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HIPIMS coatings: a status report on the introduction of industrial

coating applications.

THOMAS KRUG, ROEL TIETEMA*, FRANK PAPA, IVAN KOLEV,
PAUL PEETERS

HAUZER TECHNO COATING BV
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5928LL VENLO
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*CORRESPONDING AUTHOR
ROEL TIETEMA

HIPIMS coatings have been under development since
the end of the nineties. In this presentation an overview
of the developments from the perspective of Hauzer will
be given, beginning from the first discussions on partici-
pation in a CRAFT project, then continuing from the

actual first steps made by Hauzer in the field of HIPIMS
and finally leading to the hardware and process develop-
ments at Hauzer. The cooperation with SHU has been

an enabling factor in the successes accomplished by
Hauzer today.

Hauzer has reached a good understanding of the process
controls required to produce high performance coatings.
The technology that has been applied will be addressed.
The final development of processes has lead to excellent
results. These independent results will be shown in the
presentation. Besides the technological benefits, the
commercial feasibility is of course of importance.
Commercial aspects will be reviewed in this talk, since
from industrial perspective this is an aspect of high
importance that is playing a major role for a success in a
broad future expansion of the technology.
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0. LEMMER, C. SCHIFFERS, S. BoLz, W. KOLKER
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HIPIMS technology has experienced a rapid development
during the last few years. Starting with first industrial
HIPIMS power supply equipment only a few years ago and
a lot of institutional research during the following years
HIPIMS has now reached a point where market appearance
is a must. The predicted technological benefits with
respect to plasma ionization and coating design can

now be exploited for industrial products. Whereas some
working groups have focused on the use of HIPIMS for
ion etching improvements the most important implica-
tions can be derived for the coatings themselves.

Therefore HIPIMS has gained an unlimited importance
for the whole PVD process. Properties like coating
morphology, density, oxidation resistance, adhesion on
the substrate, hardness, Youngs modulus and toughness
can be tuned for better application performance. Tool
manufacturers and industrial users have now began to
use this novel technology in practice. The presentation
gives a current status report on tool performance and on
the integration of HIPIMS-technology into the industrial
practice. Future needs as a guidance for the HIPIMS-
community are addressed.
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Current Magnetron Sputtering (HIPAC)
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Two PVD deposition methods are applied by Sulzer Meta-
plas to produce tribological and functional coatings: the
vacuum arc evaporation and the magnetron sputtering.
The application of vacuum arc evaporation is the dominat-
ing PVD method for tool coatings and high performance
component coatings. Besides advanced hard coatings
(MAC’s) also upgraded evaporators like APA (advanced
plasma assisted) are available. Classical DC-magnetron
(DC-MS) sputtering is mainly used for a-C:H:Me-coatings,
or for the deposition of interlayers for a-C.H:X coatings.

Although the DC-magnetron sputtering process often
results in smoother coatings (no or low droplet formation
by micro arcing) than the arc evaporation the number

of coating systems in industrial use is much lower than
that of the arc evaporation. The reasons for that are the
advantages (stability, productivity, costs, coating proper-
ties) of the arc evaporation process in industrial use. High
current pulsed magnetron sputtering (HCP-MS) processes
(trade names HIPIMS, HPPMS, MPP, HIPAC and oth-

ers) were developed over the past two decades starting
with the finding of the high ionization level of the self-
sustained magnetron sputtering. This higher ionization
level opens up new possibilities of the magnetron sput-
tering using targets with sufficient electrical conductivity.
A demand of R&D and small volume production systems
is obvious. One solution provided by Sulzer Metaplas is
the DOMINO mini system. The DOMINO platform will be
described both as an arc evaporation system and as a
HCP-MS system. Selected results of both processes like
coating properties and deposition rates will be presented.
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New features in HUETTINGER’s HIPIMS power supplies
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HUETTINGER is the first company offering industrial power
supply enabling users to sputter materials with HIPIMS
technology. At the moment HUETTINGER is looking for
ways to support growing demand for new features in
HIPIMS need in order to progress with the technology,

and to support developing industrial applications.

One way to support the HIPIMS technology is to enhance

properties of the power supply when it comes to internal
control system. Making it faster and more precise gives
user enhanced control over the process, and enables
power supply to react to process parameters faster.

Other way is to develop new features and solutions. These
new features would support especially areas where there
is significant potential for the technology to grow. One of
such areas is reactive sputtering with HIPIMS.

New features supporting reactive sputtering with HIPIMS
technology were implemented into TruPlasma Highpulse
Series 4000 HUETTINGER’s power supply. The solution
enabled to deposit coatings with good quality and at high
deposition rate. Results of use of the solution will be
presented and potential for industrial applications will be
discussed.
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Overcoming the geometrical
limitations of conventional
sputtering by controlling the ion-

to-neutral ratio during HIPIMS

G. GRECZYNSKI, J. JENSEN AND L. HULTMAN
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High power pulsed magnetron sputtering (HIPIMS) has
been used to grow thin chromium films on substrates
facing and orthogonal to a rectangular shaped target. It
is demonstrated that at low peak target current density,
jT < 0.6 A/cm? corresponding to a low ion-to-neutral flux
ratio, films grown on substrates facing the target exhibit
substantial in-plane alignment. This is caused by the
asymmetry in the off-normal flux of sputtered species.
With increasing jT the biaxial alignment degrades, as the
major portion of the incoming flux (metal ions) can be
effectively steered by the electric field of the substrate to
eliminate asymmetry imposed by geometrical restrictions.
Eventually, at jT = 1.7 A/cm? a fiber texture is obtained.
For films grown on substrates orthogonal to the target
(cf. cross sectional SEM micrographs in Fig. 1), the large
column tilt characteristic for growth by conventional DC
magnetron sputtering (Fig. 1a) and also observed for films
prepared by HIPIMS at low jT (Fig. 1b), decreases with
increasing ion content in the flux and almost disappears
at the highest value of jT (Fig. 1e). The latter deposition
condition corresponds to a high ionization of the mate-
rial flux to the substrate 1 so that deposition takes place
along substrate normal despite the high nominal inclina-
tion angle. Thus, in the limit of high jT the artifacts of
conventional PVD, resulting from the line-of-sight deposi-
tion, are eliminated and the film growth proceeds more
or less unaffected by the substrate orientation. Samples
mounted orthogonally thus possess a similar texture,
morphology, and topography as those facing the target.

References
01. G. Greczynski and L. Hultman Time and energy resolved ion mass spectroscopy
studies of the ion flux during high power pulsed magnetron sputtering of Cr in Ar

and Ar/N, atmospheres Vacuum 84 (2010) 1159-1170

Fig. 1 Cross sectional SEM micrographs of films deposited on

substrates oriented orthogonally to the target: a) DCMS refer-
ence and b) — e) HIPIMS samples with increasing peak target cur-
rent density b) jT=0.1 A/cm?, ¢) jT=0.6 A/cm?, d) jT=0.9 A/cm?,

e) jT = 1.7 A/cm?. The scale is the same for all micrographs.
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In reactive High Power Impulse Magnetron Sputtering
of oxides, target effects such as reduced surface oxida-
tion during off time, increased implantation of reactive
gas due to the higher discharge voltage as compared
to normal DC sputtering, and enhanced target clean-
ing during on time are considered to be responsible
for the differences compared to reactive DC sputter-
ing. These effects are assumed to cause shifts in the

target oxidation state and hence lead to the hysteresis
behaviour changes reported in experimental studies.

In this contribution, we have simulated the target
processes using the binary collision approximation
code TRIDYN. TRIDYN is a dynamic version of the
popular TRIM/SRIM package and thus suitable for
description of pulsed processes. The model uses
substantial simplifications but takes into account
changes in target surface composition, possibility of
metal back-attraction and the difference between
DC and HIPIMS discharge voltage. A detailed descrip-
tion of the model and its assumptions is provided.
Using an Al target sputtered in Ar+O, mixture as a
model system, a range of pulse configurations is
simulated for different oxygen partial pressures. The
results are shown and discussed in detail, with spe-
cial focus on the differences from a DC sputtering
process. Our results indicate that the target effects
alone are not sufficient to explain the observed shift
of hysteresis and its frequency dependence. Expla-
nations relating to dynamic phenomena in the gas
phase, such as gas rarefaction, are considered.
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A non-stationary model for high power impulse magnetron

sputtering discharges
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We present a non-stationary model of a high power
impulse magnetron sputtering discharge. The model splits
the magnetron discharge into two zones, namely the high
density plasma ring above the target racetrack including

a target sheath, and the bulk plasma region between the
plasma ring and the substrate. By solving the particle and
energy conservation equations for these two zones, the
model makes it possible to evaluate time evolutions of the
averaged process gas and target material neutral and ion
densities, as well as the fluxes of these particles to the
target and substrate during a pulse period. Consequently,
the target and substrate current density waveforms,
together with the effective electron temperature, can be
calculated. In addition, the important deposition charac-
teristics, such as the deposition rate, the fraction of target
material ions in the total ion flux to the substrate and the
ionized fraction of target material atoms in the flux to the
substrate can be evaluated. The geometric input param-
eters of the model are the vacuum chamber dimensions,
the target-to-substrate distance, the target and substrate

diameters and the plasma ring size (defined roughly by the
geometry of the magnetic field). The main process input
parameters are the process gas pressure, the magnetic
field strength, the target voltage waveform during a pulse
period and the repetition frequency of the pulses.
Furthermore, additional material parameters, such as
the sputtering yields, the secondary electron emission
coefficients, the ionization and excitation cross-sections
for the process gas and target material must be pro-
vided. The effects of various process parameters on the
discharge and deposition characteristics were exam-
ined. The model predictions were compared with the
experimental results obtained for two different high
power impulse magnetron sputtering systems. 1,2 It

was shown that the model provides a good qualitative
picture of the complicated processes determining the
sputtering and deposition mechanisms in the high power
impulse magnetron sputtering discharges investigated.

