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Abstract: The deposition of protective coatings on aluminised polymer substrates by a plasma
enhanced chemical vapour deposition PECVD technique in a plasma reactor with a volume of 5 m?
was studied. HMDSO was used as a precursor. Plasma was sustained in a capacitively coupled
radiofrequency (RF) discharge powered by an RF generator operating at 40 kHz and having an
adjustable output power up to 8 kW. Gaseous plasma was characterised by residual gas mass
spectrometry and optical emission spectroscopy. Polymer samples with an average roughness of
approximately 5 nm were mounted into the plasma reactor and subjected to a protocol for activation,
metallisation and deposition of the protective coating. After depositing the protective coating,
the samples were characterised by secondary ion mass spectrometry (SIMS) and X-ray photoelectron
spectroscopy (XPS). The combination of various techniques for plasma and coating characterisation
provided insight into the complex gas-phase and surface reactions upon deposition of the protective
coatings in the industrial-size plasma reactor.

Keywords: plasma-enhanced chemical vapour deposition (PECVD); hexamethyldisiloxane (HMDSO);
industrial-size plasma reactor; capacitively coupled radiofrequency (RF) discharge; optical emission
spectroscopy (OES); time-of-flight secondary ion mass spectrometry (ToF-SIMS); X-ray photoelectron
spectroscopy (XPS)

1. Introduction

Plasma-enhanced chemical vapour deposition (PECVD) is a popular technique for the deposition
of thin films, including protective coatings. Over 8000 scientific papers with a keyword PECVD have
been published, including 400 papers in 2018. Although the technique was commercialised decades
ago, it is still of high scientific importance despite its simple basic concept: a gaseous precursor is
introduced into a processing chamber where it is weakly ionised and partially radicalised under plasma
conditions, and the resultant reactive species condense on the substrate and thus cause growth of a
solid film. Traditionally, the processing takes place in a vacuum chamber, but the current trend is
applying atmospheric-pressure discharges [1] due to their obvious advantage: they are much cheaper
than their vacuum counterparts.

For the deposition of Si-containing films, various precursors can be used [2—4], one of the most
popular of which is hexamethyldisiloxane (HMDSO). It is used for the deposition of various coatings
ranging from polymers to almost pure SiOy films [5,6]. HMDSO is liquid at atmospheric pressure, but
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the vapour pressure is rather large (approximately 50 mbar at room temperature); therefore, it is suitable
for introduction into a processing chamber via a leak valve or a gas flow controller. Non-equilibrium
gaseous plasma is sustained in the processing chamber, and free electrons (whose temperature is on of
the order of 10,000 K) cause radicalisation and ionisation of the precursor. Plasma is often sustained
by high-frequency discharges of rather low power density. In a typical industrial reactor, the power
density is on the order of kW/m?>. The reactive species diffuse inside the chamber and eventually
reach the surface, where they stick at a certain probability. The substrates are often activated prior
to deposition to improve the adhesion of the coating. Depending on plasma parameters, coatings of
various properties are deposited.

One extreme is a coating resembling polydimethylsiloxane. Such a coating is obtained at a very
low power density (to preserve the original composition of HMDSO) and with almost no other gases
present. The other extreme is a thin film of silicon dioxide that grows when an oxygen-containing gas
is present in the chamber. Water vapour is usually in chambers, and, occasionally, a small amount
of oxygen is intentionally added to favour the formation of almost pure SiOy. In between these two
extremes, numerous types of coatings are obtainable depending on the processing parameters. The flux
of radicals onto the surface (and thus the deposition rate) obviously increases with increasing pressure
and power density. At elevated pressure (more than approximately 10 Pa), the radicals, however,
start to agglomerate in the gas phase, so the coating becomes grainy, which is often regarded as
detrimental in industrial systems. If the power density is elevated, the dissociation of the precursor
is comprehensive; therefore, carbon atoms or even dimers may be incorporated into the SiOy film,
making it less transparent, which is also a major obstacle in such systems. Another obstacle is plasma
uniformity—the dissociation and ionisation events are more intensive next to the electrodes, so the SiOy
film is deposited primarily onto the electrodes instead of on the substrates. The tuning of discharge
and plasma parameters therefore represents a challenge that has been the focus of scientific study for
decades. Only a recent literature survey is presented here.

