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Abstract: Plasma co-polymers (co-p) were deposited with an atmospheric pressure plasma jet (APPJ)
using a precursor mixture containing hexamethyldisiloxane (HMDSO) and limonene. A coating
with fragments from both precursors and with siloxane, carbonyl and nitrogen functional groups
was deposited. The flow rate of limonene was found to be an important parameter for plasma
co-polymerization to tune the formation and structure of the functional groups. The FTIR and XPS
analysis indicates that with increasing flow rate of limonene a higher proportion of carbon is bound
to silicon. This is related to a stronger incorporation of fragments from limonene into the siloxane
network and a weaker fragmentation of HMDSO. The formation mechanism of the nitroxide and
carboxyl groups can be mainly differentiated into in-plasma and post-plasma reactions, respectively.
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1. Introduction

The deposition of plasma polymer (pp) coatings is widely used for barrier coatings,
adhesion promoters and protective coatings. The coatings are used in industries such as
automotive, electronics, food packaging and in the bio-medical field. To improve coating
performance and to further broaden the applicability of pp coatings it is necessary to
understand and control the deposition chemistry in order to create new applications. Over
the last decades the deposition of pp coatings using atmospheric pressure plasmas has
become established in industry and science [1-3]. Typically, the precursors are vaporized
and injected as a gas into the plasma.

To deposit pp coatings with siloxane backbone, precursors such as hexamethyldisilox-
ane (HMDSO), octamethylcyclotetrasiloxane and tetraethoxysilane have been used [4-10].
Deposition of coatings with an aliphatic backbone was studied using precursors like acety-
lene and methyl methacrylate [11-14].

The deposition rate and chemical composition of the coatings can be tuned by the
Yasuda parameter W/FM, where W is the plasma energy, F is the flow rate and M is the
molecular mass [15]. The concept of Yasuda originated in low-pressure plasma polymer-
ization, but has recently been discussed in the context of atmospheric pressure plasma
as well [16,17]. Studies of atmospheric pressure plasma showed that low W/FM values
lead to weaker fragmentation of the precursor and can influence the deposition rate of pp
coatings [18]. The formation mechanism of the coating at atmospheric pressure is often con-
sidered to be similar to the one proposed by Yasuda et al. for low-pressure plasmas [2]. A
critical review of the different formation mechanisms was presented by Friedrich et al. [19].
The main difference between low and atmospheric pressure plasma polymerization is
assumed to be the excitation of the precursor, which at atmospheric pressure is due to high-
energy atoms or molecules of the ionization gas [2]. Therefore, it is also possible that the
ionization gas and the ambient atmosphere react with the coating-forming species and form
functional groups. It was found that the incorporation of nitrogen-containing groups with
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different oxidation states is possible without using nitrogen-containing precursors [20,21].
The incorporation of oxygen-containing groups could also be achieved with oxygen-free
precursors [22,23]. The origin of oxygen- and nitrogen-containing groups could be at-
tributed to the precursor itself, in-plasma reaction with the ionization gas or post-plasma
reactions with the atmosphere. The exact mechanism and the contribution of each reaction
channel are not fully understood. In particular, an improved understanding of the role of
post-plasma reaction could be of critical importance for reliability in industrial applications
and for comparison of results in the scientific literature. Because atmospheric pressure
plasma processes run at open atmosphere, the atmospheric conditions can potentially have
a significant influence on the coating properties.

Next to the deposition conditions, the coating properties and the chemical groups
in the coating depend on the selected precursor. To synthesize coatings with different
functional groups, complex precursors such as (3-aminopropyl)triethoxysilane (APTES)
are often used [24,25]. A major challenge in this approach is to sufficiently preserve the
structure of the precursors.

As an alternative for using complex precursors and to improve plasma chemistry
deposition control, plasma co-polymerization is an interesting method for depositing
coatings with several different chemical groups. In this process at least two precursors
are fed into the plasma together. Experiments with co-polymerization where at least two
precursors are fed simultaneously into the plasma were carried out at low pressure [26-29].
Here, it was shown that the co-polymerization of an organic precursor with a siloxane
precursor allows one to finely tune the Si-O-5i network [30].

Moreover, atmospheric plasma has been used for co-polymerization. Co-polymerization
with DBD sources was studied in [31-35]. Experiments with atmospheric pressure plasma
jets (APP]) were carried out with organic precursor mixtures. This made it possible to
produce an aliphatic network that also contained heteroatoms such as nitrogen, oxy-
gen and sulfur [36]. Further studies were carried out in which the precursor mixture
consisting of acrylic acid and methylene-bis-acrylamide was sprayed as a liquid into
the remote plasma [37]. The co-polymerization resulted in a coating that contained car-
boxyl groups and amide groups. In addition, a higher cross-linked network compared
to homo-polymerization of liquid acrylic acid was observed. As a consequence, the co-
polymerization improved the water resistance of the coating. Co-polymerization with
a combination of only organosilicon precursors was successfully achieved in Ref [38] to
deposit hydrophilic coatings with a plasma jet based on a DBD discharge using HMDSO
and APTES.

