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DIGITALIZATION OF INDUSTRIAL VACUUM COATING - AUTOMATED
PROCESS CONTROL & DATA ANALYSIS
Frank Benecke, Harald Hagenström, Steffen Mosshammer,
Johannes Löhnert, Thomas Strietzel

VON ARDENNE GmbH, Dresden, Germany

ABSTRACT
Thin film coating processes are widely used to fabricate complex optical layer systems
for energy efficient glazing solutions and advanced communication displays. Low-E,
electrochromic and transparent conductive coatings are all growing applications and
suppliers provide more advanced features and higher performance.
Already today the related production tools are equipped with multiple sensors to control
individual aspects of the production process and with communication networks and
suitable interfaces to access control systems and feed data in and out of the system.
We would like to discuss how we can use digital information technologies to improve
tool output and quality of coated products. We will address fields of technical
development in the Industrial Internet of Things (IIoT). Specifically, we present a
solution for automated process control and adjustments of layer stacks which will
facilitate tool operation, reduce losses and increase up-time.
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Sputtering as key for innovations – some recent results from R+D
G. Bräuer, R. Bandorf, S. Biehl, M. Vergöhl
Fraunhofer Institute for Surface Engineering and Thin Films IST
Bienroder Weg 54 E, 38108 Braunschweig
Some years ago the United Nations decided to implement “Sustainable Development Goals” which
are valid since the beginning of 2016 and intended to last for a period of 15 years. At least 8 out of
17 goals are directly or indirectly related to surface coatings or surface modification. Battery and
hydrogen technology as well as health, nutrition and clean drinking water are prominent examples
for challenges of our today’s society.
Sputtered coatings are all around us. Since the invention of the planar magnetron cathode in 1974
magnetron sputtering has established in many industrial branches and has substantially contributed
to a variety of innovative products.
This contribution will focus on selected examples from the recent applied research work at Fraunhofer IST. Well known examples for the successful market introduction of components coated by
High Power Impulse Magnetron Sputtering are cutting tools. However, there are many other
applications under investigation, e.g. the deposition of well adherent metal films on polymers like
PMMA.
DLC coatings are employed in many different application fields due to their outstanding properties
like high hardness and low friction. Their piezoresistive behavior qualifies them for very robust
sensors detecting force and temperature. Examples will be shown, one of them is an “intelligent king
pin” connecting traction engine and trailer of an electric truck.
Magnetron sputtering is on the way to surpass the limits of evaporation processes in precision optics.
Various kinds of interference filters with coating uniformities of 0.1% and low particle contamination
have been realized. It is assumed that thousands of evaporation coaters are replaced by sputter
machines during the next years.

MODELLING REACTIVE MAGNETRON SPUTTERING:
OPPORTUNITIES AND CHALLENGES
Prof. Dr. Diederik Depla
Ghent University, Belgium

ABSTRACT
Reactive magnetron sputter deposition is an often used technique to deposit compound
thin films. It is a conceptually easy method and its description can be summarized in a
few lines. Recent research clearly demonstrates however that behind this apparent
simplicity this physical vapor deposition technique is driven by complex entangled
physical and chemical processes. The addition of a reactive gas further increases this
complexity. To get a better understanding, our team has developed the reactive sputter
deposition (RSD) model. In the first part of the presentation, this model will be briefly
discussed, and used as a guidance to illustrate the above statement by some recent
experimental results. The well-known hysteresis behavior of most deposition parameters
as a function of the reactive gas flow will be used as a first example to show that our
knowledge on reactive magnetron sputtering still expands every day. A second example
concerns a longstanding open question about the deposition rate during reactive
magnetron sputtering. The latter is difficult to predict due to the simple fact that the oxide
sputter yield during reactive magnetron sputtering differs from the typical values
measured by ion beam experiments. As the measured sputter yield also depends on the
discharge current, it is necessary to adjust our traditional view on target poisoning.