Mitschker et al recently presented a good summary on the formation of protective coatings
(see the references in paper [7]) and stressed the influence of oxygen admixture on the barrier
properties of deposited films. He also reported beneficial results using HMDSN instead of HMDSO.
Another rather complete paper on coatings prepared by PECVD using HMDSO was published recently
by Prykril et al. [8]. They found an immeasurably low coefficient for oxygen permeation for a polymer
foil coated with a SiO; layer. They also investigated the brittleness of the glassy coating and stressed that
SiOy must be deposited primarily on a low-swellability polymeric foil and that, due to its brittleness, it
must immediately be laminated with another foil to prevent mechanical damage. M. Cavalcante dos
Reis [9] reported interesting results on properties of coatings on dental materials. Various discharge
parameters were used to obtain coatings with appropriate properties. This paper represents an
interesting application in the niche characterised by a high value-added product. An interesting
approach to the deposition of SiOy coatings was adopted by Brochhagen et al. [10]. Instead of using a
continuous supply of precursor, they pulsed small doses of HMDSO into the reaction chamber and
used oxygen or argon plasma for transformation of the extremely thin polymer film created on the
surface at each HMDSO pulse into a silica-like protective coating. This approach led to the formation
of S5iOy films free from carbon or Si-OH groups with a very high (for industrial standards) deposition
rate of approximately 1 nm/s. Scalability might be questionable since inductively coupled RF plasma
in H-mode was applied. Pandiyaraj et al. [11] reported a DC plasma source for the rapid deposition
(approximately 1 nm/s) of SiOy films using a mixture of HMDSO and oxygen at a total pressure of 20 Pa.
They found an interesting evolution of the film morphology as a function of discharge parameters.
The initial stages in the nucleation and growth of SiOy, films on model substrates were elaborated by a
team from Paderborn and Bochum [12]. Unlike most studies, they used oxygen as a major gas with
a small admixture of HMDSO. Experiments were performed in a pulsed microwave plasma reactor
at 25 Pa. The group also reported a numerical value of the O-atom flux onto the surface in order to
explain the surface reactions in a rather quantitative manner. The key observation was a high density
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of defects, which was attributed to the incorporation of oxidised aliphatic fragments into the SiOy
network and/or the deterioration of the plasma-induced crosslinking of adsorbed HMDSO fragments.

Atmospheric pressure discharges have also been used for deposition of such coatings from HMDSO.
Gas-phase and surface effects were studied both theoretically and experimentally. Among recent
papers, D. Loffhagen et al. [13] applied a time-dependent, spatially one-dimensional fluid-Poisson
model to analyse the impact of HMDSO admixtures on the discharge characteristics of DBDs in
argon at atmospheric pressure. They considered a limited number of collision processes relevant
for HMDSO but obtained reasonable consistency with available experimental data. They found that
Penning ionisation due to collisions of HMDSO with metastable and resonance argon atoms becomes
the main source of electron production already for HMDSO fractions >5 ppm. Some attempts have
also been made to coat materials immersed into liquid HMDSO and apply atmospheric-pressure
plasma next to the liquid surface. The most recent paper was published by Pavlinak et al. [14], who
created plasma above liquid HMDSO and successfully coated Teflon tubes with a thin film resembling
polydimethylsiloxane. Obviously, such treatments cannot be used for the deposition of SiOy coatings.

Thin films containing Si, O, C and H are suitable for numerous applications. Traditionally, these
films have been used as hydrophobic and flexible protective coatings on products exposed to harsh
environments. A thin PDMS film is an effective coating to prevent corrosion of metals [15]. It is also a
classic textile coating able to ensure the super-hydrophilic properties of textiles [16]. More recently,
it has been used as a scaffold for tissue engineering and similar biomedical applications [17-19],
including microfluidic systems [20,21]. A comprehensive review of recent applications was reported
by Edouk et al. [22].

Only recent achievements have been cited above. The literature on the PECVD deposition
of protective coatings is extensive, and various authors have reported results obtained in different
experimental setups. Although the technique was commercialised decades ago, the scientific literature
on the kinetics of deposition with HMDSO in industrial-scale reactors is very scarce. The present
paper fills this niche since we report a thorough investigation of film deposition using PECVD with
HMDSO as a precursor in a large-scale reactor that is used for the deposition of protective coatings
on car lamps. Unlike most other authors, we performed experiments under conditions typical for
industrial reactors. In such reactors, the residual atmosphere always plays an important role due to
extensive desorption of gaseous molecules from the surfaces of numerous components mounted inside
the system. Nitrogen, oxygen, carbon dioxide and argon (air constituents) are quickly pumped from
the system by powerful pumps, but water molecules slowly desorb from the polymer components.
The consequence is a rather substantial amount of water vapour in the system throughout the process;
therefore, one should always take into account the effect of water vapour when studying processing
parameters and explaining the interaction of gaseous plasma with solid materials. Another important
difference between experimental systems and large reactors is the power density (discharge power per
unit plasma volume). While it is not feasible to operate experimental reactors at powers below few
10 W per litre (few 10 kW/m™3), the industrial reactors suitable for coating components with a thin film
resembling polydimethylsiloxane operate at power densities below 1 kW/m=3.

