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Silicon oxide thin-film coated polymer substrates have great applications in the packaging industry for food and
medical products, because these types of treated substrates showexcellent barrier properties toward oxygen and
moisture diffusion. In this work, silicon oxide coatings were fabricated on polyethylene terephthalate and poly-
imide (PI) substrates by an atmospheric pressure jet. The deposited coatings have been carefully characterized by
Fourier transform infrared spectroscopy, scanning electronmicroscope and atomic forcemicroscope for chemical
structures and morphology. The influence of the hexamethyldisiloxane concentration in feed gas and the dis-
tance from plasma nozzle to PI substrate is also carefully investigated. With optimized deposition conditions,
the obtained silicon oxide coated PI substrates show a satisfactorily low oxygen transmission rate of
0.7 ml/m2/day (at 25 °C, dry oxygen).

© 2016 Elsevier B.V. All rights reserved.

om
.

Keywords:
Atmospheric pressure
Barrier film
Plasma jet
Silicon oxide coatings
 c
.
m
1. Introduction

Silicon oxide film coated polymer substrates have been used in a vari-
ety of industries, such as the food and pharmaceutical packaging indus-
tries, and the optical component and microelectronic manufacturing,
since the silicon oxide is intrinsically hard, highly transparentwith hydro-
philic characteristics [1–3]. Many techniques have been developed to de-
posit silicon oxide coatings, including physical evaporation, magnetron
sputtering, chemical vapor deposition (CVD), and plasma-enhanced
chemical vapor deposition (PECVD) [4–13]. Among these available tech-
niques, the atmospheric pressure PECVD is particularly desirable, because
it can be operated without requiring complicated and expensive vacuum
systems. Premkumar et al. [14] reported the first experimental study on
silicon oxide coatings deposited in a roll-to-roll dielectric barrier dis-
charge (DBD) reactor at atmospheric pressure. With 150 ppm tetraethyl
orthosilicate in a gas mixture of N2, Ar and O2, the produced SiOx

films on polymeric substrate show excellent gas barrier performance
towards O2 presenting oxygen transmission rate (OTR) value of
5 × 10−3ml/m2/day, as the SiOx thickness reaches 225 nm. Very recently,
the same group investigated the moisture barrier performance of silica-
like films as functions of dynamic deposition rate and substrate tempera-
ture [15]. Atmospheric pressure plasma jet (APPJ) is a source of non-
equilibrium atmospheric pressure plasmas [16,17]. Compared to other
types of the plasma systems, such as DBD, the jet system can be used
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not only for flat and thin substrates but also for large-scale three-
dimensional structures, since the jet plasma is not confined between the
electrodes and the dimension of the plasma can vary from several cm
down to sub-mm region. Babayan et al. [18] reported that silica films
can be produced by APPJ with the driving power from 40 to 500 W at
13.56 MHz radio frequency. Schäfer et al. [19] studied the influence of
plasma parameters and jet geometry on the deposition profile,
which can be varied from a ring pattern to a parabolic profile. Reuter
et al. [5] investigated the role of oxygen in the surface reactions during
the silicon oxide deposition process by APPJ. As the ratio of O2 to
hexamethyldisiloxane (HMDSO) increases, the silicon oxide growth rate
also increases, alongwithwhich the HMDSO starts to show depletion be-
havior and form carbon free films. In these processes, the silicon oxide
films were all deposited on the inflexible substrates, such as silicon or
glass. For flexible substrates (e.g. polymers), only Lin et al. [20] reported
using APPJ to grow organosilicon oxynitride (SiOxCyNz) coatings on poly-
carbonate substrates, aiming to enhance the hardness of the substrate
surface.

Polyethylene terephthalate (PET) polymers are widely used flexible
materials in many fields ranging from food packing to microelectronics
applications. Polyimide (PI) polymers are potential candidates for flexi-
ble substrates in devices such as foldable displays and integrated circuit
smart card. However, these two kinds of polymers suffer from limited
barrier properties against gas permeation, resulting in the short shelf
lives or reduced device performance. The focus of the present work is
to study the growth of silicon oxide coatings on flexible PET and PI to
improve their gas barrier property by APPJ. The influences of the initial
HMDSO concentration in the feed gas, aswell as the substrate to jet noz-
zle distance on oxygen transmission rate have been explored.
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Fig. 1. Schematic diagram of the experimental setup.
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2. Experimental