IOT SERVICES – CONNECTED BENEFITS FOR MF POWER SUPPLIES
Jan Peter Engelstädter, Markus Schweizer, Ioana Luciu
TRUMPF Hüttinger, Germany

ABSTRACT
TRUMPF Hüttinger is always striving to provide an optimal solution throughout the
entire life cycle of its products. Now we raise our technical service offering to the next
level with IoT enhanced services. Using capabilities derived from IIoT- and cloudtechnologies enable us to leverage our know-how in power supplies and their associated
processes anywhere, anytime. Connecting a wealth of data with the required skills for
their interpretation enables faster issue resolution and the realization of optimization
potential. In this talk we show how power supply users have adopted the new
capabilities and benefit from them.

APPLICATION OF DESIGN OF EXPERIMENT METHODS FOR POWER
SUPPLY-RELATED PROCESS PARAMETERS OPTIMIZATION
W. Gajewski(1), R. Mroczyński(2), M. Puźniak(1), P. Domanowski(3), M. Żelechowski (1)
(1)

TRUMPF Huettinger, Poland; (2) Warsaw University of Technology, Poland; (3) UTP
University of Science and Technology, Poland

ABSTRACT
The properties of a magnetron sputtered coating depend on a number of parameters such
as gas pressure, process temperature or average power. Therefore, for efficient,
repeatable and reliable coating deposition in industrial conditions the appropriate
parameter values need to be defined. However, the selection of a proper parameter value
cannot be made without testing various combinations thereof. For example, to
investigate the influence of three different values of pressure, gas ratio, temperature and
average power would normally require 34 i.e. 81 test runs. Therefore an easy and
reliable method is required to facilitate and simplify the procedure of process parameter
optimization.
This study reports on application of the Taguchi orthogonal table method to evaluate the
influence of the plasma power supply settings on the coating properties. Optimization of
the morphology and optical parameters at a reduced number of experiments using
Taguchi approach will be analyzed using TiN coating used in variety of industrial
branches as decorative, optical or protective coatings. It will be shown that by using
Taguchi method the number of test runs necessary to identify the influence of process
(pressure, temperature, gas ratio) and power supply-related parameters (average power,
peak current, pulse length, reverse voltage) on coating properties can be dramatically
decreased. Finally, the suitability of the Taguchi method to indicate the best parameter
value configuration for optimization of selected coating property will be discussed.

Thin Films of Carbides and Carbon-based Nanocomposites
Witold Gulbiński
Koszalin University of Technology
Department of Technical Physics and Nanotechnology
Śniadeckich 2, 75-453 Koszalin, PL
Hydrogen free or hydrogenated carbon-based coatings are widely used for numerous
applications spreading from specialized cutting tools for wood processing, through medical
equipment and implants to optical instruments and data storage media. The coatings show
a high hardness, low friction coefficient, high wear resistance and chemical inertness.
Dependent on final application requirements, they contain sp3 and sp2 bonded carbon.
A bonding type ratio depends mainly on the energy of species during deposition.
Their properties become still more attractive when carbon is combined with hard carbides
of refractory metals (W, V, Mo, Ti). Composite coatings containing nano-crystalline carbides,
embedded in a relatively soft carbon matrix, show an extraordinary combination of properties
like low friction and wear rate, high hardness and toughness. An increase in hardness
of composites in comparison to that of single-phase coatings is based on the suppression
of dislocation propagation. Furthermore, in multicomponent systems, a combination of metals
showing high and low affinity to carbon can result in the formation of metastable phases,
followed by their decomposition and segregation of free carbon.

