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FROM THE PRESIDENT

GREETINGS SVC FAMILY!
Summer is over, Europe is back to work and many of us in 
North America enjoyed a total solar eclipse, with the smart 
ones using ISO approved glasses to protect our eyes.

The new independent management 
structure of SVC is called SVC 2.0 and 
is moving along nicely. As you will see 
in Frank’s and Carl’s messages, virtu-
ally every aspect of our organization is 
being scrutinized and improved to pro-
vide more value for our members, while 
keeping an eye on costs. We are in the 
process of assembling a new Society 
with some new faces, along with many 
familiar ones. We are working on the 
TechCon 2018, to be held in Orlando, 
Florida. Several of our tutorials and exciting keynote speakers 
will focus on our conference theme, “Multi-Functional Thin 
Films – The Tailoring of Interfaces”. This theme will combine 

LETTER Gary Vergason
SVC President  
Vergason Technology Inc.  
gvergason@vergason.com

aspects of thin and thick film coatings with surface engineer-
ing for a variety of applications including transportation, 
aerospace and electronics. Many efforts are being deployed 

to help ensure that the TechCon 2018 
will be a great success.

Sue Taube, of Taube-Violante, has 
joined the team as the Managing Edi-
tor of the Bulletin and will also provide 
valuable input in other areas of our pub-
lications. Our Technical Director, Carl 
Lampert, will in 2018 be free to focus 
more on our strategic technical direc-
tion, and less on editorial support of the 
Society’s publications (thanks Carl for 
jumping in to the breach!!). We will be 

calling on our Technical Advisory Committees (TACs) to assist 
with reviewing manuscripts for the proceedings within their 
areas of expertise, which should help to shorten the time to 
publication. 

We will be reviewing our TAC and Board committees for val-
ue and responsiveness. In industrial engineering we call this 
form, fit and functional testing. Are we accomplishing what 
we set out to do with their formation years ago, and if not, 
what should change? Every member of our Board of Directors, 
committees and administration has a responsibility to be a 
part of our success. So, expect to be asked to step up and get 
more involved.

Scott Walton has joined us as our new Director of Educa-
tion to give this program the necessary focus and the shot-in-
the-arm it needs. We have a world-class education program 
which needs updating, reenergizing and marketing to help 
ensure that our technical courses are delivered to today’s par-
ticipants in format and content which best fits their needs.

As you will see with this and other messages in this Bulle-
tin, there is much going on. So, buckle your seat belts and get 
ready for a new ride!

With kind regards,
Gary

 Alan Michael Plaisted, founder of Soleras and past SVC 
President and I fly fishing in the Allagash of Maine’s 
North Woods.





FALL HAS ARRIVED!
Fall Has Arrived!
I welcome all who are getting our Fall Bulletin for the first time. We have fo-

cused and intensified our marketing effort to bring in new readers. We have 
improved our electronic distribution of the Bulletin too. This issue announces 
our TechCon 2018 in Orlando, FL. There will be other conferences in the area, 
including Plastics 2018, which will help bring in new people to our exhibition. 
In this Bulletin we have a rich collection of history, coating and sputter source 
technical information.

We have some very intriguing articles for you. Our first invited article is by 
Jessica Gerstenberg, Institute of Surface Technology, TU Braunschweig, on 
sputtered thermal barrier coatings for turbine engines. Jessica won the Best 
Poster Award at our 2017 TechCon in Providence, RI. Another article is on the 
sputter coating of thin flexible glass was written by Manuela Junghähnel and 
Jasper Westphalen, Fraunhofer FEP. This is a new developing area for a variety 
of applications including displays and mobile electronics for vehicles.  Also, lat-
er this year, Fraunhofer FEP is sponsoring a ProFlex workshop on the processing 
of thin glass. A third invited article is from Michael Brazil, Vergason Technology, 
Inc. on ZrNO coating used as a decorative, anti-corrosion coating for automotive 
applications.  Michael shows us by looking at multiple parameters an optimum 
coating can be created. ZrNO is a very interesting optical and durable coating. 
Another classic article was written by Angus Macleod on the early history of an-
tireflection. It’s an interesting history with many famous researchers and their 
observations on reflected light from optical surfaces, finally resulting in the de-
sign and development of coatings in the 1940’s. How to make it durable and 
do it economically came later!  In the History Corner Don Mattox has written an 
intriguing article about the development of sputter sources. They are many very 
good references in this work involving the evolution of ion beam and magneti-
cally confined plasma sources. 

In our Society Industry News section, Frank Zimone, SVC Executive Director, 
gives us a view of the insights and challenges of the development of SVC 2.0. 
Also in this section, Joyce Lampert and I review the Society of Information Dis-
play, Intersolar North America, SEMICON Conference. So much is happening in 
these fast moving and allied fields, we really need to make sure we keep up with 
their trends and technical needs from a coatings viewpoint.  

I wish to introduce our new Managing Editor/ Production 
Manager, Sue Taube, of Taube-Violante, Inc. Sue has a 
lot of experience in publishing in the vacuum coatings 
industry. Also, her company Taube-Violante is responsible 
for the production of the Vacuum Technology and Coating 
magazine. Sue Taube holds a BFA in Communications Arts 
from The School of Visual Arts and a MA in Advertising 
Design from Syracuse University. She has been an Art 
Director, Graphic Designer and Production Manager for 
over 30 years with an emphasis on publishing design.

—Carl M. Lampert 
cmlstar@sonic.net 
carl.lampert@svc.org 
707.794.0333
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Thin films are a key enabler to the functionalization of surfaces and multi-functional thin films add tremendous value to a 
wide range of technical components. Emerging trends such as IOT and Industry 4.0 demand increasingly detailed additional 
information on the actual status, security issues, prediction of potential failure, etc. In essence, a data set that requires clever 
design, novel materials, and new structures are needed. 

•	 High Rate Coating and Large-Area Deposition
 Magnetron sputtering, electron beam evaporation, hollow 

cathode processes
• Erosion, Corrosion, Friction & Wear
 Hard coatings, high temperature materials, super- 

lubrication, tailored interfaces and complex layer stacks, 
gradient coatings and failure analysis

•		 Functional Thin Films
 Surface integrated sensors, transparent heating films/surfac-

es, ice-free surfaces, bonding layers, anti-reflective coating 
systems, switchable transparent, high precision optics and 
medical products

•	 Advanced and High Performance Materials
 High temperature stability, high temperature 

sensing, extreme conditions (space application)
•	 Tailoring of Interfaces in Complex Coating 

Architectures
 Reduction of interfacial stress, coupling of optical, 

electrical, chemical, and mechanical properties of multi-layer 
coatings 

•	 Science and Application of Plasmas
•	 Smart Coatings for Sensing and Glazing Systems
•	 Surface Modification

The	SVC	technical	program	is	complemented	by	the	industry’s	most	extensive	vendor	exhibit,	a	comprehensive	tutorial	
program,	Young	Members	Group	and	ample	networking	and	business	opportunities. The	SVC	TechCon	creates	a	forum	
where	researchers,	industry	practitioners,	decision	makers	and	newcomers	to	the	field	can	connect,	exchange	ideas,	and	
get	questions	answered.

Also, the NPE 2018 The Plastics Show is located in Orlando during the SVC TechCon.	As	a	result	of	the	location,	our	exhibition	is	
expected	to	be	significantly	busier	with	increased	traffic	and	business	opportunities.

Come join us at the 2018 SVC TechCon to present your latest results, connect with fellow researchers, 
practitioners and business partners! We look forward to seeing you in Orlando, Florida!

 Our	Symposium	Topic	provides	an	opportunity	to	focus	on	multi-
functional	thin	films	that	integrate	into	complex	coating	architectures.	
State-of-the-art	technology	and	applications	such	as	flexible	displays,	
mobile	communications,	and	remote	sensing	place	a	strong	emphasis	
on	hybrid	materials	and	new	functions.	Integration	of	completely	new	
functions	(decorative,	sensing,	active	switching)	becomes	possible.	
Also,	the	combination	of	thick	coatings,	e.g.,	for	erosion	and	wear	
protection	with	thin	films,	opens	the	market	for	new	and	advanced	
products	in	the	key	application	areas	of	aerospace	and	transportation.

The Symposium will have presentations in the field of functional and multi-functional thin films. This	includes	pioneering	
coatings	and	coating	systems	enabling	innovation	in	both	thin	and	thick	film	coatings	for	aerospace,	vehicles	and	beyond. 
Topics include:

For more information, contact the SVC at 505-897-7743, visit the SVC website at 
www.svc.org to submit an abstract, or send an Email to abstracts.2018TechCon@svc.org

Announcing the 2018 
SVC TechCon Symposium on:

Multi-functional Thin Films 
– The Tailoring of Interfaces

Gaylord Palms Resort and Convention Center, Orlando, FL – May 5-10, 2018
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Back by Popular Demand: FREE Technical Conference Admission on May 8th or 9th
Further details at www.svc.org

Our	Symposium	topic	of	“Multi-Functional	Thin	Films	–	the	Tailoring	of	Interfaces”	
addresses	the	pivotal	role	that	thin	films	and	surface	engineering	play	in	the	success	
of	a	wide	range	of	industrial,	transportation	and	consumer	applications.	In	some	
applications,	these	functionalities	may	provide	the	core	device	operability.	In	others,	
they	may	constitute	a	crucial	building	block	in	a	broader	coating	architecture,	such	as	
thicker	coatings	for	thermal	or	tribological	applications	applied	by	other	deposition	
methods.	The	Symposium	leads	off	with	high-profile	keynote	speakers	who	highlight	
the	topic	of	interfaces	presented	during	the	4-day	technical	program.	In	addition,	
our	Symposium	is	enhanced	by	the	joint	SVC/ICMCTF	(International	Conference	of	
Metallurgical	Coatings	and	Thin	Films)	session	
on	fundamental	interfacial	materials	science.	
Also,	our	ten	traditional	SVC	technology	
sessions	will	cover	a	wide	range	of	the	latest	
developments	in	coatings,	surfaces,	interfaces,	
processes	and	equipment.

We	invite	you	to	share	your	latest	R&D	and	
application	successes	with	the	SVC	community.	
The	TechCon	offers	a	broad	range	of	
presentation	options	–	technical	talks	or	posters,	
vendor	innovation	presentations	–	which	can	accommodate	the	full	spectrum	of	
academic	research	and	industrial	product	innovations.	This	is	complemented	by	our	
publication	options	of	conference	proceedings	or	a	peer-reviewed	publication.	The	
SVC	and	SVC	Foundation	Student	Sponsorship	Programs	provides	financial	support	
for	a	limited	number	of	qualified	applicants	to	encourage	student	participation.

The SVC TechCon will be in sunny Orlando, Florida for 2018! SVC has a new venue 
and our Symposia topic will encompass a broad range of commercially relevant 
issues and technologies. SVC offers an industry-leading technical exhibition, 
abundant networking opportunities, with an extensive educational program and 
in-depth technological expertise. SVC provides you with a great opportunity to 
present your latest research results, coating processes and equipment applications 
in the field.

2018	SVC	TechCon	Call	for	Papers

Message from the Program Committee

Gaylord Palms Resort and Convention Center, Orlando, FL – May 5-10, 2018
Our Vision: To be the global 

source for learning, applying and 
advancing vacuum coating, 

surface engineering, and related 
technologies.

Our Mission: To promote 
technical excellence by providing 

a global forum to inform, educate, 
and engage the members, the 
technical community, and the 

public on all aspects of vacuum 
coating, surface engineering and 

related technologies.

Please come and make the new connections that only the SVC can offer!	Our	
academic	researchers,	industrial	innovators,	technical	practitioners	and	application	
experts	await	your	news,	and	look	forward	to	talking	with	you	in	sunny	Orlando!

 Ralf Bandorf, Fraunhofer IST, Program Chair

 Manuela Junghähnel, Fraunhofer FEP, Asst. Program Chair

 Chris Stoessel, Eastman Chemical Company,  
 Past Program Chair and 2018 President Elect

 Carl M. Lampert, Technical Director

The Gaylord Palms Resort and 
Convention Center, Orlando, Florida
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Thin Films, Coatings and Gradients,  
the Need for Multi-functional Materials  
in Space Applications 

Dr. Marvi A. Matos 
Blue	Origin,	LLC,	Kent	,	Washington

Blue	Origins	goal	is	to	make	space	accessible	for	manufac-
turing	and	for	space	stations	where	people	can	live.	Space	
travel	and	accommodations	should	be	safe,	reliable	and	
inexpensive.	Space	applications	and	the	need	for	boosters	
and	engines	reusability,	challenge	materials	scientists	and	
manufacturing	engineers.	For	example,	alloys	with	the	capa-
bility	to	meet	mechanical	property	requirements	in	oxygen	
rich	atmospheres	at	elevated	temperatures	are	few	and	very	
expensive.	The	vision	of	having	millions	of	people	working	
and	living	in	space	is	not	satisfied	by	the	current	state	of	
materials	development	and	accessibility.		

Material	scientists	working	on	thin	films,	coatings,	layer-
by-layer	and	gradients	are	especially	equipped	for	this	
challenge.	The	ability	to	transform	a	light	bulk	material	
enabling	multi-functionality,	can	make	space	applications	
possible	at	a	much	cheaper	price.	This	talk	will	focus	on	the	
some	of	the	most	pressing	challenges	in	space	materials	
today	and	ideas	for	researchers	on	how	to	solve	them.	This		
is	a	call	out	for	innovation,	by	focusing	on	the:	

•	Why?	The	problems	we	are	trying	to	solve.

•		How?	Potential	interface,	layer-by-layer	or	gradient	
approaches	that	are	accessible	by	film,	coating,	or	gradient	
technologies

•		What?	Specific	examples	of	interface	layer	materials	that	
meet	these	requirements

Thermal Atomic Layer Etching  
Using Sequential, Self-Limiting 
Surface Reactions

Professor Steven M. George
Depts.	of	Chemistry	and	Mechanical	Engineering
University	of	Colorado,	Boulder,	Colorado

Thermal	atomic	layer	etching	(ALE)	is	a	thin	film	removal	
technique	based	on	sequential,	self-limiting	surface	
reactions.	ALE	is	the	reverse	of	atomic	layer	deposition	
(ALD).	This	talk	will	discuss	new	thermal	ALE	procedures	
that	have	been	developed	recently	for	the	thermal	ALE	of	
metal	oxides,	metal	nitrides	and	elemental	metals.	Thermal	
ALE	provides	for	atomic	layer	controlled	and	isotropic	
etching.	Al2O3	ALE	will	be	demonstrated	using	sequential	
fluorination	and	ligand-exchange	reactions	using	HF	and	
Al(CH3)3	as	the	reactants.	TiN	ALE	will	be	presented	using	
sequential	reactions	based	on	oxidation	and	fluorination	
to	a	volatile	fluoride	using	O3	and	HF	as	the	reactants.	
Tungsten	(W)	ALE	will	be	illustrated	using	sequential	
oxidation,	conversion	to	a	different	metal	oxide	and	
fluorination	to	a	volatile	fluoride.	W	ALE	employs	O3,	BCl3	
and	HF	as	the	reactants.	Thermal	ALE	and	ALD	together	
provide	the	atomic	layer	processing	required	for	advanced	
semiconductor	manufacturing.	

Introducing 2 of our Keynote Speakers for 2018 TechCon

Our	Program	Committee	is	actively	working	on	the	selection	of	additional	keynote	
and	invited	speakers.	Full	details	will	be	in	the	Spring	2018	Bulletin.	Also,	check	our	

conference	website	for	an	updated	program	and	speaker	list.

www.svc.org
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(TAC) Technical Advisory Committee Sessions
Technical	Advisory	Committees	(TACs)	describe	their	traditional	focus	and	emphasize	topics	that	
complement	the	61st	Technical	Conference,	2018	Symposium	on	Multi-Functional	Thin	Films	—	
	The	Tailoring	of	Interfaces,	which	takes	place	May	5-10	in	Orlando,	FL.	

Visit	svc.org/2018	Technical	Program	to	learn	more.	

Coatings for Energy Conversion 
and Related Processes 
Coatings for Energy cover four major areas of technology for 
the collection, manipulation and storage of energy. The areas 
are: (1) energy efficient coatings (2) solar energy conversion, (3) 
energy harvesting, and (4) energy storage. Energy efficient coat-
ings cover low-e and smart windows, using electrochromics, 
thermochromics and photochromic materials. Also, this cate-
gory includes self-cleaning catalytic coatings, hydrophobic and 
hydrophilic coatings. Selective radiators for radiative cooling are 
another important topic. Under solar conversion are photovol-
taics, including both thin film and wafer based solar cells. Pho-
tovoltaics are very interesting for mobile power all the way up to 
large-scale grid connected power. Efficiency, performance and 
lifetime are the biggest issues. Advances are being made in per-
ovskite and bifacial hetrojunction solar cells. This area includes 
organic, flexible solar cells and thermophotovoltaic cells. Also, 
in this category are high performance solar coatings and high 
temperature thermal selective absorbers. Fuel cells are anoth-
er topic which is growing in importance. Making more durable 
membranes using protective coatings will increase the lifetime 
of a fuel cell. Energy harvesting includes RF energy conversion, 
piezoelectrics and kinetic harvesting of energy. Energy storage 
covers thin film batteries, coatings for battery systems, flexible 
and conformal batteries and super capacitors. Thin film bat-
teries are being proposed for wearable applications, but the 
weight, charge capacity, cyclic life and stability need to be ac-
ceptable. The movement toward more electric and hybrid vehi-
cles is driving battery research forward. Furthermore, our group 
welcomes business topics dealing with market assessment, ad-
vanced manufacturing and integration of energy products into 
wearable and mobile products.

INVITED SPEAKER:
Lars Österlund, Uppsala University, Sweden
 Catalytic Self-cleaning Films for the Built Environment: 
Combining Facet-texturing, Acid-base Functionalization 
and Spectral Selectivity

TAC Chair: Volker Sittinger, Fraunhofer Institute for Surface 
Engineering and Thin Films IST, Germany, volker.sittinger@
ist.fraunhofer.de
Assistant TAC Chairs: Carl M. Lampert, (Past Chair) Star  
Science, cmlstar@sonic.net;  Michael Andreasen, Vacuum 
Edge, michael.andreasen@vacuumedge.com; Wolfgang 
Diehl, Fraunhofer Institute for Surface Engineering and Thin 
Films IST (retired), Germany, wolfgang_diehl@t-online.
de; Claes G. Granqvist, Uppsala University, Sweden, claes-

gorangranqvist@angstrom.uu.se; David Sanchez, Materion 
Advanced Chemicals, david.sanchez@materion.com; 
 Ric Shimshock, MLD Technologies, LLC, ricshimshock4mld@
aol.com

Protective, Tribological 
and Decorative Coatings
The Protective, Tribological and Decorative Coatings covers de-
sign, development, production, applications and research in the 
field of tribological coatings. The Tribo sessions include vacuum 
coatings and equipment for applications to protect compo-
nents, tools, as well as decorative parts. Also, the sessions cover 
business aspects of these applications.

Topics of interest in this session include:
• Coatings for cutting tools
• Coatings for molding and forming tools
•  Reliability and life of tribological systems, enhanced by 

coatings
•  Short and long term business trends in the field of tool coat-

ings, component and decorative coatings
•  Coatings for the reduction of friction and exhaust gas 

emissions
•  Corrosion protective coatings (e.g. Zn:Al) on large-area  

surfaces
• Testing and evaluation of coating performance
• Failure analysis of coatings
• Scale-up of vacuum coating processes for industrial demands
• Coatings for high-performance engines
• High-temperature coatings for aerospace applications

 
INVITED SPEAKERS:
Holger Hoche, TU Darmstadt, Germany
 Development of PVD-Coatings for the Corrosion Protection 
of Mild Steel Substrates for Applications under Complex 
Tribological and Corrosive Stresses

 Srinivasan (Srini) Rajagopalan, ExxonMobil Research and 
Engineering Company
 DLC-based Coatings with Enhanced Abrasion Resistance: 
Design Concepts and Application to Oil and Gas Operations

TAC Chair: Dave Doerwald, IHI Hauzer Techno Coating BV, 
The Netherlands, ddoerwald@hauzer.nl
Assistant TAC Chairs: Jolanta Klemberg-Sapieha, 
Polytechnique Montréal, Canada, jsapieha@polymtl.ca; Roel 
Tietema, IHI Hauzer Techno Coating BV, The Netherlands, 
rtietema@hauzer.nl
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Coatings and Processes for Biomedical 
and Environmental Applications
Coatings and Processes for Biomedical and Environmental Ap-
plications traditionally represent an important part of the SVC 
TechCon program.

Topics in the Bio session are:
• Coatings for dental and orthopedic implants
•  Stability of coatings, bio-corrosion, and electrochemical 

processes
•  Antimicrobial coatings and surfaces, disinfection and 

sterilization
• Biofunctionalization of coatings and surfaces
• Sensors, electrodes for sensing and control
•  Coatings for imaging enhancement (MRI, X-ray) of 

implantable devices
• Atmospheric pressure plasma in biomedical applications
• Plasma treatment of biological tissues
•  Treatment of liquids - applications in healthcare, 

environmental applications, nanoparticle formation and 
water activation

• Emission control, including removal of carbon dioxide
• Plasma in agriculture
•  Environmentally friendly removal of dangerous substances 

from surfaces
• Catalytic materials for gas cleaning

INVITED SPEAKER:
Nuria Espallargas, Norwegian University of Science and 
Technology (NTNU), Norway
The Effect of Surface Deposits on Friction of CoCrMo 
Ciomedical Alloy –Tribocorrosion from Macro to Nano-scale

TAC Chair: Hana Baránková, Uppsala University, Sweden, 
hana.barankova@angstrom.uu.se

WebTech Roll-to-Roll Coatings 
for High-End Applications 
WebTech is the forum for flexible web and roll-to-roll (R2R) 
processing at the SVC. It is the podium to present new achieve-
ments in processing of flexible substrates such as polymer or 
textile webs and thin glass, and encompasses manufacturing 
techniques, products, market developments and economical 
aspects of this versatile high-volume manufacturing method.

