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Preface

This volume of Chemical Letters is devoted to current R& D activities of the Regional R&D center for low-cost
plasma and nanotechnology surface modifications established as a part of the Institute of Physical Electronics (IPE) at
Faculty of Science, Masaryk University in November 2010 in the Operational Programme Research and Development for
Innovation. The Centre is a continuation and extension of the more than 50 years lasting tradition of applied plasma
physics research at the Department of Physical Electronics, which resulted in several innovations successfully transferred
into the industry, the project plan is to launch highly focused applied research of plasma sources and plasma processing
development, strategically targeted on industrial end-users.

At IPE the research in applied plasma physics was started more than 50 years ago by prof. Vaclav Trunecek, who was
at that time the head of the Institute. His pioneering research of fundamental physics of atmospheric-pressure RF plasma
torches launched also fast and systematic developments of the related industrial applications, as well as spectroscopic and
microwave diagnostic techniques. Thus already in the early sixties the first research papers were published and the RF
plasma torch was successfully tested by company Kavalier Sdzava for welding of large diameter glass tubes.

In the mid-sixties the research activities of IPE expanded also to the field of fundamental and applied plasma
chemistry. In response to the demands of Czechoslovak industry the team led by prof. Vratislav Kapicka and prof. Jan
Janca, the former students and successful followers of prof. Trunecek, was studying for example the plasma burning and
etching, a wide spectrum of methods for plasma depositions including CVD, plasma polymerization, diamond-like thin
layers, as well as the deposition of nanocomposite layers and carbon nanostructures. The techniques developed were
protected by 12 awarded patents. From the mid-nineties the research activities were extended also to atmospheric-pressure
plasma chemistry, first of all to the high-pressure plasma applications for surface activation and cleaning of polymer and
metal surfaces, and highly-effective ozone generation. These applications initiated also intense research in the field of high
-pressure gas discharge physics aimed at the development of several types of novel atmospheric-pressure plasma sources.
The successful research work in the field of atmospheric-pressure plasma chemistry, including several industrial projects,
created a base for the establishment of the Center, which covers the major part of the current research activities at INP.
The Center is expected to provide practical solutions of technological problems, above all for small and medium-sized
enterprises in the Czech Republic. The long-term vision is to create the research team that will be sought after R&D
partner also for large international corporations.

The second year of a new institution like the Centre is always likely to be one where consolidation develops alongside
innovation and experiment. The short papers collected in this volume present current research lines in the field of applied
plasma chemistry at the Centre and collaborating institutions in the Czech Republic.

Prof. Mirko Cernak

director

R&D Center for Low-Cost Plasma and Nanotechnology Surface Modifications
Masaryk University, Brno
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1. Fiber-Reinforced Concrete

Fiber-reinforced concrete' is a composite material
created by connection of concrete matrix and short rein-
forcement elements dispersed in matrix, while fibers take
up only a small part of total volume. Fibers are added to
a concrete mix which contains cement, water and fine and
coarse aggregate.

Plain, mass concrete has considerably high compres-
sive strength, stiffness, but high brittleness, low tensile

Table I
Fibers used as dispersed reinforcement in concrete”

Table IT
Properties of cement matrix

Flexural Tensile Tensile  Density
Tensile modulus strain  [kg m>]
strength [GPa] [%]
[MPa]
Cement 3.7 10-45 0.02 2500

matrix

Fiber type Tensile Tensile Tensile  Density
strength modulus strain  [kg m™]
[MPa] [GPa] [%]

(max-

min)
Asbestos 550-960 82-138  0.3-0.1 3200
Cellulose 400-620 6.9 10-25 1500
Steel 270-2700 200 2-1 7800
Poly +690 2-4 400-100 950
ethylene
Poly 200-750 0.8-9.8 15-10 900
propylene
Polyester ~ 800-1300 Upto 15 20-8 1400

AR-Glass 1700 72 2 2680

Carbon 5904800  28-520 2-1 2000

strength and low shearing strength. Dispersed reinforce-
ment compensates mainly tensile stress and prevents for-
mation of micro-cracks caused by shrinking and develop-
ment of tensile cracks in structures. Adding of fiber rein-
forcement can reinforce the whole volume of concrete ma-
trix, unlike classic steel bar reinforcement.

Role of fiber reiforcement

The purpose of dispersed reinforcement is limiting
formation of shrinkage cracks, increasing fracture tough-
ness, increasing resistance to dynamic stress, increasing re-
sistance to high temperatures — preventing explosive
flaking of concrete, decreasing of wearability and poten-
tially other special properties.

Many different types of fibers can be used as rein-
forcement for concrete: steel, polypropylene, glass, car-
bon, cellulose, polyamide, polyvinyl alcohol, aramid or
nylon fibers and other fibers.

Type and material of fiber reinforcement is selected
in accordance with required properties. Properties of fibers
used as dispersed reinforcement for concrete are stated in
Tab. L.

Use of fiber reinforcement for preventing of formation of
shrinkage cracks

Fine organic and inorganic fibers (polymeric and
glass) are used mainly to limit volumetric changes of ce-
ment matrix and to limit formation of cracks. In such case,
concrete is reinforced with high number of fibers even if
proportion of fibers is low (1 kg of polymeric fibers con-
tains around 300 million pieces of fibers). Depending on
manufacturing technology, fine polymeric fibers can be fi-
brillated or monofibril. Monofibril fibers are finer and
therefore they are more numerous at the same weight pro-
portion. Monofibril fibers are manufactured individually
and then they are cut to required length with smooth, cir-
cular cross section. Fibrillated fiber is made from foil and
then again cut to required length with rectangular cross
section and more coarse surface. Because of different way
of manufacture, fibrillated fibers have several times higher
section, therefore the number of fibers in a weight unit is
lower — several million.
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Polypropylene and glass fibers are most frequently
used for preventing formation of shrinkage cracks. Com-
pared to glass based fibers, polypropylene fiber have lower
values of elasticity modulus, their effect takes place in par-
ticular during first hours of setting and hardening of con-
crete.

Dosage of glass and polymeric fibers to prevent for-
mation of shrinkage cracks is 0.7-1.1 kg m™ of fresh con-
crete or mortar in accordance with recommendations of
manufacturer. If fine fibers are used, it is necessary to
bear in mind that workability of concrete is reduced
(by ca 30-60 mm of slump).

Increase of resistance to high temperature (to prevent ex-
plosive spalling of concrete)

Increasing resistance of concrete to high temperatures
is another important role of fine polypropylene fibers or
other fine inorganic fibers. Explosive spalling is caused by
the build-up of water vapour pressure in concrete during
fire. Increased temperature causes melting of PP fibers,
which opens space for expanded water vapor, which could
otherwise cause cracks in concrete.

Fibers used for such purposes are mostly polypro-
pylene (PP) and natural (cellulose).

Dosage of fine fibers to increase of resistence to high
temperature and prevent explosive sparing is 0.6-2 kg m™>
of fresh concrete or mortar in accordance with recommen-
dations of manufacturer.

Use of fiber reinforcement for higher strength of concrete
(in particular metal fibers or polymeric — macrofibers)

Concrete reinforced with fibers shows higher tough-
ness compared to brittle plain concrete. Fibers (certain
dosage — higher volumes) influence working diagram of
concrete. Higher tensile strength and slight increase of
compressive strength can be observed. Fibers enable de-
formation of concrete and tensile stress distribution at the
point of exceeding strength of concrete, even after for-
mation of cracks. Ultimate tensile strain of fiber reinforced
concrete is higher than that of plain concrete. Steel fibers
are recommended particularly to increase tensile bending
strength, toughness and impact strength.

Depending on recommendation of manufacturers of
particular types of fibers, reinforcement fibers can be used
for high strength floors, for structures, where increased
water tightness and frost resistance are required, to form
base layers without cracks for other special layers, for
shotcrete to reduce fallout, for renovation mortars and
plasters, for production of prefabricated elements, to in-
crease impermeability of concrete or to increase resistance
of concrete to fire.

Steel fibers used as dispersed reinforcement can bring
following advantages:

higher tensile strength, higher transversal tensile
strength and tensile bending strength

higher impact strength

resistance to formation of cracks during setting of
concrete.

CEPLANT

Most frequently used length of steel fibers is 30-55
mm. Special metal fibers of length about 12 mm are de-
signed for high performance concrete. Section of fibers
can be either circular (diameters from 0.6 to 1.4 mm),
square or more often rectangular. Fibers with round sec-
tion are made by means of drawing from a wire. Conse-
quently, they are cut, ends are shaped or pressing of in-
dents to increase bond to concrete. Steel fibers with rectan-
gular sections are manufactured through cutting from sheet
metal, often they are shaped by imprints or dents on the
surface.

Consistency of steel-fiber reinforced concrete is
strongly affected both by the type of steel fibers and by
their weight proportion. Dosage rates of steel fibers are be-
tween 20 and 50 kg. For this reason, it is necessary to de-
sign concrete with workability about 180-200 mm of
slump for preliminary tests of pumpable concrete, be-
cause addition of steel fibers decreases workability to ca
100-150 mm of slump, which is adequate for pumpable
concrete.

Reinforcement with fibers (usually metal, glass or
polymeric) can considerably enhance properties of con-
crete, however, fiber reinforcement is not designed to re-
place classic steel bars reinforcement.

2. Polypropylene fibers

Polypropylene is a thermoplastic polymer produced
by polymerization of monomer units. Propylene, the struc-
tural unit, is containing three atoms of carbon and six atoms
of hydrogen. Polypropylene, especially in the form of fi-
bers, is widely used in many industrial applications
(automotive, textile or food industry)’.

Nowadays PP fibers are more and more used as
a reinforcement in concrete due to their versatile properties
such as a resistance to many chemical solvents, high
melting point and low cost. The main technological prob-
lem of using PP fibers as a reinforcement is a weak adhe-
sion between PP fibers and cement matrix, related to the
hydrophobic surface of fibers. There were tested several
methods of PP surface treatment that lead to the stronger
bonding such as chemical, mechanical or plasma treat-
ment*®.

The plasma technique is relatively new, simple and
effective method of polymer surface modification. It was
confirmed that the plasma treatment of polymers results in
the increase of the surface energy”. In this contribution
the plasma treatment by a Diffuse Coplanar Surface Barri-
er Discharge (DCSBD)’ was studied.

Wetting properties of PP fibers after plasma treatment

The wetting properties of PP fibers were investigated
by two methods of measuring the weight of absorbed wa-
ter in bunches of PP fibers. In a first case there was
measured a weight of a bunch of PP fibers before and after
soaking in water. The difference between these weights
gave the absorption capacity of the bunches as shown
Fig. 1.
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Fig. 1. The comparison of weights of absorbed water in
bunches of untreated, chemically treated and plasma treated
PP fibers

The other method is based on the measuring the
weight of absorbed water as well, but the principal effect is
the capillarity. The bunch of PP fibers was touching a sur-
face of water and absorbed it. The weight of absorbed wa-
ter as a function of time was measured (Fig. 2).
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Fig. 2. The weight of absorbed water in a bunch of untreated
and treated PP fibers as a function of time

The plasma treatment of PP fibers led to an increase
of wetting properties, accordingly the water absorption of
PP fibers was improved. The 30s plasma treated PP fibers
absorbed twice as much water as untreated fibers and
about 12% less water than sized fibers as shown Fig. 1 and
Fig. 2.
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3. Plasma treated PP fibers as a reinforcement
for concrete

The performed test was based on testing of flexural
strength in early age, mainly 12 hours after mixing. The
experiment set up is based on three point test of bending
flexural strength, where the test continued after the rupture
of specimen until 4mm of total deflection was reached (in
one minute). In this way the behavior of fibers and its ef-
fect on immature concrete can be evaluated. The Fig. 3
shows results obtained on specimens 4*4*16 cm in size.
The results indicate that mixes with fibers had better per-
formance at every level.

Table III
Composition of cement paste

Component Mass [kg m ] Volume [%]
Cement 32,5R 535,3 17,3
Aggregate 0-4 14723 55,6
Water 269,1 26,9
PP fibers 2,4 0,26

If comparing sized and plasma treated fibers the
maximal strength was about the same level, while results
for obtained for continuing deflection were definitely bet-
ter for the plasma treated fibers. This could be explained as
direct effect of change in wettability as has been discussed
above.

I maximum I deflection 0,5mm
I deflection 1mm [ deflection 1,5mm

90

Force [N]

Untreated Plasma 5s Plasma 30s  Sized Without fibres

Fig. 3. The comparison of weights of absorbed water in
bunches of untreated, chemically treated and plasma treated
PP fibers
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The main role of dispersed short discrete fibers as
a reinforcement for concrete is to prevent formation of
shrinkage cracks, their spreading in the structures and in-
creasing resistance of concrete to high temperatures. The
plasma treatment of polypropylene (PP) fibers was dis-
cussed as a method that leads to the increasing of surface
freee energy of polypropylene, accordingly better adhesion
between the fibers and cement matrix.

The plasma treatment improved the surface wetting
properties of PP fibers. The three point bending test con-
firmed the improving of the mechanical performances of
concrete with plasma treated fibers as a reinforcement.

s1430



Chem. Listy 106, s1431-s1434 (2012)

CEPLANT

DEPOSITION OF POLYMER FILMS ON ALUMINIUM SURFACE USING

ATMOSPHERIC-PRESSURE PLASMA

LUCIA BONOVA®™,
ANNA ZAHORANOVA®, DUSAN
KOVACIK*”, MIRKO CERNAK™"

“ Department of Experimental Physics, Faculty of Mathe-
matics, Physics and Informatics, Comenius University,
Milynska dolina, 842 48 Bratislava, Slovak Republic,
®R&D Center for Low-Cost Plasma and Nanotechnology
Surface Modifications, Faculty of Natural Science, Masa-
ryvk University, Kotlarska 2, 611 37 Brno, Czech Republic
bonova@fmph.uniba.sk

Keywords: atmospheric-pressure plasma, aluminium alloy,
hexamethyldisiloxane, hydrophobic film

1. Introduction

Aluminium alloys are getting renewed attention due
to their light weight and high strength to weight ratios that
could be transferred into higher efficiency for various
technological application including aerospace, automotive,
architecture and packaging. However, the corrosion of alu-
minium surface is a real problem. Painting and adhesive
bonding of aluminium alloy are commonly used methods
to prevent the aluminium surface from the corrosion. Un-
fortunately these methods include chemicals such as sol-
vents and chromates. The first one is used to clean the sur-
face from grease and dust, while chromates are used for
the corrosion protection. However, plasma treatments offer
an ecologically friendly alternative for cleaning and func-
tionalizing metal surfaces.

