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ARTICLE INFO ABSTRACT

Articlf history: This paper shows a study on the variation of the flow ratio between oxygen and Hexamethyldisiloxane (HMDSO)
Received 2 June 2016 in a hollow cathode arc PECVD process. Dynamic deposition rates were measured between 300 and 500 nm » m/
Revised 26 August 2016

min. The deposited plasma polymer films were analyzed using visible light spectroscopy, X-ray photo-electron
spectroscopy (XPS), X-ray reflectivity (XRR), Fourier-transformed infrared spectroscopy (FTIR), Scanning elec-
tron microscopy (SEM) and water vapor transmission rate (WVTR) measurements. The deposited samples
were compared to a reactively sputtered SiO thin film. By increasing the oxygen to HMDSO flow ratio, the chem-
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W% ical, density and optical properties of the coating approached the sputtered SiO, film. However the permeation
PECVD barrier of the SiO, film only shows a slight improvement over that of the bare PET substrate. The organic coating
ArcPECVD with high power and low oxygen flow, which was deposited with a deposition rate of 450 nm * m/min,

High rate deposition
Hollow cathode
XRay reflectivity

approached the barrier of the sputtered SiO, thin film with a WVTR of 0.16 g/(m” day).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

To increase the lifetime of food and drinks, most food packaging ma-
terials are provided with a barrier layer which reduces the permeation
of water and oxygen through the film. Apart from food packaging
there is an upcoming market for ultra-high barrier films which are
used for the encapsulation of organic electronics [1]. A common barrier
material with good barrier but also great optical properties is SiO, [2-4].

These inorganic barrier layers are commonly deposited using elec-
tron beam evaporation [5], reactive sputtering [6,7], plasma enhanced
chemical vapor deposition (PECVD) [2,8-10], or Atomic Layer Deposi-
tion (ALD) [11], whereas electron beam evaporation is a high rate tech-
nique, the latter techniques are usually low rate but have less defects.
PECVD has advantages over the other techniques due to its low heat
load to the substrate [12] and good mechanical properties resulting in
higher cracking resistance [ 13]. Another advantage is the ability to easily
influence the chemical composition, by changing the used gases and
their composition within the deposition chamber. This allows the depo-
sition of both inorganic as well as organic coatings.

* Corresponding author at: Fraunhofer Institute for Organic Electronics, Electron Beam
and Plasma Technology FEP, Winterbergstrasse 28, 01277 Dresden, Germany.
E-mail addresses: michiel.top@fep.fraunhofer.de (M. Top),
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A lot of research has been devoted to the deposition of SiOy layers
using PECVD. In general, an RF (13.56 MHz) or microwave source is
used to generate a glow discharge plasma. For the deposition of silica
containing films, the monomer HMDSO can be used as a monomer. Ox-
ygen is added as a reactive gas. Changing the Oxygen/HMDSO ratio in-
fluences the organic character of the deposited layers. Several authors
showed that the permeation of water and oxygen decrease with in-
creasing oxygen flow. [2,14,15]. However, Bieder et al. [2] observed,
when using a dual mode plasma with MW and RF, an increased WVTR
for O,/HMDSO ratios above 20.

Several researchers investigated the chemical and interfacial proper-
ties of SiOxCyH, layers deposited using different types of plasma [16-
18]. However, no comparison was made to the chemical structure of in-
organic reactively sputtered SiO, which is known for being a good bar-
rier material. In this paper, a hollow cathode plasma source was
operated in the DC arc discharge mode while injecting oxygen and
evaporated HMDSO to deposited silicon containing plasma polymers
in a high-rate roll to roll process on a PET substrate. The chemical and
barrier properties as well as the mass density of these samples were
compared to a sputtered SiO-, layer [6].

2. Experimental setup
The plasma polymer coatings were deposited in the roll-to-roll web

coater novoFlex® 600. More information about the novoFlex® 600 can
be found elsewhere [19,20]. The hollow cathodes were used to create a
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Fig. 1. A schematic representation of the deposition geometry in the novoFlex® 600.
Hollow cathode unit contains the cathode as well as the annular anode.

dense plasma that fragmentizes and ionizes the HMDSO and oxygen.
The setup is shown in Fig. 1. On the left, the hollow cathode is shown.
Argon is injected through the hollow cathode. The hollow cathode is
equipped with two anodes. The first one is the so-called primary
anode, which is an annular anode directly mounted around the cathode.
Itis mainly used during the initiation of the plasma and to create a dense
plasma around the outlet of the cathode. The booster anode is used to
create a dense plasma around the gas inlets. Both anodes are powered
by two separate current sources. Oxygen and HMDSO are purged into
the plasma using metal tubes. Within the novoFlex® 600, the coating
width goes up to 600 mm. Therefore, the systems is equipped with 4
hollow cathodes in a row, 9 booster anodes and 12 gas inlets to allow
for deposition over the full web-width. A constant HMDSO flow of
125 sccm was used for all experiments whereas the oxygen flow was
adjusted to obtain the oxygen to HMDSO ratio. The current of the boost-
er anode was set to 17 A and 34 A. Further increase of the current was
not possible due to the limited thermal load that the polymer substrate
can withstand. From now on, the first sample series will be referred to as
low power and the latter to as high power. Further process parameters
are given in Table 1. The process pressure was measured between 0.1
and 0.4 Pa depending on the oxygen flow.

