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1. Introduction

Dye-sensitized solar cells (DSSC) based on nanocrystalline TiO2 were invented
by O’Regan and Gratzel in 1991. DSSC are third generation, thin film solar cells.
They are photoelectrochemical devices whose operating principle closely
resembles the photosynthesis reaction of green plants. There is increasing
interest in dye-sensitized solar cells (DSSCs) due to their relatively low cost and
ease of manufacture. However, the performance of the DSSC solar cell in many
cases is limited by the presence of oxygen vacancy (- Ti3* defects site) along with
surface contamination in the TiO; electrode. To improve current density and the
overall efficiency of the DSSCs surface contamination and surface defects need to
be reduced. This study investigated the influence of plasma surface treatments of
nanocrystalline TiOz films on photovoltaic performance of the corresponding
DSSCs. Two surface treatments, PlasmaTreat™ an atmospheric air plasma system
and a Microwave (MW) plasma system were used for the first time to study the

effect of plasma surface treatment of TiO2 on DSSC performance.
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2. Experimental

The TiO2 layer was deposited and sintered by SolarPrint™. The plasma surface
treatments of TiOz layer deposited onto a conducting (FTO) glass substrate were
carried out using an air plasma jet system called PlasmaTreat™ and an oxygen
plasma using a circumferential antennaplasma (CAP) microwave system.. For the
PlasmaTreat™ system, percentage plasma cycle time (PCT) was varied from 20 - 90
and the overall treatment time (from 15 to 45 seconds) was varied for the MW
plasma system. The morphological and crystallographic properties of the sintered
TiO; layer both before and after plasma treatment were investigated using SEM,
optical profilometry and X-ray diffraction techniques. Subsequent to the TiOz plasma
surface treatment, a ruthenium based dye (N719) was applied to the coating on the
plasma surface treated coatings. The level of dye adsorption on the treated and non-
treated TiO2 coatings were assessed using UV-Vis spectroscopy. This analysis was
performed by desorbing the dye from a fixed area of TiO; coated glass in a buffer

alkaline solution.

3. Results and Discussion

The performance of each cell was assessed using IV, IPCE and UV-Vis dye
adsorption measurement. It can be seen in Figure 1 that the highest efficiency
was recorded for TiO; samples treated with in the PlasmaTreat™ system using
50% PCT and in the MW system treated for 30 seconds. Compared to control

samples, the PlasmaTreat system treated samples using 50% PCT exhibited an
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increase of 5.9% Voc, 8.7% increase in Jsc, 19% increase in IPCE and a 19.3%
increase in efficiency. Likewise a 30 sec MW plasma treated sample showed a
5.9% increase in Voc, 19.8% increase in Jsc, 30% increase in IPCE and a 22.9%

increase in efficiency when compared to control samples.

5.00

400 /+\ . |

Efficiency
(%)

3.00

2.00 ; .
& Ko & N & &

9 9 9
@ & <
& S o

N ey N

Surface Treatment

Figure 1 Efficiency of corresponding DSSC cells after various surface treatments
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4. Conclusion

This study demonstrated that MW and PlasmaTreat™ processes could be used as
a means of post deposition plasma surface treatment of TiO: electrode for
improving overall DSSC cell efficiency. A 22.9% and 19.3% improvement of
efficiency was observed for MW and PlasmaTreat™ samples respectively. A
possible explanation for the enhanced level of efficiency after plasma activation
is the increased level of dye adsorption as confirmed by UV-Vis spectroscopy,
reduction of oxygen deficiency site and removal of aqueous and organic
contaminants from the TiOz surface. Detailed characterization studies of the
plasma treated TiO: electrodes are currently ongoing to find out the mechanism

behind the increase in DSSC cell efficiency.
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Abstract—The study of the chemical erosion by atomic hydrogen of graphite in the purpose of characterizing etching
and re-deposition growth kinetics is presented. Carbon samples undergo plasma treatment under different time-
exposures and gas mixtures at 10 mTorr, determined as the optimal pressure. The etching outcomes are analyzed via
mass loss and structure comparison (SEM, micro-Raman spectroscopy) in order to evaluate the impact of the different
experimental conditions, i.e. pressure, gas mixture, RF power coupling mode and erosion duration.

Index Terms—Atomic hydrogen source, Carbon chemical etching, Carbon dust, Langmuir probe, ITER.

1 INTRODUCTION

N the path to achieving controlled nuclear fu-
Ision as a secure and sustainable energy source,
one of the remaining obstacles to overcome is the
chemical and physical erosions of the reactor walls
by the scrape-off-layer. Indeed, carbon erosion and
re-deposition obtained in tokamaks induce impor-
tant issues such as fusion plasma energy losses
by radiation, deconfinement and tritium retention
to an unacceptably large amount in the divertor
region [1]. A better understanding of the process
is essential in order to improve the quality of the
carbonaceous compound and limit it from polluting
the fusion reaction, especially in ITER.

Laboratory plasmas permit to approach the con-
ditions of tokamak edge plasmas, ie. equiva-
lent electron temperature (< 5 eV) and density
(~ 10'2 cm—3), low pressure, incomplete ionization
[2]. On that account, this work focuses on the
study of the chemical erosion by atomic hydrogen
of different carbon surfaces (graphite and N11
carbon-fiber-composite used in Tore Supra') in the
purpose of characterizing erosion (etching and re-
deposition growth) kinetics. Therefore the influ-
ence of different experimental parameters, such as

*. Corresponding author:
xavi er.glad@jl.nancy-universite.fr
. Previous results demonstrated similar results for these two
compounds, thus, in this work, only graphite will be studied
[3].

pressure, gas mixture, RF power coupling mode
and experiment duration, are investigated.

2 EXPERIMENTAL SET-UP

Observation
~ window (top)

Boswell-type
antenna

Pyrex tube

—

Pumping

Source
chamber

Diffusion
chamber

Observation
window (side)

Inlet for
substrate-holder
Vacuum gauges

Figure 1: Sketch and photography of the experimental
apparatus. Dimensions are given in mm.

Experiments were conducted in a helicon-type
reactor presented in Fig. 1. The apparatus is di-
vided in source and diffusion chambers. The former
consists of a pyrex tube surrounded by a double
saddle type antenna [4] connected to a 13.56 MHz
2 kW RF power supply (Prr) via a Pi matching
network. Consequently, the plasma is created in the
source chamber and diffuses to the stainless steel
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diffusion chamber. This transport is influenced by
the pressure p inside the vessel.

Two different gas mixtures are used, pure argon
and pure hydrogen for physical and chemical etch-
ing, respectively. Two sets of copper coils generate
downward static magnetic fields up to 200 G in
the source chamber (B;) and up to 100 G in the
diffusion one (Bg;sr). Erosion experiments, whose
duration t.,, may vary, are performed on graphite
samples lying on a heating substrate-holder able to
reach a temperature T, of 650°C.

To study plasma-surface interactions, several
diagnostics are carried out for plasma and car-
bon samples characterizations. Electron density is
determined by Langmuir probe measurements via
the SmartSoft software from Scientific Systems. The
carbon samples are 2 x 2 cm? squares of 125 pum
thickness extracted from graphite sheets distributed
by the company GoodFellow. One sample is used
per etching experiment. The erosion outcomes are
studied with mass loss, leading to an estimated
erosion rate, and structure comparison. The latter is
achieved via Scanning Electron Microscopy (SEM).
Furthermore, the re-deposited carbon structures are
analyzed by means of micro-Raman spectroscopy.

3 RESULTS AND DISCUSSION

3.1 Infuence of the pressure

__ 38 . . : : T
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£ 304 !
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Figure 2: Erosion rate on graphite samples as a func-
tion of the pressure p. Pure hydrogen, Prr = 900 W,
B, =0G, Bgiry = 100 G, tewp = 4 h, T, = 650°C. [3]

A preliminary work was achieved in order to
obtain the highest erosion rate, thus the strongest
atomic hydrogen flux upon the graphite sample.
Pressure being one of the main plasma parameters,
its effect was examined. As seen in Fig. 2, erosion

7

rate is inversely proportional to the pressure, the
increasing pressure limiting the transport of the
plasma. Due to the instability of a pure hydrogen
discharge below 10 mTorr, this latter value has been
determined as the optimal pressure. Moreover, such
a low pressure permits to obtain the helicon mode
in our experimental conditions.

One has to notice that, as previously obtained [5],
the effect of the substrate-holder temperature is not
to neglect, therefore, all experiments were done at

Tsp, = 650°C.

3.1.1 Description

(a) Inductive mode (b) Helicon mode
(Bs =0 QG), top view. (Bs =120 G), top view.

(c) Inductive mode,
side view.

d) Helicon mode,
side view.

Figure 3: RF modes distinction, plasma pictures
from the top and the side windows. Pure argon,
PRF = 1800 W, Bdiff =100 G, p= 10 mTorr.

The helicon reactor exhibits four modes,
including inductive and helicon ones which
both present the highest electron density (above
10" em~ at 900 W). The inductive mode exists
for high power, low pressure and By < 20 G
and is described by a very bright and wide
plasma column (Fig. 3a and 3c). Helicon mode is
characterized by a thin and bright plasma column*
and only appears at low pressure and high power
for certain (n./B;) couples [6] (Fig. 3b and 3d).
The helicon mode was explained by EE Chen
as the constructive interference between the
incident helicon waves and its own reflection [7].

. The faint peripheral plasma seen in the pictures is due to
the TG mode that always coexists with the helicon mode in
our experimental conditions.
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Additional details about the four available modes
can be found in [8].

3.1.2 Physical erosion rate in pure argon

Erosion rate was evaluated in pure argon for the
two previously described modes in order to de-
termine the most suited one for carbon etching.
One can notice that without any addition of Hy,
the etching is only physical. Experiments lasted for
4 hours (tezp) in the conditions described in the
Fig. 3.

The results show an erosion rate of 0.5 pm -h~! in
inductive mode and 0.9 um - h~! in helicon one. The
latter mode generating a very confined plasma due
to helicon wave propagation, these results seem
to show that the helicon column presents very
strong electron and ion densities, especially at its
very centre. Indeed, a specific and very localized
topography can be seen on the sample at a position
matching the plasma column centre.

Compared with pure hydrogen plasma which
gave 3.2 um-h~! in the same conditions but less
RF power (Fig. 2), argon physical etching is con-
siderably less effective. One has to notice that ex-
periments were conducted without bias voltage on
the samples, therefore the latter were at floatting
potential. In light of these results, the effects of
the presence of Hy in the gas mixture has been
analyzed.

3.1.3 Addition of H,
s
~a_
B
1E11 4 \l .
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Figure 4: Electron density n. as a function of H, propor-
tion in a Ar/H; gas mixture for two different pressures.
Prr =800 W, B, =0 G, Baiss =80 G.

The addition of a molecular gas, Hy, in a pure
atomic plasma, Ar, completely depletes the electron
density as seen in Fig. 4. It is well known that

8

electron energy dissipates to excite vibrational and
rotational levels of the hydrogen molecule [9].

Such an effect has drastic consequences on the
helicon mode. Indeed, the latter is impossible to
obtain above a certain hydrogen percentage which
could be in line with the assumption that the
helicon mode does not appear below an electron
density threshold. Taking these results into account,
following etching experiments were carried out in
inductive mode.

3.2 Chemical erosion kinetics
hydrogen plasma

in a pure

The mass loss was estimated on graphite samples
for different t.,, at 1800 W in inductive mode, as
depicted in Fig. 5.

20 R

Mass loss (%)

T T T
100 150 200

texp (Min)

0 50 250

Figure 5: Mass loss percentage on graphite samples as
a function of the experiment duration. Pure hydrogen,
Prr =1800 W, B; =0 G, Bgifr = 100 G, p = 10 mTorr,
Ts, = 650°C.

At first glance, the mass loss is propotional to
the experiment duration which could mean that the
two erosion processes, etching and re-deposition,
maintain the same contribution to the mass change
in time. Calculations from the fit give a constant
erosion rate of 6.0 um-h~! for each sample. This
value is in good agreement with the estimated
individual values varying from 4.8 to 6.3 um-h~*.
The only critical point is seen for t.;;, = 5 min
which presents an erosion rate almost twice higher
than in other experiments (10 pm-h~!). This phe-
nomenon could be explained by the topography
of the untreated samples, the very first minutes
of plasma exposure smoothing the sample surface
layers leading to a high mass loss and thus, an
elevated etching rate. After this smoothing, the bulk
of the sample, denser, seems to undergo the etching.

SEM micrographs, as depicted in Fig. 6, exhibits
a characteristic topography. After 5 minutes,



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

3.0kV 6.1 mm x50.0k SE(M)

(@) tezp = 5 min: heaps (zoom: x50k, left) and
spherical dust (21.6 pm, right) re-deposition.

50,0k SECM) 1.00um I 3.0kv

(b) tezp = 90 min: heaps (zoom: x50k, left) and
spherical dust (9 pum, right) re-deposition.

n x5.00k SE(M)

(€) tezp = 4 hour: heaps (zoom: x20k, left) and
spherical dust (221 um, right) re-deposition.

Figure 6: SEM micrographs of graphite samples ac-
cording to their plasma exposure time. Pure hydrogen,
Prr =1800 W, B =0 G, Bgifr = 100 G, p = 10 mTorr,
Ts, = 650°C.

re-deposition can already be observed (up to
#1.6 um). The spherical re-deposited structures
grow with the exposition time, up to 11 um and
235 um for 90 min and 4 hours, respectively. It
seems that the heaps (left pictures in Fig. 6) are
created by surface re-deposition. By contrary, the
spherical dusts could undergo volume growth in
gaseous phase before being deposited on the sam-
ple and gain in size by contribution of CH radicals
clusters. In any case, one could suggest that radi-
cals resulting from the etching would be deposited
preferentially on the already present structures.
This could explain why, even though the etching
rate is important, massive structures are observed.

Moreover, the latter seem to consist mainly
of amorphous carbon. This assumption has been
strengthened by the micro-Raman spectrographs
which present a clear increase of the disordered

carbon D peaks after plasma treatment.

These porous carbon dusts look similar to those
obtained in tokamaks, which are the core of the
tritium retention issue.

4 CONCLUSION

The erosion rate of graphite samples was studied
varying experimental parameters in order to deter-
mine the suited conditions to improve carbon etch-
ing, approaching the scrape-off-layer conditions.
Re-deposition was analyzed via scanning electron
microscope which revealed characteristic structures
found on N11 CFC tiles of tokamaks.

It was shown that, in our conditions, the highest
etching rate is obtained at 10 mTorr in a hydrogen
inductive discharge. However, helicon mode in Ar
and Ar/H, gas mixtures needs further investiga-
tions.

The erosion rate do not seem to have any
dependence with the experiment duration.
Nonetheless, this parameter has a strong influence
on the re-deposition observed via SEM. Additional
diagnostics, such as micro-Raman spectroscopy
and TEM, should help examine the re-deposited
structures detected in hydrogen inductive and
argon helicon discharges. High resolution OES,
Langmuir probe and TALIF measurements will be
performed to characterize plasma species, such as
electrons, H, C, C,, CH and C,H,, in order to find
correlations and explain fundamental processes
responsible of plasma/surface interactions. The
aim is to understand these interactions in an
attempt to limit them, as well as dust transport, in
fusion plasma.
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The synthesis of advanced multicomponent nanostructured films by PVD and
pulsed electrospark deposition (PED) requires the development of multicomponent
electrodes. Self-propagating high-temperature synthesis (SHS) is a promising method
for electrodes fabrication, which provides a highly dense, exhibits required mechanical,
thermal, and electrical properties needed for such composite materials. The control of
chemical composition of targets facilitates the deposition of multicomponent films with
required composition.

During the last decade various SHS- composite targets have been developed and
synthesized for hard tribological films (TiBy, TiSix, TiBN, TiCrB, TiSiB, TiAIBN,
TiAISIB, TIiCrSiCN, TiSiBN, TiCrAIC, CrAlIBSi, oth.) and for biological films
(TiCpst+Cal, TiCos+ZrO,, TiCys+CaO+TiO,, TiCys+Cain(PO4)s(OH)2, TisSiz+ZrO,,
(Ti,Ta)C+Caz(PO4),, (Ti,Ta)C+CaO) [1-4]. In order to enhance the toughness and
thermal-resistance (resistance to thermal-cycling during high-power magnetron
sputtering) needed for PVD targets, functionally graded targets have been developed
and manufactured. As an example, Fig. 1 shows three layers functionally graded target

with TiCys -TisPOx-CaO working layer, TiB-Ti intermediate layer, and Ti bottom layer.

Fig. 1. Functionally graded target with TiCys—Ca3(PO4), working layer (1),
TiCo s intermediate layer (2) and Ti bottom layer (3).
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In the case of multicomponent target uniform flow of both metal and non metal
atoms and ions is realized from the target to substrate. SHS- targets can be especially
benefit for the deposition of multifunctional nanostructured films in which both metallic
(Ti, Ta, Al, Mo, Cr, Ca) and nonmetallic (Si, B, C, P, O, N) elements.

Taking into account the demand for composite targets for ion-plasma
technologies for the deposition of functional nanostructured coatings, this work is a
review of recently obtained results on synthesis in the combustion mode of a series of
chemical classes of systems. The experimental results for self-propagating high-
temperature synthesis are presented. The described ceramics becomes often to be
implemented in technology of magnetron sputtering of thin films and coatings
characterized by high mechanical properties, high heat resistance to high-temperature
oxidation, and thermal stability. Some of considered classes of ceramics are advanced as
a biocompatible material for medicine.

The second part of the work is focused on the development of electrodes for
PED. Three groups of electrodes are presented: dispersive-hardening ceramic materials
with effect of simultaneous strengthening of carbide grains and metallic binder by
precipitations; nanoparticles disperse-strengthened composite materials with
nanoparticles based on refractory compounds; MAX- phases based materials;
nanostructured cemented carbides.

Recent studies concerning ceramic materials with the effect of dispersion
hardening by nanoparticles in order to controlling the distribution of alloying elements
within carbide grains are reviewed. Combination of the force SHS-pressing followed by
annealing makes it possible to synthesize composite materials with desirable structure
and properties. Some service properties are increased due to nanosized precipitations to
be formed result in concentration separation of supersaturated solid solutions.
Composite ceramic materials based on Ti-xC, Ti-Me—xC (Me= Zr, Nb, Ta, Mo)
systems were produced by SHS. Contents of third elements are varied from 5 to 25
at.%. Composition and structure of carbide grains and intergranular phase just after
combustion process is not equilibrium: supersaturated solid solutions are formed
because of high temperature gradient and combustion velocity. Precipitations are
appeared result in concentration separation of supersaturated solid solution. Carbide

grains content precipitations sized 20-200 nm based on solid solution (Ti-Me).
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Precipitations are formed as a results of concentration separation of

supersaturated solid solution via two possible schemes [5]:
(Ti, Me)y+yC = (Ti, Me)«C + y(Me-Ti), where Me = Nb, Ta, Zr (less 6%)
or
(Ti, Me)y+yC = (Ti, Me),C + (Me, Ti),C, where Me = Mo, W
Also mixed mechanism was experimentally observed:
(Ti, Zr)x+yC = (Ti, Zr)xC + y(Zr-Ti) + z(Zr, Ti).,C.

The SHS was successfully used to fabricate MAX-phases in the systems
TizAIC,, Ti,AIC, Cr,AlC. A complex study on structure, phase composition, and
chemical and mechanical properties of ceramic materials based on the M. AX,-phases
has been recently presented [6].

PED- coatings deposited on Ti-, Ni-, Fe- alloy substrates with successful
combination of hardness, elastic recovery, adhesion strength, heat resistance, and
reduced friction coefficient were obtained. Coatings thickness (more than 50 um) at
density till 100%, lower roughness (less than 0.1 um) were achieved due to high energy
expended to erosion of nanostructured anode at high frequency and relatively lower
pulse discharge energy. It was shown that MAX- phase based electrodes application
and optimization of PED frequency-energy parameters allows depositing coatings with

amount of hexagonal phase till 50%.
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Spotless arc activated high-rate deposition using novel dual crucible
technology for titanium dioxide coatings

Bert Scheffel, Thomas Modes, Christoph Metzner,
Fraunhofer Institute for Electron Beam and Plasma Technology (FEP)

Introduction

For deposition of thin oxide coatings there are a lot of qualified PVD processes today. If high
productivity or large-area coating is necessary for economic reasons processes with high deposition
rate are reasonable. Using electron beam (EB) evaporation all inorganic materials can be evaporated
with high rates. Microstructure of coatings deposited by EB-evaporation depends on substrate
temperature during layer growth and melting temperature of coating material. Particularly in case of
high melting materials columnar and porous microstructure is obtained. For large area coating several
plasma sources have been developed in order to enhance energy of condensing particles and to get
denser layer microstructure [1].

Spotless arc Activated Deposition (SAD) combines electron beam high-rate evaporation using axial
gun and a spotless arc discharge burning in metal vapor on hot evaporating cathode [2]. The SAD
process is suitable for evaporation of high-melting metals like titanium, zirconium or tantalum
providing high deposition rate up to 2000 nm/s. Moreover plasma-activation enables reactive mode of
operation and deposition of oxides, nitrides or other compounds with a high rate in the range of 20 to
100 nm/s. A Spotless arc is an arc discharge burning in metal vapor which is obtained if the cathode
temperature is high enough to enable high thermionic electron emission current density. Spotless mode
results in relatively low cathodic arc current density and droplets known from arc evaporators with
cold cathode are completely avoided [3]. Nevertheless high DC arc current up to 2000 A is possible.

Recent work has shown that SAD process is well suited for deposition of titanium dioxide coatings
based on evaporation of titanium and reactive processing in oxygen atmosphere [4]. TiO, layers were
deposited at very high deposition rates between 40 and 70 nm/s. Depending on process conditions
amorphous coatings or crystalline phases were obtained. Coatings consisting of anatase phase show
very good properties concerning photoinduced superhydrophilicity and photocatalysis. Transparent
layers with high refractive indexes in the range of 2.30 and 2.58 could be reached.

SAD processing with dual crucible

High current arc discharge burning in metal vapor needs a good contact of vapor cloud to an anode. In
case of titania deposition anode needs to be coated with understoichiometric titanium oxide coatings in
order to maintain electrical conductivity. Therefore anode has to be positioned in the near of
evaporation source. A water-cooled anode is well qualified to meet the requirements regarding high
arc current, vapor condensation and thermal load during EB and plasma process. However, it has been
found that coatings deposited on water-cooled anode will peel off from the anode after some hours of
operation time. Therefore long-term stability of SAD process with water-cooled anode is limited.
Some industrial applications demand long-term stability of high-rate and large-area coating processes
over 100 h.

Limitation of long-term stability of SAD process caused by coatings deposited at anode equipment
could be overcome by introduction of a novel dual crucible technology. The process has been
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engineered for high-rate electron beam evaporation and is well matched to large area coating. For
homogeneous coatings over wide strip width two or several dual crucibles have to be used.

The new process is based on two evaporating electrodes. While evaporating metal within the first
crucible acts as cathode, evaporating metal of the second crucible forms the anode of the arc
discharge. Both electrodes are in a good contact to vapor and reactive gas but plasma process can’t be
disturbed by coating of electrodes anymore. In figure 1 schematic of the process and electrical
circuitry as well as a picture of plasma process with a laboratory type of dual crucible are shown.

electron gun
with beam deflection system

[ = =
= =l
crucible 1 crucible 2
arc supply_
2 —
R1
A
bias supply ZIS . -
i 1 | cathode
Figure 1 Schematic of SAD process with dual crucible and electrical circuitry for biasing (left)

Dual crucible during SAD process with titanium ingots, arc current 250 A DC (right)

Dual crucible consists of two water-cooled crucibles each equipped with an independently motor-
driven rod-feed system from below. Titanium rods of a diameter of 65 mm can be moved with
constant speed into the titanium melt heated by electron beam. A static magnetic field bends the
electron beam from beam generation direction to the titanium surfaces. Electron beam is generated by
an electron gun of axial type and is deflected by an integrated fast magnetic beam deflection system.
Deflection pattern on surface, jumping beam frequency and duty cycle can be defined within wide
ranges and define power density distribution and mean power for each crucible. Both crucibles are
electrically insulating fastened from each other and from ground potential. Resistors R1 and R2 were
dimensioned so that losses of arc and bias current are negligible but crucible potentials are shifted
towards ground potential.

A bias supply delivers a sinus ac current in mid-frequency range (25 kHz) for pulsed plasma biasing
method. The alternating voltage is rectified by a Villard circuit. Resulting pulsed positive voltage is
applied to one of the crucibles with respect to ground potential. In this way plasma potential can be
periodically shifted with respect to substrate potential if substrate is at ground potential. For large area
coating of metal substrates, e.g. metal strip, it is a big advantage if substrate can be kept at ground
potential. Nevertheless positively charged ions will be accelerated to high energy in the plasma sheath
near the substrate surface.

The arc discharge burns between the two evaporating titanium melts. There are several possibilities for
arrangement of crucibles and electron gun and for circuitry of arc supply: with or without magnetic
beam bending, parallel or perpendicular arrangement of crucibles related to magnetic field lines, DC
or AC arc supply, Cathode of DC arc discharge = crucible 1 or crucible 2. Moreover jumping beam
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frequency and arc AC frequency can be synchronized or not. Also phase relation plays a role if same
frequencies are used (e.g. deflected EB always meets cathode or EB always meets anode).

All main options have been approved. Favorable option is an arrangement of crucibles as shown in
figure 1 - at which a line linking the crucibles is perpendicular to field lines of magnetic bending field
(not shown) - and DC arc discharge with crucible 2 acting as cathode. Low energy plasma electrons
have to drift perpendicularly to the magnetic field resulting in increased arc voltage and ionization
rate. In this configuration plasma is not only generated at cathode (as in case of water-cooled anode)
but also at the anode. Moreover plasma jets are formed in the region between anode and cathode
having their roots at the electrodes. Anodic and inter-electrode phenomena of the magnetized plasma
are not well understood up to now. Additional plasma generation at the anode is a very welcome effect
compensating the loss of ionization degree that can be expected if a water cooled anode is replaced by
an evaporating anode. Arc discharge can be sustained in a wide range of evaporation of anode. The
arc discharge extinguishes if heating of anode or cathode is switched off. Degree of flux ionization
calculated by relation of ion saturation current density (assuming singly charged ions) and deposition
rate is in the range of 10 to 30 %.

High-rate deposition of titanium dioxide coatings

An oxygen flow in the range of 3000 to 6000 sccm was necessary to obtain stoichiometric and
transparent titanium dioxide layers. Coating thickness was measured in situ using light reflection
spectroscopy. Dynamic deposition rate of oxide layers was between 500 and 1000 nm m/min
corresponding to a stationary deposition rate between 40 and 80 nm/s. Optical properties concerning
absorption and refractive index of the TiO, coatings were investigated by ellipsometry, analysis of
phase composition phase was done by x-ray diffraction. The layers are practically free of absorption in
the visible range of spectrum. The refractive index is drastically influenced by substrate temperature
and plasma parameters. Layers deposited with plasma activation have a significant higher refractive
index between 2.30 and 2.58, even at low substrate temperature.

Figure 2  Titanium dioxide coatings on steel strip, SEM images of cross fracture,
amorphous (left) and anatase phase (right)

Depending on substrate temperature, oxygen partial pressure and plasma parameters amorphous,
anatase-phase or rutile-phase can be obtained. Amorphous and anatase-phase coatings were deposited
at a substrate temperature below 150°C and above 200°C respectively. SEM images of cross fractures
of such coatings are shown in figure 2. Associated XRD diagrams are given in figure 3. XRD diagram
of anatase layer does not show any traces of rutile phase crystallites.
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In order to check long-term stability of the process titanium dioxide coatings were deposited on
continuously moved 250 mm wide stainless steel strip. Liquid titanium level was kept constant by
adapted speed of rod feed of each crucible. Process and coating parameters could be kept constant
without problems over many hours. The process stability was only limited by the length of the
titanium rods of 230 mm. Total process duration of 30 h was achieved by some process interruptions
and re-load titanium rods.
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Figure 3  Titanium dioxide coatings on steel strip, XRD diagrams,
amorphous (left) and anatase phase (right)
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Abstract

We developed two types of polyatomic cluster ion sources, one of which was a liquid cluster ion
source using organic materials with a high-vapor pressure. Vapors of liquid material such as ethanol
and water were ejected through a nozzle into a vacuum region, and liquid clusters were produced by
an adiabatic expansion phenomenon. Another type was a cluster ion source using ionic liquids with a
relatively low-vapor pressure. Positive and negative cluster ions were produced by a high-electric field
emission. In addition, the interaction of polyatomic cluster ions with solid surfaces such as Si(100),
Si0,, glass, and PMMA surfaces was investigated, and chemical sputtering was predominant for the
Si(100) surfaces irradiated by ethanol cluster ion beams. Also, the irradiation damage of the Si(100)
surfaces by ethanol and water cluster ion beams was smaller than that by Ar monomer ion irradiation
at the same acceleration voltage. With regard to surface modification, PMMA surfaces were
chemically modified by water cluster irradiation. Also, glass surfaces changed to electrically
conductive surfaces by ionic liquid cluster ion irradiation. Furthermore, to demonstrate engineering
applications of high-rate sputtering and low-damage irradiation by ethanol cluster ion beams,
micro-patterning was performed on the Si surfaces.

Key words: Cluster, Polyatomic ion, lonic liquid, Sputtering, Micro-patterning, Surface modification

Experimental

Liquid materials served as a source for the production of polyatomic clusters. They are more
appropriate than gaseous materials, as they tend to have more radicals in their polyatomic molecules
than gaseous materials. Liquid cluster ion sources for a high-vapor pressure of materials were
developed. The details of the source were described elsewhere [1,2]. The liquid materials were heated
up to 150°C, and the vapors were ejected through a nozzle into a vacuum region. The time of flight
(TOF) measurement showed that the cluster size was distributed between a few hundreds and a few
tens of thousands, and the average size (peak size) was approximately 500 to 1000 molecules for
ethanol clusters and approximately 2500 molecules for water clusters, respectively. It should be noted
that both water clusters and ethanol clusters might have the hydrogen bonding ability. It is different
from that of gas clusters, which are loosely-coupled each other by a van der Waals force. Therefore,
these liquid clusters might be stronger in the intermolecular force than gas clusters [3].

The polyatomic ion source for ionic liquids was also developed. lonic liquid used was
1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-PFg). A high-electric field method was
employed for the ion-emission from a sharp tip made of carbon rod [4]. The diameter of the rod was
0.3 mm. As a tip designed, for example, a needle with a radius of 80 um was employed. The TOF
measurement showed that the peak mass number was approximately 5000 for positive and negative
ions. The molecular weight of cation (CgH;3N,) and anion (PFg) is 139.22 and 144.96, respectively. By
assuming that singly charged ions were extracted, ionic liquid cluster ions with a size of approximately
18 molecules were produced. It should be noted that they might have the ionic bonding ability.

Results and discussion

Polyatomic clusters produced by an adiabatic expansion phenomenon were ionized by an electron
bombardment. The electron voltage for ionization (Ve) was 200 V, and the electron current for
ionization (le) was 250 mA. The polyatomic cluster ions such as ethanol and water cluster ions were
accelerated toward a substrate. Various kinds of substrates such as Si(100), SiO,, glass, and PMMA
substrates were irradiated at different acceleration voltages. The irradiation damage by polyatomic
cluster ion beams was investigated using the Rutherford backscattering spectrometry (RBS) method.
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Figure 1 shows the number of displaced atoms for the
Si(100) surfaces irradiated at different acceleration
voltages by ethanol and water cluster ions. The ion
dose was 1.0 x 10 ions/cm?, and the cluster size used
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the RBS channeling. This indicates that the damage ) ) )

layer induced by the ethanol cluster ion irradiation is Fig.2 Values of Delta and Psi for Si(100)

surfaces irradiated at different

very thin, and that the oxide layer is thicker than the acceleration voltages,

damage layer. The oxygen as a constituent atom of
the ethanol molecule might contribute to the oxide
layer formation. At an acceleration voltage of 1 kV, the damage layer thickness by ethanol cluster ion
irradiation is extremely thin, although the oxide layer thickness is approximately 1.5 nm. On the other
hand, for the Ar monomer ion irradiation, the damage layer thickness increases with increasing
acceleration voltage. The oxide layer is thinner than the damage layer, and it is similar to the natural
oxide layer formed on the unirradiated surface.

It is well known that the wet process using organic liquid materials has been applied to the surface
treatment for solid surfaces. However, etching by organic liquid materials, such as ethanol, is not
achieved even at elevated temperatures. Figure 3 shows the dependence of sputtered depth for Si(100)
substrates and SiO, films on acceleration voltage for ethanol and water cluster ions. The ion dose was
1.0 x 10" ions/cm?. As shown in the figure, the sputtered depth increases with increasing acceleration
voltage. For the case of water cluster ions, the sputtered depths of Si and SiO, are almost the same.
This is ascribed to the physical sputtering by the water cluster ion irradiation. With regard to Si(100)
surface, the surface oxidation occurs rapidly after bombardment of the water cluster ions. The OH
radicals and oxygen atoms produced after the bombardment have important roles in the oxidation due
to the implantation and/or diffusion processes. For the bombardment of water cluster ions after the
oxide layer formation, the incident energy is used for physical sputtering of the silicon oxide layers.
Hereby, the sputtered depth of Si surfaces is similar to that of SiO, surfaces.
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In contrast, the sputtered depths of Si(100) and

SiO, by the ethanol cluster ion irradiation are much EdY T
different, as shown in the figure. When the & | Dose=1.0x10"ions/om ®
acceleration voltage is 9 kV, the sputtered depth is O 4t : Et:::g: 2:0 4
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and ethanol produce silicon hydride which is the and water cluster ions.
dominant etching material for Si(100) surfaces.
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kV. The high sputtering yield of PMMA substrates
occurs because of the ejection of sputtered particles as Fig4 Sputtering yield for PMMA
a monomer unit due to the cluster ion irradiation. surfaces irradiated at different

In particular, water cluster ion irradiation exhibits acceleration voltages by ethanol
higher sputtering yields than ethanol cluster ion and water cluster ion beams.
irradiation at different acceleration voltages. For
PMMA substrates irradiated by water cluster ions, it is thought that the chemical erosion of the
substrate surfaces occurs through the exchange of the CHj; radical in COOCH; with an H atom of the
water cluster, or through the exchange of an OCHs; radical with an OH radical [3]. Therefore, the
PMMA surface changes to a polymethacrylic acid surface, which has a melting point lower than room
temperature and is dissolvable in water. The impact of water cluster ions on the changed surface
enhances the ejection of methacrylic acid molecules in the monomer state from the surface. Thus, the
high sputtering yield of PMMA surfaces is achieved by both the chemical erosion of the surface and
the momentum transfer of the incident energy of the water cluster ion irradiation.

To demonstrate an engineering application of high-rate sputtering and low-damage irradiation by
ethanol cluster ion beams, a patterning process was performed on the Si(100) surface with a photo
resist mask. Line, circle, and square mask patterns were commercially available and the line width was
in the range of 0.5 um to 3 um. The diameter of the circle and the edge length of the square were both
60 pum, and the spacing for the circle and square patterns was 10 pm. The thickness of the photo resist
film coated on the Si(100) substrate was approximately 1 um. Figure 5 shows the scanning electron
microscope (SEM) images for the lines, circles, and squares patterned with ethanol cluster ion beams.
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The acceleration voltage was 9 kV, and the ion dose
was 5.0 x 10" ions/cm?. After the ethanol cluster ion (Line pattern) (Circle pattern
irradiation, the photo resist film on the Si(100) surface g e
was removed with acetone. As shown in the above
figure, the pattern edge is sharp, and the sputtered
surface (bright area) is a flat plane. The micropattern
has been clearly prepared by the ethanol cluster ion
beam. Moreover, the measured sputtered depth was
approximately 0.22 um, which increased with
increasing ion dose. A sputtered depth of 0.75 um was
obtained at an ion dose of 2 x 10% ions/cm?, and the
maximum depth available was limited by the resist film
thickness.

Figure 6 shows (a) SEM and (b) atomic force

(Square pattern)

s SN

60 um

microscope (AFM) images of glass substrates deposited 0
by positive ions of ionic liquids. The extraction voltage Fig.5 SEM images for the lines, circles
applied to the tip was 6kV. As shown in the figure, the and squares patterns ‘on Si

SEM images of glass substrates are observed clearly surfaces.
without charge-up of electron beams. This is due to the

deposition of ionic liquids exhibiting electrically conductive (a)
property. Furthermore, the glass surface becomes rough after
deposition. According to AFM measurement, the surface
roughness (Ra) is 0.53 nm. It is larger than the surface roughness
of the unirradiated glass, such as 0.4 nm. Also, the deposited film
was transparent, and the transmittance was larger than 95 %.
Furthermore, the X-ray photoelectron spectroscopy (XPS)
measurement showed that the composition of the deposited films
was the same as ionic liquid (BMIM-PFg). This is due to the
deposition of ionic liquid clusters, which include both cations and
anions.

In summary, polyatomic molecular ions exhibit unique
features, one of which is that it can transfer energy and
mass as well as fragment radicals toward substrate surfaces.
These radicals play an important role in chemical erosion

Fig.6 (a)SEM and (b)AFM

and sputtering, which results in high rate sputtering and images_ for  ionic
low irradiation damage of the substrate surfaces. In addition, liquid films deposited
a cluster state of polyatomic molecules has several unique on glass substrates.

features, for example, the clusters enable a link between the

atomic state and bulk state. The physical and chemical properties of clusters are different to
those of the bulk state. Based on these features of polyatomic cluster ions, we focused on liquid
materials such as ethanol, water, and ionic liquid, and produced polyatomic cluster ions by exploiting
an adiabatic expansion phenomenon or by using a high-electric field emission of ions. The interactions
of liquid cluster ions with solid surfaces were investigated in order to clarify the physics and chemistry
of polyatomic cluster ion beams. Applications of the materials processing methods were demonstrated
with polyatomic cluster ion beams, including high-rate sputtering of surfaces, micro-patterning, and
surface modification.
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We have designed and implemented a hierarchical simulation methodology
capable of addressing the growth rate and microstructural features of thin silicon films
deposited through PECVD (Plasma Enhanced Chemical VVapor Deposition). Our main
objective is to elucidate the microscopic mechanisms as well as the interplay between
atomic level and macroscopic design parameters associated with the development of
nano- or micro-scale crystalline regions in the grown film. The ultimate goal is to use
multi-scale modeling as a design tool for tackling the issue of local crystallization and
its dependence on operating variables. At the heart of our simulation approach is a
very efficient, large-scale kinetic Monte Carlo (kMC) algorithm which allows
generating samples of representative Si films based on a validated chemistry model.
In a second step, the generated film is subjected to an atomistic simulation study
which restores the molecular details lost or ignored in the KMC model. The atomistic
simulations are computationally very demanding; they are, however, an important
ingredient of our work: we use it to back-map the coarse grained model employed in
the KMC simulations to an all-atom model which is further relaxed through detailed
NPT molecular dynamics (MD) or Monte Carlo simulations. This tunes local structure
thus also important morphological details associated with the presence of crystalline
and amorphous regions (and the intervening interfacial domains) in the grown film.

The kMC algorithm is based on a carefully chosen set of reacting or active
radicals (species) in the gas phase impinging the film and a detailed set of surface
reactions. Inputs for species fluxes are taken from a well-tuned plasma fluid model
that includes a detailed gas phase chemistry reaction scheme [1,2]. The growth
mechanism consists of various surface kinetic events including radical-surface and
adsorbed radical-radical interactions, radical-surface diffusion, and surface
dissociation reactions. The very fast surface diffusion is decoupled from the rest of the
kKMC events and is treated deterministically in our work. For a three-dimensional
Si(001)-(2x1):H crystalline lattice, our kKMC algorithm allows us to simulate film
growth over several seconds, resulting in thickness on the order of tens of nanometers.
In the following pages we provide more details about the implementation of our kMC
algorithm along with validation results.

The n-fold kinetic Monte Carlo method

For the temporal evolution of the reactive surface species, we have used the classic n-
fold MC scheme,® over a diamond lattice structure. The substrate surface corresponds
to a Si(001)-(2x1):H surface and contains 16384 (128x128) Si atoms. The simulation
cell has dimensions 22.6nmx23nm and periodic boundary conditions are applied
along the (xy) plane perpendicular to film growth. In order to generate a list of all
possible events at each time step we developed a kMC propagator, which keeps track
of the coordination of all surface Si atoms up to the next-nearest neighbor for each
site. The identification of all possible events on all surface sites is carried out through
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a parallel implementation that does not demand the exchange of any piece of
information between the surface sites.

Decoupled diffusion

In out computational experiments of Si film growth under specific conditions
(dilution ratios in SiH4 varying from 1 to 6%), the surface diffusion reactions are
extremely faster than any other reaction in the system. For example, for a brute force
KMC simulation the vast majority of computational time (x99.996%) is spent on
tracking the very fast surface diffusive motion of the adsorbed radicals. Therefore we
decided to decouple the diffusion reactions from the rest of the kMC events by
approximating it as a a Markovian random walk, i.e. by considering the trajectory of
the absorbed radicals on the xy plane as a sequence of successive random steps.

Flow chart of the kMC algorithm

1. Initialize computations at time t=0

2. Determine the list of all possible events and select one of them

3. Update system topology and propagate time

4. ldentify what type of radicals are adsorbed

5. Choose randomly an absorbed radical and identify its type i

6. Choose randomly a new position from its first-neighboring available
7. Propagate time t=t-+dt"™P

8. Repeat steps 5, 6 and 7 n™ times for each type of adsorbed radicals
9. Gotostep2

10. Propagate system until a specific film thickness is obtained

Surface Diffusion Verification
Parameters dt"™ and n%* are system specific and of significant importance, since
they control the diffusive motion of the adsorbed radicals. To ensure that the proposed
method samples correctly the diffusive motion tracked deterministically, the random
walk time step dt"™"® is adjusted so that the resulting mean square displacement (msd)
is identical to that obtained through a brute force application of the kMC algorithm
(that is with diffusion being treated as the rest of the reaction events). For all types of
diffusive radicals, the self-diffusivity D™ is computed from the computed msd via
the Einstein equation as:
8<r t 2>
DS - l lim L
4t 0Ot

where <r(t)*> is given by the following formula

i(n(tﬂ)—n(f))z

<r(t)2> _ - @

1)

and r(t) is the unwrapped (true) particle position of site i at time t. For a two-
dimensional lattice one, can approximate the self-diffusivity via the following

equation:
11°
> ya ©
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where L is the distance between two neighbouring sites and dt the time needed for a
jump between two neighbouring sites. Combining equations 1 and 3 results in:

do— 5 @),

from which we determine the value of dt"™™. Using this time step in the kMC
algorithm ensures a self-consistent treatment of the diffusive motion in the
simulations.

