet speed lead to reductions 
in the F factor. The results shown in Figure 3B demonstrate that 
increasing the pole velocity leads to a marked reduction in target 
utilization, and that motion overlap (offset) can lead to significant 
improvements in target utilization, which becomes more obvious at 
higher pole motion speeds. 

One can conclude here that there is an optimal offset distance. 
Improvements are reduced when the overlap is too big and the 
optimal distance is dependent on acceleration/deceleration.

Figure 3(B). Combined Effect of motion offset distance and pole velocity on resulting target utilization
for two acceleration/deceleration factors (F=3 (left), 4 (center)). A generic target erosion profile is shown on 
the right.

The effects of acceleration/deceleration on idealized erosion 
profiles are presented in Figure 3C. Spending relatively longer 
time at the travel endpoints (higher F factor) associated with lower 
acceleration/deceleration cases, results in deeper erosion grooves, 
thus leading to poor utilization of target material from the middle. 
A generic erosion profile used for this analysis resulted in target 
utilizations of 77% for F=1 and 52% for F=10. The data shown on 
Figure 3(D) demonstrate that a turn position offset in the array 
motion cycle can result in improvements in target utilization from 
60 to 70%, with diminishing gains as the offset is further increased 
from its optimal value.

Deposition Uniformity: Simulations
For thin film uniformity analysis, a 2D planar ray tracing method 
was used. This method allows us to consider the effects of chamber 

height, chamber length, substrate size, speed ratio, and sputtering 
flux angular distribution on lead-to-trail uniformity distributions in 
our carrier-based PVD system, as depicted in Figure 4A.

The computational model is transient and the magnets usually 
move much faster than the substrates, therefore representing the 
greater simulation challenge. Substrate motion is resolved and 
accounted for at every magnet position change, with magnet speed 
determining the smallest time step the model needs to consider. 
Material fluxes to the substrate are calculated using ray tracing 
method at every position instance, and are then subsequently 
integrated for the entire motion period a given substrate sees (in-
out). Flux sputtering from the target has an angular dependence 
(cosine distribution) and is treated as a point source. The model 
estimates film uniformity as a superposition of the mass fluxes 
obtained at multiple substrate positions as the substrate moves 

Figure 3(A). Example of Simulated Target Erosion Profiles for LSMA. In house developed software 
for analysis of moving magnet erosion profiles. Overlapping scans can allow better averaging of 
scanning end-point effects.

continued on page 52

Figure 3(C). Effect of Acceleration/deceleration (F factor) on target utilization for fixed magnet velocity. 
Utilization is shown in % in each figure.

Figure 3(D). Effect of Scan Offset Position on target utilization. Scan overlap is used to weaken negative 
effects described in Figure 3(A). New variables are thus introduced: number of overlapping cycles (min 2) and 
offset distances. Their optimal values will depend on motion speed profile and characteristics of static erosion 
profile of a given magnet array.

Figure 4(A). Computational Analysis of Sputtering Deposition Lead to Trail Uniformity
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under the target. In the case where substrate uniformity requires 
additional improvement, selective modifications of the magnetic 
field are considered and the design is iterated again until we meet 
the desired optimum balance of target utilization and deposition 
uniformity.

Figure 4(B). Computational findings for lead-to-trail uniformity showing dependency on the velocity ratio , Vr.

We discovered that uniformity for each given substrate moving 
through the PVD chamber is largely dependent on the velocity 
ratio, and that this dependency can be represented as decaying 
oscillations (Figure 4(B)), where fairly small changes in the velocity 
ratio result in noticeable changes in uniformity (2-8%). This is 
due to the continuous and independent motions of the substrates 
and of the magnets, which is required for an uninterrupted, high 
throughput, conveyor-style motion in our linear transport system, 
where it is not possible to consistently align the “lead” position 
of each incoming substrate with the position of the magnet array 
over the target as the lead substrate enters the PVD chamber. 
Computations demonstrate that a velocity ratio >4.5 is required to 
consistently produce deposition uniformity better than 5%. The 
experimental results shown on Figure 4(C) demonstrate a very 
close correspondence with the computed results, attesting to our 
model’s usefulness in practice.

Deposition Uniformity: Experimental Measurements
Substrates pass through the deposition zone of the Matrix PVD 
system on a consecutive series of carriers, with films being 
deposited in pass-by mode. To characterize deposition uniformity, 
Nickel-Vanadium (NiV) films of thicknesses from 90 – 100 nm 
were deposited on silicon substrates (156 x 156 mm, 5 substrates / 
carrier), as would be characteristic of a standard PV metallization 
process. The LSMA scan mode (scanning parameters) was varied 
systematically throughout the optimization process, as described 
below. Film thicknesses and uniformities were measured by X-ray 
Fluorescence (XRF). The effects of LSMA scanning mode on target 
utilization were evaluated by erosion profile scans, and by taking 
weight measurements of spent targets. 

The results presented in Figure 4(C) confirm trends established 
by computational analysis, and demonstrate our ability to 
considerably improve production deposition uniformity by 
increasing the velocity ratio in the PVD process, while the 
results presented in Figure 4(D) also confirm that motion 
profile optimization (via change in position offsets) can help to 
significantly improve uniformity from the range of 6 to 2%. 

Optimizing a Linear Scanning Magnetron Array for Deposition 
Uniformity and Improved PVD Target Utilization Efficiency 
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Figure 4(C). Experimental Results showing film thickness uniformity dependence on velocity ratio.

Figure 4(D). Experimental Results showing film uniformity dependence on motion profile (scan mode) (3 left 
side graphs). The target erosion profile is shown on the right side.

Close analyses of uniformity and target utilization trade-offs 
show that they are, unfortunately, in conflict with each other (see 
Figure 5(A)); therefore, for each single process of record we must 
seek and accept a reasonable compromise.