In this study, the co-polymerization using an APP] operated with air has been studied
to deposit coatings with several different chemical functional groups coming from both
precursors. For co-polymerization, HMDSO as organosilicon component and limonene
(lim) as hydrocarbon component were used. To our best knowledge, coatings obtained from
co-polymerization with an APPJ simultaneously using an organosilicon (inorganic) and
organic precursor have not been reported before. To understand the influence of plasma
co-polymerizing two distinct precursors on the formation of the different functional groups,
a comparison with coatings deposited using homo-polymerization was performed. In
addition, we looked at the formation of nitrogen-containing groups by variations of the
ionizations gas (air, Np) and how the siloxane network structure depends on the flow rates
of the precursor(s). An improved understanding of the formation mechanism of the pp
will allow us, in the future, to tune the coating properties more easily and improve the
capability for synthesis of multifunctional plasma coatings.

2. Materials and Methods
2.1. Setup and Materials

A modified plasma jet from Plasmatreat (Steinhagen, Germany) with the generator
type FG 5001 and an HTR 12 transformer was used (Figure 1a). The jet was operated with
a setting for the manufacturer-specific parameters for voltage of 300 V, excitation frequency
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distance between
The exit of the
plasma jet nozzle
and substrate

of 21 kHz and duty cycle of 100%. Dry air and nitrogen (N;) were used as ionization
gases with a flow rate of 29 standard liters per minute. The deposition was carried out by
evaporating the precursors and injecting them into the afterglow of the plasma using N as
a carrier gas at a flow rate of 2 standard liters per minute. The coating was deposited on Si
wafers or Si(Al) wafers for FTIR analysis. The substrate was moved through the plasma jet
at a speed of 20 m min~! and at a constant distance to the plasma jet nozzle of 7 mm. The
wafers were used as-received and before coating, a pretreatment with the same plasma jet
and process parameters, just without precursor flow, was performed.
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Figure 1. (a) Schematic of the plasma jet system for deposition. (b) Chemical structure of HMDSO

and lim.

(R)-limonene (Merck, purity > 94%) was used as a precursor and vaporized at 176 °C.
The second precursor hexamethyldisiloxane (HMDSO, Wacker, purity > 99%) was sepa-
rately vaporized at 100 °C. The chemical structure of both precursors is shown in Figure 1b.
The flow rate was controlled using a CORI-FLOW meter (type M13, Bronkhorst, Frankfurt,
Germany) and EL-FLOW meter (type F-201CV, Bronkhorst, Frankfurt, Germany) and inde-
pendently varied from 0 to 60 g-h~!. For co-polymerization, the precursors were mixed
with the carrier gas after evaporation and before feeding them into the plasma. When the
coatings have been homo-polymerized with a single precursor, they are referred to as pp
HMDSO or pp lim. When a precursor mixture of limonene and HMDSO is used, we refer to
these coatings as plasma co-polymers (co-p). pp coatings deposited with N; as ionization
gas instead of air are indicated by the suffix *Nj.



Plasma 2022, 5

47

2.2. Coating and Surface Analysis

The coatings were analyzed by XPS and FTIR on Si wafers with an aluminum top-
coating and by ellipsometry on Si wafers. The X-ray photoelectron spectroscopy (XPS) was
performed using a VG 220i-XL system with a monochromatized AlK« source. The chemical
composition was determined at a pass energy of 70 eV and for detailed high-resolution
spectra a pass energy of 20 eV was used. The energy scale was set at 285.0 eV for the C1s
hydrocarbon peak and the relative atomic concentration was calculated by fitting the peak
areas. The coating thickness was determined using a variable-angle spectroscope VASE
(J.A. Woollam Co., Lincoln, NE, USA) with an angle of incidence of 60, 65 and 70° in the
spectral range from 300 to 1000 nm. FTIR spectroscopy was performed with a Bruker Vertex
80/XSA in reflection mode at an angle of 70° in a spectral range from 600 to 4000 cm~!. The
FTIR spectrum of the coating was obtained after subtracting the spectrum of the ambient
atmosphere only, because the surface of the Si(Al) wafer completely reflects the IR-radiation.
The FTIR spectra are not normalized and are presented as raw data.