References
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and plasma parameters in high-power pulsed magnetron sputtering discharges,
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The energy flux transfer between the plasma and the sub-
strate surface is of particular interest during magnetron
sputter deposition of thin films, as it is a key parameter
that influences phase formation and morphology of
sputtered films. In this study the total energy flux at the
substrate is measured directly with a heat flux sensor?
located at the substrate position (8 cm from the target)

during reactive sputter deposition of TiO,. Deposition was

performed on silicon wafers using a 10 cm in diameter
circular titanium target in a reactive atmosphere (0 — 65 %
of O, in argon at a pressure of 0.66 Pa). Magnetron Sputter-
ing (dcMS) and High Power Impulse Magnetron Sputtering
(HIPIMS)? experiments were carried out using unbalanced
and balanced magnetron targets with an average power
being set either to 400 or 800 W. The film growth rate was
measured by profilometry and the amount of material
deposited was obtained by X-Ray Fluorescence (XRF) and
Rutherford Backscattering Spectrometry (RBS). The phase
constitution of the films was investigated by X-ray
Diffraction (XRD). For 65 % of oxygen (poisoned regime)

at 800 W, using an unbalanced magnetron, the growth
rates are 12 nm/min and 3 nm/min during dcMS and
HIPIMS, respectively, the RBS measurement give us a value
of 8E17 atm/cm? for dcMS and 6E17 atm/cm? for HIPIMS.
The energy is 496 mW/cm? in dcMS and increases up to
861 mW/cm? during HIPIMS. From our results it appears
that the energy per atom (ev/atom) deposited is dramatically
increased during HIPIMS. Increasing the energy supplied
to the substrate by using HIPIMS allows e.g. densification
of the TiO, films.

References
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CulnSe2-based thin film photovoltaics are gaining popu-
larity in industry due to the high conversion efficiency,
high productivity of the deposition process and competitive
pricing against Si-based processes.

CulnSe deposition experiments were carried out in a UHV
system enabled with HIPIMS technology. Energy-resolved

mass spectroscopy measurements showed that the deposi-
tion plasma contained significant quantities of Cu'* and
In** ions which were on par with those of Ar*, whereas the
Se ion flux constituted 1 % of the total. 90 % of all Se ions
were atomic, but molecules of Se2, Se,, and Se, were also
detected within the range of the spectrometer; heavier
molecules contributed consecutively less flux. The tem-
perature of Ar'* ions was 7 eV in the on-time and 2 eV in
the off-time with maximum energy of 20 eV. CulnSe films
were deposited by HIPIMS with different composition.
Films with high Cu content Cu,In Se, had a rough micro-
structure, each column comprising several facets. XRD
showed low intensity broad CulnSe, (112) peak. Raman
spectroscopy showed high amounts of a secondary phase.

Films with Cu-In ratio closer to stoichiometric Cu,InSe had
smooth column tops. CulnSe, phase was detected by
Raman and XRD and a high ratio of (112):(220) diffraction
peaks was measured. No Cu,Se was found by Raman with
excitation wavelength of 532 nm. Regardless of Cu content,
columns were well defined, ranging in size from 200 to

700 nm at film thickness of 1.5 um.
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For peak current densities below 1 A/cm?, it has been
found that the pulse length and form have a strong influ-
ence deposition rate, degree of metal ionization and thus
the ion/neutral ratio at the position of the substrate.
Magnetic field strength also has a strong influence on
these parameters. MPP and HIPIMS pulses have been
compared for Cr, CrN and Al. Deposition rates can be
either higher or lower for either technology depend-

ing on system configuration and the pulse characteris-

tics. The ion/neutral ratio is found to be generally high
for longer pulses (> 500 ps) generated with MPP due to
the fact that the plasma is in a semi-steady state and
has had time to evolve. For shorter pulses or non-steady
state pulses, peak power transients are apparent. loni-
zation level and plasma properties can be evaluated on
these terms. It was found that near 1 A/cm?, the plasma
characteristics and deposition rate become very similar
regardless of the method used to create the pulse.
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Highly ionized pulse plasma processes (HIPP processes),
like high power impulse magnetron sputtering (HIPIMS)
also known as high power pulse magnetron sputtering
(HPPMS), modulated pulse power sputtering (MPP), as
well as further modifications involving increased ioniza-
tion in sputtering have been investigated and matured

within the last decade. On European level a concerted
action focusing the efforts and bringing together the lead-
ing experts was set up and is actually promoting the
transition of HIPP processes to industry. This paper will
summarize on the different technological developments
within more than ten years HIPIMS and familiar technologies.
An emphasis will be put on the plasma generation present-
ing the state of the art in HIPP power supplies ranging from
unipolar, bipolar, superimposed HIPIMS to constant current
pulsing. Applications using conventional HIPIMS, MPP
sputtering, as well as highly ionized gas flow sputtering
(HIPP-GFS) and constant current pulsing will be presented.
Furthermore examples from academic results up to pro-
cesses at the stage of industrialization will be presented.
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Sputtering magnetic materials with magnetron based sys-
tems has the disadvantage of field quenching and variation
of alloy composition with target erosion. The advantage
of eliminating magnetic fields in the chamber is that this
enables sputtered particles to move along the electric field
more uniformly. Inductively coupled impulse sputtering
(ICIS) is a form of high power impulse magnetron sputtering
(HIPIMS) without a magnetic field where a high density
plasma is produced by a high power radio frequency (RF)
coil in order to sputter the target and ionise the metal
vapour. In this emerging technology, the effects of power
and pressure on the ionisation and deposition process

are not known.

The setup comprises of a 13.56 MHz pulsed RF coil operat-
ing at a frequency of 500 Hz and a pulse width of 500 ys,
which results in a duty cycle of 25 % . A DC voltage of
1900 V was applied to the cathode to attract Argon ions
and initiate sputtering. Optical emission spectra (OES) for
copper neutrals at a constant pressure of 1.2 x 10! mbar
show a linear intensity increase for peak RF powers of

500 W — 3500 W and a steep drop of intensity for a power
of 4500 W. Argon neutrals show a linear increase for
powers of 500 W — 2300 W and a saturation of intensity
between 2300 W — 4500 W. The influence of pressure on

the process was studied at a constant peak RF power of
2300 W. The intensity of copper and argon neutrals rose
linearly for pressures of 2.95 x 102 — 1.2 x 10" mbar and
saturates for pressures from 1.2 — 2.14 x 10 mbar. The
deposition rate is 99-119 nmh* for RF-power of 2300 W,
average target power of 67 W and a pressure of

1.2 x 10! mbar. The microstructure of the coatings shows
globular growth at 2.95 x 102 mbar and large-grain columnar
growth at 1.2 x 10" mbar. Bottom coverage of unbiased
vias with width 0.360 um and aspect ratio of 2.5:1
increased from 15 % to 20 % as pressure increased from
2.95x10?%to 1.2 x 10"t mbar.

The current work has shown that the concept of combin-
ing a RF powered coil with a magnet-free HIPIMS powered
cathode is feasible and produces very stable plasma. The
experiments have shown a significant influence of power
and pressure on the plasma and coating microstructure.

Figure 1: Image of an ICIS plasma with a 76.2 mm diameter

copper target and 80 mm copper RF-coil.
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A semiconductor fabrication plants becomes significantly
bigger in order to realize efficient massproduction of semi-
conductor devices. At present, the state of art in silicon-
wafer size is actually 300 mm, and 450 mm-sized-wafer
system is now developing. This flow of the development
would result in a high investment-cost. A smaller-sized
manufacturing system is more suitable in order to realize
a small amount of production in semiconductor devices
such as LSI and MEMS chips. A new semiconductor-
device manufacturing system has been proposed by
AIST and by collaborating companies in Japan, where

the devices are fabricated on a 0.5 inch-sized wafer for
one chip. This manufacturing system is called »minimal
fab«®. The »minimal fab« system is promising to reduce
the manufacturing cost for a small amount of device
fabrication, and the research and development cost as
well. The system could also achieve on-demand produc-
tion of the devices. In order to reduce the size of the
manufacturing system, plasma sources have to be also
small-sized. On the basis of the background to realize the
minimal-fab system, we have been developing a 1 inch-
sized magnetron-sputtering plasmasource with keeping a
same level of the electrical characteristics such as power
density at the target as conventional ones. For efficient
operation, we have employed HIPIMS style with a pulsed
ionization of sputtered metallic species. Figure 1 shows

a photograph of the unit of the magnetron source with a
target diameter of 1-inch (25.4 mm), where the operat-
ing conditions for plasma generation are as follows:

Target material: .................. titanium
Initial target voltage: .......... 1 kV (negative polarity)
Duration: .....ccccevevivveeeenennnnns 170 ps.