The time that adsorbed radicals are allowed to diffuse with a predefined diffusivity
between two successive kMC steps is governed by n®*. This quantity is of great
importance because it determines the diffusion time for each radical and hence the
structural properties of the resulting films. The identification of the appropriate value
of n%* is accomplished by requiring the concentration profiles of the most important
structural quantities (dangling bonds and hydrogen content of the corresponding brute
force KMC simulations) to be correctly computed in the course of the hybrid
simulations. As we can see in Figures 1, 2 and 3 the concentration profiles of all
quantities obtained by both methods are in very good agreement. In typical PECVD
simulations, the system size increases rapidly with time so that calculations become
quickly too slow. Our massively parallel kMC code performs extremely well (see in
Figure 4) even when the system size has been increased by more than 30 times.
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Fig. 1. Time evolution of surface coverage of hydride Fig. 2. Time evolution of surface coverage of hydride
species. The open symbols correspond to brute for- species. The open symbols correspond to brute for-
ce KMC simulation while the noisy lines to the pro- ce KMC simulation while the noisy lines to the pro-
posed methodology. Red, blue, and purple colors cor- posed methodology for y=2.

respond to y=0, 1, and 3, respectively.

The method has been validated by carrying out several computational
experiments over a wide range of dilution ratios and by comparing the numerical
results for the growth rate, hydrogen bonding and roughness with data from
experimental measurements such as ellipsometry, Raman Spectroscopy, FTIR
Spectroscopy and Atomic Force Microscopy, where good agreement has been
observed in most cases which should be attributed to the accuracy of the rather
detailed and rich (it involves 5 species and 29 reactions) phenomenological chemical
(kinetic) model adopted. All kKMC simulations have been conducted under industrially
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relevant conditions of thin film Si deposition (Pressure=4 mbar. Power = 500 W,
Total Flow rate =1 sIm, Silane fraction=1 - 6 %).

Currently, the 3-d structures generated with kMC are used as input into large-
scale all-atom MD simulations for times up to several nanoseconds to allow the
system further relax towards the preferred morphological state at the conditions of the
computational experiment. This will allow us to obtain predictions for other
industrially relevant quantities and observables (such as the hydrogen content which
is experimentally accessible by FTIR and Raman spectroscopy), thus opening the way
to fully understanding the conditions and the underlying complex molecular
mechanisms responsible for the growth of micro- or nanocrystalline films.

1 40
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Fig. 3. Evolution of surface coverage of dangling Fig. 4. Evolution of system size with execution
bonds. Open symbols correspond to the brute force time at T=180°C (dilution ratio=3% SiH,).

kMC simulation while the noisy lines to the KMC
methodology.
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Abstract

Nowadays, there is an increased demand to produce highly-performant fabrics combining multiple properties such as
flame retardancy, hydrophilicity/hydrophobicity, antibacterial, UV resistance, etc. In order to produce a wash-
resistant-flame-retardant-water-repellent-dyed multifunctional coating on natural fabrics like cotton and silk, various
protocols involving the Ar plasma-induced graft-polymerization (PIGP) process of suitable monomers were
investigated. The burning behaviour of treated fabrics is discussed using LOl measurements. The water repellent
behaviour is evaluated by means of Schmerber pressures (Ps;.) and dyeing properties by spectrophotometric
measurements. The wash-resistance of the coatings was tested by using an accelerated laundry method. The obtained
results have shown that for each protocol, the flame retardant monomer is compatible with a water repellent or a
dyeing treatment.

1. Introduction

The challenge to confer wash-resistant flame retardant properties to textiles remains'. This is even more
relevant when textiles of natural origin like cotton or silk fabrics are concerned. Indeed, the flame retardant
finishing could only be applied by surface modification technologies. Among all of them, the plasma
induced graft polymerization (PIGP) process we have developed and refined in our laboratory over the last
years has proven to be an efficient tool for that purpose®®. The substrate is immersed into a solution
containing a monomer (acryloyl- or methacryloyl derivative) bearing the requested property. Under Ar
plasma the monomer is simultaneously grafted and polymerized onto the surface of the substrate (scheme
1). The thin homogeneous layer of grafted polymer onto the surface exhibit excellent wash-fastness
properties thanks to the covalent bonding created during this process between the polymeric layer and the
substrate. By using this process, we were already able to confer excellent wash-resistant-flame retardant
behaviour to cotton and silk'® fabrics without altering their bulk properties. The flame retardant monomer
used for this application which has been synthesized in our laboratory is the
diethyl(acryloyloxyethyl)phosphoramidate (DEAEPN) (scheme 1). However it was of interest to know
whether this new property conferred to cellulosic fabrics allows further treatment like a water repellent
treatment or a dyeing process. Therefore the FR-cotton fabrics obtained by this process where submitted
either to a water repellent treatment or a dyeing process. In both cases, the added functionality has been
evaluated by the relevant technique and the flammability of the bi-functional fabric has been further
assessed as well as the durability of the new finishing.

I _ S =3
Monomer " Ar plasma :

. . mpregnated i D

impregnation sut?strgte with Polymerlzatlon OIgrlT:SrlrgarlaE?Ed
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Scheme 1: PIGP process and flame retardant (DEAEPN) and water repellent (AC8) monomers used in this study
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2. Experimental

The textiles (twill woven bleached cotton 210 g/m?) were kindly supplied by EMPA Testmaterialien AG
(Switzerland) or obtained from TESTEX Prifmaterialien (Germany). The synthesis of the monomer
diethyl(acryloyloxyethyl)phosphoramidate (DEAEPN) is depicted elsewhere®®. The photoinitiator Irgacure
819 was obtained from BASF AG Schweiz. EGDA (ethyleneglycoldiacrylate) and 1,1,2,2,
tetrahydroperfluorodecylacrylate (AC8) were purchased from Aldrich and used as received. Solvents,
chemicals and textile auxiliaries were obtained from the usual laboratory suppliers (Fluka, Baker and
Merck) and were purified prior to use, if necessary, by standard methods. Remazol brilliant Blue R was used
(Dyestar Textilfarben GmbH&CO) for reactive dyeing experiments.

PIGP on cotton textiles: The PIGP process which takes place in a Europlasma DC300PC MW-generator (2.46
GHz) is described elsewhere>®. The samples (50 mm x 100 mm) were weighed and then impregnated at RT
with 0.7 ml of an ethanol solution containing up to 30% on the weight of the fabric (w.) of monomer, 10%
on the weight of the monomer (w,,) of cross-linking agent (EGDA) and 5% w,,, of photoinitiator. After
padding and drying in air the fabrics were placed on a glass plate and exposed to a MW argon plasma
treatment (F4 = 125 sccm; P = 100 W; p = 500 mT; t = 20 min). Then after several cycles of washing (Soxhlet
ethanol, water) the samples were dried at room temperature and stored under standard conditions for at
least 24 hours before measurements.

Dyeing experiments: A Polymat 1000 (Ahiba) was employed for dyeing experiments with a rotation rate of
40 rpm. A liquor-to-goods ratio of 25:1 was used with 50 g/L Na,CO; and dyed in different shades for 60
min at 60 °C followed by soaping (liquor-to-goods ratio 40:1, 1 g/L Nekanil 910, 98 °C, 30 min).

Water repellent treatment: Two different procedures were followed involving the low pressure plasma
process: (i) the FR-cotton fabrics are submitted to a CF, plasma treatment (Fcrs = 36 sccm, working pressure
= 0.66 mb, P =300 W). (ii) PIGP process of a perfluorinated acrylate monomer (AC8) (F4, = 125 sccm. P = 100
W; p =500 mT; t =5 min; [AC8] = 50g/L) on FR-cotton fabrics

3. Results and discussion
3.1. Combination of dyeing and flame retardant finishing

In dyeing processes the affinity of the dyestuff to the fibres is plays a important role and is sensitive to any
surface modifications. Therefore it has to be investigated to ensure whether the flame retardant finishing
by PIGP can be integrated into the whole textile finishing process. Reactive®™ dyes are one of the most
applied in the cotton finishing processes, therefore they were employed in this study. Figure 1 presens the
spectrophotometric measurements obtained for FR-cotton with increasing amounts of DEAEPN add-on and
deeply dyed with Remazolbrilliant blue, 3% w,;.
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Figure 1: Spectrophotometric  results and Figure 2: Reflexion curves and photographs of
photographs of 3%w,; RB blue dyed FR treated cotton different RB blue dyed shades on untreated and FR-
with various amount of grafted FR-polymer. treated cotton (DEAEPN: 17.5% w).

At a first glance, a good match of the reflection curves can be seen at low amount of grafted flame
retardant (< 6%). However, while reaching high degree of grafting (30%) a slight decrease of the absorption
is observed in the blue range region. The samples become darker. Nevertheless, this deviation is hardly
visible from human eyes. This indicates that the presence of the flame retardant polymer on the surface of
the cellulosic fabric allows a post dyeing treatment. A good diffusion of the dye into the pores of the cotton
fabric is maintained and sufficient cellulosic-OH groups remain for the reactivity with the dye.

In a second step the colour shade was varied by using increasing amount of RB blue dye (0.05 to 3% w,) on
flame retardant finished cotton (17.5% wy). The results presented in figure 2 indicate that even for high FR-
grafting excellent colour shades are possible with respect to the original colour and correlate with the
amount of dye. The affinity of the dyestuffs is not influenced by the thin polymer film.

LOI measurements performed on the dyed fabrics have indicated that the dyeing process does not alter the
flame retardant properties of the fabric even after several cycles of washing and soaping.

3.2. Flame retardant and water repellent cotton fabrics

(i) CF, plasma treatment of flame retarded cotton fabrics with DEAEPN

Perfluorocarbon plasmas are well known to be effective for waterproofing polymeric substrates!”’

. Virgin
and FR-cotton fabrics were submitted to a CF, plasma (F¢ra = 36 sccm, working pressure = 0.66 mb, P = 300
W) during 5 minutes. Before and after the plasma treatment, the Schmerber pressures (Ps.,.) were

measured. The results obtained are given in Table 1.

Cotton fabric LOl; Psch1 Psch2 LOl,
Untreated 19.0 0 2 19.0
DEAEPN (200g/L) 27.5 0 2 27.5

Table 1: LOI and Schmerber pressures (Ps.,) before (LOIl1/Ps.1) and after (LOl,/Pso) the CF, plasma treatment on
untreated- and FR-cotton fabrics and photographs of droplets of water on FR-cotton before (1) and after (2) CF,
plasma treatment.
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Before the CF, plasma treatment, the FR-cotton fabrics are totally absorbent (Ps.,; = 0 mb). After the CF,
plasma treatment, the Py, values of the FR-sample increases slightly up to 2 mb. Droplets of water remain
but do not roll on the surface of the treated fabrics. However, by heating the fabrics during 1h at 100°C in
an oven, Pg, double from 2 to 4 mb. The droplets of water slightly roll on the surface of the fabrics. This is
due to the increase of the chain mobility with the temperature as already observed". Interestingly, LOI
values are the same before and after the CF, plasma.

CF, plasma treatment of flame retarded (FR) fabrics leads to a decrease of the surface energy of the treated
fabrics compared to the untreated ones. However this can be attributed only to a simple surface
fluorination, since there is no noticeable difference in IR and weight measurements between FR-cotton
samples before and after the CF, plasma exposure. This CF, plasma treatment is not sufficient to impart a
good water repellent character.

(ii) Plasma-induced graft polymerization of AC8 on FR-cotton fabrics

In this approach the (AC8)>” monomer is grafted and polymerized via the PIGP process onto the surface of FR-
cotton. The amount of grafted polymer the Ps, values and the corresponding LOI values are listed in Table 2.

Cotton %Grr LOly Pschi %Grreacs LOl, Pscha
Untreated - 19 0 3.03 19 11
DEAEPN 24 26.5 0 29.36 27 15

K -

Table 2: Grafting percentage (%G), LOI and Schmerber pressures (Ps.,) before (LOl1/Pscni) ;
and after (LOI,/Ps,) the PIGP of AC8 on untreated- and FR-cotton fabrics. Photograph of [ .
the water-repellent-FR-cotton fabric.

The results clearly indicate that both the degree of grafting and the P, values increase after the PIGP of
AC8 on the FR-cotton fabrics. This indicates the presence of a fluorinated polymer on the surface of the
fabrics. The droplets of water roll onto the surface of the double-layer treated fabrics. This observation
confirms the good water repellent character of the cotton textiles. The LOI of the flame retarded fabrics
remain almost the same after water repellent treatment.

From these results, it can be concluded that it is possible to confer good water repellent properties to FR-
cotton fabrics with only 3% of grafted polyAC8 using the PIGP procedure. This occurs without affecting the
flame retardant character of the fabrics.

4. Conclusion

From these results we have shown that the Plasma Induced Graft Polymerization process of a flame
retardant monomer can be easily integrated in a cotton fabric finishing process as it is totally compatible
with reactive dyeing process and water repellent treatment. Moreover, the flame retardant properties are
not affected by these post plasma treatment and exhibits excellent wash-fastness properties after 50 cycles

of laundry'®.,
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Abstract

A facile, mass production amenable, rapid method for making superamphiphobic /
amphiphobic surfaces by random plasma nanotexturing of polymers in plasmas is
presented. Plasma etched and simultaneously randomly roughened (nanotextured)
polymethylmethacrylate (PMMA) Polyether-ether-ketone (PEEK), Cyclic-olefin-
copolymer (COC) and Polydimethylsiloxane (PDMS) substrates show hierarchical
roughness and complex high-aspect-ratio morphology. Here, they are investigated as
superamphiphilic surfaces after plasma etching or superamphiphobic surfaces, after
plasma deposition of a thin fluorocarbon film following plasma etching. We show that
polymer surfaces etched in oxygen (PMMA, PEEK, COC) @r(8BMS) plasma for

few minutes (with texture height< 600nm) exhibit excellent superamphiphobic
behaviour, while surfaces treated for longer time show porous-like filamental
morphology (filaments several microns height), which is coalesced and stabilized
upon wetting, allowing their potential long-term use. Superamphiphobic /
amphiphobic behaviour is observed in all cases

1.Introduction

Wetability (amphiphilicity or amphiphobicity) is a fundamental property of a
surface, being affected by both the chemical composition and the surface morphology
[1,2]. Superamphiphobic surfaces (on which water or other liquid drops roll and have
a large contact angle (typically>1%0with a very small contact angle hysteresis
(typically<1®)) are being extensively studied, due to their potential practical
applcation as self-cleaning, anti-icing, anti-fogging, anti-fouling, low adhesion, and
drag reduction surfaces [3].

Several techniques to produce superamphiphobic surfaces have been exploited
[4,5], including stochastic or biomimetic bottom-up approaches [6,7]. Using these
approaches hydrophobicity can be easily achieved, while amphiphobicity needs a
more careful design. Plasma processing induces roughening of polymers at the
nanoscale, and thus plasma-induced polymer nano-roughness control may lead to new
nano-manufacturing processes and products. If a morphology containing ordered
micron or submicron posts is desired, colloidal lithography may be used in
combination with plasma processing to create ordered micro-scale structures, while
simultaneously nanotexturing these structures during plasma etching. The
combination of colloidal lithography and plasma etching results in a hierarchical
(triple-scale) topography (ordered micro posts with random dual scale texture of a few
hundred nano and a few tens nano) with controllable undercut profiles which enhance
oleophobicity [10].

In this work, we present our technology for manufacturing stochastic or quasi-
ordered, hierarchical superamphiphobic, amphiphobic and superamphiphilic polymer
surfaces using plasma etching.
2.Results and discussion
2.1 Stochastic random topography

All plasma processes were performed in our Micromachining Etching Tool
(MET) by Alcatel, equipped with a helicon source (at 13.56 mHz) providing RF
power up to 2,000 W. Typical values are 1,900 W, 0.75 Pa, 100 sccm, —100 V, 15°C.
Surfaces after plasma etching become amphiphilic. The same reactor was also used

30



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

for conformal deposition of a thin fluorocarbon film after plasma etching usifg C
gas at conditions (900 W,0 V, 5.33 PaFg deposition rate 30 nm mi that
conformally deposits a thin fluorocarbon (FC) film after plasma etching to render the
surface amphiphobic.

We begin with a brief description of what plasma nanotexturing actually is.
When a polymer surface is etched and a few micrometres of material have been
removed, nanotexture (nanoroughness) may develop on its surface, and roughness
may increase linearly with time. Starting from a flat surface, within minutes, one can
get a rough quasi-ordered surface. For longer plasma etching time order is reduced
and the surface becomes filamental (right column figl). X-ray photoelectron
spectroscopy (XPS) analysis reveals relatively large surface concentration of
aluminium present in oxide form, coming from sputtering of the alumina dielectric
dome, and the anodized aluminium clamping ring of our etch tool . This ‘hard’ etch
inhibitor creates micromasking and leads to the development of nanotexture. In
nanoscience terminology the plasma directs the assembly of a rough nanotexture on
the top surface of the polymer. The XPS results suggest that nanotexture is a result of
plasma—wall interactions [8]. Oxygen is used to nanotexture PMMA, COC, PEEK,
and Sk is used to nanotexture PDMS. We note that the nanotexture is dual scale
comprising approximately 600nm heigh, 200nm wide and 50nm wide columnar
structures for 1min plasma treatment.
1min plasma etching 10min plasma etching
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Figure 1. SEM, AFM images of polymer surfaces showing the quasi ordered to random nanotextured
topography created after plasma treatment in various polymers after 1min (left column) and after 10 min
(right column). Notice how the small order present in the 1min etched surfaces is decreased as etching time
increases. [ water droplets on such surfaces after plasma fluorocarbon deposition is also shown. Water
contact angle measurements for all surfaces are betwéeh@55

All surfaces are hydrophobic after 1 min of plasma treatment, while longer
treated surfaces for more than 4 min exhibit amphiphobic properties: water contact
angle is larger than 180while for other liquids contact angles are larger tharf.130
For long plasma treatments the resulting filamanetal nanostructures are not
mechanically stable. To stabilise the surface before hydrophobization we immerse the
surface into water; upon drying the nanofilaments coalescence in shorter more
compact hierarchical microhills, due to capillary forces. The wetted-dried surface is
mechanically stable [9].

h P -‘f"t‘ L

E————— |
f/k -
¥

—— Water
—®— Diiodomethane
—— Soya oil

‘¥ Hexadecane
—4— Decane

WD 6.4mm Etch time (min)

(a) (b)
Figure 2. (a) PMMA 10 min treated surface after wetting and drying, where the coalescence of
filamental structures occurs leaving behind hierarchical microhills, (b) Static contact angle for yarious
liquids versus etching time of PMMA. Data are taken after wetting-drying of fibrous structures tq cause
coalescence, and coating with fluorocarbon plasma-deposited film. Water and diiodomethane roll on
the surface, while oils stick.[9]

2.2 Deter ministic quasi-order ed topography

Uniform, self-assembled, closely packed arrays of PS spheresyh&are
fabricated after spinning the colloidal particles (fig 3a), followed by plasma etching
with a moderate bias voltage and duration (fig3 b, c) resulting in undercut hierarchical
pillars (fig3c) that exhibit superamphiphobic behavior for various test liquids (fig3d).
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Water

Soya oil 8%0

Duodomethane

(d)

Figure 3. (a) 1um PS particles on PMMA substrate (optical microscope magnification x (@§)0),

Hierarchical (triple-scale) roughness micro-pillars produced by the combination of colloidal

lithography of lum particles followed by plasma etching and dual-scale nano-roughness on the top of

the pillars formed during plasma etching (tilt°4Q(c) Undercut, reentrant topography of a PMMA

surface after 3m PS colloidal microparticle lithography followed by a two-step etching procegs in

Oxygen plasma. The first anisotropic etching step (3.5min) produces the column, while the |second

isotropic etching (2.5 min) step enhances the re-entrant shape of the pillar, by etching isotropically both

the PMMA and the bottom PS hemisphere. Notice the top nanotexture on the top half PS hemisphere,

(d) Fluorocarbon coated, Oxygen plasma treated superamphiphobic PMMA surface at pptimal

conditions [10]
These surfaces are truly multiscale with roughness in the micron, hundred-

nanometer, and ten nanometer range. In addition these surfaces have micron scale

order (coming from the colloidal lithography) and nanoscale randomness coming

from plasma nanotexturing, resulting in ordered superamphiphobic surfaces,

exhibiting excellent wetting repellent properties [10].

3.Conclusions

In conclusion, plasma etching and nanotexturing technology is an attractive path to

micro- or nano-structured polymeric surfaces of polymers with varying degrees of

order. ‘Smart’ amphiphobic surfaces may be fabricated either as open surfaces or as

embedded in polymeric microsystems to produce new ‘smart’ devices. Applications

in fluid control (e.g. producing slip-less flow) on surfaces, anti-icing, protein and/or

cell adsorption / antifouling are some of the applications of such surfaces.
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For several years, the High-Power Impulse Magnetron Sputtering (HiPIMS)
technology has attracted much attention as it enables the synthesis of functional
thin films with enhanced or new properties 1. During the high-power plasma
pulse, typically characterized by peak current densities of the order of sev.
A/cm? and a target voltage in the kV range, the sputtered film forming species
are ionized and the film growth process is assisted by a flux of ions whose
trajectory and energy can be controlled by an appropriate biasing of the
substrate. The major drawback of this technology is the decrease of the
deposition rate as compared to the rates achieved during DC magnetron
sputtering discharge, in the same working conditions.

One reason for the reduced deposition rate is the propensity of the HiPIMS
discharge to transit from the argon-driven sputter regime towards the self-
sputtering mode, where metal ions are used to sputter the target. The later
situation is detrimental to the deposition rate as some of the film-forming
species do not reach the substrate and the erosion rate of the target is reduced.
In this contribution, where short (< 50us) high-power pulses are used (see e.g.
Fig 1), we first analyze the influence of the exchange of momentum occurring
between the sputtered atoms (Cu, Ti or W) and the argon background gas, i.e. the
sputtering wind 2, on this transition and consequently on the decrease of
deposition rate.



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

O} e———— a0

< <
2> E >
7 200 FH 140 £
o) )
% -400 + =
-— — 1-80 O

>
w4 600+ ®
)
5 -800 | 1-120 ®
i -

-1000 + 1-160
0 5 10 15 20 25
Time (us)

Fig 1: Typically current - voltage waveform during a short high-power plasma pulse.

Secondly, we show it is possible to increase the deposition rate, above the DCMS
threshold, in the case of a reactive Ar/O; process used for the growth of tungsten
oxide thin films provided that the HiPIMS deposition experiment is performed at
high oxygen content (> 80 %) 3. This situation is represented in Fig 2.
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Fig. 1: Deposition rates obtained from X-Ray Fluorescence measurements for the DC and HiPIMS
reactive discharges as a function of the oxygen content in the gas mixture (from 3).
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Semiconducting metal oxides such as WOs; are widely used as sensitive layer in gas
sensors applications. It has been demonstrated that the sensor performances are strongly
dependent on the microstructure of the layer: grain size, phase constitution, material density,
..."" These features can be controlled by varying the energy and flux of the ions impinging
the growing films in magnetron processes. *®

In this work, we aim evaluating the effect of ion bombardment during WO; thin films
growth by reactive magnetron sputtering on the crystallographic and microstructural
properties of the material. The ion bombardment was modified by using two distinct
strategies: (i) the use of two magnetic configurations (a balanced magnetic field, BM, and a
strongly unbalanced one, UBM) of the magnetron using a pulsed magnetron discharge
(PDMS).” and (ii) the use, for a UBM configuration, of different electrical sources allowing
different degree of ionization of the plasma, namely a conventional DC source, a PDMS
source, a high power impulse source (HiPIMS) and a modulated plasma source (MPP).

The effects of these different parameters on the chemical, crystallographic and
microstructural properties of the deposited films were evaluated by XPS, XRD and
TEM/AFM, respectively.

Our results allow the different ion bombardment regimes to be correlated with the
structural properties of the films (grains size, texture, etc.). In order to understand our
observations, plasma diagnostic through energy-resolved mass spectrometry measurements
were performed.

In all cases, depositions without intentional heating of the substrate lead to XRD
amorphous thin films. All the depositions were therefore performed at 550°C which was
identified as the “ideal” temperature in order to get a sufficient crystallization of the deposited
material.

By comparing the two magnetic field configurations (BM and UBM) using the PDMS
source, the main observations are that in all cases, the films crystallize in the low temperature
stable monoclinic phase of WOs3. Nevertheless, due to the increased ion bombardment enabled
by the UBM configuration, the texturation of the films changes from (002) in the BM case to
(200) for the UBM configuration. Concerning the grain size, it appears that the UBM
conditions lead to significantly smaller grains. These results are correlated with the ion flux
towards the growing films which was measured to be at least 2 times higher in the UBM case
while the deposition rate and the mean energy of the bombarding ions remains similar.

When comparing different sputtering sources for the UBM case, the situation becomes
more complicated. Indeed, for the MPP case, the films features look like those observed when
the BM configuration is used with the PDMS source. For the HiPIMS deposited films, we
observe a modification of the crystalline structure since the films crystallize in the high
temperature orthorhombic phase of WOs. If the latter situation is expected, we expected a
similar situation for MPP which is also a highly ionized physical deposition method (IPVD).

36



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

The analysis of the plasma phase during these depositions reveals that both MPP and HiPIMS
discharges are effectively IPVD methods.
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Figure 1: Evolution of J;/J4 and plane density as a function of the deposition
conditions: PDMS (balanced and unbalanced), HiPIMS and MPP discharges. G is the
grain size.

In order to understand these data, it has been necessary to consider not only the ion
fluxes towards the growing film but also the ratio between the ions and deposition
(neutral+ions) fluxes: (Ji/J4). Indeed, it is accepted that this quantity is a key parameters
controlling the diffusion process on the surface during the thin film growth and therefore, the
growth mechanism and the phase constitution of the material.’® In this work, it has been
roughly estimated by dividing the ion fluxes measured by mass spectrometry by the
deposition rate (expressed as a quantity of matter). Figure 1 shows the evolution of this
parameter as a function of the synthesis method used in this work.

These results show a global view of the energy provided to the growing films during
the different processes. It appears that, even if the ion flux is lower in MPP, due to the high
deposition rate of the process, the Ji/J4 ratio is significantly lower than in HiPIMS. On the
other hand, the PDMS-UBM combination allows a low value of this ratio to be reached.

When looking at the crystallographic properties of the deposited films as a function of
the source used (Fig. 1), a correlation is observed with, at low Ji/J4 value, the synthesis of the
room temperature monoclinic phase with a strong (002) texturation and at high Ji/J4 value, the
synthesis of the high temperature orthorhombic phase. In that case, by playing with the pulse
length in HiPIMS, it is even possible to modify the texturation from the (001) plane to the
(111) plane due to higher energy provided to the films.

Concerning the grain size (G) of the material which is important for the efficiency of
thin films based MOS-based gas sensors, we observe a reduction of the latter as the ratio
increases as revealed by Figure 1. This can be understood by the limited growth of the grains
due to the strong bombardment when the ion flux increases.
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We have therefore established that it is possible to finely control the crystallographic
and microstructural properties of WO3 thin films deposited by reactive magnetron sputtering
by playing either with the magnetic configuration of the magnetron and/or with the electrical
source used to sputter the W target. In order to understand the evolution of these data, it is
necessary to consider the energy provided per depositing atom. This parameter can be roughly
deduced by combining the data provided by energy-resolved mass spectrometry
measurements and the deposition rate data.
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Résumé

Carbon nanotubes (CNTSs) are grown with a three steps process combining pulsed laser deposition and
radio frequency plasma enhanced chemical vapor deposition techniques. The result is a dense thin film
made of vertically aligned and multi-walled CNTs. To characterize the thermal properties of the film by
pulsed photothermal method, it is necessary to deposit on the top a metallic thin layer of 600 nm acting as
a photothermal transducer. The thermal conductivity and volumetric heat capacity of the CNTs film are
identified. They are found to be respectively 180 Wm~*K~! and 5x10* JK='m~3. The thermal resistance
between the CNTs film and the metallic transducer is identified as well : 1x10~7 Km?W 1.

Introduction

One of the great challenge for futur microelectronics components is to manage the heat within circuits.
This point is of special concern, because of the continuous components size decrease. This trend leads to a
continuous current density increase through connexions between components and between external circuit
and components [1, 2]. It becomes then crucial to efficiently evacuate the heat to avoid the damages due to
either electromigration or thermomigration within the electrical connectors. For this reason, new materials
are looking for since some years by microelectronic industries. Among the possible ways, carbon nanotubes
(CNTs) are seen as potential substitutes thanks to their unusual thermal properties along with their electrical
ones [3]. To answer the question ”Can carbon nanotubes be used as heat sink ?” their thermal properties
must be measured. For this goal, we prepared vertically aligned carbon nanotubes films [4] and characterized
their structure by electronic microscopy and their thermal properties by pulsed photothermal method.

Growth of CNTs films

The growth of the CNTs films is a three-step process which takes place in the same reactor without
venting the chamber between steps. First, the catalyst thin film (less than 10 nm) is deposited at room
temperature by pulsed laser deposition (PLD). We first optimized the catalyst film thickness in order to
obtain sufficiently high and dense CNTs films [5].

In the second step, the catalyst film is annealed to the CNTs growth process temperature (550-700°C) in
order to get nanoparticles which will catalyze the CNTs growth. Then, the temperature is kept constant
under a pressure of 1 Pa for 15 min.

Finally, the carbon-containing gas mixture is introduced for the growth of the CNTs by plasma enhanced
chemical vapor deposition (PECVD) technique at a pressure of 150 Pa. The mixture is composed of ethylene
(CoHy) /hydrogen (Hz) in the ratio of 1 :2. A RF plasma is created, its power is kept at 25 W.

The CNTs obtained with this technique are vertically aligned perpendicular to the substrate surface, with
a diameter distribution between 5 and 20 nm and form a porous film of few to several tens of pym in height
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(see Fig. 1) and whose porosity has been evaluated to 70% (Fig. 1(right)). Moreover, catalyst can be found
within the body of the CNTs, especially at the top.

FIGURE 1 — SEM images of CNTs film obtained by PLD-PECVD groth process. Cross-sectional view (left)
and top view (right).

Thermal characterization setup

The thermal characterization is done with the pulsed photothermal method (PPT) : the sample surface

is heated up with an UV KrF laser. This allows to heat only the extreme surface of the sample (several tens
of nanometers) which is really suitable for the thermal characterization of thin films [6]. The only stringent
condition is that of a homogeneous absorption of the laser beam energy.
Thermal properties of thin films are determined from the time relaxation of the surface temperature after
one laser pulse. In order to deduce the surface temperature from the electrical signal of the IR detector,
a calibration process is necessary for each sample. In fact, the emissivity of each surface depends on the
nature of the material, its surface state and its thickness. For the calibration, a resistive heater and a K-type
thermocouple are in contact with the back side of the sample. The sample is heated by this resistance, and
once the thermal steady state is reached, the thermal radiations emitted from its front surface are measured
by the IR detector and can be plotted versus thermocouple temperature values [7].

Deposition of a metallic transducer : a metallic thin layer on the top of CNTs films

The use of the pulsed-photothermal method is possible only if the laser beam energy is homogeneously
absorbed by the sample surface. For porous and complex surface as is the top of the CN'Ts films, this condition
is not met. When the laser beam heats the surface, it interacts with carbon material and air between CNTs.
To force the homogeneous heat transfer from laser beam to CNTs, the deposition of a metallic thin film,
which acts as a transducer, on the CNTs surface is required : this metallic thin layer absorbs the UV beam
energy, becomes a uniform heat source, and transmits the photon energy toward the substrate by phonon
vibrations [6]. The transducer must thus be chosen according to following requirements : non-transparent
medium at 248 nm, good and thermally stable emissivity in IR and chemically and mechanically stable when
irradiated.

Furthermore, CNTs emit non-thermal IR photoluminescence signal under UV excitation [8, 9] which is added
with the thermal one and lead to wrong properties identification. The metallic transducer then prevents the
photoluminescent signal by blocking the direct UV excitation of CNTs.

According to previous conditions, titanium, tungstene or nickel layers can be used. They can be deposited by
magnetron sputtering technique [10]. As seen on the Fig. 2 for the Ti example, the metallic thin layer does

M. Gaillard et al.
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wrap around the upper part of the CNTs; with the proper deposition conditions it is seen as a homogeneous
film by the laser beam and can be used as a transducer.

FIGURE 2 — SEM images of CNTs + 600 nm Ti film : cross-section of the upper part (left) and top view
(right).

Thermal Properties

After a calibration step (thermal properties of metals onto silicon substrate), the thermal properties are
determined for a sample composed of a 600 nm thick film of metal deposited on a CNTs film of 20 um
in height. Typical surface temperature evolution of transducer/CNTs sample is given in Fig. 3, normalised
to the relaxation temperature. The transducer temperature rises up to about 250°C. When using log-log
scale, it appears that the temperature relaxation occurs with two different slopes. The first slope (first tens
of ns) corresponds to the transducer relaxation and the second slope to the CNTs film relaxation. The
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thermophysical properties of the CNTs carpet as well as of the thermal transducer obtained from these
curves are listed in Table 1. The values of the thermal contact resistance, Ry,, and the volumetric heat
capacity, pcp, explain well the slow temperature relaxation.

Conclusion

Vertically aligned multi-walled CNTs are grown thanks to PLD catalyst deposition and then RF PECVD
growth process. The SEM images show that the films obtained are composed of vertically aligned CNTs
of several pm in height. Actually, the films are porous media as the typical porosity is estimated around

M. Gaillard et al.
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Ti CNT
k (Wm™1K™1) 22 4+ 2.2 180 £ 5
pcp (JKtm™3) | (1.4 4 0.14)x 106 | (5 & 0.5)x 104
Ry, (Km2W—1) (14 0.5)x107"7

TABLE 1 — Thermophysical properties of Ti transducer and CNTs carpet : thermal conductivity, «, and vol-
umetric heat capacity, pc, as well as thermal contact resistance, Ry, between these two medias, determined
by the model.

70% at least and can be considered as composite films made of multi-walled CNTs of various diameter with
catalyst particles inside.

These porous media is characterized with the PPT method in order to estimate its thermal properties as
conductivity and volumetric heat capacity. To apply this technique with porous objects, it is necessary to
deposit a thin metallic layer on the top of the CNTs film. Then, it is possible to obtain the thermal contact
resistance between the CNTs film and this metallic layer.

These porous nanomaterials are found to be good thermal conductors, compare to known and used con-
nectors. Moreover, their properties are independant of the location at which the thermal properties are
evaluated (the probed depth within the CNTs film) wich means that the entangled shape of the top of
CNTs film does not influence their thermal properties. This confims that they can be used where thermal
conductivity and heat sink effect are requested.
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Abstract

We present a study of the influence of the substrate nano-structure and composition on the
morphological properties of the carbon nanotubes (CNTSs) by sequentially growing in situ TiNx:Oy
film, dispersed nickel catalyst particles, and CNTs obtained by CVD. The results show that the
stoichiometry and the nanostructures of the substrate intervene in the growing process. Particular
attention is pay to the influence of oxygen on the CNT growths. The results show that O prevents
the coarsening of the catalyst nickel particles, avoiding the surface diffusion mobility of the
precursor atoms involved in the nanotubes growth (Ostwald ripening)*. The dependence of the size
and density of the CNTs on the amount of O present in the substrate are reported and discussed. The
experimental findings show that, besides acting as diffusion barrier between the catalyst particles
and the silicon, the substrate also influences the kinetics of growth of carbon nanotubes.

Key words: Structured TiNx:Oy, Carbon nanotubes, Barrier (buffer) layer

Experimental

The non-stoichiometric TiNyx:Oy filmswere grown on crystalline silicon by Ti ion beam sputtering
at 500°C followed by nickel nano-particles deposition at 750°C.The CNTs are grown immediately
after the catalyst deposition by feeding acetylene gas and maintaining the substrate at 700°C. In situ
X-ray photoelectron spectroscopy (XPS) system allows compositional and structural analysis of the
samples. The phases of the TiN,:Oy were analyzed by X-ray diffraction. The quite aligned CNTSs
were studied by scanning and transmission electron microscopy techniques showing different
population density, morphology and diameter as a function of the O substrate content.

Results and discussion

The XPS technique probe up to ~50 A depth?. As the influence of the buffer layer on CNTs grows
depend on surface phenomena the probed region is giving a valuable information for our purposes.
The XPS spectra of the studied samples showed the bands associated to electrons in Ti2p, N1s and
O1s bonds. From the XPS spectra (not shown) were identified the bands associated to electrons in
Ti2ps;2-N (Ti2py2-N) bonds, located at ~455 eV® (~461,2 eV). The band corresponding to electrons
associated to titanium oxide for Ti2ps-O (Ti2py2-O) is located at ~457 eV* (~463,6 V). The bands
associated to N electrons are located in Ti-N (~397 eV) ° and N-O-Ti (~400 eV) °. Finally, the
band associated to O electrons are located at O1s-N-Ti (~532 eV)° and O1s-Ti (~530 eV)*".

One of the main purposes of the work is studying the possible influence on the CNTs growing of the
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buffer layer composition and structure. Therefore, the relative atomic composition of the TiN,:Oy
buffer layers were obtained from the XPS spectra. Figure 1 shows the concentration of oxygen
present in the thin films as a function of the ratio of gas [H2]/[No+Ar] used during the films
deposition. This concentration shows the reduction effect of hydrogen during the films deposition.
This result was important controlling the oxygen content in the buffer layer.
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Figure 1. Concentration of O as function of the gaseous mixture [H,]/[N,+Ar] used during the films growing.

The X-ray difractograms of the studied samples are shown in Figure 2. The crystalline evolution of
the compound is revealed by the dependence of the microstructure of the buffer layer on the
material composition. The difractograms show the main reflections associated to the (111) and
(200) crystalline orientations of TiN of the studied samples. Also, an ill-defined reflection
associated to the (220) TiN orientation is barley observed®. The reflection from the (300) crystalline
orientation in the Ti,O3 compound is clearly displayed in the difractogram®. These plots show that
the crystalline orientations associated with reflections (111) and (200) of TiN do not strongly
depend on oxygen. Meanwhile, the reflection associated with the (300) crystalline orientations in
Ti,O3 clearly depend on oxygen content, i.e., increasing hydrogen during the deposition process
reduce the presence of oxygen in the film.
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Figure 2. X-ray difractograms of the studied TiN,:O, films. The relative O concentrations as well as the gaseous mixture
used in the deposition of the samples are indicated. For the sake of clarity, in the right panel, the difractograms
corresponding to oxygen concentration is expanded.
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A set of micrographs for the CNTs grew on the different prepared buffer layers were obtained.
Figure 3a. shows a typical “carpet” of carbon nanotubes grown on one of the studied buffer layer,
manifesting homogeneity in all film. We remark that in the scale of this micrograph all the samples
look similar.

Figures 3b, c, d, e and f show a blow up of the CNTs deposited on different buffers layers. By a
systematic counting on these set of micrograph were estimated the density and diameter distribution
of the CNTSs obtained in each studied substrate. Figure 4a shows the number of nanotubes per unit
of area as a function of the concentration of oxygen. This plot shows that increasing O in the buffer
layers leads to a higher density of CNTSs in almost a factor five.

Figure 3. a) SEM top view images of CNTs a) carpet of CNTs; b, c, d, e and f) CNTs grown on different substrates
different stoichiometry containing 9.1, 8.1, 7.5, 7.2, 6.2 oxygen at. %, respectively.
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Figure 4 a) Density of CNTs as a function of oxygen concentration (bottom axis) and gaseous mixture (top axis); b)
diameter mode of the CNTs grown on the studied substrates as a function s N/Ti (black). With comparison purposes, the
experimental data obtained in previous work realized on tantalum nitride substrate™® are also indicated (filled circles).

The dependence of the CNTs density on oxygen could be explained as a consequence of the
inhibition phenomenon known as Ostwald ripening'**. Roughly speaking, this effect consists in the
growing of bigger particles at expenses of smaller ones (ripening) by surface migration of the
catalyst particles. Our results suggest that the presence of Ti,O3; diminishes the catalyst particles
surface mobility preventing Ni particles coalescence, i.e., the original number of catalyst particles
remains constant. An interesting work regarding with the interaction nickel-titanium oxides films
was reported by Dumesic and coworkers™. In an experiment realized at equivalent temperatures to
the one used in our experiments (750 °C), these authors showed that, in the presence of hydrogen,
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the Ni particles reduces the titania film and migrate, coalescing after meeting other catalyst particle.
Therefore, we can assume that reducing the Ti,O3 phase in the buffer layers will favor the catalyst
particles mobility and coalescence, i.e., the number of seeds will diminishes.

Consequently, a smaller CNTs density is expected, as it is experimentally found. Finally, in order to
compare with previous results obtained in samples grown on TaN reported by Bouchet, et al.'® we
have plotted the mode of the diameter CNTSs as a function of the ratio N/Ti and N/Ta (Figure 4b). As
noted, the same trend is obtained in both cases suggesting that the behavior of the metal nitrides of
compounds belonging to the p-block metal of the periodic table behaves similarly.