3. Results and Discussion
3.1. Co-Polymerization of an Organic and an Organosilicon Precursor

To understand the mechanisms of co-polymerization of an organic precursor with an
organosilicon precursor we study the differences and similarities in the chemical structure
of homo-plasma polymerized and co-polymerized coatings using FTIR and XPS.

Figure 2 shows the FTIR spectra of the coatings obtained from homo-polymerization
of HMDSO and lim, respectively, and from co-polymerization of both precursors. The
monomer flow rate was 10 g-h~! in each case, also for the co-p. The spectrum 2 ¢ shows
the characteristic absorption features of pp HMDSO like the asymmetric stretching mode
of Si-O-Si in the range of 1200-1000 cm !, symmetric bending mode of Si-(CH3)x(x=1-3)
around 1270 cm~!, Si-OH at 905 cm ™! and the asymmetric rocking mode of Si-(CHz)3
and Si-(CHj3), centered at 849 and 807 cm ™!, respectively. In addition, a symmetric and
asymmetric stretching mode of C-H of the CH3 groups at 2965 cm ! is present [39,40].

The spectrum 2 a shows the characteristic absorption of pp lim like the asymmetric
and symmetric bending mode of aliphatic CH, /3 centered at 1380 cm ! and 1450 cm ™!,
respectively. The absorption in the range from 2880 to 2990 cm ! can be assigned to the C-H
stretching mode of the CH, /3 groups. Additionally, a broad absorption around 1700 cm ™!
is assigned to the stretching mode of C=0O and the stretching modes of NO, and NO3
are centered at 1550 cm~! and 1280 cm ™!, respectively [41]. We attribute the existence of
oxygen- and nitrogen-containing groups (that are absent in the precursor) to oxidation
processes of the aliphatic precursor.

The FTIR spectrum 2b of the co-p contains spectroscopic features that are observed in
the spectra of both homo-polymerized coatings of the individual precursors. We observe
the characteristic features between 1750 and 1280 cm™! of pp lim and those of pp HMDSO
between 1280 and 700 cm~!. The absorption around 2950 cm~! could arise from the
preservation of the aliphatic groups of lim or HMDSO or both. The spectrum 2b clearly
shows that a plasma coating has been deposited with our APPJ setup which contains
fragments from both precursors.

A comparison of the FTIR spectra 2b and 2c in the region of the Si-O-Si stretching mode
(1000-1200 cm 1) shows a change in the shape and position of the absorption band. While
the absorption maximum of pp HMDSO is centered at 1150 cm ™!, it shifts to 1140 cm ™~ for
the co-p.
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Figure 2. FTIR spectra of the pp with precursors: (a) lim (10 g-h~1); (b) co-p (10 g-h~! HMDSO and
10 g-h~! lim); (c) HMDSO (10 g-h~1). The FTIR spectra depict the coatings that were obtained with

identical process parameters resulting in the individual coating thicknesses as indicated. A significant
influence on the FTIR spectra is not expected for such low coating thicknesses.

The position of this vibrational band depends on the bond angle, which is influenced
by the neighboring groups at the Si atom of the siloxane network [30]. At a S5i-O-Si bond
angle of approximately 150° the absorption maximum is centered at 1135 cm ! and a “cage”
structure is present. A smaller bonding angle of 144° leads to an absorption maximum
of 1023 cm™~!, which is correlated to a “silicon suboxide network” structure [30]. The
red shift of the absorption maximum of the Si-O-5i stretching mode is an indication that

the co-polymerization affects the siloxane network. In the following, the influence of
co-polymerization on the siloxane network is investigated.

3.2. Effects of Co-Polymerization on the Structure of the Siloxane Network

The ability to finely tune the Si-O-5i network structure is important to improve plasma
coating properties like flexibility, stability or porosity. For this purpose, co-p was deposited
at different flow rates of lim and analyzed by FTIR with respect to the siloxane network
structure. Figure 3a shows the FTIR analysis of the 5i-O-Si stretching mode for homo-
polymerized HMDSO and when HMDSO and lim are co-polymerized. The graph shows the
peak maximum of the Si-O-Si stretching mode of the pp HMDSO as a function of HMDSO
flow rate (in black) and of the co-p as a function of lim flow rate (in red). The absorption
of the asymmetric stretching mode of Si-O-Si is in the range of 1000 to 1200 cm ! For pp