The WebTech sessions cover presentations on materials, 
deposition processes, manufacturing techniques, market anal-
ysis and economical perspectives in the following application 
areas related to R2R processing:
•  Films and coatings for energy-efficient glazing in buildings, 

vehicles and spacecraft thermal control
•  R2R manufacturing integration combining vacuum and atmo-

spheric processes

TechCon 2018 (TAC) TECHNICAL ADVISORY COMMITTEE SESSIONS
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 - Spatial Atomic Layer Deposition
 - organic/inorganic hybrid materials deposition
 - printing and patterning
•  High performance polymer- and glass-based substrates, dif-

fusion barriers and sealing techniques for roll-to-roll process-
ing

•  Flexible electronics applications for displays, radiation man-
agement, driving electronics, security and anti-counterfeiting 
devices

• Large-area films that enable flexible lighting, LEDs and OLEDs.
• Thin film/flexible batteries, solar cells, and energy storage
•  Films enabling solar energy generation and building-integrat-

ed photovoltaics (BIPV)
•  High-volume productivity improvements for metallization, 

decorative applications, window films and food packaging 
•  Bio- and health-related topics such as medical sensing and 

imaging, antimicrobial films and surface treatments, sterile 
packaging materials, wound care, and many others

INVITED SPEAKER:
Yves Leterrier, Ecole Polytechnique Fédérale de Lausanne , 
Switzerland
Mechanical Integrity of Functional Multilayer Films – From
Fundamentals to Design Guidelines

TAC Chair: John Fahlteich, Fraunhofer Institute for Organic 
Electronics, Electron Beam and Plasma Technology FEP, 
Germany, john.fahlteich@fep.fraunhofer.de
Assistant TAC Chairs: Alberto Argoitia, Viavi Solutions 
Inc.-Optical Security and Performance Products Group, 
alberto.argoitia@viavisolutions.com; Scott Jones, 3M, 
sjjones@mmm.com; Chris Stoessel, Eastman Chemical 
Company, stoessel@attglobal.net; Professor Hazel Assender, 
Department of Materials, University of Oxford (Begbroke), 
hazel.assender@materials.ox.ac.uk

Optical Coatings
Exciting developments in optical coatings are stimulated by the 
latest trends in optics, optoelectronics, photonics, optical data 
processing, display, biomedical, sensor, energy and photovol-
taics, automotive, aerospace, architectural and other technol-
ogies. The Optical Coatings sessions will bring together these 
different aspects for technical interchange in the field of optical 
interference coatings. Topics featured will include coating de-
sign, development of practical manufacturing techniques, char-
acterization methods, and a wide range of applications.

These applications are: 
•  Novel optical interference design software and design 

techniques
• New fabrication processes for optical coatings
•  Real-time process monitoring and control with optical 

coating processes
•  Performance enhancement through optical coatings (e.g. 

improved efficiency for solar cells)
• Novel optical coating materials
• Coatings on polymers and special substrate materials

•  Optical coatings for multifunctional requirements (scratch 
resistance, wettability)

•  Metrology of optical films (new instrumentation and 
software developments, in-line or in situ approaches)

•   Applications in non-traditional wavelengths, from EUV to IR
• Complex 3-D optical devices
• Coatings for biomedical applications
• Optical coatings for energy control and solar power
•  Optical coatings for laser applications, including 

femtosecond lasers
•  Optical coatings for display, aerospace and integrated 

photonic device applications
•  Production issues common to the industry - including 

lessons learned or serendipitous discoveries that came from 
problems or disasters

• Industrial scale-up

INVITED SPEAKERS:
E. Hooman Banaei, EVERIX, Inc.
A Novel Method of Thin Film Optical Filter Production via 
Thermal Drawing

Roland Thielsch, Southwall Europe GmbH. / Eastman 
Chemical Company
Composition and Thickness Related Properties of  
Thin Metal Layers in Multifunctional Layer Stacks on 
Polymeric Films

TAC Co-Chairs: James N. Hilfiker, J.A. Woollam Co., Inc.,  
jhilfiker@jawoollam.com; Robert Sargent, Viavi Solutions, 
robert.sargent@viavisolutions.com; Ulrike Schulz, 
Fraunhofer Institute for Applied Optics and Precision 
Engineering IOF, Germany, ulrike.schulz@iof.fraunhofer.de

Plasma Processing
Plasma has the unique capability of providing a diverse and com-
plex environment that has proven to be well-suited for a wide va-
riety of industrial applications including anisotropic dry etching, 
surface chemical modification, magnetron sputter-deposition 
and plasma enhanced chemical vapor deposition (PECVD) of 
thin films and coatings. Nevertheless, the potential of plasma 
processing on an industrial scale can only be realized when basic 
material processing studies are accompanied by an understand-
ing of plasma physics, plasma chemistry and the underlying 
mechanisms at the plasma-surface interface, developed through 
both modeling and experimental efforts. More recently, the plas-
ma processing community is exploring exciting new opportuni-
ties involving atmospheric pressure discharges, high power mag-
netron sputtering (HiPIMS), plasma interactions with liquids and 
living tissues, and plasma-assisted atomic layer deposition and 
etching. These new developments along with the never-ending 
quest for improvement in long standing applications are very 
convincing evidence that support the need for an active plasma 
processing com- munity, a continuation of research of reactive 
plasma environment and exploration of new possibilities.

Accordingly, the plasma processing session will include talks 
on fundamental and applied topics from the following:
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•  Plasma-enhanced physical or chemical vapor deposition and 
plasma-surface modification for diverse applications

•  Novel and emerging plasma processing methods including 
plasma-enhanced atomic layer deposition and atomic layer 
etching, the synthesis of nanoparticles and nanomaterials, 
and the treatment of non-traditional materials

•  Development of plasma sources to enable both conventional 
and novel plasma processing techniques including those op-
erating at atmospheric pressures and interacting with liquids

•  Diagnostics (optical, electrical, particle, or systemic) applied 
to understand the plasma environment and plasma interac-
tions with materials, along with techniques to improve diag-
nostics capabilities

•  Modeling of gas-phase phenomena in plasmas, plasma- 
surface interactions, and plasma processing systems

INVITED SPEAKERS:
Lorenzo Mangolini, Mechanical Engineering, University of 
California-Riverside
Functional Nanomaterials from Multi-steps, Continuous 
Flow Non-thermal Plasmas

Sumit Agarwal, Colorado School of Mines
Plasma-assisted Atomic Layer Deposition and Etching of 
Dielectric Films Studied Using In-situ Optical Diagnostics

TAC Chair: Lenka Zajickova, Central European Institute of 
Technology, Masaryk University, Czech Republic, lenkaz@
physics.muni.cz
Assistant TAC Chair: Scott Walton, US Naval Research 
Laboratory, scott.walton@nrl.navy.mi

Large Area Coatings
Large area coatings, generally considered to be substrates or ag-
gregates of substrates larger than one square meter, are found all 
around us in applications for communication, recreation, archi-
tecture, eyewear, lighting, entertainment, electronics, airplanes, 
aerospace, automotive and so on. Applications of large area 
coatings cut across all coating technologies and utilize virtually 
all commercialized vacuum coating processes. Large area manu-
facturing typically provides the benefits of low cost, high volume, 
excellent quality and low capital cost per unit yielded capacity. 

The sessions will include presentations from the following 
areas:
• Communications and displays
 -  Touch screen, cell phone and other active display 

applications
 - Semiconductor deposition and fabrication
•  Architectural and automotive thin film materials, processes, 

equipment and applications including:
 -  Low-emissivity, absorbing and reflective architectural 

coatings
 - Electrochromic and other smart window coatings
 - Transparent conductor, anti-reflection and mirror coatings
 - Temperable and bendable coatings
 -  Windshield coatings - heat reflecting, hydrophobic/

hydrophilic
 - Antennas, including fractal circuits
 -  Surface modification coatings: friction-reducing, wear-

resistance, chemical-resistance, thermal control, anti-
reflection, mirror and barrier coatings

 - Decorative coatings for automotive reflectors, trim, etc.
• Green/alternative energy applications including:
 - Thin film photovoltaic and semiconductor materials
 -  First and second surface and laminated reflector/mirror 

coatings, absorber coatings and associated technologies
	 •  Innovations and advances in large area equipment, 

consumables and modeling
 -  Critical coating equipment including coaters, magnetrons, 

power supplies, pumps, on-line monitoring and defect 
analysis

 -  Sputter targets and materials, PECVD, evaporation and 
other larger area coating technologies and equipment

 -  Modeling, simulation and reverse-engineering of large 
area coatings, processes, costs and equipment

• Business topics
 -  Extending the reach of large area coating operations into 

markets and products of significant opportunity.

INVITED SPEAKERS:
Aaswath Raman, SkyCool Systems
Photonic Control of Thermal Emissivity: Harnessing Large-
Area Optical Coatings for Radiative Cooling and Other 
Energy Applications
 
Christoph Simons, Materion Advanced Materials, Moritz 
Heintze, TRUMPF Huttinger
Parallel Developments in Target and Power Supply 
Technology Open a New Range of Large Area Deposition 
Capability

TAC Chair: Brent Boyce, Guardian Industries Corp., bboyce@
guardian.com
Assistant TAC Chairs: Michael Andreasen, Vacuum Edge, 
michael.andreasen@vacuumedge.com; Ken Nauman, VON 
ARDENNE, Nauman.ken@vonardenne.biz

High Power Impulse 
Magnetron Sputtering - HIPIMS
High Power Impulse Magnetron Sputtering (HIPIMS) has moved 
from lab scale to industry. Today, a significant number of indus-
trial-scale HIPIMS processes exist as well as some commercial 
processes and products. Both fundamental understanding and 
application-oriented development are essential for exploiting 
the full potential of this technology.

The latest results from fundamental research, new and ad-
vanced approaches for simulation and modeling, and the com-
bination of applied research from lab scale to industrial size 
cathodes and machines are the focus of this TAC. The session 
aims to provide a forum linking scientists, technologists, and in-
dustrialists to discuss all aspects of the HIPIMS technology.

TechCon 2018 (TAC) TECHNICAL ADVISORY COMMITTEE SESSIONS



Talks will be from the following areas:
• Fundamental research on plasma, discharge, and coatings
• Simulation and modeling of HIPIMS
• New plasma sources and process modifications
•  Recent development in pulse generation and process and 

plasma diagnostics
•  Application oriented results: tribological, optical, medical, 

etc.
• New coatings and products

TAC Chair: Arutiun P. Ehiasarian, Sheffield Hallam University, 
United Kingdom, a.ehiasarian@shu.ac.uk
Assistant TAC Chairs: Ju-Liang He, Feng Chia University, 
Taiwan, jlhe@fcu.edu.tw; Jolanta Klemberg-Sapieha, 
Polytechnique Montréal, Canada, jsapieha@polymtl.ca

Fundamental Aspects of Coatings
This innovative TechCon session is jointly organized by the pro-
gram teams of the Society of Vacuum Coaters (SVC) and the 
International Conference of Metallurgical Coatings and Thin 
Films (ICMCTF). It leverages the combined strengths of SVC’s 
application-oriented perspective with the first-principles rigor 
typical of the ICMCTF to highlight the latest advances in coatings 
and coating technologies. The topic highlights the connection 
between technologies that often nucleate in academia and gov-
ernment-funded R&D environments and a market environment 
that demands continued coating technology innovation to de-
liver competitive new products.

The session employs and emphasizes a science-based ap-
proach to examine the role coatings and coating systems play 
in realizing application-related functionalities that meet the de-
mands of the industrial environment.

Whether you are investigating interface effects, engage in 
modeling, simulation, and analytical aspects that address fun-
damentals of coatings and properties, such as adhesion, wet-
tability, durability or electronic properties (as examples), or are 
involved with commercialized products that heavily rely on coat-
ings for high performance applications, this session is for you!

INVITED SPEAKERS:
Rhongua Wei, Southwest Research Institute (SWRI)
Surface Engineering R&D at SwRI and its Practical 
Applications for Defense

Christoph Leyens, Technische Universität, Dresden, 
Germany, Title TBA

Session Organizers:
Representing SVC: Holger Gerdes, Fraunhofer Institute for 
Surface Engineering and Thin Films IST, Germany, holger.
gerdes@ist.fraunhofer.de
Representing ICMCTF: Yin-Yu Chang, Plasma and Surface 
Engineering Lab. / NFU Thin Film Engineering Allicance 
Center Head, Department of Mechanical and Computer-
aided Engineering, National Formosa University, Taiwan



Emerging Technologies
Technology is the greatest agent of change in the modern world. 
The Emerging Technologies session is the forum for boosting 
technological breakthroughs, new application trends and vi-
sions in the thin film coating industry. Such trends may be either 
the application of established coating technologies in innova-
tive ways to expand into new applications, or creative new de-
velopments in coating technologies that overcome long-stand-
ing roadblocks in the industry. Technologies which successfully 
cross over from early-stage feasibility studies into commercially 
viable industry solutions are the primary focus of this session. 
Supporting business topics may be given.

Topics of strategic interest for the Emerging Technologies 
session are:
•  Economically viable alternatives to classic transparent con- 

ducting oxides (TCOs), p-type materials, and resulting thin 
film device architectures

•  High-performance electronics on flexible transparent 
substrates and roll-to-roll processing

•  New thin film concepts that allow the combination of 
previously incompatible material properties, such as meso- 
and meta-materials, chiral films

•  Progress in upscaling of atomic-/molecular-layer deposition 
(ALD / MLD) towards high-volume industrial applications

•  New concepts and technology development for thin film 
coating, refinement, treatment and modification of surfaces 
that enable revolutionary performance improvements in 

TechCon 2018
active or passive devices such as photovoltaics or electronics

•  Progress in integrating previously incompatible processes at 
scale, for example, the advancement of incorporating thin 
films into printed flexible electronics

•  Innovations in methods for the in situ characterization of thin 
film properties

•  Creative new business concepts or market perspectives that 
accelerate or de-risk transfer of new thin film technologies 
from lab-scale to commercial viability
Advanced thin-film processing and applications for biotech-

nology, nanotechnology, energy harvesting, energy storage and 
energy conversion. The Emerging session always considers new 
and innovative topics that advance the use of thin film process-
ing in modern technology applications.

INVITED SPEAKER:
Pavel Kudlacek, Holst Center, Eindhoven, NL
Highly Flexible Encapsulation for Air Stable OLEDs: From 
Lab to a Pilot Production Scale 

TAC Chair: Manuela Junghähnel, Fraunhofer Institute for 
Organic Electronics, Electron Beam and Plasma Technology 
FEP, Germany, manuela.junghaehnel@fep.fraunhofer.de
Assistant TAC Chairs: Jacob Bertrand, Eccrine Systems, Inc., 
jbertrand@eccrinesystems.com: Clark Bright, Bright Thin 
Film Solutions (3M retired), brightcrewllc@gmail.com;  Chris 
Stoessel, Eastman Chemical Company, stoessel@attglobal.
net; Frank Papa, Gencoa LTD, frank@gencoa.com
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Technical Poster Session 
With an optional 3-minute oral presentation

Poster Presentations serve as an important component of the 
Technical Program by providing a format for extended discus-
sions of the results in a casual environment. To further enhance 
the session, each presenter will have the option to present a 
three (3) minute, three (3) PowerPoint slide summary of their 
work. Timing will be very strict!

The Program Committee encourages poster presentations 
on all topics covered in the Call for Papers, including those with 
topics related to the Symposium theme. A $200 cash award for 
the Best Poster will be offered. Submit an abstract for your pre-
sentation in the Poster Session before January 26, 2018.

“HEURÉKA!” Post-Deadline Recent 
Developments Session in Orlando 2018 
Industries in Florida are very strong particularly in aerospace, 
life sciences, manufacturing, homeland security, and informa-
tion technology. Orlando with more than 40.000 industrial jobs 
is indeed a right place for the SVC TechCon for presenting the 
most advanced coating technologies and applications. The 
“HEURÉKA!” Session is an excellent opportunity for introduc-
ing and presenting latest knowledge and experience, inspiring 
ideas, development and stimulating achievements in the coat-
ing technologies. It is an important forum for post-deadline pre-
sentations of the “hot-off-the-press” achievements delayed e.g. 
due to patenting procedures, specific business strategy, etc. 

The topics in the “HEURÉKA!” are usually diverse, which al-
ways stimulates inspirations and interesting discussions. There 
are no invited papers, because all presentations are welcomed 
on equal basis. However, total number of presentations is limit-
ed. Abstracts to the Session can be submitted before January 
26, 2018. We are looking forward for your contributions. 

Session Organizers: Lad Bardos, Uppsala University, 
ladislav.bardos@angstrom.uu.se; Hana Baránková, 
Uppsala University, hana.barankova@angstrom.uu.se 

Vendor Innovator Showcase
This unique session allows our exhibitors and other vendors to 
introduce their company’s newest products and services to the 
SVC community. This is an ideal way to share your company’s 
message, new products and encourage booth traffic at the 
TechCon.

Submit an abstract for a 10-minute oral presentation for 
the Vendor Innovator Showcase before January 26, 2018.

Showcase Organizer: Jason Hrebik, Kurt J. Lesker Co., 
jasonh@lesker.com

Spotlight Sessions
Industry and Government Forum – 
Energy and Vehicles
Learn about industrial and government initiatives impact-
ing the future of the vacuum coating industry. Hear from a 
panel of individuals directly involved in implementing these 
programs and engage in fresh discussions about future tech-
nologies and strategies. Some topics that are being planned 
for this session include the future of coatings for aerospace, 
developments in the 3D printing of vehicles and energy proj-
ects funded by ARPA-E.

Forum Organizers: Carl M. Lampert, (Chair) Star Science, 
cmlstar@sonic.net;  Michael Andreasen, Vacuum Edge, 
michael.andreasen@vacuumedge.com; Chris Stoessel, 
Eastman Chemical Company, stoessel@attglobal.
net;  David Sanchez, Materion Advanced Chemicals, 
david.sanchez@materion.com; Ric Shimshock, MLD 
Technologies, LLC, ricshimshock4mld@aol.com



Opportunities at the 2018 TechConNetworking

Make Connections
The	TechCon	is	packed	with	networking	events	designed	to	con-
nect	vacuum	coating	and	surface	engineering	professionals	with	
the	global	SVC	community.	Each	technical	and	social	networking	
event	provides	a	different	forum	for	invaluable	face-to-face	interac-
tions	and	the	opportunity	to	collaborate	with	technicaI	experts.

Technology Forum 
Breakfasts
Vacuum	coating	technology	
spans	multiple	applications	
and	processes.	Join	a	dis-
cussion	group	focused	on	a	
topic	that’s	important	to	you.	
Enjoy	the	conversation	over	
breakfast	before	the	start	of	
the	technicaI	program	on	May	
7,	8	and	10.

Meet the Experts Corner
Bridging	the	gap	between	vacuum	coating	problems	and	solutions!	
A	panel	of	experts	helps	you	problem-solve	challenges	with	equip-
ment,	applications,	or	processes.

Industry-Government 
Forum
Learn	about	industrial	and	
government	initiatives	impact-
ing	the	future	of	the	vacuum	
coating	industry.	Hear	from	a	
panel	of	individuals	directly	
involved	in	implementing	
these	programs	and	engage	in	
fresh	discussions	about	future	
technologies	and	strategies.

Awards Ceremony and Welcome Reception
Celebrate	the	individuals	who	make	a	significant	impact	on	the	suc-
cess	of	the	SVC	and	the	vacuum	coating	community.	The	Awards	
Ceremony	will	be	held	on	Monday,	May	7,	immediately	followed	by	
the	Welcome	Reception	for	an	evening	of	casual	networking.

Tuesday Evening Networking Event
Come	and	join	us	for	an	evening	of	fun	and	networking,	all	to	help	
a	great	cause	at	the	First	Annual	SVC	Foundation	Casino	Night	on	
Tuesday,	May	8.	All conference registrants receive complimentary 
admission to what promises to be a legendary event!

Exhibit Networking
Enjoy	more	opportunities	than	ever	to	visit	the	Exhibit	Hall	on	May	
8	and	9.
   n  Lunch		n  Exhibit	Reception
   n  Frozen	Treats		
   n  Poster	Session		n  Beer	Blast

Additional Networking:
   n		TechnicaI	Program	Keynote	Presentations
   n  Heuréka!	Session
   n  Vendor	Innovators	Showcase

SVC Foundation Networking Events
RUN FOR A CAUSE!
Register	for	the	Annual	5K	Fun	Run	and	support	the	scholarship	
efforts	of	the	SVC	Foundation.

Networking Event details will be published at www.svc.org/2018TechCon



FOR 2018 SVC TECHCON EDUCATION PROGRAMSchedule

The	TechCon	Education	Program	complements	
the	technologies	and	applications	featured	in	both	
the	Technical	Program	and	the	Exhibit,	offering	
an	extensive	lineup	of	Tutorial	Courses,	presented	
by	highly-respected	professionals	in	the	vacuum	
coating	industry.

SVC	Courses	provide	problem-solving	and	practical	
knowledge	of	vacuum	coatings	and	processes.		
Return	to	work	with	solutions	to	your	everyday	
vacuum	coating	challenges.

You	do	not	have	to	register	for	the	conference	or	be	
an	SVC	Member	to	take	a	Tutorial	Course.	

Tutorial	registrants	receive	complimentary	
admission	to	the	exhibition	and	are	eligible	
to	receive	a	free	one	day	pass	to	the	technical	
conference	on	either	Tuesday,	May	8	or	Wednesday,	
May	9.	Advance	registration	required.

Full Day Course times:  
 8:30 a.m. - 4:30 p.m.

Half Day Course times: AM 
 8:30 a.m.—noon.