In Figure 5(B) we demonstrate comparisons of several optimized 
target erosion profiles experimentally measured at the end of target 
life. Targets had starting thicknesses between 6 to 7 mm, and target 
lifetime is generally (depending on material) in a range between 
3500 to 5000 kWh of use. With typical process settings of 10 to 
20 kW for the power supplies, target erosion experiments can 
easily take between 3 to 6 weeks. This emphasizes the importance 
of computational analysis, as experimentally confirming design 
iterations quickly become time prohibitive.

Overall target utilizations by weight between 65 to 70% were 
achieved at production conditions, (POR), while mid-target 
measurements demonstrated target utilizations as high as 78%, 
thus indicating possibilities for continued future improvements. 
Figure 5C demonstrates matching photographs of a Titanium target 
eroded to the end of life.

Figure 5(A). Film thickness uniformity (left) and target utilization (right), showing dependency on velocity 
ratio and scan mode for a titanium target. These are data for a set of 7 carriers (35 substrates) moving in the 
tool one after another. As pole speed increases, uniformity improves and then saturates close to 2%. Target 
utilization trend is opposite.
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Figure 5 (B). Comparative erosion profiles and target utilization for both copper and titanium targets. This 
was achieved by design optimization. Overlapping scans can improve TU by as much as 10%; however, if offset 
motion is large TU will decrease.

 

Figure 5 (C). Photographs of Ti target eroded to end of life with 4900 KWH and 70% target utilization by 
weight.

Conclusions
PVD target utilization is one of the most important metrics 
associated with the vacuum based sputter deposition processes 
used in High Volume Manufacturing industrial applications. As 
target utilization increases there is a steady reward in terms of 
decreased maintenance time (equipment down time) allocated 
for target changes, and also a reward for maximizing use of an 
expensive target. As PVD targets erode, however, other deposited 
film properties, for example the uniformity of deposition, must 
remain within the control limits set until the end of target life 
is reached. In our work for commercial silicon photovoltaic cell 
manufacturing, we relied heavily on computational & experimental 
design methodology to develop and optimize our state-of-the-art 
LSMA PVD plasma source. 

The experimental results we obtained closely resembled the 
computational models, both qualitatively and quantitatively, 
and greatly helped speed development by avoiding the lengthy, 
cost-prohibitive experimental erosions on targets that would be 
necessary to conduct Design of Experiments or random “what-if ” 
experiments. 

Our study demonstrated that target utilization (TU) can 
be significantly improved either by reducing the acceleration/
deceleration time of our moving magnet array as it reaches the 
ends of its scan, or by reducing the magnet motion speed overall. 
Further, we modeled and observed that the magnetic pole design 
can affect/eliminate pinhole formation or left/right side groove 
formation on our planar targets. This too can significantly improve 
TU. Our experience was that overlapping scans (over-scanning) 
can improve TU by as much as 10%; however, if the offset motion 
is too large then TU will decrease. Another important result from 
our work has been to learn that the acceleration/deceleration weight 

factor (F) is critical in improving performance. 
Overall, we obtained lead-to-trail uniformity <2% in our 

carrier-based PVD system with scan-to-substrate speed ratios 
Vr >8. An increase in magnet motion speed improves film 
thickness uniformity (but decreases target utilization), and motion 
optimization can substantially improve uniformity into the 2-5% 
range. With judicious design, and depending on target materials 
and their specific properties, the LSMA can achieve TUs in the 65 to 
70% range. We continue with our source improvement work from 
here, looking to achieve next, the 75% utilization milestone.
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Abstract  
Stress in an optical thin film coating can be a major factor in 
delamination of the coating from its substrate and also surface 
figure distortion of the substrate. Differences in the thermal 
coefficients of expansion between the coating material and 
the substrate are often a significant cause of the stress, and the 
deposition process can also have a major impact on the resulting 
coating stress. The measurement of stress has historically involved 
the use of expensive equipment and substrates. This article shows 
very low cost methods, materials, and equipment that will allow 
adequate measurement of coating stress for many applications in 
optical thin film coating.

Introduction
The measurement of stress in optical coatings is most commonly 
done by deposition on disks or squares of known flatness and 
mechanical properties, or on thin bars, as in the paper by Ennos 
[1]. The shape change due to the film stress is measured during and/
or after the coating deposition. Thin, flat silicon or glass wafers are 
often used as substrates. After deposition, the fringes are commonly 
measured against an optical test flat or with a surface figure 
measuring interferometer, such as made by the Zygo Company.

The stress can be calculated [1,2] in various ways from the 
bending of the substrate after deposition. Lechner et al. [3] 
developed a procedure for intrinsic stress measurements. 
The residual intrinsic stress of the deposited film is measured 
interferometrically (using Newton Fringes) by the deformation of a 
thin coated circular glass disc (1.1 mm thickness, 50 mm diameter 
in Lechner’s study. Silicon discs are often used as substrates too. The 
mathematics governing this effect is known as the Stoney Formula 
[4] developed in 1909. The formula is discussed in more detail in by 
Ohring [5].

From the different radius of curvature before, rs and after coating, 
rf+s and using the Young’s Modulus, Es Poisson’s Ratio, the substrate 
thickness ts and film thickness tf , the intrinsic stress σf can be 
calculated by the Stoney Formula: 

For such measurements, nearly flat substrates showing a 
concentric circular Newton fringe pattern are normally used. 
However, since only a few substrates have such an ideal finish, 
substrates with a slightly elliptical deformed fringe pattern can 
also be used. To obtain a mean film stress value, the mean bending 
radius of the sample is determined by 45˚stepwise rotated fringe 
diameter measurements or by an average of the large and small axes 
of the fringe.

Substrates for Stress Measurement
At the levels of stress which we normally experience in visible 

spectrum coatings, it is difficult and expensive to measure stress. 

This is because of the usual need to prepare samples that are thin 
enough with respect to their diameter to show a workable number 
of fringes at low stress. The substrate thickness ranges from 0.3 to 
0.5 mm thick.