The sputtered SiO-, layer is deposited in the labFlex® 200 web coater
using reactive dual magnetron sputtering. More info about this tech-
nique is described elsewhere [21]. All samples were deposited on a
75 um thick Polyethylene terephthalate (PET) substrate (Melinex 401
CW, DuPont Teijin Films).

After the deposition, the barrier and chemical properties of the thin
film coatings were analyzed. A 1900 optical spectrometer (Perkin
Elmer) was used to measure the transmission spectra of the samples be-
tween 300 and 1300 nm. The thickness was calculated by simulation of

Table 1
Deposition parameters that were used for the deposition. For parameters that were varied,
the range is given.

Process parameter Range

Web speed 1 m/min

Cooling drum 0°C

temperature

Argon flow 500 sccm + 400 sccm (100 scem through every hollow
cathode)

Web tension 450 N

HMDSO flow 125 sccm

Oxygen flow 250-2000 sccm

HC discharge
current/voltage

BA discharge
current/voltage

100 and 131 A/24-26 V

17 and 33 A/7-16 and 17-22 V

the transmission spectra in SCOUT. The dynamic deposition rates were
calculated by multiplying the film thickness by the web speed.

The Water Vapor Transmission Rate (WVTR) was measured using a
WDDG Water Vapor Permeability Tester made by Brugger. The extrinsic
WVTR was measured over an area of 80 cm? at 38 °C and 90% r.h.

XPS Measurements were performed to obtain information about the
chemical composition Surface contamination was removed from the
samples by etching 3 nm away using an argon plasma. After etching,
XPS measurements were performed using a 12 kV Mg-Ka X-Ray beam
and a Phoibos 100 MCD hemispherical analyzer. An additional measure-
ment was made at 10 nm depth to check for chemical gradients in the
film.

FTIR analysis was done to obtain information about the chemical
bonding. For the FTIR analysis, samples were reproduced on an identical
PET film with a thick aluminium coating which was used as an IR-mir-
ror. The bare mirror on PET was measured to make sure that the PET
substrate did not influence the FTIR measurements. The measurements
were performed using a Spectrum 2000 FTIR Spectrometer (Perkin
Elmer).

XRR was used measure the mass density of the deposited coatings.
The measurement was performed using a Bruker D8 Discover. The sim-
ulation of the measured curves was performed using GenX [22]. The XPS
results were used to relate the measured electron density to the mass
density. For more information reference is made to Stoev [23].

SEM was performed to obtain information about the surface mor-
phology. An SU8000 (Hitachi) was used in SE + BSE(U) detection
mode. An acceleration voltage of 0.5 kV was used to avoid damaging
of the samples.

3. Results and discussion
3.1. Thickness and deposition rates

Earlier results showed that the deposition geometry used is able to
deposit polymeric layers with dynamic deposition rates up to
3000 nm = m/min [19]. In this research, substantially lower HMDSO
and O, flows were used to increase the applied power per unit of mono-
mer. A coating thickness between 320 and 360 nm was measured for
the samples deposited in the low power mode and between 400 and
460 nm in the high power mode as shown in Fig. 2. Because the web
speed was set at 1 m/min for all samples. The dynamic deposition
rates, given in nm = m/min, equal the calculated film thickness. Even
though this is substantially lower compared to the polymeric layers,
these functional layers are still deposited with much higher deposition
rates (>8 times faster) compared to magnetron sputtering (indicated
by the blue triangle). The analyzed SiO, layer was deposited with a coat-
ing speed of 0.13 m/min. Therefore, the dynamic deposition rate does
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Fig. 2. Deposition rates of the arcPECVD process. The squares represent the sample made
with a low current and the dos the high current. The blue triangle is the deposition rate of
reactive magnetron sputtering and is given as a comparison.
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not equal the coating thickness. A slight decrease in the deposition rate
was found for higher oxygen flows. This was assigned to an increased
etching effect due to oxygen impingements [24].

