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1 | INTRODUCTION

John Fahlteich! |

Jeff T. M. De Hosson?

A hollow cathode arc discharge is used for the roll-to-roll deposition of silicon-
containing plasma polymer thin films on a polymer substrate. It is found that the
fragmentation of the used monomer hexamethyldisiloxane (HMDSO) increases
with increasing plasma power. The higher fragmentation was related to a reduced
hydrogen content as a result of breaking C—H bonds. This allowed for a higher
degree of cross-linking. The latter has a positive effect on the barrier performance of

the coatings. A hollow cath-
ode arc discharge with
separate anode allowed the
deposition of a plasma poly-
mer with a water vapor
transmission rate (WVTR) of
0.16gm *day”' (measured
at 38°C and 90% r.h.) on a
PET substrate while maintain-
ing a deposition rate of ap-

proximately 450 nm m min™".
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explanation was

found for the change in barrier

performance.

Plasma enhanced chemical vapor deposition (PECVD) is an
attractive process that can be used for the deposition of
organic plasma polymer and SiO,-like layers. Deposited
films can be used as barrier for water vapor or oxygen,'~!
as scratch resistance coating™! or they can be used in optical
systems.*! In previous research,”” silicon-containing
plasma polymer films that were deposited using a dynamic
hollow cathode arc discharge PECVD process showed
a water vapor transmission rates (WVTR) of
0.16 gm 2 day™" (measured at 38 °C and 90% r.h.). While
the change of oxygen to HMDSO ratio showed a clear
correlation with the chemical and optical properties, no

Considerable literature is already available on the relation
between the plasma process parameters and the barrier
performance. The influence of the ratio between oxygen and
the monomer ﬂow,[6*8] substrate bias,[6] substrate tempera-
©1 and plasma power input!”'®'? were already
investigated for selected types of plasma. Relevant work
was done by Creatore et al.'*'¥
critical precursors for barrier coatings using high power and
highly diluted HMDSO depositions using a RF plasma.
Zhang et al.">! showed that the oxygen transmission rate of
organic coatings depends on the electrical frequency of the
plasma. In contrast to the literature, this paper will discuss the

ture

on the identification of
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influence of the applied plasma current and power of a DC
hollow cathode arc discharge on the barrier performance of
highly organic coatings.

The high electron density of the hollow cathode as well as
the high energy low voltage electron beam!'® show potential
for efficient ionization and dissociation of the applied
monomer and reactive gas, i.e., for the high-rate deposition
of high-quality films. Several researchers already investi-
gated the deposition of plasma polymers using a hollow
cathode.!"" "1 This paper sets aside of the previous
approaches because they used an RF power supplies without
an additional booster anode. Second, no WVTR values are
given in literature. In this paper, we employ mass
spectrometry and several thin film analysis methods and
propose a complete step-by-step analysis of the relation
between the process parameters and the barrier performance
of the deposited thin films.

2 | EXPERIMENTAL SETUP

The hollow cathodes and booster anodes in the novoFlex®
600 were used for the deposition of silicon-containing plasma
polymer films. General information about the roll-to-roll web
coater has been described elsewhere.*! A schematic
representation of the PECVD chamber is shown in Figure 1.
To the left, the hollow cathode unit is located which is
equipped with a molybdenum cylinder that functions as
cathode and an annular graphite ring being the anode. Argon
is purged through the cathode and anode. An additional coil is
wound at the right side of the unit which can be used to
generate an axial magnetic field. The booster anode is
made of graphite and is mounted in a copper mount. Both the
hollow cathodes and booster anodes are operated in DC-mode
using a current driven power supply. These systems uses a
feedback loop that regulates the voltage in order to keep the
current constant. Therefore, in this specific setup, the plasma

Cooling drum

MS «— Yy
&4 \—-/Substrate

Hollow cathode %ooster

unit anode

HMDSO + O,

FIGURE 1 A schematic representation of the hollow cathode PECVD
deposition geometry

resistivity has a direct effect on the applied voltage and
therefore the applied power.