HMDSO (black curve) we observe the absorption maximum centered around 1150 cm !
and no shift with increasing HMDSO flow rate. This indicates that with increasing HMDSO
flow rate, the Si-O-5i bond angle remains constant and therefore also the neighboring atoms
of Si do not change. In contrast, the spectral position of the Si-O-5i stretching mode of the
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co-p (red curve) shifts from 1150 cm ! to 1088 em ! with increasing flow rate of lim. This
indicates that the co-p tends to a “silicon suboxide network” where the change in Si-O-5i
network structure is related to a high number of carbon groups bonded to the Si atom [30].
A high coordination of Si atoms with C atoms is expected when the fragmentation of
HMDSO is low. Very likely the addition of lim limits the fragmentation of HMDSO, causing
the incorporation of only weakly fragmented HMDSO components into the co-p and the
red shift of the IR absorption. In addition, a higher proportion of lim in the precursor
mixture increases the probability of reactions of Si-O fragments from HMDSO with carbon
fragments of lim.
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Figure 3. Position of the FTIR absorption maximum of the (a) Si-O-Si; (b) Si-(CH3) Si-(CHgz)y(x=1-3
stretching mode of pp HMDSO and co-p. For co-polymerization, the HMDSO flow rate was fixed at
10g-h 1.

Therefore, two processes can lead to the observed red shift of the Si-O-5i mode: (a)
the reaction of lim fragments with an HMDSO fragment (C incorporation); and (b) the
weaker fragmentation of HMDSO (HMDSO retention). To analyze the contribution of both
processes, we investigated the fragmentation of HMDSO by studying the absorption at
1270 ecm ™.

The FTIR absorption around 1270 cm ™! arises from the symmetric bending mode of Si-
(CH3)(x=1-3) Which is sensitive to the number of methyl groups bonded to the silicon atom.
At a low number of methyl groups, the absorption band shifts to higher wavenumbers [39].
We take the position of the Si-(CH3)y(x=1-3) stretching mode as marker for the degree of frag-
mentation that the HMDSO molecule experiences in the plasma. A high number of methyl
groups attached to the Si means that HMDSO was deposited in a structure-preserving
way, while a low number of methyl groups corresponds to a strong fragmentation of
HMDSO. Figure 3b shows the FTIR peak maximum of the Si-(CH3),(-1-3) stretching mode
of pp HMDSO with increasing HMDSO flow rate (in black/square) and of the co-p with
increasing lim flow rate (in red/ circle). The absorption maximum for pp HMDSO does
not shift with increasing HMDSO flow rates and is constant between 1274 and 1273 cm L.
This shows that the selected deposition conditions favor strong fragmentation. In contrast,
the absorption maximum of the Si-(CHj3), (x-1-3) bending mode of the co-p shifts from
1274 cm~! with increasing lim flow rate to 1268 cm~!. This is a strong indication that lim
limits the fragmentation of HMDSO. The experiment was designed in such a way as to
vary only one parameter, namely the monomer flow rate of lim. As a consequence, the
total amount of monomer changes in the afterglow, thereby reducing the amount of plasma
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energy per monomer molecule. This is an additional factor that affects the fragmentation
pathways and could have an impact on the results, as has been observed in [42].

The FTIR analysis of the Si-O-Si and Si-(CH3)y(x=1-3) stretching mode is confirmed by
the XPS analysis of the Si 2p peaks in the XPS high-resolution spectra. In Figure 4 the Si
2p high-resolution XPS spectra of pp HMDSO and of co-p are shown. For the pp HMDSO
the Si 2p peak maximum is centered at 103.4 eV, indicating a high oxygen coordination of
the Si atom [43]. For the co-p, the Si 2p peak shifts to a lower binding energy at 102.9 eV,
indicative of a higher coordination with carbon atoms and a weaker fragmentation of the
HMDSO precursor [43].

J
(a) pp HMDSO ! L} (b)co-p
Peak max.: 1034eV f ‘. |Peak max.: 102.9 eV

NV

J\;

2 1 ' I J 1
110 108 106 104 102 100 98
Binding Energy / eV
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Figure 4. Si 2p high-resolution XPS spectra of (a) ppHMDSO (10 g-h~1); (b) co-p (10 g-h~! HMDSO
and 10 g-h~! lim).

In summary, the spectroscopic data (both XPS and FTIR) seem to indicate that co-
polymerization with lim leads to a weaker fragmentation of HMDSO which results in a
Si-O-Si network with “silicon suboxide network” structure and a high coordination of
the silicon atoms with methyl groups. In the coating formation, the incorporation of lim
fragments into the pp seems to be of less importance compared to the weaker fragmentation
of HMDSO and is not the main reaction mechanism for the silicone-bound carbon atoms.