Inexpensive microscope cover glasses can be used to quantize 
this stress, albeit at a less precise level. Figure 1 shows an optically 
polished sample of 0.30 mm thick H-K9L borosilcate crown optical 
glass (also known as BK7 glass) before and after coating. About four 
quarter waves of optical thickness at 550 nm of MgF2 was deposited 
by physical vapor deposition onto the substrate at a process 
temperature of 300°C. This is known to produce hard coatings 
but coatings with stress. Figure 1 shows a change from almost no 
fringes before coating to many fringes after coating. The coated 
surface is concave, indicating tensile stress due to the coating. If we 
count the fringes over some diameter, we can calculate the radius of 
curvature using Stoney’s Equation. The rs in this case is near enough 
to infinity so we can ignore it.

Figure 2 shows a microscope cover glass of approximately 0.16 
mm thickness and 22 mm square. These cover glasses are widely 
available at less than ten cents apiece! This saves a lot of fabrication 
cost in making samples like that shown in Figure 1. The uncoated 
piece, as seen here on an optical test flat and observed with an 
illuminant of only a common (inexpensive) compact fluorescent 
light, shows an irregular “not-too-flat” (saddle shaped) surface. 
However, when coated, the tensile stress pulls the cover glass into a 
concave radius which is regular enough to measure.

Figure 1. On the left (a) are the interference fringes from an uncoated, optically polished, borosilicate H-K9L 
optical glass of 0.3 mm thickness on an optical test flat illuminated under compact fluorescent light. On the 
right (b) is the same test piece after coating with MgF2 at 300°C.

Figure 2. On the left (a) are the interference fringes of an uncoated microscope cover glass of 0.16 mm 
thickness on an optical test flat illuminated under compact fluorescent light. On the right (b) is the same test 
glass after coating with approximately 550 nm of MgF2 at 300°C for comparison with Fig. 1.
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Measuring Stress
The resulting fringes on cover glass test pieces are usually elliptical 
as seen in Figures 2 and 3. The recommended measurement 
procedure is to measure the diameter of the 7th fringe on both the 
large and small axes of the ellipse, as shown in Figure 2b. That is 
easy to do on a property scaled photo of the fringe image. With 
a compact fluorescent lamp for a light source, the 7th fringe is 
about the limit that can be discerned. This is not a problem with a 
monochromatic source. A different number of fringes could be used 
as long as the calculations are adjusted appropriately.

In the current example, the effective wavelength for the fringes 
is taken as 550 nm (at the peak of visible light; so that the height 
of one fringe in air above the test flat is 275 nm or 2.75 x 10-4 mm 
(per fringe). 70 GPa is used here as a representative residual stress 
number for glass and 0.20 as a representative Poisson’s Ratio. The 
radius of the stressed sample is approximated by: r = x2/2y, where 
x is the average radius of the ring pattern to the 7th fringe in mm 
and y is the height of 7 fringes at 550 nm (which is 7x2.75×10-4 mm 
= 0.001925 mm). Therefore, the stress in the film can be calculated 
from these measurements as:

Stress in σf ≈289/x2 MPa, where x is the radius of the 7th fringe in 
the pattern in mm.

In the case of Figure 2, where the average diameter of the fringe 
pattern is 4.94 mm and the x is therefore 2.47 mm, the stress is 
calculated as is 47.4 MPa. For another example where the coating 
was deposited using broad beam Ion Assisted Deposition (IAD), the 
average diameter of the 7th fringe is 15.62 mm, and the stress has 
been reduced to 4.74 MPa! The IAD is done during the deposition 

process and densifies the film to reduce the tensile stress common 
to evaporated MgF2. The results are shown in Figure 3. 

If the only difference between the round test piece of polished 
H-K9L in Figure 1 and the cover glass in Figure 2 was the 
difference in thickness from 0.30 to 0.16 mm, then the diameter of 
the 7th fringe in Figure 1 would be expected to be about 17.4 mm 
in diameter. The actual diameter in Figure 1 is 14.3 mm or 82% 
of what was expected. Considering that the details of the glasses 
may differ somewhat, this implies that the reproducibility of this 
measurement may be on the order of ± 10-20%, which is adequate 
to pursue minimizing stress in a process of interest.

Samples shown in Figures 2 and 3 used “No. 1” microscope cover 
slides. Cover glasses are regularly available in thicknesses of: 

No. 0 – 0.085 to 0.13 mm thick
No. 1 – 0.13 to 0.16 mm thick

continued on page 56

Figure 3. Shown are the interference fringes 
of a coated microscope cover glass of 0.16 mm 
thickness (as used in Figs. 1 and 2). This mage is 
after coating with~550 nm of MgF2 at 300°C and 
3 Drive Amps at 113 Drive Volts of broad beam ion 
assisted deposition. Much lower stress is noted, 
compared samples in Figs. 1 and 2.
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Conclusion
An economical procedure has been described here to assess 
stress in common optical coatings. It has been demonstrated that 
the use of inexpensive microscope cover glasses and a compact 
fluorescent lamp as a light source in place of a monochromatic 
source for detection of interference fringes are adequate for the an 
approximate measurement of stress in optical coatings. Microscope 
cover glasses of various thicknesses are readily available to allow a 
choice of stress sensitivity to suite the problem at hand.
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No. 1.5 – 0.16 to 0.19 mm thick
No. 1.5H – 0.17 to 0.18 mm thick
No. 2 – 0.19 to 0.23 mm thick
No. 3 – 0.25 to 0.35 mm thick
No. 4 – 0.43 to 0.64 mm thick

Minimizing Stress
A significant portion of stress is due to the mismatch of the Thermal 
Coefficient of Expansion (TCE) between the substrate and coating 
layers and the difference between the deposition temperatures and 
the application temperatures.