DUAL MAGNETRON SPUTTERING – SPUTTER RATE AND EFFICIENCY
Moritz Heintze

TRUMPF Huettinger GmbH + Co. KG, Germany

ABSTRACT
In large area sputter coating of glass, the consumption of electric power is one of the major
cost drivers. In particular, this applies to dielectric coatings which are relatively thick and
where the sputter yield and rate can be rather low. Even when sputtering from conductive
sub-oxide targets or reactively in the transition regime, power is often high, or several
cathodes are needed for a single layer. In this paper we look at the effect of the architecture
and configuration of the sputtering power supply on the over-all efficiency, meaning the
sputter rate per mains input power.
We investigate two different power supplies for AC dual magnetron sputtering: MF (sine
wave output) and bipolar (rectangular output). In the MF power supply, the output
frequency can be selected between approx. 20 and 50 (70) kHz. In the bipolar power supply
the frequency can be selected between 1 Hz and 100 kHz. The bipolar power supply also
allows control over the output signal shape (e.g. current and voltage rise time) by selection
of different output modes and timing parameters. Power input from the mains was
measured by a mains analyzer and the sputter rate by a quartz crystal rate monitor.
At low frequencies around 20kHz in a metallic model process, the bipolar generator can
yield about 10% higher sputtering rates than the MF generator at the same input power. At
higher frequencies, the rates are comparable. In addition to physical effects of the drive
frequency on the plasma properties, the internal losses of the power supplies and their
behavior under partial load play an important role in determining the over-all sputtering
efficiency.
In a practical sputtering process, the effect of the output frequency on the arcing rate should
be considered as well. Consequently, the frequency should be set to low values with a
bipolar power supply, as long as the arcing remains acceptable. For the MF power supply,
frequencies around 40 kHz should yield low arc rates and optimum efficiency.

TECHNICAL FEATURES OF NEXT GENERATION PLASMA ENHANCED
ATOMIC LAYER DEPOSITION (PEALD)
Sang Jean (Greg) Jeon, ASMK, KR

ABSTRACT
CVD technology is one of the eight main processes for the semiconductor manufacturing
industry. ALD process was first introduced to every major IC house in early 2000’s. As
the design rule is shrinking, conventional CVD processes is hard to meet the requirement
of process for 3D structure with high aspect ratio. The ALD process steps are increasing
continuously, because it provides many opportunities for IC manufacturing. ASM
headquarter is located in Almere, Netherland and its research centers are positioned
worldwide. Thermal products are developed in Almere, Netherland and Phoenix, USA.
On the other hand, plasma products are developed in Suwon, Korea and Tama, Japan. The
main product of ASM Korea is PEALD equipment MIR3000TM, which was the worldfirst equipment applied for DPT (double patterning technology) step in the mass
production line. ALD process is self-limited surface reaction and gas phase reaction free.
These characteristics feature many advantages such as excellent step coverage and
deposition uniformity. Additionally, PEALD have further advantage compare to thermal
ALD. PEALD shows wide process window for thermal budget and provides many control
knobs in order to improve the film quality. The challenges of PEALD technology are the
increased through-put and the gap-fill performance for the narrow trench with high aspect
ratio. For this, the RF system of PEALD equipment is necessary to meet more severe
requirements.
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Plasma nitriding at increased voltage
An up‐to‐date DC PVD power supply, with its wide range of plasma parameters, was used for the well‐established
plasma nitriding process for surface hardening of steel. Due to its stable arc‐management, it was possible to
increase the voltage from a typical value of 500 V up to 1000 V.
The results show, that by increasing the voltage from 500 V to 800 V a significant growth of the compound layer
thickness was observed. A similar compound layer thickness could be produced after 2 hours at 800 V instead
of 16 hours at 500 V. In addition, the nitriding depth increased significantly in the short‐time process at higher
voltage. The thickness rose from 65 µm (500V) to 90 µm (800V) after 2 h and from 10 µm (500V) to 40 µm (800V)
after 0.5 h. Therefore, the high voltage has a major influence on the growth of the compound layer and the
nitriding depth in short‐time plasma nitriding processes.