2. Experimental

The plasma reactor used in this study is intended for coating polymer components of rather
complex shapes and typical dimensions on the order of 10 cm. The coating procedure is shown
in Figure 1. The reactor was first pumped to a pressure of approximately 1 Pa to evacuate air.
After pumping for approximately 4 min, argon was introduced upon continuous pumping so that a
pressure of approximately 6 Pa was achieved. Plasma was sustained for approximately 3 min to ensure
appropriate activation of the polymer components. Argon was then pumped away, and high-vacuum
pumps were used to establish high-vacuum conditions. As the pressure dropped to approximately
0.02 Pa, aluminium was evaporated, so the polymer components were coated with a thin metal film.
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As soon as evaporation was accomplished, HMDSO was introduced, and the plasma was ignited to
deposit a thin film resembling polydimethylsiloxane (PDMS).

pumping the introduction of Ar plasmain Ar pumping the
system down to »| upon continuous ¥ for palymer » system down to
medium vacuum pumping (6 Pa) activation high vacuum
v
venting the deposition of a introduction of deposition of
system < film resembling [« HDMSO at 6 Pa [« Al film by
PDMSO evaporation

Figure 1. Schematic of the coating procedure.

The experimental system is shown in detail in Figure 2. The plasma reactor was a large chamber of
a cylindrical shape made from steel. The diameter of the plasma reactor was 1.9 m, and the height was
1.8 m. The volume of the reactor was thus approximately 5 m>. The reactor was pumped with a couple
of diffusion pumps with a total nominal pumping speed of approximately 40 m3/s. The fore-pumps
were large one-stage oil rotary pumps with a nominal pumping speed of 1260 m3/h. In between
these pumps, there were a couple of roots blowers with a combined nominal pumping speed of
8800 m>/h to ensure pre-compression of gas before entering the large rotary pump and thus enable an
appropriately low pressure at the exhaust from the diffusion pumps. A cold trap was cooled down
to a temperature of approximately 130 K and represents an extremely powerful pump for pumping
water vapour from the plasma reactor. The nominal pumping speed of the cold trap was 140 m%/s.
HMDSO was introduced into the plasma reactor via a flow controller. The HMDSO container was
kept at a constant temperature of approximately 310 K. There was also an argon flask connected to
the plasma reactor via a flow controller. Plasma was ignited and sustained with an RF generator.
The generator operated at a frequency of 40 kHz and an adjustable output power up to approximately
10 kW. The generator was connected to the RF electrode, which was placed asymmetrically in the
plasma reactor. The dimensions of the electrode were 150 cm X 27 c¢m, so the electrode area was much
smaller than the area of the grounded plasma reactor. The discharge coupling was almost purely
capacitive. The asymmetry caused preferential power dissipation in front of the powered electrode.
The electrode was subjected to ion bombardment, while the bombardment of the grounded housing
was regarded marginal. Samples were mounted on fixtures and kept at floating potential during plasma
treatment. Typical samples were polymeric components. There was a holder of small aluminium
sheets that were heated under high-vacuum conditions by resistive heating to allow rapid deposition
of a thin aluminium film onto the surface of the polymeric samples. Plasma was characterised by a
residual atmosphere gas analyser (RGA, PrismaPlus QMG 220, Pfeiffer Vacuum, Asslar, Germany,
sometimes referred to as mass spectrometry) and optical spectroscopy. The RGA was differentially
pumped using a turbomolecular pump HiPace 700 (Pfeiffer Vacuum, Asslar, Germany) with a nominal
pumping speed of 0.7 m3/s backed with a small two-stage rotary pump with a nominal pumping speed
of 5 m?/h. There was a glass window on the plasma reactor, which was made from steel. An optical
fibre was mounted onto the glass window and connected to an optical spectrometer AvaSpec-3648
(Avantes, Apeldoorn, The Netherlands) to allow the sampling of optical spectra from gaseous plasma
in the wavelength range between approximately 200 and 1100 nm. The transmission of the glass
window was negligible in both the UV and IR ranges.
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Figure 2. Schematic of the experimental setup: 1, plasma reactor; 2, diffusion pumps; 3, roots pumps;
4, large rotary pumps; 5, cold trap; 6, RF electrode; 7, RF generator; 8, Pirani gauge; 9, Al holder; 10,
power supply for Al evaporation; 11, HMDSO container; 12, flow controller; 13, residual gas analyser;
14, turbomolecular pump; 15, small rotary pump; 16, glass window; 17, optical fibre; 18, optical
spectrometer; 19, Argon container; 20, valves; 21, dosing valve; 22, Penning gauge.

