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Deposition of plasma polymers using atmospheric pressure plasma jet in mixture of argon, air and
hexamethyldisilazane (HMDSN) was studied. The HMDSN monomer, used as film precursor, was carried to
the jet nozzle by an auxiliary airflow and mixed with principal argon flow. The films were deposited for different
times using mean discharge power of 2.8 W, main argon flow of 1 SLM while the carrier flow (air + HMDSN) was
0.1 SLM. The water contact angles measured across the obtained HMDSN plasma polymer film showed two well-
defined areas, one hydrophilic, with contact angle near zero degrees and one hydrophobic, with contact angle

Keywords: e
Plasma polymer around 100 degrees. The FTIR spectra showed that part of the original structure of HMDSN monomer was pre-
HMDSN served and new chemical bonds were observed. XPS analysis showed that the deposited coatings are inorganic

Atmospheric pressure plasma jet SiO,-like coatings. The films thickness was evaluated and it reached values about 2 um in the center and de-
APPJ creased to the border (in continuous deposition mode more rapidly than in the pulsed one). Roughness values

Polymeric films

were obtained and it is shown that they varied for each region of the film.

© 2016 Published by Elsevier B.V.

1. Introduction

Plasma polymers have attracted much attention due to their grow-
ing applications in different areas such as medical, biological, electrical,
mechanical, coatings and others [1-3]. The plasma polymers have dif-
ferent characteristics in comparison with the regular polymers, because
the plasma polymerization process is unlike any chemical process. It has
plenty of advantages, such as absence or small quantities of chemical
wastes and high control of the deposited films. The films have a highly
cross-linked structure, well-defined thickness from nm to pm scale,
pinhole free, homogeneous and insoluble in mild acid or basic medium
[1,4-6].

Low-pressure systems have been commonly used for plasma poly-
merization for many years. However, atmospheric pressure systems are
now being studied for this purpose due to some advantages over the
low-pressure systems. Atmospheric pressure plasmas are attractive due
to lack of expensive vacuum systems, which also requires long time to
evacuate the deposition chamber. One of most studied devices used to
produce atmospheric pressure plasma is the Dielectric Barrier Discharge
(DBD). More recently, the plasma jet has been introduced as an alterna-
tive to the DBD for atmospheric pressure plasma polymerization [7-12].

The free energetic electrons in the plasma break the monomer into
ions, excited species, more free energetic electrons, and mainly free
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radicals [1,5]. Plasma polymerization is a process where polymers are
grown by successive addition of free radicals, which are generated
from a starting monomer broken by plasma.

The hexamethyldisilazane (HMDSN) is known to produce silicon
and carbon based plasma polymers, used in different applications,
such as in microelectronics for protection coating, optics, sensors and
solar cells [13-17]. The low-pressure plasma polymerized HMDSN
film is well studied and it is known to have hydrophobic character
and deposition rate ranging from 1 to 110 nm/min depending on the ap-
plied power [13,18,19]. For deposition using atmospheric pressure plas-
ma jet or atmospheric pressure DBD, the HMDSN films shows
deposition rates ranging from 10 to 30 nm/min [12,20,21]. In this
work an atmospheric pressure plasma jet was used to polymerize
HMDSN films. Electrical characterization of the plasma jet was done
by acquiring current and voltage waveforms and measuring the dissi-
pated power. The films properties (including along its diameter as the
deposition was not homogeneous) studied in this work were the wetta-
bility (analyzing the value of the water contact angle), chemical struc-
ture by ATR-FTIR and XPS, and thickness/roughness analysis by
confocal microscopy.

2. Experimental setup

A scheme of the plasma jet is shown in Fig. 1. The device consists of a
3 mm inner diameter glass tube and a 1 mm thick copper wire electrode
centered inside it. This electrode is connected to a high voltage power
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Fig. 1. Scheme of the experimental setup for the deposition of films from the HMDSN
monomer.

source (Minipuls 4, GBS Elektronik, Germany). The high voltage ampli-
tude was 12 kVp-p, while the applied frequency was 19 kHz. Due to a
specific coupling between the plasma jet and the power supply, one pe-
riod of the voltage signal contained two semi-cycles with higher and
lower amplitude (the shape is presented in Fig. 2), which was described
in details elsewhere [22].