There are at least two approaches which may allow better 
control of stress in optical thin films. One is the “FencePost” 
concept, discussed in Willey’s design book [6] and in Sec. 3.8 of his 
production book [7]. This concept allows change of the ratio of the 
thicknesses of high and low index layers over a wide range thickness 
while maintaining most of the desired spectral design performance. 
With this freedom, the stress balance between the high and low 
index layers can be adjusted for optimum results. A similar concept 
can be applied on a scale which is an order of magnitude smaller by 
using Atomic Layer Deposition (ALD) as discussed in Sec. 2.6.7 of 
Ref. 7. In the ALD case, a “single” optical coating layer can be made 
up of a combination of atomic thickness layers of different materials 
to balance the stress in that layer while maintaining most of the 
desired optical properties. The work of Schulz, et al. [8,9], for hard 
antireflection coatings on plastic, showed that a thick SiO2 layer, 
containing interspersed thin layers of TiO2, had significantly better 
physical properties than the same thickness of SiO2 alone. 

 In a study using IAD, Stenzel et al. [10] showed that by adjusting 
the IAD parameters to allow a small fraction of voids in the 
film, one can overcome compressive stress while maintaining 
homogeneity and changes with humidity and temperature. Their 
minimized stress Ta2O3 coatings showed almost no reduction 
in index of refraction compared to a fully densified, high stress 
coating.

In other studies, Tang et al. [11] compared the stress in 
conventional homogeneous layer filters of Ta2O5 and SiO2 and to 
rugate notch filters, using graded index equivalents. The rugate 
filters showed less stress. Jaing et al. [12] found a curious result that 
MgF2 deposited at an increasing angle of incidence to the substrate 
went from tensile to compressive stress, with zero stress at a 
deposition angle of about 50°. In work by Wang et al. [13], YbF3 was 
deposited by e-beam at temperatures ranging from 50-190°C and 
the optical properties and stress were measured. The tensile stress 
and roughness increased with temperature. It is suspected that this 
may be primarily due to the difference in the thermal coefficient of 
expansion between the coating and the substrate. Chen et al. [14] 
studied the effects of annealing on stress and optical properties 
of TiO2 films deposited by e-beam with IAD, dual ion beam 
sputtering (DIBS), and magnetron sputtering. They found that the 
e-beam films, which were the least dense of the three methods, 
would transform from amorphous TiO2 to the anatase phase when 
annealed at 300°C but not at 250°C. The DIBS films remained 
amorphous and did not change with annealing up to 300°C. 
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SVCF Scholarship Program
The SVC Foundation’s Scholarship Fund 
is intended to further the education of 
students in a course of study related 
to vacuum coating technology. The 
scholarships provide financial assistance 
that can be used toward tuition, books, 
fees, and travel to a future SVC conference. 
In addition to scholarships, recipients are 
sponsored to attend the SVC Technical 
Conference and present papers about their 
research, rounding out their education 
through exposure in our industry.

Over 60 scholarships have been awarded 
since the Foundation’s inception in 2002. 
Generally at least three scholarships are 
awarded each year, but this can vary with 
the quality of applicants – reaching a record 
of nine awards to the excellent group of 
applicants in 2015. 

Applications for the 2017 Foundation 
scholarship process can be submitted 
through December 1 of this year, with 
forms and information available at www.
svcfoundation.org. Awards will be available 
and distributed during the Fall 2017-Spring 
2018 academic year.

Applications are evaluated using a 
blind process by a committee composed 
of renowned vacuum coating technology 
experts. Review factors include i) relevance 
of course study and experience to 
vacuum coating technology, ii) academic 
achievements, iii) an applicant’s personal 
qualities such as motivation, social values, 
maturity, and goals, and iv) financial need.

The four students receiving awards in 
2016 come from four separate countries, 
but all excel in their area of study. 

SVC Foundation News

SVC Foundation Board of Directors
Bryant Hichwa, Chair, Sonoma State University (retired) bhichwa@

earthlink.net
Caitlin Mathey, Special Events Co-Chair, Cacejan Vacuum  

cacejen@gmail.com
James Hilfiker, Scholarship Committee Chair, J.A. Woollam Co., Inc. 

jhilfiker@jawoollam.com
Paula L. Becker, Secretary, Fil-Tech, Inc.  paula@filtech.com
Ed Wegener, Treasurer  ed@dhfco.com
Paolo Raugei, Immediate Past Chair, DTI praugei@att.net
Wolfgang Decker, Special Events Co-Chair, Iacten Consulting  

wolfgang@iacten.com
John Felts, Past Chair, Nano Scale Surface Systems, Inc. jtfelts@earthlink.net
Peggy Sullivan, Special Events Co-Chair, Materion Advanced Materials 

Technologies and Services  peggy.sullivan@materion.com

Fabio Ferreira 
is studying his PhD in Mechanical Engineering 
at the University of Coimbra, Portugal

Brandon Strahin 
is studying his PhD in Mechanical Engineering 
at the University of Akron, OH, USA

Jeremy Miller  
is studying a PhD in Engineering Physics at 
McMaster University, Canada

Nikolaos Kostoglou  
is studying a PhD in Material Science at the 
Montanuniversität Leoben, Austria

SVCF 5K Fun Run/Walk
We are now in the second decade for the 
Annual SVC Foundation 5K Fun Run and 
Walk, and it seems the enthusiasm for the 
event is still unbroken. For the 11th edition 
of our fundraising event about 60 runners 
again showed up early in the morning to 
breath in some fresh air and do a healthy 
exercise as a bonus. The run took us from 
the conference hotel towards the Indiana 
River, past the NCAA Hall of Fame building 
to the turning point and back. For the 
third year in a row Sputtering Components 
sponsored the Team Challenge, which this 
year was won by the Advanced Energy 
“Wheezers” (Bruce Fries, Juergen Baaun, 
Kiel Pighetti, Skip Larson).

The run again raised almost $7,000 
thanks to all participants, but in particular 
thanks to all our sponsors, some of which 
return year after year. The funds will go 
towards scholarships and travel funds 
for sponsored students, allowing them to 
not only study for a career in the area of 
vacuum coatings and thin films, but to 
experience firsthand the SVC TechCon.

As we will return to Providence, RI, next 
year we will again run around the Rhode 
Island Capitol.

Wolfgang Decker, Iacten Consulting, wolfgang@
iacten.com

SVCF Golf Challenge Tournament was a 
great success. The tournament took place at the 
beautiful Riverside Country Club, Indianapolis.