The deposition of plasma polymerized thin-film
coatings on aluminium for corrosion inhibition could pro-
vide an alternative to the conventional chromate conver-
sion and to the wet chemistry.

Plasma polymerization is a universal method for the
deposition of layers with properties useable for a wide
range of applications'. This is caused by the high degree of
control of their properties, which may be varied widely by
plasma parameters. Plasma polymerized films have special
advantages such as a thin film, a highly cross-linked, pin-
hole-free structure and in general good adhesion on sub-
strates.

Widely used thin film material is silicon dioxide
(Si0,), which is the most common dielectric in semicon-
ductor technology, serves as corrosion protection or per-
meation barrier in the packaging industry. Preparation of
SiOx films by plasma enhanced chemical vapour deposi-
tion (PECVD) at low pressures has been extensively

studied in the past™. Plasma polymerization of hexa-
methyldisiloxane (HMDSO) as monomer admixture to
carrier gas seems to be very suitable for preparing thin-
film coating on the surface.

In the recent years many works has been published
using the radio-frequency (RF) low-pressure discharge for
plasma polymerized coatings on different materials.
Vasallo et al.* demonstrated in their work that hexamethyl-
disiloxane (HMDSO) layers deposited on steel exhibited
good anti-corrosion properties when RF plasma discharge
is fed with oxygen in addition to HMDSO. The anti-
corrosion effect of organosilicon-based coatings deposited
on aluminium alloy by means of a low-pressure plasma
process was studied by Fernandes et al.” where different
gases were used for HMDSO deposition process. Pre-
treatment of the aluminium surface like cleaning is the im-
portant part of the polymerization process. Azioune et al.’
investigated that the most effective way to clean the alu-
minium surface is pure argon plasma fed by RF discharge.
Also oxygen and argon/oxygen mixtures were tested. The
effectiveness of plasma cleaning was checked by means of
X-ray photoelectron spectroscopy (XPS) and contact angle
measurements.

Recently the attractive alternative to these low-
pressure processes is the SiOy deposition at atmospheric
pressure, where no expensive vacuum pumping systems
and batch processing would be necessary in a production
line. Dielectric barrier discharges (DBDs) are nowadays
widely used for many plasma processes such as modifica-
tion of surface properties (improving wettability of poly-
mers, adhesion properties, etc.) and also for functionaliza-
tion of surfaces and plasma polymerization processes by
DBDs are studied.

Plasma discharges working at atmospheric pressure
like DBDs and plasma jets are suitable to treat flat sur-
faces. Bour et al.” deposited HMDSO layer on galvanized
steel to give a protective coating against corrosion using
DBD discharge. Plasma polymerization was carried out in
different ways. To protect the aluminium from corrosion
Lommatzsch et al.® apply an atmospheric pressure plasma
jet. Also Trunec et al.” used a DBD discharge for HMDSO
layer deposition on different materials.

2. Experimental setup

The organosilicon monomer used in this work was
HMDSO (for synthesis, Merck Schuchardt OHG, Germa-
ny). As the aluminium substrates the aluminium alloy
(99.5% Al) was used. To establish well defined initial con-
ditions, before the experiment all samples were chemically
pre-cleaned.

The plasma polymerization process was carried out in
the plasma reactor based on the new type of surface DBD
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— so called Diffuse Coplanar Surface Barrier Discharge
(DCSBD)'" — a planar source of the low-temperature plas-
ma (Fig. 1). DCSBD plasma source generates thin
(~ 0.3 mm) layer of diffuse non-equilibrium plasma of an
extremely high plasma power density about 100 W cm >,
which results in plasma processing times in order of one
second.

The discharge was generated in the mixture of nitro-
gen and HMDSO. The N,/HMDSO mixture was prepared
by mixing the pure nitrogen with the nitrogen gas bubbled
through liquid HMDSO monomer at 20 °C. To find suita-
ble conditions for polymeric thin layer deposition, the rati-
os of nitrogen and HMDSO were experimentally tested.

The DCSBD electrodes consisting of 19 pairs of sil-
ver strip electrodes embedded 0.5 mm below the surface of
96% Al,0; ceramics was energized by 14 kHz sinusoidal
voltage, supplied by HV generator LIFETECH VF 700.
The power supplied to the discharge was 195 W and the
gap between the ceramics and sample was 0.3 mm.

T
gas outlet
cart with sample

gas inlet

HV[kHz]

plasma

AlLO; electrodes
ceramics

Fig. 1. Scheme of the experimental atmospheric DCSBD plas-
ma deposition reactor

Contact angle measurements were carried out with
Surface Energy Evaluation System (SEE System, Advex
Instruments s.r.o., Czech Republic). Water drops of 2 pl
were used to determine the contact angles. Each contact
angle is an average of 10 measurements.

Chemical structure of the coatings was evaluated by
Fourier Transform Infrared (FTIR) spectroscopy in attenu-
ated total reflectance (ATR) using Bruker Optics Vector
22, MIRacle™ spectrometer (PIKE Technologies). As the
ATR crystal diamond/ZnSe was used (45° incidence an-
gle). Data were collected from 600-4000 cm ™' wavelength
range with 20 scans for each sample. The resolution was
4em’.

TOF SIMS IV (ION-TOF, Miinster, Germany) spec-
trometer was used to measure the evidence of HMDSO
layer. Measurements were carried out with a bismuth ion
gun, operated at 25 keV ion energy and current 1 pA.

Measurements for the polymer layer thickness was
carried out by FIB-SEM LYRA 3 GM nanotechnology
workstation (TESCAN, Czech Rebublic).

Corrosion protection of HMDSO layer was tested by
the immersion of aluminium samples into the 5% NaCl so-
lution with the temperature of 35 °C and immersing time
120 h.
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3. Results and discussion

To investigate the optimal deposition parameters for
plasma polymerized HMDSO (pp-HMDSO) layer de-
posited on aluminium surface, different nitrogen and
HMDSO ratios were used. The plasma polymerization
process time was set to 60 sec. Table I shows results of
Water Contact Angle (WCA) measurements for different
HMDSO relative concentrations used in polymerization
process.

Table I
Results of WCA measurements for different HMDSO rela-
tive concentrations in gas mixture of (N,+HMDSO) meas-
ured immediately after polymerization and after 24 hours
ageing

(HMDSO+N,)/ WCA WCA after 24
N, immediately [°] hrs [°]
concentration

(0]

8.3 87.60 +£3.25 100.64 + 1.67
12.5 93.62+1.29 103.25 £ 4.57
16.6 66.84 +1.90 81.2+2.61
20.8 86.24 +£4.22 95.97 £1.68
25 66.72 £ 14.94 80.94 +2.47

The contact angles were measured directly from the
image of the solid-liquid meniscus of a liquid drop set
taken with CCD camera. First measurements of WCA
were taken immediately after the plasma-polymerization.
Samples with deposited layer were stored on air and
measured again after 24 hours ageing. These measure-
ments indicate that the hydrophobicity still increase after
the polymerization process and the most hydrophobic de-
posited layer is achieved at 12.5 % relative concentration
of HMDSO in gas mixture.

The chemical composition analysis of the polymer
film deposited on aluminium surface from mixture N,/
HMDSO was done by means ATR-FTIR. In the Fig. 2 the
ATR-FTIR spectra of pp-HMDSO layer deposited on the
sample for 60 sec (a), for 30 sec (b) as well as the
reference sample spectrum (c) are shown. ATR-FTIR
spectroscopy of the deposited pp-HMDSO layer confirms
the presence of vibrational state primary amino functional
groups (NH, NH,), vibrational states of hydrogen (C-H, O-
H) and also methyl groups (CH,), generated by fragmenta-
tion of the monomer in the plasma and bounded to the sur-
face of the aluminium substrate''. The IR spectrum exibits
intensive absorption band at 2960 cm ' and 2925 cm’
which indicates the presence of CH; and CH, groups re-
spectively. The deposited film exhibited strong absorption at
1270 cm ' associated with the Si-CHj group. The most in-
tensive absorption band is at 1070 cm™ and peaks in this
region can be interpreted as Si-O-Si, Si-CH,-Si, Si-O-C or
Si-NH-Si groups. It is clear from the Fig. 2 that longer
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The changes of the polymer film deposited on alu-
minium surface after the salt water test of corrosion pro-
tection were analysed by the means of FTIR also. The re-
sults are presented in Fig. 3, where chemically cleaned Al
sample (d), chemically cleaned Al sample after salt water
test (a), sample with HMDSO layer (c) and sample with
HMDSO layer after the salt water test (b) are shown.

From analyses of the most intensive peaks in Fig. 3 is
clear, that the polymer layer deposited on the aluminium
surface is the same after salt test, and there is evidence of
the changes on the aluminium surface. The are the most in-
tesive peak in the region of 30003600 cm ™', which may
be assigned to —OH groups and the intensive peak at
1067 cm ' which may indicate the presence of Al-O or Al-
Cl group.

SIMS measurement was used to study the existence
of monomer fragments in deposited film. The SIMS
spectrum of pp-HMDSO coated aluminium sample is

3(NH) Si-0-Si
5(NH,) 1560 cm” 1060 cm’

1660 cm™

C-H
Si-CH,
2960 cm”’

Absorbance [a.u.]

I T T T T T T T T T T T T T
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
Wavenumber [cm]

Fig. 3. ATR-FTIR absorption spectra of: (a) chemically
cleaned Al sample after salt test, (b) pp-HMDSO sample after
salt test, (c¢) pp-HMDSO sample, (d) chemically cleaned Al
sample

Fig. 4. SIMS spectrum of pp-HMDSO coated Al sample

shown in Fig.4. As can be seen the evidence of pp-
HMDSO layer was confirmed by measuring the
fragmentation row of Si-O,-C,-H;,-{CH,}, and also by
detection of the methyl groups bonded to Si or SiO.

To confirm the corrosion protection of pp-HMDSO
layer on aluminium surface, samples were immersed in the
NaCl solution for 120 h. For comparison uncoated alu-
minium samples were also tested. The results can be seen
in Fig. 5 where the aluminium surface without protection
coating and pp-HMDSO layer coated aluminium samples
are shown before and after the salt test. Salt water test
showed the protective effect of the pp-HMDSO layer on

Fig. 5. Photographs of Al samples: (a) chemically cleaned Al
sample, (b) pp-HMDSO sample, (c) pp-HMDSO sample after
salt test, (d) chemically cleaned Al sample after salt test
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the aluminium surface. On the aluminium surface without
deposited layer there were spots of typical aluminium cor-
rosion after immersion in the salt water.

To measure the thickness of pp-HMDSO layer the
FIB-SEM was used. The surface of the sample was sput-
tered using gallium ion gun with accelerating voltage
30 kV. The measured pp-HMDSO layer was 250 nm.

4. Conclusion

In this paper the preliminary results of the polymer
hydrophobic layer deposition on the aluminium surface
were presented. The layer was deposited from the mixture
of organosilicon monomer HMDSO with nitrogen using
the DCSBD plasma source at atmospheric pressure. The
optimal deposition time was 60 second at energy power to
plasma 195 W. The polymer layer was hydrophobic with
the water contact angle about 100 degrees. The FTIR spec-
tra showed the chemical structure of the polymer layer —
the presence of Si-CHj, Si-CH,, Si-O-Si, C-N, and O-H
groups. The SIMS analyses confirmed also the fragmenta-
tion of monomer and presence of methyl groups bounded
on Si or SiO. Salt water corrosion test confirmed the pro-
tection properties of polymer layer on the aluminium sur-
face. By this manner it can be deposited on the aluminium
surface the thin hydrophobic polymer layer with good ad-
hesion to the surface and anticorrosive properties, as was
demonstrated by the results of surface analyses (WCA,
FTIR, SIMS, salt test).

This work is the result of the project implementation:
26240220002 and 2622020004 supported by the Research
& Development Operational Programme funded by the
ERDF. This work has been supported also by the project
R&D center for low-cost plasma and nanotechnology sur-
face modifications CZ.1.05/2.1.00/03.0086 funding by the
ERDF.
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The paper presents results of plasma polymerised
coating deposited from the mixtures of HMDSO monomer
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(DCSBD). Contact angle measurement was used to inves-
tigate the optimal deposition parameters. The deposited
films were characterized by FTIR and SIMS methods. The
corrosion protection of the HMDSO layer was proved by
salt water test.
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1. Introduction

In past decades the importance of barrier dicharges'
as the sources of non-equilibrium plasmas for material
processing has raised. With increasing demand on so
called “green technologies” and low environmental foot-
print, low-cost plasma treatment technologies have be-
come requested alternatives to classical chemical treat-
ment.

The Diffuse Coplanar Surface Barrier Discharge
(DCSBD) belongs to group of barrier discharges. Plasma
of DCSBD is generated in thin layer’ above dielectric at
relatively high power densities of the order of 100 W ¢cm .
The discharge consists of thin channels (filaments or micro-
discharges’) crossing the electrode gap between electrodes
and visually diffuse-like layer above electrodes. These
properties make DCSBD a promising candidate for high-
speed plasma processing”.

DCSBD has been successfully tested as the low-cost
atmospheric pressure plasma source. DCSBD operated in
ambient air at industrial production lines in continuous re-
gime (in-line) seems to be suitable plasma source for plas-
ma treatment of low-value-added materials”.