COATINGS FOR AEROSPACE – HOLISTIC APPROACH TO THE
PROTECTION AGAINST HARSH ENVIRONMENTS
.E. Klemberg-Sapieha
Department of Engineering Physics, Polytechnique Montreal, Montreal, Quebec H3C 3A7,
Canada

ABSTRACT
Materials exposed to extremely demanding environments in applications such as aerospace,
automotive, mining, petroleum and manufacturing industries continue to face increased
technological, environmental and economic challenges, especially since the performance of
modern equipment, systems and components is pushed to and beyond their limits. This
frequently leads to materials deterioration accelerated by excessive wear, erosion, tribocorrosion, and other mechanisms related to the surface damage, resulting in increased
operation and maintenance costs, decreased efficiency, premature failure, and compromised
safety in the case of critical applications.
Protection against materials deterioration is particularly important in the context of aircraft
components. For example, in an aircraft engine, surface damage caused by solid particle
erosion remains a crucial problem for the airfoils of the gas turbine compressor sections, for
heat exchangers, pumps and piping systems. Replacing of nickel-based alloys with
intermetallic lightweight γ-TiAl alloy for the next generation of engines appears very
promising for the weight reduction of the low-pressure turbine sections. However, the use
of the γ-TiAl alloy is limited due to insufficient oxidation stability above 750°C and by
fretting wear. In addition, icing is a major issue that can lead to component failure or
even cause aircraft to crash.
In this context, good knowledge of materials deterioration processes allows one to develop
appropriate strategies to protect technologically relevant substrates while taking into
account the complete life cycle of the component. In response, our Functional Coating and
Surface Engineering Laboratory (FCSEL, www.polymtl.ca/larfis) has proposed, stimulated
and further developed a global (or holistic) approach to surface engineering problems - This
approach is based on a simultaneous action of the following key elements: (i) in-depth
understanding of the technological problem, (ii) availability of the appropriate metrology
tools (testing methods) that allow one to seek appropriate solutions in terms of (iii)
nanostructured coating materials, and (iv) their integration in specific coating architectures,
while applying (v) suitable fabrication processes.
In this presentation, the holistic approach described above will be illustrated by examples
related to the development of plasma-deposited protective coatings against solid particle
erosion, protection against high-temperature oxidation, and against ice accumulation
suitable for different components of aircraft engines.

THE ROLE OF SEMICONDUCTOR DEVICES IN INDUSTRY 4.0 ERA AND RF
GENERATOR FOR MODERN SEMICONDUCTOR MANUFACTURING PROCESS
Shawn Lee,
TES, KR

ABSTRACT
Semiconductor devices are well known to be a core component supporting human’s
information/communication life and platform for industry 4.0 era. Last 70 years after the first
semiconductor device was manufactured, the manufacturing technology has been continuously
developed, and memory devices of 20nm technology node and system LSI devices of 10nm
technology node are under mass production, currently.
The manufacturing of modern advanced semiconductor device is comprehensively high-tech
industry that requires large-scale equipment investment, advanced engineering, and scientific
technology, advanced materials, and competence along with fairly experienced engineers’
skills. The fabrication technology of semiconductor devices can be divided into subgroups like
photolithography, etching, thin film deposition, clean, CMP and ion implantation. All the
engineers in the subgroups are still working intensively to overcome the technical limit to
increase the yield rate, and to enhance integration density.
In the semiconductor manufacturing processes, RF power is being used as the most important
energy source for plasma processes. The RF frequency and power level of contemporary
plasma processes has been increased, and the monitoring and signal processing frequency of
RF related input/output parameters also increased, accordingly. To improve the device yield
rate, the demand for thin film deposition is continuously shifting from conventional CVD to
ALD method. To achieve precise and ultrafine pattern formation, The UPEH of individual
process has become technically decreased. For the reasons, the need for high-performance RF
generators increases in the near future.