3.3. Individual Contribution of HMDSO and Lim to the Formation of the Co-p

The FT-IR spectrum of the co-p (Figure 2) shows that fragments of both precursors
are found in the co-p. To study to which degree both precursors contribute individually to
the plasma synthesis of the co-p, the chemical composition of the coatings was analyzed
by XPS. Table 1 shows the XPS analysis of the atomic composition of the coatings for
homo-polymerization of HMDSO and lim as well as co-polymerization of both precursors.
The monomer flow rate was 10 g-h~! in each case, also for the co-p. The pp HMDSO
coating contains 28 at.-% Si and 25 at.-% C, reflecting the siloxane nature of the precursor.
The pp lim coating contains nearly no Si and 72 at.-% C. For the co-p we find an atomic
concentration of 17 at.-% Si and 43 at.-% C.
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Table 1 also shows the calculated (theoretical) value for atomic composition when
each precursor would contribute arithmetically equal to the co-p. It can be seen that the
experimentally observed Si and O atomic concentration in the co-p are higher than the
theoretically calculated value. Consequently, the C atomic concentration in the co-p is
lower by 5.6% if both precursors would contribute equally to the coating composition.

Table 1. XPS data of the chemical composition of pp HMDSO (10 g~h_1), lim (10 g-h‘l) with air and
N3y, co-P (10 g-h~! HMDSO and 10 g-h~! lim) and a theoretical co-p, calculated as the arithmetic
mean of pp lim and pp HMDSO.

XPS Chemical Composition

Coating at.-%
Carbon Oxygen Silicon Nitrogen
pp HMDSO 25.4 46.1 28.3 0.3
co-p 42.7 39.4 17.4 0.7
pp lim 71.2 27.1 0.2 1.6
pp lim N, 70.2 23.2 0.1 6.6
theoretical co-p 48.3 36.6 14.3 1.0

The XPS analysis indicates that the HMDSO precursor and its fragments or reaction
products are more strongly incorporated in the co-p than those of lim. This could be at-
tributed to a more efficient fragmentation/excitation of HMDSO compared to lim resulting
in a larger number of HMDSO fragments in the coating formation processes. In addition, a
higher reactivity of the fragments towards thin coating formation can explain this result. A
higher sticking coefficient of Si fragment than for C fragment has been reported in [44,45].
Another explanation could also be that the etching of C-rich features is higher than for
Si-rich features in the co-polymerization process, as can be assumed from published etch
rates [46].

The higher fraction of HMDSO in the co-p cannot be explained by the different number
of molecules that are fed into the plasma of the two precursors since identical mass flow
rates were chosen in our experiments. The effect is even more prominent, since at a mass
flow of 10 g-h~! the molar flow rate of HMDSO is 60 mmol-h~!, which is lower than lim
with 73 mmol-h~!. Accordingly, the HMDSO fraction in co-p should be even lower if both
precursors would contribute equally to the coating growth.

To elucidate the relative contribution to coating formation of each monomer in more
detail, the deposition rates for homo-plasma polymerization of HMDSO and lim were
compared with the co-polymerization process at different monomer flow rates. Figure 5
compares the coating thickness when homo-polymerizing the monomers as a function of
monomer flow rate. Since the deposition time was equal in all experiments, the coating
thickness is a direct measure of the deposition rate. It can be observed that for the pp
HMDSO coatings (red curve), the coating thickness increases with increasing monomer flow
rates as is well known [4]. In contrast, the coating thickness for pp lim (blue curve) remains
constant with increasing monomer flow rate and is much lower than for HMDSO. Following
the ideas proposed by Yasuda and Becker originally developed for low-pressure plasma
polymerization [15,47] it can be concluded in a simple approximation that the HMDSO
deposition occurs in the monomer-deficient regime, where increasing the monomer flow
rate increases the deposition rate. In contrast, the deposition of pp lim appears to be limited
by insufficient plasma energy. This would also be in agreement with the observation of
droplet formation for flow rates > 50 g-h~! of lim.

The fact that the deposition rate of HMDSO is much higher than for lim at identical
mass flow rates is in agreement with the conclusion from the XPS analysis about the
contribution of each precursor in the coating growth of the co-p. A nearly constant coating
thickness is also observed when HMDSO and lim are co-polymerized at a fixed flow of
HMDSO of 10 g-h~! and increasing flow rate for lim (black curve in Figure 5). This is the
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same behavior observed for the homo-polymerization of lim and the same explanation is
likely valid here.
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Figure 5. Coating thickness at different flow rates of homo-polymerization of (blue curve) lim; (red
curve) HMDSO; (black curve) co-p of lim and HMDSO (at a constant flow rate of 10 g-h_l).