Several parameters are available to change systematically
the plasma resistivity, i.e., allowing a change in the applied
power without changing the applied current. Since the plasma
resistivity directly depends on the collision frequency,**! it
can be influenced by process parameters which have a direct
effect on the particle density. The two effective methods to
decrease the particle density are the reduction of the process
gas flow and the reduction of the axial magnetic field. The
latter influences the electron distribution between the hollow
cathode and separate booster anode*'! and therefore
influences the electrical properties of the plasma.

The coatings were produced at a constant oxygen to
HMDSO ratio, equal to two. The HMDSO flow was varied
between 125 and 1000 sccm for the mass spectrometry
analysis but was fixed at 125 sccm for the thin film analysis.
The substrate was a PET polymer film (Melinex 401 CW,
75 pm thickness) with 650 mm width. Unless mentioned
otherwise, the web speed was set at 1 m min~"'. The analyzed
samples were taken out of the center of the substrate. Booster
anode current, axial magnetic field (varied by modification of
an electric coil current between 4 and 10 A), and the argon
flow in the reaction chamber (250-500 sccm) were varied to
obtain changes in the plasma resistivity. The cooling drum
was actively cooled to remain at a constant temperature of
0°C. During the deposition, both the applied electrical
current and voltage were measured. In the following, the
current and power are referred to as I and P with subscripts
BA and AA for booster anode and annular anode,
respectively. To allow a comparison with other deposition
systems, the power will be given as W per sccm of HMDSO.
This is in accordance to the Yasuda factor'*?! which describes
that the applied power divided by the product of the monomer
mass and flow is an important quantity for the comparison
between different PECVD processes.

To analyze the plasma, a QMG 220 Mass Spectrometer
from Pfeiffer Vacuum was connected to the reaction
chamber. The mass spectrometer analyzes fragments with a
mass between 1 and 100 amu. At least five spectra were taken
for each sample and the average spectrum was used for the
evaluation.

After deposition, the WVTR was measured at 38 °C and
90% r.h. using a coulometric water vapor permeability tester
(WDDG, Brugger Feinmechanik). The effective measurement
area was approximately 80 cm”. The chemical composition
was analyzed using X-ray photoelectron spectroscopy (XPS)
and glow-discharge optical emission spectroscopy (GD-OES).
Before performing the XPS measurements, 20 nm was etched
away using an argon plasma (4keV) to remove surface
contamination. After etching, XPS measurements were
performed using a 12kV Mg-ka X-ray beam and a Phoibos
100 MCD hemispherical analyzer. Afterwards, a quantitative
evaluation of the silicon, carbon, and oxygen content was
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executed. Because Rzeznik et al.””*! showed that preferential
sputtering influences the calculation of the composition after
ion bombardment with argon atoms with energies up to
30keV, XPS measurements were performed at 10 and 20 nm
depth for one of the samples to check whether preferential
sputtering influenced the measurements. A slight decrease of
carbon and a slight increase of oxygen were observed.
However, all within +3 at%. This indicates that preferential
sputtering can be neglected here and that the pre-cleaning step
does not falsify the results.

GD-OES measurements were performed using a GD
Profiler 2 (Horiba Scientific) in RF Plasma mode with argon
as a process gas. The plasma was additionally pulsed to
minimize the thermal load on the samples. The transition
from coating to substrate was derived from the silicon signal
reaching to zero in the substrate. The top and bottom part of
the coating were taken out of the quantitative analysis to
avoid interface and surface absorption and diffusion effects.
The middle part was used to calculate the average hydrogen,
silicon, carbon, and oxygen signals. Quantitative GD-OES
analysis was not possible because the hydrogen is known to
influence the emission spectra.”?*! However, the intensity of
the hydrogen line was analyzed to give a qualitative
estimation of the hydrogen content. The normalized hydrogen
content was calculated by

J H[V]
JH[V]+[CVI]+[O[V]+[SilV]

(1)

In this equation, / X [V]represents the averaged signal in
the bulk of the coating of element X.