All courses are full day unless specified AM

www.svc.org

Saturday, May 5  
C-103  Introduction to Physical Vapor Deposition (PVD) Processes  
 S. Ismat Shah
C-205  Introduction to Optical Coating Design  
 Robert Sargent
C-208A  Sputter Deposition for Aerospace Applications NEW! 
 David Glocker
C-329  Properties and Applications of Tribological Coatings  NEW!
 Gary Doll and Allan Matthews
C-341  Processing on Flexible Glass – Challenges and Opportunities  
 Manuela Junghähnel
Sunday, May 6
C-207  Evaporation as a Deposition Process 
 Abe Belkind
C-217  Practical Production of Optical Thin Films  
 Ron Willey
C-311A  Thin to Thick Films: Growth and Microstructure Evolution NEW!  
 Joe Greene
C-337  ITO and Alternative TCO: From Fundamentals to Controlling Properties   
  Clark Bright
C-342  Thin Film Photovoltaic Solar Cells   
 Timothy Gessert
Monday, May 7
C-203  Sputter Deposition 2-Day Tutorial Course  (Monday, May 7 & Tuesday, May 8)   
 Joe Greene
C-204  Basics of Vacuum Web Coating  
 Donald J. McClure
C-218  Advanced Design of Optical Thin Films   
 Ron Willey
C-320  Diamond Like Carbon Coatings – from Basics to Industrial Realization  AM
 George Savva, Lars Haubold, Martin Keunecke, Christian Stein
M-102  Introduction to Ellipsometry  AM  
 James Hilfiker
VT-201  High Vacuum Systems and Operation  
 John O’Hanlon
Tuesday, May 8
C-322A  Characterization of Thick Films, Thin Films and Surfaces  NEW!  
 Tom Christensen
C-323A  HIPIMS   
 Arutiun Ehiasarian
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The thermal efficiency of gas turbine engine components can be improved by higher 
combustion temperatures. Thus, great effort has been made to develop ceramic 
thermal barrier coatings (TBC) which, combined with active film cooling, allow surface 
operation temperatures above the melting point of the nickel-based superalloy 
turbine components. Fig. 1 shows a schematic cross-section on how thermal barrier 
coatings are used to protect metallic surfaces from hot gasses. 
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coat (MCrAlY or PtAl) [2, 5]. The bond coat protects the superal-
loy against oxidation and hot gas corrosion as well as providing a 
strong adhesion of the ceramic top coat [6, 7]. 

Conventional TBCs are either atmospheric plasma sprayed 
(APS) or deposited by electron-beam physical vapor deposition 
(EB-PVD), both technologies producing different microstructures 
– APS showing lamellar splats and EB-PVD consisting of feathery 
columns [8]. Using APS, powder is molten in a plasma jet. The liq-
uid droplets hit the pre-sandblasted substrate surface and rapid-
ly solidify, forming the splat structure segregated by inter lamel-
lar pores and intra-splat cracking [9]. The main advantage of APS 
is the high processing speed and very low thermal conduction 
under steady-state conditions, whereas the bonding between 
the substrate and coating is rather weak due to mechanical in-
terlock of splats and no chemical bonding [3]. EB-PVD coatings 
are produced by melting and evaporating the ceramic material 
in a vacuum chamber by an intense electron beam and position-
ing the heated, rotating substrate in the vapor cloud, leading to 
columns orientated perpendicular to the substrate that provide 
high strain tolerance and thermo-shock resistance [8, 10, 11]. The 
characteristic microstructure shows different porosity features: 
inter-columnar gaps, globular and elongated spheroid gaps and 
“feather arms”. Depending on process parameters, feathers show 
a mostly open porosity that are formed because of shadowing 
and globular pores develop between the feather arms that re-
duce the thermal conductivity [8, 12].

There is a high interest in the gas turbine industry, to combine 
the benefits of APS and EB-PVD, like the typically lower conduc-
tivity of APS TBCs and the local coating by the directed spray char-
acter of the technology on one side, the superior compliance and 
erosion resistance of EB-PVD coatings on the other side. In APS, 
the diameter of powder particles is too big to produce nanostruc-
tured coatings, leading to the approach of feeding a suspension 
containing submicron particles into a plasma jet (Suspension 
Plasma Spraying, SPS) and thus creating finer microstructures 
with vertical separations [13, 14]. Sputter techniques are another 
approach; however, conventional sputter processes like mag-
netron sputtering usually feature an energy flux to the substrate 
produced by arriving film atoms and reflected neutrals, result-
ing in dense coatings and compressive stresses [1]. Moreover, 

While the use of higher amounts of cooling air results in loss 
of thrust and a higher fuel consumption, the application of ef-
fective and durable TBCs is essential for the required operation 
temperatures [1-4]. It has taken much research to find a ceramic 
that withstands room temperature to high operating tempera-
tures >700 °C without undergoing phase transformations and 
cracking. Zirconium oxide, (ZrO2) can be stabilized to its high 
temperature cubic phase by the addition of yttria Y2O3, resulting 
in good adhesion, and matched coefficient of expansion. The 
state-of-the-art material for TBC is yttria stabilized zirconia (YSZ), 
due to its low thermal conductivity, good phase stability and 
compatibility with the thermal expansion coefficient of the bond 

Fig. 1 – Schematic cross 
section of the thermal 
barrier multilayer sys-
tem. The ceramic top 
coat is the thermal bar-
rier coating (TBC), in 
between the top coat 
and the bond coat is 
the thermally grown 
oxide (TGO). Shown is 
the temperature curve 
through the multilayer.

Jessica Gerstenberg1, Dr. Nils Rösemann3, Dr. Kai Ortner2, 
Dr. Jan Petersen2, Dr. Ralf Bandorf2, Dr. Martin Bäker3, 
Prof. Dr. Joachim Rösler3, Prof. Dr. Günther Bräuer1,2

1 Institute of Surface Technology, TU Braunschweig,  
Braunschweig, Germany; 2Fraunhofer Institute for Surface 
Engineering and Thin Films IST, Braunschweig, Germany; 
3Institute for Materials, TU Braunschweig, Germany
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magnetron sputtering is inadequate for thick coatings due to its 
comparably low deposition rates. The gas flow sputtering (GFS) 
process overcomes these disadvantages by an intensive hollow 
cathode glow discharge at higher pressures and a directed trans-
port of the film building atoms by an argon gas flow [16, 17]. 

The reactive gas flow sputtering process offers various process 
parameters to influence the microstructure of the coating, for in-
stance the bias voltage that controls the impingement of argon 
ions during deposition, the oxygen flow which adjusts the met-
al-oxygen ratio, the process pressure or the deposition tempera-
ture as a parameter of atomic surface mobility [18]. Fully yttria 
stabilized zirconia as well as partially stabilized zirconia (PSZ) 
coatings with film thicknesses of 50 – 100 µm have been deposit-
ed by GFS and have shown promising lifetimes under cyclic ther-
mal load [18, 19]. In this study PSZ coatings of ZrO2 containing  
4 mole % Y2O3 were investigated.

Gas Flow Sputtering Technology
Gas flow sputtering (GFS) is a physical vapor deposition (PVD) 

technique based on a hollow cathode glow discharge. Argon is 
fed through a hollow cathode, reducing carrier loss due to surface 
recombination and obtaining high plasma densities [20]. Typical 
working pressures of GFS are at 30-70 Pa, resulting in a deposi-
tion of low kinetic energy atoms - the sputtered species will ther-
malize to the gas temperature inside the target, due to multiple 
collisions under high-pressure conditions [17]. Transportation of 
these low energy species out of the cathode is caused by the high 
inert gas flow. Despite the dissipation of energy by collisions, GFS 
achieves very high local deposition rates [21]. The incident angle 
of the gas flow onto the substrate has a low significance, allow-
ing the coating of substrates with a complex shape. This effect 
is explained by the convective transport forced by the high gas 

flow. Deposition is understood as a result of particle diffusion out 
of the flow [22]. In reactive processes, the reactive gas is insert-
ed in front of the plasma source. Due to the high inert gas flow 
through the source, no reactive gas will reach the target surface, 
thus preventing target poisoning effects. The setup used inside 
the vacuum chamber and the principle of gas flow sputtering is 
shown in Fig. 2. In Fig. 3 a tubular gas flow sputter source with 
plasma is shown.

Experimental Details
The substrate, an iron-chromium-aluminum alloy Kanthal AF 

(115 × 14 × 2.5 mm³) was polished and wet chemically cleaned 
before deposition. Substrates were coated using a tubular gas 
flow sputter source with a water-cooled metallic target (compo-
sition: 92.4 at% Zr, 7.6 at% Y) with dimensions of 150 mm length 
and 50 mm inner diameter. The target voltage was provided 
by an ENI DCG-200 DC power supply. Sputtered species were 
transported out of the target by an argon gas flow of 3000 sccm, 
whereas the reactive gas inlet was positioned upstream from the 
sputter source to prevent target poisoning. A reactive gas mixture 
of 100 sccm O2 and 120 sccm Ar was used to support a good spa-
tial distribution of reactive gas. A substrate bias was applied by 
means of a 10 kW pulsed DC power supply (Solvix Magix) at a fre-
quency of 200 kHz and a reverse time of 1 µs. Argon and oxygen 
flows were regulated by MKS mass flow controllers. The working 
pressure of 20-30 Pa in the vacuum chamber was implement-
ed by a roots vacuum pump (Leybold RUVAC WSU 2001) and a 
rotary vane pump (Leybold Sogevac SV300) with a combined 
pumping capacity of 2000 m³/h. The substrate was moved by a 
linear drive above the source inside a furnace. Temperatures of 
the oven and substrate bulk temperatures were controlled with 
thermocouples and a maximum substrate temperature of 850 °C 
was reached. 

The top views and cryogenic fracture surfaces of coatings have 
been characterized by scanning electron microscopy (SEM; Zeiss 
Leo Gemini 1530). Furthermore, samples have been prepared 
by focused ion beam (FIB; FEI Helios NanoLab 650 SEM): verti-
cal cuts through columns and horizontal cuts at 50 µm column 

Fig. 3 – Photograph of a tubular gas flow sputter source showing light 
emission from excited particles convectively transported out of the hol-
low cathode. 

Fig. 2 – The principle of gas flow sputtering. Schematic shows the 
plasma excitation in a hollow cathode and transport of sputtered ma-
terial towards the substrate through an argon gas flow. The reactive 
gas inlet is in front of the target. The substrate is steadily moved over 
the plasma source inside an oven, which is provided with gas inlet and 
outlet openings.
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height as well as sequential series of horizontal cuts from the top 
down to analyze the inner growth of columns. 

Properties of PSZ Coatings 
Made by Gas Flow Sputtering

The deposited films show a columnar microstructure that var-
ies depending on deposition temperature. Four different groups 
I-IV, that show individual microstructures, have been identified 
during previous investigations and have been described in detail 
elsewhere [19]. Group II was not investigated in this work. For 
group I, III and IV see Fig. 4. At a substrate temperature of 500 °C 
group I could be observed. The columns are highly porous and 
triangular, forming a three-sided pyramid at the top. Three dense 
ridges meet in the column center and are oriented in a 120° an-
gle towards each other. Triangle platelets are stacked in between 
the ridges pointing upwards at an angle from the center of the 
column (“feather arms”) irregularly connected by vertical plates, 
visible in the top views and fracture surfaces of group I in Fig. 4. 
At the top of the column, the center platelets have less time to 
grow and shape the pyramid top. XRD showed, the preferential 
growth direction was <111> with monoclinic as well as tetrag-
onal/cubic fractions. Application of a moderate bias voltage of  
-20 V using the same temperature of 500 °C changes the micro-
structure slightly. We expect that non-penetrating (slow) argon 
ions are the result of this low bias voltage. These ions contribute 
to an additional thermal effect if the ion energy is comparable 
with the surface displacement energy in the order of a few eV but 
much lower than the bulk displacement energy of the solid. By 
applying a moderate bias, the kinetic energy of the film building 
adatoms is enhanced resulting in slightly larger column diame-
ters. The dense ridges do not extend to the outside of the column 

and are only found at the center as well as the vertical plates con-
necting the triangle feather arms become more common. The 
shorter ridges and more frequent vertical platelets seem to be 
connected to increased adatom mobility. Furthermore, a moder-
ate bias might influence the organization within the column, by 
debonding very loosely adhered particles, favoring energetically 
more efficient sites.

 Samples of group III were deposited at 790 °C without bias 
voltage applied. The columns are triangular with no ridges pres-
ent. The column surface area is larger than in group I and the 
scatter is bigger. In different microstructure models [23-25], the 
column diameter increases within a zone with rising homolo-
gous temperature due to a higher adatom mobility associated 
with less nucleation sites. The scatter was explained by an in-
complete growth selection at the investigated coating thickness 
[19]. The diffraction patterns show smaller monoclinic peaks and 
a cubic/tetragonal <111> orientation like group I.

Coatings with the microstructure of group IV were prepared at 
850 °C. The columns show a four-fold symmetry with a quadran-
gular basis with a lower porosity than groups I and III due to the 
stack being built by finer platelets that are closer to each other. 
XRD patterns show a pure tetragonal (or cubic) (200) orientation 
without any remaining monoclinic peaks [19]. 

At temperatures of 500 °C the dense ridges can be observed 
throughout the whole column, at 790 °C and 850 °C no ridges 
could be found. Thermal conductivity of ZrO2 coatings is de-
pendent on the intercolumnar pores between the feathers of 
columns [8, 12]. Furthermore the intercolumnar pores are nec-
essary to reduce the elastic strain energy due to the thermal ex-
pansion of substrate and coating material, perpendicular gaps 
over the complete thickness are especially suitable [26], which 
is why a columnar structure is preferred for the design of ther-

Fig. 4 – Scanning electron microscope images of partially stabilized zirconia (PSZ) coatings (group I, III and IV). Shown in the micrograph are top 
views of columns (upper row) and fracture surfaces (lower row). The different microstructures depend on deposition temperature and applied 
bias voltage. 
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mal barrier coatings being exposed to thermal cycling. Colum-
nar growth is usually described as a result of shadowing, limited 
surface diffusion and an “evolutionary selection” [27]. Within a 
random polycrystalline array grains are competing with each 
other, with grains whose preferred growth direction is oriented in 
the direction of vapor flux being favored. Grains growing in other 
directions are displaced by those growing perpendicular to the 
substrate. Adequate coating thickness therefore shows parallel 
columns with approximately the same growth direction.

Rösemann et al. proposed a column structure model where 
the platelets shaping columns in group I are facets arranged as 
{111}-planes, three platelets forming a triangular pyramid on its 
tip at a <111> growth direction [19], (see Fig. 5). The columns are 
described as upside-down pyramids coaxially stacked into each 
other, whereby the tip is formed by scaled down pyramids due 
to the shorter growth time. It is accepted that the YSZ planes of 
lowest surface energy are the {111}-planes [28], besides {111}-fac-
ets having the lowest growth rate. Considering the growing film 
aims towards the energetically most favorable situation and fast 
growing facets vanishing, columns composed of {111}-planes 
are plausible. Group IV columns with a preferential growth di-
rection of <100> are accordingly formed by a pyramid of four 
{111}-planes arranged upside down and stacked into each other.

 Columns were processed using FIB, by cutting through the 
column at a coating thickness of 50 µm. The top views of the 
inner column structure are shown in Fig. 6a and 6b. The dense 
ridges of group I columns do not extend towards the outside of 
the column due to the moderate bias of -20 V. The cuts show, 
that platelets form a triangular substructure which initiates at 
the intersection in between two ridges to grow outward and up. 
The apex of the triangular substructure is pointing towards the 
edge of the column while the corresponding faces meet the ridg-
es. Growth of platelets was followed by preparing short interval 
serial cross-sections with FIB. Fig. 7 shows a single column that 
has been repeatedly cut by FIB with approximately 60 nm incre-
ments. The model proposed by Rösemann et al. [19] can now 
be supplemented by proposing an upside down pyramid is still 
formed by {111}-planes, but composed by triangular substruc-
tures that grow independently. FIB analysis shows that platelets 
aren’t continuous along the sides of the pyramid, suggesting a 
partial structure. A model replicating the microstructure is pro-
posed in Fig. 8, including the suggested substructure. The ridges 
observed in group I are not included in the model.

Above approximately 800 °C the structure changes into four-
fold symmetry. The inner structure (Fig. 6) shows that substruc-
tures are still triangular, but the apex is pointing towards the 
center of the column. Group IV has no dense ridges in the center, 
so there is no obvious starting point for the platelets growing out-
wards. The change in preferential growth direction from <111> to 
<100> as well as the absence of a tetragonal/cubic fraction above 
800 °C points towards a change in the mechanisms that control 
the microstructure at sufficiently high temperatures. This transi-
tion from threefold symmetry to fourfold symmetry can also be 
achieved by the application of a moderate bias. The enhanced 
surface mobility of film-forming adatoms caused by applied 
bias voltage is to a lesser extent comparable to the effect of an 
increased substrate temperature.

MICROSTRUCTURAL INVESTIGATION ON GAS FLOW

Fig. 5 – Column structure model for YSZ proposed by Rösemann et al. 
[19]. Depending on substrate temperature during deposition the coat-
ing consists of three sided pyramids below 800 °C (a) or four-sided pyr-
amids above 800 °C (b) coaxially stacked into each other. Pyramids are 
scaled down forming the pointed column tips.

Fig. 6 – Focused Ion Beam processed top views of PSZ columns at 50 
µm coating thickness (upper row) and vertical cuts through columns 
(lower row) for samples a) and c) 500 °C, -20 V bias voltage and b) and d) 
850 °C. Note that vertical grooves visible in b) and d) are artifacts due to 
the ion milling process.
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Summary and Conclusions
In this work, gas flow sputtered (GFS) YSZ coatings were stud-

ied for turbine components. It was shown to be a stable high-rate 
reactive sputter process using a hollow cathode glow discharge 
under vacuum conditions. Sputtered particles are transported to 
coat complex parts by an intense gas flow. This coating process 
enables a localized coating of part areas which experience the 
highest thermal load.

PSZ coatings of 50-100 µm thick PSZ films (partially stabilized 
zirconia containing 4 mole % Y2O3) were deposited by GFS on 
bulk FeCrAl substrates which act as a model for a typical MCrAlY 
bond coat. The coating temperature was varied between 500° 
and 850 °C. Film morphology and crystallographic properties 
of the columnar films were investigated and cyclic aging experi-
ments up to 1050 °C were performed. In reactive GFS processes, 
substrate temperature and bias voltage are efficient parameters 
to modify the microstructure of the zirconia oxide coatings. The 
microstructure is highly dependent on the energy of adatoms 
deposited on the substrate, resulting in different porosities of 
columns. As both thermal conductivity and failure under ther-
mal load are closely correlated to the intra- and inter-columnar 
microstructure, FIB (focused ion beam) experiments were per-
formed. These were used to enable a closer insight into the co-
lumnar sub-structure. A previously established column structure 
model could be supplemented by adding substructures that 
form upside down pyramids coaxially stacked into each other. 
Because the porosity is a key factor in the thermal conductivity 
and thus efficiency of TBCs, specific adjustment of microstruc-
tures could be an important benefit in the deposition process. 

Low temperatures show a feathery and porous microstructure 
that becomes denser with enhanced surface mobility of ada-
toms at higher temperatures, accompanied by a change in col-
umn symmetry from threefold to fourfold as well as preferential 
growth direction from <111> to <100>. 

The deposition of PSZ films on a model substrate helps to 
understand the fundamentals of structure formation in reac-
tive sputter processes. By analyzing the microstructures and 
their dependency on process parameters, the effects of column 
growth and formation of planes and growth direction might be 
explained. Within this project, failure mechanisms and aging of 
the coating are closely investigated as well. Results show that 
a compromise between highly porous strongly feathered col-
umns and sufficiently stiff structures needs to be found. Further 
knowledge of how mechanical and microscopic characteristics 
influence the failure can offer the possibility of constructing 
thermal barrier coatings with both good thermal properties and 
increased lifetime. 
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A few years ago transparent, thin flexible glass was developed as a new material. 
With thicknesses less than 200 μm, it is thin, lightweight, and is manufactured in 
rolls; see Fig. 1. Flexible glass is still a relatively new 
product and its material characteristics are outstand-
ing and distinguish it from other flexible materials, 
such as polymer web materials. Despite the fragility 
of flexible glass, it has high surface quality, high opti-
cal transparency, perfect barrier properties, and high 
thermal and dimensional stability. Ultra-thin flexible 
glass opens up the possibility for completely new  
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Fig. 1– Curved large size flexible glass sheet 
with a thickness of 100 µm.
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applications. Still, challenges in processing, coating and han-
dling have to be overcome. Flexible glass can be coated and it 
exhibits high mechanical durability compared to other coated 
materials. We expect coated glass to have a wide range of use 
in the future. 

Applications for Flexible Glass
Applications for flexible glass are quite diverse. The most pop-

ular applications are in displays, smart phones, tablets and flat 
panel TVs, where glass is specified for its durability and trans-
parency. Flexible glass can be used as cover glass or as substrate 
material for the touch sensor unit, or as barrier for OLED-based 
displays. Compared to polymer materials flexible glass shows su-
perior haptic (sense of touch) and high scratch resistance. Flexi-
ble glass can manufactured for high volume products. The first 
products using thin flexible glass were for smart phone screen 
protection. 

For OLED display application thin glass gives the best optical 
quality, long life and reliability. Thin glass has processing high 
temperature resistance and unsurpassed moisture and oxygen 
barrier properties. The extremely smooth surface has a low num-
ber of spikes (reducing electrical shorting) and low permeability 
which inhibits the formation of dark spots (reaction with air). 

Also, thin glass is used in high-technology optics, such as mi-
cro-lenses, filter optics, and micro-displays for cameras. Flexible 
glass can be used as substrate material or as a scratch resistant, 
tough, thin cover glass. New technologies based on liquid crystal 
enables flat autofocus systems, without any mechanical moving 
parts [1]. The liquid crystals are embedded between two flexible 
conductive glass sheets. The orientation of the liquid crystal di-
rectors can be controlled by an electric field which can be used to 
dynamically change the optical focus. Special shaped transpar-
ent electrodes with PVD deposited coatings are used to make this 
product. Flexible glass is also used in flexible electronics, such 
as for wearable electronics. Several glass manufacturers have 
worked hard over the last few years to improve the mechanical 
load capacity of their glasses and the bending radius of the glass 
down to few millimeters.

One further attractive application is for smart windows for ar-
chitectural glazing utilizing electrochromics or thermochromics. 

Flexible glass allows the making of thin transparent electrodes 
with higher light transmittance. The reduced electrical resistance 
of the transparent electrodes compared to polymer web coated 
electrodes gives faster switching times, better durability and is 
scalable to large areas. For large areas target applications are in 
the field of interior laminated panels, room dividers or railings. 
Highly durable and stable surfaces, which are robust and dam-
age resistant, can be created.