The experimental setup used in this work is schematically shown in
Fig. 1. A tungsten needle electrode (1 mm diameter) was placed inside
the aluminum tube (10 mm inner diameter, 26 mm outer diameter,
85 mm long). The lower end of the tube was covered by a copper cap
with a pinhole of 1mm in diameter to be used as the grounded electrode.
A Teflon tube and a fused quartz tube were inserted between electrodes
tomake the discharge generated only in the region between the tungsten
and the copper cap and the discharge gap is 3mm. The centered tungsten
electrode was driven by an excitation frequency (fac) of 21.4 kHzwith 0–
10 kV peak-to-peak voltage (Up). The applied voltage and current were
measured by a P6015A Tektronix high voltage probe and a 6021ACww.sp
Fig. 2.Optical emission spectra of HMDSO/N2 plasma for the optical fiber placed (a) facing plasm
11 mm, fac = 21.4 kHz, Up = 2.9 kV).
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Tektronix current probe, respectively. The precursor of HMDSO for silicon
oxide deposition was bubbled bymass-controlled N2 carrier gas at ambi-
ent temperature,where theN2flowratewas varied from100 to 500 stan-
dard cubic centimeters per minute (sccm). The discharge gas of high
purity nitrogen (99.99%) flow was kept at 8 standard liters per minute
(slm). HMDSO/N2 and N2 gases were premixed before entering the Tef-
lon tube. The plasma jet was movable in x- and z-directions, and the
substrate was moving along y-direction with the speed (Sc) of 0–
1000 mm/min. Flexible PET and PI substrates (100 mm × 100 mm)
were positioned on the substrate, which is 9–13 mm in distance (d)
below the nozzle of the plasma jet. During silicon oxide deposition pro-
cesses, the plasma jet scanned the polymeric substrates from one side
to the other side in x-direction with a constant speed. When plasma jet
crossed either side of the polymeric substrate, the substrate moved a
small step in y direction. The jet and substrate repeated the abovemove-
ments until thewhole polymeric substratewas scanned. The gas temper-
ature is a critical factor to consider for the deposition. Tomeasure the gas
temperature, a K-type (Ni–Cr/Ni–Al) thermocouple was inserted along
the symmetric axis of the torch. Unless otherwise stated, standard pro-
cessing conditions (3228 ppm HMDSO, Sc = 400 mm/min, d= 11 mm,
fac = 21.4 kHz, Up = 2.9 kV,) were used in this work.

To collect the plasma emission spectra between the high voltage and
grounded electrodes, the spectrometer (AvaSpec Multichannel Fiber
Optic Spectrometer, range 190–900 nm, resolution 0.07 nm at
600 nm) was equipped with five 75 mm focal length spectrometer
channels. All of the channels consist of 2048 pixel CCDdetectors and ho-
lographic diffraction gratings of 1800 grooves/mmwith 10 μm slits. The
UV-transparent optical fiber was mounted facing the entrance of APPJ,
which was 20 cm away from the nozzle. To measure the optical emis-
sion of the plasma jet effluents, the optical fiber was placed 10 mm
away from the nozzle, perpendicularly to the jet flow, and mounted
on a stand that can slide along the plasma axis to perform a scan.

The thickness of the deposited silicon oxide coatings was measured
by a surface profilometer (Dektak 150 Veeco Inc.). The chemical struc-
ture of the coatings was analyzed by a Fourier transform infrared
(FTIR) spectrometer (Nicolet 6700 Thermo Sci. Inc.). All FTIR spectra
were recorded for 32 scans in the spectral range between 400 and
4000 cm−1 with 4 cm−1 resolution. The film composition was ensured
by X-ray photoelectron spectroscopy (XPS) using monochromated Al
Kα radiation (Thermo Scientific, Escalab 250Xi). The pass energies for
survey and high-resolution scanswere 50 and20 eV, respectively. To re-
move the adventitious carbon on sample surface, 30 s of 2 keV Ar+

sputtering was performed. Film surface morphology was examined by
scanning electron microscopy (SEM, SU8020 Hitachi Inc.) at 15 kV and
atomic force microscopy (AFM, CSPM3000, BenYuan China) in contact
mode. The topography images and the corresponding average surface
roughness were collected. To measure OTR, an oxygen permeation ana-
lyzer (8001, Illinois Inc.) was used to measure the prepared samples
with size of 100 cm2.