The chemical bonds in the samples were analyzed using
attenuated total reflectance Fourier transformed infrared
(ATR-FTIR) spectroscopy. A Spectrum 2000 (Perkin Elmer)
FTIR spectrometer was used. An ATR add-on with a
germanium crystal was employed to limit the penetration
depth between approximately 760 and 1260 nm for the
analyzed domain. Since the thin films were usually smaller, it
should be realized that part of the PET substrate is also
measured.

X-ray reflectometry (Bruker Discover D8) was applied to
estimate the mass density of the deposited films by measuring
the X-ray reflection between 0 and 2°. The measurement
curves were fitted using the Gen-X software.*> The XPS
data were used for the conversion of the electron density into
the mass density. The error due to the lack of quantitative
hydrogen data was described in previous research.!

3 | RESULTS

Multiple samples were produced with a constant /g, of
2.4 Ascem™ HMDSO. The pressure in the chamber was
measured between 0.07 and 0.1 Pa during the experiments.
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FIGURE 2 The WVTR (at 38 °C and 90% r.h.) of the thin films

coatings is plotted as a function of the applied power per unit of monomer
between the hollow cathode and the annular anode (Paa,)

The applied voltage was varied using different parameters as
described in the experimental part. WVTR’s were measured
between 0.16 and 6.3 g m™> day ™. This shows that there is no
correlation between the applied current and the barrier
performance. To analyze the relation between functional
properties and the applied power, the barrier performance was
also plotted as a function of Paa and Pga. These results are
shown in Figures 2 and 3, respectively. The vertical axis
shows the Water Vapor Transmission Rate in gm™2day™"'
(measured at 38 °C and 90% r.h.) whereas the horizontal axis
shows the applied power divided by the monomer flow.

An inverse relation was found between Ps, and the
barrier performance of the coatings whereas a direct
correlation was found between the barrier performance and
Pga- The measured power between the hollow cathode and
the annular anode mostly represents the plasma directly
around the hollow cathode unit and the Py directly applies to
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FIGURE 3 The WVTR (at 38 °C and 90% r.h.) of the thin films

coatings is plotted as a function of applied power per unit of monomer at
the booster anode (Pga,)
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the applied power in the reaction chamber and therefore
describes the plasma that directly influences the fragmenta-
tion and ionization of the monomer and reactive gas before
deposition. The direct relation between Pga and the barrier
indicates that the dissociation of the monomer plays a
predominant role.

As the film thickness of the coating usually plays an
important role in the barrier performance, the coating
thicknesses were analyzed. All coatings have a thickness
between 330 and 510 nm. As all samples were deposited at
1 mmin~", this also indicates that the power influences the
deposition rate. A tendency is shown that for higher coating
thicknesses, the barrier improves. However, for selected
samples, a thickness increase of 20% shows a barrier
improvement from 4 down to 0.25gm™> day. It is also
observed that the sample with the highest thickness (520 nm)
shows hardly any improved barrier performance. The higher
thickness could be a result of a more porous structure which
again leads to the lack of barrier.

To obtain a clear relation between the barrier performance
and the barrier film thickness, several samples were made
while keeping the plasma constant while changing the web
speed. The result is shown in Figure 4. Up to 150 nm film
thickness, a steady decrease of the WVTR is observed.
However, above this thickness, only slight improvements are
observed. As all the film thicknesses investigated within this
paper were between 350 and 510 nm, no changes in the
barrier performance are expected as a result of the WVTR.
This clearly indicates that the barrier performance was not
influenced by the coating thickness.