Manufacturing and Properties of Flexible Glass
Characteristic properties of flexible glass are high transparen-

cy, superior surface quality and perfect water vapor and oxygen 
hermeticity. Flexible glass is chemically stable, durable and can 
be processed at high temperatures. It is dimensionally stable and 
is resistant to UV degradation. With significant roughness below 
1 nm thin glass has a superior surface smoothness compared to 
standard polymer web materials. Flexible glass allows manufac-
turing processing on both sides with the same surface quality. 
Flexible glass has a much lower tension and is bendable to a few 
mm radii without showing bending fatigue, which is superior 
compared to polymer sheets. Also, thin glass has high transmit-
tance in the visible spectral range. Fig. 2 illustrates some of the 
properties of flexible glass. The thermal expansion coefficient is 
in the range of 3 - 7.5 × 10-6 K-1 and is one order of magnitude low-
er than for polymers (e.g. PET with 7 × 10-5 K-1). Typical thermal 
strain points for flexible glass are in the range of 650 - 700 °C. 

 Flexible glass is manufactured by an Overflow or a Down-
Draw manufacturing process, see Fig. 3 [2], [3]. In the Overflow 
process glass is molten in a bath and flows over on both sides 
of the bath. On a specially designed wedge located at the bot-
tom, both streams of the glass fuse together into one sheet. In the 
Down-Draw process molten glass will flow down directly through 
a tiny slit. After exiting the bath an annealing furnace allows fire 
polishing of the glass surface to reduce the roughness. The glass 
thickness ranges from 1.1 mm down to 25 µm. This manufactur-
ing method allows high flexibility in throughput and thickness. 
A perfect non-porous glass surface (on both sides) is one of the 
key characteristics of these manufacturing methods. Further 
advantages of both processing methods are the production of 
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Fig. 2 – Left side: Roughness of flexible glass, polyethylene naphthalate (PEN) and polyimide for each substrate side (A, B). Middle: Bending stress 
as function of the bending radius for glass with several thicknesses. Right side: Transmittance in the visible spectral range for 100 µm thick flexible 
glass, 3 mm thick low iron glass and a 100 µm thick PET sheet (Melinex brand). 

PROCESSING ON FLEXIBLE GLASS
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untouched glass surfaces and mass production of flexible glass 
in rolls.

The current global manufacturers of flexible glass in sheets or 
rolls with different glass thicknesses and dimensions are:
•   Nippon Electric Glass Co., Ltd.: product example - G-Leaf™ 
 (Japan)
• Asahi Glass Co., Ltd.: product example - SPOOL™ (Japan)
• Corning Inc.: product example - Corning® Willow® Glass (US)
•  Schott AG: product examples - AF 32 eco, D263 eco, Xensation®, 

AS 87 eco (Germany)
Currently, rolled flexible glass is available up to 1.3 m width 

and several 100 m long. Rolls can also be cut-to-size in single 
glass sheets.

Examples for Functional Layers and Layer Stacks
Vacuum thin film coating is important for the functionalization 

of flexible glass surfaces. The process parameters for coating 
have to be compatible with the substrate properties. For flexible 
glass the mechanical film stress is one of the main influences on 
the bendability of the substrate – layer combination after the 
coating process. 

Properties of ITO Layers on Flexible Glass
The bending properties of the substrate–layer combination, 

depend on the variation of the flatness, the layer thickness and 
its uniformity, glass thickness and the basic glass material char-
acteristics, e.g. Young’s modulus and Poisson ratio. Fig. 4 shows 
the change of the flatness for 100 µm and 200 µm thick flexible 
glass substrates, which were coated with 150 nm thick indium 
tin oxide (ITO) films. To measure the layer thickness and the 
flatness a profilometer measurement device was used (Ambios 
XP-200). A stylus is moved in contact with sample surface for a 
specified distance and specified contact force and measure vari-
ations in vertical stylus displacement. Both glasses were coated 
in the same coating run. For 100 µm thick glass the maximum 
bow was 123 µm, which is significantly higher compared to 200 
µm thick glass sample. Bending is caused by the internal stress 
of the coated layer. The bow is the result of the compensation of 
this stress. Due to different interplay between the plasma and 
the flexible glass of different thicknesses, thinner glass main-
tains a higher temperature during the same process conditions. 
This also influences the growth conditions of the coating layer 
and results in different layer properties on the 100 µm and 200 
µm glass substrates.

The functional ITO layer properties are strongly dependant 
on the process parameters for the sputtering process, e.g. pow-
er mode, process pressure, process temperature or the oxygen 
concentration in the sputter gas. We investigated the influence of 
the oxygen content in the sputter process gas on the mechanical 
properties of 150 nm thick ITO layers. The layers were coated on 
100 µm thick flexible glass. An in-line sputter coating machine 
was used. The sputtering was done in DC mode from a planar 
magnetron arrangement at room temperature. For adjustment 
of the stoichiometry and the ITO film properties, the gas mixture 
was varied by changing the oxygen concentration in the Ar/O2 
gas mixture, defined 
as the volume flow 
rate. Fig. 5 shows 
the effect of the ox-
ygen concentration 
during the sputter-
ing process on the 
sheet resistance 
and visible transmit-
tance. Nanoindenta-
tion was used to de-
termine the elastic 
properties and the 
hardness of the ITO 
coating. The nanoin-
dentation measure-
ments were made 
with a Keysight 
(Agilent) G200 nanoindenter, a Berkovich shaped indenter tip 
and in continuous stiffness mode (csm) which allows hardness 
measurement as a function of indentation depth [4], [5]. In fact 
the applied ITO layer increases the hardness of the surface, but 
the radius of curvature is significantly reduced. This limits the 
bendability of the substrate–layer combination. A clear correla-
tion shows increased film stress with increased oxygen content 
during the coating process. Also, the higher film stress correlates 
to the higher hardness measured earlier.

Further it was found that ITO coating significantly reduces the 
fracture toughness compared to the uncoated substrates. De-
pending on the type of flexible glass, the fracture toughness can 
be reduced by more than 50% [4]-[7]. 

Antireflective Coatings on Flexible Glass
Matching or management of layer stress is important when we 

think about the deposition of multi-layer stacks. Fig. 6 shows a 

Fig. 3 – Manufacturing methods for flexible 
glass. Left side: Overflow Process [2], Down-
Draw process [3].

Fig. 4 – Measurement of the flatness of thin 
glass substrates with different thicknesses 
coated with 150 nm of ITO.
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typical cross-section of a broad band antireflective layer stack 
coated onto flexible glass.

We varied the modes of powering the sputtering process for 
the titania AR layer stacks. We used the bipolar square wave 
mode and bipolar DC-DC mode with the same power level for the 
rotatable dual magnetron system. Different modes of powering 
directly affect the film stresses for titania thin films and conse-
quently, resulted in the curvature/ bending of the substrate. Fig.  
7 shows the effect of different power modes on the mechanical 
film stress for titania. A DC-DC sputtered titania film shows main-
ly tensile stress, while titania films sputtered in bipolar square 
wave mode also shows compressive film stress. Independent of 
the additional oxygen gas flow, which is needed for the adjust-
ment of the stoichiometry, a variation of the mechanical film 

stress from compressive stress to tensile stress can be observed. 
Titania films, which were deposited in the range close to the oxi-
dizing mode, show preferable tensile stress.

  Fig. 8 shows a photograph of two 100 µm thick flexible glass 
sheets with a substrate size of 250 mm × 300 mm, which were 
coated on one side with an AR layer stack applied with different 
titania process modes. Note the reflection of a fluorescent tube, 
which is located directly in front of the substrates, on the flexible 
glass substrates. Even if both substrates lay flat on the table with 
no apparent curvature observed, the film stresses in reflection 
can be quantifiably estimated. The substrate on the right hand 
side shows an apparent lower film stress. This agrees with the 
measurements of the film stress of this layer stack. The reflec-
tance spectras of both kinds of AR coatings are given in Fig. 8. 
Both AR layer stacks show high quality for low reflectance in the 
visible spectral range and no significant differences in the optical 
properties. These investigations show the importance of select-
ing optimal parameters for the sputtering process to reduce the 
mechanical stresses in the thin films [8].

 Refinement of ITO Layers by Flash Lamp Annealing
In the manufacture of transparent conducting oxide (TCO) 

layers a thermal annealing step is often used to lower resistance 
and increase transparency. For thick glass substrates, there are 
two possibilities. First is heating the substrate before deposition; 
second is heating the TCO layer after the deposition. The most 
typical heating method is furnace annealing in vacuum or in 
ovens, with processing time range of several minutes to some 
hours. Because of the fast cool down time of thin, flexible glass 
a pre-heating process step is not a preferable option. A post-an-
nealing step in furnace is doable, but needs lot of processing 
time. A new, very efficient and fast post-annealing method with 

Fig. 5 – Left side: Influence of the oxygen content in the sputter process gas on the sheet resistance and visible transmittance of a 150 nm thick 
ITO layer coated on a 100 µm thick flexible glass at room temperature without any annealing. Middle and right side: Hardness and radius of 
curvature for flexible glass and 150 nm thick ITO layers coated at different oxygen content in the sputter gas. UTG is the uncoated glass substrate.
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Fig. 6 – Left side: Scheme of a 
typical setup of a broad band 
antireflective layer stack based 
on titania and silica. Right side: 
Flexible Corning® Willow® Glass 
with a thickness of 100 µm 
coated with an antireflective 
layer stack.

Fig. 7 – Mechanical film stress for titania thin films as a function of in-
creasing oxygen content during the sputtering process, for adjustment 
of the stoichiometry. Two different modes of powering the magnetron 
are shown.
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advantageous effects is flash lamp annealing (FLA) [9]-[11]. With 
flash lamp annealing, TCO layers are flashed with highly ener-
getic Xenon light powered by discharging a high voltage capac-
itor bank into the lamp. This light is absorbed by the TCO layer. 
During thermalization of the excited electrons, the TCO layer is 
heated up and the substrate remains cool. Main process param-
eters for FLA are pulse time and energy density of the flash lamp. 
Typical pulse times are in the range of some microseconds up to 
some milliseconds. Typical energy densities are in the range of 
5 - 40 J/cm². FLA allows the thermal treatment of a large area in a 
very short time of a few milliseconds. With flash repetition rates 
up to 5 Hz, FLA is usable for in-line sheet-to-sheet and roll-to-roll 
deposition processes, see Fig. 9. Also, Fig. 9 shows the influence 
of the applied energy density, E, for the FLA process by 10 ms 
pulse duration on the sheet resistance of 150 nm thick ITO coat-
ings. We observed with reduced sheet resistance of more than 
50% and an increased transparency in the visible spectral range 
(Tvis) up to 86.2% for an applied energy density of about 22 J/
cm², see Table 1. 

Fig. 10 shows a sample of ITO coated flexible glass with a size 

of 600 × 600 mm² (Corning® Willow® Glass). This was coated at 
room temperature and shows a sheet resistance of 55 Ω/sq. and 
a visible transmittance of 69.4%. After coating the ITO layer was 
annealed with FLA in dynamic mode. The selected substrate 
speed was 1.2 m, the repetition rate for the flashes was 1 Hz, and 
their pulse duration time was fixed at 2 ms After FLA, the sheet 
resistance was reduced to 16 Ω/sq. and the visible transmittance 
increased up to 79.1% [13]. In this example a reduction of the 
sheet resistance by 70% was observed. The total process time 

Fig. 8 – Single side antireflection layers deposited onto flexible glass. The TiO2 layers were deposited with a bipolar 
square wave or DC-DC power modes. Left photo: Films deposited by the bipolar mode are shown on the left where 
the internal layer compressive stress is visible in the distortion of the reflected lamp image. On the right side the film 
deposited by the DC-DC mode shows very little distortion. Right image: Spectral reflectance of the AR layer stack coated 
on flexible glass using different powering modes.

Fig. 9 – Left image: Typical setup for a flash lamp annealing (FLA) process in dynamic mode with the substrate moving in an inline mode. Right 
image: Influence of applied energy density, E, for the static FLA process with a 10 ms pulse duration time, on the sheet resistance ratio RFLA/ Ras 
dep. Data is shown for 150 nm thick ITO layers.

Table 1 – Properties of 150 nm thick ITO layers – visible transmittance, 
Tvis, and sheet resistance, Rsq,. for the as-deposited state and after FLA 
and furnace annealing [6]:

ITO layer Tvis [%] Rsq. [Ω/sq.]
As-deposited state, coating 
at room temperature 82.3 30.2
After FLA, 10 ms pulse time;  
22 J/cm² energy density 86.2 13.3
After furnace annealing at 350°C 86.4 10.0
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One solution can be the glass-on-carrier technology, where flex-
ible glass is mounted similar to polymer web onto a rigid glass 
substrate. After processing the flexible glass is removed from 
the carrier glass. Issues of debonding are expensive and reduce 
the yield. But stand-alone handling is possible; carrier technol-
ogy equipment can be adapted for the requirements of flexible 
glass. Fig. 11 shows an example where standard PVD equipment 
is used for processing flexible glass. The flexible glass is fixed on 
a carrier frame (middle pictures) which is robust up to 500°C. 
The right picture shows a large size flexible glass (Corning® Wil-
low® Glass), which was coated with 150 nm ITO. After annealing 
at 400°C we observed a resistivity of 1.7 × 10-4 Ω∙cm (Rsq.~ 12 Ω/
sq.) and a visible transmittance of 87.3% [13]-[16].

Recently equipment for R2R processing has become available 
to coat flexibile glass in high volume. It is absolutely critical to 
avoid breaking the thin glass when rolling or processing it. Work 

for the annealing of the large size flexible glass was lower than 
one minute.

High Volume PVD Processing of Flexible Glass
Intensive efforts have been made to improve the reliability 

of thin glass and to enhance process technologies, equipment 
development and device integration [12]. There are two ways 
which are currently discussed for high volume processing of 
flexible glass. These are sheet-to-sheet (S2S) and roll-to-roll 
(R2R) processing. The entry into the sheet-to-sheet processing 
appears at the first view to be simpler. Flexible glass in wafer 
sizes are easy to use and adequate process equipment and pro-
duction lines are available. Upscaling to larger glass sizes, up to 
Gen 5 (1100 mm × 1300 mm) or higher sizes, opens up some is-
sues if we think about the stand-alone handling of flexible glass. 
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Fig. 10 – Left photo: ITO 
coating on 600 mm x 600 
mm Flexible Corning® Wil-
low® Glass after annealing 
with FLA. Right image: The 
homogeneity of the sheet 
resistance over the area of 
the sheet.
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Fig. 12 – Left photo: Roll to-roll (R2R) vacuum coater, FOSA LabX 330 Glass (VON ARDENNE GmbH) for PVD coating of flexible 
glass rolls. Right image: Schematic of glass web path in the R2R coating plant.

Fig. 13 – Left image: Antreflection (AR) layer dielectric inter-
ference stack cross-section. Right graph: Spectral transmit-
tance and reflectance of a sputter deposited AR coating on 
flexible glass, using the R2R - VON ARDENNE FOSA coater.

Fig. 11 – Sheet-to- sheet (S2S) processing of thin films ultra-thin flexible glass. Left photo: Pilot scale in-line coater usable for S2S processing 
of flexible glass. Middle photo: 600 mm × 600 mm substrate on S2S carrier with a flexible Corning® Willow® Glass. Right photo: 150 nm ITO on 
flexible Corning® Willow® Glass after thermal annealing at 400°C.

started in 2013 with support from the German Federal Ministry of 
Education and Research (BMBF), and technology development 
partners: Fraunhofer Institute for Organic Electronics, Electron 
Beam and Plasma Technology FEP, SCHOTT AG, VON ARDENNE 
GmbH and tesa SE. This consortium called KONFEKT devel-
oped new processes and applications for flexible thin glass on 
rolls. In fall 2016 a novel roll-to-roll coater FOSA LabX 330 glass 
from VON ARDENNE GmbH was installed at Fraunhofer FEP, see  
Fig. 12. This vacuum coating system was designed and devel-
oped for PVD coating of flexible glass lengths of several hundreds 
of meters and glass widths of up to 330 mm. The winding system 
is designed for touch-free handling for the front side of the glass. 
No roller of the winding system has contact with the coated glass 
surface. The coating machine has an interleaf bending system. 
This unwinds the interleaf from the glass before coating, and 
winds the interleaf onto the glass after coating. 

There are many typical applications for annealed ITO transpar-

ent conductor coatings, with low sheet resistance in the range of 
10 Ω/sq. Another early development application was antireflec-
tive flexible glass using the R2R process to deposit dielectric filter 
layers. Fig. 13 shows the deposited four layer AR stack based on 
niobia and silica. The coatings were single side coated on 100 µm 
thick flexible glass. The graph shows the spectrum of the reduced 
reflectance. This example illustrates the potential of PVD coating 
on flexible glass in the R2R mode. This opens up new ways for 
thinking about capabilities and applications on flexible glass 
[17]-[19]. 

 Summary
Flexible glass is tough enough for use in several applications. 

One of the main questions for future processing of flexible glass 
is: Which process technology will prevail, sheet-to-sheet or roll-
to-roll technology? Whether processing in S2S or R2R will be-
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come dominant in the future, greatly depends on the volume of 
the application. In addition, the performance, the targeted price 
segment for the product application and the cost of ownership 
influence the decision on the type of processing equipment. Cur-
rently, both S2S and R2R processing methods are addressed with 
a large effort. A preferred manufacturing process has not been 
determined yet. Even if the product application is not flexible but 
primary flat or curved, the advantageous bendability of flexible 
glass enables roll-to-roll processing of high volumes. In general, 
the engineering developments are ongoing in both directions, 
sheet-to-sheet and roll-to-roll processes. Important principle 
tests, proof of concept and sample coating have been demon-
strated for both S2S and R2R thin-film processing.
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withstand significant mechanical loads. Where possible, finish-
ers prefer coating processes with the option to coat both plastic 
and metal substrates in the same system. In addition to color, du-
rability is important to all applications. Decorative coatings that 
require high durability include automobile components, sanitary 
fixtures such as faucets, and durable goods such as home appli-
ances. While multi-layer painted coatings are used for some of 
these applications, there can be issues with cost, durability, and 
the handling and recycling of volatile chemicals. Also, aggressive 
cleaning methods such as scrubbing with steel wool and strong 
cleaning chemicals used commonly for plumbing fixtures and 
car wheels are too aggressive for painted surfaces.

In the market for eye-catching finishes, there is a persistent de-
sire for a dark, high gloss look on both metal and plastic parts. 
The automotive fashion trend emphasizes subdued metallic 
palettes that provide a sense of depth and refinement. Con-
sumers are willing to pay a premium for styles that are visually 
and/or technologically unique, but many colors are marketed to 
match current fashionable or decorator color trends. In addition, 
blacks/smokes tend to be associated with performance brands 
and/or luxury that transcend the need for flashy, bright colors.

In many applications, the mechanical properties of plastic are 
sufficient, as the plastic is lighter and less costly to produce. How-
ever, applications such as automotive wheels require metals to 
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When paints are insufficient for the look, performance, or 
durability, electroplating has been another common approach. 
Vendors of electroplating chemicals have developed proprietary 
systems to produce a range of dark coatings of different gloss 
levels. Many metals can be plated, but good plating of plastics is 
possible only on certain types of plastics. Plastic plating requires 
what are referred to as plating grade plastics, either acryloni-
trile butadiene styrene (ABS) or polycarbonate/ABS blends. The 
electroplated substrate requires a butadiene etch to provide an 
anchoring texture. Several suppliers have invested significant 
capital for plating processes, but a deterrent to growth of elec-
troplating, at least in the US and Europe, is the cost and risk of 

safely handling the required chemicals, often including hexava-
lent chromium. Hexavalent chromium is a known human carcin-
ogen. This is not only required in some plating baths, but also to 
etch the ABS substrates.

Physical vapor deposited (PVD) coatings offer a pathway to 
produce colorful, hard, durable decorative coatings on many dif-
ferent substrates. Furthermore, PVD offers an acceptable capital 
outlay while completely avoiding the use of hazardous materials. 
However, PVD can be a hot process, and every substrate has tem-
perature limits. Most metals have higher tolerance to heat com-
pared to plastics. Since so many parts have been already qual-
ified for electroplating, PVD needs to be capable of coating the 

Image credit: Wikimedia Commons, Holger Everding
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demonstrated high hardness [8], high chemical and thermal 
stability [9], good tribological and corrosion behavior [5], and 
are therefore good candidates for effective protective coatings 
against wear, abrasion and corrosion [10].

ZrCN coatings have been prepared by different techniques 
including plasma assisted CVD [11], arc evaporation [12,13], 
magnetron sputtering [14] and ion beam sputtering [15]. Litera-
ture concerning ZrCN films deals with the process details of plas-
ma-aided chemical vapor deposition, mainly discussing how to 
grow ZrCN films at relatively low temperature [11,16]. Hollstein 
et al. [12] deposited a group of ZrCN films by means of cathodic 
arc and investigated their use for tools used in minimally invasive 
surgery. The result indicated that ZrCN is a candidate for coatings 
on surgical tools where short-term biocompatibility is required. 
Rie et al. [17] deposited a group of Zr-based films and found good 
corrosion resistance with ZrCN films. Yao et al. [14] showed that 
over an acetylene-nitrogen (C2H2:N2) ratio of 4 to 2, the hardness 
and wear behavior of ZrCN films depended strongly on the ratio, 
with highest hardness and least wear at the lowest ratio of 2 for 
C2H2:N2 reactive gas flow rates. Using a flow of methane (CH4) ion 
beam sputtering revealed a maximum in hardness of ZrN1-xCx at 
x= 0.6, corresponding well to a theoretical model [15]. 