Below the plasma jet it is located a 4 mm thick soda-lime glass sam-
ple holder placed on a metal plate grounded electrode. The system has
two gas inlets: main argon flow that feeds the jet from the upper side
and another flow that carries the HMDSN monomer to the tip of the
jet (called here air + HMDSN flow). The secondary gas inlet located
close to the nozzle was introduced to prevent polymerization on the
HV electrode. Electrical characterization of the APP] was done by mea-
suring the voltage and current (through a 100 Ohm inductance-free re-
sistor connected in series) waveforms, and voltage on external capacitor
(10 nF) when the dissipated power was calculated using Lissajous fig-
ures. The data were acquired via HV probe (P6015A, Tektronix, USA),
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Fig. 2. Applied voltage and discharge current waveforms in a time interval for
argon + HMDSN flow (top) and for argon only (bottom).

low-voltage probe (P2220, Tektronix, USA) and collected using digital
oscilloscope (TDS 3032B 300 MHz, Tektronix, USA).

The samples were placed on the glass sample holder on a fixed dis-
tance of 5 mm far from the tip of the jet. This distance was found exper-
imentally and was chosen to obtain better films with less powder. Two
different regime of operation were used to deposit the films, “continu-
ous” and “pulsed”. When operated in the continuous regime, the main
argon flow and the air + HMDSN flow were turned on during the entire
deposition time. In the pulsed mode, the main argon flux remained “on”,
while the air + HMDSN was switched “on” for 10 s with 5 s turned “off”.
In pulsed mode only the time when the air + HMDSN flux is switched
“on” was taken into consideration so that deposition time in both
modes had the same deposition time. The main argon flux was fixed
at 1 SLM and the air + HMDSN flux at 0.10 SLM.

Measurements of contact angle were carried out on a goniometer
(300 F1, Rame Hart, USA). Water drops of 1 pL were placed along the
center of the sample at distances of 1 mm from each other in order to
make a radial scan of the film wettability. 5 cm x 2 cm glass plates
were used as substrates.

The FTIR spectra were obtained using a Spectrum 100 spectrometer
(Perkin Elmer, USA) in the range of 4000 cm ™' to 650 cm™'. The mea-
surements were performed in the center of the film. Polyethylene sub-
strates were used for infrared spectroscopy, because its absorption
peaks in the infrared region are not coincident with the ones from the
polymeric film.

Surface chemical analysis was done using x-ray photoelectron spec-
troscopy (Axis Ultra, Kratos, UK) equipped with monochromatic Al Ka
(1486.6 eV) source with charge neutralization. All measurements
were done with 150 W power from the x-ray source (15 kV voltage
and 10 mA current), like the FTIR analysis, the measurements were
done in the center of the samples. Survey spectra were measured from
250 um spot size, while high-resolution scans were obtained from
350 pm spot with 80 eV pass energy for both cases. Spectra processing
were done in CasaXPS software.

The thickness and roughness values were evaluated by a confocal
microscope (DCM 3D, Leica, Germany). A scalpel blade was used to
scratch the film on the substrate and this indentation was used to obtain
the thickness. The thickness measurements were taken every 1.5 mm
starting from the center of the film in order to obtain the thickness dis-
tribution. Roughness values were acquired from different regions of the
film.

3. Results and discussion

The APP] system operated in Ar only showed a typical multifilament
behavior [23]. Adding flow of air and HMDSN led to decrease of plasma
plume light intensity, and made plasma colored slightly more pink.
However, emission spectra did not show presence of new emission
lines, rather a ratio between argon lines intensity and nitrogen bands in-
tensity decreased. Modeling of spectra using SpecAir software (of nitro-
gen band 0-2 at 380 nm) showed that adding flows of air and HMDSN
did not change the gas temperature that was estimated to be 800 +
200 K.

The electrical characterization of plasma jet is presented in the Fig. 2.
The upper graph shows the current and voltage signal when both main
argon flow and the auxiliary air flow mixed with HMDSN are “on”, while
the lower one shows the signals for the APPJ operated with the main
argon flow only. The voltage signal is the same in both figures, but the
current signal is different in each case. For argon flow only plasma jet
current exhibits more discharge peaks than for the case of
Ar + air + HMDSN jet. Inserting monomer into the Ar flow changes
the conditions of the discharge by increasing the energy losses of elec-
trons in collisions [24,25]. The power of the jet was obtained by the
Lissajous figure method [8]. The jet with only Ar power was 4.3 W
while adding air + HMDSN to main flow leads to decrease of the dissi-
pated power to 2.8 W.
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Fig. 3. Mapping of the thickness of the films measured from the center to the border. The
films were deposited for different times in the pulsed mode.