Reactively sputtered high-k dielectric films for electronic and photonic
applications
Robert Mroczyński
Warsaw University of Technology
Institute of Microelectronics and Optoelectronics
Koszykowa 75
00-662 Warsaw, Poland
Abstract
The shrinking of characteristic dimensions of fundamental semiconductor devices is a great challenge
in modern nanoelectronics. It is especially evident in the case of dielectric materials for the gate-stack
application in MOS/MIS structures, which are widely employed in silicon devices. Since 2007, when
new dielectric materials characterized by high permittivity values, i.e. high-k dielectrics, based on
hafnium compounds were introduced commercially for the first time, the number of applications of such
layers in electronic and photonic devices is constantly increasing. These materials can be fabricated,
among others, by reactive magnetron sputtering process that is the most frequently used method in R&D
and industrial lines of semiconductor devices. The sputtering method is very versatile technique
allowing the fabrication of wide palette of semiconductor, dielectric and conductive materials with the
possibility to relatively easy tailoring the electro-physical properties of obtained films after careful
optimization of process’ parameters.
We hereby present the results of the research work carried out in the Institute of Microelectronics and
Optoelectronics concerning semiconductor structures based on high-k materials, with the emphasis of a
particular application of formed layers in modern electronic and photonic devices. The properties of
fabricated structures were characterized by means of electrical methods with the use of MIS test
structures purposely designed for this aim. The physical and optical properties, on the other hand, have
been acquired with the help of spectroscopic and microscopic methods, including spectroscopic
ellipsometry, Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

TECHNICAL TREND OF PLASMA ETCHING EQUIPMENT
K. Nagaseki (1)
(1)
TOKYO ELECTRON MIYAGI LIMITED, Japan

ABSTRACT
“The 5G” is coming soon (Fig. 1). The required number of semiconductor devices
(Memory devices and Logic devices) is expected to increase significantly.
With this background, in the process of making both memory and logic devices,
Pursuing high integration technology and improving productivity have become
important key points of dry etching. A summary is shown in Fig.2.
Key points of high integration in DRAM and 3D NAND, which are major memory
devices, are HAR (High Aspect Ratio) processing technology. In the HAR process, it is
required to obtain a vertical processing shape. It is important to raise ion energy for this.
In addition to that, control of IEDF and IADF is also important.
On the other hand, in the Logic device, a further fine patterning technique is required.
Therefore, it is thought that the importance of the processing technology to control CD
precisely using ALE and ALD will increase.
Productivity improvement is an issue common to Memory devices and Logic devices,
and yield improvement including the outer circumference of the Wafer and
improvement of the operating rate are the main issues.
In the conference, we will report on the above-mentioned issues together with the
efforts of Tokyo Electron, a manufacturer of etching equipment.

Fig.1 5G is coming soon.

Fig.2 Key points of dry etching

High power dual frequency systems for next generation display
applications – advantages, opportunities and challenges
(1)

Tonatiuh Rivera Toral(1), Daniel Krausse(1)
TRUMPF Hüttinger GmbH + Co. KG, Germany
Bötzinger Straße 80
79111 Freiburg

Abstract
Higher display resolution, increasing mother glass substrate sizes brought forth by Gen10.5+,
new materials for TFT backplane and corresponding development of new production processes
require high density plasma. This in-turn redefines the requirements for a power supply.
Specially for applications like dry etching where the source of plasma excitation must deliver
higher power density, more accurate and stable power control and advanced system
synchronization capabilities are required, all of which together translate into the ability to
influence the plasma process stability.
This talk highlights the current developments in the display industry and the challenges to
ensure process reliability and yield targets. TRUMPF Hüttinger as solution provider is
approaching these challenges with Dual Frequency Systems in power levels from 45kW, 60kW,
90kW and higher to empower the next generation of display technology.

POWER SUPPLY-RELATED METHODS FOR CRAZING ARC DEFECTS
ELIMINATION IN LARGE AREA COATING
K. Ruda(1), W. Gajewski(1), J. Świątnicki(1)
(1)

TRUMPF Huettinger, Poland

ABSTRACT
Crazing arc defects which occur on the surface of insulating materials during sputtering
deposition damage the product generating significant waste and financial losses in
production. Especially in the case of Large Area Coating (LAC) for architectural glass
manufacturing each occurrence of crazing hinders continuity of 24/7 production, and in
extreme cases forces production cycle to stop before scheduled system maintenance. In
the case of sputtering deposition of functional coatings on glass, crazing has been
reported to occur at different stages of the multilayer structure deposition. Furthermore,
the discussion about anti-crazing measures was started again as the problem returned
with the market tendency to exchange the MF technology with Bipolar power supplies.
The data presented in this work will provide evidence that crazing arc defects can be
eliminated also when a Bipolar type power supply is used in LAC coating production.
Thus two main factors determining successful mitigation of crazing effect by Bipolar
units will be discussed: (i) appropriate selection of the operation mode of the power
supply, and (ii) application of self-learning algorithm for fine-tuning of generatorrelated plasma discharge parameters.