Samples were commercial plastic components made from polycarbonate. The samples were made
by injection moulding, and the surface of each sample was approximately 200 cm?. Several samples
were cut into small pieces with a surface area of approximately 1-2 cm? to enable characterisation.
The samples were taken directly from the production line, so no pre-cleaning was performed.
Some samples were first characterised by atomic force microscopy (AFM, Solver PRO, NT-MDT,
Moscow, Russia) to determine their roughness. The average roughness (S;), as determined by AFM,
over an area of 20 um x 20 um was approximately 5 nm or, in terms of root-mean-square height,
Sq=6.5nm. An AFM image is presented in Figure S1 in the Supplementary Materials. The samples
were then mounted into the plasma reactor. The reactor was pumped to a reasonable pressure using
the roots and large rotary pumps. Then, some argon was introduced into the reactor during continuous
pumping, and plasma was sustained in the mixture of argon and residual atmosphere for a couple
of minutes. This treatment was necessary for surface activation of the polymer samples prior to
deposition of any coating. After plasma activation, the valve between the plasma reactor and the
diffusion pumps was opened to reach high-vacuum conditions. The final pumping before depositing
an aluminium coating was also performed with the cold trap. Once a suitable vacuum level was
achieved, a thin film of aluminium was deposited in a short time to prevent significant contamination
of the Al film due to the residual atmosphere. As soon as the Al coating was prepared, the cold trap
and diffusion pumps were separated from the plasma reactor, HMDSO was introduced through the
flow controller, and discharge was turned on to deposit the protective coating. During the introduction
of the precursor, the reactor was pumped only with the roots and large rotary pumps. After depositing
the protective coating, the pumps were separated, the reactor was vented, and the samples were taken
for characterisation.
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Samples with protective coatings were characterised by time-of-flight secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS). In both cases, we used ion guns
for removal of surface layers to obtain depth profiles. We used a ToF-SIMS 5 instrument (ION-TOF,
Miinster, Germany) equipped with a bismuth liquid metal ion gun with a kinetic energy of 30 keV.
SIMS spectra were measured by scanning a Biz* cluster ion beam over an area of 100 x 100 um?.
The beam current was 0.6 pA and the total measurement time to acquire the SIMS spectra was 30 s.
The dose of primary ions during the measurements was in the static regime. The SIMS spectra were
processed with the software SurfaceLab 6.3 (ION TOF).

Some samples were also characterised by XPS. We used a PHI-TFA XPS spectrometer produced
by Physical Electronics Inc. (Chanhassen, MN, USA). The analysed area was 0.4 mm in diameter,
and the analysed depth was approximately 3-5 nm. The sample surface was excited by X-ray radiation
from a monochromatic Al source at a photon energy of 1486.6 eV. High-energy resolution spectra
were acquired with an energy analyser operating at a resolution of approximately 0.6 eV and a pass
energy of 29 eV. During data processing, the spectra acquired from the surface were aligned by setting
the C 1s peak at 284.8 eV, characteristic of C—C bonds. Quantification of surface composition was
performed on XPS peak intensities taking into account relative sensitivity factors provided by the
instrument manufacturer.

3. Results and Discussion

The pressure in the plasma reactor presented schematically in Figure 2 during the entire procedure
for deposition of protective coatings is shown in Figure 3. The reactor was first pumped with the large
rotary pump. When a pressure of approximately 5000 Pa was reached, the roots pump was turned on,
resulting in a knee in the curve at 1 min. The second knee was at approximately 50 Pa when cold trap
was turned on, and the third knee was at approximately 5 Pa when valves to the diffusion pumps were
opened. When the pressure dropped to approximately 1 Pa, argon was introduced, so the pressure
increased to approximately 6 Pa. Gaseous plasma was created in the mixture of Ar and residual
atmosphere to ensure appropriate surface activation. This treatment was accomplished in minute 6,
as indicated in Figure 3. Then, the reactor was pumped with the cold trap and diffusion pumps for
approximately 6 min. When the pressure inside the reactor dropped to a level of approximately 0.02 Pa,
the Al heater was turned on (13 min). Once the Al coating was obtained, the cold trap and the diffusion
pumps were separated, causing an almost instantaneous increase in pressure. HMDSO was then
introduced, so the pressure increased to approximately 6 Pa. After that, the three cycles of the PECVD
process were performed.

100,000 X T T T T T T T T T
. : roots pumps ON Pirani gauge
10,000 '! rd Penning gauge .!
1,000 E activation evaporation ]
} | a cold trap J }
10 5 | ]
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— i\ @ ! " . polymerization 3
= 104 i\ §! Do y
XN A
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I8, Ci ]
012 1+ & \
L I ' L
oo 12ty oY o
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Figure 3. The vacuum levels in the plasma reactor at different stages.
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During the upper procedure, mass spectra were measured continuously. Figure 4 presents the
behaviour of different masses versus time in terms of the ion currents. The gaseous molecules were
partially ionised in the residual gas analyser, and the positively charged ions entered the ion detector
and caused ion currents. Comparison of Figures 3 and 4 reveals important observations that were
crucial for deposition of the protective coatings. During initial pumping, there were essentially ion
currents at only masses 18 and 16. These masses correspond to water and methane, respectively.
The absence of currents at masses 28 and 32 indicated the lack of nitrogen and oxygen, respectively, in
the vacuum chamber, which was explained by two facts: first, the plasma reactor was hermetically
tight, and second, air was pumped much more efficiently than water vapour. The latter was due to
extensive release of water vapour from the polymer samples. The intensity of water was considerably
larger than that of methane, so the residual atmosphere in the plasma reactor practically consists of
water vapour only.
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3 i =2
J 4 —0—16
h b 18

j— - g —v—26

< 1 28

o E 3 <40

= 3 ]

c ] ]

o g ]

S i J

O

§ 0.1 E =

0.01

30

Figure 4. Mass spectrometry of gaseous molecules during all phases of the production process.