3.2. Barrier properties

The measured Water Vapor Transmission rates (WVTRs) are shown
in Fig. 3. On the left and right side of the figure, the WVTR of the bare
substrate and the WVTR of the sputtered SiO, coating are given (blue
triangles). The coatings deposited in the low power mode (black
squares) show no significant decrease of the WVTR whereas a signifi-
cant trend is visible for the samples deposited in the high power mode
(red dots). Where the literature shows that the WVTR usually decreases
with an increase in the oxygen content [2,14,15], these results show an
opposite trend. The 500 nm thick PECVD deposited layer with a low ox-
ygen flow, which was produced with a web speed of 1 m/min, ap-
proaches the barrier performance of the 150 nm sputtered SiO, layer
with a WVTR of 0.16 g/(m? day). This corresponds to a barrier improve-
ment factor of 50 compared to the PET substrate. The latter one was pro-
duced with a web speed of 0.13 m/min. The layers with a higher oxygen
over HMDSO show a higher WVTR which for Oxygen/HMDSO = 16 ap-
proaches the WVTR of the PET film.

This unexpected change is assigned to the current driven power sup-
ply. The voltages that were applied for the different samples, in order to
reach the set point current, were measured and are shown in Fig. 4. For
the low power mode, the applied voltage is practically independent of
the oxygen flow. However, in the high power mode, a lower voltage is
applied to obtain the same current for higher oxygen flows. This is a re-
sult of the higher pressure that increases conductivity of the plasma. For
the oxygen to HMDSO ratio of 16, the applied voltage is approximately
the same to the measured voltage during low power deposition. This is a
drastic decrease of the applied power (up to 50% compared to the flow
ratio of 2).

3.3. Chemical composition

The chemical composition was measured using XPS. For all samples,
measurements were made after removing 3 and 10 nm, respectively.
Both measurements showed similar compositions (4 1 at%) which indi-
cates that there are no significant chemical gradients at the interface of
the sample. Fig. 5 shows the average values of the two measurements of
the coatings that were deposited in higher power mode. It should be
mentioned that of course this value only represents the first 15 nm of
the deposited layer. However, Glow Discharge-Optical Emission Spec-
troscopy (GD-OES) measurements indicate that the chemical composi-
tion does not change significantly as a function of the coating depth.

With high power and low oxygen flow, the content of carbon ex-
ceeds that of the silicon or oxygen whereas for high power and high
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Fig. 3. Water Vapor Transmission rates of the deposited samples. The data point of the left

represents the WVTR for bare PET whereas the most right data point represent the WVTR
for the sputtered SiO,.
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Fig. 4. The applied booster anode voltage which was measured during the deposition of
the thin film coatings.

oxygen flows, the carbon content reduces drastically. This indicates
that the increased oxygen flow lowers the carbon content as a result
of methyl extraction [25] and replacement by oxygen bonds. A small
amount of carbon (4-5 at%) is measured which is similar to that of the
sputtered SiO, layer. The silicon content is about stable.

3.4. Mass density

Fig. 6 shows the results of the density measurement. Due to the lack
of information about the hydrogen content, an error is introduced in the
density calculations. Calculations with different amounts of hydrogen
however showed that this influence is less than 0.08 g/cm?>. This is
due to the low molar weight of hydrogen. The mass density shown in
Fig. 6 is calculated under the assumption that no hydrogen is present
in the thin films. This results in a slight overestimation of the calculated
density. The error upwards is mainly a result of the mismatch between
fit and measurement. The bulk density is clearly increasing with in-
creasing oxygen content and approaches the density of sputtered SiO,.
These results are in good agreement with the observations from other
authors (e.g. Agres et al. [26]). They observed that, for an RF plasma,
the density increased with increasing oxygen flow.

3.5. FTIR spectroscopy

Fig. 7 shows the FTIR (Fourier-transformed infrared spectra) of the
coatings. Significant difference is found in chemical bonds between
the PECVD coated samples with high and low oxygen flow but also be-
tween the PECVD coated sample with high oxygen flow and the
sputtered SiO,, layer. The high peak doublet at 2340 and 2360 cm' is
caused by CO, [27] and was a result of the CO, present in the measure-
ment chamber. The peaks at 840 and 800 cm ™' are assigned to Si(CH3)3
and Si(CHj3), rocking oscillations, respectively. The peaks at 2913 and
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Fig. 5. This figure shows the results of the XPS measurements of the samples made in high

power mode. The values shown are averaged values of the measurements at 5 and 10 nm
depth.
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Fig. 6. The density of the coatings produced with higher power as calculated by XRR.

2966 cm™ ! cm are assigned to asymmetric and symmetric stretching of
CH3 [28]. The maximum intensity of these peaks decreases with increas-
ing oxygen flow. This indicates a reduction of CHy groups in the layers
with increasing O, flow. This also agrees with the decrease of carbon
as shown by XPS. The large peak from 3000 to 3750 cm™ ! is assigned
to OH groups within the plasma polymer films [29]. Neither CH3 nor
OH groups are observed in the sputtered sample. The number of OH
groups, however, increases with increasing oxygen flow but decreases
again for an oxygen over HMDSO ratio of 16. The peak between 2260
and 2095 cm™ ! can be assigned to Si—H bonds [30]. A small amount
of Si—H bonds was observed for the coating with low oxygen flow
whereas no peaks were found for the samples with higher oxygen flow.