Repetition rate:........ccc........ 60 Hz
Current limiting resistance: 5 Q
Unit container: .......cccceeeu.. heat-resistant glass

............................................ (@ 50 mm x 140 mm)
Figure 2 shows an example of waveforms of the target
voltage and the current through the target. The volt-
age damps to approximately 400 V from the applied
initial voltage of 1000 V by initiating a glow plasma with
a current of approximately 110 A. The plasma initiates
at approximately 12 ps. The plasma area is estimated to
be approximately 4 cm?. Thus, the power consumed at
the target is approximately 42 kW, which corresponds

to a power density of approximately 10 kW/cm?.

Figure 1: A 1-inch-sized magnetron sputtering plasma source
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Figure 2: Waveforms of target voltage and current through the
target for an initial target voltage of 1 kV with negative polarity
and an ambient argon gas pressure of 4 Pa

References:

01. http://unit.aist.go.jp/nano-ele/fabsystem.html
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Typically the magnetron discharge current is a function of
applied voltage between cathode and anode. In order to
generate high power magnetron discharge high voltage
should be applied between cathode and anode. A new
method of generation of high power magnetron discharge
based on application of oscillatory voltage waveforms will
be discussed. In this method high power magnetron dis-
charge can be generated by adjusting the frequency of the

voltage oscillations and amplitude. The explanation of this
phenomenon will be presented. Based on this approach

a new HIPIMS plasma generator was developed. The
maximum peak power can be in the range of 1.4 MW at
maximum output voltage 1700 V. The width of the volt-
age oscillations is in the range of 3 — 18 ps. The voltage
oscillations frequency can be controlled in the range of

10 kHz — 62.5 kHz. The amplitude of the voltage oscillations
can be varied by controlling the parameters of the output
LC circuit. The voltage current characteristic at different fre-
guencies of voltage oscillations for Cu, C, and Ti discharges
will be presented. The application of the oscillatory high
voltage waveform for generating near arc free magnetron
discharge for reactive sputtering of AIN and Al O, films will
be discussed. The same approach of controlling the frequency
of the voltage oscillations can be used for generating high
power pulse arc discharge.
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A number of HIPIMS processes has been transferred to
industry recently or is still under transfer at present. The
most interesting aspect of any HIPIMS process is the
contribution of charged particles to the film growth. The
ion fraction arriving at the substrate is influenced by a

number of criteria, e.g. geometry, substrate potential,
pulse shape and as supply conditions among others.

In the present paper only the pulse shape influence
will be investigated. Several different pulse shapes of a
HIPIMS discharge are studied in terms of capability of
ion generation efficiency in relation to the power in-
put. A HIPIMS power supply, generating different pulse
shapes in a magnetron planar metal target source was
investigated using optical emission spectroscopy of the
target surface to monitor the different charged particle
optical emission intensities during the pulse. The frac-
tion of charged emissions of different pulse shapes are
compared. Power input was measured at DC source
output and at discharge input. A relation between ion
generation capability and energy consumption is derived.
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High power impulse magnetron sputtering (HIPIMS) has
proven to be an elegant way to increase the plasma density
in magnetron discharges, thus converting a conventional
magnetron source into an ion source. This, in turn, has
been shown to enable to tailor the microstructure, the
phase, and the atomic composition of the growing films
and significantly enhance their density, mechanical and
optical performance. At the same time, the high degree

of ionization of the sputtered species in combination

with the time dependent character of the HIPIMS proc-

ess have been postulated to be the reason behind the

lower film growth rates frequently observed in HIPIMS as
compared to conventional magnetron sputtering tech-
niques. This has so far been one of the main obstacles
towards the industrialization of HIPIMS. To alleviate this
obstacle, significant research effort has been devoted

to understand the mechanisms that determine the

growth rate in HIPIMS, and to increase its magnitude.
During this process, an important fact has often been over-
looked: HIPIMS does not represent a single, well defined
plasma, but rather corresponds to discharges ranging wide-
ly from low ionization dc-like ones, to fully ionized plasmas.
Furthermore, one can navigate across the HIPIMS character
space, and through proper choice of process parameters,
such as pulse repetition frequency, pulse width and power,
and magnetic field configuration influence film properties.

In the present talk we contribute towards the industri-
alization of the HIPIMS process by demonstrating how
the above described notion allows for a simultane-
ous optimization of growth rate and film performance
when using HIPIMS. A number of metallic (Cr), metal
nitride (CrN) and metal oxide (Al,O,,
tems for various applications are used as case studies.

TiO,) material sys-
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High power impulse magnetron sputtering of zirconium
target in argon-oxygen gas mixtures was investigated
at a high average target power density in a period,
being up to 100 Wcm™.

The repetition frequency was 500 Hz at duty cycles
ranging from 2.5 to 10 %. The total pressure of the
argon-oxygen gas mixture was around 2 Pa. An ef-
fective reactive gas flow control, developed by us,
was used for high-rate reactive deposition of non-
conductive, highly optically transparent ZrO, films.
In addition to the ZrO, films, high power impulse
magnetron sputtering was also successfully used
for high-rate reactive deposition of non-conductive,
highly optically transparent Al,O, and Ta,O, films.
Details of the process and measured properties of the
films will be presented.
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We report on the latest developments of optical materials
such as TiO,, AlLO,, ZnO, Si,N, and ZrO, by the use of

273

reactive HIPIMS deposition. Former work has shown that

oxygen can have a positive as well as a negative influence
on the film properties. By oxygen partial pressure control
film properties can be influenced drastically.

Also, it has been shown that with the use of mid-frequency
superimposed technique, isolating materials can also be
deposited reactively. However due to the broader ero-
sion track of the HiPIMS process planar cathodes suffers
still from arcing. Therefore cylindrical magnetron was
implemented and HiPIMS deposition was performed

in the unipolar mode. We report on first results on the
reactive HiPIMS deposition of Alumina coatings.
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Pulsed planar magnetron working in the low frequency
HIPIMS together with MF (350 kHz) frequency plasma
excitation was used as a plasma source for the deposi-
tion of TiO, thin films with crystalline phase on unheated
substrates. The goal was to characterize the deposition of
crystalline TiO, films on thermally sensitive substrates. For
these experiments, quartz glass SiO,, glass coated by ITO
and polymer foil were used as the substrates. The diameter
of titanium target used in the experiments was 50 mm.
Ar, O, and/or N, were used as working gas mixture. The
low frequency pulsed source used repetition frequency in
the range 100 — 1000 Hz and the active part of the modu-
lation cycle has 100 ps. Maximum current in the pulse
was 50 A. Simultaneous MF frequency plasma excitation
worked with the frequency 350 kHz with maximum aver-
age current 500 mA. Under mentioned conditions, TiO,
films amorphous or with rutile, anatas or mixture of both

structures were deposited on these types of substrates.
The formation of particular phases was dependent mainly
on the gas pressure, working gas mixture composition and
on the ratio of applied power from MF and low frequency
power sources. Crystalline structure was observed by Ra-
man scattering and XRD. Chemical composition was meas-
ured by XPS. The DC photoconductivity was measured by
Van der Pauw methods under illumination of the films by
UV radiation. This measurement was done on the films de-
posited on SiO,. Photochemical activity was measured on
the films deposited on the glass coated by ITO by means of
electrochemical cell. Incident photocurrent efficiency was
measured in this way for the deposited films. lon flux and
ion energy distribution function at the substrate was meas-
ured by the retarding field analyzer SEMION Impedance
Ltd. In addition, measurement by time resolved Langmuir
probe at the position of the substrate was used as well.
Electron energy distribution function and plasma potential
time evolution were measured by this technique. These
measured plasma parameters differs in the »ON« time of
the low frequency pulse when absorbed power from the low
frequency HIPIMS source was much higher than delivered
power from the MF source and »OFF« time when only MF
source was delivering power into the plasma. Emission spec-
troscopy was also used in order to measure plasma composi-
tion for different conditions and investigate relative amount
of sputtered Ti and Ti+ and atoms for particular conditions.
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High Power Impulse Magnetron Sputtering (HIPIMS) is

a technologically important Physical Vapour Deposition
(PVD) process that is able to provide a highly ionised flux of
sputtered species. It is thought to be particularly important

for applications where there is a need to coat 3D features.