Conclusions

Different concentrations of oxygen were study in order to identify structural changes in the TiN,:Oy
substrates and its influence on the CNTs growth. The Ti,O3 phase present in the films is controlled
by the presence of hydrogen in the gaseous mixture used during growth. This phase affects the
catalyst particle surface diffusion mobility, preventing nickel coalescence. As the nanotubes
growing depend on the density of nickel seeds, the density of CNTs is also dependent on the
presence of the Ti,O3 phase, i.e., by reducing this phase the CNTs density diminishes. The diameter
mode as a function of the N/Ti ratio shows a similar trend that the one observed in experiment
performed on tantalum nitride buffer layers, suggesting that metal compound from the p-block of
the periodic table behave similarly regarding with the CNTs growing process. Finally, this work
shows the importance of the substrate structure and composition on the CNTs growth, showing that
it is acting not only as diffusion barrier preventing silicide formation but also intervening on the
kinetic of the process.
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Abstract

In this communication we report on the fabrication of two different heterostructured core@shell 1D
materials by low temperature (135 °C) plasma enhanced chemical deposition: Ag@TiO, and Ag-
NPs@ZnO nanorods (NRs). The controlled formation of these heterostructures on processable
substrates such as Si wafers, fused silica and ITO is demonstrated. The NRs are studied by SEM,
HAADF-STEM, TEM, XRD and in situ XPS in order to fully describe their microstructure and inner
structure, eventually proposing a growth mechanism. The first type of nanostructures consists on a
silver wire surrounded by a TiO, shell that grows following the volcano-like mechanism. The Ag-
NPs@ZnO nanostructures are formed by supported ZnO nanorods decorated with Ag nanoparticles
(NPs). The 3D reconstruction by HAADF-STEM electron tomography reveals that the Ag NPs are
distributed along the hollow interior of highly porous ZnO NRs. The aligned Ag-NPs@ZnO-NRs
grow by a combination of different factors including geometrical distribution of precursor, plasma
sheath and differences in the silver/silver oxide densities. Tuning the deposition angle, Ag-NPs@ZnO-
NRs depicting different tilting angles can be homogeneously grown allowing the formation of zig-zag
nanostructures. The as prepared surfaces are superhydrophobic with water contact angles higher than
150°. These surfaces turn into superhydrophilic with water contact angles lower than 10° after
irradiation under UV light. In the case of the AgNPs@ZnO NRs such modification can be also
provoked by irradiation with VIS light. The evolution rate of the wetting angle and its dependence on
the light characteristics are related with the nanostructure and the presence of silver embedded within
the NRs.

Introduction

The growing interest in nanostructured and porous thin films and in supported 1D nanostructures
such as nanowires (NWs), nanofibres (NFs), nanoribbons, nanorods (NRs), etc, has fostered the
development of new procedures of surface and thin film tailored fabrication. Wet chemical and
electrochemical routes [13], vapour phase condensation methods (e.g. vapour—liquid-solid (VLS)
methods) [2], solution-phase methods [3], template-directed synthesis [4] or physical vapour
deposition approaches [5] are currently used for the synthesis of these types of nanostructured
materials.

Plasma deposition and, in general, plasma processing have also been successfully used for the
surface nanostructuring of materials, either by etching [6] or, to a much lesser extent, by plasma-
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enhanced chemical vapour deposition (PECVD) of 1D nanostructures such as carbon nanotubes, oxide
nanofibres (NFs) or nanorods [7, 8]. The main advantage of PECVD techniques in comparison with
thermal CVD or other liquid-phase or chemical methods is that it operates at low temperatures and
does not produce any substantial amount of waste materials.

Probably, the most typical example of plasma synthesis of 1D nanostructures is the formation of
deposited carbon nanotubes (CNTs) [9, 10]. In this case, the formation of nanostructures does not
occur at low temperatures and metal particles acting as seeds are needed to catalyze the nanotube
growth by favoring the preferential arrangement and diffusion of the carbon species arriving at the
surface from the plasma phase. Previously, we have shown that supported core@shell Ag@TiO, NFs
form at low temperatures when titanium oxide is deposited by PECVD on silver metal foil previously
treated with oxygen plasma [11, 12].

The outstanding properties of Ag/ZnO heterostructures have prompted us to fully develop a robust
methodology for their fabrication on processable substrates, as well as to propose a model accounting
for their growth by plasma deposition

Experimental

Silver deposited on fused silica and silicon wafers have been used as substrates. The silver was
deposited by DC sputtering from a metal wire in Ar atmosphere, controlling the equivalent layer
thickness (ELT).

These silver-covered substrates were placed in a plasma deposition chamber. The sample holder
was heated by irradiation with quartz lamps up to a maximum temperature of 405 K. The plasma
reactor used for deposition of ZnO consisted of a stainless steel chamber supplied with a microwave
plasma source (SLAN, from Plasma Consult, GmbH, Germany) in a remote configuration. Details
about this reactor can be found elsewhere [13]. For the deposition of ZnO, the reactor was supplied
with oxygen (5 x 10 mbar) and excited with a microwave power of 400 W. Diethylzinc (ZnEt2), used
as the precursor of zinc, was dosed directly into the deposition chamber from a stainless steel bottle
that was heated at 308 K. Substrates and precursor dispenser were separated by a distance of 5 cm,
much larger than the mean free path of the gas particles at the working pressure during our
experiments. The plasma source fed with oxygen was located above the dispenser tube, while the
pumping system was located at the bottom, thus defining a preferential top-down direction for the gas
species in the chamber. As we will show below, this configuration is critical in the formation of tilted
nanostructures.

Results

Characteristic SEM and STEM images of the Ag-NPs@ZnO nanorods are gathered in Figure
1.There it is show that the layer consists of a continuous set of separated and vertically aligned NRs
supported on the silicon substrate, with typical surface densities of the order of 10° NRs cm? (Fig. 1b).
A statistical analysis of the images renders a mean diameter of 40 nm and a height of 900 nm for the
NRs, i.e., an aspect ratio of 20. Both the diameter and length of the NRs are controlled by the
experimental parameters, particularly the deposition time. The number of NRs is determined by both
the distribution of silver particles on the substrate and the precursor arrival rate to the surface.

The internal microstructure of the nanorods was determined by HAADF-STEM electron
tomography [14].
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A characteristic example of the internal microstructure of these NRs can be seen in figure 1(d) where
it is appreciated a hollow structure with porous walls and an approximately 15 nm wide channel
extending all along its length. It is also apparent that in the interior of this channel there are partially
percolated silver nanoparticles of different sizes and shapes. Owing to this internal microstructure, we
will consider these nanostructures as hollow nanorods rather than as compact nanofibres as was the
case in our previous works on Ag@TiO; structures [11, 12]. GAXRD analysis of these NRs revealed
that they consist of a crystalline wurzite ZnO phase. Further HRTEM characterizations have
demonstrated the preferential orientation of the ZnO along the (002) direction [14].

B AgNPs@ZnO/NRs

i R

Columnar TiO,

Si(100)

Figure 1. (a) SEM image of the silver oxide NPs developed after heating in O, at 135 °C. (b) Cross-section and (c) norma
SEM views at two different amplification scales of the Ag-NPs@ZnO nanorods obtained after deposition of ZnO at 135 °C.
(d) Vertical orthoslice through one of the formed Ag-NPs@ZnO nanorods after 3D reconstruction by HAADF-STEM. Bright
spots along the inner channel of the rod correspond to the silver nanoparticles. (e) Cross-section SEM micrograph of the Ag-
NPs@ZnO NRs grown on plasma made columnar TiO, previously coated with a silver layer.

This methodology is compatible with the fabrication of two-oxide heterostructured systems. Figure
1(e) shows an example of the formation of Ag-NPs@ZnO NRs on TiO, nanocolumns previously
decorated with a silver coating. The method provides the formation of a high density and
homogeneous NR layer similar to those presented in Figure 1(b-c) on the top of the mesoporous TiO,
film. The fabrication of this type of heterostructured multilayers might be of special interest in
applications such as microfluidics and nanosensoring.

Formation of tilted nanocolumnar structures is a common feature of oxide thin films prepared by
physical evaporation at glancing angle (GLAD) [15°]. This method is a line-of-sight procedure where
shadowing is the main factor controlling the formation of the tilted nanocolumns. To control the
orientation of the zinc oxide NRs with respect to the substrate, we have carried out a series of
experiments by modifying the deposition geometry. Figure 2 shows three different cross-section
micrographs corresponding to samples grown onto horizontal or 60° oriented substrates as indicated in
the schemes. At first glance it is apparent that the deposition geometry is crucial for the orientation of
the NRs and that, by its adjustment, it is possible to obtain zigzag or even more complex structures.
Zigzag structures were obtained by performing a first deposition with the substrate at 60° and a second
deposition with the substrate in a symmetrically mirrored orientation.

Previous works have demonstrated that ZnO-NR surfaces become superhydrophilic (i.e. WCA <
10°) under UV irradiation because the surface of this material becomes photon activated and the water
may then smoothly spread over the whole internal surface of the wire structure [16]. A similar
behavior is depicted by the system Ag-NPs@ZnO-NRs where the conversion from a
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2006, 90, 2944.
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superhydrophobic to superhydrophilic state under UV illumination is completed after 8 min of
irradiation. In agreement with ref. [16] and [17] the surface recovered its superhydrophobic character
after keeping the samples in the dark. A similar superhydrophobic— superhydrophilic conversion was
found when this surface was irradiated with visible light. The WCA decreases under the visible
illumination until reaching a superhydrophilic state. Visible light activation of ZnO can be surprising
since this material is a band gap semiconductor which requires UV photons (E = 3.2 eV) for
excitation. However it is already established that the deposition of noble metals on semiconductors
promotes an enhancement in their photocatalytic activity by indirect influence on the interfacial charge
transfer process [18-21].

a) \

Substrate

Figure 2. (a) Schematic showing the geometry of the ZnO deposition; (b) cross-section micrographs of Ag@ZnO NRs
prepared by placing the substrates at the position and angle with respect to the sample holder indicated by the schematic in
(). The zigzag microstructure in (c) is obtained by first placing the substrates first in the position in (a) and then
symmetrically. (d) HAADF-STEM micrograph of the zigzag NRs in (c) showing the distribution of silver nanoparticles along
the microstructure.

Discussion

The scheme in Figure 3 shows a pictorial description of the nanorod formation under our
experimental conditions. According to it (step i), some nuclei of the oxidized silver layer act as
nucleation points of the NRs. Once these NR nuclei precursors have been formed, mobilization of
silver or silver oxide in the interior of the NRs contributes to have a silver core within a NR which
grows preferentially in length (step ii). The preferential linear growth of the NRs must be related with
the presence of some small silver/silver oxide particles at the NR tip where, simultaneously, they react
with the ZnEt, precursor and favor the confinement of the electrical field lines of the plasma sheath.
As a result, sharp NR tips are produced and the hollow structure is preserved below the silver NP at
the tip. After this initial nucleation, silver continues moving through the interior of the growing NRs
until most silver has been removed from the substrate layer to decorate the ZnO phase (steps iii and
iv). At this stage, the growth mechanism is no longer controlled by the silver located at the tip and
different ZnO nanostructures can then be obtained.

i) i) iiii) iv) )

Figure 3. Model of the growth mechanism proposed for the formation of the Ag-NPs@ZnO NR. Grey features correspond to
silver or silver oxide clusters, green to the ZnO and blue arrows to the electric field lines.
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The performance of fiber-reinforced composites is strongly influenced by the functionality of composite interphases.
Sizing, i.e. functional coating (interlayer), is therefore tailored to improve the transfer of stress from the polymer matrix
to the fiber reinforcement by enhancing fiber wettability, adhesion, compatibility, etc. The world market is dominated
by glass reinforcement in unsaturated polyester. However, commercially produced sizing (wet chemical process) is
heterogeneous with respect to the thickness and uniformity, and hydrolytically unstable. Companies search for new
ways of solving the above problems. One of the alternative technologies is plasma polymeRiasioa. polymer

films of hexamethyldisiloxane, vinyltriethoxysilane, and tetravinylsilane, pure and in a mixture with oxygen gas, were
engineered as compatible interlayers for the glass fiber/polyester composite. The interlayers of controlled physico-
chemical properties were tailored using the deposition conditions with regard to the elemental composition, chemical
structure, and Young’'s modulus in order to improve adhesion bonding at the interlayer/glass and polyester/interlayer
interfaces and tune the cross-linking of the plasma polymer. The optimized interlayer enabled a 6.5-fold increase of the
short-beam strength compared to the untreated fibers. The short-beam strength of GF/polyester composite with the
plasma polymer interlayer was 32% higher than that with commercial sizing developed for fiber-reinforced composites
with a polyester matrix. The progress in plasmachemical processing of composite reinforcements enabled us to release a
new conception of composites without interfaces.

Keywords: thin films, plasma polymerization, glass fiber, polymer composites, interface/interphase

matrix, which are of distinct physical and chemical

properties. Theoretical and experimental studies have
shown that composite interphases can markedly
reinforced plastics (FRP) is linked to an effort to ianl_Jence the performance of composites_with respect to
improve the properties of reinforcing fibers and polymer  their strength and toughness [4,5]. The aim of this paper
matrices. The effort results in special materials such as Was to highlight plasma polymerization [6-8] as a

high-modulus or high-strength fibers of stable technolpgy capable qf preparing thln films of control!ed

mechanical properties and polymers of high thermal or Properties [9], which could improve composite

chemical resistance. However, new materials with performance markedly via the controlled interphase.

outstanding properties are very expensive. Another way

1. Introduction
The development of high-performance fiber-

to improve composite performance is advancement in
engineered interfaces [1] or, more properly termed,

2. Wet chemical process
The performance of fiber-reinforced composites is

composite interphases [2]. The composite interphase is a strongly influenced by the functionality of composite

3D region in composite material that can be found
between the fiber surface and the matrix. In simple
terms, the interphase comprises an interlayer (thin film),
which is coated onto reinforcing fiber, and a modified
matrix, which is affected by the presence of the coated
fiber (Fig. 1). The concept of the interphase was
schematically illustrated in Ref. 3.

Bulk Matrix

Modified
Matrix

Fibers

Bulk Fiber

Fig. 1. A schematic illustration of a composite interphase.

The interlayer should improve compatibility and
form a strong but tough link between the fiber and the
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interphases [1]. The world market is dominated by glass
reinforcement in unsaturated polyester, which comprises
almost 90% of the total market. Approximately 1.8 x
10° t of E-glass fiber is manufactured annually for use in
composites and 50% goes into continuous and long-
fiber reinforced thermosets [10]. Sizing, i.e. functional
coating, is therefore tailored to improve the transfer of
stress from the matrix to the fiber reinforcement by
enhancing fiber wettability, adhesion, compatibility, etc.
Commercially produced sizing is heterogeneous with
respect to the thickness and uniformity [11], the
molecules of silane coupling agents have a tendency
towards self-condensation, forming siloxane oligomers
rather than complete bonding with the glass surface
[12,13], and the low density of siloxane bonds with the
surface decreases if water molecules diffuse to the
interface since this type of bond is hydrolytically
unstable [14]. Only 10-20% of the total sizing is bonded
to the fiber surface and this amount is directly related to
the composite interfacial strength [15]. Technological
centers in glass companies search for new ways of
solving the above problems. One of the alternative
technologies is the low-temperature plasma technique.
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(HMDSO), vinyltriethoxysilane (VTES), and tetravinyl-
Sizing layer silane (TVS), pure or in a mixture with oxygen gas,
were engineered as compatible interlayers for the glass
l fiber/polyester composites. Thin and ultrathin films
were deposited on planar glass, silicon substrates, and
glass fiber (GF) bundles to characterize their physical
and chemical properties.

= Sizing layer

C\

Cross section

1.2 . . .
Flbﬁ'l’ bundlc Film thickness: 0.1 um *
= 10r / J
E
X = o 08f / J
t— Sizing layer —4 3 +
. . E— - T o6l / 1
Fig. 2. Scheme of the nonuniform distribution of sizing layers 2 -
that is characteristic of commercial glass fiber products o /§
04F = _
(adapted from [11]).
02 L L L

0.1 1
Effective power [W]

3. Plasmachemical processes 10

Low temperature plasma may be used as a gentle
but powerful tool for surface treatment and coating of
fibers, which retain their mechanical properties. Plasma Fig. 3. Adhesion of pp-TVS film on glass substrate.
surface modification of fibers and its application in FRP
has been widely used since the 1980s, see the reviews in As an example, we can demonstrate physical and
Refs. 16 and 17. Plasma treatment (surface etching chemical properties of plasma-polymerized tetravinyl-

and/or functionalization) and plasma polymerization
(film coating) have remained very popular up to today.
Oxygen plasma is often used for surface treatment of

silane (pp-TVS) films. The pp-TVS films with a
thickness of 0.1 um were deposited on planar glass
substrates. The adhesion of films was evaluated by

carbon [18,19], polyamide [20], polyethylene

terephthalate (PET) [21], poly(p-phenylene-2,6-benzo-
bisoxazole (PBO, Zylon) [22], poly(p-phenylene

terephthalamide) (PPTA, Kevlar) [23], and sisal [24]
fibers, carbon nanotubes [24,25], polyamide [26] and atomic force microscopy (AFM). The critical load

carbon [27,28] nanofibers. The oxygen plasma may increased significantly with enhanced power, used for
increase the surface roughness and introduce functional fiim deposition, as can be seen in Fig. 3. The critical
groups, such as —-OH, C-0, C=0, and O-C=0, into the |pad was almost three times higher for the film
surface layer of material, which results in an deposited at 10 W than that for the film deposited at
improvement of wettability. Argon, air, GOH,O, and 0.1 W.

NH; plasmas may also be used for plasma treatment
[19,21,27,29].

scratch test. The test consists of drawing a tip over a
film under increasing normal loads. The value of the
load at which adhesion failure is detected is known as
the critical load. The failure events were examined by

25 T T T 5

Film thickness: 1 pm

4. Plasma polymerization 20}

Most researches employ the plasma-treatment
technique as described above to increase the wettability
and the roughness of fiber surface, and consequently the
fiber/matrix adhesion, which supports composite
strength enhancement, but at the expense of composite
toughness [17]. An effective solution how to
simultaneously improve the composite strength and
toughness is the coating technique (plasma
polymerization) [5]. Thin polymer films prepared by the
plasma-polymerization technique may be formed as
homogeneous with respect to thickness, uniformity,
composition and structure. Plasma polymerization, as a
film-coating technique, offers a greater range of surface
modifications for e.g. glass [30-32] and carbon Nanoindentation = measurements enabled to
[19,33,34] fibers or silica particles [35]. B characterize selected mechanical properties of 1 pm-

The composite interface/interphase is specific 10 hick films deposited on silicon wafers (Fig. 4). The

each fiber-matrix system [3]. An RF helical coupling yqyng's modulus (full symbol) increased form 9.4 to
pulsed-plasma apparatus [25] can be used for continual o3 5p5  with power enhanced by two orders of

or static surface modification (treatment and coating) of magnitude (0.1 — 10 W). A similar trend was observed
fibers. Plasma polymer films of hexamethyldisiloxane

151

Young's modulus [GPa]
Hardness [GPa]

0.1
Effective power [W]

Fig. 4. Young’'s modulus and hardness of pp-TVS film as a
function of the effective power.
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for hardness and the values increased from 0.9 to

3.9 GPa with enhanced power. The mechanical
parameters  (Young's modulus and hardness) of
pp-TVS films increased with enhanced power due to a
higher cross-linking of plasma polymer network [36].

Monomer molecules are more activated and fragmented

forming a higher density of free radicals, if the plasma

energy (power) increases, and the reactive species result

in a highly cross-linked polymer.

Absorbance [a.u.]

3500 3000 2500 2000 1500 1000 500
-1
Wavenumber [cm ]

Fig. 5. FTIR spectra corresponding to pp-TVS film deposited
at different effective powers.

Typical infrared spectra of pp-TVS films deposited
at different powers are given in Fig. 5. The intensity and
area of absorption bands A, D, and I, corresponding to
species such as OH, C=0, and Si—O-C, respectively,

descended with enhanced power and the trend was in
good agreement with a descent of oxygen concentration

in plasma polymer revealed by Rutherford
Backscattering Spectrometry measurements [37]. The
SiH (band C), SiC (band M), and ¢Hpecies (band B)

in the plasma polymer film were identified as
responsible for post-deposition oxidation (ageing) of the
deposited material [37]. A decrease of bands C, H, L,

and M assigned to species containing silicon atoms was
observed as well and the trend corresponded to an

increase of C/Si ratio with enhanced power. An

occurrence of vinyl groups in plasma polymer was

evident from IR spectra corresponding to pp-TVS films

deposited at lower powek 2.5 W). The concentration

of vinyl groups decreased with enhanced power as a

descent of bands E, J, and especially G, K indicated. The

vinyl groups are responsible for chemical bonding to
polyester resin (matrix) at the matrix/interlayer
interface.

The results of the Owens-Wendt-Kaelble geometric
mean method are given in Fig. 6, where the total surface

60 T T T
OWK method

.
m—  _O—O—ao
./ / T
o——0mO
30 B
—H-Total
—0O- Dispersion
—M—Polar 7

40

20

Surface free energy [mJ m'2]

E/E\E/E‘E
0 1 1 1
0.1 1 10

Effective power [W]

Fig. 6. Surface free energy of pp-TVS film depending on the
effective power.

The plasma polymer films were deposited on
bundles of unsized glass fibers. Free radicals diffuse
into the central part of the bundle and form a thin film
even on surface of central fibers during the
plasmachemical deposition. However, the deposition
rate decreases in radial direction into the fiber bundle
due to the shadowing effect of surrounding fibers and
thus the film thickness of coating on central fibers is
lower with respect to that on surface fibers. Unsized,
industrially sized (wet chemical process), and plasma
polymer coated glass fibers were embedded into
unsaturated polyester resin and cured to form
GF/polyester composite.

70

GF/polyester composite

| industrial sizing N‘E

| N\
o Y A AN
NN NN \

pp-TVS/O,

I” Glass fibers modified by plasma polymer
interlayer thickness 0.1 um
v¢=0.52

Short-Beam Strength [MPa]

untreated pp-HMDSO  pp-VTES

Fig. 7. Short-beam strength of GF/polyester composite for
different surface modifications of glass fibers. The volume
fraction of fibers was 0.52.

Short-beam composites were evaluated in a three-
point bending test according to ASTM D 2344/D
2344M - 00 [38] to compare their performance (Fig. 7).
The interlayers of controlled physicochemical properties
were tailored using the deposition conditions with

free energy and its polar and dispersion components are regard to the elemental composition, chemical structure,

plotted as a function of the effective power. The total
surface free energy (full symbol) increased from 40 mJ
m? up to a saturated value of 49 m¥ meached at a

power of 5 W. The values of the dispersion component
(empty symbol) were responsible for the increase of the

and Young’s modulus in order to improve adhesion
bonding at the interlayer/glass and polyester/interlayer
interfaces and tune the cross-linking of the plasma
polymer. The optimized interlayer, using pp-TV%/O

film, enabled a 6.5-fold increase of the short-beam

surface free energy due to decreased concentration of strength compared to the untreated fibers. The short-

vinyl groups in plasma polymer with enhanced power.
The polar component (half symbol) of value about
4 mJ i was approximately independent of the power.
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beam strength of GF/polyester composite with the
plasma polymer interlayer was 32% higher than that
with industrial sizing developed for fiber-reinforced
composites with a polyester matrix [39].
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The progress in plasmachemical processing of

flexible [5]. Even though we do not know fully in

composite reinforcements enabled us to release a newadvance which coating material is most suitable for a

conception of composites without interfaces [9].

5. Composites without interfaces

A region of the modified matrix (spontaneous
interphase) could be formed around the fiber if
untreated (unsized) fiber is embedded into the polymer
matrix and a composite is formed. A simple schema of
the elastic modulus profile across such an interphase is
shown in Fig. 8(a). The Young's modulus, of the
fiber often differs from that of the matrix by one order
or more, e.gEsr = 73 GPa for glass fiber arfebes =
4 GPa for polyester matrix. Adhesion bonding between
the fiber surface and the modified matrix has to be
strong to ensure stress transfer from the matrix to the
fiber. We can then expect the modulus of the modified
matrix affected by the fiber surface to be higher than
that of the bulk matrix. Regardless of this, the
fiber/matrix interface is very sharp and the modulus
change very high, resulting in high stress concentration
under both mechanical and thermal loading. Formation
of a strong bond at the interface is possible using a
gentle plasma treatment of the fiber surface. Thus the
enhanced surface roughness and wettability together
with new functional groups result in high interfacial
shear strength, while the mechanical properties of the
fiber are retained. However, an increase in the shear
strength is inevitably accompanied by a loss in the
impact fracture toughness, with the result that the
composite material is too brittle to be applicable. It is
very difficult to control interfacial bonding with respect
to bond strength and/or bond density by technology.

Fiber Fiber

Interlayer

Young's Modulus

Modified
Matrix

Modified
Matrix

Modified
Matrix

Position

{a) (k) (e}

Fig. 8. Schematic illustration of the elastic modulus profile
across the interphase: (a) without interlayer, (b) homogeneous
interlayer, (c) gradual interlayer.

The fiber-coating method for toughening
composites seems to be one of the most effective
methods for achieving simultaneous high strength and
high toughness when an appropriate interlayer material
is chosen [1,3]. Thus, an interlayer is inserted between
the fiber and the matrix (Fig. 8(b)), and the film must be
strongly bonded at both interfaces to form a strong but
tough link between the fiber and the matrix. It is evident
that the specific composite system with an interlayer
material of a modulus comparable to that of the fiber or
matrix results in similar disadvantages to the composite
system without an interlayer. Therefore, we can expect
that the interlayer modulus should be lower than that of
the fiber. Some theoretical and experimental studies
have shown that the coated material should be ductile or

specific composite system; the variables that affect the
properties of FRP have been identified as follows:
interlayer modulus, interlayer thickness, matrix

modulus, coating material (composition) and interaction
at the interfaces [5].

In general, utilization of an interlayer with the
modulus about that of the matrix or even lower results
in problems with a strong mismatch at the
fiber/interlayer interface. A simple gradual interlayer
could suit better, see Fig. 8(c). In that case, there is no
mismatch at either interface and the interlayer material
is not so stiff. A more sophisticated modulus profile can
be suggested to ensure a strong but tough composite
using a functionally gradual nanostructured interlayer,
see Fig. 9 (solid line). Preparation of an interlayer with
chemical and physical properties continuously varying
from those of the fiber to those of the matrix without
any interface could be an ambitious aim. Such an
interlayer could eliminate problems with a modified
matrix, whose properties are controlled only with
difficulty.

Bulk

Fiber Matrix

Interlayer

Young’s Modulus

S e T L

Position

Fig. 9. Schematic illustration of the elastic modulus profile
across the interphase with a functionally gradual
nanostructured interlayer prepared layer by layer (dashed line)
or in one deposition (solid line).

Structured films (multilayers) can be prepared
usng the “bottom-up” method. Thus a nanostructured
interlayer can be prepared layer by layer (Fig. 9, dashed
line), where the film thickness of an individual layer
could be only a few tens of nanometers, and the
individual layers must be bonded to each other using
strong chemical bonds. We could construct a
functionally gradual nanostructured interlayer without
interfaces if a coating technology were available that
could prepare film of continuously varying properties in
one deposition. Such a nanotechnology could be
valuable for the formation of the controlled interphase.
Plasma polymerization has technological potential to
fabricate nanostructured thin films of controlled
properties in one deposition.
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Inductively coupled plasma (ICP) discharges using a coil as an electrode, which
normally exhibit two modes of operation, are commonly used for plasma polymerization.'?
At low power, these discharges are characterized by rather low electron density and faint light
emission which are common features of the capacitive mode (E). In this case, the discharge is
maintained by the electrostatic field developed between the coil extremities. Increasing the
power up to a transition value (Py.) results in a shift to the inductive mode (H). In this regime,
the plasma is generated by the induced electrical field produced by the oscillating magnetic
field as RF current is flowing through the coil. This mode requires sufficiently high electron
densities to support the induced currents in the discharge. In H mode, the plasma has about
one order of magnitude higher electron density and much stronger light emission. It was
shown that these plasma features change abruptly for a power value equal to Py.**

The E-H transition was the topic of both theoretical and experimental studies related to
Ar, N, Ar/ Ny, O, Ar/ Oy, H, and Ar/H; plasmas used mainly for materials etching required
e.g. in semiconductor processing, or in biological sterelization.®’ Nevertheless, it has received
little attention in the plasma polymer field. However, we demonstrated recently the
importance of the E-H transition on propanethiol plasma polymers films (Pr-PPF) & which
could be used as a support for DNA immobilization or gold nanoparticles due to the great
affinity between thiol and gold. ®*° It was shown that the chemical composition of the layers
and the chemical stability of the coatings are strongly affected by the mode operation of the
coil.

Due to the different chemical properties observed for layers synthesized in E and H
mode, one could expect major changes on the plasma chemistry and hence in the growth
mechanism involved in each mode. Therefore, in this work, with the aim to gain more
understanding on the effect of the E-H transition on the plasma chemistry, mass spectrometry
measurements in RGA (“Residual Gas Analysis”) mode were performed.
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These data are correlated with the chemical composition of the layers evaluated by in-
situ and ex-situ XPS measurements. The E-H transition as a function of power (Pgf) and
pressure (p) was observed by using optical emission spectroscopy (OES).® The evolution of
the deposition rate (Rp) is also monitored using mechanical profilometry since it provides
information on the growth mechanism of the layer. Moreover, as a theoretical support to our
understanding of the mass spectrometry data, DFT (“Density Functionnal Theory”)
calculations were performed. Based on this approach, different fragmentation pathways in the
plasma have been identified depending on the operation mode of the discharge.

The E-H transition was detected by measuring the mean intensity of the acquired
emission spectra. For Pre = Py, the mean intensity increases markedly and is attributed to the
E-H transition (Figure 1 (a)). The Py value increases as a function of p which is in good
agreement with literature data for molecular gas like H,, O, and N,.!'Actually, for the
discharge to shift from E to H mode, a minimal electron density is required to sustain the
induced electrical field. While increasing p, electrons loss more energy through collisional
processes including dissociation reactions and rotational/vibrational/electronic excitations.
Therefore, a higher power has to be dissipated into the discharge to generate enough ions-
electrons pairs allowing the discharge to shift from E to H mode.

0 20 40 60 80 100 120 140 160 Concerning the evolution of Rp for

T T T T T

f_e“;g /;.‘“;/\E"A/"“ o ‘—“—ig m$0” the three p considered in this work, a
E =2 o” ) a goo” 1- &= mlorr . .

goef | : (a) Jss-BOmTor transition from I_ow to high values appears
2 gg L ! : ] for Pre = Py (Figure 1(b)). That could be
B ool a-ndid. o - a0 explained by the large increase in the
E 1 1 1 1 1 1 1 1

40l - concentration of film forming species

£ %t PR resulting from the higher number of
£ fg o g i (b) fragmentations reaction as the electron
o 0: wsd 4T : density in the H mode is higher.
ol 3__4 S For each p, the evolution of the
a’i i | \ < (© atomic sulfur content (at.%S) also reveals a
£ 20 “‘“kgﬁ " ] strong discontinuity for Prg = Py, namely a
< jol 0 significant lowering (by 40% to 75%)
6 20 46 B0 BB 100 72040 180 when transiting from the E to the H mode

(Figure 1 (c)). This phenomenon could be
Figure 1 : Evolution of the mean intensity (a), the attributed to the extended fragmentation of
deposition rate (b) and the atomic sulfur content (c) as  the precursor in the H mode which would
a function of the Pgg for a p of 20, 40 and 80 mTorr.

leads to the loss of S-based fragments by

pumping as it is often observed in plasma

Applied Power (W)

polymerization.?

Moreover, surprisingly, in the E mode, the at.%S is found to be much higher (~40%)
than in the precursor (25%). This is quite unusual since most of the time, the plasma
polymerization process leads to the loss of functionalities due to fragmentation of the
precursor and subsequent pumping of stable molecules.? We attribute this observation to the
presence, in the plasma polymer network, of unbounded stable molecules presenting a high
S/C ratio (e.g H,S, CS;). This phenomenon is not observed for films prepared in the H mode
probably because, in that case, the energy brought to the film by ions and photons is much
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higher and lead to the desorption of the trapped sulfur based molecules. Furthermore, the
energy of ions and UV photons is high enough to break the organic chemical bonds at the
plasma/growing film interface. That could also result in a higher release of the sulfur-
containing molecules from the growing film which would additionally decrease the at.%S.

Based on these observations and in order to

] B In-sit . . .
-% e -2n0;|:glng study the chemical stability of the coatings, the
c 0.6 S/C ratio of E- and H- mode prepared films were
2 p = 80 mTorr . L
8 o4l measured by XPS after 20h aging in air, and
% ' (@) compared with the initial S/C values measured in-
£ 0.2 situ. The data indicate, whatever the p and for the
@ lower Prr used in the E mode, a large decrease of
60W107W114W150W the S/C ratio likely due to the release of the
sl ——— trapped sulfur-mo.lecules: |n. the air supporting our
ke B 20h-aging previous explanation. Still in E mode but close to
T e . . . .
c 0.6 the transition, the behavior is different with the
S p =40 mTorr . .
£ disappearance of the aging effect and as a
5% o consequence, a high sulfur content in the films
£ 0.2 even after aging. This could be explained by the
@ increase of the cross-linking density with Pgr at a
o 20W 60W 66 W 100 W fixed p as previously reported for allylamine
08 _ plasma polymers®. In H mode, whatever the Pgg,
= ='2”0'§'2‘gmg the Pr-PPF present a lower at.%S which is stable
S 06 under aging suggesting that in this case, all sulfur
e p =20 mTorr .
5 atoms are covalently bonded to the film.
<~ 044 Aiming to identify the trapped sulfur
=
E 55 molecules and to gain more understanding about
' the effect of the E-H transition on the plasma
chemistry, mass spectrometry measurements in

0.0-

20W 40W 46 W RGA mode were performed (Data not shown). In
Figure 2 : The evolution of the S/C ratio E mode, H,S molecules are detected in a large
measured by XPS (i) in-situ and (ii) after . .
aging in the air during 20h as a function of amount in the mass spectra. Being stable, these
Pge for the films synthesized at a p of molecules do not take part to the growth of the
80mTorr (a), 40mTorr (b) and 20 mTorr (). fjim put could be trapped after adsorption

explaining the extra sulfur content. Based on DFT

calculations, the formation of these molecules is explained trough (i) rearrangement reaction
of the precursor induced by electron impact and (ii) an exothermic addition reaction between
the precursor and hydrogen atom.

By comparing the mass spectra from E to H mode, the main modifications consist in (i)
the complete disappearance of the precursor signal in H mode due to the strong fragmentation
and (i) the important production of CS, molecules. In addition to reactions at the growing
film interface involving sulfur species, gas phase reactions, supported by DFT calculations
were also considered to explain the important presence of these molecules. From theoretical
data, it was shown that different reactions pathways leading to the formation of the CS,
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molecules are highly exothermic. At the same time, the concentration of CS; in the gas as a
function of the process parameters was correlated to the at.%S measured in the synthesized
layers. Higher is the CS; proportion in the plasma, lower is the at.%S in the films.

The whole set of our data clearly demonstrate that both plasma and film chemistries are
strongly influenced by the plasma mode when using an ICP coil. All our findings show that
the E-H transition plays a key role defining the growth mechanism of sulfur-based plasma
polymers using ICP discharges.
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Abstract

This study deals with plasma polymer films deposited on silicon substrates using tetravinylsilane monomer. The
deposition technique was plasma-enhanced chemical vapour deposition. Nanoindentation was used as a method
to investigate mechanical properties of samples prepared at different RF powers. The Young’s modulus and
hardness of thin films were estimated from load-displacement curves. The nanoscratch test was employed to
determine the critical normal load needed for film delamination, as a parameter describing adhesion to the
substrate. AFM images of scratches were carried out to correlate the data with nature and shape of scratches.
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1. Introduction

Thin polymer films prepared by plasma-enhanced chemical vapour deposition (PECVD) using organosilicon
precursors are quite popular materials in many technological areas nowadays. Such films has found their use as
corrosion protective layers [1], gas barrier coatings [2], low-k dielectrics [3], and as functional interlayers in
glass fiber reinforced polymer composites [4]. In many of their applications, mechanical properties of the films
are essential. They can be effectively controlled by choosing appropriate fabrication variables, such as power,
monomer flow rate or pressure, during deposition process [4].

Nanoindentation proved itself to be one of the most important methods when characterizing mechanical
properties of materials in form of thin films [5]. One cycle of nanoindentation measurement consists of loading
segment, when indenter is sinking into the sample causing both elastic and plastic deformation, and unloading
segment, when mostly recovery of elastic deformation occurs. In cyclic nanoindentation, the sample is reloaded
immediately to higher depths/loads than in previous loading cycle. The reloading path should not overlap with
the unloading path of the previous loading cycle, resulting in hysteresis loops. The cyclic nanoindentation is a
rapid way to construct depth dependencies of mechanical parameters [6].

The nanoscratch test is extended feature of the nanoindentation device. Scratch is done by moving the

indenter laterally while continuously penetrating into the sample. By recording the lateral force, normal force
and normal displacement signal, one is able to investigate adhesive properties of the thin film.
In this study, we examined mechanical properties of single layer a-SiC:H films deposited from tetravinylsilane
on silicon substrates by PE-CVD at different powers. Cyclic nanoindentation, nanoscratch test and atomic force
microscopy (AFM) were methods used for determining the Young's modulus, E, hardness, H, and critical normal
load for delamination, F,.

2. Experimental

2.1 Sample preparation

Thin a-SiC:H films characterized in this work were prepared in plasma reactor working with capacitively-
coupled plasma designed for deposition onto flat substrates. The monomer used was tetravinylsilane (TVS,
Sigma-Aldrich, 97 %). The plasma polymer was deposited on double-sided polished silicon substrates with
dimensions 10 x 10 x 0.6 mm (ON SEMICONDUCTOR CZECH REPUBLIC s.r.0). Before deposition,
substrates were pre-activated with help of Ar plasma (5 W, 10 sccm, 5 Pa). The deposition of plasma-
polymerized (pp) TVS films was performed at powers in range 10 - 70 W, system pressure was 3 Pa, and
monomer flow rate was 3.8 sccm. The reaction chamber was flushed with argon gas for 1 hour after plasma
polymerisation. Samples were held inside reactor till next day to prevent reactions with air and so to prevent thin
film modification. The plasma reactor was equipped with in situ spectroscopic ellipsometer UVISEL (Jobin-
Yvon), thus we were able to measure the thickness of films. Samples intended for indentation testing were
deposited with a thickness of 1 um to prevent substrate influence. Samples used for scratch testing had a
thickness of about 100 nm.
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2.2 Nanoindentation

Mechanical properties of samples were investigated using nanoindentation head TriboScope TS-70
(Hysitron, Minneapolis, USA) attached to Ntegra Prima scanning probe microscope (NT-MDT, Zelenograd,
Russia). The head consists of the three-plate capacitive transducer capable of moving the indenter in both
vertical and horizontal directions with high accuracy and sensitivity. The force and displacement resolution of
this device are <1 nN and 0.0004 nm, respectively. Three-sided pyramidal Berkovich type indenter with
curvature radius of 150 nm was used. Hardness and Young’s modulus of thin films were evaluated from load-
displacement curves of cyclic nanoindentation measurement using the widely known Oliver Pharr method [5].

2.3 Nanoscratch test

Nanoscratch tests were performed with the same equipment as the nanoindentation tests. We looked for the
critical normal load for delamination as an indication of thin film failure. It is found in the normal force vs lateral
force plot as the point where lateral force response abruptly changes for the first time. Material of thin film is
removed from the substrate. This event could happen several times after initial delamination as the normal force
is increasing during progressive load scratch test.

2.4 Atomic force microscopy (AFM)

For surface analysis of scratches, a scanning probe microscope Ntegra Prima (NT-MDT) was used in
scanning-by-sample configuration. Semi-contact mode of atomic force microscopy measurements was employed
to acquire topography maps of scratched areas. Also, amplitude images (feedback error signal) were recorded
together with topography images to better observe outlines of scratches and smooth surface features. A
cantilever NSG10 with a resonance frequency of 190 - 325 kHz was used for measurements. The curvature
radius of tip apex is approx. 10 nm. We investigated scratch images for thin film failure points and they were
used for comparison with the data obtained by nanoscratch test.

3. Results and Discussion

3.1 Nanoindentation measurements

Five samples were investigated to characterize their mechanical properties. The films were prepared at
powers 10, 20, 25, 50 and 70 W. Deposited films with a thickness of approximately 1 um were homogeneous,
isotropic materials, according to ellipsometric spectroscopy, X-Ray photoelectron spectroscopy and Rutherford
backscattering spectroscopy [7, 8]. The depth profiles of mechanical properties, the Young’s modulus and
hardness (Fig. 1), were constructed for all the samples using cyclic nanoindentation. Each cyclic nanoindentation
consisted of 25 cycles. Measurements were performed four times for each sample, thus we were able to evaluate
average value of the Young’s modulus and hardness, together with the standard deviation.
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Fig. 1: Depth profiles of hardness (a) and Young’s modulus (b) for samples prepared at different power

Hardness values are quite stable for all depths greater than 50 nm. For lower depths measured values of
hardness are not reliable because unlike modulus, hardness is not defined when creating tip area calibration
function. It is computed value dependent on the contact area of the probe, which in case of very low contact
depths doesn’t have perfect pyramidal shape for Berkovich indenter. Thus for hardness, the contact area
calibration is not sufficient for low penetration depths.
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There is an increasing trend in modulus profiles, when the contact depths are significantly greater than 100 nm.
In case of stiffer films (50 W, 70 W) the profiles increase from the very beginning. The reason for this behaviour
is the stiff silicon substrate (£ = 170 GPa, H = 11 GPa), which affects the measurements. The 10% rule says that
modulus values are not significantly influenced by the substrate in depths till 10% of film thickness. However, as

g a0 observed in one of our previous studies [9], this
= Hardness ] rule is not valid for a-SiC:H films prepared at
®[ = Young's modulus 1 17 higher powers, like in this case of 50 or 70 W.

We evaluated the Young’s modulus and
hardness by extrapolating linear part of each
profile to zero contact depth (Fig. 1). As it is
evident from the graphs, both the Young’s
modulus and hardness increased with enhanced
power. The trend is the same for modulus as for
hardness (Fig. 2). Enhancement of power for
plasma deposition causes more intense
fragmentation of monomer  molecules
(tetravinylsilane in this case) and it will
increase the cross-linking of resulting polymer.
The more cross-linked polymer, the stiffer it
will be, what corresponds to higher values of
Young’s modulus and hardness.
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Fig. 2: Effect of power on hardness and
Young’s modulus

3.2 Nanoscratch test

For nanoscratch test, four samples were prepared at powers 10, 25, 50 and 70 W, all with thickness approx.
100 nm. Such a thickness enabled us to utilize a maximum load of 10 mN.
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Fig. 3: (a) plot of critical normal load for delamination vs power of discharge, (b) effect of film thickness on critical normal load.