Direct current reactive magnetron sputtering offers a few 
potential advantages over a cathodic arc approach to ZrCN on 
plastic parts. Many molded parts have complex, high aspect ra-
tio geometry. To achieve uniform coating on the visible areas, 
it is necessary to move parts through many angles and posi-
tions. This is usually done with either a single axis or planetary 
rotation arrangement. The plastic is also electrically insulating, 
unless electroplated. Cathodic arc coatings typically rely on an 
electrical bias for density and hardness. The motion and insu-
lating nature of substrates can make applying a bias challeng-
ing in a production environment. A sputtered coating may not 
need bias. A sputtered film is also likely to be smoother, without 

Fig. 1 – CIELAB color space Lightness index, L*, is shown on the vertical axis ranging from 
0 (black) to 100 (white), the color opponents, a*(red-green) and b*(yellow-blue) are shown 
in the projected horizontal plane in the circle. At the center of the circle is total black color 
at (0,0,0). (source: Wikimedia Commons, Holger Everding)
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common plating grade substrates. Plating grade plastics have a 
temperature limit in the range of 95°C to 130°C. Mixed substrates 
are not uncommon. It is common for plastic plumbing fixtures to 
begin with an electroplated surface to which a PVD decorative 
layer is applied. Conversely, metal automotive wheels often have 
an organic powder coat that receives the PVD coating. This arti-
cle shows the approach to developing a coating on electroplated 
plastic used in plumbing fixtures, which could also apply without 
an electroplated coating or be used on metal substrates.

Product Definition and 
the Science of Characterization

Defining the exact appearance of a coating quantitatively can 
be a challenge. Color is scientifically defined by the CIE color 
space, CIELAB D65 is commonly used. An example of this color 
space is shown in Fig. 1.

CIELAB uses the L* lightness index to define pure black 
to pure white (0-100). The color opponents are defined as 
a* and b*. The component a* represents red as positive and 
green as negative numbers. The component b* represents 
yellow as positive and blue as negative numbers. By “dark”, a 
common color definition would be (L*, a*, b*) values near (40, 
0, 0). Absolute black is at (0, 0, 0). A term called Chromaticity, 
C*, is defined as: C*= (a*2 + b*2)0.5 . This is a useful measure of 
the quality of color, independent of luminance. While gloss 
value (luster or shine) should be specified for the product [1], 
a hard PVD coating is likely to be highly specular and relatively 
thin compared to the substrate texture. Coating gloss will be 
determined by the characteristics of the substrate. 

Also, the defined coating appearance has to be durable. The 
coating must adhere well and appear unchanged after exposure 
to ultraviolet light, immersion in harsh cleaners, immersion in 
corrosive chemicals, thermal shock, and abrasion. The selection 
of an abrasion or wear test is very application 
specific, and there over 100 documented tests 
[2]. All such tests consist of some imposed 
loading followed by an assessment of damage. 
Based on conversations with plumbing fixture 
manufacturers, abrasion resistance was 
assessed by cycling steel wool soap pads, 
e.g. Brillo® or Ako® pads, 1000 strokes under 
20 N/cm2 (29 psi) load and visually assessing 
damage.

With a range of possible colors, cathodic arc 
ZrCN PVD transition metal nitrides and carbo-
nitrides have been used as durable decorative 
coatings on metals for years in industrial ap-
plications. Zirconium is an attractive transition 
metal due to its outstanding chemical and 
physical properties. Research has shown that 
ZrN has high thermal [3] and chemical stability 
[4], as well as high hardness [5] and low electri-
cal resistivity [6]. ZrN films have been used for 
decorative purposes due to their golden color 
[5], as well as other colors [7]. Carbonitrides 
can be dark rather than gold. ZrCN films have 
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the macro particles common to cathodic 
arc. Even if the properties of the sputtered 
film were on par with cathodic arc film, 
the large installed base of sputter tools 
would benefit from adding such a coating 
to their repertoire.

The bounds on film thickness are set 
by heat tolerance of the substrate and ab-
sorptivity of the coating. Substrate heat-
ing mechanisms for sputtered films have 
been well documented [18,19]. The need 
to stop deposition before the substrate is 
softened sets an upper limit. Although a 
large gamut of colors is possible if interfer-
ence effects are employed [20], a uniform 
color from PVD on parts of arbitrary 3D shapes can be challeng-
ing unless the coating is completely opaque. Otherwise, minor 
variations in film thickness produce undesired rainbow color 
effects. One way to obtain uniformity is to use a combination of 
thickness and absorptance that keeps the amount of reflection 
from the coating-substrate interface that arrives at the air-coat-
ing interface less than a few percent of the reflection from the 
air-coating interface. This product of absorption coefficient and 
thickness sets a lower limit on thickness.

Film stress influences both adhesion and abrasion resistance 
of these films. High tensile film stress can make the coating very 
sensitive to opening up visible cracks in response to scratches, 
while some compressive stress can help scratches from opening 
cracks through the coating. However, too much compressive 
stress can cause the coating to buckle away from the substrate. 
The development challenge is to find a single set of conditions 
that simultaneously satisfy all the conditions of appearance, du-
rability and temperature.

Developing the ZrN Deposition Process
Development began with locating a suitable ZrN coating pro-

cess using a dc power supply and having the deposition cham-
ber as an anode. Gases were introduced through stainless steel 
tubing with occasional small holes. Maintaining a 50/50 mix of 
Ar and N2, an N2 flow was found where the target was fully poi-
soned. This produced the well-known gold color. From there, 
acetylene (C2H2) was added. It was found that the resulting film 
was not only very hard, but also very electrically insulating, cre-
ating a strong disappearing anode effect. The only part of the 
chamber that remained electrically conductive was a few mm 
around the gas feed holes of the manifold. Since all the current 
was focused there, the manifold melted. This was overcome with 
a water-cooled discrete anode and an Advanced Energy AMS/
DMS operated in what has been referred to as “Pelleymode”[21], 
although with only a single cathode.

We also discovered a significant impact of gas flow within the 
system for the incorporation of carbon into the sputtered films. 
The magnetron is positioned approximately 2 feet (61 cm) from 
the diffusion pump plenum. One gas manifold was placed near 
the pump plenum, while another was placed about 6 inches (~15 
cm) to the other side of the magnetron, away from the plenum 

and close to the magnetron.
A series of coatings was produced with total gas flow between 

400 sccm and 600 sccm. Relative flow rates of the three process 
gases are shown in Table 1.

Determination of Film Optical Properties
Although many approaches to determining the absorption co-

efficients of thin films have been addressed over the decades [22] 
using spectrophotometers or ellipsometers, a rapid and inexpen-
sive method was sufficient to guide process refinements. Films 
with thickness, d, thin enough to allow low transmission across 
the visible spectrum were deposited onto glass slides. Transmis-
sion and film-side reflection were measured with an Ocean Op-
tics USB2000 fiber optic spectrometer. Since these films were so 
specular (non-scattering) all the measured light is accounted for. 
The sum of transmittance, T, reflectance, R, and absorptance, A, 
is (T(λ) +R(λ) +A(λ) =1). Under these conditions the absorption co-
efficient, α(λ), and thickness, d, and where A0(λ) and Ai(λ) are the 
initial and final light levels measured, is expressed by:

We found we could ignore errors in derivation of α from sourc-
es such as back side reflection and mis-registration between 
T and R measurement locations for the purpose of selecting 
process parameters. Optical thin film modeling would have re-
quired more accurate, traditional methods. Because of this ap-
proximate method we will refer to this approximate absorption 
coefficient as absorptivity. Fig. 2 shows the spectra of four differ-
ent films. The lower plots are from films with 15% or less of C2H2, 
while the upper plots are from films with 33% or more C2H2. The 
low C2H2 films had a gold appearance, although the color was 
not as saturated as ZrN films. The change in shape of the plots 
indicates a fundamental change in the material band structure. 
Table 1 shows the values for each coating at 550 nm. The large 
increase in absorptivity between conditions F and G indicate how 
much more carbon was incorporated with a gas manifold close 
to the magnetron, away from the pump plenum. Fig. 3 shows 
that, while absorptivity does not depend exclusively on C2H2, the 
dependence is strong and nearly linear.

      Power  Gas 
 Run Ar N2 C2H2 (Wcm-2) Anode Source α550 μm-1

 A 54% 45% 2% 19 chamber far 1.37
 B 53% 44% 3% 19 chamber far 0.91
 C 51% 43% 6% 19 chamber far 1.09
 D 47% 39% 14% 19 chamber far 1.19
 E 40% 59% 2% 19 chamber far 0.37
 F 42% 22% 36% 12 discrete far 2.6
 G 42% 22% 36% 12 discrete close 3.11
 H 49% 17% 34% 12 discrete close 2.74
 K 49% 17% 34% 14 discrete close 3.88
Table 1. Reactive sputtering process parameters and absorption coefficient (α550 μm-1) at 550 
nm for ZrCN films. The total gas flow rates ranged from 400 sccm to 600 sccm.
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film and substrate, αf and αs, do not vary much over the tempera-
ture range,

If external forces are negligible or identical for both the wafer 
and plastic,

The total stress on the wafer is what is measured with the profilo-
meter. When these are subtracted we get,

 The film coefficient, αf , disappears from the relationship. Us-
ing values gleaned from literature, compiled in Table 2, the film 
on a plastic substrate may be -3.1 GPa more compressive than 
the value measured from the silicon wafer. This analysis may 
overestimate the thermal effect, since it assumes the system was 
at thermal equilibrium before any coating was applied, and that 
the different substrates absorb heat equally. However, it shows 
that the thermal effect cannot be ignored.

Determination of Film Abrasion Resistance
Abrasion was assessed as the percentage of area where coat-

ing was removed. Films made with very high C2H2 flows were 
easily damaged. Films that required microscopic observation to 
assess steel wool abrasion were assessed between 0% and 2% 
removal. Among these, Fig. 6 shows that flows near 10% C2H2and 
38% N2 survived without damage.
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Determination of Film Stress
A subsequent series of coatings that were thick enough to be 

opaque were produced on both plastic and silicon wafer sub-
strates. Many of these films displayed high compressive stress; 
some films spontaneously delaminated. Stress was measured 
using pre-characterized silicon (100) wafers, a profilometer to 
measure curvature, and Stoney’s equation [23] for a single film 
on a substrate, where σ is the film stress, Es is Young’s modulus 
of the substrate, R is the radius of curvature of the wafer, ts and tf 
are substrate and film thickness, respectively as shown in Fig. 4.  
Fig. 5 shows stresses measured on silicon wafers as compressive 
as -800 MPa. However, on the plastic substrates, the film stress is 
likely to be much more compressive.

The stress due to thermal contraction can be estimated as 
follows. The coating is deposited hot, and the entire system con-
tracts as it cools to room temperature. The film is much thinner 
than either of the substrates, so the substrates contract, apply-
ing a stress to the film. The total stress on the film is comprised 
of the thermal stress, the intrinsic film stress, and any externally 
applied forces.

Assuming the mechanical properties are isotropic in the plane 
of the coating, and that the coefficients of thermal expansion of 

DEVELOPING A REACTIVE MAGNETRON SPUTTERED ZrCN

Fig. 2 - Spectral Absorptivity of four ZrCN films. Results are shown for 
different process conditions A, E, H, and K, as detailed in Table 1. Fig. 3 – Absorptivity (a measure of absorption coefficient) at 550 nm as 

a function of relative gas flows and manifold position.

Fig. 4 – Stoney 
equation and sche-
matic of film stress 
caused by a thin 
film deposited on 
to a wafer substrate. 
Shown here is an 
example of convex 
bending caused by 
compressive stress 
of the film. 
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Determination of Film Chromaticity
Although the opaque ZrCN films displayed a wide range 

of colors, those colors followed a pattern. We use chroma-
ticity as a color measure to show the quality of color. Fig. 7 
shows that films followed a characteristic track for coatings 
produced with reactive gas ratios C2H2/N2 between 0.08 and 

1. Fig. 8 shows that the films with lower chromaticity were 
darker. Fig. 9 shows that low chromaticity was achieved at 
higher values of both reactive gases.

Conclusions
Excellent fundamental work on experiments designed to opti-

mize process conditions in multivariable response surfaces has 
been available for years. Also, more mathematically oriented 

Fig. 5 – Contour plot showing compressive stress dependence on 
relative flow of gases. The pink dots indicate values were data was 
collected. The red triangular outlined field denotes a process region to 
be avoided. 

 Parameter Nominal value

 Ef 400 GPa
 νf 0.25
 αs Covestro T65XF® (plastic) 80 × 10-6/°K
 αs Si (100) 2.6×10-6/°K
 Tdep 100°C
 Tamb 25°C

Table 2 – Nominal values of materials used in the thermal stress 
calculation.

Fig. 6 – A contour plot of abrasion damage as a function of reactive gas 
flow rates. A rank of 0 means no damage was observed. Black dots rep-
resent conditions where films were produced. Only samples with very 
low damage are included. The red outline areas denote process regions 
to be avoided.

Fig. 7 – ZrCN film color opponents a* and b* produced with reactive gas 
ratios of C2H2/N2 of 0.8 to 1.0.

Fig. 8 – Lightness index, L* as a function of chromaticity for a range of 
ZrCN films.

Fig. 9 – Chromaticity as a function of reactive gas flow ratios. The red 
outlined region denotes a process area to be avoided.
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approaches exist in the literature. They essentially rely on devis-
ing weighting functions for the various responses [24]. Designed 
experiment methods are excellent when a rudimentary process 
is already established. Here, no such process existed. However, 
rather than a purely empirical approach, a method of overlaid 
contour plots is roughly followed [25]. This is good for three vari-
ables. The need was to identify the main variables and determine 
boundaries for a best possible operating space.

The competing demands of good abrasion resistance, 
moderate stress for good adhesion, and dark, neutral color are 
almost mutually exclusive. By overlaying plots of chromaticity, 
absorptivity, film stress and damage with respect to process 
gas flow rates, acetylene and nitrogen, a composite plot in 
Fig. 10 was made to show the potentially process conditions 
to make a film with the best characteristics. Direct current 
reactive magnetron sputtering with a discrete anode produced 
moderately dark, neutral ZrCN coatings on plastic parts in 
a very narrow process space. More generally, a method was 
shown how to approach a new coating that has multiple, and 
sometimes conflicting requirements.

In the future, we will develop methods of creating greater in-
corporation of carbon to make a darker coating without over-
heating the plastic substrate or losing abrasion resistance. This 
may include addition of AC or RF electrodes in the sputtering pro-
cess. The sputtering process space for both hard and dark films 
may be widened by operating at less than fully poisoned condi-

tions using emission spectrometry control. This could change 
the relative arrival rate ratio of metal/non-metal which shows a 
way to increase film hardness [25].
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Antireflection Coatings
The theory of reflection reduction is well understood and there 
are many routes through it. At one single wavelength, the reflec-
tance of the surface of a dielectric material of index nm immersed 
in a dielectric medium of index n0 will be perfectly canceled by 
an added thin film of index √(n0nm) and of optical thickness one 
quarter of the wavelength. The explanation of the effect is, of 
course, interference, and more complex interference processes 
in more complicated assemblies of interference-supporting thin 
films, can be harnessed to widen the reflection reducing effect. 
Then there is the inhomogeneous film presenting an index that 
gradually changes smoothly through its thickness from its mate-
rial side at nm to n0 at its medium side. The resulting reflectance 
is very low over the region where the optical thickness of such a 
film is greater than roughly one half wavelength. These arrange-
ments, so far, belong to the class of interference solutions to the 
reflection reducing problem. But interference is not necessary 
for reflection reduction. Any material of intermediate index, and 
supporting only incoherent beam combination, which is added 

to an interface between two media of differing indices, will re-
duce the reflectance, although not to zero.

Early History
Reflection has been known since the beginning of the human 
race. Mirrors are probably the oldest optical instruments known 
to man. The equality of the angle of incidence and of reflection in 
specular reflection was well known to the ancient Greek schol-
ars but the quantitative measurement of reflectance is much 
more recent, essentially beginning with the work of Pierre Bou-
guer (1698-1758), Johann Lambert (1728-1777) and Benjamin 
Thompson (Count Rumford 1753-1814). It was the beginning of 
the 19th century before a suitable theory connecting refractive 
index and reflectance was developed. However, our story begins 
with John Dollond (1706-1761).

In 1758 Dollond published a paper [1] in the Philosophical 
Transactions of the Royal Society with the title “An account of 
some experiments concerning the different refrangibility of 
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Nowadays the usefulness, indeed the necessity, of antireflection coatings appears self evident. Surely both 
a reduction in stray light reflected from the surface of an optical element and an accompanying increase in 
its transmittance should always have been recognized as something to be desired. History, however, shows 
that even after the fundamental principles were established it took more than a century for the advantages of 
antireflection coatings to be generally appreciated and for their resulting manufacture on an industrial scale. 
Why did it take so long? Mixed in with the tale of antireflection coatings, or, more correctly, their absence, is 
the story of the lenses that required them.
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light.” The paper dealt with the construction of achromatic dou-
blet objectives for telescopes. It was written in the usual narra-
tive style of papers of that period and contains not one single 
symbol nor any formula nor equation. Dollond was making it 
difficult for imitators. It describes a series of experiments starting 
with glass and water wedges and ending with the combination of 
strong convex lenses of crown glass and weaker concave lenses 
of flint glass in a doublet corrected for both chromatic and spher-
ical aberrations. Dollond also patented the invention. This idea 
of replacing a single lens with a combination of components that 
improve performance is fundamental in the design of lenses. It 
leads directly to a future proliferation of surfaces, each reflecting 
a portion of the light and eventually demanding antireflection 
coatings. But, although reflection loss and glare were of little im-
portance to Dollond, we will stay with him for a moment. History 
is complicated, and technological history is no exception. Prior-
ity is important but frequently incorrectly assigned. It has often 
been suggested that Dollond was not the true originator. The se-
ries of events has been examined in detail by Sorrenson [2] and 
we rely heavily on his account.

Isaac Newton (1642-1726), in a letter to the Royal Society in 
1671 [3], and much later in his work “Opticks or a Treatise of the 
Reflections, Refractions, Inflections and Colours of Light .” [4], had 
concluded that since all glasses had equal chromatic dispersion 
(in modern terms) the suppression of chromatic aberrations in a 
transmitting lens was impossible. Robert Hooke (1635-1703) was 
doubtful, and in a 1672 unpublished letter to the Royal Society 
[5], which included his pulse theory of colors and attacked New-
ton’s proposed model, suggested that Newton might be wrong 
not to pursue chromatic correction in transmitting elements. 
Newton was slow to forgive any hint of criticism, and the con-
tinuous quarrel between the two was ignited. Newton’s negative 
opinion on chromatic correction strongly influenced the optics 
community for some time.

Leonhard Euler (1707-1783), the great mathematician, was 
not convinced of the correctness of Newton’s argument, and 
deduced from the fact that the human eye has no chromatic 
aberration that correction was possible, and he described, in 
a mathematical paper, a possible theoretical design method 
for a pair of meniscus lenses separated by water. His assertion 
of the incorrectness of Newton’s conclusion drew a response 
from John Dollond defending Newton. We now know that 

the situation is further confused by the fact that chromatic 
aberration does actually occur in the human eye and is corrected 
by the brain, not in the eye itself. Then a Swedish astronomer, 
Samuel Klingenstierna, attacked Newton’s assertions on 
dispersion, although apparently agreeing with the impossibility 
of chromatic correction. He later changed his view on chromatic 
correction. All this inspired Dollond to embark on the series of 
experiments, described in his Royal Society paper, showing that 
Newton was indeed wrong, and culminating in his, Dollond’s, 
design of an achromatic doublet.

By this time John Dollond was in partnership with his son 
Peter and an optician, Francis Watkins, in an optical instrument 
company that now produced chromatically corrected telescopes 
that were an enormous commercial success. It was Watkins who 
provided the funds to patent the invention. The patent was in-
fringed extensively. After John Dollond’s death in 1761, Watkins 
and Peter Dollond fell out, Peter buying Watkins’s share of the 
patent. But Watkins himself continued to make achromatic lens-
es in spite of the patent and Peter was forced to sue him and, lat-
er, other opticians, for infringement.

It was at this point that Chester Moor Hall appeared. Apparent-
ly Hall, a lawyer and amateur scientist, had, some years earlier, 
the court was told, devised an achromatic lens of the very type 
invented by John Dollond, but had never published it, patented 
it, nor told anyone about it, although it was claimed that John 
Dollond might have stumbled on an example. The court was not 
convinced. Since it had never been published there could have 
been no benefit to the public and Lord Mansfield, the judge, in-
structed the jury to ignore Hall’s claims, and the jury found for 
Dollond. A series of lawsuits followed, all won by Peter Dollond.

Did Hall invent the achromat? It is believed by many authori-
ties that he did, and it is quite possible that he had such an idea, 
but we shall never know for certain, because there is no docu-
mentary evidence. There were various other claims of priority, 
as tends to be common with any invention that satisfies a rec-
ognized need. John Dollond was certainly inspired to investi-
gate dispersion and chromatic correction by others, but without 
Dollond would an achromatic lens have become a reality at that 
time? For a much more detailed and interesting account of these 
events see Sorrenson [2].

The Wave Theory
Concepts like dispersion and chromatic aberrations are readily 
understood in terms of wavelength or frequency, but anoth-
er forty years passed before Thomas Young’s 1801 enunciation 
of the wave theory of light [6]. Now dispersion, the variation of 
refractive index with the quality of light, could be attached to 
wavelength. Oddly enough, although Bouguer, Lambert and 
Thompson had all made great strides in the measurement of 
reflectance, there seems to have been little interest in further de-
velopment of more accurate reflectance measurements.

Then Malus made his astonishing discovery of the polarizing 
effect of simple surfaces at oblique incidence and Brewster dis-

Dollond patented the achromatic doublet, which combines crown glass and flint glass.
Courtesy of Wikipedia.org
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covered the relationship between the refractive index 
and the polarizing angle that now bears his name. 
Malus and Brewster were frustrated in their investiga-
tion of the polarizing angle by the curious behavior of 
glass surfaces that resisted any systematic classifica-
tion. Brewster, in 1815, discovered the reason by ac-
cident. “Upon examining the cause of this anomalous 
result, I found that one of the surfaces had suffered 
some chemical change, and reflected less light that 
any other part of the glass” [7]. It seems unlikely that 
this should be the very first observation of this reflec-
tion-reducing effect but it is possibly the first in print. 
Two years later, Josef von Fraunhofer (1787-1826) in 
the course of accelerated aging tests using acid on 
optical glass surfaces, made essentially the same ob-
servation but explained it a little more fully [8]. “... one 
finds after cleaning away the acid that that part of the 
surface on which the acid was, reflects much less light than the 
other half ... thus, there must be on the surface of tarnished glass 
... a thin layer of glass that is different in refractive power from the 
underlying.” Since Fraunhofer deliberately treated the surface to 
induce these changes, he is justifiably recognized as the first to 
devise a reflection-reducing surface treatment. We, nowadays, 
see great significance in these observations, but at the time they 
passed virtually without notice.