3.1 | Fragmentation of HMDSO

Mass spectrometry showed a variety of peaks between 1 and
100 atomic mass units (amu) which can be assigned to
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FIGURE 4 The WVTR (measured at 38 °C and 90% r.h.) of the coated
films was plotted as a function of the film thickness. The thickness was
varied by changing the web speed of the substrate. The dashed line
indicates the WVTR of the bare PET substrate

HMDSO fragments and the process and reactive gas. Figure 5
shows a spectrum from one of the samples where selected
peaks are assigned. The spectrum was taken at a low power
per sccm HMDSO to make the peaks above 50 amu clearly
visible. For the evaluation of the spectra, the observed peaks
were divided into two groups with masses below and above
50 amu as indicated by the dotted line. The first group is
assigned to single molecules and small groups (e.g., O,
argon, C, H,0, Si*) which are a result of oxidation reactions
and hydrocarbon chemistry.”?®! The latter group represents
larger fragments which can be assigned to intermediate
products of the HMDSO molecule as described in litera-
ture.”””! In our spectra, peaks were found for SiOC,Hsg,
SiO(CHj;), Si,O(CHj3),, Si(CH3),), and Si,OH. As a measure of
the dissociation of the HMDSO molecule, the sum of the peaks
of the fragments with masses below 50 amu were divided by the
sum of the peaks above 50 amu.

The dissociation was found to correlate with the
following parameters:

Acso Ppa
o(_1BA

A-s QHMDSO) X Opa arxQo, (2)

In this equation, Pga represents the Booster Anode
Power, Q represents the flows of HMDSO, the argon through
the booster anode and oxygen. The measured dissociation
was plotted against Equation (2) in Figure 6.

The first part of Equation (2) represents the applied power
per unit of monomer which is consistent with the findings by
Yasuda.'?*! The influence of the fragmentation of oxygen was
also observed by Li.*® The increase of argon results in a
higher pressure, which increases the collision rate and
therefore is thought to have a positive effect on the
dissociation of the HMDSO. The value for a was chosen

5E-9 :
. (0] |
H, Ar |
4E-9 — :
< 7 Si i
€ 3E-9 — \
o _ . .
5 1 S1L,O(CH,),
© 2E-9 — :
5 1l HO ! Si(CH.)
o \ i
1E-9 — j\}\l\ 5 ™7 Si(CH,),
0 LIV LJIM A AN |
0 20 40 60 80 100
Mass [amu]
FIGURE 5 A typical mass spectrum for a deposition with a low power

per unit of monomer. Peaks at the left part of the dashed line are mainly
assigned to single atoms or small molecules. The peaks at the right side
could be assigned to larger fragments of the HMDSO molecule. The main
peaks are identified in the figure
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between the sum of the peaks below 50 amu and the sum of the peaks
above 50 amu. The dissociation was plotted as a function of several
process parameters as shown in Equation (2)

such that the R-square value between the fit and the data
points was maximized. This maxima was found at a =1.3.
This indicates that the power per unit of monomer has a
higher influence on the dissociation compared to the argon
and oxygen flow.

3.2 | Thin film analysis

So far it was shown that the increased P4 results in a higher
dissociation of the monomer. The deposited films were
analyzed to evaluate how the increased dissociation results in
a better barrier performance. The thin film analysis was
limited to the samples with an HMDSO flow of 125 sccm. For
higher flows, the plasma power per unit of monomer was
found to be not sufficient to improve significantly the barrier
performance of the PET substrate. Further reduction of the
monomer flow as well as further increase of the applied
power was not possible because the heat transfer from the
plasma into the substrate exceeded the critical thermal load of
the polymer substrate.