m.co
m.cn
a nozzle; (b) at the side of plasma jet effluent (3228 ppmHMDSO, Sc= 400mm/min, d=
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Fig. 3. Typical FTIR spectra of silicon oxide coatings on KBr versus HMDSO concentrations
(a) 677 ppm; (b) 1338 ppm; (c) 1983 ppm; (d) 3228 ppm (Sc = 400 mm/min, d =
11 mm, fac = 21.4 kHz, Up = 2.9 kV).
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3. Results and discussion

Fig. 2 shows typical optical spectra of HMDSO/N2 in APPJ with ap-
plied voltage Up = 2.9 kV, N2 flow rate FN2 = 8 slm, and N2 carrier gas
flow rate FN2= 500 sccmwhich corresponds to the HMDSO concentra-
tion of 3228 ppm.When the optical fiberwas positioned facing the plas-
ma nozzle, the emission spectrum (Fig. 2(a)) includes mainly the
emissions from N2 (C3Πu), CN (B), and N2

+ (B2Σu
+), as well as some

atomic lines from N and Si. The side-view optical emission spectrum
of plasma jet is shown in Fig. 2(b), where the emissions from CN and
Si were dominating.

In atmospheric pressure HMDSO/N2 plasma (3228 ppm HMDSO in
N2), electrons are accelerated to have high kinetic energy by the electric
field. The inelastic collisions of the energetic electronswith the ambient
N2 molecules can generate many excited nitrogen molecules. As Ding
et al. [21] pointed out, in the atmospheric pressure N2 plasma, aside
from the vibrational excitations with the electrons in their ground
state, the first electronic excitation state of molecular nitrogen
N2 (A3Σu

+) can also play an important role in initiating numerous
plasmaprocesses. The rate coefficient to generate N2 (A3Σu

+) via the col-
lisions between electrons and nitrogen molecules is as high as
1.1 × 10−10 cm3 molecule−1 s−1 and its radiative lifetime is about 2 s.
Since the energy of the N2 (A3Σu

+) species is about 6.2 eV above the
ground state, which is much higher than Si\\C bond (~3.3 eV), Si\\O
bond (~4.8 eV), O\\H bond (~4.8 eV ) and O\\O bond (~1.5 eV), the
N2 (A3Σu

+) species is capable to dissociate HMDSO, O2 and H2O
molecules.

Unlike the plasma region between two electrodes, the effluent re-
gion should be free of electrons and charged particles. Thus, excited
N2molecules cannot be generated in the effluent region as in the plasma
region. On the other hand, the exited species left from the plasma region
will react with the ambient O2 and H2O to form reactive O and OH spe-
cies, which are considered as the oxygen source for silicon oxide forma-
tion [22,23].

Themain physico-chemical processes in theHMDSO/N2 discharge are
summarized in Table 1. Reactions 1–3 are the primary collision processes
between electrons and nitrogenmolecules. Since for typical atmospheric
pressure local thermal plasma, the mean electron energy, 〈 Ee 〉, is about
3–4 eV [24], the rate constants associated with 〈 Ee 〉 = 3 eV are listed
in Table 1. The processes 4–9 are related to the reactions of the excited
and radical species with HMDSO, and the resulting products are Si and
Si-containing species. Reactions 10 and 11 deal with the reactions of
atomic Si and Si-containing species with O2. Direct interaction between
the electrons and HMDSO can be safely ignored because of their small
concentrations in the plasma.

With the standard processing conditions (3228 ppm HMDSO, Sc =
400 mm/min, d = 11 mm, fac = 21.4 kHz, Up = 2.9 kV), the silicon

w.sp
Table 1
Summary of the main elemental reactions in HMDSO/ N2 plasma.

No. Reaction Rate coefficient ka

[cm3 molecule−1 s−1]
Ref.