HIPIMS may have other added benefits, as compared to DC
or medium frequency (MF) magnetron sputtering, that are
related to improved coating structure-property relationship
control through self-species ion/plasma assistance. En-
hanced structure and properties of PVD thin film materials
produced by reactive sputtering are also highly desirable.
Significant progress related to providing control means

for reactive HIPIMS processes and ensuring stability

has been made recently. This paper reports some of

the recent process (reactive HIPIMS of Ti in Ar/O, at-
mosphere) and products analysis results. The recently
developed Plasma Monitoring based method was used

to investigate, monitor and control the deposition proc-
ess. RBS, ERDA, GDOES and Spectroscopic Ellipsometry
were used to characterise the samples produced.
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Highly ionized pulse plasma processes (HIPP processes)
like High Power Impulse Magnetron Sputtering HIPIMS and

Modulated Pulse Power MPP have matured in recent years.

Actually research focuses increasingly on development for
industrial processes. HIPP processes offer a tool for tailo-
ring the film properties and to improve hardness, density,
refractive index, and many more properties beyond state
of the art. Alumina coatings are used besides application
in cutting tools as insulator for electric and sensor applications.

This paper focuses on the process development of an
industrial process for deposition of alumina with improved
properties regarding the use as insulator. Concerning
productivity a high rate deposition process is required

for economic production. Therefore the deposition rate
must be increased or the film properties improved in a
way that thinner films exceed reference films prepared
with state of the art technology. Both MPP and HIPIMS,
including MF-superposition were investigated and the
resulting rates are reported. The films were prepared
both without feedback control close to the threshold of
the transition to oxide mode and with feedback control.
Regarding the insulating properties the films were charac-
terized by their breakdown voltage. MPP films with less
than 1 um thickness showed breakdown voltages up

to 1.6 kV. The SEM cross sections of the prepared films
showed a dense glassy structure for all the HIPP films.
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2.5 um thick TIAICN/VCN coatings were deposited by reac-
tive HIPIMS process. XTEM showed gradual evolution

of the structure of the coating with thickness. The initial
structure is nanoscale multilayer with sharp interlayer
interfaces. This transforms to nanocomposite of TiAICN
and VCN nanocrystalline grains surrounded by C-rich tissue
phase and finally changes to an amorphous carbon rich
Me-C phase. In contrast deposition in similar conditions
using standard magnetron sputtering produces a well

defined nanoscale multilayer structure. Depth profiling

by AES showed that the carbon content in the HIPIMS
coating gradually increased from 27 % at the coating
substrate interface to 35 % at the top thus supporting

the TEM observations.

Energy-resolved mass spectrometry revealed that HIPIMS
plasma is a factor of 10 richer in C** ions, and therefore
more reactive, as compared to the plasma generated by
standard magnetron discharge at the same conditions.
The peculiar structure evolution in HIPIMS is discussed

in relation to target poisoning effect and carbon outward
diffusion during coating growth.

Highly abrasive AlSi9Cul alloy was dry machined using
TiAICN/VCN coated 25 mm diameter end mills to investi-
gate the coating-work piece material interaction.

Green (532 nm excitation) and UV (325 nm excitation)
Raman spectroscopy was employed to identify the phase
composition of the built up material on the cutting edge
and swarf surfaces produced during machining. These
analyses revealed formation of lubricious Magneli phases
namely V.0, and graphitic carbon as well as highly
abrasive SiO, and AL O, thus shedding light on the wear
processes and coating tribological behaviour during
machining.
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Principally for its corrosion resistance and its mechanical
behavior, chromium nitride was widely studied and devel-
oped by classical magnetron sputtering®* and more recently
to improve it, by HIPIMS over the last decade??. Here, a
comparison of the microstructure and the mechanical
properties was investigated using conventional DC and
fast-HIPIMS discharges*. This is a new technology based

on a pre-ionisation system and allows us to work with
pulses of few microseconds, while remaining in very stable
conditions and avoiding the arc formation. In this study, the
range of the pulse width was varied between 10 and 40 ps

and we have operated with a frequency between 80 and
1000 Hz. Although the dc and HIPIMS parameters are not
really comparable, we produced the films with the same
average power. We characterized the layers with X-ray
diffraction and the HIPIMS films revealed a best cristallin-
ity in both Bragg Brentano and rocking curve mode. The
results extracted from the SEM pictures revealed a higher
density and a smaller roughness for the HIPIMS films. With
this kind of process it is already well known that there

is a drop of the deposition rate. But to compare more
precisely the two methods, we chose to focus on the film
density, determined by reflectometry, which is one of the
most important parameter for mechanical applications.

In the reactive mode, we have also measured the effect
of the nitrogen flux on the HIPIMS discharge electrical
characteristics. The mechanical properties such as hard-
ness, have been characterised by nanoindentation tests.
Keywords Fast HIPIMS, DC sputtering, Chromium nitride
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Nanocomposite thin films have recently attracted much
interest because of the possibility of synthesis of materials
with unique properties, e.g. super-hardness, combined
hardness and low frictions®. Nanocomposite TiC/a-C coat-
ings based on of TiC nanocrystallites dispersed in solid
lubricant matrix like amorphous carbon (a-C) or amorphous
hydrocarbon (a-C:H) have been shown to enhance the
hardness and toughness while maintaining the low
coefficient of friction?3. Furthermore, high power pulse
magnetron sputtering (HIPIMS) has been recently proposed
to enhance toughness and adhesion of these materials to
metal substrates. The aim of this study is to thoroughly

investigate the effect of different power supplies on the

composition and the mechanical properties of TiC/a-C
nanocomposites deposited by PVD magnetron sputter-
ing. Both HIPIMS and traditional DC magnetron sputter-
ing (DCMS) were used as power supply for a TiC target in
pure Argon atmosphere. Further graphite targets were
used to tailor the final composition of coatings. Using

this configuration a set of samples were deposited both

on silicon, high strength aluminium alloy and high speed
steel substrates to verify the mechanical properties and
coating adhesion as a function of substrate material.

The effect of using HIPIMS and traditional DC power supply
were investigated and discussed. All the coatings, have
been structurally characterised by XRD, morphologically by
cross-sectional SEM, compositionally by a-2MeV RBS analy-
sis. Hardness and Young modulus have been measured by
nanoindentation; coating adhesion by microscratch test
Structural and compositional characterizations were
carried out by XRD and a-2MeV RBS techniques respec-
tively. The coating morphology have been evaluated by
cross sectional SEM. Nanoindentation was performed

to evaluate hardness and elastic modulus while micro-
scratch test was used to evaluate the coating adhesion.
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Hydrogen free amorphous carbon (a-C) films exhibit
unique and adjustable mechanical, electrical, and opti-
cal properties ranging from those of graphite to those

of diamond finding its applications ranging from lubrica-
tions to ultra dense hard coatings. These properties are
controlled by the hybridization state of carbon atoms i.e.
the ratio of the sp® to sp? hybridized bonds. The hybridiza-
tion state in a-C films grown by physical vapour deposi-
tion (PVD) techniques is controlled by energy and flux of
ionized carbon as well as buffer gas species through the
subplantation and densification processes. The ion energy
can be manipulated, for example, by applying a bias
potential to the substrate. The state of the art approaches
for high density and sp? rich carbon films include ionized

PVD techniques such as filtered cathodic vacuum arc and
pulsed laser deposition. These techniques provide dense
films with up to 90 % of sp? fraction (also referred to as
tetrahedral amorphous carbon). They suffer, however,
from low film growth rates and lack of lateral uniformity
and upscalability potential. This issue can be solved using
magnetron sputtering. However, magnetron sputter-

ing does not yield high enough ionization of the carbon
to allow for growth of films with a high sp® content.

High power impulse magnetron sputtering (HIPIMS) has
shown an enhancement of the degree of ionization for
most of metals and hence improved properties of the
films. However, carbon having a higher ionization po-
tential (higher as compared to most metals) still poses a
great challenge. In the present study we address the low
degree of ionization of carbon in a magnetron discharge.
The resulting films, grown at a negative substrate bias
ranging from 0 to -150 V show a density, obtained by high
resolution x-ray reflectivity measurements, as high as ap-
prox. 2.8 g/cm?3. Typical Raman spectroscopic parameters
such as D-peak to G-peak ratio (I(D)/I(G)) and full width at
half maximum of G-peak (FWHM (G)) show a prominent
difference in the films grown with our new process as
compared to the conventional HIPIMS carbon discharge.
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We report for the first time on instabilities of High Power
Impulse Magnetron Plasmas (HIPIMS) which are likely to

be of the generalised drift wave type. They are charac-

terized by well defined regions of high and low plasma
emissivity along the racetrack of the magnetron. The
azimuthal mode number m and speed depend on plasma
current and density, on the pressure and atomic mass of
the working gas. The structures rotate in E x B direction
at frequencies up to 200 kHz. Collisions with residual gas
atoms slow the rotating wave down and reduce the
instability wavelength, whereas the ionisation degree of
the gas accelerates it and increases the instability
wavelength. The instabilities result not only in intermittent
modulated particle fluxes away from the cathode but
most likely also in highly localized transient heat loads
on the cathode surface, which may be of significant
technological importance.
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DC-pulse magnetron sputtering has become an important
deposition technique in last two decades. In this way,
higher plasma density in pulse can be achieved. Further-
more, other important parameters like electron and ion
energy distribution functions, ion and thermal fluxes on the
substrate can be strongly affected and used for controlling
of deposition process. The modulated in mid-frequency
(5-350 kHz) cathode voltage with duty cycle of typically
50 % usually results in high thermal energy flux and low
(or comparable with DC-sputtering) ionization degree, ion
energy and ion flux. On the contrary, the ion flux towards
the substrate is typically high in HIPIMS (modulated with
low repetition frequencies 50-500 Hz and short duty cycle
of <1 %) and can increase density and homogeneity of
deposited thin films. However, because of high energies
and powers a large fraction of the sputtered particles