When argon was introduced into the reactor, there was an appearance of mass 40 in the spectrum
presented in Figure 4. Simultaneously, as the discharge was turned on, one can observe the appearance
of mass 2, which was attributed to hydrogen. The water vapour was partially dissociated under
plasma conditions to H and OH radicals. H; molecules were probably formed by heterogeneous
surface recombination of H atoms on the wall of the discharge chamber as well on the polymer samples.
Extensive recombination also appeared on the path between plasma and the RGA—this connection
was narrow, thus numerous collisions of gaseous species with the surface of the steel tube appeared.
The recombination coefficients for polymeric materials were rather low [23], but for H atoms on
stainless steel, the probability of surface recombination was close to 0.1 [24]; thus, very few H atoms
created in plasma could enter the RGA. As a result, the Hj signal prevails in Figure 4. Here, it is
also worth mentioning that the sensitivity of the RGA for hydrogen was particularly large, thus no
quantification of results in terms of partial pressure was possible.

During the activation of polymer substrates with argon plasma, a continuous increase in the
intensity of mass 18 (water vapour) was observed (Figure 4). This effect is explained by the heating of
all materials facing the plasma and consequent temperature-stimulated desorption of water vapour.
All other masses in the time range from minute 5 to minute 7 decreased with time. The masses 16, 26,
and 28 were attributed to methane, acetylene and ethylene, respectively, rather than other molecules.
As already mentioned, the reactor was tightly sealed, thus mass 28 could not be attributed to Nj
molecules, let alone Si atoms (the vapour pressure of Si was negligible at room or slightly elevated
temperature).

Argon was introduced into the plasma reactor for 2 min only. When the Ar valve was closed and
the discharge was turned off, mass 40 decreased almost instantly. Features other than mass 18 also
vanished. One conclusion that could be drawn on the basis of this observation is that measurable
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etching of the polymer samples occurred inside the reactor under plasma conditions. Although the
power density was rather small (in the case of Figure 4, the power was 3.5 kW), it was large enough to
cause etching and thus formation of molecules that were not observed during pumping down and
before the plasma was ignited.

Once the discharge was turned off, the mass spectrum showed only water vapour (mass 18).
During operation of the diffusion pumps, the RGA signal of mass 18 decreased by almost an order
of magnitude (note the logarithmic scale of the y-axis in Figure 4). Once the cold trap was open,
the intensity of the RGA peak decreased by another order of magnitude (at 13 min in Figure 4),
which was correlated with the instant pressure drop indicated in Figure 3.

After 14 min, the cold trap and diffusion pumps were hermetically separated from the reactor,
HMDSO was introduced, and the discharge was turned on again. As a result, the RGA spectra became
extremely rich (Figure S2). There were features corresponding to masses 2, 16, 18, 26, 28, 45, 52, 59,
66, 73, etc. The appearance of the peaks at large masses was attributed to various fragments of the
HMDSO molecule. The precursor was thus partially decomposed both in the plasma reactor and in
the RGA ionisation chamber. Any detailed analyses of RGA spectra was impossible since any heavy
mass could be attributed to various molecules. The richness of the spectrum only indicated complex
gas-phase chemistry. The discharge was turned off twice during deposition of the protective coating to
prevent formation of dusty plasma. As explained in the Introduction, radicals tended to interact with
each other in the gas phase, forming clusters that were negatively charged in plasma, thus could not
escape to the surfaces that were also negative against plasma due to differences in mobility between
electrons and ions. The net charge flow on the surface of any object facing plasma should be zero
under steady conditions, thus the plasma should be positive against the walls to compensate for the
very large electron mobility compared to ion mobility.

Mass spectrometry was therefore useful for monitoring the evolution of various molecules that
were either created in gaseous plasma and stable enough to enter the RGA or created in the ionisation
chamber of the RGA itself. An insight into the rather short-lived radicals that were created in the
plasma was, however, obtainable from Figure 5, which presents optical spectra arising from the plasma
during deposition.
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Figure 5. An optical spectrum of gaseous plasma during the deposition phase.