1 e + N2 (υ = 0) → e + N2 (υ = 1–10)
2 → e + N2 (A3 Σu

+) 1.1 × 10−10 [25]
3 → e + N + N
4 N2 (A3Σu

+) + (CH3)3SiOSi(CH3)3 → N2

+ SixOyCzHt

5 N2 (A3Σu
+) + H2O → OH + H + N2 5 × 10−14 [26]

6 N2 (A3Σu
+) + O2 → N2 + 2O 2.5 × 10−12 [26]

7 O + (CH3)3SiOSi(CH3)3 → (CH3)3SiOSiO(CH3)
+ 2 CH3

[27]

8 O2 + (CH3)3SiOSi(CH3)3 → (CH3)3SiOSiO(CH3)
+ CH3OH + CH3

[27]

9 OH + (CH3)3SiOSi(CH3)3 → SixOyCzHt 1.38 × 10−12 [28]
10 SixOyCzHt + O2 → products
11 Si + O2 → products 2.71 × 10−10 [29]

a (1) For electron-involved processes, the mean electron energy b Ee N = 3 eV. (2) For
bimolecular processes, the gas temperature Tg = 293 K.

ww
oxide coatings were grown on the polymeric substrates. To exclude
the influence of the organic bonds from the PI and PET substrates, con-
trolled experiments were also carried out on flat potassium bromide
(KBr) tablets. Typical FTIR spectra with different initial HMDSO concen-
trations in the feed gas are plotted in Fig. 3. The coatings are character-
ized by strong absorption bands at 1070 cm−1, 1180 cm−1 and
805 cm−1. Luna-Lopez et al. [30] reported the Si–O–Si asymmetric
stretching absorption band at 1082 cm−1 and bending vibration at
812 cm−1 in stoichiometric thermal SiO2 films. Similarly, Lin et al. [20]
reported the region 1005–1070 cm−1 can be used as a gauge for the
portion of oxygen-rich inorganic SiOx films with 1 ≤ x ≤ 2. In this
study, the peaks at 1070 cm−1, 1180 cm−1 and 805 cm−1 can be
assigned to the Si–O–Si asymmetric stretching, symmetric stretching
band and bending vibration,which close to those in stoichiometric ther-
mal SiO2 films. Fig. 3(c) and (d) clearly shows the absorption bands at
926 cm−1 and in the region 3100–3700 cm−1 which can be attributed
to Si\\OH and O\\H bonds, while the weak peaks at 1650 cm−1 corre-
sponds to incorporation of water in the film. With the increase of the
carrier gas flow from 100 sccm to 500 sccm, which corresponds to the
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Fig. 4. XPS spectrum of the deposited film (3228 ppm HMDSO, Sc = 400 mm/min, d =
11 mm, fac = 21.4 kHz, Up = 2.9 kV).
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content of HMDSO in the feed mixture increased from 677 ppm to
3228 ppm, the Si-O-Si stretching band became stronger and broader.
There were no obvious Si–CH3 absorption bands at 1260–1270 cm−1

in Fig. 3, which indicates that the carbon content in the silicon oxide
coatings was very low. Base on the above results and analysis, we con-
clude that the deposited films are oxygen-rich inorganic films which
are also consistent with the XPS measurements as will be shown later.

The film composition was examined by XPS. After 30 s of Ar+

sputtering for removing the surface adventitious carbon, only silicon,
oxygen and carbon peaks were observed (Fig. 4), showing an atomic
composition of SiO1.4C0.03. The low carbon content is in good agreement
with FTIR measurements. There are two types of possible carbon-loss
reactions in the deposition process of silicon oxide coatings. One is
Fig. 5. AFM images of (a) bare PI substrate and (b) silicon oxide coatings (3228 ppm
HMDSO, Sc = 400 mm/min, d= 11 mm, fac = 21.4 kHz, Up = 2.9 kV).

Fig. 6. SEM imageof siliconoxide coatedPI substrate (3228ppmHMDSO, Sc=400mm/min,
d= 11 mm, fac = 21.4 kHz, Up = 2.9 kV).
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that HMDSO and SixOyCzHt react with the reactive species such as O
and O2 via R7, R8 and R10 to produce the volatile carbon-containing
products; the other is the surface reactions of excited N2 (A3Σu

+) to re-
move carbon from the growing films, as pointed out by Reuter et al.
[31,32].