To better understand the DCSBD behavior in artificial
air at atmospheric pressure the spatially resolved optical
emission spectroscopy (OES) and time-resolved optical
imaging of DCSBD were performed. The basic results are
given in presented paper.

2. Experimental setup — simplified DCSBD cell

For the study of DCSBD properties over wide range
of physical conditions and discharge configurations the
simplified DCSBD cell or system was developed. This
setup (discharge cell) is given in Fig. 1. In Fig. 1 (left) the
cross-section of discharge cell is given. The discharge cell
is made of polymer capsule in which the system of semi-

movable electrodes is placed. Both electrodes are pressed
against dielectric plate and dipped in insulating oil bath.
The arbitrary rectangular electrode gap between electrodes
can be set with width up to 5 mm. The minimum distance
between electrodes is governed by the insulating properties
of oil bath and in present study the electrode distance was
set to 0.55+0.05 mm. The maximum electrode distance is
governed by power supply unit, resp. by the maximum al-
lowable high voltage applicable to the powered electrode.
In practice the limit of maximum electrode distance of de-
scribed system is about 2.5 mm.

electrodes
powered
“movable”

electrodes
powered oil bath grounded

grounded

=
Q
£
o
>
o
£
— . discharge =
dielectric quartz chamber semiciicle rectangular
o, footprints electrode gap

plate  window

Fig. 1. Simplified DCSBD discharge cell. Cross-section of
simplified developmental DCSBD cell (left) and electrode
system ground plan, with electrode gap (right) are depicted.
The dimensions are not proportional

Great advantage of the simplified DCSBD setup is the
ability of easy of change of dielectric plate and electrode
gap width. The dielectric plate is pressed directly to the
surface of electrodes, which form two semicircle footprints
on the dielectric plate, forming rectangular electrode gap
in between. The schematic view of the electrodes is given
in Fig. 1 (right). The view plane of the picture is the same
as if the paper would be the dielectric plate. The diameter
of semicircle electrodes is approx. 20 mm.

Discharge chamber is placed from the opposite side
of dielectric plate; see Fig. 1 (left). The dielectric plate is
made of 96% alumina (Al,O;) with dimensions of 10x10 cm
and thickness of approx. 0.6 mm. Discharge chamber ena-
bles us to operate the discharge in controlled working gas
environment. Quartz window on the opposite side of dis-
charge chamber enables us to perform optical diagnostics
of the discharge.

3. Experimental setup of time resolved iCCD
imaging and spatially resolved OES, resp.

Experimental setup for time resolved iCCD measure-
ments is given in Fig. 2. The discharge cell described in
section 2 is used.
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Two gas flow controllers Voghtlin Instruments red-y
GCR were used to set requested working gas mixture. As
primary gasses nitrogen of the purity better than 99.996 %
and oxygen of the purity better than 99.996 % were used.
The gas mixture ratio of nitrogen to oxygen of 80:20 was
used in described experiments. The total gas flow rate was
kept at 3 slpm.

Mass Flow Controllers

Trigger

Valves 1D§;Ch) /

. Z

c i iCCD 5GSa
= S
= >
= x
=z o

A
i—~ PC controller
[ synchro Je-

Fig. 2. Experimental setup of time resolved iCCD imaging

.

High voltage (HV) power supply was used to ignite
and maintain the discharge. The HV power supply consists
of high frequency tunable generator LIFETECH
HF Power Source powered by stabilized DC power source
STATRON 3262 and LIFETECH HV transformer. The HV
power supply was operated at 30 kHz and 30 kV peax-to-peak fOr
OES measurements, resp. 28 KV peai-to-peak for iCCD measure-
ments, sine-wave.

The current-voltage characteristics were recorded
using LeCroy WaveRunner 6100A 1 GHz/5 GSa digital
storage oscilloscope coupled with HV probe Tectronix
P6015A 1000:1 (in Fig. 2. Denoted as Prl) and Pearson
Current Monitor 2877 (in Fig. 2. Denoted as Pr2).

Variable high voltage capacitor was used as the dis-
placement current compensator. The HV capacitor was
connected antiparallel through current probe. Tuning the
HV capacitor to the capacity close to discharge cell capaci-
ty effectively reduces measured displacement current of
discharge cell which is of the same order as the discharge
current. This increases effectively the signal-to-noise ratio
of discharge current measurements.

For the high speed synchronized discharge imaging,
the Princeton Instruments PI-MAX 1024RB-25-FG-43
iCCD camera equipped with 50 mm, /2.8 UV lens was
used. The iCCD camera was placed along axis of sym-
metry perpendicular to DCSBD plasma layer.

To synchronize and semi-automate the measurements,
the Agilent 33220A function generator was used. As the
source signal the reference signal of HF generator was
used. The generator fires triggering signals for synchro-
nous iCCD image capture together with current-voltage
measurement of the same event.

This setup enables us to take series of synchronized

CEPLANT

images of the discharge together with its current-voltage
characteristics with the resolution of single half-period of
high voltage waveform. In presented work the 100 images
series of first, second and both half-periods were taken
with gate times of 17, resp. 34 pus. The iCCD delays were
set in the way to guarantee that images represent all dis-
charge events of half-periods that can be identified in cur-
rent-voltage waveforms.

f=75 mm f=50 mm

?208mm§ 117 mm 220 mm 62 mm

slit, 0.1 mm

0

Fig. 3. Schematic view of the optical bench system, optical
parameters are marked and also the scanning direction

Experimental setup for spatially resolved optical
emission spectroscopy (OES) measurements is similar to
previous one. The discharge cell and electrical parameters
setups were the same as described for iCCD measure-
ments. The experimental setup given in Fig. 2 was kept
with the exception of the iCCD/optical bench system sub-
stitution.

For spatially resolved OES the computer programmed
3D stage carrying optical bench coupled to spectrometer
was used instead of iCCD camera. We used 3 precision
motorized linear stages Zaber T-LSQ 150 B coupled to de-
velop XYZ-3D motion stage. The schematic view of the
optical bench system is given in Fig. 3. From the left to the
right the optical pathway is as follows: The image of dis-
charge in discharge chamber is focused using fixed posi-
tioned =75 mm quartz lens to the entrance slit of the
0.1 mm width placed on movable bench. The spatially re-
solved light is then collected using f= 50 mm quartz lens
and optical fiber holder. As the detector, the quartz fiber
coupled spectrometer Avantes AvaSpec-2048TEC-2 with
thermoelectrically cooled CCD was used. The optical reso-
lution of spectrometer was 1.4 nm FWHM.

4. Results and discussion

In Fig. 4 the typical optical emission spectrum of
DCSBD burning in the mixture of nitrogen and oxygen is
given. To emphasize signal from atomic oxygen lines the
spectrum with higher oxygen ratio was selected. The cor-
rection to spectrometer sensitivity was not performed in
Fig. 4 to enhance readability and suppress noise and back-
ground shift in the spectrum. Dominant part of the spectra
consists of molecular bands of second positive system of
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Fig. 4. Optical emission spectrum of DCSBD near the nitro-
gen emission intensity maximum. The nitrogen:oxygen ratio
was 20:80

nitrogen (SPS, C°Il, — B 3Hg) with maxima at
337.13 nm. At higher wavelengths the weak bands of first
positive system (FPS, B 3Hg—> A%, can be also identi-
fied. At wavelengths of 777.45 nm and 845.64 nm the
spectrally unresolved triplets of atomic oxygen are identi-
fied. Due to limited sensitivity and spectral resolution of
spectrometer other spectral systems as first negative sys-
tem of nitrogen or NO-y system (in UV range) cannot be
observed.

Using the semi-automated stage with optical bench
system, the spatially resolved spectral intensities can be
obtained. The spatially resolved spectra were taken from
approx. 1-2 mm wide zone along the horizontal diameter
of the discharge pattern, distance d in figures, see also
Fig. 7. The estimated spatial resolution is about 0.3 mm.
The spatial profiles of intensities of 0-0 vibration transition
of SPS of nitrogen (337.13 nm) and corresponding profile
of atomic oxygen triplet intensity (777.45 nm) is given in
Fig. 5. The SPS of nitrogen intensity profile has symmet-
rical structure with fine three-peak behavior in the middle
of the discharge gap and above electrodes near gap edges.
In order to confirm that this fine structure is not caused by
measurement error, the comparison with independent tech-
nique (ICCD) was performed, see Fig. 8. In the profile of
oxygen line emission intensity such fine structure was not
observed and only one broad peak symmetrical to elec-
trode gap position was observed.

From the SPS (vibration transitions 0-2, 1-3, 2-4 and
3-5, stopped at 380.5 nm) the vibration temperature can be
estimated using the Spectrum Analyzer®. The spatial pro-
file of estimated vibrational temperature is shown in
Fig. 6. The estimated error is about 100 and 200 K. For
comparison the nitrogen intensity profile is plotted. It can
be seen, that the spatial behavior of SPS emission intensity
and SPS vibration temperature is in close correlation under
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Fig. 5. Spatial intensity profiles of nitrogen molecular band at
337.13 nm (circle symbols) and atomic oxygen triplets at
777.45 nm (triangle symbols). The distance across discharge
pattern is given on the horizontal axis and it is denoted by d

presented conditions. The most intensive area of the dis-
charge is also the area of the highest vibration temperature.

The iCCD imaging was used to characterize discharge
patterns of DCSBD under given conditions. In Fig. 7 the
iCCD images of the discharge spatial evolution is shown.
Fig. 7 contains two groups of images. In first row the
images of single-shot captures of discharge patterns is
given for positive (left), negative (middle) and both half-
periods (right) of input HV waveform. The second row
shows software accumulated images of 100 of single-shot
events to emphasize the discharge pattern structures. Po-
larity and expected electrode/gap positions are depicted as

11— 3100
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o 1 | 2800 =
-
= 054 o
2 g4 133
c 4 @
ko) J - 2700 %
£ 03 =3
0.2 | 2600 =
0,1
0,0 I 2500
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Fig. 6. Spatial behavior of SPS intensity (circle symbols) and
vibration temperature (triangle symbols) shows high spatial
correlation. The distance across discharge pattern is given on
the horizontal axis and it is denoted by d

s1437



Chem. Listy 106, s1435—s1438 (2012)

dotted curves. Polarity is taken as polarity of HV signal on
the left electrode, see Fig. 1 and 2. The discharge burns in
numerous micro-discharges® spread along discharge gap.

To be able to compare the iCCD imaging results with
the results obtained using spatially resolved OES, the
image intensity calculations from similar discharge area
were performed. The results are given in Fig. 8. For both
half-period curve one can see the same spatial structures as
in curve representing nitrogen emission intensity. This is
in agreement with the spectral intensities of the discharge
and spectral response of iCCD camera intensifier stated by
the manufacturer.

+

FRAALAL MY

+

i

Fig. 7.iCCD images of DCSBD. From the left to right: posi-
tive, negative and both half-periods are given. First row
shows selected single-shot images, second row represents sum
of 100 of single images. The dark artifact in upper third of
images was related to dielectric plate artifact. The input volt-
age of 28 kV, was used

5. Conclusion

In this paper we have presented optical measurements
of DCSBD in artificial air. The close correlation of spatial
profiles of vibration temperature estimated from SPS of ni-
trogen with spatial profile of SPS intensity was presented.
It was shown that the SPS intensity has a fine spatial struc-
ture above electrode gap, while the oxygen triplet profile
has a single peak behavior. The fine structure of SPS in-
tensity profile was confirmed using time resolved optical
imaging (iCCD). This fine structure can be reconstructed
using accumulated intensity profiles of positive and nega-
tive half-period that have double-peak intensity behavior.

This research has been supported by the project R&D
center for low-cost plasma and nanotechnology surface
modifications CZ.1.05/2.1.00/03.0086 funded by European
Regional Development Fund and projects
No. TA01011356/2011 and TA01010948/2011 of the Tech-
nology Agency of the Czech Republic.
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Fig. 8. Integrated intensity profiles along horizontal diameter
of discharge pattern. Curves are calculated from the sum of
100 of discharge pattern images (see Fig. 7). Positive, negative
and both half-periods are depicted using square, circle, resp.
triangle symbols. The distance across discharge pattern is
given on the horizontal axis and it is denoted by d. The input
voltage of 28 kV,, was used
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J. Cech, J. Hanusova, and P. Stahel, (Masaryk Uni-
versity, Brno, Czech Republic): Diagnostics of Diffuse
Coplanar Surface Barrier Discharge Operated in Arti-
ficial Air Working Gas: Basic Results

In this paper we present measurements of DCSBD in ar-
tificial air. Simplified DCSBD cell with one electrode pair
with electrode gap width 0.55+0.05 mm was used. Discharge
was driven using high voltage sine-wave generator at 30 kHz
and 28, resp. 30 kV,,. Spatially resolved optical emission
spectroscopy and time-resolved optical imaging was per-
formed. Close correlation of spatial profiles of vibration tem-
perature of SPS of nitrogen with spatial profile of SPS inten-
sity was presented. SPS intensity shows fine spatial structure
above electrode gap, while oxygen triplet profile has only sin-
gle peak behavior. The fine structure was confirmed using
time-resolved optical imaging.
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1. Introduction

Mechanical properties as toughness, tensile strength
and flexural ductility' of concrete can be significantly im-
proved with addition of polypropylene fibres. For this
purpose low density polypropylene is typically used. The
advantage of PP fibres is their low cost and chemical sta-
bility. However, their surface energy is low. Because of
hydrophobic properties of PP fibres the adhesion to ce-
ment matrix is very low and it is difficult to distribute fi-
bres uniformly in matrix. The modification of the PP fibre
surface can achieve higher wettability. There are several
ways of increasing the surface energy of PP fibres: me-
chanical, chemical or plasma treatment™. In the first case
the surface of PP is mechanically roughened, however, this
modification negatively affects the mechanical properties.
The chemical modification is widely used in the industry®.
This technology is based on the surfactants which are de-
posited on the surface of PP and make the surface wetta-
ble. The disadvantage of this method is its instability in
contact with water (the surfactants are washed away) and
also it is necessary to use chemicals which are restricted
by the EU legislative REACH. The method based on cold
plasma treatment creates reactive hydrophilic group on the
surface of PP fibres whereas bulk properties of fibre re-
main unchanged. Various low pressure plasma sources for
treatment of PP fibres have been widely studied®”,
however, using the low pressure plasma technologies is
limited because of the necessity of expensive vacuum sys-
tems and high energy consummation. Plasma technologies
operating at atmospheric pressure provide a simple low-
cost technique compared with the low pressure plasmas.
The dielectric barrier discharge (DBD) technology is one
of the most used methods to generate cold atmospheric
pressure plasma®.