1st place Thomas Schneider,  
 Gemini Observatory, HI – score of 73
2nd Place Dermot Monoghan,  
 Gencoa, United Kingdom – score of 76
3rd Place Jim Dibattista,  
 Representing Darly Custom Technology – score of 80
1st place winner of the challenge holes was Dermot 
Monghan, winning 3 of the five challenges!

Thank you golfers – we hope to see you 
on the GREEN in Providence, RI at the 
2017 SVC TechCon

On behalf of the SVC Foundation we 
would like to extend a thank you to our 
sponsors: PHPK Technologies, Nano 
Scale Surface Systems, Inc., Fil-Tech, 
Inc., Cacejan Vacuum, and our Past 
SVCF Chair Paolo Raugei. Proceeds go 
towards supporting enterprising students 
and practitioners who have an interest in 
furthering their education in the field of 
vacuum coating technology.

Caitlin A. Mathey, Cacejen Vacuum, Inc. cacejen@
gmail.com

Congratulations to each for their hard work.
The SVC Foundation continues to strive 

to make a difference in the lives of students 
that are establishing their careers in vacuum 
coating technology fields. In the words of 
one of our recipients “Your generosity has 
inspired me to help others and give back 
to the community. I hope one day I will be 
able to help other researchers achieve their 
goals just as you have helped me.”

For more information, contact James Hilfiker, 
Scholarship Committee Chair, J.A. Woollam Co., 
jhilfiker@jawoollam.com
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Society and Industry News

...continued on page 60

SVC and ASM form Strategic Alliance
On April 13, the Society of Vacuum Coaters 
entered into a strategic alliance with ASM 
International, the world’s largest association 
of metals-focused materials engineers, 
scientists, technicians, educators, and 
students. Founded in 1913, ASM serves as 
a central resource that gathers the latest 
applied information from the field and 
shares it with industry, academia, and the 
government through printed and online 
content, classes, conferences, and local 
chapters around the world. The new alliance 
brings the complementary strengths of both 
organizations together to better serve their 
members and the technical community at 
large. Since July 1, ASM has been providing 
comprehensive association management 
services to SVC and the SVC Foundation.

Incoming SVC president Gary Vergason 
says, “ASM’s headquarters houses a 
world-class, hands-on training facility 
that will greatly enhance our year-round 
educational program for technicians and 
engineers. Bringing PVD equipment into 
ASM’s equipment lab will provide a wide 
tutorial range from system design and 
troubleshooting through process techniques 
and development. Both organizations 
are excited about the synergies that will 
come together with the combination of 
surface engineering and materials science.” 
Thomas Dudley, interim managing director 
of ASM, agrees. “ASM International 
brings an organizational critical mass and 
complementary set of affiliate organizations 
to deploy comprehensive solutions and 
training with a depth and breadth not 
previously possible,” he adds. To learn more 
about ASM, visit www.asminternational.org.

With an open latticework 
geodesic dome arching 
over a semicircular 
office building, ASM’s 
headquarters symbolizes 
humanity’s technological 
mastery of materials.

From left, Gary Vergason, Tom Dudley, and Bryant Hichwa signed 
a strategic alliance agreement on April 13 at ASM International, 
Materials Park, Ohio.

2016FLEX - Excitement in Monterey
The 2016FLEX Conference was organized 
in Monterey, CA in March by FlexTech 
(San Jose, CA), which is a US funded 
organization for the development of flexible 
products and manufacturing. In this last 
year the FlexTech Alliance has made a 
strategic partnership with SEMI (San Jose, 
CA), the semiconductor industry standards 
organization. Both are excellent professional 
organizations. The FlexTech Alliance 
manages NextFlex, the manufacturing 
consortium devoted to the development of 
flexible manufacturing platforms. NextFlex 
is funded with 75M$ by US Department of 

Defense (DoD) funds and 96M$ in private 
funds. Adele Ratcliff (DoD) gave a spirited 
NextFlex presentation as part of the plenary 
session. The conference consisted of plenary 
and technical sessions and 48 tabletop and 
booth exhibits. Five short courses were 
given: Introduction to printed electronics, 
Flexible hybrid electronics, Fusion of 
fashion and function: Textiles as a platform 
for flexible electronics, 3D printing on 
plastics and Getting ready for readiness 
levels: Fundamentals of TRLs and MRLs. 
TRL is Technical Readiness Level and MRL 
is Manufacturing Readiness Level, the terms 
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are used in U.S. government contracts as a measurement of maturity 
of a technology or manufacturability. The technical session subjects 
ranged from technology roadmaps to flexible applications including 
wearable devices, health monitoring, sensors, displays and lighting. 
In other sessions manufacturing was discussed including roll-to-
roll and in-line processing, sheet manufacturing, encapsulation 
and pattering. One session was on substrates and barrier films. 
Other topics were on sensors and energy harvesting, dielectrics, 
carbon based electronics, photovoltaics and batteries. The common 
words overheard at the Flex conference were wearable, flexible, 
Internet of Things, health monitors, autonomous vehicles (self-
driving), inkjet, and touch or gesture based automotive displays, 
sensors and antennas. Vacuum technologies were represented by 
Applied Materials, Meyer Burger, AIXTRON SE, AIMCAL, and 
SVC. According to IDTechEx, products made on flexible substrates 
will grow from 8.8 B$ (2015) to 23.5 B$ (2025). Infotainment 
applications will grow from 11.61 B$ (2015) to 20.89B$ (2025). So 
far the main flexible products are sensors strips to measure glucose 
and jetable inks. Figure 1 shows the market status of several flexible 
products according to profitability in 2015. The total sector revenue 
including components is 24.8 B$ (2015) according to IDTechEx. 

The products shown are growing at different rates. The big growth 
areas are sensors, inks, OLED displays and e-Paper displays. The 
anticipated growth in the OLED Display Market is shown in Figure 2. 
 Strong growth is expected in the wearable applications.