is preferentially ionized which reduces the deposition

rate during HIPIMS. There have been already published
some works focused on increasing of the deposition rate

while at the same time the advantages of HIPIMS are
preserved: slight increase of repetition frequency, longer
pulse widths, employing alternately working magnetrons
in so-called »dual« configuration, combination of single
bipolar-HIPIMS discharge with bipolar high frequency, etc.
In this work, we introduce hybrid-dual-HIPIMS system for
deposition of intermetallic Ti-Cu films with antimicrobial
effects. Dual-HIPIMS consist of two independent HIPIMS
loops alternately employing two sputtering sources as
cathode-anode and vice versa. The hybrid system is based
on a parallel combination of dual-HIPIMS (repetition
frequency f, = 100 Hz, pulse width T, = 100 ps) and dual
mid-frequency discharge (MF, repetition frequency

fue = 94 kHz, pulse width T, =3 ps). The MF discharge,
running during the idle time of HIPIMS, supports re-ignition
of dual-HIPIMS pulses. The excitation of Ar and metal
particles during HIPIMS pulses was studied by time-
resolved optical emission spectroscopy and time-resolved
optical emission imaging. Time resolved diagnostics of
ion flux and measurements of ion velocity distribution
function (IVDF) by retarding field analyzer (RFA) com-
bined with measurements of total energy flux (calori-
metric probe) were carried out with respect of thin film
formation. Thin film properties were investigated, too.
Crystallographic phases of deposited films were diag-
nosed by grazing incidence x-ray diffractometry (XRD),
chemical composition was measured by x-ray photo-
electron spectroscopy (XPS). The combination of these
diagnostic methods enables an extensive characteriza-
tion of discharge and its effect on film properties.

It was observed that combination of MF and dual-HIPIMS
discharges allows: (i) significant decrease of working
pressure in the vacuum chamber, (ii) control of specific
film properties, e.g. lattice size, (iii) improved re-ignition
of dual-HIPIMS pulses, i.e. faster re-ignition and larger
HIPIMS peak currents.
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High Power Impulse Magnetron Sputtering (HIPIMS) is an
impressive improvement of conventionnal magnetron
sputtering. Lots of work have been done around plasma
diagnostic and the characterization of deposited thin films.
HIPIMS generates high density plasmas and exhibits dense
microstructure. Particular properties of HIPIMS deposited
thin films are directly influenced by the energetic conditions
at the substrate surface.

The knowledge of the energy balance at the substrate
surface is necessary for the understanding of thin

film growth. Most of studies focused on this point are
based on indirect energy influx measurement. These
techniques involve measurements uncertainty
because of the signal treatment.

We developed a heat flux diagnostic based on a com-
mercial heat flux microsensor (HFM) for the direct
measurement of the energy influx, based on the See-
beck effect. The HFM consits of a thermopile with 1 ms
time resolution. The diagnostic was placed in front

of balanced and unbalanced magnetron cathode to
study the influence of magnetic field configuration on

the mean energy influx at the substrate surface. As
expected, first results suggest that energy influx is higher
in the case of unbalanced HIPIMS. The effect of the pulse
time duration on the mean energy influx was also investi-
gated. It results, the time duration of interaction between
the HIPIMS plasma.
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The potential distribution in front of a magnetron target is
self-consistently regulating the fluxes of charged particles
and associated energy of the discharge. It is known that
most of the potential difference drops in a thin sheath
adjacent to the target, and a much smaller fraction drops
in a magnetic presheath whose structure is determined by
the shape of the magnetic field. There are only a few direct
measurements of the plasma potential of magnetrons, and
even fewer for operation under HIPIMS conditions. This
lack is not related to a possible absence of interest but due
to the technical difficulties of measuring plasma potential.

Researchers often limit measurements to the floating
potential, and/or limit the studies to stationary plasmas. In
this contribution we present data obtained by an emissive
probe specially adapted to HIPIMS operation, and consider
the case of argon / niobium plasma made below and above
the threshold of self-sputtering runaway. We consider the
case of short (pulse length < 200 ps) and long (> 200 ps)
pulses, the former being characterized by a triangular cur-
rent pulse shape, and the latter reaching steady-state at a
relatively high current level (50 — 100 A), depending on the
applied voltage and other factors. We explain the probe
principle, some of its innovative features compared to con-

ventional emissive probes, and apply the technique to map
the potential distribution as a function of discharge condi-
tions. An example of such measurements is shown in Fig. 1,
where the emissive probe was moved to different positions
parallel to the target surface at a fixed distance (z) from it.
We expect that a comprehensive data set will help us to
elucidate ion fluxes and operation of the HIPIMS discharge.
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Fig. 1. Example of plasma potential measurements (with
respect to the grounded anode) over a 3” niobium target for
two distances from the target surface. The measurements
were done over one half of the target; the other side was
simply mirrored for easier understanding. The data refer
to the potential established in the steady-state phase after
gas rarefaction. Each point is the average of 10 measure-
ments, and the error bars indicate the standard deviation.
The discharge conditions were as follows: Ar pressure 0.3 Pa,
applied voltage 380 V for 400 ps using a SPIK2000A pulser,
current in steady-state phase 50 A, pulse repetition rate 70
p.p.s., average power 300 W (indicated at charging unit).
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Time-resolved tune diode laser absorption spectroscopy
has been used for Ar metastable density and temperature
measurement. The Lesker Torus planar balanced 2“ dia-
meter magnetron equipped with titanium target operated
in pure Ar atmosphere at pressure 4 Pa. A magnetron dis-
charge was driven using a pulsed power supply. The repeti-
tion frequency of pulsed discharge was held at 2.5 kHz or
at 100 Hz. The active plasma pulse time was set on 100 ps
for all our experiments. The mean current was set to range
ID =50 — 500 mA. In the HIPIMS mode, two peak structure
were observed in both Ar metastable density (panel a of
figure) and temperature (panel b of figure) time evolution.
One peak appeared during the pulse on-time and second
in the pulse off-time. However, we found a noticeable
difference between them. The temperature peak in the
pulse on-time appears after the density peak, while the
behaviour is inverse in the pulse off-time. We believe that
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this phenomenon is due to the difference in production
mechanism of Ar metastable atoms. In the active plasma
pulse, the metastable atoms are excited from ground state
of »cold« atoms by electron impact excitation. But in the

afterglow, metastable atoms are generated from »hot« ions

by recombination processes. The time-resolved Langmuir
probe measurements were carried out at position where
laser beam passes through the plasma to back up our
hypothesis. Calculated plasma parameters were used for
modelling of the temporal variation of metastable density.
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Pulsed plasmas have a number of advantages over their
continuous mode counterparts for materials synthesis ap-
plications. A major operational advantage is that the pulsed
mode is much less affected by problems associated with
instabilities, surface charging of substrates and cathode

or target poisoning and as such typically present wider
process windows. Pulsed plasmas are transient, operating
far from equilibrium at some stages in the pulse, and often
showing an evolution of parameters throughout the pulse.
Resolving the transient phenomena and determining their
effects on plasma conditions at the substrate is a prereqg-
uisite for achieving good control over film deposition.

In this paper, we employ optical plasma diagnostics to
study the evolution of species in a high powered pulsed
magnetron discharge. Our multi-source sputtering system
is driven by a pulsed power supply capable of producing
constant voltage pulses up to 1000 V at currents up to

450 A. Our time resolved optical emission studies show
that high charge states evolve throughout the pulse with
the mean charge state peaking at the end of the pulse.
Differences between the evolution of the first ionised state
and that of the higher charge states indicate that distinct
electron populations may be responsible for their creation:
one characterised by LTE and a temperature close to 1 eV
while the other containing fast secondary electrons
accelerated through the sheath.

Enhancements of the average charge state and aver-

age discharge current achievable by pulse fragmentation
will be demonstrated and discussed. A brief compari-

son with the behaviour of the charge state distribu-

tion in a pulsed cathodic arc will also be presented.
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The utilization of HIPIMS processes for oxide film deposi-
tion has been subject of intense R&D work in the last
couple of years. Issues such as dense and smooth films,
increased index of refraction, improved conductivity and
durability have been the driving the forces for these devel-
opments. Substantial improvements have been achieved
in the field of bendable ITO films applicable for ice free
window applications®. Achieving crystalline growth on
unheated substrates turned out to be the crucial point for
crack free bending and proper mechanical stability of the

films?2. The underlying HIPIMS process based on Advanced

Energy laboratory equipment at that time was tailored in
a way to achieve discharge current in the order of 1000 A
where short pulse time in the order of 30 us have been
necessary to limit arcing to a tolerable level. Therefore,
the steep rise of discharge current is of major concern for
this application.