Every scratch was 10 um long and it took 30 seconds to perform scratch. A peak normal load for each sample
was chosen to initiate delamination approximately in the half of the scratch path. Results of samples prepared at
different powers are graphically presented in Fig. 3a. We evaluated the critical normal load from lateral force vs
normal force plots constructed from acquired data. Each sample was measured five times, so we obtained
averaged values together with standard deviation (Fig. 3a). Like in the case of the Young’s modulus and
hardness, the critical normal load showed increasing trend when increasing the power. The trend of this
dependence is quite linear in the range of powers we used for deposition. The critical normal load is the
parameter characterizing adhesive properties of the film. The nanoscratch data were correlated with AFM images
of scratch path. For this purpose, we used semicontact mode of atomic force microscope to obtain topography
images of scratches, like that showed in Fig. 4, which is a representative scratch made in sample prepared at
70 W. Scratches in other samples had similar appearance. The point of film failure is obvious from AFM image
and it correlates well with an abrupt change of the lateral force. The critical normal load for delamination was
rising with enhanced power.

Besides this experiment, three samples with increasing thickness of 25, 100 and 470 nm were investigated for
the critical normal load. All these samples were prepared at power of 10 W. Figure 3b shows that there is a
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significant increase of the critical load with enlarged
thickness of the film. Such behaviour is expected as
long as the residual stress in the film is not
increased with the film thickness [10]. Increasing
trend was also found out in the study of amorphous
carbon coatings [11].

4. Conclusions

Pp-TVS films with the thicknesses from 25 nm
to 1 um were deposited by PECVD working in
continual regime. The Young’s modulus and
0 60 100 150 200 250 300 350 400  hardness were  determined using  cyclic
E————==————————  panoindentation. For samples prepared at powers in

nm .
range 10— 70 W, we found out an influence of the
Fig. 4: AFM topography image of scratch in 70 W power on measured mechanical properties, resulting
sample in an increase of Young’s modulus and hardness

with enhanced power due to an increased polymer
cross-linking. The same increasing trend was found for the critical normal load, parameter characterizing
adhesion of the film to the substrate, evaluated from nanoscratch tests performed on samples with a thickness of
100 nm and prepared at above mentioned range of powers. The thickness dependence of critical normal load was
examined, showing an increased F, value for a thicker film.
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1. Introduction

The control of vapor condensation processes by suitably prepared surfaces is a prominent
research area with important applications in the industry. For example, it is well known that the
efficiency of condensation heat exchangers can be significantly increased when the vapor
condenses to form droplets on the surface, instead of a closed film which does not wet the
surface [1, 2]. In the present work, hydrophobic thin films are deposited via plasma CVD
processes on metallic surfaces to investigate the condensation of water vapor on these
surfaces. The drop-wise condensation on the coated surfaces is analyzed by optical microscopy
and the effect on the heat transfer is measured by heat flux measurements.

In order to show the potential of the deposition process for industrial applications and to
investigate the effect of drop-wise condensation on heat transfer, copper (Cu) substrates were
coated with a plasma polymer film using an organosilicon monomer (Hexamethyldisiloxane,
HMDSO) as a precursor. In addition, the effect of surface roughness on the drop-wise
condensation is presented because the static contact angle of water on hydrophobic surfaces
depends strongly on surface topography.

2. Methodology, Results and Discussion
a) Plasma polymerization by PECVD

The plasma polymerization process is schematically shown in Fig.1. The PECVD unit consists of
a RF capacitively coupled discharge, fed by a 60 MHz generator [3]. Beside the monomer
HDMSO, Argon was used as inert gas. In the plasma region the monomer precursor is
transformed into reactive species which polymerize as a thin film on the substrate. The film
thickness was varied between 10 and 100 nm by adjusting pulse and deposition time.
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Fig.1. Scheme of the PECVD process for plasma polymerization.

b) Surface structuring by Direct Laser Interference Patterning (DLIP)

Patterning of surfaces and controlling the surface energy can be used to further enhance the
efficiency of condensation heat exchangers, e.g. by defining droplet growth sites on the surface
or by directing the drop movement. Direct Laser Interference Patterning (DLIP) is presented as
an efficient structuring method for heat exchanger surfaces. Surface geometries for enhanced
droplet removal are presented and the effect of the drop-wise condensation process is
demonstrated.

In order to fabricate the structures shown in Fig. 2, a g-switched Nd-YAG-Laser (pulse width: 10
ns, pulse repetition rate: 10 Hz) at 355 nm wavelength was used. The primary beam was split
into two laser beams, which were then recombined to interfere on the substrate surface (Fig. 3).
The pitch P is determined by the angle 6 between the two beams and the laser wavelength A:

p=_t
2sin @

£l
-
-
-
-
-

Fig.2. Structured copper surfaces with different pitches: a) 10 um, b) 5 um, and c) 2 um.
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Fig.3. Scheme of the experimental setup for DLIP.

c) Heat transfer coefficient measurements

The extent of the condensation on structured and non-structured surfaces, as well as the
influence of the hydrophobic coatings, was evaluated by calculating the heat transfer coefficient
a (also h) for all samples. The experiments are based on the measurement of the heat flow
transfer through the sample. The heat flow was determined by monitoring the steam-to-metal
surface temperature difference AT with thermocouples placed on both sides of the metallic
samples [1].

The plots in Fig. 4 show the results of the heat flow transfer measurements, that were obtained
for three different samples (substrate: Cu): (1) surface structured (P=2 pm)/coated with a
hydrophobic film, (2) surface structured/uncoated, (3) surface unstructured/coated with a
hydrophobic film. In addition, the theoretical curve based on the Nusselt theory for laminar films
is included (4) to facilitate the comparison to samples (1) to (3). It is evident, that the laser
structured Cu surface together with a post-deposited PECVD hydrophobic film result in higher
values for a and an improved heat transfer.
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Fig.4. Heat transfer coefficients a versus the subcooling temperature AT measured for Cu samples with
and without plasma polymer coating and laser patterns.
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Moreover, water contact angles measurements show increasing values in the order: uncoated
(~90°) < coated (~105°) < structured and coated (119...130° for P=2...5 pum) Cu substrates. No
drifts in the contact angles were observed for all samples even after boiling tests (Fig. 5), which
proves the high stability and durability of the films to some extreme conditions under those
commercial condensation heat exchangers would run.

Fig.5. Image of the contact angle measurement for a Cu sample coated with a plasma polymer film and
submitted to boiling test.

3. Conclusions

The potential of a PECVD deposition process to create hydrophobic films based on
organosilicon monomers has been successfully proven. The plasma polymer coated surfaces
yielded higher contact angles than uncoated surfaces and are also characterized by a higher
heat transfer coefficient a (h). Furthermore, structuring the Cu surface by Direct Laser
Interference Patterning before the film deposition proved to be an effective method to enhance
the drop-wise condensation and consequently improve the heat transfer. The combination of
both technologies to maodify surfaces and consequently enhance the efficiency of condensation
heat exchangers shows a great potential for industrial applications.
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Introduction

In recent years, newly developed protective coatings for cutting tools have become more and more wear
and abrasion resistant to the extreme environments associated with modern machining processes. On
these new coatings the common pin on disk tribological tests have failed, resulting in practically no wear
or strongly heterogeneous wear. For efficient tribological testing and determination of wear resistance
of the new hard coatings it is therefore crucial to establish a valid set of room temperature and high-
temperature wear test conditions. After a large number of preliminary tests performed on a state-of-the-
art high-temperature pin on disc tester we identified optimized conditions for characterization of these
new types of hard coatings. The investigated coatings comprised AlTiN-based reference, nanostructured
Al-Cr-based nitride, oxynitride and oxide coatings deposited using an industrial rotating cathodes arc PVD
process on cemented carbide. The nitrogen in the coating was progressively substituted by oxygen up to
100 at.% to create oxide structure in order to avoid oxidation of the coatings at high temperatures.
These new oxide coatings are known to withstand extremely high temperatures in dry milling and
turning of high-strength materials while exhibiting high wear resistance. However, characterization of
their wear resistance by the common tribological tests had proven to be very difficult and new testing
procedures had to be established.

Materials and experimental details

Four types of coatings were used in this study:  r4p/e 71— Oxygen content and temperature for which
AITiN-based and AICrN nitride coatings, AICrON the coating was designed.

oxynitride coating and a-(Al,Cr,X),0; oxide coating.

All coatings were deposited using m Technology: goating' . Oxygen content  Designed for
LARC® Lateral- and CERC® Central Rotating Arc enomination temperature
Cathodes (Platit AG, Switzerland) in Ny/O, AN 0at. % up to 600°C
atmosphere (oxynitride and oxide coatings) at 4 Pa

pressure and bias voltage from -30 V to -100 V using ~ AICrN Oat. % 600°C
medium frequency. During the de905|t|on the AICrON 70 at. % 600°C-800°C
substrates from WC-Co (Extramet, Switzerland) in

form of cylinders with 50 mm diameter and 10 mm  a-(Al,Cr,X),0; 99.8 at. % 800°C-1000°C

thickness were heated to 550°C. The stack of layers
was (from the substrate toward the top surface): TiN adhesion layer, AITiN, nACo nanocomposite layer
and top layer. The top (functional) layer, crucial for the wear properties, was AICrN, AICrO,N,, or a-
(Al,Cr,X),0; (see Table 1). The AITiN reference sample contained only the TiN and AITiN layers without
any additional top layer. The thickness of the whole coatings was ~4 um.
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The wear tests were performed by pin on disk method on THT 800 instrument (CSM Instruments,
Switzerland) at temperatures of 24°C, 600°C and 800°C. The normal load was 7 N (10N respectively for
24°C), the counterbody was alumina ball with 6 mm diameter and the linear velocity was 20 cm/s. The
pin on disk tests were performed with 32’000 laps and the total duration of the tests varied between 120
minutes and 240 minutes depending on the radius of the wear track. Scanning electron microscopy
(SEM) images, energy dispersive X-ray spectroscopy (EDX) and focused ion beam (FIB) cuts was done on
Lyra3 scanning electron microscope (Tescan, Czech Republic).

Results

The results of the tribological tests at room temperature, 600°C and 800°C are summarized in Fig. 1. The
AITiN based reference coating performed well only at room temperature but its coefficient of friction
varied strongly at 600°C and 800°C indicating severe wear. Optical images and SEM observation of the
AITiN wear track at 600°C and 800°C revealed areas with catastrophic failure. The AICrN and AICrON
coatings showed better stability of the coefficient of friction and better wear resistance up to 600°C but
they failed during tribological tests at 800°C. The «a-(Al,Cr,X),0; oxide coating, on the other hand,
presented practically no signs of wear even at 800°C. Furthermore, the coefficient of friction of this new
oxide coating decreased to ~0.3 at 800°C (compared to ~0.6 at 600°C) indicating excellent wear
resistance and negligible degradation of this coating at high temperatures (see Fig. 1, 800°C, blue line).
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Figure 1 — Comparison of coefficient of friction of all tested samples at 24°C, 600°C and 800°C. Note excellent
stability and low value of coefficient of friction of the a-(Al,Cr,X),0; oxide coating (blue line).

The evaluation of the wear rate at room temperature via profile of the wear track revealed low wear for
the AITiN coating and almost non-measurable wear for all other coatings. At 600°C the AITiN-based
coating showed moderate wear. The wear rates for AICrN and AICrON were higher at 600°C and even
higher at 800°C compared to room temperature.
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The a-(Al,Cr,X),0; oxide coating, on the other hand, showed minor wear with very little traces of
interaction with the alumina counterpart at 600°C and 800°C — see Fig. 2. As noted above, also the
coefficient of friction at 800°C on this coating was very stable. Surprisingly enough, the wear track

profiles in some areas on the AITiN
= Wear Rate and AICrN coatings at 800°C did not
& Build Up Rate show a typical ‘worn-out’ profile but
160 - rather a large material build-up.
140 Figure 2 shows the relatively ‘low’
wear rate of the AITIN coating at
800°C whereas the build-up rate was
the highest on this coating.
Nevertheless, both wear rate and
build-up rate were significantly higher
than that of the oxide coating.
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Figure 2 — Wear and build up rates of all tested coatings. Apart from  AICrON coatings showed good wear
the a-(Al,Cr,X),0; oxide coating (alpha opt.) also two other variations  resistance at room temperature and
of oxide coating are included. at 600°C, they all failed during
tribological tests at 800°C. AlITiN,
AICrN and AICrON showed signs of
| : : 4 1L severe wear including catastrophic
Geverawean's - (midwean | (RS . ” P failure in several regions. EDX analysis
N e " of the worn surface and also FIB cuts
in the wear track revealed oxidation
of the substrate in the regions of
severe wear. The FIB cuts of the wear
track on AITiN coating tested at 800°C
revealed oxidation of the substrate
also beneath the coating in regions
where the coating was not
completely removed. This indicates
insufficient resistance of the AITIN
coating to oxidation at high
temperatures.

SEM analysis of the wear tracks
revealed that the wear on samples
with low oxygen content was
governed by an abrasive mechanism
with limited micro-scale cohesive
Figure 3 — a) SEM micrograph (secondary electrons) of the wear track  fracture. EDX mapping showed that
on the TIiAIN coating after 800°C pin on disk test, showing the position  oxidation played a negative role for
of the FIB cut. b) EDX in the FIB cut showing strong oxidation of the  AITIN and AICrN coatings while
W(C-Co substrate.

AICrO,N.., coating remained relatively
intact at 600°C. The a-(Al,Cr,X),04
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oxide coating retained high wear resistance up to 800°C. The EDX and SEM images showed that the wear
mechanisms especially at high temperatures are very complex and characterization of wear resistance
cannot be based only on the wear track profile and simple calculation of volume of material removal. To
further elucidate these wear mechanisms, FIB cuts were performed in the wear track of the AITiN and
the a-(Al,Cr,X),0; oxide coating after the 800°C pin on disk tests. Figure 3a shows this FIB cut in the AITiN
wear track and Fig. 3b shows corresponding EDX analysis in this area. The oxidation of the substrate in
the wear track lead to the growth of the material in the wear track thus almost completely filling up the
cavity created by the wear test. This process resulted in erroneously low wear rate and in build-up of the
WC-Co oxides on the periphery of the wear track. The evaluation of wear rate especially at high
temperature tribological tests requires therefore a more complex analysis than simple measurement of
the profile of the wear track. In contrast, the a-(Al,Cr,X),0; oxide coating showed practically neither
wear nor material build-up thus confirming excellent oxidation and wear resistance of this new type of
coating.

Conclusions

This work presents a thorough study of tribological behavior of new types of hard coatings designed for
use at high temperatures. The novel o-(Al,Cr,X),0; oxide coating confirmed its excellent wear resistant
properties and oxidation resistance at temperatures up to 800°C. The AITiN, AICrN and AICrON coatings
showed good wear resistance at room temperature, acceptable wear resistance at 600°C; at 800°C all
these coatings exhibited severe wear. The superior wear resistance of the oxide coating was due to high
oxygen content in this coating which hindered high temperature oxidation and subsequent catastrophic
degradation of the coatings with lower oxygen content.
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Abstract
Using the vacuum-arc source with the HF discharge, nano-structured hard and super-hard coatings
based on Ti-Hf-N(Fe), Ti-Hf-Si-N, Ti-Zr-Si-N, and (Ti, Zr, Hf, Nb, V)N of 1.2um to 2.5um thickness
were manufactured. The coatings were studied using the proton micro-beam p-PIXE, RBS, SIMS,
SEM with EDS, XRD, and tested for adhesion resistance, wear, and nano-hardness. It was found that a
concentration of Ti, Zr, Hf, V, and Nb metals as well as a bias potential applied to a substrate and
residual pressure in a chamber (N or Ar/N) affected the formation regularities of solid solutions and
quasi-amorphous phases based on a-SisN4. Hardness of the resulting coatings reached 48GPa to
52GPa, their elastic modulus was 420GPa to 535GPa. The friction coefficient was 0.12 to 0.2, and
temperature resistance was as high as 1300°C.[1]
Coating structures varied from a columnar to a nanosized one. Grain sizes of the phases of the solid
solutions were from 4nm to 10nm or 12nm. Those of a-SizN4 inter-layer were from 0.8nm to 1.2nm.

Keywords: super-hardness, adhesion, friction, nano-grains, thermal stability

I Introduction

The purpose of the given work is creation of the new multycomponent nanostructure coatings based on
(Ti-Zr-Hf-V-Nb)N using the cathode vacuum-arc deposition, investigation of its structure,
morphology, physical-mechanical and frictional properties. As the cathode we used material, melted
from the powder with (Ti; Zr; Hf; VV; Nb)N composition on the device, being well described in the
work [1,2].

For element and composition analysis we used such methods, as scanning electron microscopy with
microanalysis (EDS), on Jeol 7000 F, Japan; RBS analysis on ion accelerator 4.5 MeV Tandentron,
NIMS, and on another ion accelerator, Van de Graaff, Dresden, with ion energy 2MV, and we built
element profiles through the coating thickness and detected stoichiometry of the coating. We
investigated structure and phase composition using XRD analysis in sliding geometry on the device
XPert PANanalitical (Holland), U = 40kV, | = 40 mA, cathode — copper. Also, on the samples with

coatings we made cross-sections (using ion-beam) in order to analyze its structure, thickness and
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coating morphology. Nanohardness and elasticity modulus were detected using nanoindentor
Nanoindentor Il GSM, frictional characteristics were explored using equipment Revetest, Belgorod
State University, Russia. On separate samples with coatings we obtained profiles of defects through
the coating thickness using slow beam of positrons at the Halle University, Germany. Deposition of
the sample was held in the chamber with a residual pressure of P = 8x10™ to 5x10 Pa, potential
applied to the steel substrate U = 40 - 200 V, with concentration of coating elements changes, for
example, for N from 8.4 to 16 at.%, for Ti from 14.8 to 27 at.%, for V from 1.4 to 5.6 at.%, for Zr
from 13 to 28 at.%, for Nb from 13 to 29.7 at.%, and for Hf from 13 to 37 at.%.
As the example, on the fig. 1 we presented map of the (Ti-Zr-Hf-V-Nb)N coating surface in the
element contrast. Sample spectrum was shown on the insertion. Analysis of defects through the coating
thickness was shown on the fig. 2a. It is obvious, that positron beam energy is enough for penetration
through the coating thickness. Annealing with the step 150°C up to the temperature of 600°C, spinodal
segregation ending on the boundaries of the grains showed, that some part of positrons actually
annihilates on the vacancy defects, laying on the grains boundaries. Further XRD analysis showed, that
in the system, made of Hf-Ti-Si-N, an amorphous a-SizN4 phase was formed with the high weighting
ratio in comparison with the coating, which was obtained using the deposition method (under room
temperature). From theoretical works [3] it is well-known, that maximum hardness and plasticity of

nanocomposite coatings is reached when interphase boundary between nanograins is 1 ML or less, and

volume fraction of the interphase boundary is 30-50%.
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Fig. 1. Element composition of the coating made of (Ti-Zr-Hf-V-Nb)N in contrast of elements (colored
images MAP); a), b), ¢), d), e), f), g) — energy-dispersive spectrum, obtained on the coating; h) —
concentration of elements in the coating, measured in atomic percent.; i) — EDS spectrum of the
coating.
From the results presented on Fig. 2 a, b it is clearly seen that the defect profiles (S-parameter) vary
significantly for different deposition conditions (for example see samples 504 and 508). At the same
time, annealing in vacuum chamber with a sufficiently high residual atmosphere pressure leads to even
greater changes (S-parameter) at a depth of coating.
In case of sample 504, the value of S-parameter decreases from (0,58 + 0,56) to (0,52 + 0,51) after
annealing and only approaching to the energy (12,5 + 15) keV of positron analyzing the magnitude of
S-parameter increases to 0.53. In case of sample 508 (Fig. 2b) S-parameter before annealing does not
show any defects in depth and it’s value is minimal, i.e. 0.49. But after annealing up to 600°C, it’s
value increases significantly to 0.53 in the surface layer of coating, and then increases with depth from
the positron energy (10 — 17) keV, while the value of S-parameter increases further and becomes

maximum, approaching 0.59 (the maximum possible value).
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Fig. 2a, b Dependence of S-parameter of Doppler broadening of the annihilation peak measured at a
depth of coating (Ti,Zr,Hf,Nb,V)N (samples 504 (a) and 508 (b)) before and after annealing up to
600°C (50 mbar).

According to Fig.3, in direct-flow mode without separation the non-textured polycrystalline coatings
are formed. Rather high intensity of the peaks at XRD-patterns of (Ti,Hf)N solid solutions is attributed
to relatively large concentration of hafnium, which has larger reflectance value than titanium.

In case of beam separation the coatings have different texturation. At low substrate potential (100 V)
coatings have [110] texture, and coatings consist of textured and non-textured crystallites. The volume
content of textured crystallites is about 40% of total amount of the crystallites, and their lattice
parameter enlarged in comparison to non-textured crystallites. We suppose that the increased lattice
parameter may be caused by the inhomogeneous distribution (mainly in the lattice sites of the textured

crystallites) of the hafnium atoms in coating.[4,5,6]
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Fig. 3 XRD spectra of the coatings deposited on a steel substrate at modes (1-(23) — 100V, separated,
2-(28)-200V, non separated, 3 (35)-100V, non separated, 4 (37)-200V, separated).

Conclusion

Thus, in the work we studied the processes of impurities segregation on the boundaries of nanograins
after finishing of the process of spinodal segregation. We used the unique methods of analysis: SEM
with EDS, XRD, Nanoindentor, Test “Revest”, Positron Microbeam (Positron Annihilation),
Microbeam (PIXE, RBS) Finally, we obtained solid multycomponent nanostructure coatings (Ti-Zr-
Hf-V-Nb)N with high physical and mechanical properties.
The work was performed within the framework of F41.20-2011 GFFR project of Ukraine and T11K-
058 BR FFRC project of Belarus
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Composition of plasmapolymeric coatings using O2/HMDSO gas
mixtures and application on elastomers for tribological improvement

Dr. Dominik Paulkowski, Dr.-Ing. Klaus Vissing, Dr. Ralph Wilken
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The composition of plasmapolymeric coatings (SiOx) using O2/HMDSO gas mixtures in
a plasma enhanced chemical vapour deposition (PECVD) process can be widely
tailored varying the mixing ratio of the process gases as well as the applied power in the
deposition process. This article demonstrates the changing properties of those coatings
and its capability for reduction of friction regarding elastomers for the application on
seals®. A reduced friction of sealing rings in an automobile realizes the reduction of CO2
emission due to energy saving.

On the one hand the deposition process was varied regarding the mixing ratio of the
process gases oxygen (02) and Hexamethyldisiloxan (HMDSO) from 1:5 to 18:1 as well
as the applied power from 500 W to 1500 W. On the other hand the friction of three
different types of elastomers plasmapolymeric coated as well as uncoated was
investigated. These three substrate types were acrylic rubber (ACM), fluoric rubber
(FKM/FPM), and nitrile rubber (NBR).

The studied coated and uncoated elastomers were tested as flat plates. The friction of
elastomers was investigated using an Universal Material Tester (UMT3) system? with
oscillating Pin-on-plate contact geometries (Figure 1). The tribological tests were done
in ambient conditions with a velocity of 200 mm/s and a stroke length of 11 mm. The
counterparts in the tribological tests were on the one hand a 440C steel ball with a
diameter of 9.5 mm and on the other hand an end plane of a steel rolling bearing with
diameter of 6 mm. In the case of the steel ball a normal force of 4.7 N was used. Using
the rolling bearing a normal force of 10.6 N was applied. The used normal forces
represent an initial Hertzian pressure of 1.5 MPa and 0.5 MPa, respectively.

Block L Block
L
Steel ball, Rolling bearing,
?9.5mm /’ @6mm
/
Elastomer Elastomer
plate

Steel
a) ==

Figure 1: a) steel ball and b) steel pin in contact with coated or uncoated elastomer plate.

! patent “Dichtungsartikel”: DE 10 2008 002 515 A1.
? Universal Material Tester (UMT3), Bruker formally Center for Tribology Inc., 1717 Dell Ave., Campbell,
CA 95008
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Determine the nanohardness and the Young’'s modulus of the coatings nanoindentation
experiments were done. The force-indentation depth curves were evaluated using the
model of Oliver and Pharr®. Investigating in the chemical composition mircoelementary
analysis (pAnalyse?) techniques as well as IR spectroscopy (Bruker Equinox 55
spectrometer, detection angle 75 ° at IRRAS configuration, at least 32 scans, 4cm™
resolution) was used determining the bond configuration. The surface energy was
calculated according to Wu®.

The nanohardness of the coatings was tailored to slightly higher values to increase the
wear resistance of the elastomeric substrates. As a result, it was found that the Young’s
modulus and the nanohardness of the plasmapolymeric coatings were increasing at
increasing amount of O, content (Figure 2a). These mechanical properties saturated at
higher O, contents due to a transition to a SiO, network.

The surface energy of the samples could be tailored varying the mixing ratio of the
process gases in the deposition process (Figure 2b). The surface energy was
increasing at increasing O, content as well as a decreasing amount of methyl groups
(compare Figure 3).
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Figure 2: a) Young’s modulus and nanohardness of the plasmapolymeric coatings varying the mixing
ratio of the process gases. b) Surface energy of elastomeric substrates and plasmapolymeric coatings.
The surface energy of the plasmapolymeric coating could be tailored varying the mixing ratio of the
process gases.

Regarding the six methyl groups in the precursor HMDSO it was obvious to investigate
in associated bonds. On the one hand the mass-% content of C as well as H was
determined using pAnalyse. On the other hand the bond configuration was investigated
using IR spectroscopy. It was found that the mass-% content of C as well as H was
decreasing with increasing amount of O, content due to the decreasing amount of
HMDSO content (Figure 3).

®W. C. Oliver, G. M. Pharr, An improved technique for determining hardness and elastic modulus using
load and displacement sensing indentation experiments, J. Material Res. (1992) Vol. 7, No. 6, 1564-1583
4 Mikroanalytisches Labor Pascher, An der Pulvermuhle 1, 53424 Remagen

® S. Wu, Calculation of interfacial tension in polymer systems, Journal of Polymer Science Part C:
Polymer Symposia (1971), Vol. 34, Issue 1, 19-30
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Figure 3: C as well as H content of the plasmapolymeric coatings. The contents can be tailored varying
the mixing ratio of the process gases.

The determined IR spectra of each plasmapolymeric coating version are shown in
Figure 4a. A pure HMDSO spectrum was determined using an ATR-crystal
configuration additionally. In Figure 4b depicted peak positions are listed to demonstrate
peak shifts. As a very brief conclusion regarding these spectras and all determined
coating properties of the plasmapolymers above it is obvious that there was a smooth
transition in the composition from polymer-like structure to SiO, network and
furthermore a densification in the SiO, network.

The transition from polymer-like structure to SiO, network was observed regarding
bonds of CHy, Si-CHy, and Si-O-Si. Due to missing Si-H bonds and the measured C as
well as H content regarding the mixing ratio of the process gases it is obvious that the C
and H was mainly bond as CHy. Therewith the CHy content was decreasing increasing
the amount of O, content.
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Figure 4. a) Depicted FTIR spectra of the plasmapolymeric coatings as well as pure HMDSO. b)
Shifting of peak position varying the mixing ratio of the plasmapolymeric coatings.

The investigations in the tribological improvement of the elastomers due to the applied
plasmapolymeric coatings showed a reduction of friction (Figure 5). It was found that the
coefficient of friction p could be reduced by 86 % of the uncoated elastomers from 1.24
to 0.17 using plasmapolymeric coatings at dry friction (Figure 5a). In the past an
improvement of dry friction by 84 % of the uncoated elastomers from 1.24 to 0.20 using
plasmapolymeric coatings applied by classical bar electrodes was shown®. Up to four
times higher deposition rates of the large scaled electrode in the actual article

® Dominik Paulkowski, Klaus Vissing, Tribological improvement of elastomers using plasmapolymeric
coatings, 15/1-15/14, Proceedings of Tribologie Fachtagung 2011, GfT, Géttingen
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demonstrates the increased cost effectiveness of the deposition process. The significant
tribological improvement and the decreased deposition time are fulfilled basic demands
from the applied plasmapolymeric coatings.

Regarding sealing rings in automobiles or other elastomer devices a reduction in friction
of lubricated contacts is required. It was found that the coefficient of friction p could be
reduced by 43 % from 0.14 to 0.08 at oil lubricated contact (Figure 5b) and up to 71 %
from 0.80 to 0.23 at grease lubricated contact (Figure 5c-d). The nanohardness as well
as the Young’'s modulus, the surface energy and the chemical composition of the
plasmapolymeric coatings exhibit a clear dependency. That means the wear resistance
could be tailored in relation to the damping behavior of the elastomers.
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Figure 5: Coefficient of friction of uncoated as well as plasmapolymeric coated
elastomeric substrates. The contact geometry in each case is drafted in the
diagrams. a) Dry, c-d) lubricated friction. In a) and b) the reduction of friction was
listed directly, in d) the improvement of ¢) due to the plasmapolymeric coating is
listed.

It has to be noticed that the friction results revealed differences between the three
coated elastomeric substrates ACM, FKM as well as NBR (Figure 5). The three
elastomeric samples were chosen due to identical 75-Shore-A hardness. The main
difference was the relatively higher friction of the plasmapolymeric coatings on FKM in
relation to ACM or NBR. Several reasons had been discussed by the authors in the
past’.
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Abstract. In this paper specific advantages and disadvantages of different pulse magnetron sputtering processes

(unipolar and bipolar pulse sputtering at high and very high power density including HIPIMS) as well as current
and potential fields of application will be discussed.
On the examples of Ti and 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 (HIPIMS)
and the influence on film properties will be described. The discharge current density was varied between 0.2 and
3.5 Alem®. Aspects of energy feed-in, magnetron design and methods of reactive process control in the transition
mode will be considered. Ideas for upscaling of the HIPIMS process will be discussed. Furthermore the influence
of increasing ionisation on the occurrence of crystalline phases and on mechanical, optical and photocatalytic
properties of the layers will be presented.

Keywords: HIPIMS, HPPMS, high power density pulse magnetron sputtering, TiO,, reactive sputtering

1. Introduction

Since the idea of high power pulsed magnetron sputtering (HPPMS or HIPIMS) was born more than 10 years ago
[1], there has been ever increasing interest within the scientific community to use this new technology, to carry out
extensive R&D, and to clarify the mechanisms involved [2]. In some areas, the technology has attained special
technical significance, for example for the coating of deep trenches in microelectronics by "Highly lonized Metal
Sputtering” [3]. First investigations regarding industrial use for hard coatings have been presented. In contrast, no
applications for large surfaces have been developed, so far. In industry a certain reticence to use the technology,
and to transfer the acquired knowledge to real processes, has prevailed.

HIPIMS, like conventional PMS, implies feeding energy pulses into a magnetron discharge — albeit with much
higher power densities and hence drastically reduced values for the pulse-pause ratio and pulse frequency.
Typically conventional PMS has power / current densities on the target during the pulse-on-time in the range 5 ...
50 W/ecm?® / < 0.5A/cm? for pulse-pause ratios of 1:1 and pulse frequencies between 20 kHz and 200 kHz. The
relevant values for HIPIMS are 0.5 ... 5 kW/cm? / > 0.5A/cm? at pulse-pause ratios of 1:10 ...1:1000, in a frequency
range of 50 Hz to 500 Hz. The high power density in the pulse leads to a high degree of ionization of the layer-
forming particles, allowing the deposition of layers which are exceptionally dense, smooth, and homogenous.
Besides this advantage, there are a number of disadvantages and in particular the drastically reduced deposition
rate and the much higher tendency for arc discharges. Furthermore there are problems of up-scaling towards larger
magnetron size due to limitations regarding powering and arc management.

In order to build up a knowledge base at Fraunhofer FEP for evaluating this technology and its potential for
industrial use, the HIPIMS generator TruePlasma HighPulse 4008 (Trumpf Huttinger Elektronik) with
performance parameters 20 kW DC, 2 kV / 4 kA pulse at max. 500 Hz , was compared with established MF pulse
generators under a wide range of conditions (coating plant, magnetron type, target material, pressure, gas
composition). The discharges themselves, the possibilities of reactive process control and also the properties of the
deposited layers were evaluated.

2. Experimental

Two different sputtering systems were used for this investigation.

System 1 is the Double Ring Magnetron sputter source DRM 400 on the Cluster 300 plant [4, 5]. The inner
target of the DRM 400 was powered against the anode (Fig. 1a). The experiments in the unipolar HIPIMS mode
were carried out using the TruePlasma HIPIMS generator. The relatively small target size of 116 cm’ allowed to
achieve a maximum power density up to 4kW/cm?. For comparison the pulse unit UBS-C2 of Fraunhofer FEP was
used for the normal unipolar pulse mode. Amongst the materials which were studied, comparative tests were
carried out with a Ti target, with and without reactive gas.

System 2 is a Double Magnetron System DMS 500 with two 120 x 500 mm? rectangular targets in the batch
coating plant UNIVERSA. The DMS 500 was powered by a voltage-fed rectifier made by MagPuls (60 kW DC,
1 kV /1 kA pulse at max. 50 kHz). The power was introduced in the bipolar pulse mode, where the polarity of the
two magnetrons is switched in each half cycle (Fig. 1b). By varying the duty cycle between 90% and 14%, the
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current densities in the pulse changed between 0.2 and 1.2 A/cm? i.e. between normal bipolar pulse mode to
bipolar HIPIMS-mode.

Figure la. Schematic of the unipolar powering Figure 1b. Schematic of the bipolar powering
configuration of the inner target of the DRM 400 configuration of the two targets of the DMS 500 in the
against the anode in the normal pulse and in the normal pulse and in the HIPIMS mode

HIPIMS mode

3. Results and discussion

3.1. Ti and TiO, layers deposited with DRM400 (system 1)

The DRM 400 has moveable magnet systems so that the dependence of the energy input in HIPIMS mode on
the magnetic field strength could be studied in detail. It was found that the power density on the target is strongly
dependent on the magnetic field strength for sputtering in pure argon (Fig. 2). The maximum power density in the
pulse increases from 2.4 kW/cm? to 4 kW/cm?® (67% increase) when the magnetic field strength is increased by
15%, only. To achieve high power densities, strong magnetic fields are therefore favorable.
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Figure 2. Maximum discharge power density ipusmax in the pulse for a Ti target (magnetron DRM 400) as a
function of the discharge voltage U at different magnetic field strengths (p=1PaAr, f=12 Hz, t;n =200 pus). The
values in the figure for pulse power density Pyuisemax/A Of 2.4kW/cm” and 4kW/cm? correspond to the enlarged data
points of the lower and the upper curve, respectively

In the HIPIMS mode, the Ti coating rates are only between 10 to 14% of the coating rates in normal pulse mode
at the same average power. This could be confirmed in the reactive mode for TiO,-films (about 17%, see Tab. 1).
Furthermore, it was found that the thermal substrate load per unit layer thickness was comparable to that of the
PMS process. The temperature of glass substrates started at room temperature and raised to about 190°C+5°C for
normal pulse mode and HIPIMS mode after depositing 1 um Ti-layer. The deposition time in the HIPIMS mode
was by a factor of about 7 longer than in the unipolar pulse mode. As a consequence of this, the substrate
temperature would be much higher in the HIPIMS mode if the deposition rate could be improved using higher
power level or more process stations. This needs be considered in the case of temperature sensitive substrates.

The following results were achieved from experiments in reactive mode with a Ti target in argon-oxygen
atmosphere. In HIPIMS mode, the reactive process showed hysteresis, similar to the normal PMS process. It has
been operated in the transition mode using optical plasma emission spectrometry as described below.

The maximum achievable coating rate for stoichiometric TiO, in the HIPIMS mode is significantly lower than
that of normal PMS. It is only 5% (fully reactive) to 17% (highest rate for stoichiometric films in the transition
mode) of the deposition rate in normal pulse mode. The TiO, layers deposited in the HIPIMS mode are much finer
grained than those deposited in the normal pulse mode. Starting from the substrate, they grow first in amorphous
phase and then in the crystalline rutile form. Similar behavior was observed for TiO, layers deposited in normal
bipolar pulse mode or in pulse packet mode [6]. The TiO, layers deposited in the HIPIMS mode have, however, a
higher hardness of up to 20 GPa compared to a maximum of 16 GPa for those deposited in pulse packet mode.
They also have a somewhat higher refractive index n than the layers deposited in normal pulse mode [7].
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Table 1. Layer properties for different pulse modes and different reactive working points for TiO, deposition

unipolar working point layer deposition  hardness n @ 550 nm k @550 nm
pulse mode thickness rate [GPa]
[nm] [nm/min]
normal stoichiometric 560 110.0 ~7.0 2.480 <10°
HIPIMS substoichiometric 848 28.0 20.0 2.552 4.70-10°
HIPIMS fully reactive 180 6.0 16.5 2.514 4.20-10°
HIPIMS stoichiometric 675 18.4 19.1 2.565 2.95.10°

(transition mode)

3.2. TiO;, layers deposited with DMS 500 (system 2)

The experiments with DMS 500 were carried out to investigate the properties of the process and of the films
during gradual transition between normal pulse mode and HIPIMS mode. By varying the duty cycle between 90%
and 14% the current densities in the pulse changed from 0.2 to 1.2 A/lcm’ (Tab. 2). The value of 0.5 A/lcm? was
reached at a duty cycle of about 33%, i.e. the discharge is in the HIPIMS mode for smaller duty cycle. The optical
plasma intensity of different lines was investigated in dependence on duty cycle (Fig. 3) showing a monotonous
variation. It is assumed that the reduction of Ar I-line might be due to gas rarefaction effects. The reduction of Ti I-
line corresponds to the deposition rate reduction.

Table 2. Duty cycle, frequency and current densities of Ti layers deposited with DMS 500

Duty cycle [%] 90 50 33 20 14
frequency [kHz] 10 5 3.3 2 1.4
current density [A/cm?] 0.2 0.3 0.55 0.8 1.2

The reactive process was controlled using the plasma control unit S-PCU (Fraunhofer FEP) having closed
feedback system for the piezo valve of the oxygen gas inlet. A spectrometer inside S-PCU was used and 2 lines
were chosen: Ti 500 nm and O, 777 nm. The intensity ratio of these two lines was used as control value for the
reactive gas flow. By controlling the process in this way, the discharge can be stabilized within any desired
working point and stoichiometric TiO, layers can be deposited in both normal pulse mode and in HIPIMS mode.
Reduced hysteresis was observed for lower duty cycles (Fig. 4), but the hysteresis does not disappear.
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Figure 3. Optical plasma intensity vs. duty cycle
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Figure 4. Ratio of line intensities (in %) vs.

for Ar I and 1l as well as for Ti | and I oxygen flow within the hysteresis region of the
reactive sputtering process of TiO, for different

parameters of duty cycle
Rotating substrates (X5CrNi18.10) were coated with TiO; at different duty cycles. At high duty cycle (normal

pulse mode) clear facetted anatase crystallites were found (Fig. 5). At small duty cycle a reduction of crystal size
and a growing rutile fraction as a second phase with lower roughness were observed.
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igure 5 a-c. SEM images of TiO-Iayr at differnt duty cycle (left: 9%, middle: 34%, rit: 14%)

Keeping the total power constant, the deposition rate decreased to about one third at a duty cycle of 14% (Fig.
6). The Ti I-line intensity behaves in the same way representing the number of sputtered Ti atoms in the plasma.
The roughness reduces to about 53%, which corresponds to the change of microstructure and apparent roughness in
the SEM images. The hardness rises from 8.7 GPa (typical value for anatase) at 90% duty cycle to 16 GPa (typical
value for rutile) at 14% duty cycle. The elastic modulus correlates well with the hardness and changes from 160
GPa to 210 GPa, respectively. Furthermore the refractive index increases from 2.35 to 2.65 as a consequence of the
growing fraction of rutile phase in the film. Another indication of the reduced anatase fraction is the decreasing
photocatalytic activity derived from methylene blue decomposition measurements [to be published elsewhere].
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Figure 6. Deposition rate, roughness and Ti I-line intensity vs. duty cycle

4. Summary

The studies on TiO, have shown that HIPIMS is a promising technology for achieving layer properties that cannot
be achieved using other sputtering techniques. These properties include a higher hardness and fine crystallinity.
The disadvantages of the technique are in particular the strongly reduced coating rate at higher power density and
the worse process stability. Given the current state of HIPIMS generators, laboratory scale process development
should ensue. For the further development of the technology, suitable magnetron sputter sources with a high
magnetic field and power supplies with sufficient performance to allow up-scaling of the process are required. This
will then enable HIPIMS processes to be developed for industrial applications.
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ABSTRACT

High quality ZnO:Al (AZO) films have been obtained by utilizing buffer layers fabricated via nitrogen mediated
crystallization (NMC), where sputtering method is employed for preparation of both buffer layers and AZO films.
Introduction of small amount of N, (N.J/(Ar+N,) = 16%) to the sputtering atmosphere of NMC-ZnO buffer layers
drastically improves the crystallinity of buffer layers and thus AZO films. The most remarkable effect of the buffer
layers is a significant reduction in the resistivity at high base pressure of background gases. The resistivity of
conventional AZO films increases from 2.0 mQecm to 70.0 mQecm with increasing the base pressure from 3 10° Pato
1107 Pa, while the resistivity of AZO films with NMC buffer layers increases from 0.5 mQecm to 2.0 mQecm, where
the thickness of AZO film is 88 nm. Furthermore, AZO films with a sheet resistance of 10 Q/[] and an optica
transmittance higher than 80% in a wide wavelength range of 400-1100 nm have been obtained.

Keywords. zinc oxide, transparent conducting oxide, nitrogen mediated crystallization, magnetron sputtering, buffer

layer

1. INTRODUCTION

Oxide semiconductors have attracted much
attention because of their advantages such as high
transparency and wide-ranging conductivity 3. ZnO
is one of the most fascinating oxide with a wide
application range. The low electrical resistivity, the
high transparency to visible lights, and the material
abundance make ZnO a great potential alternative to
indium-doped tin oxide (ITO) for transparent
conductive oxide (TCO). The resistivity of ZnO-based
TCO, however, is higher than that of ITO especiadly at
high base pressure of background gases!'*®. Since the
crystalinity of ZnO films strongly affects both the
carrier density and the mobility, fabrication methods of
high crystalline ZnO films have been required.