The predicted growth in flexible sensors was 100M$ (2014) 
going to 1.6B$ (2025) as shown in Figure 3 (H. Zervos, IDTechEx). 
Sensors have a very wide range of types and applications. Wearable 
technology for health and medical monitoring will grow from 10.53 
B$ (2105) to 29.5 B$ (2025). 

An important topic is substrates, including thin glass and high 
grade polymer substrates (polyester terephlate (PET), polyethylene 
naphthalate (PEN), polyether ketone (PEEK), polyimide).To 
deposit quality films these substrates must have clean surfaces, 
planarization, and protective layers resulting in good weatherable 
characteristics. The quality required is far greater than the average 
PET film. Dr. Scott Gordon (DuPont-Teijin Films) discussed a new 
generation of PET films for flexible electronics. Their group has 
developed Melinex® PCS, a PET film with a peelable protective film. 
The peelable film protects the underlying surface from damage, with 
no planarization required. This product won the “Best Technical 
Development” Materials Award at the 2015 Printed Electronic 
Conference in Europe. Other key components are encapsulation 
and O2 and water vapor barrier films. Dr. Stefano Tominetti,  SAES 
Group (Milan, Italy) spoke on flexible water and oxygen getters and 
sealants. Dr. Ahmed Salem TNO/Holst Centre (Eindhoven,NL) 
discussed OLED barrier lamination and the issues moving 
toward roll-to-roll(R2R) processing. Dr. Jan Bouwstra, Fuijifilm 
Maufacturing Europe (Tilburg, NL) spoke about atmospheric 
plasma deposition to make moisture ultra–barrier films. They 
were able to deposit highly dense smooth surfaces of SiOx in a 
continuous process, using hexamethylsiloxane (HMDSO) as a 
precurser. This was impressive work because the pilot equipment 
they built could run continuously in air with roll changes. Juergen 
Kreis, AIXTRON SE (Germany), discussed the use of PE-CVD 

Figure 1. The range of flexible products and components showing their years of development and 
profitability (2015). OPV is organic photovoltaics, DSSC is dye sensitized solar cells, AC EL is alternating current 
electroluminescent, OLED is organic light emitting diode. (Modified from H. Zervos, IDTechEx)

Figure 2. The OLED display market including wearable and flexible display devices. Wearables is one of the 
largest growing applications. (H. Zervos, IDTechEx)

Figure 3. The predicted growth in flexible sensors to 2023, excluding glucose test strips.  
(Source: H. Zervos, IDTechEx).
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deposited SiNx films with parylene capping 
films to make good barriers for OLEDS. 
Dr. Neil Morrison Applied Materials Web 
Coating, GmbH (Germany) spoke on 
packaging of moisture sensitive materials 
for displays. He discussed very large 
production R2R processes for PE-CVD 
deposition using HMDSO to make SiNx /
plasma polymerized-HMDSO protective 
layers on PEN and PET substrates. Also, in 
work by Dr. Hylke Akkerman, Holst Center 
(NL) SiNx/OCP organic layer/SiNx was 
studied for flexible OLED barriers.

Dr. Manuela Junghaehnel, Fraunhofer- 
FEP (Germany) presented work on the 
refinement of transparent conductors ITO, 
IZO and ZnO:Al films on 100 m thin glass 
(Corning, 360 x 400 mm) using flash-lamp 
annealing. She showed improvements in 
conductivity and visible transmission after 
treatment. There were several other papers 
on printed Ag, Ag nanowire (AgNW) 
and carbon nanotubes (CNT) and metal-
CNT conductors. Robert Praino, Chasm 
Technologies (Canton, MA) discussed their 
hybrid AgNW/CNT conductor. They were 
able to achieve 75Ω/sq. at Tv=99% and 
25Ω/sq. at Tv=97%, with haze below 1.5%.

In the session on thin film batteries an 
interesting talk was given by Dr. Mangilai 
Agrawal, Indiana University-Purdue 
University (Indianapolis, IN) about paper 
based thin film lithium ion batteries. The 
batteries are based on CNT paper/lithium 
cobalt/separator/lithium titanium oxide/
CNT paper. Dr. Paul Abel, Novacentrix 
(Austin, TX) spoke about AgZn system as 
the safest battery for flexible use. Sebastion 
Mueller, Georgia Institute of Technology 
(Atlanta, GA), gave an interesting talk about 
power collection and delivery systems. 
He discussed different ways to collect 
power and convert it to useable power for 
a wearable product. His group studied 
near-field induction, far-field coupling 
to batteries/supercapacitors, RF receiver 
harvesting and thermoelectrics.

3D printing or additive manufacturing 
has an interesting home in flexible and 
wearable electronics. Some presentations 
discussed 3D printing as a method to make 
electronics. A presentation was given by 
Eduardo Salcedo, Indiana University-
Purdue University, on 3 dimensional 
designs of novel structures for flexible 

electronics. The market for 3D printing 
is currently booming. The total market is 
shown in Figure 4 (see page 60).

We wish to thank the FlexTech Alliance 
especially, Heidi Hoffman and Michael 
Ciesinski, President for their help with press 
and publication information. The next Flex 
show will be in February 20-23, 2017 in 
Monterey. Also, we wish to thank Dr. Harry 
Zervos, IDTechEx, for use of his figures.

Carl M. Lampert, SVC Technical Director and 
Joyce Lampert, Contributing Editor

Figure 4. The current and projected market for 3D printing including 
printers, materials and services.(H. Zervos, IDTechEx)
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Helping Young Scientists 
Synopsys Championship Science Fair 2016
The Synopsys Championship Science 
Fair was held in March at the San Jose 
Convention Center, CA. SVC gave several 
Special Awards in the general areas of 
materials science, physics and chemistry. 
Generally honorable mentions to projects, 
which are outside of our field, are given 
where we are impressed with the work. 

All of the candidates came from schools 
in the “Silicon Valley” region of California. 
Our judges were Michael Andreasen 
(Vacuum Edge), Ric Shimshock (MLD 
Technologies), Joyce Lampert (Star 
Science), Carl M. Lampert (SVC), Paula 
Mints (Founder, SPV) and Tom Salmon 
(VP, SEMI). After judging about 1000 
projects we identified our winners. 