This paper addresses the process transfer of our patented
ITO HIPIMS process towards more industrial style equip-
ment. We investigate into the applicability of various
HIPIMS power supplies to obtain crystalline ITO films at
room temperature and we analyze the processes in terms
of arcing behavior and process stability.

Understanding and tailoring the effect of sputtered materi-
als ionization and intense plasma activation by fast ion
bombardment will be a key factor for further material
development to transfer the promising results for HIPIMS
ITO also to other classes of TCOs and dielectric films.
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For most optoelectronic devices, such as flat panel displays
and solar cells, it is essential to use a transparent elec-
trode, usually consisting of a thin film of transparent
conducting oxide. ZnO:Al is a potential candidate for trans-
parent electrodes in optoelectronic device due to the

high transmittance in visible region and low resistivity.

By controlling the doping level the electrical properties
can be changed from n-type semiconductor to metal while
maintaining optical transparency.

A new technique is proposed for precise doping control of
Zn0:Al thin films deposited in reactive High Power Impulse
Magnetron Sputtering. An auxiliary aluminum electrode
was added to a reactive Ar/O2 pulsed magnetron with
planar Zn target (5.6 cm in diameter) in order to obtain a
controlled doping of ZnO. The system is characterized by
very short discharge pulses (1-10 us) attaining a maximum
cathode current of about 50 A for a maximum applied
voltage of 1 kV with a pulse repetition frequency of about
1 kHz'. The HIPIMS plasma was characterized on-pulse

and post-discharge using time-resolved optical emission
and absorption spectroscopy and monitoring the ion cur-
rent flowing through the auxiliary aluminum electrode. Al
neutral density in gas phase has been controlled by the
discharge current and the biasing voltage on the auxiliary
electrode (which influence the ion bombardment of the
electrode) and measured by laser resonant absorption
spectroscopy. The fraction of Al dopant in the deposited
films was estimated by X-ray Photoelectron Spectroscopy
(XPS) measurements. The goal of this work was to correlate
Al density measured in the gas phase with Al concentration
in the deposited films. It was found that the obtained alu-
minum concentration in the deposited films was strongly
dependent on the auxiliary electrode bias, oxygen/argon
gas ratio and relative position of target-electrode-substrate.
It was also investigated the effect of the aluminum con-
centration on the structural, electrical and optical prop-
erties of AZO thin films deposited by HIPIMS. The film
surface topography has been characterized by atomic force
microscopy (AFM), while X-ray Photoelectron Spectros-
copy (XPS) and X-ray difractometry (XRD) were used to
examine the internal microstructure of the deposited
films. The optical properties of the deposited films were
studied by UV/VIS and photoluminescence spectroscopy.
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In this paper specific advantages and disadvantages of
different pulse magnetron sputtering processes (unipolar,
bipolar and HIPIMS) as well as current and potential

fields of application will be discussed. On the example
of TiO, the typical effects and their influence on film

properties occurring during the transition from classical
medium frequency pulse magnetron sputtering to high
energy pulse sputtering will be described. The discharge
current density was varied between 0.2 and 3.5 A/cm?.
Aspects of energy feed-in and reactive process control

in the transition mode will be considered. Furthermore
the influence of rising ionisation on the occurrence of
crystalline phases and on mechanical, optical and pho-
tocatalytic properties of the layers will be presented.

The paper concludes with a placement of the processes
related to other PVD-processes that is based on further
own experimental results and evaluation of dependencies
as well as considering published results of other groups
regarding pulse magnetron sputter processes of high
power density for the deposition of hard coatings and TCO.
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When MAX-phase thin films shall be produced by magnetron
sputtering three major problems have to be solved: a) The
substrate itself or an interlayer has to exhibit a suitable
crystal structure allowing epitaxial MAX-phase growth, b) a
high substrate temperature is necessary for phase
nucleation and c) the particles have to arrive at the
substrate with the appropriate stoichiometry.

In literature it is reported that for depositing the Ti SiC,
MAX-phase a) single crystal oxides like Al,O, (0001) and
MgO (111) with TiC (111) interlayers are used as substrates
and b) a substrate temperature above 800 °C is necessary.
Obtaining the stoichiometry by sputtering from a Ti_SiC,
compound target was reported to be challenging due

to the demixing of species on their path to the substrate.

The coatings were reported to contain too much C and

too less Ti, which was tried to overcome e.g. by using an
additional Ti-Source. In this work a Ti,SiC, compound target,
driven by a HIPIMS power supply, has been used to investi-
gate the possibilities to overcome this problem by provid-
ing ionisation and higher kinetic energy to the particles.
Flat substrates of 10 cm in length were fixed in front of the
2” target and no additional substrate heating was applied
because the film stoichiometry was the only matter to be
analysed. The deposition parameters varied were: Target-
substrate-distance, Ar-pressure, substrate bias and HIPIMS
pulse length. The film stoichiometry was measured at sev-
eral axial distances from the point straight opposite of the
target centre by using GDOS calibrated EDX. In order to gain
a reliable base the GDOS again was calibrated beforehand
by measuring the Ti_SiC, target with its known composition.
It was found, that in the case of Ti_SiC, the element specific
ionisation degrees generated by HIPIMS plasma can ef-
fectively help solving the demixing problems caused by the
different mean free paths of the species. A film stoichio-
metry very close to the desired 3-1-2 was found for

several parameter combinations.
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The organic photovoltaic cells (OPV) up to now convert 5 %
of the solar spectrum and last reports predict that efficien-
cies as high as 10 % can be achieved. For the classical

OPV, charge carrier transport from the photosensitive
polymer is performed by incorporation of organic semi-
conductors which are in contact with metallic electrodes.
The interfaces between metal and organic components

as well as the natures of organic semiconductors play an
important role for the effective charge transport and
degradation processes. Limitating the sensitivity of
polymer materials becomes the path for development

of hybrid OPV. One possible way is to use inorganic semi-
conductors. Metal oxide semiconductors as protective
layers between metal electrodes and polymers, are
interesting candidates for achieving charge transport and
avoiding the organic-metal interfaces. We propose the

NiO as p-type semi-conductor to ensure charge carriers

and electron/hole blocking layers. The characteristic wide
gap energy permit one to achieve high transparency for

thin films of NiO. We have deposited transparent p-type
semiconductive NiO thin films on the conductive glass by

reactive fast-HIPIMS. The characterization of the films,
show that depending on the oxygen content, NiO grows
along preferential orientations: either the most dense
[111] direction for low oxygen percent or [200] for higher
oxygen content. We have highlighted two regimes of
fast-HIPIMS? discharge. The first one could be called
classical one with a peak current around 15 A during

the pulse and a deposition rate close to the DC mode.
The second one shows a very high current peak, up to 60 A,
during only 4 us and a very low deposition rate. In this
case, the target is poisoned without sputtering because
all energy is devoted to the ejection of secondary electrons
and ionization of Ni, O, and O atoms, which will return

to the target. This produces an abrupt increase of the
current that could be motivated by the passage to an
ionised and neutral oxygen cycle between magnetised
plasma and cathode explaining thus the very low
deposition rate. It has been measured that O+ and O+
species are preferentially present at the cathode (high
electron energy upper than 140 eV) and O,- and O- in
the post discharge (toff low electron energy)3.

We have obtained transparent polycrystalline NiO thin
films by fast-HIPIMS with lower crystallization than in DC.
We have proved that the preferential direction growth of
the structure depends on the oxygen content and on the
fast-HIPIMS frequency.
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Functional coatings on weather exposed surfaces pro-
duce a huge interest in the architectural glazing and
automotive industry. Since these coatings are exposed
to atmospheric conditions and natural environment e.g.
dust, dirt or salt, their resistance to mechanical abra-
sion and their chemical stability has to be ensured to
guarantee their function over lifetime. The need of a
cost-effective process for curved and toughened glass
necessitates the use of float glass and a heat treat-
able and bendable coating. Well insulated glass units
(UG < 1.0 W/mZK) as well as windshield on cars mist up

at a clear night to a greater or lesser extent depend-

ing on the glazing concept and its mounting angle. Mist
and water condensation on glass surfaces can disturb
the view. A Low-E coating at the outer glass surface

such as transparent conductive oxides (TCO) can almost
entirely prevent water condensation on its surface.

At Fraunhofer IST a TCO coating has been developed for
exterior position based on a high power impulse magnet-
ron sputtering (HIPIMS) applied at flat and three dimen-
sional substrates. Structural analysis has been carried out
for films with different deposition parameters before and
after heat treatment. Fields of application for this coating
are low emissivity coatings, photovoltaics, heat mirrors
or panel heaters as well as touch panels and displays.
Film properties have been studied by optical spectros-
copy (UV/VIS), atomic force microscopy (AFM) and x-ray
diffraction (XRD) measurements. Mechanical stability
has been tested with taber-, scratch-, and sand trickling
tests. The impacts have been observed with light and
scanning electron microscopy as well as haze measure-
ments. Furthermore, ITO films were evaluated in respect
to lifetime stability as well as coat and bend applicability.