In this paper the plasma treatment of polypropylene
fibres in Diffuse Coplanar Surface Barrier Discharge
(DSCBD) operated at atmospheric pressure was investi-
gated. DCSBD was developed at the Masaryk University
in Brno and Comenius University in Bratislava’™.

This type of discharge is featured by high electron
temperature, however, rotational temperature is close to
room temperature. Due to high non-isothermicity of dis-
charge it has a great potential for industry plasma treat-
ment of thermal sensitive material such as polymers, pa-
per, wood or felt!®!,

2. Experimental setup

DCSBD operated at atmospheric pressure was used
for plasma treatment of polymer fibres. Fig. 1 shows the
electrode configuration of DCSBD. The electrodes are cre-
ated by 32 parallel metallic strips embedded in Al,O5 ce-
ramic. Thin film of macroscopically diffuse atmospheric
pressure non-equilibrium plasma is created on the surface
of the electrode. An image of the DCSBD plasma is
shown in Fig. 2.

Plasma treatment of polypropylene fibres was carried
out in ambient air. We tested the effect of plasma treat-

plasma

dielectric 2N
Y

Fig. 1. Cross-section of the discharge electrode system

Fig. 2. Image of thin film of DCSBD plasma
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ment on fibres for discharge power in range 250400 W
and treatment time in range 5-30s. A high frequency
voltage (14 kHz, 13 kV peak to peak) was applied between
the electrodes.

Polypropylene fibres commercially produced by
KrampeHarex company were used as samples'>. The di-
ameter of fibres with round cross section was 32 pm
(£10 %), the density of fibres was 910 kg m and tensile
strength was 300 N mm 2 (£15 %) .

The effect of the plasma treatment on surface proper-
ties of the fibres was studied by contact angle measure-
ment using Surface Energy Evaluation System (SEE Sys-
tem) made by Advex Instruments”. Distilled water was
used as a testing liquid.

Wetting properties of treated and untreated fibres
were investigated by water absorption measurement
method. For this purpose 20 cm long bunch of PP fibres
was used. The bunch of fibres was weighed before and af-
ter the soaking with water for 10 s. The difference of the
weight of fibres after and before soaking with water gave
absorption capacity of the bunch of fibres. This simple ex-
periment shows how water absorption capacity and wet-
ting properties of PP fibre changes after the plasma treat-
ment.

The surface morphology was studied by stereo micro-
scope LEICA S6 D with maximum resolution 432 lp/mm
and magnification 80x.

3. Results

An image of the water drop on PP fibre before and af-
ter plasma treatment is shown in Fig. 3. The water contact
angle of untreated fibre (110°) decreased to about 50° after
the 30 s of the plasma treatment. This effect can be related
to the formation of functional polar groups and radicals on
the PP surface after plasma treatment.

Fig. 4 shows, the wettability of PP fibres increased
with treatment time for four discharge power (250, 300,
350, 400 W). Water absorption of fibre increased during
the first 15 s of plasma treatment, above 15 s remained
constant. Moreover maximum water absorption capacity
was depending on plasma power density and it increased
with increasing power density.

The washing out resistance of plasma treated fibres
was also investigated. Plasma treated fibres were soaked
with water for 10 s, than samples were dried and conse-
quently characterised by water contact angle measurement.
The change of wettability and contact angle was measured.

BEFORE

> ~
y B

Fig. 3. The water contact angle before and after 30 s plasma
treatment at 300 W discharge power
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Fig. 4. Weight of absorbed water in bunch of PP fibres as a
function of plasma treatment time for different discharge
power. There are marked also the values of weight for sized
and untreated fibres

Fig. 5. Comparison of wettability of a) untreated, b) sized and
¢) S5s and d) 30 s plasma treated fibres in a left column and
effect of washing out in right column. The discharge power
was 300 W

It was proven that the effect of plasma treatment was
resistant to washing out in contrast to the commercial size.
Soaking with water did not influence the wettability of
plasma treated fibres. Commercially produced sized fibres
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Fig. 6. Stereo microscope image of as-received untreated fi-
bres

Fig. 7. Stereo microscope image of plasma treated fibres. Dis-
charge power was 300 W and treatment time 5 s

were totally wetted, but after soaking with water the fibre
became hydrophobic almost as untreated fibres (see
Fig. 5).

The influence of plasma treatment on the surface ap-
pearance of PP fibres was studied by stereo microscope. In
Fig. 6 two untreated PP fibres are shown. Plasma treatment
did not affect the surface structure of PP fibre (see Fig. 7
and Fig. 8). During plasma treatment no macroscopic me-
chanical damage was observed.

4. Conclusion

The influence of plasma treatment on the wetting and
surface properties of polypropylene fibres was investi-
gated.

The plasma treatment of PP fibres by DCSBD led to
an increase of the wettability, accordingly the water ab-
sorption of fibres improved. The surface morphology re-
mained unchanged.

Commercially produced sized PP fibres were totally

CEPLANT

Fig. 8. Stereo microscope image of 30 s plasma treated fibres.
Discharge power was 300 W and treatment time 30 s

wetted, but after soaking with water the surfactants were
washed out and PP fibre became hydrophobic. Plasma
treated fibres exhibited washing out resistance in contrast
with the sized PP fibres.

This research has been supported by the project
CZ.1.05/2.1.00/03.0086 'R&D center for low-cost plasma
and nanotechnology surface modifications’ funded by Eu-
ropean Regional Development Fund and by the project
TA01010948 funded by Technology Agency of Czech Re-
public. The authors also would like to thank to
KrampeHarex Company for providing polypropylene fi-
bres.
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Diffuse Coplanar Surface Barrier Discharge generated in
ambient air. The surface properties and wettability were
studied by contact angle measurement and amount of ab-
sorbed water measurement. Surface morphology was in-
vestigated by optical stereo microscope.

The plasma treatment changed totally hydrophobic
surface of untreated PP fibres with water contact angle
about 110° to hydrophilic surface with contact angle of
about 50°. In comparison with sized fibres plasma modifi-
cation was resistant to washing out. The plasma treatment
improved surface wettability without any macroscopically
observable mechanical damage of PP fibres.
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1. Introduction

Underwater electrical discharge systems attract atten-
tion of many research groups mainly for their proven effi-
ciency in the wastewater remediation'. A recently emerged
application for underwater discharge offering substantial
economical and environmental benefits compared with
conventional wet chemical methods is the surface func-
tionalization of textile materials’. So far, only a small
number of works has been published about diagnostics of
the discharge itself due to the main concern for material
treatment’* and also due to the complicated nature of fila-
mentary underwater plasma.

Surface modification of textile materials extends over
a wide range of alterations to provide the desired single or
multi-features for various applications. It is a highly fo-
cused area of research in which alterations to physical and/
or chemical properties lead to new textile products that
provide new applications or satisfy specific needs. These
processes can involve numerous chemicals, some of which
are toxic to humans and hazardous to the environment. In
an effort to eliminate these harmful chemicals and waste
products, surface modification and finishing via plasma
treatment has become an attractive alternative.

As discussed in (ref.’), polypropylene (PP) is being
increasingly used for industrial applications thanks to its
beneficial properties and ability to be recycled. However,
PP has a very low surface free energy, resulting in poor
wettability and bonding strengths. To overcome this short-
coming, various techniques have been employed to modify
the surface of polypropylene materials® ®. Plasma treat-
ment is one of the most important surface modification
techniques and has proven to be an environmentally
friendly technique in the textile industry.

Investigation of underwater discharges generated in
water solutions at atmospheric pressure has shown effec-
tive production of OH radicals, solvated electrons and a
number of others active species”'’. This primary source of
radicals is often localised in a small region related to the
size of the plasma discharge. Those radicals are highly re-
active. Their oxidation potentials are one order of magni-

tude higher than usual chemical substances used to steri-
lise or to remove pollutants from the liquid phase.

Electrical breakdown in liquids is generally preceded
by events called streamers. The two possible mechanisms
for streamer initiation need to be considered: the first is
due to electron avalanche which cause electrons to be in-
jected in the liquid and drift to the cathode, and the other is
due to the formation of micro-bubbles which cause gase-
ous cavities to be formed that give rise to electrical break-
down in the gas bubbles. The electric field around the elec-
trode, or the streamer channel, is highly increased, which
causes an intense field emission current that eventually va-
porizes the water. Streamer discharge phenomena in water
are known to be influenced by various factors, such as gap
geometry, water conductivity, pulse duration and ampli-
tude of the applied voltage''.

While in other contributions published in this issue
we deal with surface treatments of PP textile as well as
with binding of various atoms on the surface, in this article
we studied an application of optical emission spectroscopy
(OES) which has been usually used as a standard method
making it possible to estimate basic parameters of plasma
discharges. However, it is also a well known fact, unfortu-
nately, that an accuracy of this method is not too high.
This is also the case of the underwater discharge generated
by HV pulses at atmospheric pressure when low intensity
of emitted light and simultaneously high electrical inter-
ferences from the discharge reduce the chance to estimate
these plasma parameters with reasonable accuracy. On the
other hand OES remains the only one method due to small
volume of generated plasma.

2. Experimental setup

The underwater plasma treatment was performed
using two versions of experimental arrangement: single di-
aphragm (SD) discharge and double diaphragm (DD) dis-
charge as illustrated in Fig. 1. The discharge was generated
between two metallic electrodes at 2 cm mutual distance,
the electrodes were connected to a pulsed HV power sup-
ply based on the double rotating spark gap. The maximum
peak voltage was 30 kV DC and the maximum repetitive
rate of pulses was 60 Hz. The propagation of discharge
filaments could be influenced by parameters such as
voltage, water conductivity, etc. In this case distilled water
was used as a working medium. The electrodes and the slit
(diaphragm) were positioned under the water level. The
water conductivity range was from 0.5 to 3.7 mScm™. A
more detailed description of the experimental set-up can
be found in (ref.”).

The discharge was studied with optical emission
spectroscopy of the light coming from a narrow discharge
region between the electrodes. The spectra were measured
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by means of HR640 spectrometer, Jobin — Yvon (grating
1200 grooves, focal length 640 mm, CCD detector cooled
by nitrogen). Molecular spectra bands of CN violet system
(B X" — X 3, Av = 0) were used for determination of
vibrational temperature. H, line profile was used to deter-
mine electron temperature and density based on tables cal-
culated by (ref.").

Fig. 1. SD discharge (left) and DD discharge (right): 1 —
electrodes; 2 — diaphragm; 3 — polypropylene nonwoven fabric; 4
— discharge

The discharge was generated using a diaphragm elec-
trode, where a narrow slit of 0.1x1x40 mm was positioned
between two metallic electrodes at 2 cm mutual distance.
The arrangement for double diaphragm is similar with the
single diaphragm, but in this case we have two diaphragms
in the same basin, the material undergoing two successive
treatments. The distance between the diaphragms is 13 cm.
Polypropylene nonwoven fabric of 50 gsm (grams per
square meter) and 30 mm width was used for this experi-
ment.

To keep optimal characteristics of the discharge the
current and voltage measurements were done using the
LeCroy WaveRunner 6100A Oscilloscope.

We performed standard Optical Emission Spectrosco-
py (OES) to check the plasma discharge by means of the
plasma parameters'>. The spectra profiles were measured
by means of the Triax HR550 spectrometer, Jobin — Yvon
(grating 1200 grooves, focal length 550 mm, CCD detector
cooled by Peltier). The procedure presented in (ref.’),
which takes into account the impact broadening by elec-
tron and quasi-static broadening by ions, in combination
with new data for H, line proﬁle13 was used to determine
electron temperature and density. The typical profile of H,
is shown in Fig. 3.

3. Results and discussion

The typical spectrum is shown in Fig. 2 while the iso-
lated hydrogen (H,) and CN (B *Y" — X 2Y*, 0-0) are dis-
played in Fig. 3 and 4, respectively.

The intensity of CN (B *Y," — X *¥", 0-0) vibrational
band and hydrogen (H,) line vs. discharge voltage are dis-
played in Fig. 5. The intensity of CN band is decreasing
with increasing applied voltage, in contrast with H,. This
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Fig. 2. Typical spectrum of the discharge recorded in the visi-
ble range

can be attributed to the observation, that the filaments be-
came brighter and longer with increasing voltage in the
interelectrode region. It was also found that the tempera-
ture depends significantly on conductivity as shown in
Fig. 6.

The vibrational temperature estimated from CN
bands remains approximately the same with increasing
voltage, whereas increasing the water conductivity causes
substantial rise of vibrational temperature.

The electron density changes from 1-10”m to 2:10* m™
while the electron temperature was practically constant
4-10*K in all experimental conditions studied. The error of
the measured electron density was less than 5 %. The error
of electron temperature was much higher, which is due to
the weak dependence of the line profile on the electron
temperature.
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Fig. 3. An example of hydrogen line used for the estimation of
electron number density
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Fig. 4. A typical example of CN (B *Y* — X Y%, 0-0) molecu-
lar band in case of double diaphragm discharge
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Fig. 5. Intensity of selected components in OES spectra versus
applied voltage for HV power supply based on double rotat-
ing spark gap: a) selected CN vibrational band, b) H, line profile

Note that presented results must be taken for prelimi-
nary ones although a characteristic data set was at disposal
and individual data were obtained with reasonable preci-
sion (see above). However, individual graphs presented in
Fig. 5 appear surprising and it is evident that the suggested
relationship to the structure of filaments does not explain
completely the origin of this phenomenon. On the other
hand, the intensity of the hydrogen line is proportional to
the concentration of excited atoms while the intensity of
the molecular band reflects the concentration of CN mole-
cules in concrete vibrational state and both intensities de-
pend nonlinearly on voltage. Therefore, it could reflect
nonisothermic behaviour of the discharge.
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Fig. 6. Temperature vs voltage and conductivity for double
rotating spark gap and different conductivity

4. Conclusion

In this contribution, OES is used in order to charac-
terize the underwater plasma discharge generated by HV
pulses at atmospheric pressure. Although the knowledge of
these plasma parameters does not play a dominant role in
comparison with those characterizing qualities of an sur-
face treatment by plasmas the study is very important for
finding main processes running in the plasma and for de-
termination of appropriate quantity (or quantities) making
it possible, in this way, to keep the discharge in an optimal
regime.