Many efforts have been devoted so far to improve
the crystallinity of ZnO films. Introduction of the buffer
layers is one of the promising methods to obtain high
quality films. Nakamura et al. have studied the effects
of low temperature (LT) ZnO homo-buffer layers on the
qualities of ZnO films, which were deposited by PLD
on c-plane sapphire substrate®. In the same way, high
quality epitaxial ZnO layers have been obtained at
reducing growth temperature by using ultra violet
assisted deposition techniques .

Recently, we have developed a novel fabrication
method of ZnO buffer layers crystallized via nitrogen-
atom mediation (NMC) Y which enable us to make
high-quality ZnO films, especially when a sputtering
method is employed for film preparation. In the case of
a conventional sputtering, ZnO is immediately
crystallized once it is deposited on a substrate even at
room temperature because of its low crystalization
temperature. Furthermore, a lot of high energetic
species incoming to the substrate enhance high-density
and randomly-orientated nucleation at initial stage of
deposition, which causes the reduction in grain size and
the large crystal mosaics. On the other hand, in the case
of NMC method, the nucleation density can be reduced
since the adsorbed nitrogen atoms on the growth
surface disturb the crystallization of ZnO, as a result,
ZnO films with well-aligned crystal orientation and
large grain size are obtained.

In this paper, we study the effects of NMC buffer
layers on the properties of ZnO:Al (AZO) films, which
are discussed with comparison to those of ZnO films
fabricated without NMC layers. Furthermore, we report
the dependence of electrical properties of AZO films
with NMC buffer layers on the base pressure during
AZO film deposition.
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2. EXPERIMENT

NMC buffer layers were deposited on quartz glass
substrates by radio-frequency (RF) magnetron
sputtering at 300°C. The used targets were ZnO (2
inches in diameter; purities > 99.99 %) and the applied
RF powers were 100 W. Ar-N, mixed gas was used and
the total pressure was 0.3 Pa. The flow rates of Ar and
N, were 4.5-24.5 sccm and 0.0-20.0 sccm, respectively.
According to X-ray diffraction (XRD) analysis, as-
deposited ZnON films were confirmed to have ZnO
crystal grains. In this experiment, the thickness of NMC
buffer layerswas 5 nm.

AZO films were deposited on NMC buffer layers
by RF magnetron sputtering with AZO targets (2wt.%
Al,O3). The used gas was Ar and the total pressure was
0.3 Pa, where the base pressure was varied from 3 10°
® Pato 1X 10 Pa. The substrate temperature was kept
at 200°C and no post annealing of AZO was performed.
For a comparison, AZO films deposited directly on
quartz glass substrates were fabricated under the same
deposition conditions as AZO films mentioned above.
The crystal structures of the films were examined by
XRD and the optical transmittance spectra were
measured with UV-Visible spectrophotometer. The
electrical properties of AZO films were evaluated by 4
point  probe measurements and  hall-effect
measurements.

3. RESULTSAND DISCUSSION

XRD measurement reveas that all AZO films
show a strong peak at 34.4° that corresponds to the

1. Fabrication of NMC buffer layers

Deposition of ZnON

(002) plane of ZnO wurtzite structure, indicating that
the films are strongly orientated along the c-axis. Here,
the film thickness of AZO and NMC buffer layer are
100 nm and 5 nm, respectively. Both the crystal
orientation and the grain size of the NMC buffer layers,
however, highly depend on the N, /Ar flow rate ratio.
Introduction of small amount of N, (Ny/Ar = 4/20.5
sccm) dragtically improves the crystalinity of the
buffer layers. FWHM of XRD patterns for 26-0 and o
scan of (002) plane are 0.25° and 2.6°, being
significantly small compared with 0.92° and 3.5° for
the buffer layers fabricated without N,. On the other
hand, a further increase in N,/Ar flow rate ratio
deteriorates the crystallinity, because excess N atomsin
the films disarrange the crystal structure of ZnO. As a
result, AZO films with high crystallinity have been
successfully fabricated by utilizing the NMC-buffer
layers deposited at N,/Ar = 4/20.5 sccm. The crystal
grain size of 100-nm-thick AZO films on the NMC-
buffer layers is 60 nm, which is about 5 times larger
than that of conventional AZO films. From these resullts,
we conclude that utilizing NMC buffer layer fabricated
at adequate Ar/N, flow rate ratio is very promising to
obtain well-orientated AZO films with high crystallinity.

The effects of the NMC buffer layers on the
electrical properties of AZO films have been aso
investigated by measuring the resistivity, hall mobility
and carrier density of the films. Figure 2 shows the
resistivity of 88-nm-thick AZO films prepared on 5-
nm-thick buffer layers, which is plotted against the base
pressure during AZO film deposition. The deposition
rates of AZO films were 21.0 nm/min and 26.5/min,
which were controlled by changing the RF power. For
al base pressures, the resistivity of AZO films with
NMC-ZnO buffer layer is lower than the films prepared

2. ZnO depeosition on
NMC buffer layers

Substrate heating

or Postannealing

¢ ?0%{'

s —

N desorption

Zn

«
?3"??
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é nuclei

Nucleation disturbed by adsorbed nitrogen atoms

Figure 1. Flow chart of our fabrication method utilizing buffer layers prepared by NMC method.
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Figure 2. Resistivity of AZO films prepared on NMC buffer
layers with a thickness of 5 nm as a function of base pressure
during AZO deposition. The deposition rates of AZO films
were 21.0 nm/min and 26.5 nm/min, which were controlled by
changing the RF power.

by conventional sputtering without NMC layer. It was
found from the hall-effect measurement that the
decrease in the resistivity by using buffer layer is
attributed to increase in both the carrier mobility and
the carrier density of the films. The most remarkable
effect of NMC-ZnO buffer layers is a significant
reduction in the resistivity at high base pressure. As
shown in Fig. 2, the resistivity of AZO films fabricated
by conventional sputtering increases substantially with
increasing the base pressure, while the resistivity of
AZO films with NMC buffer layers does not change
much. In the case of conventional sputtering, the
excessive nucleation with various orientations is
induced by high energy of impingement of the sputtered
species and/or the fragments from plasma at the initial
stage of the deposition. As aresult, the AZO films have
small grain size and low degree of c-axis orientation.
Furthermore, it has been reported that the residual water
vapor in background gases deteriorates the crystallinity
of transparent-conducting-oxide films, leading to a
decrease in the grain size, which is caused by the
absorption of H,O molecules at the growing film
surface®®*®.  This decrease in the grain size results in
low carrier mobility of AZO films. The residual water
also induces the decrease in the oxygen vacancies that
generate electron carriers via water oxidation of AZO
films'™. These are the reasons why the resistivity is high
and increases much with increasing the base pressure in
the case of conventional sputtering. On the other hand,
in the case of NMC method, the excessive nucleation
can be suppressed and the films with high crystallinity
are grown from the early stage of deposition. As a
result, the crystallinity of AZO films deposited on the
NMC buffer layers is high independent of the base
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pressure and thus low resistivity is observed even at
high base pressure. Since the dopant-activation
efficiency depends on the degree of c-axis orientation in
AZO films, the significant improvement of resistivity at
high base pressure can be aso accompanied by an
enhancement in the orientation degree of the AZO films
by using the NMC-ZnO buffer layerd. As a result,
highly conducting AZO films with a small thickness,
that is, high transparency, have been obtained. Figure 5
shows the optical transmittance AZO films with a sheet
resistance of 10 Q/]. Here, the film thickness of AZO
films with and without NMC-ZnO buffer layers is 400
nm and 1000 nm, respectively. We observed that the
films with NMC-ZnO buffer layers has high
transmittance (>80%) in a wide wavelength range of
400-1100 nm.

100
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Figure 3. Optical transmittance of AZO film with a sheet
resistance of 10 Q/[J. The film thickness of AZO films with
and without NMC-ZnO buffer layers is 400 nm and 1000 nm,
respectively.

4. CONCLUSIONS

Effects of NMC-ZnO buffer layers on the
properties of AZO films have been studied, where
sputtering method is employed for preparation of both
buffer layers and AZO films. As a result, high quality
AZO films have been obtained by utilizing NMC buffer
layers. The crystal grain size of AZO films with NMC-
buffer layers is about 3 times larger than that of
conventional films, which is considered to be due to the
low nuclel density of NMC-buffer layers. The most
remarkable effect of NMC-ZnO buffer layers is a
significant reduction in the resistivity at high base
pressure. The resistivity of conventional AZO films
increases from 2.0 mQecm to 70.0 mQecm with
increasing the base pressure from 3 10° Pato 1x 10
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Pa, while the resistivity of AZO films with NM C buffer
layers increases from 0.5 mQecm to 2.0 mQecm, where
the thickness of AZO film is 88 nm. Furthermore, AZO
films with a sheet resistance of 10 /1 and an optical
transmittance higher than 80% in a wide wavelength
range of 400-1100 nm have been obtained. From these
results, we conclude that our method described here is
full of promise for fabrication of ZnO-based transparent
conducting films.
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Abstract

Nitrogen doped Titanium Oxide (N:TiO,) thin
films were deposited using filtered vacuum arc
deposition, and their structure, composition and
morphology were studied as functions of the
total pressure, N,/O, gas ratio and the substrate
temperature. The film structure, surface
morphology, and composition were determined
by XRD, AFM and XPS. The optical
characterization of the films was determined
with spectrophotomery and ex-situ variable
angle spectroscopic ellipsometry (VASE). In
addition to the effects of other deposition
conditions such as arc current, total deposition
pressure, and post-deposition annealing on the
film characteristics, photocatalytic activity was
also determined as a function of deposition
parameters and results were discussed.

Keywords: Titanium Oxide,
Coatings, FVAD,
Characterization

Photocatalytic
Structure, Optical

Introduction

Most photocatalytic materials respond to only
ultra-violet (UV) radiation. A major challenge
is to increase the photocatalytic spectral range
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to include visible (VIS) light, which composes
the largest part of solar radiation, since only a
small percent of solar energy (5-7%) is in the
UV region [1]. In the recent years, Titanium
dioxide (TiO,;) as a photocatalyst has been
practically applied in hospitals and houses [2].
TiO, which has a band gap of 3.2 eV (anatase
phase) is superior to other semiconductor
oxides due to its high chemical stability, low
cost and non-toxicity [3,4]. However, un-doped
TiO, shows photocatalytic activity only under
UV light irradiation (A<384 nm) [2,5].

One of the approaches to activate
photocatalysis with VIS- light is to shift the
optical band gap of TiO; into the VIS spectrum
by doping. Because it is non-toxic, N:TiO, is
very attractive [6-8]. In recent years, TiO, and
N:TiO, thin films have been deposited by un-
filtered and filtered vacuum arc deposition
(FVAD), utilizing the relatively high deposition
rate of this method (up to ~10 nm/s), producing
thin films characterized by high adhesion, high
density and stability. The published work on
FVAD of TiO, thin films focused mainly on
their structural, compositional and optical
properties, and their correlation with deposition
parameters (arc current, oxygen pressure and
substrate bias and substrate temperature).
However, the effects of deposition parameters
and nitrogen doping on the composition,
structure, morphology, and photocatalytic
activity of FVAD N:TiO; thin films has not
been reported. Upgrading TiO, films for VIS—
light  driven  photocatalytic  application
motivates interest in the growth mechanism and
requires more detailed knowledge of the film
structure and composition.

The objective of the present work was to
determine of the effects of nitrogen partial
pressure and substrate temperature on the
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structure, composition, morphology, and the
optical properties of FVAD N:TiO; thin films
for its future application as a VIS-light
activated photocatalyst.

Experimental Details

A Ti cathode was used to deposit N:TiO; films
by FVAD. The deposition system included a
vacuum arc plasma source, and a magnetic
quarter-torus macro-particle filter. This system
was previously described by Ben-Shalom et al
[9] and Kaplan et al [10]. The arc current was
150 or 200 A, and the total pressure in the
deposition chamber was 1.06 or 1.33 Pa. The
N2/N,+O, gas ratio was varied between
experiments from 0 to 69 %. Film deposition
times were 150, 180 or 240 s. The films were
deposited on 25x76x1 mm glass microscope
slide substrates at room temperature (RT), 300
or 500 °C. All of the films were annealed in a
nitrogen (N) atmosphere at 400+2 °C for 1 h
(preceded by a 20 min heating period and
followed by a 40 min cooling period).

The PCA was evaluated by measuring the
decomposition of a model pollutant known as
Methylene Blue (MB), in an aqueous solution
on the basis of the decomposition rate of MB
under light irradiation for up to 4 h at the peak
absorption of MB at 664 nm. The results were
presented as percentage removal (100x(Co-
Ct)/Co) where Co and Ct are the concentrations
initially and after time t of irradiation
respectively. The effect of deposition
parameters on photocatalytic activity was
evaluated.
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Results

Film Microstructure,
Composition

Morphology and

The XRD patterns of the TiO, thin films
deposited in a pure oxygen environment
indicated that films were polycrystalline in the
anatase phase, while films deposited in an
atmosphere in which the N, fraction was
greater than 9% were amorphous, for substrate
temperatures up to 500°C. Annealing at 400°C
in N, for one hour generated polycrystalline
films with anatase phase independent of %N,
fraction during deposition. The grain size of the
annealed films deposited with some N in the
deposition atmosphere decreased from 64 to 44
nm, when the N, fraction was increased from
9% to 50%. Increase of the average grain size
with the total gas pressure, substrate
temperature, and by annealing can be attributed
to grain growth and improved crystallinity.

AFM analysis of films deposited in a 41% N,
atmosphere indicated that the surface roughness
increased from 0.5 up to 3.2 nm when the
substrate temperature was increased from RT to
500°C, and it was higher for films deposited at
23% N, partial pressure (~5.7 nm) compared to
films deposited on RT substrates at 23% N. In
addition, the average grain size of the films
increased with substrate temperature and with
annealing, up to 54.2 nm and 36.3 nm,
respectively.  Furthermore, the  surface
roughness decreased with the increased N,%,
except for films deposited at 200 A arc current
and which were also crystalline. This decrease
might be explained by the amorphous phase
formation with increased N;% and also the
increase in ion flux and plasma density which
plays a key role also in surface modification of
TiO, films deposited by FVAD.
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XPS analysis indicated that all films deposited
in 0% N, were stoichiometric TiO,. N content
in the films increased with %N, in the
deposition atmosphere, however the N-content
in the film, 1 3 at.% N, was much less than that
in the gas mixture (9-69%N,). Annealing
decreased the N-content in these films to <1
at.%. In addition, the XPS revealed that all
N:TiO, films had two main N 1s components,
at 396-397 eV and at 399-400 eV, associated
with substitutional and interstitial nitrogen,
respectively. The N 1s peaks around 396 and
397 eV might indicate that there are multiple
nitrogen states connected to these peaks, and
the binding energy of N 1s at ~397 eV is
associated with Ti-N bonding and indicates a
substitution of O atoms by N atoms.

Film Optical Properties

Optical  transmission  spectroscopy  and
ellipsometry indicated that the average film
transmission (T%) was approximately 80% in
the visible spectrum for films deposited at
lower N, partial pressures (<41%), and it
decreased to ~50% for higher %N (see Fig.1).

The deposition rate varied between 0.8 and 4
nm/s. The refractive indices of the films were
in the range 2.48 - 2.78, and the extinction
coefficients were ~10 - 0.5. The absorption
edge of the films shifted to longer wavelengths
with increased substrate temperature and %No,
from ~380 nm up to ~485 nm for films
deposited with 41% N, and a substrate
temperature of 500°C.
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Figure 1. Typical transmission spectra for N:TiO,
samples deposited at: a) RT and b) 500°C substrate
temperatures for different nitrogen partial pressures.

Photocatalytic Properties

MB could be successfully degraded by N:TiO;
films at RT. The arc current, total gas pressure,
deposition time and %N, had a minor effect on
the PCA, but increasing the substrate
temperature from RT to 500 °C increased the
MB removal from 20% to 35% removal and the
post-deposition annealing significantly
increased the MB removal from 20% to 50%
removal (see Figs. 2 and 3). The increased MB
removal in annealed films is attributed to
crystallization of the thin films in the anatase
phase. PCA was found to be correlated with the
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396 397 eV to 399 400 eV peak intensity ratio.
The choice of substrate significantly affected
both MB adsorption and PCA.
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Figure 2. Removal percentage as a function of %N, for

films deposited at 1.06 Pa, 150 A, at various substrate
temperatures
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Figure 3. Removal percentage for films deposited at RT,
1.06 Pa, 150 A, at various %N, with and without
annealing in a nitrogen environment for one hour at
400°C

Conclusions

As-deposited TiO; thin films were crystalline,
the addition of nitrogen with various
percentages of the total gas pressure during the
deposition produced amorphous N:TiO, thin
films. Annealing them at 400°C for 1 h in N,
transformed them to polycrystalline. The
crystallinity and the grain size of these films
increased with annealing. As-deposited N:TiO,
films had 1-3 at.%N, while annealing
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decreased the %N, to <1 at.%N,. The O:Ti
ratio in the films varied between 2.2 to 2.7.
Two main N 1s XPS peaks were observed at
~396-397 eV and ~399-400 eV for all N:TiO,
samples. The intensity ratio of the N 1s peak at
396-397 eV to N 1s peak at 399-400 eV
increased with the total pressure, %N, and by
the annealing. The absorption edge of the
deposited films shifted to longer wavelengths
in the VIS spectrum with %N, >23%, and the
strongest shift up to 490 nm was observed for
films deposited on 500°C substrates.

In order to achieve high PCA, the
photocatalytic N:TiO; thin film should be
crystalline with large grain size and surface
roughness and high 396-397 eV to 399 400 eV
XPS nitrogen peak intensity ratio.
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Abstract

The texturing of surfaces is an important method applied in various technological areas of research.
Much of the current interest on surface modifications stems from the possibility of obtaining special
optical, magnetic, tribological, and mechanical properties in a variety of materials. The texturization of
steel surface by ionic bombardment (atomic attrition) is an interesting route to modify plasma nitriding
process. The observed changes in plasma nitriding are attributed to several causes such as increasing
surface nitrogen retention, stress, and creation of lattice defects, altogether improving nitrogen
diffusion.' In this paper we report the effect of Xe" ion bombardment on the surface of the steel (SS
316L and AISI 4140). The bombardment effect on plasma pulsed nitriding process is also reported.

Experimental

Rectangular samples of 20x10 mm and 2 mm thick, from the same source of SS 316L (C:
<0.08, Si: <0.5 P: 0.05, S: 0.03, Mn: 1.6, Mo: 2.1, Ni: 12.0, Cr: 17.0, Fe: balanced in wt. %) were
study. The samples were mirror polished using standard metallurgical techniques. The Xe™ ion
bombardment was performed at room temperature, during 30 minutes using a Kaufman source 3 cm
diameter beam. Details of the apparatus are described elsewhere.” The ion beam energy and current
density were fixed at 1 keV and 0.37mA/cm’, respectively. According with TRIM ion bombarding
simulations, the stopping distance of the ions is between ~11 to 18 A.'” The background chamber
pressure is ~10” mbar, and the working pressure during Xe™ bombardment (1.40+0,02)x10” mbar.
Five impinging ion bombardment angles (6 = 0°, 15°, 30°, 45° and 60°) were selected for the study.
Samples of AISI 4140 steel (C: 0.4, Si:0.25, P:0.04, S:0.04, Mn: 0,85, Mo: 0.20, Cr: 1, Fe: balanced in
wY%) were also studied (20x10 mm, 3 mm thick, mirror polished). These samples were partially
covered with a silicon wafer during the pre-bombardment treatment, i.e., the screened part of the
sample was not bombarded and the other part suffered the texturization. Afterwards, these samples
were 20 hs nitrided in a commercial pulsed plasma vacuum furnace (Plasma-LIITS, Campinas Sao
Paulo, Brazil) at 380°C, ~1.2 Torr chamber pressure, gaseous mixture of nitrogen and hydrogen (20%
= [N,]/[H2+N3]). Therefore, the two regions (i.e., the pre- and not bombarded parts of the sample) few
millimeters apart were analyzed to study the effect on nitriding produced by the initial state of the
surface.

Results and discussion

I1.1. Bombarding effect on the material surface
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As reported for other authors, the analysis of images obtained by scanning electron microscopy (SEM-
FEG) and atomic force microscopy (AFM) show that the noble gases ion bombardment evidenced the
crystalline grains and stimulated the formation of quite regular patterns. In metals, these patterns
depend on the crystalline orientation of the grains rather that the direction of the ion beams (Figures 1,
2). This behavior is explained by the roughening instability model due to Ehrlich-Schwoebel diffusion
barriers in metal.* Roughly speaking, the regular pattern stems from essentially two mechanisms
inducing surface instability. The first one is related to the surface curvature dependence of the ion
sputtering and the second one is due to the presence of an energy barrier to diffusing adatoms to
descend step edges.
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Figure 1: AFM pictures from SS316 of the perpendicularly bombarded sample (1 keV). (a) an overview of several grains
with different patterns orientations; (b) grain pattern detail; (¢) profile along the line indicated in (b).
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Figure 2: SEM-FEG images from SS316 a different ion beam impinging angles (1 keV): (a) perpendicularly; (b) 30°% (c)
60°.

Figure 2 shows the micrographs corresponding to bombarded samples at different magnifications and
incident bombarding angles. For limitation of space only a selected group of pictures are displayed.
The varieties of patterns and grains borders evidenced by the ionic bombarding are vividly illustrated
in the pictures. Figure 3 shows the RMS roughness vs. impinging ion beam angle measured along
several grains of the studied samples. The increasing slope of the curve on the incident ion beam
impinging angles is related with the sputtering yield (Figure 3). In order to obtain information about
the residual stress induced by the bombardment treatment, grazing
X-ray diffraction (GIXD) were performed at 6 = 0.5°, 1° and 5°
incident angles corresponding to 0.5, 1 and 4.5 pm depth penetration
of the radiation, respectively. As shown in Figure 4 left, the
austenitic stainless steel SS316L studied samples show a y(220)
preferred orientation. The shifting of the y(111) reflection on depth
in the pristine sample stems from polishing procedure and is
T % & &  Indicative of compressive stress. Also, the a (110) reflection is
Impinging angle (degrees) present only at the surface and disappears after the bombardment
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Figure 3: RMS roughness obtained
in the studied samples.

(Figure 4, middle). The origin of this subtle thin phase is uncertain but probably comes from the
polishing procedure. The ion bombarding modify both the positions and width of the y (111) reflection
peak, indicating stress and disorder, respectively. These effects are a consequence of the energy
transferred by the projectile (knock-on) and the occupancy of small spaces by the massive Xe atoms
(misfitting).'>*” Figure 4, right shows the peak position shifts and width corresponding to the (111)
reflection as a function of the sample depth. As noted, the peak position is changing a little bit. On the
other hand, the width of the lines is wider suggesting an increasing disorder up to ~ 5 um depth.
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Figure 4: Left: X-ray diffraction of the SS316L sample. Middle: pristine sample and bombarded sample at three x-ray
angles. Right: Peak and width evolution as a function of depth.

I1.2. Effect of bombarding on pulsed plasma nitriding process

In this section we shall discuss the influence of the texture and related stress generated in the material
by the ion bombardment on the plasma nitriding process. As explained in section II, the samples were
prepared by partially screening the material surface during bombardment pretreatment in such a way
that only a portion of the sample is texturized, as it is schematically indicated in Figure 5, top. After
nitriding, a cross-section sample was sliced, mirror polished, attacked with Nital solution (5%) was
studied, and its morphology scrutiny by electron microscopy (SEM-FEG, Figure 5, bottom).

Non-Bembarded Pre-Bombarded

Figure 5. Top: in order to guarantee exactly equal starting condition, the sample left side was screened during the Xe"
bombarding preparation, as schematically indicated in the sketch before nitriding. Bottom: SEM-FEG images of nitrided
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sample after chemical etching (Nital Solution). Bottom left (right): SEM cross section micrograph of the non (pre)
bombarded and posterior nitrided sample.

As observed in the micrographs, the microstructure nitride region is well different in the two regions of
the studied sample. The diffusion region in the non-pre-bombarded sample shows fragmented and
discontinues small nitride particles precipitates. On the other hand, the pre-bombarded region of the
sample shows longer shaped needles extending few microns. This effect suggests that the
bombardment is creating channels where nitrogen can easily diffuse for relative long distance, i.e., an
effective larger nitrogen diffusion coefficient allows nitrogen moving faster into the material. Also, the
increasing area due to the texturization is probably increasing nitrogen retention on the surface. The
thicker white layer observed in the no pre-bombarded region of the sample is probably due to same
reason, i.e., a smaller diffusion coefficient in this part of the sample result in a piling up of nitrogen at
the surface of the material surface and consequently, a thicker white layer is formed. Nevertheless,
more work is necessary in order to confirm this hypothesis.

I1.3. Conclusions

The effect of the Xe" ion beam bombardment incident angle on the surface texture and strain of the
surface of SS316L steel is reported. The generation of characteristic patterns depends on the crystalline
orientation of the constitutive grains of the steel. The heavy ion bombardment induces effects at
distance orders of magnitude larger than the stopping region of the projectiles. Plasma nitriding
experiments show that the pre-bombarded samples present a peculiar microstructure forming long
nitrides needles probably due to the presence of diffusion channels. On the contrary, the non-pre-
bombarded samples show small, fragmented precipitates suggesting a smaller effective diffusion
coefficient.
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Abstract

This study presents the mechanism of nitrogen transfer in a large scale active screen plasma nitriding
(ASPN) unit. The active screen provides a homogeneous temperature distribution within the workload
as well as an arcing tendency is reduced, since the plasma is moved from the treated work pieces to
the active screen. In order to study the mechanisms in detail, plasma diagnostics is necessary. The
applied diagnostic methods for analyses of the excited process gas synthesised by the active screen
include mass spectrometry and infrared diode laser spectroscopy (TDLAS). Together with a
metallurgical characterisation of nitrided steels a better understanding of the chemical phenomena in
the N,-H, plasmas is achieved. Various N,/H, gas mixtures and variable bias activation powers at the
pressure of 200 Pa were investigated. It was found that even during heating up in nitrogen free
process gas exited nitrogen (atomic or molecular) releases from the active screen. Infrared diode laser
spectroscopy has been used as a diagnostic methode to measure the concentrations of the stable
NH; molecules downstream the plasma source. The ammonia production turns out to depend on the
mixtures of N,-H, and the current input of the bias activation. The results are discussed with the
plasma parameters measured by the electrostatic probe. Thus, a contribution to the interpretation of

the mass transfer in ASPN process has been realised.

Experimental

In the presented study a large scale active screen plasma nitriding (ASPN) unit is investigated, which
are used for improving the wear, fatigue and load bearing properties of ferrous engineering
components [1]. The work pieces to be treated are surrounded by large metal screen (0,8m diameter
and 0,75m hight) on which a cathodic potential is applied. The N,/H, glow discharge at the active
screen radiates the heat and provides a reactive process gas. To supply a homogeneous temperature
distribution in particular heavily loaded chamber a relative low bias voltage is subjected. Experiments
were conducted to examine the influence of the process parameter on the nitride layer formation.
Samples of hardened and tempered low alloy steel were nitrided at 580<C for 4 hours in 200 Pa N »/H,
gases. Here the results of common engineering steels (42CrMo4, X38CrMo5.1) are present. The
plasma diagnostics were carried out using mass spectroscopy (Balzers QMS 200), infrared diode laser

spectroscopy (TDLAS), and an electric probe technique.

Results

The introduction of nitrogen into the substrate surface produces a compound layer on the surface, on

top of a nitrogen diffusion zone. In this work also the structure of nitride-containing cover layer on the
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compound layer under consideration of the process parameters are investigated with scanning
electron microscope. The results of investigations show that the bias power enhances the growth of
nitride cover layer. Such processes were also observed during formation of compound layer during
gas nitriding and described by a parabolic law of diffusion controlled layer growth [2]. Figure 1 shows
hardness profiles and the nitrogen concentration profiles/compound layer thickness after active screen
plasma nitriding with different bias power. Nitrogen content in the process gas and the bias power
enhance the nitriding results. The expected nitriding case depth can be reached at bias power at the
level of 5% or 15% of the active screen power. Increasing bias power produces thicker compound
layers. Therefore active screen nitriding process is particularly suitable to create uniform and very thin

Yy~ compound layers with a deep decarburization of the nitrogen diffusion zone.
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Figure 1: Influence of bias on the hardness profile of steels 42CrMo4 (a) and X38CrMoV5-1 (b)

as well as the nitrogen concentration profile of the compound layer, steel 42CrMo4 (c)

The understanding of ion nitriding process, mechanism of nitrogen atom production and transfer from
the media to the component surface is not complete and still in the focus of investigation of many
research groups worldwide [3-6]. In the past many models have been proposed for the plasma
nitriding of ferrous materials. A very common approach of “sputtering and deposition” mechanism,
suggested by Koélbel cannot explain the mass transfer [7]. The high reactivity of active nitrogen species
was mentioned for the first time in the literature 100 years ago. That is why R.J. Strutt designated as
active nitrogen [8]. Several studies have been carried out using different plasma diagnostic methods to
analyse ionized species [9] and the adsorption of neutral atoms/molecules [10]. Ricard et al [11]
demonstrates that the N*,, the vibrational N, and the N neutral species are most relevant.

To study the plasma processes involved in plasma nitriding at the industrial scale ASPN unit we used
guadruple mass spectrometry (QMS). The signal intensity increases compared with the measurement
without discharge at the active screen. The peak intensity for N (m/z 14) and N*, (m/z 28) were
chosen to represent the major products in a N,/H, process gas. The peak intensities decreased with
increasing H, composition. It was found that even during heating up in nitrogen free process gas
exited nitrogen (atomic or molecular) releases from the active screen. The ion stimulated desorption of
neutral gas from active screen at temperature up to 400 C due to preceding exposures to nitrogen
gas has been studied. The gas species desorbing during Ar® ion bombardement are a result of

prefential sputtering [12] and the metastability of iron nitride.
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As already described above there is a mass transfer of nitrogen without a bias activation. Therefore
the knowledge of the electron energy is necessary to explain the excitation processes which occur.

One of the most direct ways to measure local properties of plasma is with electrostatic probes. This
study used a time resolved Langumir probe method.
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Figure 2:

Temporal distribution of electron density (a) plasma potential (b) and electron
temperature (c) during the on phase in dependence of the composition of the N,/H,
process gas

A characteristic time dependence of the charge-carrier density during the pulse on time containing

maximum values of almost 1.0-10° cm™ was found. Furthermore, the increase of the plasma

parameters by varying the hydrogen content was monitored in the process gas. Floating and plasma
potential indicate 20% admixture of H, a minimum. At this proportion of hydrogen in the process gas
positive ions is accelerated most strongly to the substrate. The electron density in Figure 2 a shows
between 15 - 25% hydrogen content, a slight maximum, while the electron temperature (Figure 2 ¢) in

this area has a minimum. Maximum mean electron energy is due to the quasi-neutrality in the plasma
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also an ion peak, so more particles are available for charge exchange. Regardless of the process gas
composition average electron temperature of <0.3 V can be detected.

The qualitative measurements of quadruple mass spectrometry (QMS) should be complemented by
the possibility of determining the absolute concentrations of stable molecules through the mid infrared
tunable diode laser absorption (TDLAS). Though the study of the plasma chemically reactions of
active nitrogen we investigated the efficiency of ammonia generation generated from mixtures of N,
and H, under various plasma conditions. The main result of the preliminary investigation on the
reactions of the dissociated species and the NH; - production rate is that it can be initiated depending
on the gas composition, but above all as a function of bias power, a concentration of 1% NHs;. The
determined maximum is at a hydrogen content of 50% and is an indicator of increased responsiveness

due to adjusting glow discharge conditions.
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Abstract

We are developping “plasma nano-factories” which are bottom-up guided assembly processes and miniature
versions of macroscopic conventional factories. Here, we report plasma-based control of the size, size distribution,
and structure of nanoparticles, their agglomeration and transport as well as sticking. We apply nano-particle films
to green energy devices such as low energy consumption LSI’s, solar cells, and Li ion batteries. Our results show

that core-shell nanoparticles are effective for improving performances of these devices.

1. Introduction
Recent developments in nanomaterials have led to new

opportunities of applying them to an increasing number

GND
of applications in electronics, optoelectronics, medical
nano-particles
components et al [1-11]. One of our interests has been e .7 /
. . . . . L ®
concerned with energy conversion devices using Si radicals < e (= , 1 formation
icles, b the technologically important and 0

nanoparticles, because the technologically important an e =

P gically imp V e 0
abundant material Si is the backbone of the electronics o = e © 2. transport

. . 3.arrangemen
nanoparticles, we develop a “plasma nano-factories” g

industry. To realize the green energy devices using l l \ /
)

which is a miniature version of macroscopic ‘
conventional fabrication, based on the knowledge of ahstte
nanoparticle formation in reactive plasma [12-16]. A Figure 1. Concept of ~ plasma nano-factories.
plasma nano-factories produces nanoblocks and radicals

(adhesives) in reactive plasmas, transports nanoblocks

toward a substrate and arranges them on the substrate as shown in Fig. 1 [17-22]. There are three advantages of a
nano-factories in plasma: controlled agglomeration and transport of nanoblocks as well as parallel processing over
large area at relatively low temperature. First, we describe fabrication of core-shell Si nanoparticle films using
SiH4/H, and CH,; or N, double multi-hollow discharge plasma CVD. Then, we show application of Si

nanoparticles to next generation solar cells and lithium ion batteries [23-25].
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2. Deposition of core-shell nanoparticles films

hollow electrode 5 cma2
Production of Si nanoparticles and surface treatment b / %, CHx*radical pr
P y * ﬁ “ for surface termin:

hydrocarbon or nitrogen radicals were carried out using a
multi-hollow discharge plasma CVD method as shown in

Fig. 2, where two discharge plasmas of SiH,/H, (plasma

o= ey

1) and CH4 or N, (plasma 2) were independently

Plasmal
Sinanoparticle
production

generated in a vacuum chamber. The multi-hollow

electrode consisted of a powered electrode and two Compnarria i deposiion

grounded electrodes of 30 mm diameter, and discharges

pure Sinano-particles carbonited

were sustained in eight small holes of 5 mm diameter. Stnanoparicles

Plasma 1 was generated by applying an rf power of 30 w  Figure 2. Schematic of experimental apparatus
of double multi-hollow discharge plasma CVD.

to the powered electrode at SiH4 and H, flow rates of 2

and 448 sccm, respectively. Si nanoparticles were @)

nucleated, grown in SiHs/H, plasma produced inside N-Ka 0_3 %61
small holes, and transported downstream by a strong miensity o’ . ¢ |
SiH4/H; neutral gas flow. Si nanoparticles about 4 nm in = A
average size were produced at the gas pressure of 5 Torr. A . -.-
The nanoparticle size can be controlled by changing I
pressure. Hydrocarbon or nitrogen radicals, which were *’

produced in CH4 and N, plasma at a CH,4 and N flow rate (SiHSﬁ:?Iiima) plasma2
of 2 and 100 sccm, respectively, were irradiated to the (N plasma)
surface of Si nanoparticles during their transport (b) 15 ' * ' * '
downstream. Si nanoparticle films were deposited on ' P

substrates located downstream 67 mm from the
multi-hollow electrodes, and the substrate temperature
was 180°C.

Normalized Intensity
-

Nitrogen content in Si nano-particle films was evaluated = Sj-Kall
by measuring N-Ka fluorescence intensity obtained from 05 M f'_'\f'Ka |
. : “5 10 15 20 25 30 35
X-ray fluorescence (XRF) measurements. As is found in plasmal y (mm) plasma2
Fig. 3 (a), Nitrogen content increases with approaching to (SiH,/H, plasma) (N2 plasma)

the position of the N, discharge, whereas Si content is Figure 3. (a) Two-dimensional distribution of N-Ka
almost constant (see Fig. 3(b)). Double multi-hollow fluorescence intensity —obtained ~from  X-ray
fluorescence (XRF) measurement. (b) Substrate

position dependence of N-Ka and Si-Ka fluorescence
deposition of nitridated Si nano-particle films. intensities from XRF.

discharge plasma CVD method realizes combinatorial
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3. Application to green devices
(1) Application to quantum-dot sensitized solar cells

SiN-Si and SiC-Si core-shell nanoparticle films were employed as
sensitizers for TiO, photoelectrodes as shown in Fig. 4. Polysulfide
electrolyte solution was used to fill the space between the TiO, electrode
and an Au-coated FTO counterelectrode. The short-circuit current density
of Si QD sensitized solar cells increases by a factor of 2.5 by irradiation of
CH, plasma to Si nanoparticle surface. We also have measured incident
photon-to-current conversion efficiency (IPCE) in the near-ultraviolet
range using quartz-glass plates as front panels of QD sensitized solar cells.
IPCE gradually increases by light irradiation in a wavelength range less
than 600 nm around optical band-gap (E,) of Si nanoparticle films, and
then steeply increases below 280 nm around 2E,. This rapid increase of
IPCE under short incident light may be attributed to the theoretically
predicted multiple exciton generation (MEG), the creation of more than

two electron-hole pairs from one high-energy photon, in nanoparticle QDs.

; .
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Figure 4. (a) SEM image of SiN
nanoparticle films. (b) Cell structure

(2) Application to lithium ion batteries of quantum-dot sensitized solar cells.
SiC-Si core-shell nanoparticle films were used as an anode material as
shown in Fig. 5, because Si has the high charge-discharge capacity up to

4200 mAh/g. The electrolyte was 1M LiPFg in ethylene carbonate (EC)/

SiC-Si QD film
CH, plasma: 2sccm

dimethylene carbonate (DMC) (1:2). For measurements of anode
properties, a Li metal sheet of 1 mm in thickness was used as a cathode. Li
intercalation capacity was measured with a constant current of 0.1 mA/mg.

Charge-discharge capacity of the SiC nano-composite anode of the first

cycle was 3000 mAh/g, which is 9 times higher than the capacity of Li ion

batteries using the conventional graphite anode.

-~ spacer

4. Conclusions A a 7
" . glassfiber (filter paver)
We successfully developed quantum-dot sensitized solar cells and Li ion Electrolyte: LiPF; case gasket
Si cathode

batteries using Si nanoparticles. We found that core-shell structure of Si

Figure 5. (a) SEM image of SiC
nanoparticle films. (b) Cell structure
of Li ion batteries.

nanoparticles is effective for improving the device performances, and
observed a drastic increase in the short-circuit current density of Si QD

sensitized solar, and in the charge-discharge capacity of Li ion batteries.
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As a promising pulsed sputter deposition technique, High-Power Impulse Magnetron Sputtering
(HiPIMS) required an extensive time-resolved plasma characterization. Being essentially non-intrusive,
optical plasma diagnostics methods posses in particular the time- and space- resolution(s) which normally
exceed the typical needs of a typical HiPIMS geometry [1] and, therefore, can be readily applied for
characterization of the high-power pulsed discharges.

Our recent progress on time-resolved study of a HiPIMS discharge is presented in this work. The
selected Optical Emission Spectroscopy (OES), Resonance Optical Absorption Spectroscopy (ROAS), and
Laser-Induced Fluorescence (LIF) results are reported. Several parameters, such as the absolute densities of
the sputtered species, gas temperature, velocity distribution function of the sputtered species are described.

The schematic representation of the studied magnetron discharge system for the implementation of LIF
diagnostics [2] is given in Fig. 1. The analyzed plasma regions in case of LIF are nearly cylindrical with the
width of about 5 mm and length of about 10 cm. For OES and ROAS diagnostics the probed plasma volume

had the width of about 1 cm and was located at about 5 cm above the magnetron target.
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volume by LIF.

Pressure = 20 mTorr.
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Fig. 3. Time-evolution of the Ti sputtered atoms density measured by LIF in a HiPIMS plasma at

three different distances from the magnetron target. Dashed lines indicate end of the pulse.

Results obtained by ROAS [3] during sputtering of Ti in Ar demonstrate the large differences in the
absolute densities for Ti, Ti*, Ti™ and Ar™, as shown in Fig. 2. Such an integrated time-resolved
representation indicates a highly non-uniform time-evolution of the sputtered Ti, its ions as well as the
metastables of Ti and Ar, which are supposed to play an important role in HiPIMS plasmas. The arrival time
(to the probed volume) for all the measured species during the HiPIMS pulse is found to be different, as it
can be seen from Fig. 2. In addition, this is accompanied by the population inversion of the ground and
metastable states energy sublevels during the pulse [3] (not shown). These results are in agreement with the
Ti ground state density recently measured by LIF [4] at different distances from the magnetron target (Fig.
3). Here we can clearly observe a “wave” of the sputtered species propagating away from the magnetron
target at high pressure, as well as the rarefaction of the Ti density during the 20 ps plasma pulse (Fig. 3(b)).
These effects are absent, however, at low pressure (Fig. 3(a)).

Along with the above described measurements, the gas temperature (Tgs) associated with the
thermalized species during the pulse is determined based on the rotational band analysis of N," (391.4 nm)
assuming partial bulk gas thermalization [5]. T4 is found to grow linearly during the HiPIMS pulse being
mainly a function of the energy E, delivered per pulse. The minimum and maximum gas temperatures
attained during the HiPIMS plasma pulse measured in this way are presented in Fig. 4. As it can be seen,
gas temperature depends strongly on the target material, and increases linearly with increasing of E, for
heavier target atoms (W), whereas it saturates quickly for the lighter ones (Ti).

In addition, LIF spectroscopic diagnostics applied for time-resolved characterization of the velocity
distribution of the sputtered Ti atoms in HiPIMS reveals a rapid increase of the full width at half maximum
(FWHM) of the velocity distribution function (vdf) during the plasma pulse following by a fast decrease of
the vdf’s FWHM during the plasma off-time [2, 6], as it is summarized in Fig. 5 for 15 mm of the distance
from the target. After taking into account possible valuable broadening mechanisms (such as Stark, Zeeman,
instrumental, etc.), the described vdf behaviour was finally attributed to the Doppler-shift phenomenon in
plasma, i.e. to the rapid broadening (on-time), or relaxation (off-time) of the vdf of sputtered species likely

accompanying by either rarefaction [7] (on-time) or refilling [8] (off-time) effects in the bulk gas.
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Fig. 5. The time-resolved evolution of FWHM of the Ti absorption line measured by
LIF after the deconvolution with the side broadening effects determined at two gas
pressures. The maximum attained broadening corresponds to about 5 km/s of the

velocity component parallel to the magnetron target.