One might imagine that Young’s wave theory explained so 
much that it would have been seized with enthusiasm, but it took 
quite a long time, and without Augustin Jean Fresnel (1788-1827) 
would have taken still longer. Fresnel’s transverse wave model 
coupled with his explanation of diffraction finally convinced the 
community [9]. One of Fresnel’s many important contributions 
was his derivation of what we know as the Fresnel Coefficients 
linking the amplitude, phase and polarization of reflected light 
to that of the incident.

At that time there was great interest in Newton’s Rings, the col-
ored fringes seen in a thin film trapped between two surfaces of 
equal index, and whether or not monochromatic fringes could 
show zero reflectance. It was Siméon Denis Poisson (1781-1840) 
who, in 1823, introduced the idea of multiple beam interference 
and showed that a half-wave thick film between two identi-
cal media would exhibit zero reflectance. He went further and 
showed that a quarter-wave film of index √(n0nm) would exhibit 
zero reflectance between two media of index nm and index n0. 
Fresnel then extended the analysis to oblique incidence. This 
was followed by George Biddell Airy’s (1801-1892) 1831 deriva-
tion of an expression for the complete shape of the fringes [10]. 
It seems likely that, now the theory of the perfect antireflection 
coating was firmly established, there would have been a rush to 
put it into practice. No such rush occurred and any possible ap-
plications were completely ignored.

Next, In December 1864, James Clerk Maxwell (1831-1879) 
gave his presentation to the Royal Society where he suggested 
that light is a propagating electromagnetic disturbance [11].

Lenses
One of the great developments of the 19th century was photogra-
phy. The Daguerrotype process was introduced commercially by 
Louis Daguerre (1787-1851) in 1839, and in an amazing arrange-
ment, in which François Arago, Fresnel’s mentor, was instrumen-
tal, the French government bought the invention and released it 
to the entire world (except for England and Scotland where sep-
arate patents existed and where the British government refused 
to follow the French example).

The original cameras used Chevalier lenses supplied by 
Charles Chevalier, a telescope maker and friend of Daguerre. The 
fact that photographic lenses require flat fields presented a de-
sign problem. Chevalier reportedly had plenty of Dollond achro-
mats available and discovered by trial and error that a reversed 
achromat had a reasonably flat field marred only by spherical ab-
erration and coma. Spherical aberration occurs when there is a 
gradual shift in the focal point from axial to marginal rays result-
ing in a blurred image. With oblique image points there can be 
an additional radial shift in the focal points from different zones 
of the lens causing a comet-like image defect called coma. Che-
valier solved the aberration problem by placing a stop in front of 
the lens so that different reduced parts of the lens were used for 
different parts of the image. A stop is a circular aperture smaller 
in diameter than the lens. Although the Chevalier lens gave ex-
cellent images of high resolution, the limited aperture made for 
long exposure times, 10 to even 30 minutes, that in turn created 
a demand for lenses with larger apertures. This became known 
to Joseph Petzval (1807-1891), a mathematician and physicist 
who at the time was Professor of Mathematics at the Universi-

Joseph von Fraunhofer demonstrating the spectroscope. 
Photogravure from a painting by Richard Wimmer.  [Public domain]

Courtesy of Wikipedia.org
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ty of Vienna and who, without any lens design experience, was 
nevertheless encouraged by his friends to attempt the design 
of an improved lens. Design calculations presented a massive 
problem but massive calculations were necessary in artillery and 
Archduke Ludwig lent him ten artillery calculation specialists to 
help (some authorities claim eleven), and the first completely 
theoretically designed lens was born. It consisted of a cement-
ed achromatic doublet arranged in front of a stop and an unce-
mented doublet behind, and reduced the exposure time to tens 
of seconds. The overall reflectance of the surfaces in this lens, six 
uncoated and a cemented pair, would have been around 26%, 
and the amount of stray light in the image plane around 4%. Un-
fortunately much of Petzval’s work was lost when his house was 
broken into and many of his manuscripts were destroyed.

Photography now replaced telescopes as the most important 
driver for lens development. Considerable knowledge existed 
about lenses and how they could be assembled in optical sys-
tems. Refraction was well known. The basic ideas of ray tracing 
and spherical aberration date back to Kepler and even earlier. 
Airy had already worked out the minimum size of image spot that 
could be produced by a convergent pencil of rays. Low order ap-
proximations covering the behavior of rays close to the center of 
lenses, the paraxial rays, were well understood. But photography 
required large apertures and wide angles. A great leap forward 
was achieved in 1857 by Philipp von Seidel (1821-1896). Seidel 
published a theory of aberrations that included all terms of the 
third order in systems of lenses with spherical surfaces, recogniz-
ing five different types, spherical, coma, astigmatism, distortion, 
and field curvature, to which we can add chromatic aberration 
and lateral color, a curious aberration due to variation of magni-
fication with wavelength and vanishing on axis [12]. A prolifera-
tion of lenses followed. It was known that arrangements close to 
symmetrical had less, often near zero, distortion, and so many of 
the lenses were roughly symmetrical with central stops and with 
six to eight surfaces. Four crown and four flint surfaces bounded 
by air give a reflectance of around 32% and around 7.5% stray 

light that causes veiling glare and 
ghost images. Without antireflec-
tion coatings, eight uncoated air 
to glass surfaces is about as far as 
one can go, any others have to be 
cemented together. Eight uncoat-
ed surfaces tended to be the max-
imum during the remainder of the 
19th century. The photographers 
learned how to handle the glare, 
and the development of lenses 
continued, unaffected by the grad-
ual shift to media based on the gel-
atin emulsion process towards the 
later part of the 19th century.

It was not just stray light and reflection loss that limited the 
complexity of lenses, although these were serious limitations. 
Unlike today, with its enormous list of useful optical glasses, 
there were just two main types of glass available, crown and 
dense flint, and both were somewhat variable in their properties.

In 1846 after a drawn-out tortuous bureaucratic licensing 
process, Carl Zeiss (1816-1888) was permitted to establish his 
instrument workshop in Jena, Germany. In the early days all 
kinds of instruments were produced but gradually microscopes 
became the dominant product. Zeiss was convinced that 
progress demanded the replacement of the empirical methods of 
construction by theoretical design but the variable and uncertain 
limited qualities of glass presented a formidable barrier. The 
recruitments of Ernst Abbe (1840-1905) and Otto Schott (1851-
1935) were key in the resulting revolution in theoretical design 
and in optical glass that characterized the advances in the late 
19th century [13].

Antireflection in the Later 19th Century
There was not a great deal of progress in antireflection ideas in 
the second half of the 19th century. In 1880, Lord Rayleigh (1842-
1919), Professor of Experimental Physics at the Cavendish Labo-
ratory of Cambridge University, England and successor to James 
Clerk Maxwell, looked at the problem of an inhomogeneous lay-
er between two media and its effect on reflectance [14]. It was 
published in a mathematical journal and like many of Rayleigh’s 
papers it is far from easy to read. It was made still more difficult 
for the optics community by the fact that Rayleigh was thinking 
more of acoustics than optics. His model was that of a tight string 
of variable density bounded by strings of constant density and 
without any step in density at the two boundaries. It was essen-
tially ignored by the optical community, but it does translate into 
the familiar optical properties, antireflection above a halfwave 
optical thickness together with the small oscillations of the ex-
pected magnitude in the antireflecting region when the thick-
ness is an odd number of quarter-wavelengths thick.

By 1885, Rayleigh had left the Cavendish Laboratory and had 
been back for a time in his private laboratory at Terling, England, 
before accepting, in 1887, the post of Professor of Natural Phi-
losophy at the Royal Institution, a post that had been held much 
earlier by Thomas Young. He resolved to make reflectance mea-
surements with the objective of testing Fresnel’s expressions 
that had never been accurately confirmed. He reported his work 
to the Royal Society in 1886 [15]. The experiments and their suc-
cessful confirmation have been described before [9]. Here we ob-
serve that at the beginning Rayleigh suffered from the identical 
problem that had plagued Malus and Brewster more than half 
a century earlier. The reflectance of his glass surfaces was too 
low, and Rayleigh deduced that it must be due to a superficial 
layer of some description. “If the superficial film act by diffusion 
or absorption, the transmitted light might be expected to fall off. 
On the other hand, the mere interposition of a transparent lay-
er of intermediate index would entail as great an increase in the 

Large microscope by Carl Zeiss (1879).
Courtesy of Wikipedia.org
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transmitted as falling off in the reflected light. There is evidently 
room here for much further investigation, but I must content my-
self with making these suggestions.” The antireflection applica-
tion could hardly be plainer. Strangely, Rayleigh never seemed 
to be much interested in following up practical applications. His 
income depended largely on his dairy farm.

It was Harold Dennis Taylor (1862-1943) who seems to have 
been the first to realize the possible usefulness of this type of 
superficial layer. In his 1891 book “On the Adjustment and Test-
ing of Telescopic Objectives” [16] Taylor was quite clear about the 
advantages of a layer of tarnish in improving the transmittance 
of an affected lens. “As regards the tarnish which we have above 
alluded to as being noticeable upon the flint lens of an ordinary 
objective after a few years of use, we are very glad to be able to 
reassure the owner of such a flint that this film of tarnish, gener-
ally looked upon with suspicion, is really a very good friend to 
the observer, inasmuch as it increases the transparency of his ob-
jective.” Unfortunately Taylor’s attempts to transform this aging 
process into a viable technique for the creation of an antireflec-
tion coating, were largely unsuccessful. His acid attack revealed 
all the imperfections on the lens surfaces that the polishing pro-
cess had concealed. Whatever the transmittance improvement 
that was realized, the accompanying cosmetic degradation was 
usually unacceptable. The reflection reducing treatment, charac-
teristic of the few antireflection contributions of the Nineteenth 
Century, was thus found unreliable.

Lens design continued to advance but although the number 
of elements increased, many of the surfaces were cemented and 
the number of air to glass surfaces remained at six or eight, the 
eight surfaces producing almost twice the stray light of the six.

Antireflection Finally
The invention in 1912, by Robert Wichard Pohl (1884-1976) 

and Peter Pringsheim (1881-1963) [17] of vacuum distillation - 
nowadays called thermal evaporation - was the key to antireflec-
tion progress although neither author realized it at the time. It 
took the 1931 investigations of the deposition of an enormous 
number of metals and dielectrics by Charles Hawley Cartwright 
(1904-1964) and John Strong (1905-1992) [18] for it to become 
generally recognized as a viable process for the deposition of thin 
layers with important optical properties. In 1936 Strong [19] pub-
lished the first paper on the use of an evaporated dielectric ma-
terial (calcium fluoride) as an antireflection coating, and actually 
also coated the lenses of a Leica camera, but he was instructed 
by his supervisor to take it no further. Unknown to Strong, vir-
tually simultaneously and completely independently, Alexander 
Smakula, at Zeiss in Jena, developed an antireflection coating 
that was kept secret because of military implications. Then, be-
ginning in 1937, Cartwright who in the meantime had joined MIT 
as an instructor, teamed with Arthur Francis Turner (1906-1996), 
a colleague who had also just joined MIT, to investigate antireflec-
tion coatings and optical coatings in general. It was the publica-
tion of their patents that permitted the publication of Smakula’s 

so far secret patent. Coated Zeiss Biotar and Sonnar lenses were 
exhibited at an exhibition in Leipzig, Germany in 1940 and were 
in large scale production a year later [20]. The Kodak company 
offered coated lenses on their 35mm Ektra camera introduced in 
1941 [21]. By this time almost the entire world was at war, and 
war production took precedence everywhere. Binoculars, tele-
scopes, periscopes, bombsights and such were the beneficiaries 
of antireflection coatings. Only after the end of World War II in 
1945 did antireflection coatings begin to have a real impact on 
commercial cameras.

Conclusion
Why did it take so long? That was the question that we asked 
at the beginning. It is difficult to be certain, and there are likely 
many contributing reasons. In the very early days the need was 
not as obvious as it became later. Telescopes were the primary 
optical instruments and many were Galilean with a concave eye-
piece and, at most, an achromatic doublet as objective, giving 
four surfaces in all plus a cemented surface with little reflection. 
The realization that a thin layer on a glass surface could give low-
er reflectance was not immediately connected with higher trans-
mittance and was only published as a side comment in papers 
with little connection to optical instrumentation. The work of 
Fresnel and Poisson would probably have been seen as an eso-
teric theoretical study dealing with the fundamental properties 
of light, even though we now recognize its importance. Perhaps 
Fraunhofer would have been the first to adopt antireflection 
coatings had he lived longer than 39 years. Photography was 
the first application where lenses became complex enough, with 
sufficiently critical performance, to make antireflection really 
attractive, but the variable quality of optical glass and the diffi-
culty of its supply were the dominant problems. There was no 
developed process for antireflection, and no one was looking for 
additional trouble. The acid etching attempts that were later car-
ried out by Taylor were not promising. The trigger seems to have 
been the 1931 work on vacuum evaporation by Cartwright and 

By Dennis Taylor (Own work 
(my book)) [Public domain]. 

Courtesy of Wikipedia.org
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Strong [18]. Here was a straightforward and reasonably reliable 
process that used apparatus commonly found in laboratories. 
Also at that time photographic lenses were becoming more com-
plex, and telescopes and microscopes had acquired more ele-
ments, so that there was a real perceived need. Developments in 
antireflection then followed rapidly.
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Free Volume (Unconfined) Plasma 
DC Diode 
The word “plasma” (I. Langmuir 1926) comes from a Greek word 
meaning to form or fill, and the unconfined plasma fills the con-
tainer. The diode configuration glow discharge (plasma) configu-
ration has anodic and cathodic electrodes with the cathode be-
ing the sputtering target and the substrates being placed on the 
anode, which is often grounded, or on a surface that is out of the 
line-of-sight (“off-axis” position). In the simplest form, secondary 
electrons from ion bombardment of the cathode are acceler-
ated away from the cathode creating ions that sustain the glow 
discharge in the interelectrode space. Figure 1 shows a DC diode 
reactive sputter deposition configuration showing the sputter-
ing “target”, the cathode fall region where the sputtering ions (+) 
and secondary electrons (-) are accelerated and the “avalanche” 
of high-energy electrons begins, the plasma (glow) region where 
much of the plasma chemistry takes place, and the substrate 
where species condense and react with gaseous “activated” spe-
cies and/or co-deposited species.

William R. Grove is credited with first reporting on what came 
to be known as “sputtering” (and sputter deposition) in 1852 [3]. 
Grove used a battery/Ruhmkorff induction coil/interrupter pulsed 
high-voltage power supply “capable of producing a spark in one-
eighth of an inch long in air” to generate a glow discharge in a vac-
uum (shown in Figure 2). He used a wire tip as one electrode and a 
plate as the other electrode. He made no studies on the properties 
of the films, as he was only interested in effects of voltage polarity 
reversal on the glow discharge. In 1858 Julius Plücker noted the 
formation of a platinum film inside of a DC diode glow discharge 
tube (“Geissler tube”), creating a “beautiful metallic mirror” near 
the cathode using an induction coil for pulsed power [4]. 

 In 1877 Professor Arthur W. Wright of Yale University pub-
lished a paper on the use of an “electrical deposition apparatus” 

Donald M. Mattox  
Management Plus Inc. 
Albuquerque, N.M.

A SHORT HISTORY:
SOURCES OF 
PHYSICAL 
SPUTTERING

In the 2017 Summer SVC Bulletin the phenomena of Physical Sput-
tering was discussed [1]. In order to use sputtering as a source of 
vapor for vacuum coating the design of sputtering sources must 
be considered. There are two basic designs that cover most sput-
tering sources. The first is the use of an ion beam (“ion gun”) that 
directs high-energy ions toward the sputtering “target,” which is 
located in a good vacuum. The second is the extraction of ions 
from a plasma by an applied potential on the sputtering target. 
This sputtering plasma may be “free” where it occupies the whole 
processing volume or it may be “confined” to a localized volume 
by a magnetic field.

The role of high-energy neutrals in sputter deposition should 
not be neglected. Bombardment by high-energy neutrals from 
the sputtering target may play an important role in the proper-
ties of the sputter deposited material at low pressure partially by 
re-sputtering a portion of the depositing material.

For sputter deposition the gas pressure in the system must 
be low enough that the sputtered particles do not suffer 
excessive multi-body collisions in the vapor phase that form 
particulates (i.e. <~10 mTorr {1.333 Pascals} depending on the 
vaporization rate) [2].

Sometimes there are special requirements for the sputtering 
sources and/or sputter deposition that are met by changing the 
sputtering source design or operating parameters. These require-
ments may involve coating complex surfaces, reactive sputter 
deposition, changing the properties of the deposited material, or 
target material usage. These changes may involve the sputtering 
power supply (frequency, waveform, voltage, power, etc.), the 
electric/magnetic field configurations, the partial pressures of 
reactive gases/vapors in the processing volume, a negative bias 
voltage on the substrate to allow concurrent bombardment of the 
depositing film (“bias sputter deposition”), or the use of substrate 
fixturing of the appropriate design.

Image courtesy of Andre Anders, LBNL
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to form mirrors and study their properties [5,6]. There has been 
some discussion as to whether Wright was using what is now 
called sputtering or pulsed arcs (“sparks”) [7], though it would 
seem that Wright was using an arrangement very similar to that 
of Grove. One major difference was that Wright used a swinging 
balance-pan fixture that allowed him to deposit (“paint”) a film 
over a relatively large area rather than just at a point [8]. The U.S. 
Patent Office used Wright’s work as “prior art” when challenging 
part of Thomas Edison’s 1884 patent application (granted 1894) 
on arc-based “vacuous deposition” [9,10]. Edison was granted 
his patent after maintaining that Wright’s process used a “pulsed 
arc,” whereas his was a “continuous arc” (from a battery). Edison 

also described Wright’s work as a “laboratory curiosity.” Later Edi-
son used induction pulsed power to deposit gold on his wax pho-
nograph masters [11]. Professor Wright should be credited with 
being the first to characterize vacuum deposited films for their 
specific properties (color and reflectance). 

In 1932 H.F. Furth reported using sputter deposition of gold 
films for a “high-volume” (90 units per operator per day) com-
mercial application (gold coating diaphragms for carbon granule 
microphones) in the late 1920s [12]. Pulsed power from induction 
coils was commonly used to establish glow discharges until the 
1920s when high voltage continuous (full-wave rectified) DC from 
AC transformer/mercury vapor rectifiers became available. By the 
early 1960s the mercury vapor rectifiers began to be replaced by 
solid-state rectification (silicon controlled rectifiers – SCRs) [13]. 

In 1968 Henry Y. Kumagai described low-frequency (60 Hz) 
AC diode sputtering from several pairs of interleaved electrodes 
where one of each pair acted as the cathode during each cycle 
while the other acted as the anode (i.e. a multiple “dual cathode” 
configuration) [14]. In 1971 Charles A. Steidel et al. described the 
interleave configuration using aluminum and tantalum elec-
trodes which allowed the composition of co-deposited Ta-Al al-
loys to be varied using a DC bias on the plasma [15,16].

The non-confined diode configurations remained the domi-
nant source of sputtering for film deposition until the mid-1970s 
when the planar magnetron sputtering source for film deposition 
was developeda.

Fig. 1 — DC diode reactive sputtering/reactive sputter deposition configurations. Copyright 2017 by Donald M. Mattox; Illustration by Linnea J. Dueker. 
Note: Permission is granted to use this illustration for educational purposes with proper acknowledgement.

Fig. 2— Grove’s “sputtering” apparatus of 1852 [3]

aAn exception to this was the use of sputtering and sputter deposition for 
getter-type sputter ion pumps in the 1960s – discussed later in this study.
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Triode Plasma
The triode sputtering configuration uses a diode configuration for 
plasma generation and a third electrode as the sputtering cath-
ode. Ions are extracted from the plasma to sputter the cathodic 
target [17-21]. The diode plasma often uses a thermionic emit-
ting surface rather than a secondary electron emitting cathodic 
surface. The triode glow discharge configuration has the advan-
tage over the diode configuration in that the glow discharge and 
variables in the sputtering process are relatively independent 
compared to the simple DC diode configuration. In similar ar-
rangements the plasma may be formed by a radio frequency (RF) 
discharge [22,23] or confined by a magnetic field [24,25] as shown 
in Figure 3. 

RF Sputtering Plasmas
RF (radio frequency) is a term generally used to describe frequen-
cies of 10 kHz to 1000 MHz [26]. The first RF power systems were 
developed for radio communication and “long-wave” diathermy 
treatments for physical therapy. Early RF had frequencies up to 
10 kHz that were generated mechanically. The development of 
the electron tube technology (dynatron oscillator – Albert W. Hull, 
1918) allowed the generation of much higher frequencies. In sput-
tering technology the usual RF operating frequencies range from 
10 kHz to 13.56 MHz.

Sir Joseph J. Thompson reported on RF (“electrodeless”) plas-
ma discharges in 1891 [27]. RF plasmas may be produced by coils 
or by a diode electrode arrangement such as parallel plates. The 
mechanism of the RF plasma generation was in dispute until 1929 
when it was shown that at low gas densities such as used in vac-
uum deposition, the plasma discharges were capacitively driven 
by coupling between the low- and high-voltage ends of the RF 
coil, while at high gas densities (such as atmospheric pressures) 
the plasma was inductively coupled between the turns of the coil. 

In 1933 J. Robertson and C. Clapp noted the removal of a film 
on the inside of a glass tube in which a high-frequency plasma 
discharge was produced from an external coil [28]. In 1962 Ger-
ald Anderson, et al. reported on the RF sputtering (“cleansing”) of 
a film that had been deposited on the inside of a glass window 
[29-32]. One aspect of high-frequency RF plasmas (>1 MHz) is the 
negative self-bias that is generated on the surface of an insulator 
through which the RF is being propagated [33]. A high frequency 
RF potential is one mechanism for inducing a high negative po-
tential on the surface of an insulator for sputtering. 