A further comparison of the different coating thicknesses of pp HMDSO, pp lim and
co-p shows an interesting result. At a flow rate of 10 g-h~!, the coating thickness is 97 nm
for pp HMDSO and 48 nm for pp lim. The co-p at the same flow rates (10 g-h~! each for
HMDSO and lim) has a thickness of only 55 nm. This experimental value is significantly
lower than the calculated theoretical sum of the coating thickness of 145 nm obtained by
adding the individual thicknesses of both precursors.

We explain this observation with the fact that the organic precursor very likely limits
the coating growth by weakening HMDSO fragmentation and hindering oxidation so
that 5i-O-5i bonds cannot be formed. The weaker fragmentation of HMDSO due to co-
polymerization was discussed in Section 3.2 and in particular shown in Figure 3b. The
surprisingly low coating thickness of the co-p could also be related to a change of density
(different networks) in the plasma polymers. However, it seems unlikely that the discussed
difference in coating thickness can be explained by this, since the density change probably
does not exceed 20% [48].

Despite the fact that increasing the flow rate of lim in the co-polymerization does
not lead to an increase in the coating growth rate, we have indications that the chemical
layer composition and structure of the co-p are nevertheless affected by the mass flow of
lim. This is shown in Figure 6, where we performed a semi-quantitative analysis of the
FTIR spectra of the co-p obtained at different lim flow rates and at a constant HMDSO
flow of 10 g-h~!. For this analysis, the relative amount of methyl CHj3, nitro NO, and
carbonyl C=0 groups in the co-p are compared. To do this, we divide the absorption peak
maximum intensity in the spectra of the co-p of the stretching modes attributed to CHj,
NO, and C=0, respectively, by the maximum peak intensity of the S5i-O-Si stretching mode.
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The corresponding stretching modes are at a position of 1380 cm~! for CHj, for NO, at
1550 cm ™! for C=0 at 1710 cm~! and for Si-O-Si at around 1100 cm~!. We take the signal
intensity of the 5i-O-Si group as a measure of the HMDSO contribution and the intensity of
CHj3, NO; and C=0 as a measure of the lim contribution to the co-p. This is permissible
since the chosen absorption positions for the Si-O-5i, CHz, NO, and C=O groups can be
assigned unequivocally to the respective precursor, as the comparison of the FTIR spectra
in Figure 2 shows. (Choosing the bending mode for aliphatic CH3 groups at 1380 cm !
for this analysis allows us to assign this group exclusively to lim, because the CHjz groups
bonded to the Si atom in HMDSO are red shifted to 1409 cm™~! (cf. Figure 1)).

| = CH,/Si-O-Si
1.0 H . .
—e - NO, / Si-O-Si
|- co/si-0-si
0.8
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Figure 6. Ratios of peak maxima of FTIR absorption of CH3z, CO and NO; stretching mode divided
by Si-O-Si mode at a fixed HMDSO flow rate of 10 g-h~! and different limonene flow rates.

Figure 6 shows that the ratios of CH3/Si-O-5i, C=0/5i-O-5i and NO, /Si-O-Si increase
with increasing lim flow rate. This indicates that in the co-p with increasing lim flow rate
the fraction of lim increases compared to HMDSO. This is surprising because the coating
thickness of the co-p remains constant with the increasing flow rate of lim.

However, if the coating thickness is constant, the lim fraction in the co-p can only
increase when the HMDSO fraction simultaneously decreases. We explain the decrease
of the HMDSO fraction in the co-p again with the fact that lim affects the reactivity of
HMDSO fragments due to weaker fragmentation and recombination with lim fragments.
As a consequence, the fraction of HMDSO fragments leading to coating formation of the
co-p is reduced.

3.4. Role of Post-Plasma and In-Plasma Reactions in the Formation of Nitro and Carbonyl
Functional Groups

The deposited co-p has oxygen- and nitrogen-containing groups as shown in the FI-IR
spectrum (Figure 2). The role of post-plasma and in-plasma reactions for the formation
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of these groups will be discussed. To begin with, we focus on the homo-polymerization
with lim as precursor. Lim is an aliphatic molecule that, in contrast to the pp lim (c.f.
Table 1), does not contain oxygen and nitrogen atoms. Oxygen- and nitrogen-containing
groups must therefore be formed by oxidation reactions. In atmospheric pressure plasma
polymerization, oxidation can occur by in- or post-plasma reactions. For post-plasma
oxidation, the coating is oxidized after deposition by reactions between the coating with
atmospheric oxygen or nitrogen. For in-plasma oxidation, reactive oxygen or nitrogen in
the plasma (from the ionization gas or by diffusion of air into the plasma plume) react with
fragments or activated molecules of the precursor. As was analyzed previously in an OES
study, the diffusion of oxygen is minor for the APPJ in this study [20,21].