Microstructure and morphology of the silicon oxide films are corre-
lated to the coating barrier properties. Kimet al. andHowells et al. [8,33]
reported that the barrier properties of the deposited coatings on the
polymer substrates were affected by the surface morphology. Fig. 5
shows the AFM images of a bare PI substrate and a silicon oxide coated
substrate. The bare PI had a smooth surfacewith the average roughness,
Ra, of 0.36 nm. After the silicon oxide deposition by APPJ, Ra increased to
1.17 nm. The morphology of the silicon oxide coating, as shown in
Fig. 5(b), shows many densely-packed small grains with well-defined
grain boundaries. From the SEMmicrograph shown in Fig. 6, the depos-
ited silicon oxide is found to coat the substrate conformally. However, if
we looked into the details of Fig. 6 carefully, it can be found that a min-
imumof pinhole and other large-scale defects (from60nmto 150 nm in
diameter), which very likely come from the reactive nature of PECVD
gases, chemical inhomogeneities on the surface and dust particles
formed in the plasma [34,35].

The influences of the initial HMDSO concentration in the feed gas on
the film thickness and permeation properties towards oxygen are
shown in Fig. 7. As the HMDSO concentration increases, the film thick-
ness (growth rate) increases, and both oxygen diffusion barrier proper-
ties of silicon oxide coatings deposited on PET and PI are also improved.

m.co
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Fig. 7. OTR data and film thickness versus HMDSO concentration ( on PI, on PET, Sc =
400 mm/min, d= 11 mm, fac = 21.4 kHz, Up = 2.9 kV).



Fig. 8.Gas temperature in effluent regionwith respect to the substrate-to-nozzle distance
(3228 ppm HMDSO, Sc = 400 mm/min, fac = 21.4 kHz, Up = 2.9 kV).
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The positive effect of HMDSO can be attributed to the SixOyCzHt species
generated from the reactions of HMDSO with N2 (A3Σu

+), O2, O and OH
in reactions 7–9, because these species can enhance the silicon oxide
production via reactions 10 and 11.

In our experiments, as shown in Fig. 7, the OTR values decrease
sharply from 160 ml/m2/day to 0.7 ml/m2/day on PI substrates, and
from 16ml/m2/day to 1.3 ml/m2/day on PET substrates, as HMDSO con-
centration increases from 0 to 3328 ppm. It has to be pointed out that
the silicon oxide coatings deposited by physical vapor deposition or
chemical vapor deposition usually contain a large amount of defects,
such as pinholes, pores, microchannels/microcracks, and/or grain
boundaries, resulting in the gas permeation to occur easily through
these defects, as Chatham and Roberts et al. reported [36,37]. It is very
likely that the defect density in the deposited coatings decreases as
the film thickness increases. As a result, the improvement of oxygen
barrier performance of the deposited silicon oxide film is proportional
to the layer thickness.

As shown in Fig. 8, inside the torch there was a drastic temperature
change with respect to the distance to the plasma jet nozzle. As the dis-
tance (d) increased from2mm to 12mm, the gas temperature deceased
quickly from 753 K to 393 K. Fig. 9 shows the film thickness and oxygen
transmission rate of the deposited silicon oxide films on PI substrates
with respect to the distance. Themonotonous decrease of film thickness
can be ascribed to the decay of the highly reactive species via reactions

w.sp
Fig. 9. OTR and coating thickness with respect to the substrate-to-nozzle distance
(3228 ppm HMDSO, Sc = 400 mm/min, fac = 21.4 kHz, Up = 2.9 kV).
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4–9.Moreover, the geometrical spreading of the gas flow can also dilute
the concentrations of the reactive species and result in the film thick-
ness to decrease, as reported by Lommatzsch et al. [1]. As for the barrier
properties of silicon oxide films, there is an optimal value of the
substrate-to-nozzle distance for the OTR to achieve its minimum, i.e.
d = 11 mm in our case. This is because, if the PI substrate is placed
too close to the nozzle, the high temperature gas can damage the PI sub-
strate, but if the PI substrate is placed too far, the deposited silicon oxide
coating is too thin to block the oxygen permeation.

4. Conclusion

Atmospheric pressure plasma jet has been applied to deposit silicon
oxide thin coatings on PET and PI substrates for gas diffusion barrier ap-
plications. The silicon oxide coatings were deposited from HMDSO and
nitrogen mixture. At certain discharge condition (ac frequency of
21.4 kHz, applied voltage of 2.9 kV, APPJ scan speed of 400 mm/min,
and PI substrate distance of 11 mm) the OTR value decreased sharply
to only 0.7 ml/m2/day, with increasing the HMDSO concentration to
3228 ppm. The barrier property as a function of the nozzle/substrate
distance has also been investigated.
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