This research has been supported by OP RDI
CZ.1.05/2.1.00/03.0086 funding by the Ministry of Educa-
tion of the Czech Republic.
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0. Galmiz, A. Brabec, and Z. Navratil (Dep. of
Physical Electronics, Faculty of Science, Masaryk Uni-
versity, Brno, Czech Republic): Some Aspects of Un-
derwater Diaphragm Discharge Generated by HV Pul-
ses at Atmospheric Pressure

Underwater diaphragm discharge generated by HV
pulses at atmospheric pressure has been studied by OES to
estimate basic plasma parameters such as electron density
and temperature of excited species for various
experimental conditions. It was found that intensity of
emitted H, as well as temperature depends significantly on
voltage and conductivity.
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1. Introduction

When a sufficiently high negative voltage is applied
to the point of a point-to-plane electrode system at pres-
sures above of same 10 kPa, a negative corona discharge
appears at the point cathode (see Fig. l1a), where the dis-
charge current consists of the negative corona Trichel
pulses (TPs, see Fig.1b). Each TP is discerned by
a peaked signal where in several nanoseconds the current
rise to a maximum of (~ 1-10°mA) before decreasing to
a subsequent transient glow discharge stage'”. As docu-
mented in refs.' ™, quite surprisingly such peaked signal
does not significantly depend on the secondary electron
emission coefficient of the cathode material used. Typical-
ly, for any form of corona discharges, the interelectrode
gap can be divided to a narrow (~ 0.1-1 mm, see Fig. la)
visible ionization region and a dark low field drift region
connecting the ionization region to with the low-field pas-
sive electrode.

The TP negative corona discharges operating in ambi-
ent air are widely used in electrostatic applications (corona
precipitators, separators, and powder coating systems) as
a simple source of negative ions. Also, chemical reactions
both in corona exposed gases’ '* and on surfaces'** have
been studied rather extensively. However, despite wide-
spread use of the TP coronas, there is no reliable and
generally accepted theoretical model of this phenomenon.

2. Models of Trichel pulses formation

The model of TPs formation, which is up to the pre-
sent time most commonly used in engineering including

the “chemical” applications, was developed by Loeb?' and
extended by Alexandrov®*. According to this model the TP
is initiated by electrons released from the cathode and pro-
ceeds by the Townsend ionization in initial electron ava-
lanches.

The initial avalanches are produced between the
cathode and some position distant from the cathode less

a
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<
£
-
€
o -
£
=3
o
1 | 1 L 1
Time [100 ps/div]
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c 0 50 100 150 200 250
12 T T T T T T 12
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0,0 ~H00
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Fig. 1. a) Negative corona discharge in a short point-to-plane
gap, b) train of regular TPs measured in ambient air, c) lead-
ing edge of the regular TP in ambient air
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than 1 mm, where the ionization coefficient falls to zero.
From the initial electron avalanches further generation of
avalanches will result by secondary electron liberation at
the cathode due to photoemission resulting in the fast TP
current rise to the pulse maximum. Both Loeb and Alexan-
drov suggested that the TP current rise in ambient air can-
not continue to values higher than 10'A because, in the
time roughly equal to the short pulse rise time (see
Fig. 1c), the electrons create a negative ion space charge
through attachment to oxygen molecules at the perimeter
(<1 mm) of the ionizing zone. As a consequence,
according to this theory, no free electrons can penetrate
outside this narrow region. This is why it is generally ac-
cepted by the workers in the field of negative corona appli-
cations that the rest of the interelectrode space is filled
solely with the negative ions.

However, the basic presumption of the Loeb-
Alexandrov model on the current rise interruption due to
the fast electron attachment is in sharp contrast to the fact
that, when a step-wise voltage is applied to a negative co-
rona gap in an electron nonattaching gas, the resulting
glow corona formation is preceded by a peaked current
signal of evidently the same mechanism as the fast TP rise
and its initial decay in an electronegative gas, as O, and
air™ . Also, in the light of extensive results indication the
mentioned independence of the TP rise time and magni-
tude on the cathode material ™, the fact that the Loeb-
Alexandrov model, as well as the more recent computer
simulation model by Morrow***’, are based on the pre-
sumption that the TP current rise is critically dependent on
the cathode secondary emission, is a good reason to doubt
about their validity.

In a contrast to the Loeb-Alexandrov model it has
been suggested by several authors that the basic aspects of
TPs formation can be explained on the basis of the
streamer theory. According to this, the sequence of events
leading to the TP formation can be envisaged as fol-
lows2228.

At an initial stage of the development of a sequence
of avalanches linked by the secondary emission from the
cathode, the space charge created can shield itself from the
external el. field, creating a streamer initiating plasma. If
some “seed” electrons are presented just in front of the
plasma, the avalanching in the locally enhanced field cause
primary cathode- and anode-directed streamers to propa-
gate. Thus, the feedback-to-cathode Townsend ionization
mechanism fed by secondary electron emission from the
cathode is supplanted by a faster feed-forward-to-gas
streamer mechanism, where “secondary” electrons are cre-
ated by photoionization in the gas. After an initial ac-
celeration lasting for ~ 1 ns, velocity of the cathode-
directed streamer increases exponentially to the order of
10° cm s resulting in the TP rise due to the displacement
current induced by the streamer movement in the cathode.
The TP current rise is finished by the streamer arrival to
the cathode and, subsequently, a low-current abnormal
glow-discharge cathode spot is formed (Note that such
process is theoretically analyzed in ref.”). The streamer-
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based model includes relevant physical factors that deter-
mine the development of Trichel pulses including the ob-
served independence of the initial TP current peak on the
electron detachment including and on the electron attach-
ment and secondary electron emission (see refs.” > and
ref.", respectively). Contrary to the commonly held belief
and in a sharp difference with the Loeb-Alexandrov
model, the streamer-based model for TPs admits’ the
existence of a significant free electron current in negative
corona discharges burning in ambient air even at distances
from the cathode on the order of 1-10 mm. In fact, several
indications for this can be found in refs.'***,

3. Conclusions

The above discussed and already experimentally well-
verified streamer mechanism for TP formation strongly in-
dicates the existence of free electrons in the drift region of
negative corona discharges. Such free electrons, which can
interact with the cold gas and induce reactions without
back reactions in the drift region, may affect the chemical
reaction in the corona gas volume as well as to induce sur-
face reactions at the low-field anode.

This work was partly supported by the project R&D
center for low-cost plasma and nanotechnology surface
modifications CZ.1.05/2.1.00/03.0086 funded by the Euro-
pean Regional Development Fund and by the project
26240220042 supported by the Research & Development
Operational Programme funded by the ERDF.
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It is explained that, contrary to the traditional Loeb-
Alexandrov model for the negative corona current pulses
formation, the more recent streamer-based model admits
the existence of a significant free electron current in nega-
tive corona discharges burning in ambient air even at dis-
tances from the cathode on the order of 1-10 mm. The
existence of such free electrons is in a sharp contrast to the
commonly held belief that the low-field drift region of the
discharge is filled solely with the negative ions. The im-
portance of such free electrons for chemical reactions in-
duced by negative corona discharges is discussed briefly.
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1. Introduction

The deposition of various boundary layers is an im-
portant part of technology occurring in different areas.
This considers great range of applications such as protec-
tive layers coatings, adhesion improvement, applications
in Nano- & Bio- technology, and many other applications.
The hydrophobic boundary layers deposition, e.g. by plas-
ma polymerization could be one approach.

As “Plasma Polymerization®, we consider the thin
films deposition from mixture of monomers in plasma. It
is possible to deposit various thin films with desirable
physical and chemical characteristics using appropriate
optimalization of operating parameters. Polymers formed
by this technique, called as Plasma-Polymers, are
generally highly branched and highly cross-linked due to
radical fragmentation mechanism of polymerization. The
resulting properties may be the high scratch resistance, in-
solubility as well as excellent adhesion to solid surfaces.

In this study we have worked with Hexamethyl-
disiloxane monomer (HMDSO C¢H;30Si,, (CH;);Si—O-Si—
—(CHj3);). Therefore, the deposited plasma polymer was
marked as pp-HMDSO. The chemical properties of ob-
tained new polymer layers are presented.

2. Experimental setup

For plasma polymerization of hydrophobic polymer
layers on the glass substrates a special reactor was con-
structed (Fig. 1). As the plasma source we used Diffuse
Coplanar Surface Barrier Discharge? (DCSBD) fed by
high voltage source (LIFETECH, s.r.o., Brno, Czech
Republic).

In reactor chamber from plexiglass a movable cart
which moved a sample above DCSBD plasma was placed.

GART MOVEMENT
——»

GAS INPUT

l l RA"_sl ‘/CART
e} m ) SAMPLE _‘\‘m /PLASMA

GAS OUTPUT

SIDE VIEW FRONT VIEW

Fig. 1. Reactor based on DCSBD for plasma polymerization

The distance of sample’s surface from ceramic surface of
coplanar discharge could be adjusted as well as the veloci-
ty of the cart (Fig. 1).

As the glass samples for plasma polymerization the
glass slides for optical microscopy with dimensions
25.85 x75.9 x 1.0 mm were used. The as-received sam-
ples were inhomogeneous. To ensure the same surface
properties of every glass sample they were cleaned before
every experiment by this chemical cleaning procedure:

e 5 —minutes cleaning in acetone in ultrasonic bath,
e 5 —minutes cleaning in isopropyl-alcohol

in ultrasonic bath,

e 5 —minutes cleaning in distilled water in ultrasonic
bath.

After cleaning in ultrasound bath every sample was
dried with nitrogen stream. For AFM, SIMS or XPS
analyses we used smaller samples (the same material and
cleaning procedure) with dimensions max. 10x10 mm.

The polymerization was carried out in dynamic mode
for homogeneous plasma-polymerization treatment. The
glass samples were polymerized 1 minute in N,/HMDSO
mixture vapour (concentration of HMDSO monomer
admixture in nitrogen was set to ¢ =0.147 mmol I'"). The
input power to discharge was set up to 270 W. The dis-
tance of sample surface was set to 0.3 mm. After the entire
layer deposition the samples were stored under ambient la-
boratory conditions. The deposited polymer layers were
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hydrophobic with contact angles values of 90°-100°
(measured for distilled water).

As the monomer for plasma polymerization
a Hexamethyldisiloxane (HMDSO, as-received from
Merck, Germany) with nitrogen (5.0) as a carrier gas were
used.

A N»/HMDSO mixture was carried out by system with
two thermal mass flowmeters RED-Y (max. 101 min™" and
21min™" respectively). The monomer temperature was
controlled by thermocouple senzor.

3. Analytical methods

In order to investigate the morfology properties of de-
posited polymer layers SEM and AFM methods were used.
SEM analysis was carried out by the Vega II SBH scan-
ning electron microscope. The analyzed samples were non
-conducting so they had to be coated with a thin Au-layer
(~ 1720 nm) with magnetron sputtering by BIO-RAD
SEM Coating System (Microscience Division). The sur-
face of plasma-polymer films was evaluated also by
Atomic Force Microscopy (Solver P47-PRO).

The FTIR spectrum of polymer layers on glass sub-
strates were recorded by BRUKER VECTOR 22 spec-
trometer using diamond Attenuated Total Reflection with
Diamond/ZnSe polarization accessory from MIRacle™
(PIKE Technologies) The diamond was set at 45 degrees
and other measurement settings were 20 scans, resolution
4 cm™', measuring range 4000500 cm .

The XPS spectrum used for component analysis of
films was measured by Phoibos 100 XPS device from
Specs company. The photoelectrons were detected by
hemispheric analyzer in FAT regime. The photoelectron
energy spectrum was calibrated according to energy of
carbon bond C-C which characteristics energy is 284.5 eV.
The spectra were analyzed and evaluated in CasaXPS soft-
ware.

SIMS analysis was carried out on the TOF SIMS IV
device (from ION-TOF Company, Miinster, Germany).
For ion bombardment of the sample’s surface the bismuth
ion gun producing Bi" ions (25 keV ion energy and current
1 pA) was used. The mass spectrum was analyzed in posi-
tively and negatively polarity on the total surface area of
100x100 um®. As the glass is dielectric, the electron gun
for surface charge compensation was used.

4. Results
4.1. Morfology Analysis of Polymer Layers

The SEM analysis was performed on the samples
stated as S1, S2, S3 which parameters are listed in the
Table I. Sample S3 was treated after plasma polymeriza-
tion by DCSBD plasma to study curing of deposited poly-
mer film. The AFM operated in semicontact mode scanned
the sample’s surface on the scale of 100 pm?. As the quali-
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tative parameters for roughness rating (evaluation) Ry
(RMS) and R, (average roughness) were selected.

As the results show in Table II, the deposited polymer
layers are smooth with Rq <1 nm. The maximum rough-
ness for every sample is under 10 nm except sample S3.
We assume it is due to plasma post-treatment which
caused increase of average roughness up to 19 nm.

Table I
List of analyzed samples and their treatment parameters

Sample S1 S2 S3
Polymerization time, sec 60 30 60°
Input power, W 270 270 270

N,/HMDSO mixture concentration, 0.147 0.147 0.147
mmol 1!