In 1965 Pieter Davidse and Leon Maissel at IBM, pursued RF 
sputtering to produce films of dielectric material sputtered from a 
dielectric target [34-36]. In 1967 Fredrick Vartny superimposed DC 
and RF to sputter deposit both tantalum and tantalum oxide from 
a tantalum target using the RF to keep the target clean during the 
reactive sputter deposition process [37,38]. In 1968 J. Hohenstein 
used co-sputtering of glass with RF, and metals (Al, Cu, Ni) with 
DC, to form cermet resistor films [39]. 

RF sputtering did not have a major impact on PVD processing 
because of the expense of large, high-power RF power supplies, 
and the problems associated with introducing high thermal in-

puts necessary for high sputtering rates without cracking the in-
sulator target. Most electrically insulating materials of interest are 
brittle and poor thermal conductors [40]. The one material that 
was/is RF sputtered with success is SiO2, which has a low coeffi-
cient of thermal expansion (CTE) and thus does not crack easily 
with thermal stressing. Many normally electrically insulating tran-
sition metal oxide ceramics may be made electrically conductive 
by doping or being a sub-stoichiometric oxide (having free charge 
carriers) [41]. These electrically conductive ceramic targets may 
be sputtered with DC. 

Confined Plasmas
DC Magnetrons 
Devices that use magnetic fields to control the motion of elec-
trons are called magnetrons (the term “magnetron” was coined 
by General Electric in the early 1920s). In 1886 Eugene Goldstein 
observed rays in gas discharges at low pressures that traveled 
through a perforation (canal) in the cathode. Goldstein called 
these positively charged rays “kanalstrahlen” or “canal rays.” In 
1899 Wilhelm Wein reported that “canal rays” could be deflected 
in strong magnetic fields and constructed a device that separated 
the positive rays according to their charge-to-mass ratio. 

In 1913 Albert W. Hull patented the use of a magnetic field (B) 
parallel to the electric field (E) of a DC diode discharge to enhance 
the density of charged particles in the plasma [42]. In 1936 Wil-
helm Burkhardt et al. used a magnetic field parallel to the electric 
field to enhance the density of charged particles in the plasma 
above a vapor source in vacuum (both thermal evaporating and 
sputtering) [43,44].

By using a magnetic field parallel to an ion bombarded surface 

Fig. 3 — A hot cathode, magnet-
ically confined triode sputtering 
system. (R.D. Mathis Model SP-110 
from 1965) 
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that is emitting secondary electrons (normal to the electric field) 
the secondary electrons are confined to move close to the sur-
face. This intensifies the ionization in the plasma just above the 
surface allowing glow discharge sputtering at a lower pressure, a 
lower voltage, and at a higher sputtering rate than with non-con-
fined DC diode sputtering. The electrons will have a drift normal 
to the ExB plane and if the drift path is closed (i.e. a “doughnut” 
or “racetrack” path) the electrons will be further trapped and the 
plasma intensified. 

In 1935 Frans M. Penning patented the deposition of material 
by sputtering using various cylindrical magnetron configurations 
with “cold cathodes” [45,46]. One configuration was that of a cyl-
inder (or rod) cathode (post) surrounded by a cylindrical anode 
with the magnetic field parallel to the axis of both the post and 
the cylinder. The substrates were placed on the interior wall of the 
cylinder. The electrons were confined near the cathode surface 
but were lost at the open ends. In a second configuration, the an-
odes are end plates and the magnetic field is parallel to the post 
cathode but normal to the anodic end plates. In a third configu-
ration, the anode is a hollow cylinder and the cathodes are end 
plates with the magnetic field normal to the end plates. Penning 
called the sputtering process “cathode disintegration.” In 1940 
F.M. Penning and J.H.A. Mobius described a configuration with a 
post cathode having end flanges (spool-shaped) centered in the 
anodic cylinder [47]. These flanges further trapped the electrons. 
When the hollow cylinder is the cathode so that the inside of the 
cylinder is sputtered it is sometimes called an “inverted magne-
tron.” These configurations are often called “Penning cells” as 
shown in Figure 4.

F.M. Penning noted that the sputtered material reacted with the 
gases and thus reduced the pressure and this became the basis 
for “sputter ion pumps.” The first single-cell “sputter ion pump” 
was patented by W.F. Westendorp and A.M. Gurewitsch in 1953 
[48, 49]. In 1956 a multi-cell ion pump was described [50] and 
in 1957 L.D. Hall et al. patented a multi-cell “getter” ion pump 
[51,52]. In an ion pump, reactive sputter deposition is the primary 
mechanism for pumping reactive gases while subplantation and 
burial are the primary means of pumping non-reactive gases [53]. 
Varian Associates began marketing the VacIon™ sputter ion pump 
in the early 1960s. 

In 1962 Wolfgang Knauer patented ion pump designs with 
closed-loop emerging and re-entering magnetic fields (“tun-
nel”) that allowed the electrons to be trapped in a closed pat-
tern on a post cathode and on a planar cathode [54]. One of 
Knauer’s designs {Fig. 3} used what would be later called the 
“planar magnetron”. 

Various forms of the Penning magnetrons for sputtering have 
been developed. Notable is the work of John A. Thornton and 
Alan S. Penfold on post cathode magnetron designs in the 1970s 
[55,56]. Heisig, et al. [57], Thornton [58], Helmer and Doniger [59], 

and Dave Glocker et al. [60,61] improved on the hollow cylindrical 
cathode magnetron configurations. 

In 1968 Peter Clarke developed a sputtering source using 
a closed-path magnetic tunnel on the inside of a cylindrical 
surface. This source became known as the “sputter gun” or 
“S-gun” [62-65]. In 1969 J.R. Mullaly at the Dow Chemical Co., 
Rocky Flats Plant, designed a magnetron sputtering source us-
ing a magnetic tunnel on the inner surface of a hemispherical 
target electrode [66]. 

In 1973 various magnetron configurations, including the planar 
magnetron with a “racetrack” sputtering track, were patented 
by John Corbani {Figure 3 [67]}. John Chapin also developed a 
planar magnetron source in 1974 [68-70] and is generally cred-
ited with being the inventor of the planar magnetron sputtering 
sourceb. Chapin’s planar magnetron is shown in Figure 5. By the 
late 1970s the DC planar magnetron sputtering configuration be-
came the most popular sputter deposition source design.

Fig. 4 — Illustration of Penning cells [45]

bIn 1970 John Chapin, John Mullay, and Ted van Vorous—all of whom had 
worked at the Dow Chemical Co., Rocky Flats Plant—formed Vacuum 
Technology Associates (VacTec). VacTec had a contract with Airco to develop 
a long, linear, high-rate sputtering source. Chapin initially used a trough-
shaped source similar in cross-section to the hemispherical configuration 
that Mullaly had used in 1969. He quickly obtained the desired sputtering rate 
for copper. He also conceived the flat planar design. He noted the idea in his 
engineering notebook and that entry was witnessed by Bob Cormia of Airco. 

It would seem that Corbani’s patent “anticipated” Chapin’s patent. However 
Chapin was able to “swear behind” Corbani’s disclosure based on the 
notebook entry and therefore Chapin’s patent took precedence and Chapin 
is credited with inventing the planar magnetron sputtering source. Initially 
there was disagreement between Airco and VacTec about who owned the 
patent for the planar magnetron. The disagreement was played out in court 
with the decision in favor of Airco for long sources. Afterward Airco made and 
marketed long planar magnetron sources and VacTec made shorter versions.
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 One limitation of the early emerging/re-entry magnetic field 
magnetron sources was that most of the plasma was confined 
to a small volume near the surface of the sputtering target and 
thus was not available to provide “activation” of reactive gases 
near the substrate for reactive deposition processes nor ions for 
“biased sputter deposition.” This limitation could be overcome by 
the use of an auxiliary plasma source, however this was a compli-
cation to the system design. 

In 1986 Brian Window and N. Savvides (CSIRO) reported the 
use of some of the magnetic field from the magnetron source 
to extract electrons to create a plasma away from the sputtering 
source [71-73]. This is called an “unbalanced” magnetron (UBM) 
source. If the “escaping” magnetic field is linked to other UB mag-
netron sources (N to S poles), the plasma-generation region can 
be significantly increased and is called a “closed-field UBM” [74-
77]. Such closed field configurations often use four magnetrons 
arranged in a circular pattern to provide a cylindrical volume for 
substrate fixturing. 

A disadvantage of the planar magnetron is that the stationary 
“racetrack” erosion path gives low target-material utilization. In 
order to obtain better material utilization the magnetic field may 
be moved in the target or the magnetic field may be modified in 
other ways. A variation on moving the magnetic field is to move 
the surface to be sputtered through the magnetic field by design-
ing an elongated racetrack magnetic field formed by magnets 
inside a hollow cylinder that is rotated, which moves the surface 
through the field. A patent on this “rotatable cylindrical magne-
tron” design was filed by Harold McKelvey in 1981 [78-80]c. Major 

advantages to this design are the good utilization of the sputter-
ing target material and the removal of most of the “poisoned” 
areas on the target as it rotates. To further reduce arcing dual ro-
tatable cylindrical cathodes may be used in pairs (dual cathodes” 
- see later). This sputtering target design is in common use today. 
This concept of moving the surface to be sputtered through the 
magnetic field is similar to that used by S. Schiller et al. in 1976 to 
sputter clean a moving strip of steel [81].

Another disadvantage is in reactive sputter deposition of highly 
insulating materials where the planar magnetron sources can be 
“poisoned” by the formation of a compound on the surface in ar-
eas outside the racetrack. This can cause surface charge buildup 
and arcing (flashover) that produce macro particulates. To avoid 
this problem, RF can be superimposed on the DC target power, as 
was done by Frederick Vratny in 1967 on non-magnetron reactive 
sputter deposition [38,39] or “pulsed power” may be applied to 
the target. 

In 1974 Robert L. Cormia et al. patented the use of symmetrical 
or asymmetrical AC (bi-polar) power on a single-cathode magne-
tron at a frequency of 400 Hz to 60 kHz (“mid-frequency”) to cre-
ate “pulsed power” on the cathode [82,83]. In this arrangement 
the target has a neutral or positive polarity during a portion of 
the voltage cycle to allow electrons from the plasma to neutralize 
any positive charge buildup on a “poisoned” portion of the target 
surface [84].

When depositing insulating films, film buildup on the anode of 
the plasma circuit may cause instability of the plasma parame-
ters. This is called the “disappearing anode” effect. In 1993 Frach, 
et al. utilized the single-cathode bipolar pulsed power concept 
to reactively deposit dielectric films using a “hidden anode” to 
minimize the “disappearing anode” effect in sputter deposition 
of dielectrics [85].

Dual Cathodes
The problem of charging and arcing on the sputtering target 

and the “disappearing anode” effect may be overcome using 
dual electrodes that are alternating as cathodes and anodes. 
In 1987 F.S. Quazi patented sputtering from a single sputtering 
target (“primary” target using a hidden “secondary target” (i.e. 
dual targets) with the targets being alternately the anode and 
cathode using bipolar voltage pulses. This allowed the primary 
sputtering target to discharge any positive-charge buildup during 
the positive portion of the waveform [86]. This is similar to the 
“counterpulse” technique used to extinguish arcs in vacuum arc 
switch technology [87]. In 1988 Este and Westwood reported the 
mid-frequency dual-magnetron sputtering arrangement where 
the two targets of the material(s) to be deposited were alternately 
cathodes and anodes [88]. This is similar to the low-frequency AC 
(non-confined) sputtering described by Kumagi [14] and Steidel 
[15]. In 1992 M. Scherer et al. describe the potential use of AC-driv-
en (10-100 kHz) dual planar magnetron reactive sputter deposi-
tion in the commercial coating of large glass sheets (Figure 6) [89]. 

cIt is interesting to note that in the preferred embodiments of the patent it is 
stated that “When this portion of the coating material has been depleted, the 
tube can again be rotated to bring another and fresh portion of the coating 
material into sputtering position” i.e. not a continuous rotation which is now 
what is most often used.

Fig. 5 — Chapin’s planar magnetron source [68]
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In 2000 Glocker, Lindberg, and Woodard reported using dual in-
verted cylindrical magnetrons in a similar manner to dual-planar 
magnetrons [90]. 

 High Power Impulse Magnetron Sputtering (HIPIMS) 
High power impulse magnetron sputtering (HIPIMS) uses pulsed 
power at very high peak power density (kW/cm2) with a standard 
DC magnetron sputtering target configuration. The HIPIMS power 
supplies have short pulse lengths (50 to 200 microseconds), long 
off-times (0.02 seconds) (i.e. ~1% duty cycle) and low frequencies 
(500 Hz) [91]. This high pulse power gives a high ionization of the 
sputtered species (“self-ions”) and keeps the power input (i.e. 
heat) to the sputtering target to a manageable level

The first work using these pulsed high powers was done in 
Russia using especially designed magnetrons [92]. In 1997 Vlad-
imir Kouznetsov (a Russian who had immigrated to Sweden) 
proposed using the common sputtering magnetron configura-
tion instead of specially designed magnetrons [93]. This proved 
to be effective and HIPIMS came to be considered a new vacuum 
coating process [94-96]. In 2002 R. Chistyakov and B. Abraham 
patented the splitting of the HIPIMS pulse into two stages in or-
der to overcome some of the instability problems of a single stage 
high-power pulse source [97-99]. The first stage develops a weak 
plasma and the second stage develops the high power discharge.

Arc Bonded Sputtering (ABS)
Another variation on magnetron sputtering uses a planar mag-
netron target where the racetrack may either be a sputtering 
area or a steered arc track [100-102]. This system is used for the 
ArcBond™ process (Hauzer Techno Coatings) where the sputter 
cleaning [103] and initial coating layer is deposited by arc vapor 
deposition, and the coating thickness is built up by sputter depo-
sition. This is done to increase adhesion and to minimize the 
deposition of molten particles (“macros”) from the arc vaporiza-
tion. This hybrid deposition process may also be done using arc 
vaporization sources and magnetron sputtering sources in the 
same chamber [104].

Ion Guns for Sputtering
Beginning in the 1940s, many small-area condensable ion sources 
were developed for isotope separationd and later for high-energy 
ion implantation [105-107]. Some of these sources used sputter-
ing as a vapor source but most used chemical vapor precursors. 
In 1955 Manfred von Ardenne patented the “Duoplasmatron” gas-
eous ion source with an extraction lens system [108, 109-111]. The 

Duoplasmatron source provides a small-area beam of ions and in 
1967 Kasturi L. Chopra and M. Randett reported using a Duoplas-
matron ion source for sputtering and sputter deposition in a good 
vacuum [112]. In 1969 Sol Aisenberg used a Duoplasmatron-like 
“film-ion” (condensable ions) source for depositing films of ma-
terials such as silicon and carbon (diamond-like carbon – DLC) 
[113-115].

Beginning in the 1950s, the US space program (NASA) devel-
oped a series of ion beam systems design for ion thruster engines 
[116, 117]. These ion sources used large-area grid extractors and 
thus became known as “broad-beam” (or Kaufman) ion sources 
[118-127]. This type of ion source provided an ion beam with a 
large area and a narrow spread in ion energies. This ion source is 
often used with an electron-source “neutralizer” external to the 
grid extraction system to allow space charge neutralization of the 
extracted ion beam (i.e. making it a plasma beam) and thus pre-
venting beam “blow-up” and charge buildup on the surface be-
ing bombarded. Figure 7 from the 1961 patent shows Kaufman’s 
ion thruster. 

 Another type of ion source that provides a large area flux 
is the gridless End-Hall ion source [128,129]. This type of ion 
source does not use an extraction lens or grid system and pro-
vides a wide spectrum of ion energies. The End-hall source is 
used most often to form an “activated” plasma source for reac-
tive deposition [130].

In vacuum deposition processes two ion beams may be used—
one to sputter the material and the other to bombard the depos-
iting material. The use of ion beams to bombard the depositing 
material is called “ion beam assisted deposition” (IBAD) [131,132]. 
In IBAD the bombarding ions may either be an inert species, a re-
active species, or a mixture of the two. In 1979 the deposition of 
multilayer optical coatings by reactive sputter deposition with an 
ion beam was patented by D.T. Wei and A.W. Lauderback of Lit-
ton Systems [133]. The technique was used by Litton to deposit 
a high-performance multi-layer optical (mirror) coating for the 
ring laser gyro (RLG). The RLG has no moving parts and relies on 
extremely high-quality multilayer-coated mirrors. This patent 

Fig. 6 — Cross-section showing dual 
planar magnetron sputtering for the 
coating of flat glass (left); a) target ar-
rangement; b) voltage waveform on 
one target (right) [89].

dDuring WWII the “Calutron” ion source was developed for magnetic sepa-
ration of uranium isotopes at the Oak Ridge Nuclear Plant. Banks of these 
sources were used to separate the 64 kilograms (~1.6 x 1026 ions) of “weap-
ons grade” (>90%) 235U used in the “Little Boy” atomic bomb. Each source 
used a current of about 100 mA at 30kV. After WWII the Calutrons were used 
to separate many different isotopes in quantity. The last Calutron source was 
shut down in 1999. 
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became the focus of a high profile patent litigation suit between 
Litton Industries and Honeywell [134].

Sputtering by High-Energy Neutrals
High-energy neutrals may be generated in the sputtering cham-
ber by reflection of charged particles bombarding the sputter-
ing cathode or by charge exchange processes in the cathode fall 
region of the discharge (see Figure 1). Bombardment of the de-
positing coating by high-energy reflected neutrals may affect the 
properties of the depositing material [135,136]. High-energy neu-
trals generated in the cathode fall region of an unconfined glow 
discharge may sputter surfaces near the target that are not at the 
target potential and this may lead to contamination of the target 
or other surfaces.

Conclusion
For about 75 years (1852-1920’s) high voltage pulses from in-

duction coils were the principal source of voltage for physical 
sputtering. For another 50 years or so continuous DC sputtering 
held sway. In the 1970s improvements in sputtering sources, par-
ticularly magnetic confinement (magnetron sources), and pow-
er supplies (pulse waveforms, arc suppression) led to increased 
sputtering rates and the ability to reactively sputter deposit com-
pounds. In early 2000 the development of HIPIMS power supplies 
with high power, short duration pulses led to further applications 
of sputter deposition [137]. 

Fig. 7 — Illustration of a Kaufman ion source from a 1961 patent [119]

From the 1930s through the 1960s thermal evaporation in vac-
uum met most of the needs of electronics, packaging, and optical 
coatings. The need for alloy/compound deposition for semicon-
ductor device technology, the need for large-area multi-layer coat-
ings for architectural glazing (low-e) and large-area coatings for 
display devices spurred the development of sputter deposition. 
These needs were met by developing specialized multi-chamber 
vacuum deposition systems [138], specialized fixturing, and mag-
netron sputtering sources. 

Some major advantages of the magnetron sputtering source is 
that it can provide a long-lived, high-rate, low-temperature vapor-
ization source that is capable of operating at a lower gas pressure 
and higher sputtering rates than non-confined sputtering sourc-
es. Magnetron sources may be designed to give very elongated 
“racetrack” erosion areas over which large-area substrates may 
be passed or smaller sources may be “ganged” to other configu-
rations. The lack of radiant heating from the “cold cathode” sput-
tering target allows the sputtering source to be positioned close 
to the substrate thus minimizing the vacuum chamber volume. In 
the late 1970s with their new performance characteristics, sput-
tering sources began to replace thermal evaporation in many 
established applications. HIPIMS with its flux of “self-ions” has 
helped to open the field of “energetic deposition” to new applica-
tions particularly those for tribological applications. 

IBAD deposition is an important tool for depositing high perfor-
mance optical coatings by tailoring the properties such as adhe-
sion, stress, density, morphology and composition of the depos-
iting coating [139].
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SVC FOUNDATION NEWS

After a highly successful Strategic 
Planning meeting at the TechCon in 
Providence, SVC Foundation (SVCF) 
Board Members have had a busy summer 
and fall executing on our “Go Forward” 
plan. An important component of that 
plan has been to expand our Board with 
high quality individuals who share the 
passion and commitment to the vacuum 
industry. I am pleased to announce the 
addition of two new Board members 
Moniruzzaman “Monir” Syed, Ph.D.,who 
is an Assistant Professor of Physics at 
LeMoyne-Owen College in Memphis, 
TN.  Monir has a diverse international 
background and perspective as well as 
prior service with non-profits that will 
add significant experience to our Board. 
Our other new member, Nick Driscoll, 
is a Regional Sales Manager for Glines 
and Rhodes, a precious metals refiner 
based in Attleboro, MA. Nick will add 
marketing expertise to our efforts to 
expand awareness of SVCF’s scholarship 
programs and enhance our fundraising 
efforts. Welcome to the SVCF Board, 
Monir and Nick!

We are still recruiting for open 
Board positions. If you want to make a 
difference and give back some time and 
expertise to our vacuum industry please 
contact Paula Becker, Nominations 
Committee Chair, at paula@filtech.com

With the strong support of the SVC 
Leadership, the SVC Foundation will 
host a Casino Night during the 2018 
TechCon in Orlando. Proceeds from the 
event will benefit SVCF’s Scholarship 
Program. Watch for more details later in 
the year as Casino Night promises to be 
a tremendous networking event as well 
as a truly enjoyable evening benefitting 
a good cause!

I am very pleased to announce that 
the SVC Foundation has decided to 
expand its very successful Student 
Scholarship Program with the addition 
of a Vacuum Technician Scholarship 
program. The finishing touches are 
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being put on the program as of this 
writing (early September) with the hopes 
of sponsoring several scholarships 
for Vacuum Technicians in 2018. This 
is an important part of our vacuum 
community that we hope to support by 
providing admission and travel stipends 
to the TechCon, educational scholarships 
books and tuition. More information will 
be posted on the SVC and SVCF websites 
as it becomes available!