2" International Conference on Fundamentals and Industrial Applications of HIPIMS — Braunschweig 2011 — Book of Abstracts




2ND INTERNATIONAL CONFERENCE ON HIPIMS

{*MII3 Time-resolved laser-induced fluorescence diagnositcs in

the HIPIMS plasma

N. BRITUN?, M. PALMuUCCI?, S. KONSTANTINIDIS?,
R. SNYDERS'?

1 CHIMIE DES INTERACTIONS PLASMA SURFACE (CHIPS),
CIRMAP, UNIVERSITE DE MONS, PLACE DU PARC 20, B-7000
MONS, BELGIUM

2 MATERIA NOVA RESEARCH CENTER, 1 AVENUE COPERNIC,
B-7000 MONS, BELGIUM

We present our recent results on laser-induced fluores-
cence (LIF) plasma diagnostics® of a high-power impulse
magnetron sputtering (HIPIMS) discharge. The discharge
was operating at 1 kHz of the repetition frequency with the
pulse duration of 10 us. The plasma characterization was
performed during the sputtering of a 10 cm diameter Ti
target in Ar, at 5 and 20 mTorr of the working pressure. The
time behaviour of the relative Ti and Ti+ ground state den-
sities as well as their velocity distribution functions (VDF)
were studied during the plasma off-time. The measure-
ments were performed at two working pressures, and at
three distances from the target (15, 45, 70 mm) uniformly
covering the space between the target and the virtual
substrate position. It was found that the full width at half
maximum (FWHM) of the VDFs of sputtered species in the

direction parallel to the target surface demonstrates a
faster-than-an-exponential decay during the plasma off-
time having always a spectral shape close to the Lorentzian
one. Based on these facts a strong non-thermalization as
well as strong influence of the collisional broadening on
the plasma spectral lines are suggested. The thermalization
trends for Ti neutrals and ions were found to be similar,
however, the FWHM s of the Ti+ VDFs appear generally
narrower. Spatial analysis of the Ti and Ti+ densities show

a slight density increase at the intermediate distance from
the target which correlates with the previous measure-
ments?, yet being unclear. The measured Ti+ density shows
the presence of two time-resolved peaks, one of which
was attributed to the thermalized ions in the discharge,
which is in a good agreement with the previous results®.

In the plasma on-time, where LIF signal was found to be
undetectable, time-resolved optical emission spectros-
copy of Ti, Ti+, Ar and Ar+ was applied in order to complete
the measurements.
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Combing spatially-resolved measurements of electric and
magnetic fields, the distribution of E x B electron drifts
have been determined at different times in a HIPIMS dis-
charge pulsed at 100 Hz. The magnetron was operated

with at Ti target and at 650 W power. The electric field

was obtained from time-resolved emissive probe measure-
ments of the plasma potential during plasma operation
while the magnetic field vectors were found from analytical
modelling. In the early part of the discharge pulse, large
axial and radial electric fields (> 5 kVm™) close to the target
give rise to strong azimuthal electron drifts (velocities

>3 x 105 ms?) in a broad channel above the racetrack.
The peak velocities are about 2 cm from the target, and
the distribution is somewhat wider than that observed in
DC operation. Later in the pulse (of width 100 ps), at the
time of maximum discharge current, the electric fields
across the pre-sheath region adjacent to the target reduce
and the Hall drift channel moves away from the target
revealing a peak in velocity (about 1 x 105 ms?) some 5 cm
into the bulk plasma. During this phase of the pulse, the
distribution of Hall electron drifts is more consistent with
that observed in magnetrons operated in DC conditions.

2" International Conference on Fundamentals and Industrial Applications of HIPIMS — Braunschweig 2011 — Book of Abstracts




2ND INTERNATIONAL CONFERENCE ON HIPIMS

Comparison of residual stress and thermal conductivity
of AIN thin films deposited by HIPIMS and DC reactive magnetron

sputtering

K. AIT AISsA*, B. BELKERK, A. ACHOUR, Y. SCUDELLER,
L. LE BRIZOUAL, P. Y. JOUAN AND M. A. DJOUADI

INSTITUT DES MATERIAUX JEAN ROUXEL (UMR 6502), 2 RUE DE
LA HOUSSINIERE, BP 32229, 44322 NANTES, CEDEX 3, FRANCE

*CORRESPONDING AUTHOR
E-MAIL: KELTOUMA.AIT-AISSA@®CNRS-IMN.FR
PHONE: 00 33 (0)2 40 37 39 68

Aluminium nitride (AIN) thin films have attracted great
interest thanks to their outstanding physical properties.

In general, AIN is a material of high hardness, thermal
conductivity, oxydation resistance and chemical inertness.
Therefore, AIN thin films have been widely used for
electronic applications mainly packaging®.

AIN thin films can be synthesized by using several tech-
niques®*. Nevertheless, in order to deposit AIN at low
temperature, DC and HIPIMS-reactive magnetron sputter-

ing techniques have been used™®.

In the present work, AIN thin films were deposited on
Si (100) substrates by DC and HIPIMS reactive magnet-
ron sputtering of an Al target (purity: 99.995 %) in an
Ar/N, gas mixture for a total pressure of 3 mtorr and

a discharge power of 150 W in DC mode and 300 W in
HIPIMS. Preliminary results will be presented on the

advantage and drawbacks of the use of HIPIMS vs. DC
deposition technique in terms of the variation of the
film preferential orientation, crystalline quality (FWHM),
residual stresses as a function of: 1) thickness, 2) N,
content in the discharge and 3) temperature. The crys-
talline and residual stress of AIN thin films were investi-
gated using X-ray diffraction and film-substrate curvature
method. Moreover, thermal conductivity measurements
have been conducted using electrical and optical
methods” 8. The thermal conductivity for films deposited
by DC and HIPIMS will be presented and discussed
regarding the film and interface quality.
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HIPIMS (High Power Impulse Magnetron Sputtering) is a
PVD technique for the deposition of high-quality thin films.
It allows a high power density to be applied at the cathode,
yielding a higher degree of plasma ionization than currently
possible in conventional magnetron sputtering process.
Due to a low duty cycle, high power density is accumulated
into the active part of the pulse. Recently, HIPIMS has been
used for deposition of oxides in particular for TiO, and
TiON,. Itis of great interest to study the effects of the oxy-
gen content in the deposition flux observed in the HIPIMS
discharge and its influence on the film microstructure.

In this study, the operation of HIPIMS in an atmosphere

of working gases of Ar and N, with 20 % O, content and

a Ti target was investigated. The plasma was operated at

a pressure of 1-1.7 Pa and an Ar:Air partial pressure ratio
ranging from 45:1 to 45:10 was used to operate at the me-
tallic-to-poisoned point. The peak current was varied from
3 to 10 A with a pulse duration of 200 ps. The frequency

was adjusted between 100 and 400 Hz to maintain a
constant average power of 0.6 kW. Time-resolved measure-
ments of the plasma parameters near the substrate were
carried out using energy resolved mass-spectrometry

170 mm from the target. The main aims of this study

were to investigate the influence of the gas metal ion ratio
and plasma composition on the film microstructure.

Mass spectrometry measurements showed that the reac-
tive HIPIMS discharge produced a deposition flux with

a significantly increased content of ionised film-forming
species, such as Ti'*, Ti**, N**, O, TiO** and TiO?'*. In-
creasing the air content in the discharge resulted in an
enhanced activation of the oxide species, TiO'* and TiO?,
and a reduction in the atomic ion N*, Ti** and Ti**. lons
with energies up to 80 eV were detected during the
pulse with reducing energy in the pulse-off times in the
metallic mode. The ion energy decreased considerably
when the discharge was operated in the oxide mode.

In the mass spectrum of the negative ions only O and
0% species were observed. The detailed study of the
energy distribution of O and O% shows high-energy
ions formed at the cathode with energies proportional
to the full cathode voltage. The ion energy distribution
function shows that in the transition from metallic to
the oxide mode there is about 100 V drop of the volt-
age on the oxide surface layer on the cathode; this cor-
responds well with the measured cathode voltage.

The effects of the oxygen content in the deposition flux
observed in the HIPIMS discharge on the film micro-
structure are discussed.
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The interplay between the internal collisional, the cross-
boundary convection, and the target sputtering and
secondary electron emission mechanisms in a HIPIMS
discharge have been investigated using the lonization
Region Model (IRM).