* The S3 sample was treated by N, plasma after plasma
polymerization for 10 seconds to cure and stabilize the
layer

Table IT
Surface roughness of pp-HMDSO layers from Table I

Sample Ry [nm] R, [nm] Max. Roughness
[nm]

S1 0.491  0.378 8.015

S2 0.679  0.543 7.159

S3 0.598  0.451 19.221

As-received glass 0.549  0.356 16.333

The SEM imaging revealed very smooth surface
character even over maximum total area 700x700 pm? and
all zooms from 300% to 100 000x in which the surface was
scanned.

4.2. Chemical Analysis of Polymer Layers

FTIR analysis of polymer layer surfaces

FTIR spectrum of polymer layer on glass in the range
3600-1200 cm™ can be seen in the Fig. 2. The broad wave
number region of 3000-3600 cm ™' of infrared spectra is
associated to valence vibrating states of primary (straight)
amine functional groups of NH, NH, (ref’). In the same
region the peak associated with vibrating O-H and C-H
states® was identified.

As we mentioned before, the monomer fragmentation
goes on through radical mechanism®. The HMDSO mole-
cule is broken to smaller units. Therefore on the layer sur-
face we can identify the methyl CH, groups, indi-
cated by valence vibrational states of C-H in the
band 2980-2850 cm ™" (ref.®’).

Since used diamond ATR crystal technique we
could not detect reliably the intensities in the range
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Fig. 2. Selected FTIR spectrum of analyzed pp-HMDSO sam-
ples in the wavenumber range 3600-1200 cm™. REF = refer-
ence as-received glass sample

1950-2200 cm™, where e.g. typical C=EN bond at about
2200 cm' lies.

A significant increase of peak’s amplitudes is also ap-
parent in the range 950-1100 cm ™' from Si-O-Si bond and
of the Si-H a Si-CH, states in the range 800750 cm ™' re-
spectively (Not shown in the Fig. 2).

XPS analysis of polymer layer surfaces

We interested in percentage proportion of elements
creating the pp-HMDSO films on two samples S1 and S2
(with different time of polymerization). Namely the Si 2p,
O 1s, C 1s a N 1s levels were studied as can be seen in the
Fig. 3. In Fig. 4, the values of percentage proportion for
sample S1 are compared to the XPS analysis of pure glass
without hydrophobic treatment. The element composition
for sample S2 with half polymerization time was quite the
same as for sample marked as S1.

SIMS analysis of polymer layer surfaces

As expected, in the SIMS mass spectrum the most
significant peaks came from CHy methyl groups bonded to
SiO and SiO, groups respectively. The proportional distri-
bution as Ic <Icy <Icm <Icyz we observed in the mass
spectrum of every sample. The I, is intensity associated to
the peak of X element. The intensities were calculated as
the Corrected Area.

In addition to methyl groups bonded to Si or SiO we
detected also amine (e.g. C;H,NO, SiCH\N,) and OH
groups bonded to SiO,, SiO or Si. The organic character of
deposited films is confirmed also by organic functional
groups as well as Cy, Cyp, Cy3, and more difficult CiHy
fragments respectively. The intensity of Si' ion decreases
in sequence from sample S3 to sample S1. In case of sam-
ple S2 this is causes by higher organic C.H, groups
bonded from monomer due to longer polymerization time
while decreasing of Si” ion detected on sample S1. As the
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Fig. 3. High-resolution XPS spectrum of C 1s for sample S1
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Fig. 4. Percentage proportion of oxygen, carbon, silicon and
nitrogen for sample S1 compared with as-received glass sam-
ple

direct result of plasma post-treatment of pp-HMDSO film
the organic CH, groups are wiped off (Fig. 5), because of
lower energy bonds compared to the silicon and oxygen
atoms. And further, it results in highest peak Si" ion for
sample S3 compared to samples S1 and S2.

In the SIMS mass spectrum it was evidently visible
the fragmentation series of Si—O0,—C, —H,, -{cH,}, and
Si-0,-C, - H,,~{CH, }n respectively.

The mechanical properties of pp-HMDSO layers were
evaluated by Fischerscope H100 nanoindentor. The Sl
sample was approximately 150 nm thick, while micro-
hardness was 7 GPa, with elastic module of 70 GPa.

The stability of hydrophobic coatings was monitored
of 120 hours after plasma polymerization and any “Ageing
Effect” was observed. The average contact angle remained
constant with significant decrease of value dispersion.
Moreover the coated samples pass through the
120 minutes boiling test in distilled water.
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Fig. 5. Removal of organic C,H, groups by plasma

post-treatment. Decrease of intensity for CH, and heavier
133u with (CH;), organic groups peak fragment without and
after plasma post-treatment (S1 vs. S3 samples). The symbol
“u“ refers Atomic Unit Mass

5. Discussion

Trunec et al.” used for thin layer deposition of poly-
mer pp-HMDSO layers on glass substrates nitrogen plas-
ma generated by APGD discharge. Depending on the
monomer concentration they observed the filamentary dis-
charge or homogeneous plasma respectively. In the case of
samples deposited in filamentary DBD they observed the
sharp peaks with average height of up to 150 nm. In homo-
geneous regime of plasma generation they deposited the
layers with average roughness of 7.9 nm, at deposition
time 10 minutes.

According to the XPS analysis of our pp-HMDSO
layers we conclude the percentage composition of carbon,
oxygen, silicon and nitrogen is
n[%](C:0:Si:N)=~50:21:24:5.

For comparison, the authors in ref.” obtained this ele-
ments rate approximately in the ratio 41 : 26 : 15 : 17.

In the hexamethyldisiloxane molecule, the carbon to
silicon atoms ratio is equal to 3. Based on the results of our
XPS measurements of films we conclude this ratio de-
crease for the pp-HMDSO to value of 2. This change could
be a consequence of the cross-linking during plasma
polymerization process of the HMDSO molecule.”

As a result of plasma polymerization, the deposited
pp-HMDSO films were characterized by high cross-
linking with quite complex chemical structure. The most
significant changes in FTIR absorbance spectrum of sam-
ples (compared to the pure glass) we observed at wave
numbers 800-750 cm ' (assigned to Si-O-Si; Si-CH,),
1100-950 cm™ (Si-O-Si; 0-Si-0), 1260 cm™ (Si-CH,).
Similarly, the highest IR intensity changes were observed
at ~2960 cm™ (assigned to valence vibration states of C-H,
Si-CH,) and around wave numbers of 2200 cm ™' (valence
Si-H).
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These observations are in good agreement with
Szalowski's et al. paper’, where polymer coatings on glass
in nitrogen plasma at atmospheric pressure were deposited
too. In addition, the authors deposited polymer layers in
the presence of substrate heating (~ 400 °C) and the total
deposition time was 15 minutes.

Paulussen et al.® deposited the polymer layers on

polished SiO, surface of silicon (deposition time
2 minutes) in nitrogen plasma generated by barrier dis-
charge. They present the chemical composition of pp-
HMDSO layers from XPS analysis as follows:
n[%] (C: 0 :8Si:N)=~50:24:24:2. As you can
notice, it is similar rate as in our case presented earlier.
Moreover, in the FTIR spectra were observed not only
vibrations of Si-(CHj),; (CHj)-Si-O-Si-(CH;); C-O, but
also from hydrogen — carbon and hydrogen — oxygen
bonds C-H and O-H.

6. Conclusion

The possibilities to employ the plasma generated by
DCSBD discharge for atmospheric pressure plasma
polymerization of HMDSO monomer in nitrogen carrier
gas were studied. The process of plasma polymerization is
quite a complex, with a plenty of free parameters. The sta-
ble hydrophobic pp-HMDSO thin layers on the glass sub-
strates were coated.

The polymer character of the coated layers was con-
firmed by the means of XPS, SIMS and FTIR analyses.
After the XPS analysis the detail percentage of carbon,
oxygen, silicon and nitrogen was obtained as
n[%](C:0:Si:N)=~50:21:24:5. The AFM analy-
sis, as well as SEM imaging, confirmed the smooth sur-
faces of polymer layers. The roughness of pure glass sub-
strates is in the order of ~ 20 nm. Therefore the cleaned,
high quality samples (not only glass) is important necessity
for deposition at atmospheric pressure. This could be
important for technology view of thin layer deposition. One
negative and undesirable effect was observed during plasma
polymerization — the direct deposition of pp-HMDSO
polymer layer on the dielectric surface of coplanar
discharge. The layer creates the additional dielectric
barrier which implies the change of ignition voltage. On
the other hand we have not observed any change in electri-
cal characteristic of the discharge for HMDSO admixture
of nitrogen working gas.

The DCSBD was successfully studied for plasma sur-
face treatment, activation or cleaning of various types of
materials'?. In this study the hydrophobic coatings on
glass substrates by plasma assisted polymerization were
deposited. Our results show the possibility to employ
DCSBD plasma for plasma assisted layer deposition.
But we also see same drawback which should be solved in
the future as we mentioned before. Apart from many ad-
vantages, the plasma polymerization approach also suffers
from the serious disadvantage of high monomer and carri-
er gas consumption which are not efficient enough.
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nius University, Bratislava, Slovak Republic; bR&D Cen-
ter for Low-Cost Plasma and Nanotechnology Surface
Modification, Faculty of Science, Masaryk University,
Brno, Czech Republic): Chemical and Physical Evalua-
tion of Hydrophobic pp-HMDSO Layers Deposited by
Plasma Polymerization at Atmospheric Pressure

This work deals with plasma polymerization deposi-
tion of hydrophobic layers onto glass substrates at atmos-
pheric pressure. The hexamethyldisiloxane (HMDSO)
organosilicon monomer was used as precursor for plasma
polymerization in nitrogen working gas. The so-called Dif-
fuse Coplanar Surface Barrier Discharge was used as
a source of non-equilibrium non-thermal plasma. The pp-
HMDSO thin films were studied by the means of SEM,
AFM, FTIR, XPS and SIMS measurements. Our research
revealed that smooth, polymer-like, hydrophobic and
transparent in visible range thin films were deposited on
the glass substrates. The results indicate that DCSBD dis-
charge can be used for thin films deposition by the means
of plasma polymerization process at atmospheric pressure.
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1. Introduction

Silicon is the most used material in semiconductor in-
dustry and photovoltaics. In the form of wafers, silicon
serves as the basis for integrated circuits and multilayer
technologies —  Micro-Electro-Mechanical ~ Systems
(MEMSY) or Silicon on Insulator (SOI). Semiconductor in-
dustry is affected by the miniaturization and what is accen-
tuated is the purity, flatness and smoothness of substrate
surface.

Indium tin oxide (ITO) is the solid solution of indium
oxide (In,O3) and tin oxide (SnO;) and it is heavily-doped
n-type semiconductor. Due to high electrical conductivity
and optical transparency in visible spectra, it is one of the
most used transparent conductive oxides (TCO) as coating
for many optical application — flat displays, organic or
polymer light-emmiting diodes (OLED, PLED), IR-
reflecting or Joule heating coating, gas sensors, etc.

In photovoltaics, 90 % of solar cells are produced
from silicon'. Besides silicon and other semiconductors,
solar cells are prepared from another materials able to
generate electric charge by the light impact — thin films so-
lar cells with organic light-absorbing dyes (DSSC), or-
ganic polymer materials™ and semiconductors®, etc. For
improving of efficiency, new technologies are also used —
multijunction, tandem, or quantum dot cells. Electrodes in
the mentioned systems are often composed of TCO, main-
ly ITO thin film.

The preparation of semiconductor devices contains
hundreds of steps and 10-15 % of them include cleaning
and activation of surface. At present, the most used tech-
niques are wet chemical cleaning methods. The standard
model for cleaning of semiconductors was suggested and
developed by Werner Kern in 1960. It is called RCA

(ref.’), which is a type of wet chemical method using ag-
gresive chemicals, which are toxic, environmentally un-
suitable and non-biodegradable. At present, more economic
and environmental alternative processes are investigated.

Many procedures in semiconductor industry are re-
placed by plasma. For cleaning of semiconductors low
pressure plasma has been already used, but the necessity of
vacuum equipment extends treatment time and enhances
cost of method.

For this study a unique type of dielectric barrier dis-
charge — Diffuse Coplanar Surface Barrier Discharge
(DCSBD)° was used for removal of the organic contamina-
tion (2-propanol) from three types of silicon substrates.
Moreover, comparative study of cleaning effectiveness of
2-propanol and DCSBD on the ITO glass samples was car-
ried out. DCSBD produces non-thermal diffuse plasma in
ambient air at atmosperic pressure. This type of plasma
source was succesfully used for plasma treatment of
nonwoven’® | aluminium’, wood'®, glass”, or ozone pro-
duction'?.

2. Experimental setup and samples

DCSBD consists of many parallel silver electrodes
embedded in AL,O; ceramics. DCSBD is powered by si-
nusoidal voltage with amplitude 15 kV (peak-to-peak) and
frequency 16—18 kHz. More technical details are described
in work of M. Simor"®.

Experimental arrangement (Fig. 1) consist of static
DCSBD discharge (Fig. 1-1) and moveable sample holder
(Fig. 1-2) with possibility of treatment time adjusting in
plasma in dynamic regime.

Silicon (111), N-type doped with phosphorus (ON
Semiconductors, Czech Republic) with resistivity (33—45)-
10~ Q m was used as a substrate. The diameter of the wa-
fer was 100.0£0.5 mm and its thickness was 3814+25 pm.
Three types of silicon surfaces were prepared as follows:

Fig. 1. Experimental arrangement with main parts: 1 —
DCSBD, 2 — movable sample holder
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a) “as received” silicon precleaned with acetone, 2-
propanol and distilled water for 6 min in each liquid
using sonication,

b) silicon pre-cleaned as in A), then thermally oxidized
in O, atmosphere at 600 °C for 1 h

¢) silicon pre-cleaned as in A), then rinsed in aqueous
solution of hydrofluoric acid (HF/H,O: 1/10 in
volume).