To understand which role post- and in-plasma reactions have, we analyzed the forma-
tion of the oxygen and nitrogen groups in more detail by XPS analysis of the coatings. The
coatings were deposited using either N; or air as ionization gas. If N; is used as ionization
gas, the incorporation of oxygen atoms is mainly possible by post-plasma oxidation, since
few reactive oxygen groups are present in the plasma. In contrast, if air is used as the ion-
ization gas, reactive oxygen species are present in the plasma and therefore the formation
of oxygen groups is possible via in- and post-plasma oxidation. Table 1 shows the XPS
analysis of the atomic composition of homo-polymerization of lim deposited using air or
N, as ionization gas. The carbon content of pp lim N, of 70 at.-% is almost identical to pp
lim of 71 at.-% and also the oxygen content differs only by 3 at.-% points. This indicates
that the oxidation processes due to the incorporation of nitrogen and oxygen are similar for
both coatings. While for pp lim in- and post-plasma oxidations are possible, for pp lim Np
mainly post-plasma oxidation is possible. The similarity of the oxygen incorporation in
the coating suggests that even for the plasma polymerization with air as ionization gas, a
significant contribution to the oxygen content in the coating is due to post-plasma oxidation
and only a small fraction is from in-plasma reactions.

To validate the hypothesis of the formation of oxygen-containing groups mainly via
post-plasma reactions and to understand the formation mechanism of nitrogen-containing
groups, the XPS detail spectra were analyzed.

Figure 7 shows the XPS C 1 s high-resolution spectra of homo-polymerization of lim
deposited using air or N; as ionization gas. Moreover, the detail spectra of pp lim and
pp lim N are quite similar, which indicates that the same carbon-oxygen functions are
present with similar relative fraction. The peak at 285.0 eV is assigned to C-C and C-H
bonds. The peak with a binding energy of 286.5 eV can be assigned to C-O, at 287.7 eV to
O-C-O or C=0, respectively, and at 288.7 eV to COOR [49]. The fraction of C-C and C-H
bonds in the C 1 s peak is 57% for pp lim N, and 60% for pp lim. For pp lim N, mainly
post-plasma oxidation is possible, but still the same functional groups are formed with
similar content. The qualitative and quantitative similarity of the C 1 s detail spectra seems
to indicate that the carbon-oxygen groups are formed by a similar formation mechanism
via post-plasma reactions. This appears to be true even when air is used as ionization gas.
The relative content of ca. 5% of COOR groups in the pp lim N, shows that even these
strongly oxidized groups can be formed by post-plasma oxidation.

Figure 8 shows the N 1 s XPS detail spectra of lim deposited using air or N; as
ionization gas. Both spectra for pp lim and pp lim N, have a broad peak in the range
from 398 to 402 eV. This range can be assigned to numerous nitrogen-containing groups
such as amide, amine, nitrile, imine, oxime, etc. [50,51]. The peaks at a higher binding
energy > 402 eV are characteristic for strongly oxidized nitrogen compounds. The signal
at a binding energy of 406 eV can be assigned to a NO, group and at 408 eV to a NOs
group [51]. The relative fraction of NO, and NOj; groups in comparison to less oxidized
nitrogen compounds is significantly higher for pp lim (49%) than for pp lim N; (5%). The
higher fraction of NO, and NOj3 in pp lim can be related to the different ionization gases.
Only when air is used as the ionization gas, nitrogen oxides are present in the plasma as
detected by OES [52] This probably explains the high NO, and NOj content in pp lim
which becomes incorporated by in-plasma reactions. While in-plasma reactions seem to be
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mostly relevant for NO, /NO; formation for pp lim, for pp lim Nj it could be in-plasma
reactions (from oxygen diffusion or impurities) or post-plasma reactions.
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Figure 7. C 1 s high-resolution XPS spectra and percentage of the different binding energies of pp lim
(lim flow rate of 10 g h™1) deposited using (a) air; (b) N, as ionization gases.
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Figure 8. N 1 s high-resolution XPS spectra of pp lim deposited at a lim flow rate of 10 g - h~! and
(a) air and (b) nitrogen as ionization gas.
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PP lim and pp lim N have a comparable tendency to incorporate carbon-oxygen
groups via post-oxidation; therefore, it would also be expected for the formation of NO,
and NOj groups. Since this is not determined, it appears reasonable that for pp lim N,
post-plasma reactions are not likely and therefore impurities and minimal diffusion of
oxygen lead to the in-plasma formation of NO;/NOj. The qualitative and quantitative
dissimilarity of the peak at 408-404 eV for pp lim is then related to the different oxygen
concentrations in the plasma.