As we can observe in Fig. 5, the FWHM saturates in the second part of the plasma pulse forming a
plateau (where FWHM is about 10 pm). This effect is also visible at somewhat larger distances from the
target. Based on the FWHM data shown in Fig. 5, it should be noted that, the high broadening values
obtained during the plasma pulse at 15 mm are, in our opinion, mainly due to the intensive bulk gas
rarefaction in the second half of the plasma pulse which allows observing the “initial” velocity of the
sputtered species without their considerable deceleration by collisions with the bulk Ar. At the same time, at
higher distances from the target (or at higher pressure) the maximum attainable FWHM values decreases

considerably.

106



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

Summarizing the diagnostics results, the following time- and space- resolved picture of a HiPIMS
discharge can be deduced:

During the plasma pulse, Ti and Ti* species are produced first and they are keeping their ground state
and metastable sublevels population inverted due to rather high level of the gas excitation. This is following
by an increase of the density of Ti and finally Ar metabstables, which also experience the population
inversion when reach their maxima.

At the same time, during the HiPIMS pulse, the velocity distribution gets essentially broadened
presumably due to the bulk gas rarefaction, and rapidly shrinks far away from the target as well as right after
the plasma pulse with a faster-than-exponential decay, which is due to the collisional relaxation of the vdf
enhanced additionally by the refilling effect. These effects, as expected, are especially prominent at low
pressure and in the vicinity of the magnetron target (z = 15 mm).

The gas temperature associated with the thermalized bulk Ar species in the discharge (measured by the
rotational structure of the added nitrogen) increases linearly during the plasma pulse proportionally to the
total energy Ep delivered during the pulse. After the HiPIMS pulse ends, both the ballistically moving and
thermalized heated species rapidly dissipate their energy, and the gas cools down to nearly the room
temperature during the off-time. The bulk gas temperature is found to be also different for heavy and light
sputtered particles due to the different ways of the energy transfer to the bulk gas. Observed “bulk
temperature” trends reflect the overall gas heating and relaxation channels in HiPIMS as a function of the

applied power, distance from target, sort of the sputtered species, etc.
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Abstract

Inductively coupled impulse sputtering (ICIS) removes the need for a magnetron, while delivering
equal or higher ion to neutral ratios compared to other ionised PVD technologies such as high power
impulse magnetron sputtering (HIPIMS). This is especially advantageous for the sputtering of
magnetic materials, as these would shunt the magnetic field of the magnetron, thus reducing the
efficiency of the sputtering and ionisation process. ICIS produces highly ionised metal-dominated
plasmas inside a high power pulsed RF coil with a magnet free high voltage pulsed DC powered
cathode.

ICIS processing with Ti and Cu has been attempted before; however operation with magnetic target
materials has not been attempted so far. The paper aims to clarify the effects of power and pressure
on the deposition flux and structure of deposited Ni films.

The setup comprises of a 13.56 MHz pulsed RF coil operating at a frequency of 500 Hz and a pulse
width of 150 us, which results in a duty cycle of 7.5% . A pulsed DC voltage of
1900 V was applied to the cathode to attract Argon ions and initiate sputtering.

Optical emission spectra (OES) for argon and nickel species sputtered at a constant pressure of 14 Pa,
show a linear intensity increase for peak RF powers of 1000 W - 4800 W. Ni neutral line intensity
increased linearly exhibiting two different slopes for powers below 2000 W and those above 2000 W
RF - power.

The influence of pressure on the process was studied at a constant peak RF power of 3000 W for
pressures of 3.2 — 26 Pa.

The intensity of nickel neutrals rises linearly for pressures of 3.2- 26 Pa and saturates for pressures
from 12 — 21.4 Pa. Argon neutrals rise linearly with increasing pressure. Ni ions have not been visible
in the OES spectra and analysis into the ion to neutral ratios will be conducted by other techniques.
From the Ti process we know, that the intensity of neutrals and ions increases linearly with power and
pressure. Intensity modelling is also conducted for the Ni process. The deposition rate for Ni is
50 nmh™ for a RF-power of 3000 W and a pressure of 14 Pa.

The microstructure of the Ni coatings shows columnar dendritic growth. Bottom coverage of unbiased
vias with width 0.300 pm and aspect ratio of 3.3:1 was 15 % and for an aspect ratio of 1.5:1 was
47.5 %. Parameters for this coating are mean values from a power and pressure matrix. To investigate
ionisation influence, coatings have also been deposited at higher power and pressure.

The current work has shown that the concept of combining a RF powered coil with a magnet-free
pulsed DC powered cathode works very well for the sputtering of hard magnetic material in very
stable plasma.

Keywords: ICIS, lonised PVD, Magnet-free sputtering, deposition on high aspect ratio vias

1 Introduction

Deposition of thin films of magnetic material is of great importance for various applications such as
data recording [1] and magnetic microelectromechanical systems (MagMEMS) [2].

Magnetron-based sputtering techniques suffer from low target utilisation rates of 40% [3] and short
service intervals for magnetic materials as targets need to be thin.

A high degree of ionisation of sputtered species is preferable, as this allows deposition on structured
surfaces because ions follow the electric field lines that are created by the potential difference
between the plasma bulk and substrate surface. This makes it possible to deposit even coatings on
sidewalls and the bottom of high aspect ratio features of the substrate.[3]

Inductively Coupled Impulse Sputtering (ICIS) is a new development which aims to solve the
previously mentioned issues by eliminating the need for a magnetron. ICIS is based on an
experimental development by Yukimura and Ehiasarian [4], which utilises high pulsed RF-power in
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the coil and high pulsed DC voltage on the target to generate a plasma and attract argon (Ar) to
initiate sputtering

In this work ICIS technology was adapted to work inside a deposition system and uses a 13.56 MHz
RF-power supply.

In the current work the plasma composition and ionisation is studied by Optical Emission
Spectroscopy (OES), the coating microstructure and thickness by Scanning Electron Microscopy
(SEM) and the coating chemical composition and contamination by sputtered RF coil material by
Energy - Dispersive X-ray spectroscopy (EDX).

A model [5] based on the optical emission of DC and RF magnetron discharges is used to explain the
connection between the intensity (I(Aij)) and power (P) for highly ionised magnetron plasma
processes. Dony et.al. explain the dependence of the optical emission of the plasma to the power on
the cathode. As with ICIS the plasma is generated inside the induction coil, in this study we correlate
the optical emission of the plasma to the power applied to the coil. As the model is based on
magnetron processes, it is very useful to compare the ionisation efficiency of ICIS with conventional
magnetron processes.

2 Experimental Details

The experimental ICIS system (shown schematically in Fig.1) consists of a UHV chamber (Kurt J.
Lesker CMS - 18), Huittinger PFG 5000 RF power supply (13.56 MHz), a Hittinger HIPIMS power
supply HMP6/16, a 2-turn 80 mm diameter solid rod copper coil and a magnet free 75 mm diameter
cathode.

The plasma discharge is created within the RF powered coil. When the plasma has ignited, pulsed DC
power is applied to the cathode. RF and DC power pulses are synchronised by a pulse generator.

In the current study a pressure - RF-power matrix was used to examine the influences of working
pressure and RF- power on the ionisation of the discharge and deposition properties. The pulsed DC
parameters were kept constant at 1900 V. The working pressure was varied from 2.96 - 21.4 Pa and
the RF power was varied between 1000 W - 4800 W. The repetition frequency was 500 Hz with a
pulse width of 150 ps. The substrate was silicon dioxide (SiO,), an insulator, with vias, held at
floating bias voltage. Temperature on the substrate at the beginning of the process was between 20 -
28 °C and during deposition rose by approx. 5 °C within one hour.

2.1 Plasma and Coating Characterisation Techniques

Plasma composition analysis was carried out by OES monochromator (Jobin
Ivon Triax 320) with quartz optical fibre and collimator in vacuo. The
comparison of the excitation efficiency of ICIS with conventional RF-ICP
magnetron sputtering is realised by fitting the OES results for increasing
RF-Power to a model for ionisation by electron and Penning collisions
developed for RF-coil enhanced magnetron sputtering. [5]

_ _ Scanning electron microscopy (SEM) (FEI NovaSEM 200) was used to
Figure 1 Experimental examine the coating properties and to determine the structure and bottom

setup of the ICIS coverage, i.e. the ratio of the coating thickness on the bottom and top
deposition system with the

assembly of the inductive  Surfaces of vias.

coil, magnet-free cathode

and OES location.

2.2 Modelling of the Excitation Properties

The results showed an increase in metal excitation and ionisation as a function of power. The relation
between emission intensity and RF power in the coil is expressed by a power law with exponent f,
which is derived from the slope in a log - log graph: I, = P# (1).

As the excitation of Ar is predominantly by electron collision the intensity is proportional to the
electron density, 1, < n, (2).

For the intensity of Ar neutrals and metastables we obtain the following equation:

log(1,,-) = B log P(3), where I is the intensity of Ar for a certain wavelength, 8 is the slope and P is
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the power applied to the RF-coil.

For the excitation of metal neutrals the intensity is Iy;e = Kye * Naye * Ne * CM€(4). Kye and CM® are
constants. From the definition of the sputtering yield, ny, = ey,ny,+ (5) Where ¢ is a constant and v
is the sputtering coefficient and because plasma is considered to be quasineutral, n,,+ = n,(6), it can
be concluded that I,,, o< n,? (7). Following from equations (1) and (2) for metal neutrals we get

Iyje = (PB)2 (8). For Ni neutrals we get: log(Iy;0) = 28 log P (9). As a further electron collision is
necessary to ionise the excited metal atoms for Ni ions the equation is: log(I;1+) = 38 logP (10).
This means that the slopes of Ni neutrals are expected to be twice as steep and three times steeper for
Ni ions as those of Ar neutrals.
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3.1 Optical Emission Measurement

OES results for a ICIS 3000 W Ni plasma in fig.3 show
strong emission from Ni neutrals. Ni ions which were
expected at 333.188 nm were below the detection limit of
the OES. Most Ni ions can be expected at lower
wavelengths very much further in the ultraviolet spectrum. oot
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3.2 Modelling the Influence of Power on lonisation

As has been discussed, according to the prediction model the intensity of the sputtered species rises
linearly with increasing RF-Power in a logarithmic graph. Fig. 4 shows measured OES intensities
against RF coil power in a logarithmic graph. As no intensities for Ni ions were measured the graphs
only contain the data for Ar and Ni neutrals. For the ICIS of Ni plasma there are two distinct slopes
for powers below and above 2000 W respectively. For powers below 2000 W the slope is three times
higher for Ni neutrals compared to Ar neutrals. According to the model a factor of 2 is to be expected.
The reasons for this behaviour need to be examined further. For powers above 2000 W the slopes of

Ar and Ni neutrals react as predicted by the model.

Table 1: Comparison of the slopes of Ar and Ni neutrals in ICIS plasma.
1.Ar 750slope: | 0.53 2.Ar 750slope: 0.41
1.Ni 341 slope: | 1.40 2.Ni 341 slope: | 0.79
1.Ni 345 slope: | 1.41 2.Ni 345 slope: | 0.74
1.Ni 346 slope: | 1.32 2.Ni 346 slope: | 0.66

Figure 4 describes the influence of pressure on the ionisation at a constant power. It can be seen that
for higher pressures the intensity of Ni neutrals reduces. Similar studies with ICIS of Ti showed that
the reduction of neutrals is accompamed by an increase in Ti ion |nten5|ty,

due to an increased T LN AR i
efficiency of | . & 0 R By T
ionisation at higher | - ot S

pressures. S Taiad pogs go®

It can be expected > o O . o are ]
that this effect would £ Foal 2 tomie ]
be valid in Ni and B T il
the reduction might N

be attributed to an 100 T T S T S S .
: R - 0

Increasing lonisation. Figure 3 Measured results for Ar and Ni Figure 3 Measured results for Ar and Ni

!Even . though th? neutrals for a constant pressure of 12 Pa with neytrals for a constant RF-Power of 3000 W
intensity from  Ni  varying RF-Power. The black lines highlight and varying pressure.
ions was not the different slopes below and above 2000 W

measurable, this indicates that the ionisation processes are more efficient at higher pressures. This
could be attributed to a reduction in mean free path of collisions between Ni atoms and Ar atoms.
This has two consequences. One is the reduction of energy of Ni atoms leading to longer transit times
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through the ionisation zone of the RF coil. Another consequence is the greater frequency of collisions
with Ar metastables. Both of these consequences result in a higher probability of ionisation through a
Penning process.

3.3 Coating properties

The cross section image (Fig. 5) of a high
aspect ratio(AR) via 2:1 coated by ICIS of
Ni at RF-power of 4000 W and low pressure
(6.4 Pa) being conditions that would result
in a medium ionisation degree of the
sputtered material. The films exhibit dense
columnar dendritic growth. The bottom-
coverage (BC) for these process settings and
AR is 21.2% with a floating bias. The
deposition rate was approx. 125 nm/h. e
In fig. 5a it can clearly be seen, that th_e Figure 5 SEM cross section of Ni coated Figure 5a Close up of
growth of columns on the sidewalls is high aspect ratio vias deposited with ~ the corner of the via
perpendicular to the substrate surface and 4000 W RF-Power at 6.4 Pa. from figure 5.
homogeneously level over the whole depth of the feature. t'%i”ﬂ[';‘)‘;grno"‘g:noge
The accumulation of material at the bottom of the structure indicates the .., alongw?th the
deposition of ions. The overall distribution of the deposit indicates that the perpendicular growth
majority of the deposited species were metal ions. The dense structure of the on the sidewalls.
bottom coating and no visible separation between the sidewall and bottom as well

as the even sidewall coverage suggest only modest resputtering.

4 Conclusion

Successful deposition of magnetic material has been demonstrated by ICIS achieving high degrees of
ionisation. While ions have not been detected by OES measurements there are numerous indicators
that the sputtered target material does indeed get ionised. These are the deposition into high aspect
ratio structures with good sidewall and bottom coverage, the horizontal orientation of columns on the
sidewalls of vias and the reduced intensity of metal neutrals at higher pressures.

Further calculations of the excitation in ICIS processes has shown to be comparable to magnetron
based systems but further work needs to be completed to measure the actual ionisation and to explain
the higher excitation rate at lower powers.
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1 Introduction

In the presented study a tubular plasma reactor is investigated, which is normally used for the
continuous plasma surface modification of fine-grained powders. The plasma reactor basically
consists of a 1.5 m long glass tube with a gas and precursor feed unit at its top and a particle-
gas separation unit at the lower end. The power is coupled inductively into the plasma via a coil
which is wrapped around the reactor tube.

Substrate powders normally pass the discharge tube with high velocity and are functionalized
on their way through the plasma in approximately o.1s. Possible plasma surface
functionalization processes for powders are illustrated in Figure 1.1. The wettability of powders
is increased by the formation of polar groups on the surface [1]. Films are deposited on particle
surfaces to protect the substrate from harsh environments [2] or for catalytic applications [3]. In
recent years, also a new plasma process, which increases the flowability of fine-grained
powders, gained increasing attention. Nanostructured SiO, is formed in the plasma and directly
deposited on the substrate particle surface [4]. These nanoparticle structures increase the
surface roughness of the substrate particles. Thus, the interparticle van der Waals forces are
reduced, which leads to a major improvement of the powder flowability [5]. This process shows
promise for companies dealing with cohesive granular materials.

The feasibility of this process was shown in the past, but at the same time the need for
fundamental research in this field was recognized. Which ion density is required to yield in an
effective surface modification? What is the thermal load of a substrate particle during the
treatment? Which precursor should be used for a maximum improvement of the flowability?

In order to answer such questions, we measured axial profiles of plasma parameters in this
continuous reactor and studied the nanoparticle synthesis in detail. No substrate powder was
fed during these investigations to facilitate probe measurements and to focus on the produced
nanoparticles.

Silica-like nanoparticles were produced from the four organosilicon monomers
hexamethyldisiloxane (HMDSO), tetramethyldisiloxane (TMDSO), tetraethyl orthosilicate
(TEOS), and tetramethyl orthosilicate (TMOS) in argon-oxygen gas mixtures. The chemical
composition and morphology of the emerging particles and its production rate were studied as
a function of process pressure (100 — 400 Pa), plasma power (200 — 350 W), gas velocity (5 —16
m/s) and gas composition. Langmuir double probe and calorimetric probe measurements
allowed determining the axial profiles of electron temperature, positive ion density, and energy
influx along the vertical axis of this tubular reactor.
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Figure 1.1: Overview of plasma-assisted surface modification processes for fine-grained powder
substrates.

2 Experimental

The process scheme for the nanoparticle production in the tubular plasma reactor is shown in
Figure 2.1. The plasma chamber (1) consists of a 1.5 m long double wall glass reactor with an
inner diameter of 40 mm. Thus, a high surface-to-volume-ratio of 100 m™ is provided. The gap
between inner and outer glass tube was flushed with deionized water (2) of 20 °C to ensure a
constant reactor temperature.

The discharge was driven with radio frequency (RF) of 13.56 MHz. The RF-generator (3) was
connected over a matching network (4) with the water cooled copper coil (5) on the outside of
the cooling jacket. The flow rates of oxygen, argon and the organosilicon monomers were
adjusted by flow controllers. The liquid monomers were fed through a controlled evaporation
mixing device (6) and stored under a 2bar argon atmosphere (7) to prevent monomer
degradation.

Below the plasma zone the produced nanoparticles were separated from the gas stream by a
downcomer (8), cyclone (9) and filter unit (10) and collected in the solid collection vessels (11).
Since the produced silica structures are very small, all powder was collected from the polyester
filter. A constant pressure in the reactor was maintained during the process by a butterfly
control valve (12) in front of the two stage roots and rotary vane vacuum pump (13).
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Figure 2.1: Process scheme of the tubular plasma reactor adapted for nanoparticle production, PIC:flow
indicator controller, PIC: pressure indicator controller, numbers are indicated in the text, taken from [6].

3 Analytical methods

The plasma was characterized by a tailor-made Langmuir double probe and a calorimetric
energy influx probe. In addition, photographs of the discharge were taken to discuss
characteristic differences in optical emission of the plasma as a function of the process
parameters. The morphology of the emerging nanoparticles was investigated by transition
electron microscopy (TEM). For the determination of the mass production rate of nanoparticles
the filter weight was measured before and after each experiment. Information about the bond
structure of the produced particles was gained by Fourier transform infrared (FTIR)
spectroscopy, whereas the chemical composition of the particles was studied by X-ray
photoemission spectroscopy (XPS).

4 Results

The electron temperature reached its maximum in the domain of the inductive coil and values
up to 17 eV were measured. The positive ion density featured as well maximum values in the
region of the helical coil. Densities up to approximately 2-10" cm? were found and the positive
ion density as well as the energy influx rose with increasing plasma power. The measured
energy influx was additionally strongly influenced by the mean gas velocity in the reactor.

The carbon content of the orthosilicate derived particles was generally lower compared to
disiloxane derived particles. Furthermore, the carbon content decreased with rising oxygen to
monomer ratio, plasma power, and process pressure. The conversion from monomer to
nanoparticles was favoured by high pressure, short residence time, and high monomer content
in the process gas. The morphology of the produced amorphous particles was similar to fumed
silica, with primary particles in the size range of 10 nm, building hard-agglomerates of several

114



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

hundred nanometres during the synthesis. Finally, an adapted particle growth model for a
continuous plasma reactor, illustrated in Figure 4.1, was introduced which explains the
influence of the different process parameters on the particle evolution.
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Figure 4.1: Adapted particle growth model for this tubular plasma reactor, taken from [6].
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ABSTRACT

Titanium dioxide nanoparticles are used commonly in various applications due to their high catalytic
activity. Many of these applications require subsequent treatments after the deposition of the TiO,
particles. Some of these include thermal processing at high temperatures, e.g. roof tiles. For all of
these applications, the crystal structures as well as the microscopic properties are essential. Thus,
sintering severely affects the catalytic activity in most of the cases. During thermal processing, the
nanoparticles transform from the catalytical highly active anatas structure to the substantially less
active rutil structure. This structural change has been found to be significantly retarded when coating
the TiO, nanoparticles with a closed film of SiO,. During the thermal treatment, these films break
open, revealing the underlying TiO, [i]. Thus, the film thickness has to be appropriate for the
designated treatment subsequent to the nanoparticle deposition.

In this study, we present an approach of SiO, film deposition making use of silane gas. Pure silane gas
is highly demanding on safety standards and technical installations, since it acts self-igniting and
highly explosive when getting in contact with air or any oxygen containing gas. Thus, diluted process
gases are used for most technical implementations, which contain just about 3% silane in 97% helium,
neon, argon, hydrogen or nitrogen. While noble gases and hydrogen are used as dilution for a wide
range of applications, the process gas consisting of nitrogen and silane is only implemented for
silicon nitride deposition. Nevertheless, this gas should be the most suitable for many applications
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regarding economics and handling. Closed films produced by dielectric barrier discharges in such
mixtures of gases consist of mainly non-stoichiometric silicon nitride, while the other diluted process
gases produce metallic silicon films. The deposition of silicon dioxide films is rather complicated,
since the silane reacts instantaneously with every oxygen-rich gas. Thus, both gases must not get in
contact until they have arrived in front the surface that is to be coated. Most of the existing work
found in the literature focuses on the implementation of this condition, to merge the silane and the
oxygen right at the surface being coated. Taking a quite different approach, we divided the film
deposition into two steps: In the first step, a silicon nitride film was deposited from the process gas
with the silane diluted in nitrogen employing a dielectric barrier discharge plasma. As a second step,
the silicon nitride film has been tried to convert into silicon dioxide by means of a second plasma
discharge using either oxygen for a process gas or even environmental air.

All studies have been carried out in an ultra high vacuum apparatus, while the plasma treatments
have been carried out up to atmospheric pressure. During the investigations we employed
Metastable Induced Electron Spectroscopy (MIES), Ultraviolet Photoelectron Spectroscopy (UPS) and
X-ray Photoelectron Spectroscopy (XPS), as well as Atomic Force Microscopy (AFM). The microscopic
measurements showed the deposited film to enclose the particles in a Frank van der Merwe — type
growth mode. Film thicknesses determined by increased particle diameters in AFM were in good
accordance to calculated film thicknesses from XPS peak intensity attenuation. Spectroscopic results
show a formation of a silicon nitride film with substoichiometric nitrogen content, though free of
oxynitrides. Surface impurities and adsorbates from the ex-situ preparation procedure were strongly
removed and seemed to notably increase the growth rate. The second step gained a transformation
of the film up to 98% silicon dioxide according to XPS. Remaining carbon impurities from the initially
uncleaned surface were removed by both of the oxidizing plasmas. The transformation was found to
be even more effective for the air plasma treatment than for the oxygen plasma treatment at a
comparable oxygen partial pressure.

[i] Qi F, Moiseev A, Deubener J, Weber A (2911) J. Nanopart. Res. 13:1325-1334.
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Abstract

Copper nanoparticles were synthesized using a novel method based on sputtering material from a
hollow cathode using high power pulses. The high power pulses provide a supersaturated vapor
with a high degree of ionization from which the nanoparticles are formed in the gas phase. By
adjusting the pulse parameters, the plasma environment and thus the nanoparticle growth can be
affected. It was found that the nanoparticle size can be influenced by varying, e.g., the pulse
frequency or the pulse power. The results using the high power pulsed hollow cathode are compared
to nanoparticles synthesized with a dc discharge using the same setup.

Introduction

The large interest in materials in the form of nanoparticles (NPs) stems from the unique properties
they have compared to bulk quantities, e.g high surface-to-volume ratio [1,2] and plasmonic effects
[3,4]. This has led to a demand for NPs with well-defined characteristics, e.g. sizes with narrow size
distributions. The challenge is to develop a technique that can meet the demands. Today, there exist
several techniques to synthesize NPs, e.g. milling, wet chemistry, flame synthesis, and plasma-
based methods. Plasma-based methods provide an elegant method to create non-agglomerated NPs
from a wide selection of materials in a controlled environment. The material from which the NPs
should be synthesized can in the plasma-based methods be provided either chemically, i.e. in a
reactive process [5], or physically in a sputtering process [6]. Using a physical method, any material
that can be sputtered can in principle be used to synthesize NPs.

NPs in a non-equilibrium plasma will, when they reach a size of about 10 nm, be negatively
charged due to the higher mobility of the electrons compared to the positive ions. This is the reason
why the NPs will not be agglomerated in the plasma, which is a large benefit.

The NPs form in the plasma by a supersaturated vapor. Three-body collisions form small clusters
that grow by colliding with each other or with single atoms or ions. As the NPs grow, they get
negatively charged and coalescence between NPs is prevented. They can now only grow by
collecting atoms or ions. Due to the attractive force between positive ions and the negatively
charged NPs, the collision cross-section for positive ions is at least one order of magnitude larger
than for neutrals. It is therefore of benefit to have a large fraction of the NP building material in
ionized form. Achieving a high plasma density also leads to a higher density of sputtered material,
which promotes NP formation.

In our novel method to synthesize NPs, we use high power pulses similar to what is used in high
power impulse magnetron sputtering [7], to achieve a high plasma density. To further enhance the
plasma density and to keep the plasma focused, we use a hollow cathode.

In this study, we have used a copper hollow cathode to synthesize copper NPs, and studied the
effect of pulse power and pulse frequency on the size of the NPs. The results from the pulsed power
method has also been compared to the results from running the same set-up with DC power.
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Method

The copper hollow cathode (length 54
mm, outer diameter 12 mm, and inner
diameter 5 mm) was mounted at the
center of the top lid of a stainless steel
chamber with a diameter of 290 mm and
a height of 430 mm. A sketch of the setup
can be seen in figure 2. The cathode is
water cooled with a gas inlet from above.
Outside the orifice of the hollow cathode
a stainless steel grounded anode shaped
as a ring with a diameter of 30 mm is
placed. The anode ring was kept at a
distance of 45 mm from the cathode
during the experiments. A volume outside
the hollow cathode, including the anode
ring, is enclosed by a stainless steel mesh
cage that prevents the plasma from
escaping to other grounded structures.

Below and outside the mesh cage, 160 mm from the hollow cathode, a rotatable substrate table
with space for up to six substrates is mounted. The substrates are 10x10 mm silicon pieces with a
200 nm layer of titanium on them. To attract the negatively charged NPs to the substrates, a bias
voltage of +10 V was applied to the substrates by a clamp to the substrate surface.

The chamber was pumped down by a turbomolecular
pump backed by an oil-sealed pump to a base pressure of
4x10° Torr. Argon was used as sputtering gas, and the
working pressure was set to 0.8 Torr (107 Pa), yielding an
argon gas flow of 60 sccm. The high power pulses were
delivered by a pulsing unit built in-house, fed by a DC
power supply (Advanced Energy MDX-1K).

The dependence on the pulsing parameters were studied
by varying the pulse frequency while keeping the pulse
power (i.e. the energy per pulse) constant, and by keeping !
the time-average power constant, i.e. by decreasing the ! |
pulse power as the frequency is increased. The effect of :
varying pulse power was studied by keeping the frequency
constant and equal to 700 Hz. 1 :

A series of experiments with DC power were also ' :
performed and compared to the pulsed power results. The
setup during the DC experiments was the same as during
the pulsed power experiments.

The synthesized NPs, collected on the titanium-coated
silicon pieces were analyzed using a scanning electron P
microscope. An example of spherical copper NPs
synthesized with the pulsed power process is shown in
figure 1. Micrographs at different magnifications were run
through a Matlab script which identified single NPs and
calculated their size distributions. The mean size and
standard deviation were calculated by fitting a log-normal
distribution to the result.

Figure 1: Example scanning electron microscope
image of copper nanoparticles. The background shows
the titanium film on the silicon substrate.

Figure 2: Schematic drawing of the
experimental setup. Ar sputter gas
flows through the hollow
cathode,which is cooled by
circulating water. The anode ring,
mesh cage, and substrate table are
seen below the hollow cathode.
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Figure 3: Mean nanoparticle diameters synthesized with the pulsed hollow cathode at (a) constant
average power (30 W), (b) constant energy per pulse, and (c) constant pulse frequency (=700 Hz).
The error bars indicate the standard deviation of the fitted log-normal distribution. Points without
error bars did not have enough statistics to estimate a standard deviation.

Results and discussion

The results from the pulsed power experiments are shown in figure 3. The NP size increases both
with frequency and average power.

A step can be seen in the NP size when the frequency is increased with constant pulse power (the
peak current in the pulse was kept at / = 10 A) in figure 3 (b). Assuming that the sputtered material
per pulse is the same, the increase in NPs size with frequency can be explained by an overlap of
material and plasma from consecutive pulses. Since the shape of the current curve is constant when
the frequency is changed, a plasma overlap within the hollow cathode can be excluded. Even when
the frequency is changed with constant average power (figure 3 (a)) the NP sizes increases. As the
frequency is increased the power per pulse, and thus the amount of sputtered material and the

ionization per pulse, is lowered to keep the

40 : average power constant. This shows that the
material and plasma overlap is important, since
sputtered material that is refilled to a region
30¢ | where NPs already exist mainly attaches to the

- - NPs rather than form new NPs and a re-
20! } } ionization by consecutive pulses charges already

d (nm)

present NPs which can grow by the effect
discussed in the introduction.

10} As the peak current in the pulses was
° % changed at constant frequency (=700 Hz), two

' size populations could be observed, see figure 3

0 20 40 60 80 100 (c). The amount of smaller NPs decreased as the
P., (W) peak current increased. Since the frequency, 700

Hz, is in the range where a sharp rise in NP sizes
occurs, it is natural that we have two size
populations of smaller and larger NPs. As the
peak current, and thus the power in the pulse,
increases, more material is sputtered and the
ionization degree increases, which increase the
NP sizes.

Figure 4: Mean nanoparticle diameters
synthesized with the DC hollow cathode at
different discharge powers. The error bars
indicate the standard deviation of the fitted log-
normal distribution. Points without error bars
did not have enough statistics to estimate a
standard deviation.
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When the process was run with DC power, the synthesized NPs were generally smaller compared
to the pulsed process at the same average power, as can be seen in figure 4. The size has a
maximum around 40 W and decreases towards higher power. This has also been seen in other
studies [8]. The NP formation is dependent on the surrounding gas temperature, and an elevated gas
temperature is expected to heat the NPs so that they evaporate and are reduced in size. Since the gas
temperature in the discharge would increase with deposited power, a reduction of NP sizes should
be seen as the power is increased.

In the DC case we lack the effect of providing material at high density in pulses, and the degree
of ionization should be lower compared to the pulsed case. Judging from the results of the pulsed
process, where those two parameters are important, the continuous power deposition in the DC case
leads to a different type of NP growth. The reduction of NP sizes as the average power is increased
can not be seen from the results for the pulsed process. More experiments are needed to fully
understand this process.

Summary

A novel plasma-based NP synthesis process utilizing high power pulses has been developed. The
high power pulses were applied to a copper hollow cathode, which leads to a high density plasma
and a high sputtered material density. The pulse parameters frequency and pulse energy were
varied. It was found that the NP sizes generally increase with average power. The same trend was
seen for constant average power when the frequency was increased, showing that overlapping
pulses are important for the NP growth.

The pulsed process was compared to a DC process using the same experimental setup. The
results from the DC experiments show that the NP size in this case in general are smaller than the
NPs synthesized by the pulsed process at the same average power. The sizes also show a maximum
at a certain power with decreasing sizes towards higher powers, which can be caused by an
increasing gas temperature at higher powers leading to a higher evaporation rate of the NPs.
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Abstract

Hydroxyapatite (HA) is widely used as a bio-medical coating on press-fit (cementless) orthopaedic
implants to enhance the biological response of the device. Presently atmospheric plasma spray (APS)
is the most widely applied technology for the deposition of such bio-medical coatings. There have
been concerns however, regarding the high deposition temperatures to which the HA precursor
powder is exposed during APS processing, as this can result in changes to the HA powder’s
crystallinity. Furthermore, concerns have been raised regarding the affect these crystalline alterations
may have on the solubility of the deposited HA coating, and thus, the affect they may have on the
integrity of the coating at the metal interface. The aim of this study is to evaluate the fatigue
performance of APS HA coatings, carried out under both dry and wet fatigue conditions. The wet
fatigue conditions were facilitated using a Simulated Body Fluid (SBF) solution, which enabled the in
vitro simulation of the HA coating response in a typical in vivo environment. SEM and XRD
examination of both the reference (as received) and dry samples demonstrated the coating properties
were almost identical after 10 million cycles, while the evaluation of the wet samples suggested
complete failure of the HA coating had occurred during testing. In conclusion, HA coating
delamination during the wet fatigue testing was attributed to significant weakening of the coating, due
to material loss from dissolution as a result of exposure to the SBF solution. Significantly the
dissolution was found to occur both at the interface and within the coating.

Introduction

The commercial success of the atmospheric plasma spray (APS) deposition technology in the
application of HA coatings is due to its high deposition rates, large coating thickness, reasonable
chemical and microstructure control, mid-level deposition cost and ability to coat complex shapes.
Concerns however, have been raised regarding the change in HA crystalline phase during the high
temperature (<5700 °C) APS deposition process [1]. Crystalline HA coatings have shown lower
dissolution rates and enhanced long term fixation in-vivo [1, 2]. Furthermore, there are concerns
regarding the effect that this enhanced dissolution may have on the integrity between the metal
interface and the plasma spray coating [2].

In recent years, explanted APS HA coated devices, have shown signs of severe coating delamination
[3] and third body wear [4]. The issue of delamination has been attributed to the continuous loading
and unloading (or fatigue loading) of the device during normal implanted function, however, 1SO

standard fatigue tests performed on APS HA coatings, have shown little or no coating failure after 10
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million cycles [5]. Significantly these standards require the fatigue tests be performed only in
atmospheric conditions. While these conditions are suited for replication, they do not however
represent the biological conditions that the implant is exposed to during normal implanted function.

This paper evaluates the long term fatigue performance of APS HA coatings carried out under both
dry (atmospheric) and wet fatigue conditions. Both the dry and wet fatigue tests were performed to a
modified 1SO standard. In the case of the wet tests, the APS HA coating is exposed to a Simulated
Body Fluid (SBF) solution during testing. The SBF solution is designed to mimic the ion
concentration and pH conditions that an implanted coated device would be exposed to during normal
implanted function [6]. The properties of the samples were evaluated post fatigue testing using a
range of characterisation techniques. The aim of this study was to determine if the wet conditions,
rather than the dry conditions, would better represent the long term response of the APS HA coatings

observed during normal implanted function.

Materials & Methods

The fatigue studies were carried out using titanium alloy (grade V) cylindrical substrates machined to
the dimensions detailed in Figure 1. The APS HA coatings were deposited by APS Materials Inc.
(Waterford, Ireland), a commercial atmospheric plasma spray deposition company. The fatigue tests
were performed using a rotating cantilever bending machine (or Wohler tester) [7], which operates at

4700 rpm, and with an adjustable cantilever length set to 70mm.
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Figure 1: Fatigue substrate dimensions, with the coated section indicated in grey

Fatigue Limit

The fatigue limit is defined as the maximum value of applied alternating stress that a test sample can
indefinitely endure without failure. The fatigue limit is integral to this study, as the purpose of this
study is to evaluate the fatigue performance of the APS HA coatings and not that of the substrate.
Knowing the fatigue limit will prevent failure of the substrate and determine the maximum fatigue
stress possible to be imparted on the APS HA coatings. Through experimentation the fatigue limit of

the titanium substrates was estimated to be 550 MPa, which fits well with literature [8-10].

Dry fatigue testing

The dry fatigue tests were performed under atmospheric conditions, and involved mounting the APS
HA samples on the tester with the required cantilever load positioned 70mm from the centre of coated
section (grey area in Figure 1). The APS HA samples were then tested to 10 million cycles, at 4700

rpm. The load was calculated as that required to develop a stress amplitude equivalent to 90 % the

123



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

fatigue limit, or 495MPa. The use of only 90 % of the fatigue limit gave further assurance that the
substrates would not prematurely fail due to fatigue, and also guaranty a high level of stress could be
imparted on the APS HA coating.

Wet fatique testing

The wet fatigue tests were performed under the same fatigue parameters as the dry tests. An additional
soft polymer enclosure, encapsulating the APS HA coating, facilitated the exposure of the SBF
solution to the coating for the full period of testing. To insure retention of the SBF solution during the

high speed testing, the soft polymer enclosure was sealed using a cyanoacrylate adhesive.

Following testing, the substrates were ultrasonically cleaned in deionised water and dried at 50 °C for
1.5 hours prior to evaluation. The surface roughness (R,) of the HA coatings was determined using
optical profilometry. Scanning Electron Microscopy (SEM) analysis was performed to examine the
coating morphology and cross-section. The chemical elements present at the coated interface were
determined using Energy Dispersive X-ray spectroscopy (EDX). The crystallographic structure

present at the coated interface was determined using X-ray diffraction (XRD).

Results & Discussion
SEM micrographs of the tested samples established that the morphology (Figure 2) of both the
reference and dry samples were almost identical. Conversely, there appeared to be little or no coating

present in the micrographs of the wet samples.
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Figure 2: SEM morphological micrographs (x2000) of the Ref (as received), Dry tested and Wet tested samples.

Further investigation using XRD (Figure 3) reflected these findings, with the wet sample’s spectra
showing no XRD peaks related to HA and three large peaks associated with the substrate material.
Furthermore, EDX analysis of the wet samples only detected trace elements of Ca and P (constituent
of HA). Cross-sectional micrographs of the tested samples, verified that no HA coating was present
on the wet tested samples, but significantly found that minor coating splintering had occurred in the

case of the dry samples.
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Figure 3: XRD evaluation of the Ref (as received), Dry tested and Wet tested samples.

These findings indicate that complete delamination of the APS HA coatings has occurred during wet
fatigue tests, while the same fatigue parameters under dry conditions resulted in only some splinters
but no coating delamination. The disparity in results for the dry and wet fatigue test conditions are due
in part to the inherent HA dissolution that occurs in the presence of the SBF solution. Importantly, this
dissolution would also be expected to occur within the body. An examination of the literature
regarding explanted APS HA coated devices would further suggest that the tests performed with the
SBF solution provide a more accurate representation of the implanted device environment. Therefore,
this fatigue test methodology should provide a more accurate assessment of the long term
performance of APS HA coatings in the body.
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Inadequate cleaning and disinfection of reprocessed endoscopes have been reasonable
factors of infectious complications during endoscopic procedures. The decontamination of
long fine-lumen tubes as occurred in endoscopes by low and atmospheric pressure plasmas

is shown. Furthermore, the antimicrobial effect of different plasma setups is comparable
due to a new established and standardized contamination and recovery procedure.

Key words: bacterial spores; non-thermal plasma; polytetrafluoroethylene (PTFE); decontamination;
multicentre trials

I ntroduction

Minimal invasive treatment using tubes such as catheters and endoscopes is well-established. Since the
introduction of flexible endoscopy into medical practice, many cases of infectious complications
involving bacteria, fungi and viruses have been linked to endoscopic procedures. Inadequate cleaning
and disinfection during the reprocessing of the instruments have been reasonable factors as well as
insufficient final rinsing and incomplete drying of the endoscope or contaminated flushing equipment
for the air/ water-channel. Flexible endoscopes are thermo-labile and cannot withstand heat
sterilization processes. Common disinfection processes like ethylene oxide or hydrogen peroxide
vapour as well as formaldehyde are more or less effective, but require long contact and aeration times.
Furthermore, these processes use toxic and explosive substances. Therefore, the development of new
methods for the sterilization of thermo sensitive devices especially with long fine lumen is very
important. A promising possibility is the decontamination by plasma discharge treatment. Various
plasma setups have been developed. However, due to the complexity of plasma techniques and
technologies, setups and parameters, it is impossible to compare their antimicrobial efficacy by single
experiments. A standardization of microbiological parameters is necessary to attribute the observed

effects solely to the plasma efficacy.

This work is based on round robin tests with and without plasma treatment by three institution (the
Fraunhofer IGB Stuttgart, Germany; the HygCen GmbH Schwerin, Germany and the INP Greifswald,
Germany) and the publications by Maucher et al. (2011) and Schnabel et al. (2012).

Materialsand Methods
Endospores ofB. atrophaeus (ATCC 9372) and ofG. stearothermophilugATCC 7953) as

standardized biological indicator for sterilization processes were chosen.
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Polytetrafluoroethylene (PTFE) tubes (Saint-Gobain Performance Plast, Germany) with an inner
diameter of 2 mm, outer diameter of 3 mm, and a length of 1-1.2 m (1 m length was used as positive
reference, without plasma treatment, or 1.20 m, according to the required length for the used plasma
treatment composition) were used as test tubes.

The contamination of the test tubes with endospores and the recovery of reference bacteria and of
survival bacteria after plasma plasma treatment was realized by a newly developed cycle method. This
so called IGB-cycle method described in Maucher et al. (2011). The defined endospore suspension
with 10-10 cfu mi* was pumped for a period of 5 minutes (flow rate of 15 ml nifor
contamination or 50nl tryptic soy broth for 20 min (flow rate of 30 ml riinfor recovery from a

storage flask through the test tube and back to the flask. Venting was assured by a filter. After plasma
treatment, lte collected suspension contains the endospores detached from the test tube and suspended
in the broth. The resulting amounts of colony forming units (cfu) were quantified according to, for
instance, EN 14561 and TS/ISO 15883-5.

The INP decided to use a coaxial DBD setup. The setup consists of a grounded, metallic inner and a
spiral outer electrode for the presented studesxribed in Schnabel et al. (2012). The inner electrode

is moved in translatory motion to avoid local damages of the tube wall. The microbial
decontamination was done with moistened air (1.5 sIm and a relative humidity of 65%). The high
voltage was generated by a car ignition coil from the amplified sine-wave signal of a signal generator
(“AFG 3022 B” Tektronix, Cologne, GmbH Germany). The process parameters for the
decontaminating plasma treatment of three tubes were an Uss of 9.0 kV, a f of 3.0 kHz and a P of 8.0
W. The all in all treatment time for the decontamination of the specimen was 14 min and the inner

temperature ranged from 50 to 60 °C.