HIGH-QUALITY GLASS PROCESSING BY MEANS OF ULTRASHORT
PULSED LASERS
(1)
(1)
M. Schaefer , M. Jenne , F. Zimmermann(1), J. Kleiner(1), D. Flamm(1), M. Kaiser(1),
D.G. Grossmann(2), M. Kumkar(1)
(1)

TRUMPF Laser- und Systemtechnik GmbH, Germany;
(2)
TRUMPF Laser GmbH, Germany

ABSTRACT
Processing glass using ultrashort laser pulses has enabled promising and rapidly
growing fields of applications in medical industry, consumer electronics or
microelectronics to name a few. The nonlinear induced absorption of ultrashort laser
pulses enables a spatially confined energy input into transparent bulk material, which in
combination with beam-shaping concepts1 enables local weakening and defined
cleavage along desired contours. Additionally, to join transparent materials, the local
heat accumulation at high repetition rates allows for local melting of the weld partners
at the interface. After cooling, a permanent joint with stability up to the bulk material’s
remains.
Beneficial optical concepts were implemented in the TOP Cleave cutting and TOP Weld
welding optics (TRUMPF) enabling industrial processing of glass with ultrashort laser
pulses. However, complex contours as well as the transfer of cutting processes to glass
thicknesses ranging from 30 µm up to more than 12 mm remain a challenge. For glass
welding, basic material properties and appropriate joint preparation limit the welding
performance, even for high surface quality only small gap sizes can be bridged1.
The remarkable temporal properties of ultrashort pulsed lasers can be combined with
novel beam-shaping concepts to develop completely new material processing strategies.
Advanced cleaving, e.g. with tailored edges, welding with temporal modulation of pulse
energy, selective etching of laser induced modifications in glass as well as texturing of
the glass surface are therefore considered.

REFERENCES
[1] Flamm, D. (2019). Beam shaping for ultrafast materials processing. Laser
Resonators, Microresonators, and Beam Control XXI. Vol. 10904. International Society
for Optics and Photonics.
[2] Zimmermann, F. (2019). Towards industrial usage of ultrashort pulse welding.
Munich: Proceedings of Lasers in Manufacturing Conference 2019.

Inductively coupled heatening of pulsed plasmas
Joscha Schmidt, Andreas Reeh, Uwe Probst
Technische Hochschule Mittelhessen - University of Applied Sciences
35390 Gießen, Wiesenstraße 14
Germany

I. I NTRODUCTION
We present our concept to power up a plasma originating
from a pulsed plasma source. The plasma will be heated
up while traversing a coil with flight times at the µs scale,
before it coats a substrate. The ”Technische Hochschule Mittelhessen” (THM) in Gießen researches electronic periphery
of radio frequency ion thrusters (RITs). A radio frequency
generator (RFG) which was developed at THM is modified
to supply high impulsive powers, to yield the capabilitiy for
metal coating processes.

point of that increase can be adjusted with the control that
is running on the FPGA. In standby-mode, when the pulsed
plasma source is inactive, the voltage is kept low, so that the
RFG stays synchronized to fRes . Our goal is to reach the kW
power range.

II. R ADIO FREQUENCY GENERATOR
Figure 1 shows a simplified circuit of the RFG which is
utilized at THM to operate with a RIT.