In summary, for the homo-polymerization of lim, post-plasma reactions seem to be
important for oxygen uptake and in-plasma reactions for nitrogen uptake.
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Now we will focus on the role of in-plasma and post-plasma reactions in the copoly-
merization process. Specifically, we study the formation of the C=0 and the NO; groups in
the co-p.

For this purpose, the FTIR spectra of the co-p deposited with a varying lim flow rate
were analyzed with respect to the relative amount of NO, and C=0 (Figure 9). Based on the
analysis above, we took the absorption feature of the stretching mode of NO, at 1550 cm !
as a marker for the in-plasma reactions and those of C=0 at 1710 cm ™! as a marker for
post-plasma reactions. The absorption of CHj at 1380 cm ™! is taken as a marker for the
non-oxidized groups. The NO, and C=O absorption intensity is referenced to the CH3
group. This is a simple attempt to understand the influence of the lim flow rate on the
in-plasma and post-plasma reactions. Figure 9 shows a decreasing C=0/CHj ratio with
increasing lim flow rate. This is explained by a decrease in C=O content in the coating
by the fact that at a high mass flow rate, less plasma energy per molecule is available. As
a result, there are less reactive species (e.g., radicals) in the newly formed plasma co-p,
which tend to post-oxidize and to form C=0 groups. For the in-plasma formation of NO,
groups, an opposite trend compared to the C=0 groups is observed. The NO, /CHj ratio
(black curve) increases with the increasing flow rate of lim. This can be explained by the
fact that the NO; groups are formed by in-plasma reactions and the energy-demanding
formation of radical sites in the coating for post-plasma reactions is of less importance.
We attribute the increase in NO; fraction to the fact that at high lim flow rates the plasma
energy per molecule is lower, which can reduce the decomposition and further oxidation of
the reactive NO; group.
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Figure 9. Peak maximum ratios of FTIR absorption of CH, C=O and NO, stretching mode at an
HMDSO flow rate of 10 g-h~! and different lim flow rates.

4. Conclusions and Summary

Plasma co-polymerization with an organosilicon (HMDSO) and organic (lim) precursor
using an APPJ operating with air was investigated for the first time. The co-p contains
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characteristic functional groups arising from both precursors. The functional groups of the
co-p are C=0, NO, 3, siloxane and aliphatic groups. We observed that in co-polymerization
with an APP]J, the flow rate of lim is an important parameter for tuning the structure and
composition of the co-p. The effect of co-polymerization on the formation mechanism of
the functional groups was studied in more detail.

XPS and FTIR analysis indicate that the addition of lim leads to a higher proportion of
carbon-containing groups bonded to the Si atoms. This is related to the incorporation of lim
fragments into the siloxane network and weaker fragmentation of HMDSO. The strong shift
of the Si-(CH3)y(x=1-3) stretching mode with increasing flow rate of lim indicates that the
weaker fragmentation of HMDSO is the main mechanism for the increase of silicon-bonded
carbon atoms. Moreover, the 5i-O-Si stretching mode of the co-p is red shifted at a high flow
rate of lim in comparison to homo-polymerized HMDSO. This indicates that the addition of
lim during co-polymerization results in a “silicon suboxide network”-like structure instead
of a “cage”-like structure obtained when HMDSO is homo-polymerized.

The FTIR and XPS analysis of the formation mechanism of C=0 and NO,,3 groups
show that the C=0O groups are mainly formed by post-plasma reaction and the NO, 3
groups are mainly formed by in-plasma reactions. The relative role of in- and post-plasma
reactions can also be influenced by the lim flow rate during co-polymerization, to favor the
formation of NO, or C=0 groups.

The post-plasma reactions have a significant influence on the composition of the
coating, as shown in particular by the high oxygen content of 23 at.-% of pp lim Ny. Post-
plasma reactions occur between the coating and the surrounding atmosphere. This could
indicate that a more precise control of the atmospheric conditions might be beneficial for
atmospheric plasma coating processes in industrial applications. Further studies are needed
to better understand the influence of different atmospheric conditions such as temperature
and humidity.

The study shows that co-polymerization with an APP] allows one to synthesize coat-
ings with functional groups originating from an organic and an organosilicon (inorganic)
precursor. The flow rate of the organic precursor in the mix was found to be very effective
in tuning the network structure and the quantity and quality of functional groups such as
NO, /3 or C=0. Such deposition processes might therefore be of particular interest for the
synthesis of flexible barrier coatings with good adhesion properties.
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