Figure 5 presents a typical optical spectrum during introduction of HMDSO (from minute 15
onward). Unlike the mass spectra in Figure 4, the optical spectrum in Figure 5 is extremely simple.
One can observe lines that corresponded to radiative transitions from excited hydrogen atoms to the
first excited state—the Balmer series, where the most intensive emission lines were the alpha and
beta lines at 656 and 486 nm, respectively. There was also a peak corresponding to the CH radical.
This observation was consistent with the mass spectrometry results (Figure 4), which indicate the
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presence of a variety of molecular fragments. Optical spectroscopy cannot reveal many-atom molecules
since the radiative transitions from such molecules form a continuum. Nevertheless, the appearance of
the CH peak at 431 nm revealed fragmentation of the original precursor to CH, radicals under plasma
conditions. This result is consistent with the generally accepted theory that weakly ionised plasma
causes decomposition of HMDSO by subtracting methyl radicals. The large intensity of radiation
arising from H atoms can be attributed to either dissociation of water vapour or subtraction of H atoms
from the original precursor. The oxygen line at 777 nm was absent, which could be explained by either
the poor density of O atoms in the deposition phase or low electron temperature. Both explanations
are feasible, as became evident by monitoring the properties of the films deposited on sample surfaces
upon performing PECVD with HMDSO.

Figure 6 presents a typical XPS depth profile of a polymer sample characterised after completing
the entire production cycle, i.e., activation, metallisation and deposition of the protective coating.
The substrate was composed of carbon only (XPS is not sensitive to hydrogen). There was a broad
interface between pure carbon in the rightmost part of the depth profile and aluminium. The rather
large concentration of oxygen at this interface was explained by successful functionalisation of the
polymer surface during the activation phase (minute 5 to minute 7 in Figure 4). This functionalisation
could not occur due to any interaction of argon or water vapour with the surface of the polymer
material. Formation of the oxygen-rich interface between the polymer substrate and aluminium film
was obviously due to plasma conditions, but a detailed explanation is not straightforward, as one
should take into account various mechanisms.

100
90
80
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60
50
40
30
20
10

Atomic concentration [%]

0 20 40 60 80 100 120 140 160
Depth [nm]

Figure 6. The XPS depth profile of the protective coating on a polymer substrate.

One method for functionalisation of a polymer surface with oxygen functional groups is irradiation
with hard UV radiation and subsequent exposition to an oxygen-containing gas. A review of such a
method is published recently [25]. Radiation causes bond breaking in the surface layer of the polymer,
thus increasing the affinity for oxidation. The radiation in our case arose predominantly from hydrogen.
There were two H lines in the optical spectrum marked as Hy and Hp arising from transitions from
the second and third excited state, respectively, to the first excited state. The transitions to the ground
state (which appear in the hard UV range of spectrum) were not visible, but they were much more
intense than the transitions to the first excited state. According to Fanz et al. [26], the transitions
to the ground state are at least an order of magnitude more intensive than those to the first excited
state. The radiation arising from the transition from the first H-atom excited state to the ground
state appeared at a photon energy just over 10 eV, and such photons were effectively absorbed by the
surface film of the polymer, thus breaking bonds. The dangling bonds then interacted with the water
vapour, which was, according to Figure 4, the major component of the residual atmosphere. The water
partial pressure could not be determined accurately from the measured ion currents, but, in a rough
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approximation, we could account for the pressure inside the reactor before introducing argon into the
system. Figure 3 reveals that the pressure was approximately 1 Pa at this stage of the process. At a
pressure of 1 Pa, the density of water molecules in the reactor was as high as 102 m~3, which was
calculated using a general gas equation:

p=nxkxT, (1)

where p is the pressure, 7 is the density of molecules, k is the Boltzmann constant and T is the absolute
temperature. The flux of gas molecules onto the surface is

1
j=gxnx), 2)

where <v> is the average velocity of thermal motion (approximately 600 m/s for H,O molecules). If all
molecules interacted with dangling bonds on the polymer surface, a monolayer of oxygen would form
in less than a second. Therefore, there were enough oxidative species to ensure rich functionalisation
of the polymer surface prior to deposition of the aluminium film, even though the activation was
performed under vacuum condition.

An alternative technique for functionalisation of a polymer surface is dissociation of water
molecules into H and OH radicals. This technique is particularly useful for plasma activation of
materials that release a large amount of water vapour, for example, textiles [27]. In fact, water vapour is
always present in low-pressure reactors and significantly influences the surface finish of plasma-treated
polymers [28]. OH radicals are renowned oxidants and interact with the polymer surface to form
polar functional groups. Evidence for H,O dissociation under plasma conditions is shown in Figure 4.
The mass spectra were rich in Hy molecules, and their appearance was attributed to the dissociation
of water molecules and subsequent association of H radicals into Hy, molecules. The dissociation
may occur by either electron impact or interaction with a metastable Ar atom. Therefore, there
were at least two mechanisms that ensured successful formation of oxygen-rich functional groups
on the surface of the polymer: (1) formation of dangling bonds on the polymer surface due to
irradiation with hard UV radiation and oxidation of this modified polymer with water vapour; and
(2) dissociation of water molecules under plasma conditions and interaction of OH radicals with the
polymer surface. Unfortunately, the techniques adopted in this study did not allow differentiation
between the mechanisms, thus it was not possible to state the prevailing one. Regardless, the high
concentration of oxygen at the interface between the polymer substrate and the aluminium film, as
evidenced by the XPS depth profile (Figure 6) was explained by the presence of water vapour in the
plasma reactor during the activation step.