The model is bench-marked against data from a sputtering
magnetron with a square voltage pulse in Ar, with an Al
target. The model reproduces an initial high-current
transient, as well as a later plateau value of constant lower
current. The peak discharge current is found to occur just
before maximum gas rarefaction, while the full transient
length is close to the time it takes to establish a balance
between Ar ionization losses and diffusional refill from the
surrounding volume. However, not only gas rarefaction but
also a significant degree of self sputtering is established
during the transient, and influences the nature of the dis-
charge. The physics involved, the evolution of plasma den-
sity and electron temperature, and the relative importanc-
es of gas rarefaction and metal mixing, are illustrated by
model runs tailored to highlight the involved mechanisms.
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HUETTINGER incorporated powerful DSP, FPGA and fast
data acquisition devices into the control circuits of power
supplies dedicated for the HIPIMS technology. This
opened new opportunities for HIPIMS research as well

as industrial HIPIMS applications. Fully digital control and
monitoring, together with a fast data acquisition system,
will also bring more flexibility into programming of the
power supply’s behavior and help realize new ideas.
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Thin films of transition metal nitrides are widely used as
protective coatings due to their high hardness and
mechanical strength, corrosion and wear resistance, and
chemical inertness. Within them, very little work has been
reported on tantalum nitride (TaN). Nevertheless, it shows
superior properties on biomedical®* and tribological® 3 ap-
plications where properties mentioned above are required.
Coatings deposited by the newly developed PVD techniques,
such as high power pulsed magnetron sputtering (HIPIMS)
and modulated power pulsed (MPP) magnetron sputtering,
have revealed outstanding wear and corrosion behavior®”’.
In the present work, TaN coatings deposited by DC Pulsed,
HIPIMS and MPP have been carried out and compared

under the same process parameters (pressure, Ar/N, gas

flow ratio, average target power). The aim of the work is
to analyze the improvements achieved by the new tech-
niques as well as the study of the viability of TaN as
protective coating.
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Hydrogen free diamond like carbon is a very promising thin
film material to achieve very hard, wear resistant coatings.
Widely used technologies are PECVD and arc evaporation.
PECVD is not capable of producing hydrogen free layers,
while arc evaporation has the drawback of incorporated
macro particles in the film. High Power Sputtering (HIPIMS)
of graphite should combine the advantages of the former
technologies resulting in hydrogen free layers without
incorporation of macro particles. Unfortunately carbon

has a very low sputter yield and a very low secondary

electron emission coefficient. On top of these comes the
high threshold energy for carbon ionization. Neither these
conditions are very helpful to easily achieve a magnetron
discharge at high current density, nor it’s not likely to get a
prominent amount of the sputtered carbon to be ionized.
In this work, we show the voltage-current characteristics
of a magnetron discharge of graphite, as a function of dis-
charge voltage and the influence of reactive gas.

We found that reasonable current density is only achieved
at high discharge voltage above 1400 V. The discharge
characteristic is very sensitive on reactive gas, like nitrogen,
acetylene or residual gas from outgassing chamber walls.
The findings are completed by an estimation of the

carbon ionization.
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Magnetron discharges are difficult to simulate by self-con-
sistent simulation (such as PIC-MC) due to high demand on
computing power for simulation of realistic discharge
power. The situation of High Power Impulse Magnetron
Sputtering (HIPIMS) is even more difficult, due to high
power densities in pulse, reaching order of magnitude
1kW/cm?.

This work used test-electron simulation that is not self-
consistent but has less limitation regarding high current
and power densities. The model uses electrons and Ar ions
with variable computing weight, moving in 3D magnetic
field and one-dimensional electric field. The space-charge
within in the sheath is computed from discharge voltage
and current density by the Child-Langmuir law or using
matrix sheath model. Electrons emitted from the cathode
collide with Ar gas and ionize; the ion current density is
recorded from delayed ion impact on the cathode. A
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magnetron with 300 mm diameter in 2Pa Ar has been

used for simulation, with approximately 1A DC current at
350 V. Dynamics of discharge current growth from 200 mA
to about 100 A after applying 600 V cathode potential

has been studied. It has been shown that the electric field
in the plasma is quite important for the discharge dynamics.
The ionization occurs mainly out of the sheath in the
presheath and plasma region at medium or high current
densities.

When the electric field is positive, positive ions are acceler-
ated from the target towards the substrate and walls. How-
ever, such ions are not used for sustaining the discharge.

In case of negative electric field the ions are accelerated
towards the cathode. Their acceleration is proportional to
the field value, therefore the time delay decreases approxi-
mately with square root of the increasing electric field.

The current grows over time nearly exponentially, with
more rapid growth at sheath thickness of 1mm or more,
when more ions are created in the sheath. A decade of
growth from 1 to 10 A discharge current takes about 5 ps at
10 V/cm electric field, whereas 5 ps are needed at 10 V/cm.
The simulation results can be compared with experimental
data, especially the pulse shapes and pulse delays. It can
also help to understand variation of pulse starting times
with pulse frequency, due to various initial plasma density.
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G. KAMATH, A. P. EHIASARIAN AND P. E. HOVSEPIAN

NANOTECHNOLOGY CENTRE FOR PVD RESEARCH, MATERIALS
AND ENGINEERING RESEARCH INSTITUTE,
SHEFFIELD HALLAM UNIVERSITY, S1 1WB, UNITED KINGDOM

2.5 um thick TiIAICN / VCN coating was deposited in
industrial size 1000x4 Hauzer Techno Coating machine
equipped with HIPIMS power supplies manufactured by
Huettinger Electronic Sp. z 0.0. Prior to the coating deposi-
tion the substrate surface was pretreated by bombard-
ment with V+ ions generated in a HIPIMS discharge. A
300 nm thick TiAIN base layer was deposited by operating
one magnetron in HIPIMS mode in Ar+N, atmosphere.
TiAICN / VCN was deposited in mixed Ar+N_+CH, reactive
atmosphere utilising two opposing magnetrons furnished
with TiAl and V targets operated in HIPIMS mode.

XTEM analysis of the as deposited coating revealed the for-
mation of three zones with different nanostructures across
the film thickness. In the initial stages of deposition a
TiAICN / VCN nanoscale multilayer structure was formed
(first zone) followed by a nanocomposite structure com-
prising TIAICN / VCN crystalline grains surrounded by a
carbon rich tissue phase (second zone). The grain size of

the crystalline phase gradually decreased with thickness
from diameter of 10 — 15 nm to complete dissolution in the
third zone where Me- carbon with XRD amorphous
structure was formed. Raman spectra with UV excitation

(A =325 nm) taken from the top zone 3 of the coating
revealed the graphitic nature of the coating showing
clearly the G and D peaks at 1577 cm™ and 1396 cm™ re-
spectively with IG / ID ratio of about 0.94. This unique
three zone nanostructure is believed to develop due to

the progression of the target poisoning effect during the
HIPIMS deposition.

In Daimler Benz Rockwell C indentation adhesion test,
TiAICN / VCN showed adhesion class 1. C
load values were Lc = 50 N. Pin-on-disc tests revealed the

ratch test critical

temperature dependence of the coefficient of friction
decreasing from p = 0.6 at room temperature to = 0.4 at
elevated temperature 650 °C. The wear coefficient showed
the opposite trend increasing by two orders of magnitude
from 4.2 x 10— 15 m*/ N / m at room temperature to
1.2x10-13 m3?*/ N/ m at 650 °C which was attributed

to the progression of the tribo-oxidation processes. In
dynamic oxidation conditions, thermogravimetric analysis
determined the temperature of the onset of rapid oxida-
tion to be 800 °C. Compared to UBM deposited

TiAICN / VCN coatings, the oxide mass gain of the HIPIMS
coatings was less than 50 %.
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clusters embedded into a dielectric matrix by reactive HIPIMS
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UNIVERSITY OF COIMBRA, RUA LU{S REIS DOS SANTOS,
3030 - 788 COIMBRA, PORTUGAL
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*CORRESPONDING AUTHOR
JOAO.OLIVEIRA®DEM.UC.PT
PHONE: +351-239-790745 | FAax: +351-239-790701

The aim of the present research was to synthesize nano-
composite coatings with noble metal nanoclusters dis-
persed or embedded in/into a dielectric matrix (AI203 or
TiO,) by reactive High Power Impulse Magnetron Sputtering
(HIPIMS). This deposition technique allows a better
control of the nanoclusters formation and thus eliminating
the need of thermal annealing common for DC sputtered

coatings. Three power supply configurations were used

in this study, high HIPIMS (self-sputtering), low HIPIMS
(typical Ar+ type discharge) and pulsed DC, for depositing
layers of noble metal thin enough to originate island-typed
morphologies of the metal at the surface/embedded of/
into the dielectric matrix. In order to work under the High-
HIPIMS mode a pulse length of 300 us was chosen since
longer pulses allowed the discharge to evolve to the metal-
plasma discharge. At a voltage of 710 V and higher, the
sputtered metal started to strongly affect the discharge and
the sustained self-sputtering regime was achieved. For the
low HIPIMS mode a shorter pulse was used (pulse length
of 50 ps) in order to take advantage of the initial current
peak associated with Ar rarefaction. The three deposition
modes allowed different size distributions and inter-
particles spacing. The size of the Au nanoclusters varied
from 4 — 15 nm and they presented different aspect ratios.

All the Ag samples showed strong colors, attributable to
the presence of well-defined SPR absorption bands. More-
over, these colors were variable according to the thick-
ness of the metal layer and also to the different sputtering
modes, suggesting that the samples should contain clusters
with homogeneous shapes and narrow size distributions.
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