The decontamination of the specimen at Fraunhofer IGB has been done using low pressure plasma
glow discharge. The plasma treatments have been done with a coaxial arrangement of the electrodes
with or without an inner electrode as describe&chnabel et al. (2012). Thygounded electrode is a

wire of stainless steel (diameter 0.8mm) and located along the axis within the lumen of the
contaminated PTFE tube. This specimen is located within a conduit of polymethylmethacrylate
(PMMA). The inner diameter of this conduit (6mm, wall thickness 1mm) is slightly larger than the
outer diameter of the specimen. The hot electrode does consist of an adhesive copper strip (supplier
3M Deutschland GmbH, width 10 mm), which is wounded in a helical manner around the PMMA
conduit. The power source is a RF generator (ENI) HPG-2 with 190 kHz. The vacuum is created at
one end of the specimen by a rotary vane pump (Alcatel 2012A) resulting in a residual pressure of 2
mbar. The other end is connected to massflow controllers (MKS). The pressure (Vacubrand DVR5) at
the entrance of gas flow into the specimen is 15 mbar, at the exit 4 mbar. The applied powers and

treatment times have been at 15 W and 20 min.
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Results and Discussion

The focus was on the comparability of the antibiological efficacy affected by different plasma
techniques conducted by different laboratories. Furthermore, the recovery of plasma treated specimen
by three different laboratories was compared. Overall six comparative experiments were carried out.
The contamination of all test tubes was performed according to the IGB-cycle-method described
above. HygCen performed the contamination for the experimental series 2, 3, and 6. IGB performed
the contamination in series 5 and INP in series 4. The recovery experiments were done by all
participating laboratories using the earlier explained recovery procedure. The plasma treatment was
realized by the working groups of the IGB (low pressure plasma) and of the INP (atmospheric pressure

plasma).

The round robin tests 1-3 are preliminary performed to investigate different microbial techniques for
contamination and recovery of bacterial load in long fine lumen tubes. During these tests a
standardized procedure was established for the comparability of antimicrobial efficacy of different
plasma techniques independent on performer, microorganism, and laboratory. The first round robin
test showed strong differences in contamination and recovery as measured by the participating
laboratories. The second experimental series showed significant improvement in the uniformity of the
results. The detected residues of the plasma treated specimen were comparable for each plasma
configuration itself and for both techniques. The final standardization was reached by the third test.
Moreover, the results for the plasma treated specimen showed a rising decontamination by plasma
with reductions of 3.0—4.3 lggcfu per specimen.

Finally, the establishment of the IGB-cycle-method for untreated and plasma treated specimen was
received within three experimental series. The used conditions led to the best comparable results and
furthermore to an upward decontaminatiorBofatrophaeusndospores in long fine lumen tubes. To

verify the reproducibility of the methodology, the round robin tests 4-6 were performed to show the
possibility of standardization of the IGB-cycle-method. Therefore, the microbial contamination was
done by the INP (4th series), the IGB (5th series), and with endospdeestafarothermophiluésth

series, contamination by HygCen).

The treatment with plasma resulted Bn atrophaeusendospore reductions from 3.2 jpgfu per
specimen as a minimum to 6.2 Jpgfu per specimen as a maximum. A reduction factor of 53 log

cfu per specimen for the inactivation of spores of the biological indiGatetearothermophilusould

be achieved. Both plasma techniques lead to very good decontamination results that lay underneath the
detection limit of O cfu per specimen.

Six series of experiments were required to assure a widespread standardization in the problematic
areas related to verification of decontamination performance. The first important step is the procedure
used to prepare the contaminating agent and the condition of the specimen. Secondly, the methodology
used for contamination and its uniformity must be investigated. Finally the procedure for recovery has

to be adjusted to assure reproducible and quantifiable results.
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The advantage of our experimental workflow is the comparability of the microbicidal efficacy of
different plasma setups by a standardized contamination and recovery used for all compared specimen.

The problem of comparability of various plasma techniques was desbyitigfiibeck et al. (2011).

Conclusion

Due to the complexity of plasma techniques and technologies, setups, and parameters, it is impossible
to compare their antimicrobial efficacy by single experiments. A standardization of microbiological
parameters is necessary to attribute the observed effects solely to the plasma efficacy. Therefore the
specimen, microorganism, load, contamination, and recovery method as well as initial concentration
must be well defined. Moreover, the commonly used and established challenge test is not suitable for
non-thermal plasma decontamination investigations. In this work we showed a new and innovative
procedure for the investigation of plasma techniques used for decontamination of long fine lumen of
thermo-labile tubes and the possibility to get comparable results which rely on the antimicrobial
effects of plasma. Furthermore three new plasma setups for the decontamination of PTFE-tubes were
developed. Moreover, the effort which is needed to achieve comparable results in the round robin tests
demonstrated the difficulties to compare microbiological results of different research groups in
literature. Beside the standardized testing procedures also the amount and kind of data describing the
test procedures is insufficient for comparability. Therefore, more work is needed to ensure in future

the correct evaluation of data of differeasearchers.
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Abstract

Hydrogen free diamond-like carbon coatings (DLC), i.e. tetrahedral amorphous carbon (ta-C) films, have high hardness
and low coefficient of friction at ambient temperature and humid conditions. However, the coefficient of friction and wear
rate in sliding contacts against steel surfaces increase severely at elevated temperatures. Adding solid lubricant into micro-
reservoirs produced by Laser Surface Texturing (LST) has been reported to decrease the coefficient of friction of sliding
surfaces. In this study, incorporation of MoS, and WS, solid lubricants onto laser textured and ta-C coated steel surface by
burnishing was demonstrated to provide improved tribological properties such as low friction and high wear resistance at
elevated temperature with an extended lifetime of the surfaces.

Introduction

Diamond-like carbon (DLC) films have been of
interest due to their unique mechanical, chemical and
tribological properties. Hydrogen free tetrahedral
amorphous carbon (ta-C) films have high hardness and
low coefficient of friction at ambient temperature and
humid conditions. However, these tribological
properties become remarkably deteriorated at elevated
temperatures.

Solid lubricants are extensively used for reducing
friction and wear in severe conditions, as in vacuum and
high temperatures, where fluid lubricantion is not
possible. Transition metal dichalcogenides (TMD) such
as molybdenum disulphide (MoS,) and tungsten
disulphide (WS;) are well known for their lubricating
behavior [Winer, 1967].

Surface texturing as a method to improve the
tribological properties of mechanical components is
already well known for the last decade [Etsion, 2005].
The fundamental idea of LST is the controlled
preparation of small dimples or grooves to act as
lubricant reservoirs.

Solid lubricant addition onto surface micro-pits
produced by LST has been reported to decrease the
coefficient of friction of sliding surfaces [Rapoport et
al., 2008]. The LST increased significantly the wear life
of a burnished solid lubricant layer when compared to a
non-textured surface.

Attempts of improving tribological properties of
hydrogenated DLC by surface texturing have been
reported [Dumitru et al., 2003] but no solid lubricants
have been utilized in these studies.

The aim of this work was to improve the
tribological properties of ta-C films at elevated
temperatures by MoS, and WS, addition on LST
surfaces.

Materials and Methods

Polished stainless steel (AISI 316, surface roughness
less than 0,01 um) disks were laser surface textured by
picosecond laser. Dimples of 50 um diameter and 5-10
um depth with a spatial period of 50 um yielding a
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dimple density of 28% were processed on the whole
substrate surface.

LST steel substrates were coated with 1 um thick ta-
C film in DIARC filtered cathodic arc coating
equipment.

MoS, and WS, solid lubricants were added on
separate ta-C coated LST surfaces by burnishing
technique using commercially available powders with
an average particle size less than 2 um. The burnishing
process was done in lab conditions by applying a
sliding pressure with a hard plate to the powder against
the sample surface.

The tribological experiments were carried out by
using a pin-on-disc (POD) tribometer developed at
VTT. Tests were carried out with a sliding velocity of
0.05 m/s and a normal load of 10 N. At room
temperature, 2 N load was used to avoid high Hertzian
contact pressures at the beginning of the sliding.
Stainless steel (AISI 316) spheres with 10 mm diameter
were used as a counter body. In order to study the
tribological properties of the samples at elevated
temperatures, test temperature was varied from ambient
room temperature to 350°C. Temperature steps were
room temperature, 100°C, 200°C, 250°C, 300°C, and
350°C. The test was performed so that the temperature
was increased into the next step after every 30 minutes
of sliding and stopped when the coefficient of friction
(COF) started to oscillate and increase remarkably. The
sliding track was not changed between the different
steps. COF for every temperature step was calculated as
an average value of COF acquired during the test time
of 10-30 minutes. As a reference, flat ta-C sample
without any solid lubricant addition was also tested in
the same manner.

Results

LST treated steel substrate resulted in a surface with
evenly distributed dimples. Only small, approximately a
few hundred nanometer high dimple bulges, which were
removed after a short post-polishing process, were
formed. After the coating process, the LST top surface
had a whole ta-C film while the rough surfaces of the
dimple bottoms were only partially coated.
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Fig. 1 shows SEM images of burnished solid
lubricants on ta-C coated LST surfaces. In the

burnished surfaces, the dimples were filled with powder
and also a few microns thick solid lubricant layer was
formed on the areas around the dimples. Both lubricants
were noticed to be rather adhesive on ta-C thus the
burnishing method was noted to be a feasible method.

. 200um
Figure 1. Burnished a) MoS, and b) WS, on ta-C coated
LST steel surface.

The average COF values for ta-C coated LST
surfaces with solid lubricants at different temperatures
are shown in Fig. 2.

Burnished MoS, resulted to oscillation of COF
values at room temperature (0.15-0.25). At 100°C,
friction and oscillation decreased significantly. Lowest
friction values of 0.02 was at 250°C but already at
300°C values increased and began to oscillate. At
350°C, friction increased severely and the coating broke
down.

Burnished WS, had lower and more stable coefficient
of friction than MoS, at room temperature (0.15) and
COF decreased even further at 100°C. Interestingly the
lowest coefficient of friction was approximately 0.05 at
300°C. At 350°C, the friction curve started to oscillate
and slowly crept upwards as sliding continued, which
indicated that the temperature was too high for WS, to
operate properly. It seems that WS, addition provided
better protection for ta-C at higher temperatures than
MoS,.
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The reference ta-C film showed low friction values at
ambient temperature but already at 100°C COF
increased dramatically and the coating broke down after
couple of minutes.

0,14
012

0,1

« 0,08
0,06 “MoS2

0,04 urws2"
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100

Figure 2. The average coefficient of friction values for
ta-C coated LST surfaces with MoS, and WS, addition
at different temperatures.

200 250 300
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Discussion

The present study demonstrates possibilities for
enhancing the tribological properties, such as low
friction and wear resistance, of ta-C type DLC coatings
in sliding contacts by a combination of laser surface
texturing and solid lubricant.

Results showed that MoS, and WS, addition by
burnishing did not improve the tribological properties
of ta-C at room temperature but already at 100°C both
solid lubricants provided a good protection for ta-C by
reducing coefficient of friction remarkably compared to
bare ta-C coating. It should be noted though that the
solid lubricants used here would most probably oxidize
if exposed to elevated temperatures for longer periods.
This might have detrimental effect on their tribological
properties.
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Introduction

In the last few decades, the amorphous or nanostructured carbon structures prepared by
several deposition techniques are a subject of considerable research interest due to their
excellent properties, such as high hardness and chemical inertness, wear resistance or low
friction [1,2]. There have been also attempts to improve the mechanical, chemical or
tribological properties of carbon coatings by addition of other elements. Generally, specific
chemical composition of the modified films strongly affects the surface energy, and may
modify various physical properties and decrease compressive stress, making some
metal-doped carbon films suitable for large variety of practical applications [3].

Our work was focused on the structural, chemical and tribological properties of Zr-doped
DLC coatings with controlled composition. The main attention was paid to the determination
of the wear mechanisms, characterization of the worn surfaces and wear debris and formation
of a tribolayer affecting the tribological process. The as-deposited coatings and worn surfaces
were studied using 3D optical profilometry, Raman spectroscopy, X-Ray diffraction (XRD)
and Scanning electron microscopy (SEM).

Experimental Details

Two d.c. magnetron sputtering deposition configurations were used to obtain both
non-hydrogenated (Ar atmosphere) and hydrogenated DLC structure (reactive CHJ/Ar
atmosphere). The coating structures were deposited using four targets - two of them were of
pure carbon, one target was composite carbon with pellets of zirconium located in the erosion
zone, fourth target was of Ti due to the adhesion interlayer deposition. The composite Zr/C
target power was changed in order to obtain the structures with different zirconium content.
The coatings were studied from the structural, morphological and chemical point of view. The
coatings composition was studied by Electron probe micro-analysis (EPMA). The XRD
enabled to comprehend the coatings structure, Raman spectroscopy (A = 532 nm) was used for
detailed analysis of as-deposited, as well as worn areas and testing counter-parts. The
tribological tests were performed by pin-on-disc Tribometer CSM at room temperature
against 100Cr6 bearing balls with a diameter of 6 mm. The wear rates were observed using
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3D non-contacting profilometer.

Results and discussion

The Zr-DLC(-H) coatings composition obtained by EPMA clearly proved that introducing of
Zr/C composite target power led to the increasing zirconium content from 0 to 4.5 at.%
approx. The Raman spectra of as-deposited Zr-DLC(-H) coatings are shown in Fig. 1.
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Fig. 1 Raman spectra of as-deposited Zr-DLC(-H) coatings

All Raman spectra clearly showed main carbon D and G peaks. With the incorporation of the
Zr into the films, the G peak position shifted slightly towards lower wavenumbers. This G
peak shift was associated with carbon bonds disordering and fragmentation [4]. Generally, the
G peak position was slightly lower for hydrogenated coatings regarding on the Zr content in
the film. Moreover, both the D and G peak appeared more pronounced compared to the
corresponding hydrogen-free samples.

The hydrogenated films exhibited slight background photoluminescence effect. The Ip/lg ratio
determined from peak areas clearly supported the conclusions given by the G peak analyses.
First, the incorporation of Zr dopants caused significant Ip/lg ratio growth for both the
hydrogen-free and hydrogenated coatings. Second, the hydrogenation of the DLC and
Zr-DLC films resulted in the lower Ip/ls ratio. More pronounced D peaks corresponded to the
higher degree of C-C bonds fragmentation and decreasing of the specific size of carbon
clusters. Lower Ip/Ig ratio could be also an indirect proof of the increasing sp*/sp? fracture [5].
The friction curves of the Zr-DLC(-H) coatings were relatively stable with significant
running-in stage (Fig. 2). The average friction coefficient varied from about 0.07
(hydrogenated Zr-DLC) to 0.24 (non-doped coatings).
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Fig. 2 Typical friction curves of Zr-DLC(-H) coatings at room temperature

The contacting area on the steel ball contained a mixture of iron oxides and graphitized
carbon structure (Fig. 3). Although the free unworn surface of the 100Cr6 steel ball could not
prove any vibration spectra, the contacting surface showed several driving effects - presence
of iron oxides, slight photoluminescence effect and the G peak position shift towards higher
wave numbers compared to as-deposited coating.
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Fig. 3 Raman analysis of the ball vs. Zr-DLC-H contact
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The tribolayer on the ball surface was formed from a mixture of iron oxides and reordered
C-C structure. Moreover, the thin layer formed at the leading edge exhibited Raman spectra
similar to the pure graphite. This could be explained by strong graphitization of the outer
coating surface during the friction process. The graphitic interlayer formation, as well as iron
oxides presence was significantly dependent on coating composition.

Conclusions

It was showed that the wear processes taking place at the contact interface were significantly
dependent on the coatings composition. Fundamental relations between as-deposited coating
properties, wear track surface properties, tribolayer properties, and tribological tests
conditions has been described.
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We have succeeded to deposit anisotropic and top surface deposition profile on substrates with
trenches using H-assisted plasma CVD of Ar + H, + C;Hg at a low substrate temperature of 100
°C. For the anisotropic deposition profile, carbon is deposited without being deposited on side-
wall of trenches. For the top surface deposition profile, carbon is deposited at only top surface.
The optical emission measurements and evaluation of deposition rate have revealed that a high
flux of H atmos is the key to the deposition profile control. The mass density of the films and
their Raman spectrum have shown that their structure is a-C:H.

Keywaords: carbon film, deposition profile, plasma CVD, trench

1. Introduction

Wide interest in carbon films such as diamond-
like carbon (DLC) and hydrogenated amorphous
carbon (a-C:H) stems from their attractive properties
such as biocompatibility, chemical inertness, high
mechanical hardness, optical transparency and wide
band gap [1-6] and hence have widespread applica-
tions as protective coatings in several areas such as
car parts, micro-electromechanical systems (MEMS)
and as magnetic storage disks [5]. DLC films first
reported in the 70s were deposited by ion beam dep-
osition [7, 8], and a-C:H films introduced in the be-

ginning of 80s were deposited by rf plasma CVD [9].

Since then a-C:H films deposited by rf plasma CVD
have been studied intensively by many researchers
[10]. In addition, the most widely used technique for
DLC films deposition is rf plasma CVD. The plas-
ma CVD has the advantage of being possible to de-
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posit at a low substrate temperature compared with
thermal CVD methods. The advantages allow us to
make protective coatings on polymer such as
PMMA (poly(methyl methacrylate)) employed for
photoresist films.

Deposition profile control of carbon films on fi-
ne structures is one of the concerns for MEMS and
ultra large scale integration (ULSI) applications. So
far, we have succeeded in controlling deposition pro-
file of Cu films on trench, and have realized sub-
conformal, conformal and anisotropic deposition, for
which Cu is filled without being deposited on side-
wall of trenches, using a H-assisted plasma CVD
method [11-16]. We have applied the method to car-
bon film deposition on trenched substrates in order
to control deposition profile [17-21]. In this paper,
we have examined effects of Ar gas addition to
H,+Toluene (C;Hg) plasma on deposition profile
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control at a low substrate temperature of 100°C us-
ing the H-assisted plasma CVD method.

2. Experimental

Experiments were performed using the H-
assisted plasma CVD reactor, in which a capacitive-
ly-coupled main discharge and an inductive-coupled
discharge for an H atom source were sustained as
shown in Fig. 1. For the main discharge, a mesh
powered electrode of 85 mm in diameter and a plane
substrate electrode of 85 mm in diameter were
placed at a distance of 33 mm. The main discharge is
mainly used for producing carbon containing radi-
cals as precursors for carbon deposition. The excita-
tion frequency of the main discharge was 28 MHz
and the supplied power Py, was below 45W. The dis-
charge of the H atom source was sustained with an rf
induction coil of 100 mm in diameter placed at 65
mm above the substrate electrode of the main dis-
charge. The H atom source can generate a high flux
of H atoms toward the substrate. The excitation fre-
guency is 13.56 MHz and the supplied power Py =
500 W. C;Hg was used for ingredient molecules for
carbon film deposition. It vaporized at 150°C, and
supplied with H,. The C;Hg flow rate was 0.63 sccm.
Ar diluted H, gas was introduced from the top of the
reactor. The total flow rate of H, and Ar was 90
sccm. The total pressure was 13 Pa. The trench sub-
strate set on a substrate electrode. The trenches were
fabricated with SiO, on crystalline silicon wafers
and were covered by WN layer. The aspect ratio

H atom source
13.56MHz

Main
discharge

— @l 28MHz

Inductive coupled coil of
discharge of H atom source

At
|

H |
i grounded mesh

vaporizer ==

Liquid Delivery
System
C7Hg

substrate

~insulator

—4 F@l RF bias
400kHz

substrate electrode
of main discharge

Powered electrode
of main discharge

Fig. 1. H-assisted plasma CVD method.
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which is defined as a ratio of the depth of the trench-
es and their width was between 0.7 and 5. An rf bias
voltage of 400 kHz was applied to the substrate for
controlling kinetic energy of ions incident on it. The
bias voltage was -7 V. Since the plasma potential
which was measured by Langmuir prove was 25 V,
the ion energy E; was 32 eV.

3. Results and Discussion

The flux of H atoms towards the substrate is an
important factor for the carbon film deposition. The
deposition rate is reduced by etching by H atoms. To
study effects of Ar dilution on the H atom generation,
we have measured optical emission intensity of H,
at 20 mm above the center of the substrate electrode.
Figure 2 shows dependence of the H,, intensity on a
flow rate ratio R= [H,])/([H.]+[Ar]). The intensity
has a maximum value around R= 22 %. It indicates
that generation of the H atoms is enhanced by Ar
dilution. To evaluate the deposition profile control,
we have evaluated a ratio of the deposition rate ratio
at side wall of the trenches and that at top DRgjge.
wal/ DRiop ant a ratio of the deposition rate at bottom
and that at top DRpottom/DRiop. Figure 3(a) and 3(b)
shows dependence of DRigewal/DRiop and DRyt
om/DRiop ON an aspect ratio of the trenches as a pa-
rameter of R, respectively. The deposition rate at the
top is constant irrespective of the aspect ratio,
whereas the deposition rates at the sidewall and bot-
tom tend to decrease with increasing the aspect ratio.
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deposition rate ratio

deposition rate ratio

aspect ratio
Fig. 3. Dependence of deposition rate ratio on
aspect ratio of trenches as a parameter of R.

Thus, the deposition rate ratio decreases with in-
creasing the aspect ratio. This is because the incident
deposition radical flux per surface area in a trench
decreases with increasing the aspect ratio. The depo-
sition rate ratio tends to decrease with decreasing the
R. The DRgigewai/DRiop is smaller than DRygtiom/ DRop-
The decrease in the deposition rate ratio for the side
wall is larger than that for the bottom. No deposition
takes place at the sidewall of trenches of all aspect
ratio in Fig. 3(a) for the gas flow ratio R = 33.3 %
11.1 %. In other words, we have succeeded in depo-
sition carbon films on trenched substrates in an ani-
sotropic way. Figure 4(a) shows a cross-section
SEM image of the anisotropic deposition profile. For
R= 33.3 % and 11.1 %, the carbon films does not
deposit at both of the sidewall and bottom for the
aspect ratio > 1.6. We have realized top surface dep-
osition. Figure 4(b) shows a SEM image of top sur-
face deposition profile.

Experimental deposition profiles are determined
by the balance between deposition of carbon con-
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(a) R=50 %

(b) R=33 %

Fig. 4. Cross-section SEM images of (a) aniso-
tropic deposition profile for R= 50 % and (b) top
surface deposition profile for R=33.3 %.

taining radicals and etching by H atoms. When the
etching rate surpasses the deposition rate of carbon
containing radicals, no deposition takes place there.
Irradiation of ions induces structural modification at
the film surface [22]. The etching rate for the modi-
fied hard films is significantly lower than that for the
unmodified films. Therefore etching rates at the top
and bottom is lower than that at sidewall, because
ion fluxes on the top and bottom are higher than that
on the sidewall. Moreover, incident deposition radi-
cal flux per surface area at the sidewall and bottom
is lower than that at the top. Because of the lower
incident deposition radical flux per surface area and
the higher etching rate, the deposition rate at the
sidewall is the lowest. The etching rate at the top is
lower than that at bottom, because ion fluxes on the
top is higher than that on the bottom. Thus, the dep-
osition rate at the bottom is lower than that at the top.
We can realize anisotropic and top surface deposi-
tion with increasing H atom flux to suppress side-
wall and bottom deposition. Therefore, a high H at-
om flux is the key to anisotropic and top surface
deposition.

The hardness of the carbon films is important to
employ this deposition profile control to fabricate
protection layer in fine structures. We have evaluat-
ed properties of the films deposited for R= 33%. Ta-
ble 1 shows the film density, peak intensity ratio of
G band and D band in Raman spectrum and etch
selectivity of the films for SiLK films which is used
as low-k materials for dielectric layer in ULSI. The
films density of 1.54 g/cm® and the Raman peak ra-
tio of 1.93 show that the deposited film is a-C:H
films. The films have a moderate value of the etch
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Table 1. Film properties of the carbon films depos-
ited for R=33.3 %.

Film properties for R= 33 %

Mass density (g/cm?) 1.54
Raman peak ratio of G band and D band 1.93
Etch selectivity for SILK™ 0.88

selectivity of 0.88. To improve the hardness of the
films, we have found that the E; is an important pa-
rameter [20, 21]. For E;= 100 eV, the film density
and the etch selectivity have maximum values. The
film density and the etch selectivity for E= 100 eV
is 2.27 g/cm® and 4.4, respectively [20, 21]. The re-
sults indicate our deposition profile control method
is useful for depositing protection layer in fine struc-
tures.

4.Conclusions

We have studied the aspect ratio dependence of
deposition rate ratio as a parameter of R. The follow-
ing conclusions are obtained in this study.

1) Optical emission intensity of H, in the main dis-
charge region has a maximum value for R= 22 %.
The generation of H atoms is enhanced by Ar dilu-
tion. A high H atom flux is the key to anisotropic
and top surface deposition.

2) We have succeeded to deposit anisotropic and top
surface deposition profile on substrates with submi-
cron wide trenches using H-assisted plasma CVD of
Ar + H, + C;Hg at a low substrate temperature of
100 °C.

3) The films deposited for R= 33.3 % are a-C:H
films and has a moderate etching selectivity for
SiLK films of 0.88. To improve the film hardness,
the ion energy is important. For E;=100eV, the etch
selectivity increases to 4.4.
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Graphene, the first 2D atomic crystal ever know possess interesting electrical properties,
especially high carrier mobility, which promise its bright future in electronics. However, there is
still no suitable technology for fabrication of graphene for general electronic applications. Today
the most successfully fabrication technology is CVD on metals followed by a transfer process on
insulated substrates as needed usually in electronics. This process is quite successful — up to 30-
inch graphene sheets were fabricated and successfully transferred to plastic substrates [1].
Although such technology is suitable for transparent electrodes, a general applicable technology
for fabrication of graphene on insulating substrates is needed. Here one should mentioned that
the fabrication of graphene from SiC by thermal decomposition [2] is not an alternative because
the high temperatures ( > 1300°C) needed to sublimate Si atoms make this technology
incompatible with the existing silicon electronics.

Recently [3] we proposed an idea for fabrication of graphene on the top of insulating
amorphous carbon films by low-energy ion modification. In this low-temperature process the
surface of the amorphous carbon could crystallize to graphene as a result of point defect creation
and enhanced diffusion caused by the ion bombardment. Different ions can be used to modify
diamond-like carbon films, for example carbon and hydrogen ions as inherent to the starting
material (a-C:H) in our experiments. We choose argon ions, which are widely used in the
microelectronic technology and as a noble gas should not react with the carbon. To estimate the
necessary energy and doses of the ions in order to modify only some monolayers on the surface
of the amorphous carbon films the Monte Carlo SRIM-2008 program [4] was used. We found [3]
that for energy of the argon ions 1 keV the dose should be ~ 4.5 x 10" Ar*/cm? in order to break
all bonds of the surface of the amorphous carbon films. This estimated value is in good
agreement with the experimental value found in the literature [5].

In our first experiments [3] the films were modified in DC magnetron system at unipolar
pulsed discharges. Pulse biasing of the magnetron is needed because the diamond-like carbon
films are highly insulating and ion bombardment with DC voltage would cause charging of the
film. The reason for use magnetron in the film modification was the possibility for easy
production of argon ions with low energy and high ion density. However, this choice has also a
drawback. To achieve the necessary dose of about 4.5 x 10" Ar*/cm? it was found that the
modification time should be shorter then 1 s. Although these first experiments were quite
successful, the short modification time was difficult to control and to vary in order to optimize
the technology.

Therefore another system was built later [6]. It is a simple diode system. Both electrodes
are cooper strips fixed on an alumina substrate and the samples could be placed on/or near the
cathode. The results presented in this paper were obtained for samples placed directly on the
cathode. The cathode and samples were not cooled because to our estimations it should not be
significant heating during the ion bombardment. The voltage amplitude was 400 V, pulse
frequency of 66 kHz and pulse time of 10 ps. The system was evacuated by a combination of
diffusion and a mechanical pump. During the modification the pressure of the chamber was
3x10™ Torr.

Fig. 1 shows the calculated profile of the vacancies produced in amorphous carbon films
for 400 eV argon ion modification. As expected only 1 nm of the surface of the film (about 3
monolayers) will be modified. One can see in Fig. 1 also the profile of the implanted argon ions —
the curve “lon range” with maximum at about 1.6 nm. Obviously the argon ions are implanted
far behind the modified surface region and they should not introduce additional effects. The
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calculated necessary dose for this ion energy is nearly the same as calculated in [3], about 4.5 x
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Fig. 1. Calculated vacancies profile and argon ion distribution for 400 eV Ar" plasma treatment of
amorphous carbon.

Here one significant remark should be made. Usually in plasma-based implantation
systems (as actually our system is) the ion dose incident in the sample is measured by integrating
the current induced in the sample by the ion beam. However, because our samples are highly
insulating, there is problem to measure the sample current. Due to the difficulties associated with
dose measurements, in this paper we will give only the irradiation times instead of the ion doses.

Raman spectra of the samples were measured before and after sample modification at
room temperature. Raman spectra were obtained using laser with 633 nm wavelength and laser
power smaller then 0.9 mW in order to prevent modification of the films by the laser irradiation.
Raman spectra of the plasma treated (but not annealed) samples show only small differences in
comparison with the non implanted samples. This can be expected because at room temperature
the diffusion coefficient of the carbon is not high enough for its crystallization. Obviously an
annealing should be made after the plasma treatment. Fig. 2 shows Raman spectra of the samples
after annealing at 350°C for 6 hours. This temperature was chosen as maximal temperature,
which cannot affect the underplaying amorphous carbon. In Fig. 3 it is demonstrated that without
plasma treatment an annealing of a sample does not change significant the Raman spectrum. In
our first experiments [3] the annealing temperature was some lower - 300°C. Later we have
found that it can be increased to 350°C.

Obviously the most significant changes of the Raman spectra after annealing were the
splitting of the broad amorphous spectrum into two distinct D- and G-peaks. This is typical for
partial crystalline carbon with small crystalline size. Without plasma treatment such partial
crystallization of amorphous carbon can be achieved by annealing at temperatures 800-900°C. It
is well known that in the graphite or graphene presence of the D peak indicates the presence of
disorder. However, in amorphous carbons the development of a D peak indicates ordering. The
D-peak intensity rises with increasing plasma treatment time, i.e. the crystallization is enhanced.
However, its position remained stable, as Fig. 4 presents. In contrast to this, the G-peak shows an
upshift ( ~ 12 cm™) from 1572 cm™ to 1584 cm™, close to the typical G-peak of graphene. As the
plasma treatment time increased, the G-peak narrowed, indicating again enhanced ordering
(crystallization) of the modified amorphous carbon.
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Fig. 2. Raman spectra of samples modified for different times and annealed at 350°C for 6 hours.
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Fig. 3. Raman specra of unmodified sample before and after annealing at 350°C for 6 hours.

The Ip/lg ratio widely used for characterization of carbon materials is shown also there.
In this paper we refer to Ip/lg as the ratio of peak heights. With increasing implantation time this
ratio rises up to ~ 0.96 indicating sp? cluster size of about 1.5 nm [7]. However, such conclusions
should be made very carefully because interpretation of Ramen signal of such complicated
system like graphen on amorphous carbon is not easy.

The single and sharp second order Raman band (2D) is widely used as a simple and
efficient way to confirm the presence of single layer graphene. In the Raman spectra of our
samples in the 2D band region one can recognize a peak at 2700 cm ™ which is however, not
sharp as expected. These broad Raman spectra are typical for defected graphene [8-10]. With
increasing modification time (ion dose) this peak rises and two other small peaks at about 2000
cm™ and 2900 cm™ can be seen. The peak at 2900 cm™ can be identified as D + D’ combination
[8]. At the moment the origin of the peak at about 2000 cm™ is not clear.
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Fig. 4. D-peak and G-peak positions vs. plasma treatment time. Sown is here also the intensities ratio of D-
peak and G-peaks.

In conclusion surface modification by low energy pulsed argon plasma was used to
fabricate graphene on the top of insulating diamond-like carbon films. It is shown that by
following low temperature thermal annealing at 350°C is possible to achieve partial
crystallization of amorphous carbon to graphene. The observed Raman spectra are typical for
defected graphene — splitted D- and G-peaks and a broad 2D-peak. This result is very
encouraging and we hope that by improving this technology it will be possible to fabricate
defect-free graphene, which can be used in electronics without transfer to other substrates.
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Extended Abstract

The magnesium alloys are very interesting construction materials in aviation, automotive and
machine industries as well as in production of portable electric devices. Their low densities
from 1.75 to 1.85 g/cm3 and high specific strength give a chance of considerable reduce of
energy. The main inconvenient feature of magnesium alloys which make difficult their
applications is very small corrosion and tribology resistance.

This paper presents the technological process of creation of the composite layers consist of
“‘intermetalic layer MgAl — PVD coating” on AZ91D magnesium alloy intended for
anticorrosion and anti-wear applications. The investigated composite layers were obtained
with the use of the hybrid surface treatment technology, which consist of diffusion treatment
in Al powder followed by electron beam deposition method. In order to present the technical
realization of hybrid technology the authors designed an original technological process
implemented in the hybrid multisource device (Fig.1), produced at the Institute for
Sustainable Technologies — National Research Institute in Radom (Poland).

|-

Fig.1. The hybrid multisource device produced at the
Institute for Sustainable Technologies — National Research Institute in Radom.

The device has been equipped with two arc sources with the cathode diameter of $=80
mm and with the 60kW electron gun with the dynamic electron beam deflection circuit and
steering system. The device is equipped with modern, reliable power systems, substrate
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polarization system, multichannel process gases dosing system as well as the systems of
monitoring and measuring substrate temperature and atmospheric gas pressure.

The AlLO; ceramic coatings was obtained on the AZ91D magnesium alloy with the
intermetalic layer MgAl on the surface. The properties of the designed and created
composite layers like as microstructure (optical microscopy technique), phase structure (X-
ray diffraction), chemical composition (GDOES method) were investigated (Fig.2).

g

Al,0; (25.:m)

S Pt

. - . - - . - - - - . -

Fig.2. The Al,O3; ceramic coatings obtained on the AZ91D magnesium alloy with the
intermetalic layer MgAl on the surface.

The paper also demonstrates the results of adhesion (Scratch test), mechanical properties
(Nano Hardness Tester), corrosion investigations (electrochemical corrosion test method) as
well as tribology investigations (ball-on-disk method) carried out for AZ91D magnesium alloy
covered by investigated composite layers.

The obtained results proved that hybrid surface treatment technology — diffusion treatment in
Al powder + electron beam deposition, which was developed by authors, enable to significant
increase of corrosion and tribology resistance of AZ91D magnesium alloy.
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affinity

Since the mid-1980s, Tissue Engineering has
been proposed as a potential tool in addressing
the repair, replacement, and/or regeneration of
vital organs. Thus this field is now an
interesting alternative to artificial prosthesis and
confronts the transplantation crisis, i.e., the
shortage of donor tissues and organs available
for transplantation®.

This new emerging field is based on the use of
cells (particularly stem cells) seeded in a three-
dimensional (3D) scaffold (most often made og
a biodegradable polymer), that provides the
initial structural integrity and organizational
backbone for cells to assemble into a functional
tissue®. Thus, scaffolds, characterized by high
porosity, proper pore size, shape, surface area,
suitable biodegradability and biocompatibility,
stiffness and mechanical integrity, are required.
These 3D structures have to allow the necessary
support for cell attachment, proliferation,
differentiation, leading to a correct tissue
regeneration in advanced applications.

Nowadays, several fabrication techniques have
been employed to realize scaffolds with suitable
biocompatibility®>. For instance, Solvent
Casting/Particulate Leaching (SC/PL) is the
most easy, low time-consuming and cheap
conventional scaffolding technique, used by
material engineers. It allows the control of

micro-structural characteristics such as total
porosity and total pore size®. Another known
conventional technique includes the
supercritical carbon dioxide (scCO;) as
porogen, that is advantageous because it does
not require organic solvents and leaching
process to eliminate the porogen’. Also, with
this technique it is possible to control the total
porosity and pore size, even if the pores are
randomly distributed inside the scaffold.

Unlike conventional machining, computer-aided
technologies, like Solid Free-Form fabrication
(SFF) and Rapid Prototyping (RP), are able to
build scaffolds by selectively adding materials,
layer-by-layer, as specified by a computer

program, creating a highly reproducible
architecture along the 3D construct®.
Surface properties influence cell-material

interactions in the tissue engineered structures.
Generally, when cells are seeded in vitro into
3D scaffolds, cell adhesion is favoured at the
peripheries of the constructs, resulting in poorly
populated inner parts, because the external
surfaces of the scaffolds are more accessible
than the inner ones. Thus, by controlling
scaffold surface chemistry by some surface
modification techniques, it should be possible to
control adsorption of proteins from the cell
culture medium and, in turn, to enhance cell
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adhesion and motility, inside/outside the
scaffolds, in a homogeneous way”.

Cold plasma processes at low and atmospheric
pressure can be used to tailor the surface
composition of scaffolds . Recent advances in
radiofrequency plasma processes (RF, 13.56
MHz) Glow Discharges for biomedical
applications, include the achievement of
functional surfaces for direct cell growth and
biomolecules immobilization, the deposition of
non-fouling coatings, the deposition of nano-
composite bacterial resistant coatings and the
synthesis of nano-structured surfaces'!. Even
though many approaches for the modification of
surface chemistry of polymers have been
described, it remains an interesting challenge to
understand their efficiency and penetration
when applied to complex 3D structures.
Recently, we have described low pressure
plasma modification processes applied to poly-
(lactic acid, PLA) scaffolds, fabricated with a
conventional scCO, technique, using allyl
amine/hexane  plasma  depositions.  This
technique is based on the generation of gas
bubbles within a polymer and the use of
supercritical CO, as porogen, through a three
phases cycle (plasticization, nucleation and
vitrification). The low pressure plasma
depositions were able to create chemical
gradients (hydrophobic outside and hydrophilic
inside the scaffolds) attracting cells inside the
polymeric structures*.

A low pressure O,/H; plasma treatment has
been applied to polycaprolactone (PCL)
scaffolds, produced by means of SC/PL
technique. This scaffolding technique consists
of dispersing a porogen (NaCl crystals at proper
diameter range and NaCl/polymer composition
ratio) within a polymeric solution, fixing the
structure and removal of the porogen, to result
in a porous scaffold. We observed that by
varying the plasma parameters (e.g. pressure,
power, gas feed composition), the hydrophilicity
of the scaffolds varied in a controlled way,
obtaining different water absorption Kinetics,
that could address the behaviour of different cell
lines'®,

Further, ethylene/N, mixtures were used to
plasma deposit cell-adhesive coatings to
increase the affinity of osteoblast-like cells of
PCL scaffolds produced with the same SC/PL
technique'®. Good nitrogen content penetration
was achieved inside the porous constructs, with
a good adhesion of osteblast-like cells.

The same low pressure plasma deposition has
been applied to PCL scaffolds fabricated with a
Fused Deposition Modeling (FDM) technique,
by means of the BioCell Printing instrument®.
This technique is based on the extrusion of a
thermoplastic material through a nozzle, where
the filament material is supplied by an extrusion
head, controlled by a computer, that follows a
programmed path which is based on a pre-
defined CAD model. The plasma depositing
species were able to uniformly coat the PCL
filaments of these scaffolds, from the top to the
bottom surfaces. Osteoblast-like cells followed
the nitrogen-based thin film, adhering on all the
scaffold thickness™.

Although in the biomedical field at low pressure
plasma processes are utilized more often rather
than atmospheric pressure, the latter are gaining
popularity, especially in the field of Plasma
Medicine. This emerging area is based on the
use of atmospheric plasmas directly on living
tissues, wound healing, cancer treatments and
other therapeutic purposes’®. Among the
atmospheric pressure plasma sources, Dielectric
Barrier Discharges (DBD) are mostly utilized in
this field. Few works have been devoted to the
application of these plasmas to tissue
engineered scaffolds. Safinia et al. treated poly-
(lactic/glycolic acid) scaffolds with an air
atmospheric pressure plasma process, grafting
O- and N-containing chemical groups on the
scaffold surfaces, improving wettability and
affinity with eukaryotic cells’”. In our
laboratory, we have applied air plasma DBD
treatments on 2D polystyrene substrates and
PCL scaffolds fabricated with the SC/PL
technique. Increased hydrophilicity  was
assessed after the plasma treatments and for 2D
substrates, the behavior of osteoblast-like and
NHDF fibroblast cells was also studied.
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Abstract. The structure and the transport properties of polymer composite membranes consisting of
a porous substrate and a polymer layer obtained by plasma-induced graft polymerization method
were studied. It has shown that the presence of the polymer layer on the surface of porous substrate
leads to changing its transport propertieghe water permeability of the formed composite
membranes substantially depends on the solution pH. These changes are caused by convertible
conformational transitions of macromolecules of the grafted polymer layer from an expanded state
into a compact one which is in turn caused by the degree of ionization of the functional groups on
the surface of this layer.

Keywords. polymer composite membranes, plasma-induced graft polymerization,
pH-responsive membranes

Introduction

The intense interest has been aroused recently in problem of obtaining the so-called ‘smart’ or
‘intelligent’” membranes, that is, such membranes whose transport properties can be adjusted by
changing of external conditions. These investigations are of major practical and scientific importance
as they allow one not only to gain a wide spectrum of membranes with unique properties, but also to
discover synthesis opportunities for membranes that imitate the biological ones. In order to create
membranes with controllable transport properties, one can use the ability of the macromolecules of the
surface layer in response to environmental stimuli such as temperature [1, 2], solution pH [3], electric
[4] and magnetic [5] fields, solvent composition [6] and pressure [7] to make reversible conformational
transitions from hydrated (swollen) state to dehydrated (compact) ones. One of the approaches is the
preparation of hydrogel membranes by traditional methods of polymerization or copolymerization [4-
6]. Another direction in this field consists in the modification of the surface of the industrially produced
membranes. The research in this direction is related to a goal-directed formation of a membrane surface
with tailored chemical structure. For this purpose, various physicochemical methods are employed:
chemical [1], plasma-induced [2] or radiation-induced [3] graft polymerization of monomers, plasma
[7] deposition of thin polymeric layers on the surface of membranes.