The plasma analysis shows that the fragmentation of the
HMDSO monomer increases with the applied power. XPS
was used to measure the atomic weight of Si, O, and C for
selected samples with a WVTR between 0.16 and
5gm™2day™". All samples showed a composition with a
Si:0:C contribution of 27:36:37 (+2) at%. No correlation
between the chemical composition and the WVTR was found,
as shown in Figure 7. The measured variation is therefore
related to the measurement error as well as statistical
variation. This indicates there is no significant shift in the
chemical composition from organic to inorganic with
increasing power. Because the XPS measurement showed
no changes, the relative change in hydrogen content was
measured using GD-OES. The WVTR was plotted as a
function of the measured normalized hydrogen content in

silicon at a depth of 20 nm as measured by XPS shown for three samples
with WVTR’s between 0.1 and 5 g/(m*day)

Figure 8. It is seen that the hydrogen content increases with
increasing WVTR. One specimen which did not follow the
trend is the specimen with a hydrogen signal of 0.413 V (open
square). Even though it has the highest hydrogen content it
shows a very low WVTR. This sample will be discussed
later on.

It was described in literature that a higher mass density
usually leads to an improved barrier performance.'”'*! This
relation was checked by measuring the mass density of the
coatings. Figure 9 shows the relation between the mass
density and the WVTR. Even though there is no perfect
correlation, an increased mass density indicates an improved
barrier performance. It should be mentioned that the density
calculation depends on the chemical composition of the thin
film. For the calculation of the mass density, the hydrogen
content is not taken into account. This leads to an
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FIGURE 8 The WVTR (measured at 38 °C and 90% r.h.) of the thin

films coatings plotted as a function of the normalized hydrogen content
(Equation 1) measured by GD-OES
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FIGURE 9 The WVTR (measured at 38 °C and 90% r.h.) of the thin
films coatings plotted as a function of the thin film density measured
using XRR

overestimation of the calculated density (up to 0.08 gcm™).
However, a reduction of the hydrogen content reduces the
overestimation of the density. Therefore, the actual increase
of the mass density with applied power could be even larger.
From the GD-OES and XRR results, it can be concluded that
the lower hydrogen content increases the thin film density.
The hydrogen reduction allows more cross-linking within the
coating. The more dense packed molecules would result in a
higher density of the film.

Our analysis up to this point shows that the increased
power results in higher fragmentation of the monomer and
that less hydrogen present in the deposited films improves the
barrier performance. This reduction could be assigned to the
reduction of Si—H, O—H, and C—H bonds in the coating.
ATR-FTIR was used to analyze the influence from each of
these three bonds.

Figure 10 shows the IR-ATR spectra for selected samples
with the measured water vapor barrier rates between 0.16 and
6.3 gm >day™'. Unless stated otherwise, the other samples
showed similar behavior. The numbers shown in the figure
correspond to the measured WVTR of the samples. For the
coated films, a broad peak is observed between 3000 and
3500 cm™' which is assigned to the presence of O—H
bonds.””®! The black line represents the bare PET which
shows no significant increase between 3000 and 3500 cm™".
Therefore, the influence of the substrate can be ignored in this
domain. The discrepancy between the lines lies within the
measurement error bars and no correlation has been found
between the WVTR and a change in the number of OH bonds.
Figure 10 also shows the peaks from 2800 till 3000 cm™".
These are assigned to the C—H stretching within CH,
groups.[19’30] These peaks are to a large extent overlapped by
the PET structure. Even though it is clear that the coating still
obtains C—H bonds, no conclusions can be drawn regarding
the change of these bonds in a quantitative sense.

WVTR in g/(m*day)

3600 3400 3200 3000 2800

Wavenumber [cm™]

FIGURE 10 IR-ATR spectra between 2800 and 3700 cm™" of several
SiOx samples with WVTR’s between 6.3 and 0.16 g/m>day. The black
line represents the spectra of bare PET

The domain between 2260 and 2095 cm™" was analyzed
for the presence of Si—H bonds.*”! Figure 11 shows this
domain for the same samples as shown in Figure 10. The
black line again represents the bare PET. Also in this domain,
the PET does not influence the measured intensity. The
numbers shown in the graph denote the measured WVTR.
Some spread was found between the different samples.
However, no correlation was found between the presence of
Si—H bonds and the barrier performance. Therefore it is
thought that the deviations are due to insignificant statistical
variations in the coatings.