Between 1000 and 1250 cm ™}, the sputtered SiO-, film shows only
two significant peaks at 1235 and 1050 cm™'. These peaks are assigned
to longitudinal optical phonon and transverse optical phonon mode in
an Si—O stretch, respectively [11,31]. The PECVD samples show an o-
verlapped peak. Deconvolution using two Gaussian peaks was per-
formed to analyze the peaks. For increasing oxygen flow, the right
peak slowly shifts from 1006 cm™' to 1042 cm™ ' whereas the left
peak shifts from 1086 cm ™! to 1150 cm™ !. Meanwhile, the intensity
of the left peak increases compared to the intensity of the right peak.
Pai et al. [32] also observed these peaks. He designated the left peak as
a broad shoulder which increases with increasing oxygen content. The
shift was related to the oxygen to silicon ratio. With less oxygen, other
bonds than Si—O are formed, which result in a shift of the Si-O-Si fre-
quency. The broadening is a result of the increase in different bonding
arrangements that are present within the coating. The different angles
agree with the presence of (Si-O), ring structure [33]. Densification of
the coating by e.g. ion bombardment reduces the average size of the
rings which results in a shift of the peak. The lack of barrier performance
of the SiO, like PECVD layer was explained by the presence of CH, and
OH groups as well as presence of (Si-O), rings. The single bond of

0.18

hydrogen reduces the cross-linking of the plasma polymer which re-
sults in a lower density as compared to the sputtered SiO, coating
whereas the larger rings create preferred permeation pathways.

The existence of barrier performance for the sample with low oxy-
gen flow was explained by Weston [34]. The explanation was based
on the idea that (Si-0), rings, which are preferred permeation path-
ways, are filled up by carbon atoms. This would lead to a more dense
structure and increased cross-linking and would explain the decreasing
WVTR with increasing carbon content. It should be mentioned that the
explanations given for the change in chemical composition are based on
simplified models that can give the reader an idea about the structure of
the coating. In reality, the exact structure is far too complex and consists
of a wide variety of different bonds to a higher or lesser degree.

3.6. SEM

The samples deposited in high power mode with both high and low
oxygen gas flow were analyzed using electron microscopy. Also the ref-
erence coating was analyzed. The images are shown in Fig. 8. All sam-
ples show a smooth surface up to higher magnification were the
commonly known cauliflower-like structure was observed. The micro-
structure of the sputtered coating shows major differences compared
to the sputtered coatings. The sputtered coatings shows a high density
film with small semispherical features on the surface. Both PECVD coat-
ings show a columnar structure were small columns are packed togeth-
er in a cauli-flower like structure. The deeper pores in the SiO,-like
coating are an indication that the molecules are not close packed
enough to perform as a good water permeation barrier. However, it is
difficult to make quantitative conclusions based on the images. No
cracking of the coatings was observed.

4. Conclusions

Silicon containing plasma polymer layers were deposited using a
hollow cathode arc discharge plasma with a variety of oxygen to
HMDSO ratios with excellent deposition rates up to 500 nm * m/min.
The permeation barrier performance, chemical, density and microstruc-
tural properties were examined and compared to those of a SiO, layer
which was deposited using reactive dual magnetron sputtering. It was
found that for a high oxygen flow, the sample shows similar character-
istics regarding chemical composition. However, it showed a slightly
lower density. SEM confirmed the less dense structure of the PECVD
coatings compared to the sputtered SiO, coating. FTIR shows differences
in the chemical bonding compared to the SiO, layer. However the barri-
er performance against water was found to be approaching the value of
the PET substrate. The organic sample with low oxygen flow, however,
shows a WVTR of 0.16 g/m? day which approaches the value of the SiO,
layer. Since the organic plasma polymer layer shows almost no
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Fig. 8. SEM images of the PECVD coating in high power mode with (a) low oxygen flow, (b) high oxygen flow and (c) the sputtered reference coating.

similarities compared to the SiO, layer. The inclusion of hydrogen con-
taining groups (OH, CHy) in the film, as well as the (Si-O),, rings lower
the density which results in an increased WVTR. Including sufficient
carbon, however, leads to an improvement barrier performance as a re-
sult of filling of the preferred permeation pathways.

It was also shown that a current regulated hollow cathode PECVD
process can be used to control the chemical composition of the thin
films. However, for the deposition of barrier films, the applied power
as well as the carbon content are crucial to accurately control the thin
film properties.
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