Values of the films thickness produced using the pulsed mode are
presented in Fig. 3. The thickness of the film decreased radially, while
the decrease of film thickness for continuous mode was higher than
for the pulsed mode. The radicals are carried outwards by the gas flux
and diffusion so that their probability of reacting further distances of
the substrate decreases. Other species like ions and electrons have
shorter lifetime, so their chances to reach further distances are even
lower. The pulsed mode seems to homogenize the film thickness as it
was observed for the wettability. For example, for 1.5 min film deposi-
tion, about 1 pum film was deposited for both deposition modes. Howev-
er, 9 mm away from the center for the continuous mode the film
thickness was about 0.5 um thick, while for the pulsed one it was still
near 0.9 pm. The film thickness dropped to about 0.5 pm for the pulsed
mode on the distance of 12 mm from the center. Taking into account
both deposition modes, and data for 0.5 min, 1 min, 1.5 min and
2 min deposition times, an average deposition speed of about 1 um/
min was achieved.

The deposited HMDSN films were not homogeneous, since the plas-
ma plume is directed on a single point, and the film properties change
with the distance from the plume. Fig. 4 shows films deposited on
glass substrates, on the right hand side one can see films in the way
they look just after the polymerization for the pulsed mode. The radius
of the external halo is about 1 cm. The plasma plume spreads radially
over the substrate, covering about the same area. On the left hand side
of Fig. 4 are shown the films after rinsing in ultrasonic bath for 1 min.

Pulsed

Unwashed “Washed

Fig. 4. Photo of the deposited films using the pulsed mode before (right) and after (left)
washing in water in ultrasonic bath for 1 min. Deposition time 2 min.
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Fig. 5a. Diametric mapping of the water contact angle for films deposited for different
times in pulsed mode.

It can be seen that the central part of the film is visually still attached
to the surface while the external halo seems to be washed away. This
halo is weakly bonded to the substrate and it may be formed by oligo-
mers detached from the central region and carried out by the gas flow
of the jet.

In Figs. 5a and 5b show the distribution of the water contact angle for
unwashed and washed samples for pulsed deposition mode, respective-
ly. It can be seen that the film's central part was not removed by rinsing
the samples in water. WCA value dependence has a clear edge at the
border of the halo region for both pulsed and continuous deposition
modes also. The pulsed mode led to slightly wider and a more homoge-
neous film in the point of view of wettability. All conditions resulted in
hydrophilic films, with contact angle near zero for the pulsed mode and
below 30 degrees for the continuous mode, in the region under the plas-
ma plume. The radius of hydrophilic region was about 10 mm for all
cases. A hydrophobic characteristic, with WCA values about 100 degrees
for both pulsed and continuous modes, was observed in the regions
more than 10 mm away from the center of the plasma plume. Polymers
treated by argon plasma jet present a similar wettability behavior [8,26,
27], being hydrophilic in the region near the plume. On the other hand,
HMDSN films grown by plasma polymerization at low pressure feature
values for the water contact angle around 100° [18]. Thus, the region
outside the hydrophilic area shows values compatible to the ones for
HMDSN films. The contact angle of untreated glass substrates is about
50°, as shown in those graphs.

Almost no variation of the contact angle values with the time were
observed in the hydrophilic region of the films deposited using the
pulsed mode (i.e. exposition to argon plasma jet for 5 s after every
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Fig. 5b. Diametric mapping of the water contact angle for films deposited for different
times in pulsed mode after washing in water in ultrasonic bath for 1 min.
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Fig. 6. Roughness of the films deposited for different times using the pulsed mode. The
measures were taken in the film center.

10 s of deposition). However, on the hydrophobic region, the jet opera-
tion mode seems to have little effect on deposited films since both
pulsed and continuous mode showed similar results.

Roughness 0.190 um

Roughness 0.123 um

Films deposited in continuous mode had higher roughness than the
ones obtained in pulsed mode. The roughness values for the film depos-
ited using the pulsed mode is shown in Fig. 6. Both modes also exhibited
roughness saturation for deposition times over 1 min. All those rough-
ness values were measured in the center of the film.

The deposited films were visually non-homogeneous. One can ob-
serve an inner circle, followed by a transparent ring and then an outside
halo. The roughness was not the same in all these regions. The Fig. 7
shows the roughness and topography for each of the regions. One can
observe that the film is smoother in the inner circle and far outside
the halo, the roughness increases in the transparent circle and even
more in the outside halo. As explained for Fig. 4, oligomers may have
been detached from the center region by the plasma and dragged radi-
ally by the gas flow to this external region, making it rough.