As a result, the reduction of water content should
probably be assigned to breaking of Si—C and/or C—H bonds.
The characterization of these bonds, which lies in the domain
between 900 and 1500 cm_l, was difficult because the C—H
bonds which are present in the PET are interfering with the
spectra of the samples. However, a significant increase of a
broad peak between 1000 and 1060 cm™" was observed for
lower water diffusion rates. This peak is related to various

0.006
WVTR in g/(m*day)
';:' 0.004
&
o
2
£0.002
2
)
<
0
T I T | T | T I T | T
2000 2050 2100 2150 2200 2250 2300
Wavenumber [cm]
FIGURE 11 IR-ATR between 2000 and 2300 cm™" spectra of several

SiOx samples with WVTR’s between 6.3 and 0.16 g/m*day. The black
line represents the spectra of bare PET
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Si—O0—Si and Si—O—C bond and stretching modes."?*-2!
Therefore, it is most likely that the increased plasma power
results in the breaking of C—H bonds in the HMDSO
molecule. As a result, the Si—O—Si and Si—O—C bonds
are not terminated by hydrogen groups, which allows a
higher degree of crosslinking and the formation of a more
dense structure improving the barrier performance. Similar
relations between the plasma power and the degree of cross-
linking have been found for other types of plasma polymer
films.>!

This explanation is consistent with the fragmentation
of HMDSO as described in literature. 227-*°1 The first
dissociation steps are the removal of CH3 groups and the
breaking of Si—C bonds. The remaining Si-(CHy)x groups
are incorporated in the film. At higher power, these fragments
are fragmentized and the hydrogen may react, e.g., with oxygen
and is pumped away as H,O. The reduction of hydrogen and
CHj; groups allows for a higher degree of cross-linking and
therefore increases the density of the film.

4 | DISCUSSION

The samples discussed in this paper were made during
different deposition runs to make sure that reproduction was
possible. Almost all samples are in good agreement with the
proposed mechanism for improved barrier performance. One
sample, however, deviates from this trend. This sample was
indicated throughout the paper with an open square. The
sample with a low WVTR of 0.16 gm™>day~' shows good
performance, however, it shows a high hydrogen signal as
well as a slightly higher Si—H signal. So far, no clear
explanation has been found for this specimen. Reproduction
of this specific sample has not been possible up to this point.

During the analysis of the thin film properties, no
correlation was found between barrier performance and the
applied current. Because the same current was applied to
the booster anode for most of the analyzed coatings, it could
be argued whether the barrier performance depends on the
booster anode voltage or power. Applying multiple currents
while keeping the power constant leads to drastic differences
in the deposition rate making a comparison between the
coatings more difficult. Even so, changing the applied current
influences the voltage. Since the plasma analysis, which was
measured for a wide variety of applied currents, voltages, and
powers, showed a good relation between the defragmentation
and the applied power, this seems to be the critical parameter.

5| CONCLUSION

This paper concentrates on the influence of electrical
parameters of a hollow cathode-activated plasma with a

AND POLYMERS

separate booster anode on the water vapor barrier perfor-
mance of the deposited silicon-containing plasma polymer
thin films. A step-by-step explanation was given of the
relation between the applied plasma power and barrier
performance for organic plasma polymer films.

The improved barrier performance is due to the increased
density of the deposited plasma polymer film. The higher
density was found to be a result of the reduced hydrogen
content in the films. Since the IR-ATR analysis showed no
correlation between the barrier performance and the O—H or
Si—H bonds, the reduced hydrogen should be a result of the
breaking of C—H bonds. Therefore, sufficient power is
necessary to break C—H bonds in the HMDSO molecule
allowing for the formation of sufficiently dense coatings that
exhibit a low WVTR.
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