Sample A was covered with a thin layer of native
oxide. Thermal oxidation of sample B caused dehydration
(removing of OH-groups) and increasing of oxide layer
thickness. Immersion in HF dilution in sample C etches
native oxide and creates hydrophobic H-terminated sur-
face.

ITO glass samples (Prézisions Glas & Optik, GmbH,
Germany) of CEC 0158 type with ITO coating thickness
of 120 nm were prepared on selected white float glass with

thickness 1£0.1 mm and surface resistivity <15 Q/o
(typical value 12,5 Q/o).
3. Results and discussion

Isopopyl alcohol (IPA, 2-propanol, (CH;3),CHOH)

was used for reproducable contamination of silicon sam-
ples. This chemical is often applied as a cleaning agent in
electronics because of good dissolution of wide range non-
polar compounds. IPA is also used as a solvent in other in-
dustrial processes, in medical application for disinfection,
as fuel additives, etc.

The silicon samples marked A, B and C were rinsed
in ultrasonic IPA bath for 3 min. In order to study the ef-
fect of the plasma treatment on the contamination removal,
the samples were treated with DCSBD plasma in 0.3 mm
distance from the Al,O; ceramics. The input power was
300 W and the exposure time was 10 s. The parameters for
plasma treatment were chosen according to previous re-
search'’.

Attenuated Total Reflectance Fourier Transform In-
frared Spectroscopy (ATR-FTIR) was performed with
Bruker Vector 22 FT-IR spectrometer, equipped with addi-
tional Pike MIRacle™ accessories, working in the range
from 4000 to 400 cm . 20 scans were carried out with
resolution of 4 cm ™',

Si-O bond has weak ionic character' and it may ex-
hibit very strong absorption in IR region. Relevant peaks
and adequate bonds on silicon substrates are particularly Si
-H bond and siloxanes. On each sample (A, B, C) peaks
attributed to antisymmetric  vibrations  v,(Si-O-Si)
(1105 cm™), valence vibrations Si-O-H (3700-3200 cm™)
and H,0 bending in region from 1800 to 1400 cm ™' (ref.')
were observed. The peak at 611 cm™ was identified as
Si-Si bond'”. On sample B — thermally oxidized silicon, it
was possible to observe the characteristic peak (1240 cm™")
of thermal oxide (Fig. 3) and with higher temperature of
annealing its shift towards higher wavenumbers". Si-H
bonds'®, expected on H-terminated silicon (sample C)
occure in region from 2280 to 2050 cm . There was ob-
served an area of IR absorption caused by CO, from air.
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Fig. 2. FTIR spectra of precleaned silicon (Sample A)
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Fig. 3. FTIR spectra of thermally oxidized silicon (Sample B)
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Fig. 4. FTIR spectra of H-terminated silicon (Sample C)

Changes after IPA immersion and plasma treatment
were compared with IR spectra from the NIST database'.
For alcohols and phenols, there are characteristic OH vi-
brations (3650-3590 cm™), for secondary alcohols such as
the 2-propanol are specific deformation vibrations C-OH
in region of 1350-1260 cm™. For H-bonds there is a shift to
1500-1300 cm ™' (ref.*®). We can observe peak attributed to
valence vibration C-O (1100 cm’l) (ref.zo) mainly in case of
sample A (Fig. 2) and C (Fig. 4). It can overlap with the peak
attributed to antisymmetric valence vibration of Si-O-Si —
1105 cm™". Organic contaminants on silicon are visible in
region 600-1300 cm ™' (ref.'™). In region 860-760 cm ' there
may exist valence vibrations Si-C (ref.?’).

In case of sample C (Fig. 4) the peak at 1450 cm'
was found. This peak was probably attributed to scissoring
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deformation of CH, or antisymmetric deformation
CH; (ref.'®). Peaks of symmetric and antisymmetric va-
lence vibrations of CHj (ref.ls'zo) was observable on each
sample immersed in IPA. Intensity of peaks indicating IPA
increased after IPA immersion and decreased after plasma
treatment, mainly on samples A (pre-cleaned silicon) and
C (H-terminanted silicon). Thermally oxidized silicon
(Fig. 3) was relatively resistant to IPA contamination. The
peaks were small after IPA ultrasonic bath and they de-
creased only slightly after plasma treatment. Moreover,
peak observed at 1240 cm ™' (characteristic for thermally
oxidized silicon) became extinct after plasma cleaning.

XPS signals were recorded using a Thermo Scientific
K-Alpha XPS system equipped with a micro-focused,
monochromatic Al Ko X-ray source (1486.6¢V).
Measurement was carried out in argon (partial pressure 2-
10”7 mbar). The Avantage 4.75 software was used for digi-
tal acquisition and data processing. Spectral calibration
was determined by using the automated calibration routine
and the internal Au, Ag and Cu standards supplied with the
K-Alpha system.

XPS measurements revealed increase of carbon com-
pounds after IPA immersion and their decrease after plas-
ma treatment. The effect of plasma treatment was com-
pared on samples with and without IPA precleaning
(Tab. I). The influence of plasma treatment was significant
mainly in case of pre-cleaned (A) and H-terminated (C)
silicon samples. During the preparation of thermal oxide
(B) the organic contaminants are removed because of high
temperature, therefore the thermally oxidized silicon is
relatively resistant to IPA contamination. Fig. 5-7 show
relative quantities of C-bonds obtained from deconvolu-
tion of Cls peak. The composition of bonds before and af-
ter plasma treatment indicated, that plasma is suitable for
removal of IPA residues as well as for removal of other or-
ganic contamination mainly from samples A and C.

Table I
Chemical composition of silicon samples: IPA removing
with plasma treatment (300 W, 10 s) measured with XPS

Atomic concentration [%]

Ols Si2p Cls Nls

Reference 30 59 5
Siprecleaned ~ Ref +plasma 39 52 4
(Sample A) IPA 29 55 16
IPA +plasma 42 52 5 1
Reference 62 36 2
Si _th_ermally Ref +plasma 59 37 4
oxidized
(Sample B) IPA 48 47 5
IPA + plasma 51 45 4
Reference 10 70 11 9
Si H-terminated Ref +plasma 44 47 4 1
(Sample C) IPA 56 23 20 1
IPA +plasma 40 52 6 1
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IPA + plasma

mCc-¢,C-H mC-O0 @c=0 mCOOH

Fig. 5. Relative quantities of C-bonds on precleaned silicon

A)

Reference

Ref + plasma

IPA

IPA + plasma

ECOOH EC=0 @CO mCCCH

Fig. 6. Relative quantities of C-bonds on thermally oxidized
silicon (B)

Reference
Ref + plasma
IPA

IFA + plasma

BCCCH mCG0O BEC=0 mCOOH

Fig. 7. Relative quantities of C-bonds on H-terminated silicon

©

In this study we also compared cleaning effectiveness
of IPA and plasma on ITO glass by XPS measurements.
ITO glass was immersed in IPA for 5 min in ultrasonic
bath and then was treated with plasma (300 W, 5 sec). Pa-
rameters for the plasma treatment of ITO glass were cho-
sen with reference to previous research’’. The sample
without wet cleaning (reference sample) was studied also
before and after plasma treatment. In Tab. II, it is shown
that the content of carbon compounds decreased after [IPA
immersion and the oxygen content increased (due to in-
crease of indium and tin oxides). In case of the reference
sample without precleaning IPA caused partial removing
of organic contaminants. The higher decrease of carbon
compounds after plasma treatment of reference and IPA
cleaned samples indicates that plasma removes organic
contaminants as well as IPA residues. The relative quanti-
ties of C-bonds obtained from deconvolution of Cls peak
are shown in Fig. 8. IPA removed contaminants with sim-
ple C-C, C-O bonds only partially. Plasma treatment
caused better removal of both, contaminants with simple
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Table II
Chemical composition of ITO glass-IPA removing with
plasma treatment (300 W, 5s) measured with XPS

Atomic concentration[%]

Cls In 3d O ls Sn 3d
Reference 51 15 32 2
Ref + plasma 11 28 58 3
IPA 31 25 41 3
IPA + plasma 11 29 57 3
W C-C
mC-O
= O-C=0
L k
Reference Ref+plasma IPA IPA+plasma

Fig. 8. Relative quantity of C-bonds on ITO glass

bonds and contaminations with more complicated bonds as
0O-C=0.

4. Conclusion

FTIR spectroscopy investigation of three type of sili-
con surfaces shows characteristic peaks indicating 2-
propanol after IPA immersion and removing of IPA after
plasma treatment using DCSBD. Only the thermally oxi-
dized silicon was relatively resistant to 2-propanol.

Changes in chemical composition of surface
measured by XPS approve increase of carbon compounds
after IPA immersion and decline after plasma treatment,
mainly on precleaned silicon and silicon rinsed in hydro-
fluoric acid. For comparison of cleaning effectiveness XPS
measurement of ITO glass reference (as received) and IPA
cleaned samples before and after plasma treatment was
made. Changes in chemical composition indicate that plas-
ma generated by DCSBD is suitable for organic contami-
nants removing and more effective than 2-propanol, which
is often used for cleaning in electronics, semiconductor in-
dustry, medicine, etc.

This research has been supported by the project
R&D center for low-cost plasma and nanotechnology sur-
face modifications CZ.1.05/2.1.00/03.0086 funded by
European Regional Development Fund., by the projects:
26240220002 and 2622020004 supported by the Research
& Development Operational Programme funded by the
ERDF and by UK grant UK/434/2012.
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V. Medvecka®, A. Zahoranova®, D. Kova&ik™?, and
J. Gregu§® (“Dep. of Experimental Physics, Comenius
University, Bratislava, Slovak Republic; " R&D Center for
Low-Cost  Plasma and  Nanotechnology  Surface
Modifications, Faculty of Science, Masaryk University,
Brno, Czech Republic): Effect of Surface Cleaning and
Removing of Organic Contaminants from Silicon Sub-
strates and ITO Glass by Atmospheric Pressure Non-
thermal Plasma

Plasma generated by DCSBD was investigated for
cleaning and removing of organic contaminants from
semiconductor materials. ITO glass used in photovoltaics
and three types of most often used silicon surfaces in semi-
conductor industry — precleaned silicon, thermally oxi-
dized silicon and H-terminated silicon was studied. The
changes in chemical bonds on silicon surfaces were inves-
tigated by FTIR. Removing of IPA from silicon substrates
was observed by XPS measurements. Effectivity of
DCSBD as cleaning agent in comparison with iso-
propylacohol was investigated on ITO glass samples by
XPS measurement.
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ON POLYCARBONATES PREPARED USING PECVD
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1. Introduction

The advantageous properties (light weight, unique
mechanical, thermal and electrical behaviour and high
freedom of design) of plastics favoured the replacing of
glass in a wide range of industries. The thermoplastic
material can be manufactured by injection moulding to
complex formed transparent elements. Optical characteris-
tics of polycarbonate are a comparatively high refractive
index of about 1.58 (500 nm) and a high dispersion (low
Abbe number)'. The disadvantages of this material are
high birefringence, low mechanical hardness, and sensi-
tivity to UV radiation. Because of the known disad-
vantages of plastics compared to glass, such the softer sur-
face and sensitivity to weathering, there is a high demand
for development of protective coatings against degradation
upon exposure to environment ultraviolet light. Various ef-
forts are under way to develop scratch-resistant coatings
based on silica and siloxanes by applying sol-gel or plasma
-enhanced chemical vapor deposition (PECVD) processes’
. The degradation of polycarbonate by global UV radia-
tion has been well studied because polycarbonates are
prone to yellowing™".

When ultraviolet attack occurs the material may have
a color shift, become chalky on the surface, and/or crack.
There are a number of methods to reduce this problem.
The addition of carbon black to the polymer will usually
absorb most UV radiation. Chemical inhibitors are availa-
ble for certain plastics, which improve the UV resistance.
Paint and silicone coatings can also be used to completely
cover exposed surfaces to sunlight (UV radiation). To
remedy these limitations, various methods of producing
hard transparent protective coatings are applied®. Existing
wet chemical coating technologies consist of several steps,

e.g. curing by UV radiation or oven drying. Among vari-
ous techniques, plasma is a complex source of energy for
surface modification, due to the large variety of compo-
nents, such as excited and ionised particles, photons, radi-
cals, with all of these species being capable of inducing
chemical reactions, both in the plasma volume and at its
interface with solid surfaces. There are two ways to plas-
ma modify the surface properties of polymers, either by in-
troducing new functional groups by surface grafting using
noncoating plasmas, or by deposition of organic or inor-
ganic films with the desired properties using coating plas-
mas’.

We used the plasma-enhanced chemical vapour depo-
sition method based on hexamethyldisiloxane (HMDSO)
monomer and oxygen mixture to deposit protective films
on polycarbonate surface.

Table 1

Deposition parameters for the selected samples: n is the
flow rate ratio n= Qumpso/(Qumpso TQo2), Where Qo; is
the oxygen flow rate, Qumpso is the monomer (HMDSO,
Si,0Cg¢H,5) flow rate, P is the applied power, Uy is the self
bias voltage on the bottom substrate holder electrode, p is
the average pressure, the relative error of the listed param-
eters is around 3%

No Qo2 n P Uy p
[scem] (W] [V] [Pa]
VIo1 5.2 0.66 50 —-140 234
VI02 2.9 0.80 50 -175 14.5
VIo3 5.2 0.66 50 -160 24.5
VIOS 9.8 0.47 100 —185 36.4
VI06 20 0.31 100 —180 60.0
VI07 50 0.15 100 —-111 111
VI09 4.9 0.64 100 278 23.3
VI10 9.7 0.48 100 -216 39.0
VIl 9.7 0.47 50 -119 39.0
VI12 4.9 0.66 50 —-196 23.0
VI3 4.7 0.66 75 -200 24.0
VIii4 2.9 0.71 50 -240 15.0
VI15 4.9 0.52 50 —-160 23.0
VI16 6.6 0.50 50 —-150 31.0
VI17 9.7 0.52 50 —-111 38.9
VI8 9.7 0.52 50 -107 38.0
VI19 7.0 0.60 50 —-105 33.5
VI20 5.0 0.50 50 -192 24.8
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2. Experimental

The films were prepared in low pressure r.f. glow dis-
charges burning in mixtures of hexamethyldisiloxane
(HMDSO, Si,0C¢H;s) monomer with oxygen.