In Upper Division (Grades 9-12) our 
1st place was “Enhancing the efficiency 
of self-assembled organic solar cells with 
the addition of a second electron donor 
and graphene”, Audrey Cheng (12th grade, 
Henry M. Gunn High School, Palo Alto), 
Figure 1. Audrey was able to increase the 
photovoltaic cell efficiency by adding a 
second electron donor using PCDTBT 
(Poly[N-9'-heptadecanyl-2,7-carbazole-alt-
5,5-(4',7'-di-2-thienyl-2',1' ) combined with 
graphene in a P3HT (poly(3-hexlthiophene) 
cell configuration. Audrey later won 3rd 
place in chemistry at the California State 
Science Fair. 

Second place went to “laser etching 
of graphene oxide to create high energy 
density micro-supercapacitors”, Cameron 
Jones (9th grade, The Harker School, Upper 
Campus, San Jose). 

The 3rd place award went to, “Rapid and 
selective detection of viruses using polymer 
films, by Anjini Karthik (12th grade, Saint 

Francis High School, Mountain View). 
Anjini has since been awarded the 2rd place 
in Chemistry at the Intel Science Fair and 
2rd place in Chemistry at the California 
State Science Fair. 

An honorable mention went to 
“Engineering low-cost scaffolds doped with 
nano-graphene oxide: A novel approach 
to cancer therapy and tissue engineering”, 
Arvind Sridhar, (11th grade, Bellarmine 
College Preparatory, San Jose). 

In Lower Division (grades 6-8) our 1st 
place award went to Kaushik Tota, (7th 
grade, Cupertino Middle School) for 
“Developing magnesium air-fuel cells” 
Figure 2. Kaushik made a fuel cell body 
by 3D printing and made the cell from 
a carbon filter, magnesium strip and salt 
water soaked cotton material. He was able 
to generate 3.47V @ 0.47A for 5.5 hrs. 
Kaushik has since won the 1st place award 
in Alternative Energy at the California State 
Science Fair. 

Our 2nd place award went to “Galloping 
prisms, Using vortex shedding to optimize 
the performance of the novel flow energy 
harvester for remote sensing” by Akhilesh 
V. Balasingam, (7th grade, Challanger 
School, Sunnyvale). Akhilesh has since won 
1st place in Aerodynamics/Hydrodynamics 
at the California State Science Fair. 

Our 3rd place award went to “Effect of 
shapes of solar panels on the generation of 
electricity”, studied by Diptanshu Sikdar 
(6th grade, Challenger School, Sunnyvale). 

An honorable mention award went 
to “How shady is the shade ball?” Amla 
Rashingkar and Gloria Zhang, (8th grade, 
The Harker School, San Jose). Shade balls 
are used to reduce the evaporation of 
water from reservoirs. Amla and Gloria 
are looking for a coater who can coat 
shade balls with selective coatings for 

the continuation of their work. Another 
honorable mention went to ”To characterize 
the energy loss for different types of light 
bulbs, and ways to recover and reuse 
some of the energy loss”, studied by Surya 
Tallavarjula (6th grade, Peterson Middle 
School, Sunnyvale). 

The next Science Fair is scheduled for 
23rd March 2017. It should be just as 
exciting and impressive as this was. We are 
always looking for judges, if any the readers 
want to join our team contact Carl Lampert.

Carl M. Lampert & Joyce N. Lampert, Star 
Science, cmlstar@sonic.net

Figure 2. Kaushik Tota, Cupertino Middle School, the SVC First place 
winner, lower division, for his project “Developing magnesium air-fuel 
cells.”

Figure 1. Tom Salmon, SEMI (SVC volunteer judge) with Audrey 
Cheng, the SVC First place, upper division, winner for her project 
“Enhancing the efficiency of self-assembled organic solar cells with the 
addition of a second electron donor and graphene.”
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Corporate Sponsor News

Atlas Copco
Completes Acquisition of Leybold Vacuum
Effective as of September 1, 2016, Atlas 
Copco AB (Stockholm, Sweden) owns the 
former Oerlikon Leybold Vacuum GmbH, 
renamed Leybold GmbH. Founded in 
1873, Atlas Copco is a global player with 
more than 43,000 employees in over 180 
countries. Leybold becomes part of the 
Vacuum Solutions Division, belonging 
to the Compressor Technique Business 
Area, with approximately 6,500 employees 
represented in over 35 countries.

With this acquisition, Atlas Copco trusts 
the strengths of the vacuum specialists at 
Leybold, founded in 1850, who will keep 
their traditional and well-known brand 
in the market. "The technological know-
how and the innovative spirit of Leybold 
will complement our vacuum portfolio 
and strengthen our market presence, 
contributing to our customers’ success," 
says Geert Follens, President of the Atlas 
Copco Vacuum Solutions Division.

Leybold, headquartered in Cologne, 
Germany, and has a 166-year long history, 
develops and delivers vacuum pumps, 
systems, standardized and customized 
vacuum solutions and services for various 
industries. As a leading supplier of vacuum 
technology, Leybold offers sustainable 
solutions for industrial processes such 
as secondary metallurgy and a range 
of coating technologies. With a high 
application expertise in the fields of 
analytical instruments, display production 
as well as in research and development, 
Leybold ranks among the world's top 
providers and has always been a part of 
well-known, globally active companies.

With rough, medium, high and 
ultra-high vacuum pumps, vacuum 
systems, vacuum gauges, leak detectors, 
components and valves, as well as 
consulting and engineering of turnkey 
vacuum solutions, Leybold provides a very 
broad portfolio for general and specific 
customer applications. "We will continue 
to support our customers in the future 
with our vacuum expertise. Our enhanced 
product portfolio, sustainable after-sales 
services and proximity to our customer 
will distinguish us as a reliable business 
partner", says Steffen Saur, Chief Marketing 
Officer, responsible for the global sales and 

service activities of Leybold. “Additionally, 
by combining Atlas Copco’s and Leybold’s 
strengths in industrial dry pumps and 
scientific turbo pumps, it will provide a 
technology platform for superior next 
generation products.”