Fig. 2.
Fig. 1.

a) Plasma pulse, which indicates the ignition of the plasma source.
b) Synchronized pulse to the FPGA. c) Voltage over LRes

Basic RFG structure

Besides high voltage DC supplies for the grids, RIT
thrusters require a RF current to generate the plasma. This
current in the range of 1-2 MHz is provided by a DC-AC
Radio-frequency generator (fig. 1). The
√ circuit’s resonance
frequency is given by fRes = 1/(2π CRes · LRes ), where
LRes is the thruster inductance and CRes the series capacitor
inside the generator. The half bridge switches Q1 and Q2 are
alternately clocked with fres to stimulate the resonance circuit. Due to plasma variations, coil inductance and resistance
respectively are not constant. In order to minimize switching
losses, continuous matching of the switching instants to the
resonance frequency is crucial. The appropriate control algorithm is implemented in a FPGA.
Initially, the RFG was developed to drive a RIT with
continuous power (up to 400 W) and so with a constant
input voltage. For the purpose of heatening pulsed plasmas,
the existing RFG was modified to operate in a pulsed mode,
allowing us to exceed the continuous power by far for short
times. Fig. 2 a) shows a pulse, which indicates the ignition
of the pulsed plasma source. This pulse gets synchronized
to the FPGA (fig. 2 b)). The FPGA issues a command to
increase the input voltage, which leads to an increase of the
voltage over LRes (fig. 2 c)). The duration and the starting

III. H EATENING OF PULSED PLASMAS
Techniques to heaten up pulsed plasmas with a gyrotron are
presented in [1] and an inducitvely coupled plasma (ICP) in
[2]. We propose a system using a short, high power RF pulse
coupled inductively to the plasma. Goal is on one hand to
increase thermal energy of the ions, to prevent the reformation
of atoms and molecules and on the other hand to increase the
degree of ionization, to e.g. get new characteristics for building
compound surfaces.
A pulsed plasma source ignites metal ions and electrons
for a time interval of 100 µs with a duty cycle of 1/1000
(fig. 2 a)). The ion velocity is in the range of 2 cm/µs and
the ions pass a coil of 10 cm diameter, 10 cm length with 5
windings (fig. 3).

Fig. 3.

ICP heating for pulsed plasmas

Generation of the plasma pulse is synchronized to the FPGA
(fig. 2 b)). It is used to create the high power RF pulse
exactly, when the plasma passes the coil. The flight time
through the coil is tflight = 10 cm/(2 cm/µs) = 5 µs. So a
minimum resonance frequency of fRes = 1/tflight = 200 kHz
is required to increase energy of the ions by collisions with
electrons, which are accelerated by the effects of the RF
current.
IV. O UTLOOK
We will present the basic concept of the modified RFG
and its control algorithm. Experimental results of operation
in pulsed mode for metal coating technologies will be shown.
R EFERENCES
[1] A. Vodopyanov et. al., Vacuum Arc Plasma Heated by Sub-Terahertz
Radiation as a Source of Extreme Ultraviolet Light, 2019.
[2] R. Ganesan et. al., Pulsed external magnetic fields increase the deposition
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CARBON-BASED ANTI-CORROSIVE CONDUCTIVE COATINGS FOR
PEMFC BIPOLAR PLATES
R.Tietema1(1), R.C.M. Bosch(1), R. Jacobs(1), Ph.Immich(1) and D. Doerwald(1).
(1)

IHI Hauzer Techno Coating B.V., Van Heemskerckweg 22, 5928 LL Venlo (The
Netherlands).