The broadness of the interface was probably not due to penetration of oxygen deep into the
polymer substrate but rather to its roughness. As mentioned above, the industrial polymer samples
exhibit a roughness of approximately S, =5 nm (Sq = 6.5 nm), which is reflected in Figure 6 as the
broad interface. The oxygen-rich layer spans between approximately 70 and 120 nm in Figure 6. On top
of this layer, there is a film of aluminium. The aluminium film is almost free from other elements
due to the rapid deposition. Nevertheless, one can observe a measurable amount of oxygen (perhaps
5 at.%) in the aluminium film in Figure 6, which was due to the water vapour-rich residual atmosphere.
The water molecules absorb on the freshly deposited aluminium and form AlO, compounds. If the
deposition occurred in a very short time or if the water concentration were negligible during aluminium
deposition, the Al film would have been free from oxygen. These conditions, however, cannot be
ensured in industrial reactors.

On top of the Al film in Figure 6, there is another layer rich in oxygen followed by a thin film of
the protective coating. Again, the broad interface was attributed to the sample roughness. The rather
large amount of oxygen in this interface was attributed to the fact that the deposition using HMDSO
does not start immediately after completing Al deposition, so there is enough time for the formation
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of an oxide film on the freshly deposited aluminium surface (see the discussion on molecular fluxes
above). Figure 7 shows the stack of Al 2p spectra obtained during XPS depth profiling of the layered
structure of the sample. It can be seen that the spectra from the first Al-layer interface had a peak at a
binding energy of 74.0 eV, meaning that Al-oxide was formed on the top of the Al-layer. The Al 2p
spectra from the central part of the Al layer had a peak at a binding energy 71.8 eV related with Alin
its metallic form. At the interface between the metallic Al and the polymer substrate, the Al 2p spectra
again had peak at a binding energy of 74.0 eV, indicating that Al-oxide was formed in the first stage of
deposition of the Al-film. The results presented in Figure 7 therefore clearly confirm partial oxidation
of the Al film at both interfaces. This thin film of oxide on the surface of the aluminium coating was
beneficial for adhesion of the protective coating since the surface energy (and thus wettability) of
oxides is generally higher than that of pure metals.
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Figure 7. Al 2p spectra obtained during XPS depth profiling of the deposited sample.

The uppermost protective coating in Figure 6 contains silicon, oxygen and carbon. This observation
was explained by partial dissociation of HMDSO under plasma conditions. Radicals were formed from
the precursor, and the molecular fragments adsorbed onto the substrates, forming a layer composed of
Si, C,H and O. The radicalisation led to formation of the CH, and H radicals, wich was evident from the
optical spectrum shown in Figure 5. The mass spectra (Figure 4), however, revealed very rich plasma
chemistry upon depositing the protective coating on freshly metallised polymer substrates. Since water
vapour was present during the PECVD process (see Figure 4), the OH radicals might interact chemically
with the freshly adsorbed layer of precursor radicals, forming SiOy, as explained above for the case of
surface activation of the polymer substrate and oxidation of the topmost aluminium film.

The depth profile in Figure 6 shows only a rough composition of the silicon-rich film and
does not reveal much about the structure. To obtain insight into the structure of the protective
coating, we also acquired high-resolution XPS spectra and performed SIMS characterisation. Figure 8
shows high-resolution spectra acquired on the surface of a sample coated with the protective coating.
The selected range of binding energies corresponded to silicon, oxygen and carbon. The silicon
XPS peaks were at a binding energy of 102.3 eV. This binding energy was representative of C-Si-O
bonds. The absence of a peak at 103.5 eV revealed that there was practically no SiO, molecules; rather,
the topmost layer was a plasma-polymerised film of C-5i-O, which should offer good corrosion
protection to the Al-metallisation layer [29]. As mentioned above and elaborated by Prykril et al. [8],
the carbon-free coating obtained by PECVD using HMDSO was extremely fragile and tended to crack.
The polymer-like coating with an appropriate structure, as revealed in this work, was more flexible than
the carbon-free coating and is thus useful in many applications. Figure 8 also shows the high-resolution
oxygen O 1s spectrum with peaks at 532.7 eV. This binding energy is often related to C-Si—O bonds,
thus the result is consistent with the position of the Si peak. Finally, the carbon C 1s XPS spectrum is
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also shown in Figure 8. The binding energy of this peak was at 284.8 eV, which was assigned to carbon
bonded with hydrogen, silicon or another carbon rather than to oxidised carbon such as O-C=0, C=0,
or C-O. The high-resolution XPS spectra therefore indicated a structure practically free from silica and
carbon atoms bonded to silicon rather than oxygen.
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Figure 8. High energy resolution XPS spectra obtained on the surface of the deposited sample of: (a) Si
2p; (b) O 1s; and (c) C 1s.