Finally, I’d like you and your business 
to consider making a donation of any 
amount to our SVC Foundation Schol-
arship Fund. Many of us who have spent 
a long time in the industry consider a 
donation to the Foundation as a way to 
acknowledge and invest in our indus-
tries’ future. Your scholarship donations 

go 100% to the students. Your help will 
ensure that the next generation of vacu-
um specialists is prepared for the future 
technology challenges. Scholarships 
can be endowed, honoring someone or 
a company within our industry. Contri-
butions are fully tax deductible and are 
acknowledged with a letter at the end of 
the year. For more information, contact 
Ed Wegener, SVC Foundation Chair, at 
wegenered@gmail.com
— Ed Wegener, SVC Foundation Chair, at 
wegenered@gmail.com

SVCF SUCCESSFUL STRATEGIC PLANNING SESSION
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NEWSSOCIETY AND INDUSTRY
INTERSOLAR NORTH AMERICA 
CO-LOCATED WITH SEMICON WEST 
SHOWED THAT MANUFACTURING 
IS ON THE UPSWING
In a continuing partnership Intersolar North America and SEMI-
CON West co-located their conferences at the Moscone Center 
in San Francisco, during the week of July 11-14, 2017. It was a 
bit smaller than usual for SEMICON since one exhibition hall 
was under reconstruction. Overall, both organizations had good 
well-attended shows. Over 12,000 attendees participated in In-
tersolar and over 20,000 participated in SEMICON.  SEMICON 
West had a “Smart” theme as part of their exhibition. The theme 
included smart manufacturing, smart design and smart automo-
tive.  In smart automotive, self-driving cars and advanced driver 
assist (ADAS) cars were shown by Elektrobit. A Honda Clarity fuel 
cell car was also shown. The semiconductor industry is doing 

very well with semiconduc-
tor equipment purchasing at 
an all-time high. Equipment 
sales are estimated at 49.4 
B$ for 2017. The handing of 
“Big Data” (Zettabytes in the 
Cloud), artificial Intelligence 
(AI) and 5G fast broadband 
network systems are driving 
a high level of development.  
An investment seminar was 
held for Penang, Malaysia. 
Another seminar was held for 
strategic innovation and in-
vestment in China. The “Best 
of the West” award was giv-
en to Microtonic, Inc for their 
EAGLEview 5- micro defect 

inspection system. Both Micron Corp. received a SEMI award for 
a 3D hybrid memory cube. Advanced Micro Devices received a 
SEMI award for fabrication of 3D die stacked graphics processor.

The large scale battery section (EES) of Intersolar has 
continued to grow, as this is becoming the desired method of 
photovoltaic generated electricity storage and management.  
Cost and lifetime of electrical storage compared to solar module 
lifetime (~25 years) still remain as questions.   Mercedes Benz 
showed their home battery storage system, designed for their 
new electric cars. Overall, there is increasing of activity is in the 
battery area. 

Regarding photovoltaics, manufacturing is expanding with 
production of solar cells increasing in volume at 21.5% (CAGR) 
over the last year.  Very large utility scale installations were made 
in China, Europe and the US over the past year.  About 95% of 
the cells manufactured are single crystal or multicrystalline sil-
icon amounting to 77.7 GWp production in 2016 (Fraunhofer 
ISE). Thin film cells account for 5% of the market with CdTe at 3.1 
GWp, a-Si at 0.5 GWp and copper indium gallium sulfide (CIGS) 
at 1.3 GWp (2016).  In crystalline silicon the advances lie more in 
production techniques to get closer to champion cells. Manufac-
turing of photovoltaic modules has become very competitive. 
By volume, the largest world cell producers are in China with 
2016 production of 55 GWp . Overall, 320 GWp of solar modules 

have been installed in the world.  It is projected that by by 2030 
the world installed total will be 1,760-2,500 GWp  (International 
Renewable Energy Agency). Cell/module prices continue to fall. 
The median cell prices are about 0.50 US$/Wp. There is quite a 
debate as to whether these prices are realistic or sustainable. 
Many analysts feel they are artificially undervalued to capture 
market share. The thin film makers include First Solar manufac-
turing CdTe modules and Solar Frontier and other companies 
making CIGS. A cadmium and lead free CIGS thin film module 
is shown in Fig. 1. This module was manufactured by Eterbright 
in Toufen, Taiwan. Notice the lack of metallic grid lines its solid 
ebony surface.

Thin film cells continue to exhibit better low angle solar col-
lection characteristics of power generation, compared to silicon 
multicrystalline or single crystal cells. Important developing re-
search areas in thin films are peroskite cells. Work on 3rd Gen 
cells is mainly still in the labs with the exception of quantum dots.

Jutta  Traube , CEO, VDMA (German Mechanical Engineering 
Industry Association), presented some future manufacturing 
trends in cells. The industry will use less silver per cell. Future 
metallization may be deposited by PVD processes, rather than 
screen printing or plating of conductor lines. Conductor lines 
will get narrower.  More glass substrates are expected to be used. 
The industry needs more durable, longer life antireflection coat-
ings lasting up to 25 years.  Durability of edge sealing is another 
area that requires improvement.

The next Intersolar and SEMICON WEST will be on July 10-12, 
2018 and held at the Moscone Center in San Francisco, CA.  I wish 
to thank the press offices of both Intersolar and SEMI (Debra Gei-
ger, SEMI, and Andrea Roberts, AR Marketing) for their help with 
press information.
— Carl  Lampert, SVC Technical Director

Fig.1	–	CIGS	thin	film	200	Wp	module,	op-
erates	well	in	low	light,	due	to	its	low	an-
gle	of	absorption.		The	module	is	made	
by	 Eterbright	 (Toufen,	 Taiwan)	 and	 is	
Cd	and	Pb	free,	RoHS	certified.	(photo- 
C.	Lampert)

OSA QUINN DEDICATION 
The world is a small place: On Saturday, September 16 the Op-
tical Society of America (OSA) rededicated their Washington 
DC headquarters in honor of Dr. Jarus W. Quinn who served 25 
years as their first Executive Director (1969-1994). http://www.
osa.org/en-us/about_osa/newsroom/news_releases/2016/
the_optical_society_names_washington_dc_headquarte/ . Dr. 
Quinn is the father of Colin Quinn (VP Sales at Denton Vacuum 
LLC and former SVC 
TAC Chair) and the 
father-in-law of Mary 
Ellen Quinn (Colin’s 
wife).  Mary Ellen cur-
rently plays a key role 
in the SVC managing 
trade agreements and 
all electronic news-
letters/periodicals.  
Pictured at the dedication ceremonies are Colin, Mary Ellen and 
their daughter Erin. Many members of the SVC are also key con-
tributors to the OSA and it’s not often we get to brag about such 
important family relationships!
— Frank Zimone, SVC Executive Director
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NEW TORUS® RESEARCH 
ADVANTAGE PACKAGE FOR 
SPUTTERING APPLICATIONS
The Kurt J. Lesker Company® formally announces the official 
release of its newest magnetron and power supply packag-
es—the RAP (Research Advantage Packages).  These packages 
enable customers to create a complete magnetron and power 
supply package including all cables and connectors neces-

sary to integrate into an 
existing sputtering sys-
tem. The packages offer 
a choice between a 2”, 3”, 
or 4” TORUS Mag Keep-
er™ sputtering source.  
The Mag Keeper sources 
are KJLC’s latest design 
technology featuring 
quick target capability 
and UHV compatible op-
eration.  The magnetrons 
come standard with a flex 
assembly and standard 

magnets, and the Mag Keeper source can be packaged with a 
DC or RF power supply.  If a DC supply is chosen, the custom-
er also has the option of adding one of our IMPULSE HIPIMS 
power supplies.

The KJLC RAP not only enables customers to upgrade their 
existing sputtering capability to include the latest advances 
in both magnetron and power supply technology, it is offered 
at a special package discount price. The new Mag Keeper 
sources are in stock and ready for immediate shipment.  
www.lesker.com/go/RAP 

LEYBOLD ANNOUNCES FLEXIBLE,  
ROBUST, AND LOW-MAINTENANCE 
SCROLLVAC PLUS VACUUM PUMPS
The SCROLLVAC plus, which is an oil-free, dry running fore 
vacuum pump, qualifies for a variety of demanding applica-
tions: whether in the laboratory, in large research facilities, as 
a backing pump for turbomolecular and cryopump systems, or 
in vacuum ovens. 

SCROLLVAC plus has low power consumption paired with a 
high effective suction capacity. In addition, with its very light, 
compact design, it occupies only minimal space in plants and 
equipment. This makes integration into new and existing vac-
uum systems an easy and convenient solution. The low level 
of vibrations and noise (less than 55 dB (A)) further increases 
the range of potential users, especially as these factors play a 
central role in ergonomic working environments. 

CORPORATE SPONSOR NEWS
Their functional and 

constructive features sim-
plify the daily use of this 
fore vacuum pump. The 
hermetic sealing of the ro-
tating parts from the pump 
chamber reduces the risk 
of contamination. With the 
absence of wear-resistant 
shaft seals, the developers have achieved a higher leak tight-
ness. This predestines the SCROLLVAC plus for universal use 
in demanding processes. 

The service and the sealing change are correspondingly sim-
ple and fast, and can be operated by the user on-site. Leybold’s 
SCROLLVAC plus also has longer maintenance intervals than 
comparable competitive products. “With our new generation 
of scroll pumps SCROLLVAC plus, we offer the optimized pump 
variant for all customer requirements and at the same time set 
new standards with long service intervals and easy mainte-
nance”, explains Alexander Kaiser, Product Manager Dry Fore 
Vacuum Technology. 

For all standardized maintenance tasks and procedures, an 
integrated hours counter documents the operating time. Ley-
bold provides the appropriate maintenance kit for the differ-
ent stages of servicing. 

Leybold offers a wide range of pumping options for the dif-
ferent requirements: The product family is available in four 
versions with the pump speed stages 7, 10, 15 and 18 m3 / 
h. In the single-phase variant, it has a universal voltage drive 
for a constant performance worldwide, while the three-phase 
electronic-free variant is intended for areas with radiation. An 
integrated gas ballast valve also allows the pumping of con-
densable vapors. 

This range of Leybold pumps is complemented by a SCROLL-
VAC C plus variant for the pumping of aggressive media and 
chemicals. With this C variant, internal parts are less sensitive 
to corrosion by aggressive gases. www.leyboldproducts.com

APPLIED VACUUM TECHNOLOGY ADDS  
OPERATIONS MANAGER TO SUPPORT  

CONTINUED BUSINESS 
GROWTH
Anderson Dahlen – Applied Vacuum 
Technology has announced that Don 
Moore has joined their team as Oper-
ations Manager. He will be primarily 
responsible for manufacturing at the 
Waconia facility, as well as involve-
ment with vacuum projects at Anderson 

Dahlen’s recently expanded facility in Ramsey, MN.
Mr. Moore is a graduate of The Ohio State University, with a 

BS in Ceramic Engineering. He has significant technical back-
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ground in the design and manufacture of hermetic ceram-
ic-to-metal feedthroughs and metal-to-metal assemblies. His 
prior roles have included direct involvement with customers 
requiring vacuum products for applications in research (labs 
and universities), semiconductor, life sciences, nuclear, aero-
space, medical, and other markets.

“With over 30 years of operations and engineering experi-
ence in the vacuum industry, Don is an ideal fit to help lead our 
organization which continues aggressive growth in designing 
and manufacturing custom components, chambers and inte-
grated assemblies for high vacuum (HV), ultra-high vacuum 
(UHV) and extreme high vacuum (XHV) requirements.” David 
Knoll, President (Applied Vacuum) www.appliedvacuum.com, 
www.andersondahlen.com

TELEMARK CRYOGENICS RAISES 
THE BAR FOR ON-TIME DELIVERY, 
SERVICE, AND PERFORMANCE
Telemark Cryogenics (Division of Telemark) has set a new 
company record for Telemark Cryochiller water-trap systems 
delivered to a single 
customer. The highly 
skilled manufacturing 
team recently fulfilled 
an order for 300+ units 
to a single customer. 

The Telemark Cryo-
genics product group 
is a well-oiled machine, currently producing, testing, and ship-
ping 10+ units per week. Expansion of manufacturing space is in 
place for even more capacity as product demand grows. A strict 
shipping schedule was in place to for this order. Out-of-the-box 
failure rates were non-existent. Every system was tested thor-
oughly and the performance data was recorded at Telemark. 
www.telemark.com

VERGASON TECHNOLOGY INC.’S  
PRESS-SIDE® 38 SELECTED FOR  
MEDICAL SHIELDING APPLICATION
A leading international medical component manufacturer re-
cently purchased VTI’s new Press-Side®38 Rapid Cycle Metal-

lizing System to 
apply a physical 
vapor deposition 
(PVD) coating 
for a challenging 
shielding applica-
tion. VTI worked 
closely with the 

customer to identify the coating specifications, design a cus-
tomized metallizing system with proper masking to meet the 
requirements, and develop the shielding and coating process.

VTI’s new Press-Side®38 Rapid Cycle Metallizing System is 
similar to the Press-Side® 4000SL in footprint and operation, but 
has increased capacity and throughput by as much as 35%.

Vergason’s custom-built coating systems are capable of 
applying any alloy or metal (including aluminum, copper, 
stainless steel, and nickel) in a single or multiple layers, meeting 
the requirements of even the most demanding shielding project. 
www.vergason.com

FIL-TECH’S NEW EXTREME TEMPERATURE 
CRYSTALS TO 200C AND NEW QCM1000 
QUALITY CRYSTAL MICROBALANCE
Visit our website with on line ordering coming soon, to find sav-
ings on Quality Crystals® 6MHz, Extreme Temperature Crystals, 
Liquid Plating Crystals, sensor heads and feedthroughs, FT704 
fluid, electron beam gun and ion source parts, and vacuum 
measurement gauges. NEW QCM1000 Quality Crystal Micro-
balance.http://www.filtech.com/products/product-category/ 
crystals-hardware-monitors/

PFEIFFER VACUUM BREAKING GROUND 
ON NEW BUILDING

Pfeiffer Vacuum, provider of high-tech vacuum solutions for 
the semiconductor, industrial, coating, analytical and R&D mar-
kets, is breaking ground in Nashua, NH, USA, on a new, two sto-
ry 27,000 square foot building. This modern construction will 
house the North American headquarters for administration, 
sales, product management, marketing and customer care. In 
parallel, the exist-
ing 24,000 square 
foot building will 
be converted to a 
Service Center of 
Excellence, bring-
ing together under 
one roof all service 
activities of the 
entire Pfeiffer Vac-
uum product port-
folio. State-of-the-art automated cleaning and test equipment 
will be utilized to produce the highest quality repairs in a timely 
manner. www.pfeiffer-vacuum.com
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Building the Bus
Just last week I bumped into a colleague who I haven’t seen for 

a few years and he asked me how the new job was progressing. 
Interesting question as we’ve all been so busy over the last few 
months that I really didn’t have an answer at the tip of my tongue. 
So I thought for a second and replied, “Imagine you have to build 
the bus as it goes down the street on a fixed schedule, picking up 
passengers at the same time as you are welding on the wheels, 
the engine, and installing the seats”. That got a great chuckle and 
I was treated to a beer!

We’ve been incredibly fortunate to assemble a great “team”. 
At the operational level, we’ve focused on establishing and doc-
umenting processes, cost minimization, and developing the skill 
sets required to sustain the calendar of SVC dead-
lines and events that march onward with the calen-
dar. The goal is to “lean out” the organization and 
increase our efficiencies. Why? The answer is sim-
ple. We need to get to a point where the majority of 
our energies are focused on addressing the “big” 
issues that face the SVC and not how many appe-
tizers we will have at the welcome reception. As an 
example, take a look at this year’s Call for Papers. It 
looks different and it is different, for a reason. The 
format has been developed so that on a yearly ba-
sis it can be reused where new content and photos 
are simply “dropped in”. This investment will save 
an enormous amount of time and energy in years to 
come. Similar approaches were taken with the Exhibit Prospec-
tus, the 2018 TechCon website, the 2018 Media Guide and will 
soon be implemented across our entire suite of publications and 
digital content. Moving to a self-managed model gives us the free-
dom to challenge every preconceived notion and historical meth-
od of operation. Change is hard but with the “team’s” dedication 
and hard work (and if you are wondering who is on the team…
meet us at TechCon 2018!) we have been able to accomplish truly 
transformative changes in a few months.

Operational excellence is a right that as an SVC stakeholder, 
you should demand and expect to be treated with the utmost 
importance. In that regard, the directive from the SVC Board of 
Directors is quite simple, “make it happen”! It is but one of the 
metrics that will define our success. But honestly, it is the start of 
something “bigger”.

Going forward there is and will always be an extreme focus on 
marketing, publicizing, and promoting the SVC brand, annual 

TechCon, Educational Program, and networking opportunities. 
We will focus not only on those who already “know us” but more 
importantly, those who do not. The Education Program, Exhibi-
tion, and the Conference will coordinate so that the individual 
programs are not only compelling but complementary to one 
another. For example, in 2018 there will be effectively no techni-
cal papers presented during the exhibition hours and four new 
courses have been developed by the Education Program to com-
plement the symposia theme. 

Here, our measure of success is attendance. How many peo-
ple come to the conference, how many visitors do we have to the 
Exhibition, and finally, how many students sign up for a tutorial? 

Simple arithmetic will measure our success. This year we are em-
barking on a substantial outreach program, staffed by a dedicated 
resource (Joyce Lampert) to establish relationships and informa-
tion campaigns (for example, if you are reading this it is highly un-
likely that you have escaped the first round of promotion that has 
started 9 months in advance of our Techcon!) to promote the con-
ference and the Exhibition. We are implementing an open one-
day free pass to all comers to both the Conference and the Exhibi-
tion on either day of the Exhibition next May in Orlando. This will 
entice people to visit and be exposed to everything that we have 
to offer. We expect to draw attendance from the large number of 
technical conferences that will be in Orlando when we are there. 

In summary, we are doing quite well with SVC 2.0. But that only 
gives us an opportunity to raise the bar higher as we go along!!

—  Frank Zimone 
frank.zimone@svc.org

MESSAGE Frank Zimone
SVC Executive Director

Image credit: IC Bus Plant, Tulsa, OK
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SVC CORPORATE SPONSORS
3M Company
Advanced Energy Industries, Inc.
Aglient Technologies, Vacuum Products Division
Anderson Dahlen, Inc. *
Angstrom Sciences, Inc.
ARi Industries, Inc.,
BOBST
Brooks Automation
Bühler Inc., Business Area Leybold Optics
Denton Vacuum, LLC
Dynavac
Eastman Chemical Company
Ebara Technologies, Inc. *
Edwards Vacuum
Ferrotec (USA) Corpopration
Fil-Tech, Inc.
GfE Metalle und Materialien GmbH
Goodfellow Corporation
HORIBA Instruments *
IHI Hauzer Techno Coating B.V.
Indium Corporation
INFICON
Intellivation, LLC
Intlvac Thin Film *
Ionbond IHI, Inc.
Izovac Ltd.*
Junora Ltd. *
Kurt J. Lesker Company
Lee Aerospace, Inc. *
Leybold GmbH
Materials Science International, Inc.
Materials Science, Inc.
Materion Corporation
MDC Vacuum Products LLC
MKS Instruments, Inc.
Mustang Vacuum System LLC
Nor-Cal Products, Inc.
Oerlikon Leybold Vacuum
Optiforms, Inc.
Oxford Instruments Plasma Technology
Pfeiffer Vacuum, Inc.
Plasmaterials, Inc.
Process Materials, Inc.
Providence Metallizing Company, Inc.
PVT - Plasma und Vakuum Technik GmbH
R.D. Mathis Company
Reliable Silver Corporation *
RF VII Inc.
Solayer GmbH *
Soleras Advanced Coatings
Sputtering Components, Inc.
Sumitomo (SHI) Cryogenics of America, Inc.
Telemark
Toray Plastics (America), Inc.
TRUMPF Huettinger Electronic, Inc.
UC Components, Inc.
ULVAC Technologies, Inc.
VacuCoat Technologies, Inc.
Vacuum Engineering & Materials Co., Inc.
Vacuum Process Technology LLC
Vacuum Technology & Coating *
VAT, Inc.
Vergason Technology, Inc.
VIAVI Solutions, Inc.
VON ARDENNE GmbH
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Vacuum Technology & Coating Magazine has been the only publication dedicated exclusively 
to the Vacuum Processing and Thin Film Deposition industries since it was founded in 2000.

Each monthly issue includes columns focused on Thin Film Deposition, Vacuum Processing, 
Characterization of Thin Films, Nanotechnology and Biotechnology, often with guest editorial 
by scientists and manufacturers in the industry.

Monthly Product Showcases introduce the latest products with a wide range of topics 
including: Deposition and Coating Equipment, Furnaces, Ovens, Chillers and Cryosystems, 
Vacuum Hardware, Gas Handling and Gas Analytical Systems, Measurement and Metrology, 
Materials, and Vacuum Pumps, and many more.

Claim Your Free Digital Subscription to VT&C

Subscribe to Vacuum Technology & Coating Magazine Today!

Print: http://www.vtcmag.com/subcard.cgi

Digital: http://www.vtcmag.com/?show_signup_form=1

www.vtcmag.com
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And say “Hello” to its  replacement

The all New FerroVac Vacuum Controller
Convert Any Legacy Manual-Control Deposition System 
to an Automated System

Whatever electron beam evaporation system you’re 
currently using, you can transform it into an automated 
system with Ferrotec’s new FerroVac controller. The FerroVac 
controller integrates automated vacuum control with gauge 
reading functionality. When combined with the Temescal 
EBC Electron Beam Controller and a Temescal power supply, 
you can update your legacy deposition workhorse with 
advanced full system-level, automated control of the 
vacuum pump and e-beam functions. It’s like adding 
a process auto-pilot—start a run and walk away

Find out more. Contact Ferrotec at 1-925-371-4170.

It’s time to say goodbye 
to a Trusted “Workhorse”

Integrates with the TemEBeam and 
SLX series Power Supply

FerroVac is an ideal upgrade for Temescal’s Versavac 
and Auto Pump Sequencer 

Learn more at: 
ebeam.ferrotec.com/ferrovac