ABSTRACT
For many years the search for solutions of climate and CO2 issues gave rise to a focus
on batteries for electrically driven cars. Fuel cells have already been invented in 1838
and were applied in NASA space programs to generate power for satellites and space
capsules. Fuel cells are nowadays a viable alternative for batteries in automotive
applications.
Due to several reasons initially there were not enough means available for introduction
of fuel cell technology. Batteries were in favour since the infrastructure is already
available by the grid and the push of battery car manufacturers like Tesla was leading to
price reductions of batteries.
The fuel cell introduction ran into the hen-and-the-egg problem concerning the missing
infrastructure. Also the cost of fuel cell production was initially an important limiting
factor for the development. Companies like Toyota [1] worked on cost reduction by
making components smaller, lighter, more efficient and cheaper to produce in volume.
Toyota claims for the last 20 years the achievement of a cost reduction of 95% for the
Mirai compared to its predecessor from 2008.
Concerning infrastructure Toyota participated in Europe in development work with
industry and government partners, for example through participation in Europe’s Hyfive
project.
Proton Exchange Membrane type fuel cell technology (PEM-FC) is working at
moderate temperatures. This type of fuel cell is selected for automotive applications and
has been explored on global scale. One of the main challenges is to provide a highly
conductive anti-corrosion coating on the stainless steel bipolar plates, at very high
output and very low costs. In this presentation will be shown that coating stacks can be
produced with stable Interface Contact Resistance values (ICR) below 2 mΩ.cm2 in
standardized ex-situ tests at both anodic (0V) and cathodic (0.8V) conditions. After
solving initial adhesion issues the film demonstrates a greatly improved high voltage
performance at 1.4V.
High volume coating solutions are based on Hauzer’s inline PVD equipment
technology, which is required to produce the expected number of coated bipolar plates
once the automotive market will ramp up. In one single machine productivity can be
well over 10 million bipolar plates per year at a cost level of far below 1 EUR per plate.
Equipment technology, production costs, and different coating materials will be
discussed in more detail, including more results on coating performance, both ex-situ as
well as in-situ.
[1]: Website Toyota: https://www.toyota-europe.com/world-of-toyota/feel/environment/betterair/fuel-cell-vehicle
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ABSTRACT
Vanadium dioxide (VO2) undergoes a reversible phase transition from a
low-temperature monoclinic VO2(M1) semiconductive phase to a high-temperature
tetragonal VO2(R) metallic phase at a transition temperature of approximately 68 °C for
the bulk material. The abrupt decrease of infrared transmittance without attenuation of
luminous transmittance in the metallic state makes VO2-based coatings a promising
candidate for thermochromic smart windows reducing the energy consumption of
buildings. We report on high-performance thermochromic ZrO2/V0.982W0.018O2/ZrO2
coatings prepared on soda-lime glass using a low-temperature magnetron sputter
deposition without any substrate bias voltage. The V0.982W0.018O2 layers were deposited
by controlled HiPIMS of V target, combined with a simultaneous pulsed DC magnetron
sputtering of W target (doping of VO2 by W to reduce the transition temperature to 20-21
°C), at a low substrate surface temperature of 330 °C in an argon-oxygen gas mixture.
The proposed three-layer coatings exhibited a luminous transmittance up to 60% at a
modulation of the solar transmittance above 10%.
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In many disciplines of applied science, numerical simulation and computer-aided engineering
(CAE) are well established and are being commonly used in process design and utilization. This
is not the case in plasma processing science, where numerical simulation is still largely
considered an academic endeavor. This is partly due to the complexity of the problem and partly
due to the lack of tools available.
In this contribution, we aim to illustrate that numerical models of PVD processes and the codes
necessary for the implementation of these models have matured enough and are ready to be
used on the industrial scale. We provide real-life examples as to how numerical simulation can
be instrumental in the optimization of magnetron sputtering processes and low-pressure
cathodic arc PVD.
To that end, we utilize solvers relying both on continuum plasma models and particle-based
models (DSMC, direct-simulation Monte Carlo). These solvers are largely based on
open-source computational libraries OpenFOAM and Elmer, which allows for excellent
computational scalability and computation in realistic 2D and 3D geometries. The codes
presented are capable of predicting application-relevant observables, e.g. magnetron cathode
consumption, multilayer structure and coating uniformity on 3D rotating samples.
Besides spatially resolved models just mentioned, another class of models has proven to be
useful for the coating industry. This class of models, so-called global models, solve for spatially
averaged values. Thanks to this approximation, these models can account for complex plasma
kinetics with many elementary processes involved. Therefore, they are often leveraged to
compute a composition of the plasma in front of a target during DC operation or HiPIMS pulse.
These models can also capture the very essence of reactive sputtering and can predict, for
instance, the target poisoning or shape of the hysteresis curve.
The contribution illustrates the potential of various open-source computational solutions as well
as cloud computing, which might be necessary for addressing industrial-scale plasma
simulations.