Additional information about the structure of the deposited protective coating is available from
an alternative technique for surface characterisation-ToF-SIMS. The spectrum of positively charged
secondary ions emitted from the surface of a sample irradiated with energetic bismuth clusters is
shown in Figure 9 in the mass range of 1-200 amu. The main peaks in this spectrum were at 27.97 (Si*),
42.99 (SiCH3™), 59.03 (SiC,H7 "), 73.05 (SiC3Hg*) and 147.05 amu (SipCsH15*O). These peaks were
actually clusters of the Si—-C-H-O compound that forms the uppermost protective layer. The peaks
were typical of polydimethylsiloxane [30]. The SIMS spectrum shown in Figure 9 is therefore consistent
with the XPS spectra shown in Figure 8. The high concentration of hydrogen in the secondary ion
clusters also indicated the polymer-like structure of the deposited protective coating.
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Figure 9. ToF-SIMS spectrum of positive secondary ions emitted from the surface of the
deposited sample.

A fundamental discrepancy between the processes of plasma activation and deposition of the
protective coating might be observed. As explained above, the gaseous plasma was suitable for
formation of oxygen-rich functional groups on the polymer surface during the activation process
(5-7 min in Figures 3 and 4), however no measurable oxidation of the protective polymer coating
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was revealed from the XPS and SIMS results, as shown in Figures 6-9. This fundamental discrepancy
was explained by the various gas-phase and surface reactions involved. The activation process
was performed using argon plasma and taking advantage of the presence of water vapour to
ensure appropriate surface activation of the polymer substrate. Although the power density was
low, the irradiation with bond-breaking UV radiation and oxidation with OH or H,O molecules
were sufficient to functionalise the substrate with polar groups rich in oxygen. During the plasma
polymerisation step, however, HMDSO molecules were the predominant gaseous species. Compared to
Ar molecules, HMDSO molecules had numerous channels for the loss of electron energy upon collision.
The numerous dissociative collisions effectively lowered the electron temperature in HMDSO compared
to Ar, thus the electrons were not energetic enough to atomise the molecules. The majority of the
available electron energy in the HMDSO plasma was therefore spent on only partial radicalisation of
these molecules. As a result, the main backbone of HMDSO was preserved, thus the protective coating
grew from molecular fragments rather than atoms. Silicon in HMDSO therefore remained bonded to
oxygen and carbon, and this material exhibited much less affinity for oxidation by OH radicals than
the polymer substrate, let alone freshly deposited aluminium. Furthermore, as the electron energy was
spent preferentially on radicalisation of HMDSO, the water vapour was not dissociated to reactive OH
radicals as much as it was in argon plasma, thus the available flux of this highly oxidative radical was
not large enough to cause complete oxidation of the Si—-C-H-O coating and formation of SiO, within
the protective coating.

4. Conclusions

The combination of various techniques for plasma and surface characterisation adopted in this
work provided insight into the mechanisms involved both in the gas phase and on the surfaces of
materials facing plasma upon deposition of an appropriate protective coating onto polymer substrates in
alarge industrial plasma reactor. The reactor configuration enabled appropriate gas composition during
all three production steps: surface functionalisation, aluminization and deposition of a protective
coating resembling polydimethylsiloxane. The activation process was performed with argon plasma.
The lack of electron energy loss mechanisms in argon plasma resulted in preferential dissociation of
water vapour molecules present in the residual atmosphere. The resultant H atoms were excited to
radiative states, providing UV radiation that caused bond breaking in the polymer surface. The OH
radicals enhanced the oxidation of the polymer surface and thus the formation of oxygen-rich functional
groups that endowed the polymer substrates with appropriate surface energy to ensure good adhesion
of the aluminium coating. In the phase of plasma polymerisation of the protective coating, however,
the electron energy was spent preferentially on partial dissociation of the HMDSO precursor. The nature
of the deposited film and lack of highly reactive oxygen-containing radicals enabled preservation of
the C-Si-O bonds and thus formation of a coating resembling polydimethylsiloxane rather than more
extensive oxidation of the protective coating and consequent formation of SiO, clusters in the film,
which was observed by several other authors upon intentionally adding oxygen to HMDSO upon
plasma deposition of protective coatings [6,8,10-12].

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/4/234/s1,
Figure S1: One of the AFM images of the untreated sample. Measurements with AFM were performed on
3 samples at different places. The average roughness was around S, = 5 nm (Sq = 6.5 nm), Figure S2: Mass
spectrometry of gaseous molecules of higher masses during all phases of the production process.
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