The deposition reactor consisted of a glass cylinder
310 mm in diameter, 210 mm in height. The cylinder was
enclosed by two discs of stainless steel. The lower elec-
trode was capacitively coupled to a high frequency genera-
tor that is working at the usual frequency of 13.56 MHz.
The films were deposited by plasma enhanced chemical
vapour deposition in two steps, first the plasma pretreat-
ment, which was a mean for improving the adhesion of the
films to the substrate, and the second step was the deposi-
tion itself. The summary of the most important operational
parameters are given in Table L.

3. Results and discussion

The surface energy of the plasma-treated polycar-
bonate immediately after the treatment, as well as ageing
effects, was studied by contact angle measurements per-
forming surface free energy measurements. The surface
free energy of the deposited films was calculated
according Lifshitz-Van der Waals/acid-base approach.
This method enables us to determine the electron-acceptor
and electron-donor parameters of the surface tension
which is a sum of its apolar and polar components:

}/ — }/LW +7AB , Wlth }/AB — 2 7/+7/— (1)
Here LW indicates the total apolar (dispersive) Lifshitz-
Van der Walls interaction and AB refers to the acid-base

-%-Untreated PC substrate —@— 1 min, 1 sccm H
-~ 10 min, 1 sccm H2, 50 W -/ 15 sec, 1 sccm H
—4@— 15 sec, 1 sccm H,, 25 W &~ 15 min, 1 sccm H
|- 15sec, 1sccm N

T

, 50 W
,23W
,50 W
, 50 W

2
2
2
2

—{1-10min, 1sccm N,, 50 W -

T

Yy, [MIIM?]

50 100
Storage time [h]

Fig. 1. The dependence of the total surface free energy 7y, on
the storage time after plasma treatment in hydrogen or nitro-
gen. The treatment time, gas flow and applied power are given in
the graph
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or electron-acceptor/electron-donor interaction according
to Lewis.

The surface free energy can be calculated according
to Young-Dupré equation expressed by terms as acid com-
ponent ¥~ (acceptor effect) and basic component y~ (donor
effect). The values can be determined from contact angle
measurement with three liquids two of which must have
polar component y*® (ref?). If we use more than three lig-
uids, the total surface free energy and its components may
be determined by means of acid-base regression model’.

The liquids we used and their table notations are as
follows: water (w), glycerol (g), ethylene glycol (e), di-
iodomethane (d), formamide (f), and a-bromonaphtalene
(b) on polycarbonate.

The results of plasma treatment optimization are illus-

trated in Fig. 1. We studied not only the immediate effect
of the surface treatment on the polycarbonate surface free
energy but also its stability during storage. In case of
10 minute nitrogen treatment at 50 W we obtained the
highest surface free energy, however, its decrease with
time was quite fast. Moreover, the long plasma treatment
sometimes caused a slight change in the polycarbonate
substrate color. We have found out, that the color change
occurred in case of a long time storage of the poly-
carbonate. The polycarbonate tends to absorb water and
therefore its water content increases with time. Under
vacuum conditions there is a high water desorption. Using
optical emission spectroscopy, we have found out that
occurrence of water fragments in the plasma causes in-
crease of optical emission intensity in the UV part of the
spectra, which can cause photodegradation of the PC sam-
ples. Also, long time treatment increases the surface
roughness. Therefore, the optimum treatment time was de-
termined as 1 minute and the optimum gas was hydrogen.
If applied power of 50 W was used, the initial surface free
energy Yot was high enough to achieve good adhesion. The
decrease of vy, was slow and during the short treatment
time color change or increase in surface roughness was ob-
served. What we observed was the fact that the coatings
deposited on the pretreated samples had a better adhesion
to the substrate. This is correlated with the decrease of the
contact angle values and with the increase of the surface
total free energy.
The values obtained from measurement of the contact an-
gle for six liquids on thin films prepared from mixture of
hexamethyldisiloxane and oxygen together with the values
for the total surface free energy v, and its components
("™, v*5, v", v) are given in Table II. The results were ob-
tained on films deposited on glass or polycarbonate sub-
strate. The results listed in Table II. prove that the charac-
ter of the thin film surfaces was possible to change from
hydrophilic (for example VI15) to hydrophobic (for exam-
ple VI12) .

In case of sample VI1S5, the polar component y
well as the acid y* and base Y~ components were relatively
high, compared to that of sample VI12. Sample VI12 had
an almost purely apolar character, because the polar part of
the surface free energy y"® was negligible.
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Table 11
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Contact angle values ©O; (suffix i denotes the liquid used: water — w, glycerol — g, ethylene glycol — e, diiodomethane — d,
formamide — f, and a-bromonaphtalene — b) and total surface free energy vy, values together with their dispersive e
polar y*5, acid y" and base y” components for selected thin films. Film deposition conditions are given in Table I

0, 4 B 0, e Yot YLw YAB Y Y
[°] [°] [°] [°] [°] [my/m?] [ml/m?] [mI/m?] [ml/m?] [ml/m?]
VI15 on glass substrate
43.56 55.71 41.46 31.16 33.55 45.96 34.19 11.78 0.96 36.07
V113 on PC substrate
83.79 58.48 79.97 34.67 58.64 57.65 3491 34.13 0.78 0.03 5.81
V112 on PC substrate
86.74 62.01 81.02 49.67 67.29 69.65 29.6 29.11 0.49 0.01 6.35
VI08 on PC substrate
49.82 47.52 41.85 30.59 - 47.15 34.46 12.69 1.5 26.77
VIOI on PC substrate
80.6 62.47 76.39 49.98 66.27 60.43 30.97 28.95 2.02 0.11 9.23

The elemental composition, thickness and density,
was determined by using the following nondestructive nu-
clear analytical methods'', by RBS (Rutherford backscat-
tering spectrometry) and ERDA (elastic recoil detection
analysis).

The RBS is the only analytical method suitable for
estimation of elemental composition in the whole depth of
layers. The elements signals in RBS spectra overlap and
this fact leads to great statistical uncertainty. We try to re-
duce this drawback by using enlarged non-Rutherford
cross-section for proton projectiles scattered with C, O, Si.
The conventional ERDA with 2.5 MeV alpha projectiles is
suitable for hydrogen estimation up to depth 0.5—1 pm.

All spectra are at first evaluated severally and then
each other interacted with regard for their definiteness.
The right stopping powers depend on the precise composi-
tion of layers. For a detailed analysis of recorded experi-
mental spectra, the codes GISA 3 (ref.'?) and SIMNRA
6.06 (ref."*) were used.

Table III
Atomic composition of the prepared films obtained by
RBS/ERDA

Sample Si (0] C H O/Si

[%] [%] [%] [%] ratio
V106 2146 5941 0.13 19 2.77
V107 29.86  51.15 0.48 18.5 1.71
VIO8 3023 5252 0.75 16.5 1.74
VII0 2727  58.51 0.72 13.5 2.15
VIL5 27.12 5472 1.66 16.5 2.02
VIl6 27.11 54.7 1.9 18 2.02
VII9 2043 3285 2072 26 1.61

The film deposited at relatively high negative self
bias voltage and with HMDSO to total flow rate ratio
around 0.5 or less exhibited SiO, — like properties. The
carbon content in these coatings was low and the oxygen
to silicon ratio was around 2 as it is in SiO, films (Table
IIT) or more. In films prepared with n>0.5 and at relatively
low negative self bias voltage the carbon and hydrogen
content increased and these films showed polymer-like
properties.

The instrumented indentation method and the Fischer
scope H100 tester equipped with Vickers indenter was
used to study the mechanical properties of the coating/
substrate systems. The universal hardness HU can be de-
fined as a measure of the material resistance against elastic
and plastic deformation. From the loading/unloading
curves it is possible to obtain the Martens hardness HM
(measure of the resistance against elastic and plastic defor-
mation). From the load-penetration curves (Fig. 2) it was
possible to determine also the material resistance against
plastic deformation Hy,; (so called plastic hardness) or Hyr
(so called indentation hardness) and the elastic modulus
EIT (Table IV)

The results in Table IV were obtained on films de-
posited on three different types of substrates
(polycarbonate — pc, glass — gl, and silicon — si). The film
thicknesses ranged from 3 to 5 pm. The substrate influence
was negligible for silicon and glass substrates, but it is sig-
nificant for polycarbonate, mainly in case of elastic modu-
lus as it can be seen in Table IV. The results obtained on
PC substrates characterise the resistance of film/substrate
system against indentation at given indentation load. These
parameters cannot be taken as the film characteristics. The
results obtained on commercial paint used recently in the
automotive industry for PC protection is included into
graph and Table IV too.
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Fig. 2. Comparison of the load-penetration curves obtained on
noncoated PC and on PCs coated with films VI15, VI19 and
commercial paint

Jobin Yvon UVISEL phase-modulated spectroscopic
ellipsometer was used to study the spectral dependences of
prepared in films elipsin spectral range from 0.6 to 6.5 eV.
Measurements were performed on five angles of incidence
in the range 55° to 75°. The analysis of ellipsometric data
of thick transparent films is generally difficult since it is
not possible to use models assuming ideal layers and ideal
apparatuses. Several effects, related to loss of coherence of
light, become important for thick films even though they
are not necessary to consider in the case of thin films. The
final evaluation should take into account the effects of de-
polarization, which can be seen in spectral range from 0.6

1.62
1.60
1.58
1.56

152
1.50
148 -
1.46

[==]

k[107]
[ T N TS R O = |

3 4 5 6 T
photon energy [eV]

=
[§8]

Fig. 3. Spectral dependence of the refraction index n and the
extinction coefficient k for sample VI19
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Table IV

Mechanical characteristics of the film-substrate systems
on selected samples obtained using indentation tests with
10 mN of maximum load. HM is the Martens hardness, n;r
is the elastic to total deformation work ratio, Hyr is inden-
tation hardness, Ejr is elastic modulus, hp,, is the maxi-
mum indentation depth at maximum load of 10 mN, C,, is
the indentation creep deformation (expressed in percentage
of hya) reached during 5s when the maximum load was
kept constant, C, is the anelastic deformation ( in per-
centage of hy,,,) reached during 5s when the minimum
load of 0.4 mN was kept constant. Abbreviation in sample
name refer to the type of the substrate, i.e. pc — polycar-
bonate, gl — glass, si — silicon

No. HM nr Hir Err huex  Cul Cn
[GPa] [%] [GPa] [GPa] [pm] [%] [%]

V106, 0.16 55 0.32 3.1 1.56 2.4 -9
V107, 0.17 52 0.33 3.5 1.49 2.7 -5
VIO8, 0.14 52 0.25 3.0 1.68 2.2 —4
VI10,. 0.15 59 0.29 33 1.57 23 —6
VIS5, 0.70 92 11.8 18 0.74 09 —4
VI16,. 0.69 91 10.8 18 0.74 09 —4
VI19,. 0.21 88 0.82 3.7 135 14 -7
V106 3.33 65 8.54 68 035 1.2 -2
V1074 3.67 60 8.27 79 032 1.5 -1
VI08,, 3.03 60 6.93 63 035 1.6 -
VI10y4 3.83 74 11.8 69 033 0.1 -
V116, 3.43 70 9.80 69 033 09 -
VI15 3.48 68 9.50 70 033 0.7 -
VI19 0.59 93 2.24 11 0.80 0.5 -

Paint 0.27 64 0.56 5.4 1.18 2.9 -8
Substrates

PC 0.12 41 0.19 3.1 1.74 29 -3
Glass 3.77 58 9.25 81 031 04 -
Si 7.32 62 133 18 0.28 - -

to 1.25 eV and was caused by reflection of light from back
side of the transparent silicon wafer.

In Fig. 3 an example of the dependence of the refrac-
tive index n and the extinction coefficient £ on the photon
energy obtained for film VI19 is shown. There is a strong
increase in extinction coefficient in the spectral region
from 4 to 6 eV, so the absorption of film VI19 increased in
UV region. The thickness of the film VI19 was determined
from ellipsometric measurements as t = 532020 nm.

4. Conclusion

Multifunctional thin films were prepared in r.f.
capacitively coupled glow discharges using controlled rati-
os of mixtures between hexamethyldisiloxane with oxygen
and hexamethyldisilazane with nitrogen on the poly-
carbonate substrates. By varying the discharge parameters

s1463



Chem. Listy 106, s1460—s1464 (2012)

and the gas flow rates it was possible to change the charac-
ter of films from hydrophobic (o, =28 mJ m?) to hydro-
philic (Yt = 47 mJ m’z), from soft polymer-like (H;r =
1 GPa, E;r = 10 GPa) to hard SiO,-like (H;r = 11 GPa, E;r
=80 GPa) films. The films were fully transparent for the
visible light, the absorption in UV region for photon ener-
gy higher than 4.5eV was observed for polymer-like
films.
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saryk University, Brno, “ Nuclear Physics Institute, Acade-
my of Sciences of the Czech Republic, Rez near Prague,
Czech Republic): Multifunctional Transparent Protec-
tive Coatings on Polycarbonates Prepared Using
PECVD

Thin transparent films on polycarbonate substrates
were prepared using a capacitively-coupled radio-
frequency discharge. The films were obtained from mix-
tures of hexamethyldisiloxane with oxygen. Varying the
discharge parameters and the gas flow rates, multi-
functional coatings wre prepared. The films were analysed
using depth sensing indentation method, contact angle
measurements, surface energy calculation, ellipsometry
and spectrophotometry in order to determine the properties
and functionality (hardness, fracture toughness, adhesion,
internal stress, abrasion resistance, thickness, color, refrac-
tive index) of the obtained structures. The behavior of the
coatings covers a wide range of material properties from
inorganic to polymer-like coatings.
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