Chemical analyses of the deposited films were done using FTIR and
XPS techniques. It is important to note that both techniques showed
that samples deposited using both pulsed and continuous deposition
had same chemical structure. Fig. 8 shows IR spectra of polyethylene
substrate (a) and plasma deposited film in pulsed mode on PE (b). It
was decided to present spectra deposited on soft 0.2 mm thick PE sub-
strate, as glass have wide peaks below 1200 cm ™!, overlapping with
the peaks, thus making peak identification rather complicated task.

Roughness 0.069 pum

Roughness 0.029 um

Fig. 7. Roughness and topography of the different regions observed in the deposited films using the pulsed mode.
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Fig. 8. FTIR spectra of the films deposited for different times using the continuous and
pulsed modes.

After comparing IR spectra measured from clean PE substrate and
the one with deposited film, six distinct peaks were assigned to be
from the deposited film. They are wide OH band at about 3400 cm ™,
peaks of SiCH; at 800 cm ™! and 1260 cm™ !, SiO peaks at 1040 cm ™!
and 1075 cm ™!, and low-amplitude SiN peak at 845 cm ™' [19,20]. Typ-
ically observed four peaks of CH,/CH3 at about 2900 cm™ ' were over-
lapped by the PE substrate, but were observed on the films deposited
on glass substrate.

The difference between continuous and pulsed mode is in the ratio
between the observed peaks. Table 1 shows normalized (to SiN as 1) in-
tensity of peaks for both deposition modes.

To perform extensive surface chemical analysis, X-ray photoelectron
spectroscopy was done on a set of samples: continuous deposition un-
washed and washed, pulsed deposition unwashed and washed. All sam-
ples were prepared with same deposition time of 1 min. The chemical
composition of all samples were same, all samples contained carbon
(6.6 £ 1.0%), oxygen (65.1 4 0.8%) and silicon (28.2 £ 0.4%). It was
not expected, but there was no nitrogen detected on neither of the sam-
ples, though showing correlation between the FTIR and XPS data. The
explanation of this fact was given in [20], where authors proposed
that SiN is not stable when exposed to ambient air. This can explain
presence of SiN peak obtained from IR spectrum (as it is measured
from the whole film, i.e. um scale), while nitrogen was not found at
film surface (around 10 nm).

Oxygen to silicon ratio was also almost constant for all samples,
showing the value of 2.3 £ 0.3, therefore showing that the deposited
films were not glass-like. The fitting of the high-resolution Si 2p peak
demonstrated a presence of four components [28]. The percentage of
Si(—0)4 was exceeding 50%, and the percentage of Si(—0)3-35%,
allowing us to conclude that the deposited coatings were inorganic
SiO,-like coatings. The stability of the fitting components allows us to
conclude that films are stable and non-soluble.

4. Conclusion

Polymer deposition using the atmospheric pressure plasma jet has
been shown to be an alternative process to the conventional low-
pressure plasma polymerization, producing films with distinct

Table 1
Ratio of peak intensity for various chemical bonds normalized to SiN peak intensity.
OH  SiCH;3 (1260) SiCH; (800) SiN  SiO (1075) SiO (1040)
Pulsed 03 15 1.8 1 2.6 2.55
Continuous 035 1.6 1.6 1 24 2.55

characteristics. The deposited films were not homogeneous, depositing
more material in the center, while on the edges the film thickness was
decreasing. Two modes of deposition were studied: continuous (when
mixture of argon, air and HMDSN was supplied throughout whole depo-
sition time) and pulsed (10 s of Ar + air + HMDSN followed by 5 s of Ar
plasma only). As measurements are taken radially outwards from the
center of the film, its characteristics change from hydrophilic to hydro-
phobic, differently from the films obtained by low-pressure plasma po-
lymerization techniques that are sole hydrophobic. The pulsed mode of
operation resulted in more homogeneous films compared with contin-
uous mode. The roughness analysis showed that the morphology of the
films changes along its radius. Films deposited using the continuous
mode (the RMS value in the center was about 67 nm) were rougher
than using the pulsed one (the corresponding value was about
58 nm). The films thickness values decrease from the center to the bor-
der of the film regardless of the mode (pulsed or continuous), but the
thickness of the films made by continuous mode deposition falls more
quickly. The deposition rate of both continuous and pulsed mode were
around 1 um/min, which is much higher than the deposition rates ob-
served in previous works being from 1 to 110 nm/min. The FTIR and
XPS analysis showed that the deposited coatings were inorganic SiO,-
like coatings with almost no nitrogen in its structure in the central re-
gion with 1 cm radius. Chemical structure of the deposited films was
stable to washings in water and the films did not exhibit aging effect
in ambient air.
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