As a pioneer of vacuum technology, 
Leybold will continue to focus on 
performance and growth in the industrial, 
research and development, and analytical 
market sectors.

Sumitomo (SHI) Cryogenics of America, 
Inc. (SCIA)
Announces Collaboration with Synergy Systems 
Corporation (SynSysCo)
SCIA announced a joint collaboration with 
SynSysCo for the distribution and service 
of Sumitomo’s Marathon® CP Cryopumps 
across North America.

SynSysCo’s support of the Marathon® 
CP line includes the opening of Synergy 
Cryogenics at SynSysCo’s facility in 
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Montrose, Colorado. This facility will 
support the sale and distribution of the 
complete Marathon® CP product line, 
including standard and low-profile 
cryopumps, ranging in size from eight to 
20 inches, plus helium compressors and 
related accessories.
“The collaboration will leverage SCAI’s 
leadership position in cryopump design 
and manufacture and SynSysCo’s 
leadership position in vacuum so¬lutions 
and service,” said Robert Deobil, 
President of SCAI. “We were in need of 
an improved distribution model in North 
America, and SynSysCo is the perfect 
fit to enhance our overall expertise and 
customer response.”

SynSysCo’s collaboration with SCAI 
further expands its commitment to bring 
world-class products to the dry vacuum 
pumping market and enhance its ability 
to provide turnkey solutions for its 
customers.

Frank Jankowsky, President of 
SynSysCo, added, “SynSysCo is pleased to 

continued from page 63

Association Of International Metallizers, Coaters And Laminators. For more information, visit aimcal.org

Don’t miss this Educational and Networking Opportunity
The AIMCAL Web Coating & Handling Conference and SPE FlexPackCon brings together the 
web converting community to advance the technologies of web processing, handling and 
�nishing. Organized and hosted by AIMCAL, the conference convenes leading industry 
professionals to improve e�ciencies, reduce waste and introduce new technologies 
designed to improve competitiveness. The conference brings the state of the art to the plant 
�oor, addressing the problems and opportunities that are part of every manufacturing process. 

The AIMCAL Web Coating and 
Handling Conference o�ers a 

global technical forum for the Web 
Coating and Converting industry.

collaborate with a world-leading technology 
company like Sumitomo (SHI) Cryogenics of 
America, Inc. SCAI’s expertise in cryogenics, 
and the unique capabilities of the Marathon® 
CP product line, provide an expanded level 
of product and process capability that we 
are excited to bring to the North American 
market.”

Dynavac 
Expands Market Share in Thermal Vacuum Industry 
with Strategic Acquisition of XL Technology 
Systems
Dynavac, the industry leader in thermal 
vacuum technology and systems, is 
pleased to announce that it has acquired 
the intellectual property rights of XL 
Technology Systems, Inc., (XLT) formerly 
based in Rockland, MA. XLT designed, 
built, and installed thermal vacuum 
systems, which were used by defense 
and aerospace clients for preflight testing 
applications. The move will allow Dynavac 
to broaden its market share and strengthen 
its leadership position in the aerospace 

industry.

“This acquisition is well aligned with 
Dynavac’s long-term, strategic goals and 
the timing was right,” says Tom Foley, CEO 
of Dynavac. “XLT was a solid competitor 
with a long track record in the aerospace 
testing industry. We’re proud to incorporate 
their products and designs into our portfolio 
and increase our breadth of offerings to our 
customers.”

Under the acquisition terms, Dynavac 
has gained the rights to all mechanical, 
electrical, and software documentation for 
XLT’s standard and custom-engineered 
products. Going forward, this will enable 
the company to service and upgrade 
existing XLT systems, furnish new 
equipment, and provide ongoing support to 
former XLT customers.

“Customer satisfaction is the cornerstone 
of Dynavac’s operations, as evidenced by our 
strong service network,” Foley says. “XLT 
customers are in excellent hands, and our 
team is committed to ensuring a smooth and 
seamless transition.”
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Intlvac Thin Film
Welcomes new Staff Member
Intlvac Thin Film welcomes Kent Rennie to 
its staff. Kent brings a wealth of professional 
experience and industry respect with over 
20 years in the vacuum process industry. 
His new position as Global Manager for 
Process Systems Sales and Marketing 
will benefit from his broad knowledge of 
deposition and etching processes. Kent’s 
marketing intuition and successful business 
track record makes him well suited to 
advance Intlvac Thin Film product offerings 
to the marketplace.

MKS Instruments, In. 
Announces Closing of Acquisition of Newport 
Corporation

MKS Instruments, Inc. announced the 

completion of its previously announced 
acquisition of all of the issued and 
outstanding common shares of Newport 
Corporation, a worldwide leader in 
photonics solutions. "We're excited by 
the combination of MKS Instruments 
and Newport Corporation, as it creates a 
premier supplier of critical components and 
subsystems for a diverse set of end markets, 
from semiconductor to life sciences, each with 
a common need for highly precise technology 
enabling solutions," said Gerald Colella, 
MKS Instruments' Chief Executive Officer 
and President. "With the strong support of 
the Newport management team, we have 
already begun to lay out our integration 
plans to achieve profitable and sustainable 
growth targets and are confident in our 
ability to achieve our goals."
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Think Simple.
Less Controllers, More Control

Introducing the TemEBeam™ EBC integrated controller 

from Temescal. With the EBC. we’ve packed four 

controllers into a single, cost e�ective rackmount 

device. Now you can manage multiple control systems 

using a single touchscreen interface or the hand-held 

universal remote. It’s an exciting breakthrough that 

eliminates complexity and simpli�es your electron 

beam control system.

To �nd out more, visit www.temescal.net 
or call 1-800-552-1215
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Multi-function Integrated Controller
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• OEM Ready
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