In the present paper we report on the transport properties of polymer composite membranes
consisting of a porous substrate — a poly(ethylene terephthalate) track membrane (PET TM) and a
polymer layer obtained by plasma-induced graft polymerization of 2-methyl-5-vinylpyridine (MVP)
and acrylic acid (AA).

Experiments

The object of the investigation was PET TM with a thickness ofi®vand an effective pore diameter

of 215 nm (pore density o&2G®cm™). In order to produce the membrane, the PET film was irradiated

with krypton positive ions, accelerated at ~3 MeV/nucleon in the cyclotron U-400, and then subjected
to the physicochemical treatment on a standard procedure [8]. The treatment of the membrane samples
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by plasma was performed at the plasma-chemical set-up realizing a RF-discharge in parallel plate
configuration at the frequency of 13.56 MHz at the air pressure in the vacuum chamber of 0.13 Pa and
discharge power of 70 W. The treatment time was 2 min. Details on the treatment procedure and the
scheme of the plasma reactor set-up have been described previously [9]. Only one side of the
membrane was subjected to the plasma treatment. The graft polymerization of MVP was conducted
using a 10% water solution of monomer at the temperature G6ffé@°L h. The graft polymerization of

AA was conducted from gas phase for 4 h. For this purpose membrane was placed over the 25% water
solution of AA with temperature of 76. To suppress a homopolymerization process, divalent copper
ions were introduced in the solution. After the graft polymerization, membranes were washed with
distilled water using ultrasonic cleaner until the pH of the wash remained unchanged.

The characteristics of the initial and plasma modified membranes were determined through a series
of complementary procedures given in [10]. The amount of the grafting polymer on the membrane
surface was defined by the gravimetric method. The change of the membrane thickness was measurec
with an electronic counter of thickne§&sa Unit’ (Austria). The gas flow rate through the membranes
was defined at a pressure drop of P@. On the basis of the values obtained in these experiments an
effective pore diameter was determined. For calculation we used the Hagen-Poiseuille equation. The
water contact angle (as sessile drop method) was determined with a horizontal microscope equipped
with a goniometer. Permeability experiments for water solution were carried out with the help of the
standard filtration installation FMO-2 (Russia) at the pressure dropldf Pa on membrane samples
with the area of 254 mmpH of the solutions was varied by introducing the relevant quantity of
hydrochloric acid or sodium hydroxide.

Results and Discussion

It is known that the main contribution introduced the delay of ions by membranes is provided by the
electrochemical mechanism connected to the presence of ionized functional groups on the pore surface.
The interaction of these groups of polymeric chains of the membrane matrix with the flow of molecules
of a sliding phase and the change of local states of the segments of these chains causing various
conformation and structural modifications, explain the change of the transport characteristics of the
membrane and, first of all, its permeability. Obviously, these changes will appear to a greater degree
when the changes in the value of the surface pore charge and the conformation mobility of their surface
macromolecules are more essential. So, the treatment of PET TM in the air plasma results in changing
its hydrodynamic characteristics. The water permeability of the modified membrane to the greater
degree depends upqH of the filtrated solution (Figure 1a). It is stipulated by increasing of the
content of carboxylic groups in the surface layer of the membranes and greater conformational mobility
of macromolecules of this layer [10]. Increase of the density of negative charge at the expense of
increasing the concentration of the COOH-groups and increasing the degree of their dissociation at
high valuespH of the solution determines decreasing the water permeability in alkaline medium. But
we did not observe the full contraction of the membrane pore in this case.

Table 1. Change of the membrane characteristics in the process of graft polymerization

Initial Membrane with grafted polymer layer
Parameter b
membrane PMVP PAA
Grafting yield, % ad 7.2 7.4
Thicknessum 9.5 10.5 10.1
Effective pore diameter, nn 215 160 190
Water contact angle, deg 65 45 20
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The graft polymerization of MVP or AA induced by the air plasma on the PET track membrane
surface leads to the formation of the composite membranes the water permeability of which can be
controlled by changing the solution pH. These results can be explained by conformation transition of
macromolecules of the grafted polymer layer from an expanded state ‘coil’ into a compact state
‘globule’, and vice versa. So, the research on water permeability dependence on the gdlafitme
membrane with a grafted layer of poly(2-methyl-5-vinylpyridine) (PMVP) with a grafting yield of
7.2% demonstrates its abnormal behavior (Figure 1b). Note the effective pore diameter decreases in
this case down to 160 nm (Table 1). This membrane is not penetrative in thepiédrom 1 up to 3.

If increasingpH, one can observe a linear increase of the water flow rate. Such a behavior of the
membrane is explained by various conformational states of grafted PMVP macromolecules which
cause changing the pore diameter. At low pH values of the solution due to protonating the nitrogen
atoms of pyridine groups, the segments of the macromolecules of the grafted polymer acquire a
positive charge that results in its swellingormation of gel, causing a membrane pore contraction.
The membrane pores are ‘closed’ in this state (Figure 2a). The macromolecules of PMVP have an
extended conformation state ‘coil’. Such a conformational state of macromolecules resulting from the
electrostatic interaction of charged segments with water molecules is permanent. It leads to the
complete contraction of pores in the acidic medium (at solution pH from 1 up to 3).
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Figure 1. pH dependence of flow rate for the=anitial PET TM and the membrane modified by air plasma;
b —composite membranes with the grafted layer of poly(acrylic acid) and poly(2-methyl-5-vinylpyridine).

Increase of filtrate pH (the drop of ion concentrafibnin the solution) leads to loss of the charge
on the nitrogen atoms, i.e. transition of segments of the PMVP macromolecules to a neutral state.
Therefore, the electrostatic interaction gets weaker. With decreasing Coulomb interaction, the non-
electrostatic interaction of hydrophobic groups, in this case, of non-polgr &td CH,-groups
increases. That results in a collapse of-gghnsition of macromolecules in a compact conformational
state ‘globule’. The membrane pores are ‘open’ in this state (Figure 2b) that leads to increasing the
membrane pore diameter, thus, its water permeability increases. The grafting of PMVP on the PET TM
surface induced by plasma thus results in forming a composite mechanochemical membrane, the
permeability of which is controlled by changipH of the solution. For the membrane with a grafting
yield of 7.2% apH = 3 one can observe change-over to an operation mode of a ‘chemical valve’ i.e. at
smaller pH values of the filtrate the membrane gets impermeable for water molecules. At higher pH
values of the filtrate the membrane gets permeable for water molecules. Clearly, the boundary value of
pH solution where the membrane changes for this mode will be determined by the properties of
substrate and the grafted polymer layer.

The grafting of poly(acrylic acid) (PAA) on the membrane modified by plasma from a gas phase at
elevated temperature results in formation of a mechanochemical membrane with ‘chemical valve’ too.
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For the membrane that has a grafting yield of 7.4% and effective pore diameter of 190 nm (Table 1) at
pH values more than 8 the full pore contraction is observed (Figure 1b) due to negative charge on the
segments of the macromolecules of the grafted polymer macromolecules resulted from the dissociation
of carboxyl groups. This leads to swelling the polymer layer and formation of gel. Such a
conformational state of the macromolecules leads to the contraction of the membrane pores. The
membrane pores are ‘closed’ under this condition (Figure 2a). Decrease of filtrate pH leads to loss of
the charge on the segments of the grafted polymer macromolecules. That results in a collapse of gel
transition of macromolecules in a compact conformational state. The membrane pores are ‘open’ in this
condition (Figure 2b) that leads to increasing the membrane pore diameter, thus, its water permeability
increases. So, for the membrane with a grafted PAA layer change-over to an operation mode of a
‘chemical valve’ one can observepdi = 8. l.e., at higher pH values of the filtrate the membrane gets
impermeable for water molecules. At smaller pH values of the filtrate, the membrane gets permeable
for water molecules.

PMVP Swollen CO”ﬂPSEd b) PMVP
at low pH at high pH
e,
— , /‘: Y <=
PAA : PAA
at high pH % at low pH

pores are ‘closed’ pores are ‘open’

Figure 2. Schematic illustration of changing in the conformation state of the grafted
macromolecules on the track membrane surface in medium with various solution pH.

Conclusion

The performed investigations have allowed us to make the following conclusions. The presence of the
polymer layer of PMVP or PAA on the surface of PET track membrane results in changing its transport
properties— the water permeability of the formed composite membranes substantially depends on the
solution pH. These changes are caused by convertible conformational transitions of macromolecules of
the polymer layer obtained by plasma-induced graft polymerization which is in turn caused by the
degree of ionization of functional groups on the surface of this layer. Membranes with such properties
can be used in biotechnology and medicine, for example, for bioseparation and biocatalysts
immobilization. They also can be used for controllable drug delivery, in biosensor controls, for
modeling processes of regulation in the cell, etc.
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Preliminary remark

This extended abstract is intended to present work in progress. As this text is not subject to a rigorous review

process, it is not claimed to be free of errors or to point out the final solution to the questions addressed. However,

the results discussed are part of a publication in preparation. Readers are kindly invited to attend the presentation
'OR2202’ on Thu, 12/09/13, or to contact the first author for questions or comments.

1 Introduction

A variety of methods exists for the production of high quality optical coatings. These are for instance magnetron or
ion beam sputtering, or thermal evaporation assisted by ion or plasma ion beam sources. The choice of a particular
technique is due to the specific demands for tailoring the thin film properties such as homogeneity, refractive index,
absorption, mechanical stress, porosity (optical shift), etc.. To allow for economic production of complex multilayer
designs, the issue of reproducibility at the highest deposition rate possible has to be faced.

The plasma ion assisted deposition (PIAD) has been invented to avoid contamination of the process environment
present when gridded ion sources are employed. One example for this approach is the Advanced Plasma Source
(APS)[1] which holds a considerable market share in the field of optical coatings. The APS is a hot cathejle (LaB
DC glow discharge with an auxiliary magnetic field, typically operated with argon. A high dengity {0'2cm3)
and high temperaturd{ ~ 20eV) plasma is generated in the source regibr-(0.71) and expands to the chamber
(V ~ 10%1) which is held at high vacuump(~ 2-10-?Pa). The expansion induces a strong drop of the plasma
potentialV, which results in an acceleration of the ions towards the substrates. The setup is outlined in figure 1. By
varying the discharge voltage{=50..150V), the magnetic fiel®fa=10..40 mT) and the gas fluk §,=2..20 sccm)
different characterstics of the plasma ion beam are obtained, where typical ion energiebarel 50 eV. Detailed
information on the APS plasma can be found in [2, 3].

As is described in the references, various probe technigues were adopted to elucidate the mechanisms of plasma
beam formation in this particular PIAD setup. In an earlier work [4] the approach of optical emission spectroscopy
(OES) has been pursued. This paper contains a description of the diagnostic installation allowing for tomogrgaphic
reconstruction of the local optical emission near the source exit. With a simple coronam@ahel T could be
estimated for an Ar/He mixture. The interpretation of emission close to the APS is hampered by the lack of detailed
knowledge of neutral density and temperature in this region.

In this extended abstract the preparation of a more elaborate approach using collisional radiative modelling is
sketched. The new aspect is the consideration of a global electron energy probability function (EEPF) based on the
nonlocal approximation [5]. This concept is useful for reducing the complexity of electron kinetics by coordinate
transformation from the 6D phase-space to a 1D total energy space. The analysis of OES data is not merely ment as
a proof of principle. The final goal is to interpret the OES data in terms of electron parameters, as a foundation of
a control scheme for the APS using non-invasive optical diagnostics. Although global parameters, such as voltages
and currents can be maintained accurately, drifts in the plasma parameters which are not measured routinely in the
industrial application, may lead to limitations in the reproducibility of the optical coatings. The main reason is
suspected to be the alteration of the electrodes of the APS during the PIAD process.
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Figure 1: Scheme of the PIAD setup with plasma source (APS)
and electron beam evaporator (EBG) at the bottom. The plasma
diagnostics are positioned in the chamber by employing manip-
ulators not shown in this figure. Note the indicated coordinate
system.

~85cm
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2 Collisional radiative modelling

For argon, several approaches for collisional radiative (cr) modelling have been published, e.g. [6, 7]. Differences
among the models are found in the number of species and energy levels considered, and the particular sets of cross
section data adopted. Here, we use a cr-model being part of a code to resolve the electron kinetics in low pressure
argon plasmas [8]. The model consideres 16 populations of argon species corresponding to the ground state 1s
the first 14 excited states (in Paschen notation with increasing threshold enerdy,12p0-2p1) and the ion. In
order to calculate the level/species populations, 121 cross sections for electron impact ionisation and excitation, 57
rate coefficients for quenching, 5 rate coefficients for chemoionization and 28 time constants for radiative decay
are provided. Further, since the code is spatially 1D ('long discharge tube’), a radius of the plasma is defined, as
well as transport parameters assigned to describe the diffusion of the ion and the metastable stbdgsihe
wall where the particles are neutralized or deexcited, respectively. The abundance of metastable states has a strong
impact on the level populations which is one of the main problems for the development of a realistic cr-model. Here,
it is aimed at finding trends based on the input data.

The code is employed to provide the argon excited states densities alongxtseof the APS. As the neutral
density, a fixed value aofip = 2.5-102cm2 is defined which is based on an estimate according to a background
pressure op ~ 2-1072Pa in the chamber. For the model parameter tube-radius the diameter of the plasma at the
particularz-position is considered. Although the whole process chamber is filled by the plasma, data from probes
and the distribution of optical emission indicates that the plasma beam covers a cone-like region, as indicated in
figure 1. At the low background pressure the mean free path of particles is quite large, so that species intersecting
the plasma region from outside are assumed to be ground state neutrals originating from the vessel wall. The electron
parameters are defined by the nonlocal EEPF and the ion density is set by the condition of quasi-neutrality.

3 Results and discussion

The results of the cr-model for one set of input data is presented. For brevity, we omit to state the APS configuration
in detail which can be found in [3], section 4.1. Since the energy relaxation length for electrons is much larger
than the dimension of the chamber, the nonlocal approximation holds. This is seen from the shape of the local
EEPFs recorded along tteaxis. When these local EEPFs are plotted against the total energy of the electrons
Etot = Exin + Epot, i.€. considering the magnitude of the lo¥glone global EEPF containing all information can be
deduced. Figure 2 shows such a nonlocal EEPF, together with the profji¢zpf The EEPF depicted represents

the local EEPF a=0 , if the abscissa is shifted by}(z=0)=65V. In general, the local EEPF is obtained by shifting

the energy axis by¥,(z) and considering the data according to the positive half space of the energy axis which
corresponds to the kinetic energy of the electrons. The shape of the nonlocal EEPF indicates that the low energy
electrons are distributed likewise maxwellian, while in the high energy region, the population is depleted. Most of the
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electrons are bound to the source region and only the high energy electrons a able to overcome the potential barrier
towards larger distances from the source. The escaping electrons compensate the ion current to the chamber walls.
Figure 3 gives an impression on the accuracy of the EEPF-model. The probe dafaf@Teer(=2/3- (Ee)) is

well matched, albeit the high energy depletion is slightly underestimated, so that modelled and experimental values
for ne deviate at largez-values.
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Figure 2: Models for the nonlocal EEPF (left) and for the profile of the plasma pot®ft{aht) on thez-axis based
on Langmuir probe data for a particular APS settifa,3,y,6}, {A,B,C} are fitting parameters.
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Figure 3: Electron density (left) and effective electron temperatuiges (right) as determined by the Langmuir probe
and the trends according to the models shown in figure 2.

The cr-code is used for zarray which is accessible to the OES diagnostics. Figure 4 shows the resulting
densities for the 1s and 2p states, where the latter are relevant for OES due to the VIS-NIR radiation. Unsurprisingly,
there is a strong drop in density along thaxis, because botf, andTe et drop significantly. This is in agreement
with the observation that the APS plasma is very bright near the source exit and the emission is barely detectable
for z>20cm. The evolution of the 1s states, i.e. the slight difference between the profile shapes of metastable
and non-metastable densities has a slight impact on the population of the 2p states. Since it can hardly be resolved
in the ny(z)-plot, ratios of densities are shown in the right part of figure 4. Most of the 2p density ratios do not
exhibit a significant variation along This is clear from the point of view, that the 2p states have very similar
threshold energies. In principle, line ratio techniques based on very different cross sections (shape and threshold)
are employed to estimaie . However, the ratio 2j2p, varies by more than a factor of two. The actual emission
connected to these 2p states should give an indication, whether the approach of the cr-model is reasonable. If the
experimental data deviates strongly from the predictions of the model, it is likely the abundance of metastable states
which is estimated incorrectly.
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Figure 4: Left: Profiles of argon excited states densities obtained by the cr-model using the EEPF of figure 2 and further
settings mentioned in the text. Right: Set of ratios of argon excited states densities.

4 Qutlook

In an experimental campaign VIS/NIR line emission will be recorded and probe measurements conducted to optain
the nonlocal EEPF. In order to use the cr-model reasonably, the neutral density near the APS exit will be estimated,
based on the electron parameters known. The line emission predicted by the model will be compared to the experi-
mental data. There are two approaches to check for consistency: (1) to consider the model being accurate and using
as input the EEPF only to calculate the neutral density ; (2) to use the estimated neutral density, so the input to the
code is EEPF and neutral density, thereby testing the reasonability of the cr-model itself.

The cr-model employed might be critizised as being too simple. Actually, emission from high lying excited
neutral and ion states is observed experimentally, indicating significant densities of these states. The first goal is to
examine whether global trends can be recovered from the cr-model. In order to exploit the experimental data more
thoroughly, we also check whether a line ratio technique proposed for the estimalfig(3pf states, see [9]) can
be used successfully. A simple approach to moriltoclose to the source would be a valuable tool for process
optimization. Nevertheless, the ultimate goal is to determine the free parameters of the nonlocal EEPF-model by
recording a proper set of argon lines during a PIAD process.
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Abstract

Recently, a lot of research has been carried out to improve the properties of steel surface such as
ion-nitriding, gas nitriding. However, they need high vacuum rate or very expensive equipment and
longer treatment time. In this study, new nitriding process proposed which have extremely shorter
treatment time and very simple equipment by using water plasma. For the water plasma, JIS-SCM420
specimen was used as cathode, and rolled punching stainless steel plate (SUS304) was used as anode.
\oltage was applied between electrodes by DC pulsed power supply. Pulsed power supply was used to
prevent discharge from concentrating on one point. Urea (H;N),C=0O used as supply source of
nitrogen and potassium hydrate (KOH) for adjusting electric conductivity. And it was put into distilled
water as electrolyte. Treatment voltage was 600 V, and experiments were conducted by varying
conditions such as treatment time and concentration of electrolyte. After water plasma treatment, a lot
of fine discharge pores can be seen on the treated steel surface. And also, a few um modified layer is
formed on the steel surface after water plasma treatment within 5min. At the results of XRD analysis,
iron nitrides are detected with Fe peaks and the hardness of nitride layer shows about 800HV.

Key words: Water plasma, Nitride layer, Urea, Potassium hydrate

1. Introduction water) plasma can synthesize substances at a
Steels are widely used because of good higher rate than conventional gas phase plasma
strength, toughness and workability. But steels [2]. In particular, it has been known that when a
which are used as slide parts are required substrate is submerged in an organic solvent or
additional wear resistance or fatigue resistance. an alcohol and plasma is generated under the
To improve these mechanical properties, substrate, diamond [3], diamond-like carbon,

surface-hardening process such as carburizing, carbon nanotubes and SiC can be deposited on
nitriding treatment has being used. For example, the surface of the substrate [4]. Moreover, in-
ion nitriding is a representative process in the liquid plasma is useful for decomposition of
most of nitriding process on nowadays. harmful liquids and liquids containing dissolved
Treatment time of ion nitriding is much shorter harmful substances [5-7]. And it is expected
than that of gas nitriding. In addition, harmful that the treatment time is also can be possible to

gases such as ammonia are not used in the decrease because of not needed vacuum and
treatment; therefore it is not harmful to cooling during process. To this end the pulsed
environment as well known. [1]. However, this discharge of high-voltage electricity in liquids
process needs vacuum furnace and spends more needs to be considered [8, 9].

time on the pre- and post- processes for In this study, new nitriding process that can be
vacuuming and cooling of furnace. conducted in very short treatment time with
Plasma which has many kind of advantage on simple equipment by using water plasma is
surface modification field can be generated in a proposed.

liguid by high frequency or microwave

irradiation from an underwater electrode. 2. Experimental procedures

Recently, it has been reported that in-liquid (or 2.1 Specimen preparation
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SCM420 commercial grade of bar type was

used as cathode with the size of $5x30mm, and

SUS304 stainless steel plate (300x150x10.6mm)
was used as anode after rolling and punching.
\oltage was applied between SCM420 cathode
and SUS304 anode electrodes by DC pulse
power supply (Max 600V and 20A).

2.2 Water plasma
Pulse power supply was used to prevent
discharge from concentrating on one point

(pulse width: 2us, pulse frequency: 15 kHz).

Exposure area of specimen was adjusted by
putting insulating tape before treatment. After
preparing the specimen, the Urea ((H,N),C=0)
used as supply source of nitrogen and potassium
hydrate (KOH) for adjusting electric
conductivity were put into distilled water as
electrolyte. Then, water plasma was performed
at variety conditions such as treatment time and
concentration of electrolyte under the voltage of
600V. The amount of Urea and potassium
hydrate were 200g and 10~40g respectively in

distilled water per 1¢. Fig.1 shows overview of
experiment system.

SCMA420 electrode (Cathode)
(45 x 30 mm)

.‘-\ DC pulse power supply
Max 600 V
_: Max 20 A
3 Pulse width 2 ps
: Pulse frequency 15 kHz
) / ““u.._%__ N supply source EC adjusting

SUS304 clectrode (Anode) =N
(punching, 300x 150 x 10.6 mm)

Fig.1 Overview of experiment system.

(H:N):C=0 + KOH
electrolyte 2

2.3 Microstructure observation and hardness
test

The optical microscopy (OM) and scanning
electron microcopy (SEM) (Hitachi, SU6600)
were used to observe the micro-structure and
morphology after water plasma. Layers were
identified by an X-ray diffractometer (Rigaku,
UltraX 18 TTR) using monochromatic Cu-K,
radiation. The X-ray diffraction (XRD)
measurements were performed using a
goniometer at a scanning range of 40°<26<80°
at 40KV and 200mA with the step-size of 0.02°.
The micro hardness of the surface layer was
measured using by a Vickers micro hardness
tester (Akashi, HM-125).
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3. Results and discussions
3.1. Changes of current during water plasma

To investigate the relationship between current
density and treatment time during water plasma,
the current was measured according to the
treatment time. Fig.2 shows the average current
as discharge time under the condition of Urea

200g/¢ and KOH 20g/¢. The average current

indicates around 0.6A at first and gradually
decreased to about 0.25A until 360sec, after then
it shows steady current state. In this result, water
plasma discharge is divided into 3 regions as
follows. Firstly, weak discharge generates at the
edge of surface only (discharge start region).
Secondly, the discharge becomes stronger and
generates at all of areas (discharge
intensification region). And finally, discharge
becomes a little weak and stable discharge
continues (discharge stability region).

Discharge Discharge Discharge

start intensification stability
region region region

0.7
06 t\
€05
g
5 0.4 \\
o
w 03
& Dt Sp—
£o02
Z o1

0
0 200 400 600
Discharge Time[s]

Fig.2 Changes of average currents during water
plasma.

3.2. Effects of water plasma on the surface

Fig. 3 shows the changes of surface
morphology after water plasma at various
treatment times to investigate discharge state on

the surface (Urea 200 g/¢, KOH 10 g/¢). After

water plasma, discharge pores are generated on
the surface area. However, most of discharge
pores can be seen only at edge area of surface
until 30sec. After then the time of 30sec,
discharge generates all of the areas. And at the
120 sec, uniform discharge pores can be seen
both area of center and edge. This tendency
about the formation of discharge pores shows
similar tendency compared with average current
as discharge time as shown in Fig. 2.
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Fig.3 SEM micrographs about the changes of surface condition with respect to treatment time

of (a) 10sec, (b) 30sec, (c) 60sec and (d) 120sec.

Fig. 4 shows the effects of potassium hydrate

(KOH) concentration with urea 200 g/¢. The

solution of KOH has the effect of electric
conductivity. As shown in Fig. 4, discharge
pores being coarsen with increasing the amount
of KOH from 10g/€ to 40g/8. It means that the
high concentration of KOH have a strong
discharge effect. And the edge effect also not
investigated at the high concentration of KOH
compared with the SEM micrographs as shown
in Fig. 3. Consequently, high KOH
concentrations have coarsen discharge pores by
strong discharge with lack of uniformity. On the
other hands, in low concentration of KOH can
be possible fine discharge pores with uniform
discharge except the edge effect at the short
treatment time.

Fig. 4 SEM mlcrographs after water plasma at urea
200 g/€ and different KOH concentration of
(a) 10g/%, (b) 20g/®, (c) 30g/e and (d) 40g/2
for 30min.

3.3. Growth of modification layer
Fig.5 shows the SEM and optical micrographs
on the surface area and cross-section with

modified-layer respectively, after water plasma
at various treatment time under the condition of

urea 200 g/¢ and KOH 20 gl/e.

Fig.5 SEM and Optical mlcrographs on the surface )
and cross-section after water plasma under the
condition of urea 200 g/¢ and KOH 20 g/¢

at various time of (a) 2min, (b) 5min, (c)20min
and (d) 30min.

As shown in Fig. 5, a lot of fine discharge
pores can be seen on the treated-surface. And



modified-layers of a few um are also
investigated at the outmost surface of cross-
section. The formation of modified-layer is
extremely short time compared to general
surface modification process with nitriding
process. The thickness of modified-layer shows

2~3um after water plasma and it is not changed

remarkably as increasing the treatment time
from 2min to 30min. It is indicate that the
thickness of the modified layer is not affected
significantly by treatment time during water
plasma.

@ ®Fe
* FeMNo.o7s
£l
0, .
g Base material @
a A
] ®
=
Treated surface
i *
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. .
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Fig.6 XRD analysis of modified-layer and SCM420
base metal after water plasma in urea 200 g/
and KOH 20 g/€ for 5min.
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Fig.7 Hardness value of modified-layer after water
plasma for various treatment time.

Fig.6 shows the results of XRD analysis of the
modified-layer and SCM420 base metal after
water plasma for 5min under the condition of

urea 200 g/¢ and KOH 20 g/¢. From the result of

XRD, FeNgo7s peaks are detected with a-Fe

peaks. It means that the modified-layer is
composed with iron nitrides (FeNggz). The
hardness of nitride layer shows about 800HV at
the treatment time of 5min as shown in Fig. 7.
And the hardness values are also not changed as
increase the treatment time. This tendency of
hardness value shows similar tendency with the
thickness of modified iron nitride layer. It means
that the micro-arc discharge generates only at
most surface without the diffusion of nitrogen
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ion. It is expected that the specimen is cooled by
surrounding solution at the same time while the
water plasma is performing. Therefore, the
nitrogen cannot permeate and diffuse from
surface to interior of the specimen.

4. Conclusions

After the water plasma, modified thin layer
was formed in very short time by using simple
equipment. It is expected that the process can be
applied to thin plate or minimal parts. The
obtained results are as follows;

1. Discharge of water plasma process is divided
into 3 regions as follows; first: discharge start
region, second: discharge intensification region
and finally: discharge stability region.

2. Discharge pores were coarsening with
increasing the amount of KOH during water
plasma.

3. After water plasma, iron nitride (FeNooz)

layer of a few um(2~3um) was formed at the

outmost surface and the hardness value shows
about 800HV.
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Study of the growth kinetics, microhardness and morphology of PEO coatings formed on
Al 2024 alloy in alkaline-silicate electrolytes using different current waveforms
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Plasma Electrolytic Oxidation (PEO) is currently widely used technique of Al-alloys
surface treatment providing the obtaining of composite anticorrosive and wear resistant
coatings. The microhardness of these coatings can be almost equal to the theoretical corundum
microhardness thanks to the formation of high temperature a-modification of alumina in the
inner part of coating. However the conditions of intensive formation of this phase of alumina in
the coating have not been defined explicitly, and therefore the ways of obtaining of relatively
thin (< 40 um) and hard coatings are not established.

The purpose of the present work is to investigate the ways to intensify a-Al,O3 formation
in the PEO-coating making vary different parameters such as current waveform and substrate
temperature using a widely used commercial alloy Al 2024.

The PEO coatings were obtained using invertor based PC controlled power supply which
allows to provide 50 Hz sinusoidal AC with adjustable DC offset, in an in alkaline silicate
electrolytes ( 3g/L NaOH ; 7 g/L Na,0-2,9Si0,-8H,0). We took as varying parameter the ratio
R between positive (Q,) and negative (Q,) charges such as

Gas 3 AT

Figure 1. SEM-micrography of coatings’

- il
surfaces

The experimental results presented in figure 1 show that increasing value of R leads to
the increase of dimensions of “pancakes” as well as the diameter of pore and the presence of
Si-rich phase (probably SiO,). These facts lead to increase of coating roughness as shown in
figure 2. The precipitation of Si has been revealed only in the outer layer of coating. During PEO
in alkaline-silicate solutions the deposition of SiO, on the coating surface is a result of thermo-
chemical transformations of polyanions such as n[Si,O,]* into SiO,, and also evaporation of
solvent of electrolyte in contact with plasma micro-discharges.
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According to EDX analysis, the pancakes are mainly composed by Aluminium and

Sa (umj
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n
|
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0.5 1.0 15 20 2.0
R
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n

Figure 2. Influence of ratio R on coating roughness (Sa)

Oxygen (obviously of Alumina) without any trace of Si (figure 3a) in contrast to the “sponge”
phase that is mainly composed of Si (figure 3b).
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Figure 3a. EDX qualitative analysis on “pancake”
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Figure 3b. EDX qualitative analysis on “sponge”

162



13th International Conference on Plasma Surface Engineering, September 10-14, 2012, in Garmisch-Partenkirchen, Germany

The XR analysis revealed the presence of slight amount of corundum phase in coating
obtained with a current density of 15 A/dm2 with R varying from 0,8 till 3. Nevertheless the
increasing R value provides higher amount of a-phase in the coating (figure 4). The high
temperature modification of alumina is mainly concentrated in the inner layer of coating.

t Lam. e

....,...\,_h(d)
Figure 4. Relative intensity of the XR-peaks given by a-Al203 of the coatings obtained under
different substrate temperature: 130 °C (blue line), 90 °C (red line), 16 °C (black line). The
values of 260 angle are 43,7° (a); 52,55° (b); 57,51° (c); 68,19° (d); 76,88° and 77,21° (e)

We put forward a working hypothesis according to which the concentration of a-phase of
alumina depends on a time-temperature couple: the parts of coating which are close to the
microdischarges should be heated up to the temperatures more than 1200 °C and stay at this
temperature for a certain time. The joint action of these factors should provide the high rates of
a-alumina formation.

In witness of our working hypothesis the following experiments have been carried-out.
The outer surface of the metallic tubes made out of Al 2024 and Al 6063 alloys was oxidized
with an additional independent heating of substrate by means of oil (T = 16...150 °C) circulating
through the tubular samples and thermostat.

According to XR-data the increasing temperature of substrate leads to the higher amount
of a-alumina in the PEO coating formed on the Al tubular samples. As a result the
microhardness of inner coating layer increases with increasing temperature of substrate. For
instance, the external additional heating of tube made out of Al 2024 up to the temperature
about 150 °C allows to obtain relatively thin coating (= 40 ym) with microhardness (1620 + 280
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HV) almost equal to microhardness (1680 + 250 HV) of relatively thick coating (= 80 um)
obtained under the same conditions but without additional external heating of a substrate.
However the increasing temperature of oil circulating through the tubular samples causes the
same effects of the PEO coating formed on the outer surface of tubes as the increasing value of
parameter R. Obviously the increase of substrate temperature as well as the increase of R
value lead to the heating of inner part of coating that results in higher amount of high-
temperature modification of alumina, particularly of corundum (a-alumina). We have proposed
that a coating heating is mainly contributed by 1) Joule heat and 2) low porosity of coating.

Beyond all doubt the research of temperature of microdischarges occurred on the
sample surface during PEO process is of the highest scientific interest. However if the
temperature of discharges overtops the melting temperature of alumina the further increase of it
does not significantly accelerate a-alumina formation in the PEO coating. According to the
literature data the temperature of the discharge area lies in a range from 2500 till 20000 °C, i.e.
depending on time during which the parts of coating are heated up to these temperatures
different amount of a-alumina can be revealed in the coating.

On the basis of our research we have suggested that in case of details the obtaining of
relatively thin (< 40 um) and hard (> 1600 HV) PEO coatings can be achieved by using of high-
frequency current.
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1. Introduction

There is great interest in improving the wear and friction of a wide variety of machine
components, e.g. gear systems, gears. In modern technology, due to the increase of the unit pressure,
velocities, and hence temperatures in the tribosystems of machines, a risk of a very dangerous form of
wear exists. This form is scuffing.

The most effective way of to improve the mechanical properties of various engineering
components is the modification of surface properties by the deposition of PVD/CVD coatings [1].

In literature the problem concerning whether it is the most beta¢fio coat only one or both of
the contacting surfaces and on when and how the coatings may improve the tribological situation in
heavily loaded lubricated friction joints is not solved [2, 3]. The aim of this paper was to explore the
mechanisms of scuffing propagation of heavily loaded friction pair elements coated with a low-friction
WC/C coating for various material combinations.

2. Experimental

WC/C coating (also denoted as a-C:H:W or W-DLC) is one of the most recommended coating for
gears applications [4]. The coating was deposited in a commercial process (Oerlikon Balzers Coating
Poland Ltd.). The coating consists of an elemental Cr adhesion layer adjacent to the steel substrate,
followed by an intermediate transition region consisting of alternating lamellae of Cr and WC and a
hydrocarbon layer doped with W. The coating was deposited using the PVD process by reactive
sputtering. DLC coatings belong to the class of solid lubricant coatings due to the presence of carbon
in form of graphite. A coating with a thickness of 2 um was deposited on DIN100Cr6 (AlS152100)
chrome alloy bearing steel. The hardness of the a-C:H:W coating is 10.8 GPa.

For evaluation of scuffing resistance, a four-ball tribosystem was employed. The test balls were
made of chrome alloy 100Cr6 bearing steel with a diameter of 12.7 mm (0.5 in.). Surface roughness
was R = 0.032 um and the hardness was 60 to 65 HRC. In this method, the investigated coating can
be deposited on the upper or lower balls. The four-ball tribosystem is presented in Fig. 1.

a) b)

Fig. 1. Model four-ball tribosystem for testing scuffing: a) tribosystem: 1 - top ball, 2 - lower balls,
3- ball chuck, 4 - ball pot, b) photograph.

The three stationary bottom balls (2) having a diameter of 0.5 in. are fixed in the ball pot (4) and
pressed against the top ball or cone (1) at the continuously increasing load P. The top ball/cone is fixed
in the ball chuck (3) and rotates at the constant speed n. The tribosystem is immersed in the tested
lubricant. During the runthe friction torque is observed until seizure occdise methods are
described in detail in work [5] and patented (Polish Patent No. 179123 - B1 — GO1N 33/30).
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The test conditions are as follows: rotational speed: 500 spged of continuous load increase:
409 N5; initial applied load: 0 Nmaximum load: 7200 + 100 N.

In four-ball tribosystemthe wear area of the upper ball is a track with tha lErger than the wear
track of all three lower balls. This means thduiring the test, the wear in the contact areas of the
lower balls is more intensive. This fact is critical for understanding this specific tribosystem
behaviour. The tests were conducted for the following four material combinations: steel/steel
tribosystem (all balls uncoated), steel/coating tribosystem (one upper ball uncoated/three lower balls
WC/C coated), coating/steel tribosystem (one upper ball WC/C coated/ three lower balls uncoated),
and coating/coating tribosystem (all balls WC/C coated).

To avoid any tribochemical reaction with the steel substtiagetribosystems were lubricated with
pure polyalphaolefin base oil, without any lubricating additives, denoted as PAO-8 (viscosity 7.8
mnT/s at 100°C and viscosity index 136).

3. Results and discussions

The friction torque curves of four paitested are presented in Fig. 2 (darker colour is tmed

coated balls). The steel/steel sliding pair has shown the lowest performance level. In all cases, when a
coating is applied, an increase in scuffing resistance is observed. The scuffing and seizure loads of
steel/coating pair were only slightly higher. The pair that incorporate elements that are both coated has
shown significantly better performance; the scuffing load is about 4 times higher than that of
steel/steel or steel/coated pairs. The coating/steel pair is the best performer. The difference in
tribosystem performance when one upper or lower element is coated shows the importance of the
proper selection of element to coat to obtain the highest performance.
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Fig. 2. Friction torque curves for various tribosystem

The steel/coating tribosystem shows only some improvement in scuffing behaviour compared to
steel/steel one. The best performance under heavily loaded lubricated conditions is achieved for the
coating/steel tribosystem. The comparison of scuffing propagation for coating/coating and
coating/steel tribosystems is presented below.

3.1. Coating/coating tribosystem

The schematic presentation of the main stages of coating/coating tribosystem behaviour during
scuffing test is given in Fig. 3.

Initially the surfaces are separated by the lubricant film (Stage 1). Then the wear particles formed
during the coating/coating micro-contacts serve as &@dg-abrasive and promote damage to both
surfaces (Stage 2). During Stage 2, the cracks and scratches are propagated doedy rBidration
between balls. The surfaces become very rough. The coating is partially removed from the wear scars
and the steel substrate is uncovered. Howeter upper coating isnly partially destroyed and can
provide the transport of lubricant (oil) to the contact zone. However, at certain critical conditions, this
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film can be locally removed, mainly due to high local pressures and temperaexpesing bare metal

that can cause local microscopic adhesions. During the increase ithiateel from the lower balls

is transferred to the upper one and covers the valleys. As soon as the valleys, responsible for lubricant
transfer stop functioning, the steel transfer accelerates and leads to scuffing (Stage 3).

Stage 2 Stage 3
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s - steel
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Fig. 3. The scuffing propagation in coating/coating tribosystem.

The coating/coating tribosystem exhibits only limited improvements in scuffing resistamtcthe
creation of a significant increase in roughness in rubbing surfaces leading to the removal of the coating
material is not promising for the extension of the life of hedwidyled friction joints.

3.2. Coating/stedl tribosystem

The highest scuffing resistance of the steel tribosystem was obtained when only one element, the
one with a lower overlapping ratio, was coated. The schematic presentation of the main stages of
coating/steel tribosystem behaviour during scuffing test is given in Fig. 4.

Stage 1 in the friction torque curve and applied load represents conditions at the beginning of the
test run (low load) where the surfaces are separated by the lubricant oil corresponds to the
hydrodynamic regime of lubrication. The lubricant film prevents large-scale adhesion between the
sliding surfaces.

When the load increases, partial wear of the WC/C coating causes a flattening and shearing of the
peaks on the coated surface. This occurs by the systematic polishing of the peaks to create a plateau
that broadens as wear proceeds, until a continuous flat plateau is created. During the load increase, the
contacts are on an asperity-size scale and take place during mixed lubrication regimes and cause the
material transfer from coated element onto uncoated element. The lower steel balls can be deformed
and can accumulate the coating particles lost by the upper ball during sliding. This enables the system
to avoid the detrimental results of Jsddy formation that were found in the case of the
coding/coating pair. The enrichment of the lower steel ball by a ceramic phase lowers the friction
between balls.
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Fig. 4. The scuffing propagation in coating/steel tribosystem.

From Stage 3, the steel from the lower steel surface enrichedabipgconaterial is transferred
onto coated upper ball. The transfer of steel to the upper coating starts with the filling of the valleys.
The coating material is deeply included in the surface of the steel wear scar. A significant amount of
graphite on the steel surface during the test of coating/steel tribosystem was detected.

4, Conclusions

The better scuffing resistance is achieved when only one specimen is coated (coating/steel
tribosystem) than when all specimens are coated (coating/coating tribosystem). The description of
scuffing propagation for all investigated tribosystems was done. The high scuffing resistance of
coating/steel tribosystem resulted from the reducing of the adhesion between rubbing surfaces due to
low chemical affinity (similarities) between the steel and the coating material and the presence of solid
lubricant — graphite in the friction zone.
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1. Introduction

Standardised conventional adhesion tests are time-consuming single-sample tests.
Moreover, except for the pull-off test, all these tests provide only qualitative or semi-
guantitative (ranking, respectively measurement of an adhesion-correlated quantity)
information on adhesion. Sometimes, adhesion is evaluated even under compressive
stress conditions (e.g. cross-cut and scratch test), which itself is a contradiction to
adhesive strength as defined in terms of tensile force per area.

For optical coatings [1] it has been shown that the pull-off test in a centrifuge is
definitely a promising alternative with respect to the reliable, fast and quantitative
determination of adhesive strength in N/mm?. The force-controlled centrifuge test is
the only multiple-sample test which provides reliable quantitative information on the
adhesive strength in agreement with DIN EN 15870 and DIN EN ISO 4624 on a
statistical basis for up to eight samples simultaneously tested under identical testing
conditions.

2. Experimental

The desktop testing system “Adhesion Analyser LUMiFrac®™ was introduced to the public at

ACHEMA 2012 [2] and is shown in Figs. 1 and 2. By means of the software SEPView® any
desired load-controlled testing sequence, i.e. load ramp or load modulation, can be realised.

Fig. 1: Desktop adhesion analyser LUMiFrac® Fig. 2: Drum rotor equipped with eight testing units

The centrifugal force acts as tensile testing force for the pull-off test within the centrifuge. As
the plug-in testing unit (Fig. 3), i.e. a test stamp bonded on the sample using a guiding
sleeve, is also used prior to testing as adhesive application kit, the presence of shear forces
can be avoided at both testing and preparation.

Fig. 3: Testing unit: sample (silver) with coating (blue) supported by the sleeve (grey), adhesive
(yellow) connecting sample and test stamp (bright-brown), test stamp guided by the sleeve
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By using test stamps made of WCu, the force range is extended to 6.5 kN
corresponding to a tensile stress of roughly 80 N/mm? at a test stamp diameter of
10 mm. As bonding strength of adhesives 