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Abstract
SiOx films were deposited on surfaces of three polymeric films, PET, PP, and Nylon;

and their oxygen gas barrier properties were evaluated. To mitigate discrepancies between
the deposited SiOx and polymer film, surface modification of polymer films was done, and
how the surface modification could contribute to was discussed from the viewpoint of appar-
ent activation energy for the permeation process.

The SiOx deposition on the polymer film surfaces led to a large decrease in the oxy-
gen permeation rate. Modification of polymer film surfaces by mans of the TMOS or Si-
COOH coupling treatment in prior to the SiOx deposition was effective in decreasing the
oxygen permeation rate. The cavity model is proposed as an oxygen permeation process
through the SiOx-deposited Nylon film. From the proposed model, controlling the interface
between the deposited SiOx film and the polymer film is emphasized to be a key factor to
prepare SiOx-deposited polymer films with good oxygen gas barrier properties.

Keywords: SOx film, Oxygen gas barrier, Plasma polymerization, Surface modification,
Polyester, Polypropylene, Nylon

1. Introduction
Polyester (PET), polypropylene (PP), and Nylon films are good raw materials used

for packaging of foods and drags, because of good performance in mechanical properties,
thermal stability, and material design such as easy fabrication and easy care. However, they
have a fatal defect as packaging materials. It is poor in oxygen barrier properties as well as
water vapor barrier properties. Silicon oxide (SiOx) film is an interesting material from the
viewpoint that the film possesses a high gas barrier property besides high thern-ial stability.
If SOx film can be deposited on surfaces of PET, PP, and Nylon films, the SiOx-deposited
films will show high gas barrier properties, and will become a new packaging material. In
deposition of SOx on polymer film surfaces, there are essential problems related to discrep-
anciesbetweendepositedSiOxlayerandpolymerfilm. ThedepositedSlOxfilmishardjust
like glass, and possesses high elastic modulus and small thermal expansion coefficient. On
the other hand, the polymer film is flexible just like paper, and possesses low elastic modulus
and large thermal expansion coefficient. Such discrepancies will lead to serious defects in
the SiOx-deposited polymer films. Mechanical or thermal shocks will cause crevices in the
deposited SiOx films, and barrier properties must be spoiled by the crevices.
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In this study, SiOx films were deposited on surfaces of three polymeric films, PET,
PP, and Nylon; and their oxygen gas barrier properties were evaluated. In addition to the
evaluation, surface modification of the polymer films was applied for mitigation of discrepan-
cles between the deposited SiOx and polymer film. How the surface modification could
contribute to mitigation of the discrepancies was investigated.

2. Experimental.
2.1 Materials. Bi-axially oriented poly(ethylene terephthalate), PET, film (Trade name
BOPET (Toyobo Co. Ltd.), 3 �tm thickness), bi-axially oriented polypropylene, PP, film
(Trade name U10P#40 (Tosero Co. Ltd.), 40 �im thickness), and b-axially oriented Nylon 6
film (Trade name Emblem (Unitika Ltd.), ON-25, 25 �tm thickness) were used as base films
for SOx deposition. Tetraethoxysilane (TEOS), Tnethoxysilane (TrEOS), tetramethoxysi-
lane (TMOS), dimethyldlmethoxylsilane (I)MI)MOS), tetramethylsilane JMS), and N-
(3trimethoxysilylpropyl) ethylenediamine triacetic acid, (Si-COOH), which were purchased
from Gelest Inc. jullytown PA), were used as chemicals for plasma polymerization and also
as chemicals for the surface modification treatment.

2.2 Reactor usedfor Plasma Polymerization
A reactor used for plasma polymerization was one made by ourselves. The details

of the plasma reactor is not described here because it has been represented elsewhere 12].

2.3 SiOx Deposition from Plasma Polymerization of TMOS102 Mixtures
The plasma polymerization of the TMOS/02 mixtures was perfon-ned at a system

pressure of 39.9 Pa at rf powers of 60 W, and SiOx plasma polymers were deposited on the
polymer film surface. The deposition rate of SiOx films was determined from a reading of
the thickness monitor (Ulvac Co., Japan; model CRTM- I 000).

2.4 Surface Treatment of Polymer Film Surfaces with TMOS or Si-COOH
In order to modify surface properties of the polymer films, modification reactions

with TMOS and SCOOH were done on the polymer film surfaces according to references 2
and 3.

2.5 XPS Spectra
XPS spectra were obtained on a Shimadzu ESCA K using a non-monochromatic

MgK(x photon source. The spectra were not soothed and decomposed by fitting a Gaus-
sian-Lorentzian mixture function to an experimental curve using a nonlinear, least-squares
curve-fitting program, ESCAPAC, supplied by Shimadzu. The sensitivity factors (S) for the
core levels were S(C Is) = I 0, S(Si2p) = 0. 87, and S(O Is) = 285.

2.6 Oxygen Permeation Rate through SiOx-deposited Polymerfilm
The oxygen permeation rate through the StOx-deposited polymer was measured in

ranges of temperature from IO to 3 5'C and of relative humidity from 0 to 90 RH% using a gas
barrier tester (Mocon Inc., NIN; model OX-TRAN 220). Three specimens were used for
each measurement of the oxygen permeation rate. The oxygen permeation measurement for
each specimen was done three times.

3. Results and Discussion
3.1 Choice of Silanes for SiOx Film Deposition and Chemistry of the Deposited SiOx
Films.
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Five silanes, TEOS, TrEOS, TMOS, DMDMOS, and TMS, which contained differ-
ent C/Si atomic ratio of to 4 and different bond structure (Si-O-C and Si-C bonds) between
Si and C atoms, were used for the plasma polymerization. Table I compares the C/Si atomic
ratio in the SiOx films deposited from the five silanes. The C/Si atom ratio in the deposited

SiOx films, as shown in Table Table I Atom composition of SiOx films deposited from
1, shows a dependence on the .lanes
C/Si atomic ratio and the bond s'
structure in the starting silanes:
Silanes with a small C/Si atom Silanes Atom ratios
ratio deposited SiOx films with Starting compd Deposited SOx
a low carbon content, and s C/Si O/ I C/Si O/Si
lanes with Si-O-C bonds also
deposited SiOx films with a low
carbon content. From this (C2H50)4Si 8 4 3.2 1.9
viewpoint, TMOS is preferable (C2H5O)3SiH 6 3 1.9 1.4
to TEOS, TrEOS, DMDMOS, (CH30)4Si 4 4 1.5 1.5
and TMS as a slane for SOx
deposition. However, TMOS (CH30)2Sl(CH3)2 4 2 1.7 1.1
is not yet a satisfactory material Si(CH4)4 4 0 2.5
for the SiOx deposition because
the deposited SiOx contained much carbona-
ceous components. Table 11 Atom composition of SOx films

TMOS was mixed with oxygen and deposited from TMOS/02 mixtures
the mixture was plasma-polymerized for SiOx
film deposition. Table 11 shows the C/Si and
O/Si atom ratios in the deposited SiOx films as 02 conc. in Atomic ratio in SOx
functions of the oxygen concentration in the TMOS/02 mix. C/Si O/Si
TMOS/02 mixture. The mixing of oxygen
gas, as shown in Table 11, leads to large de- 0 1.5 1.8
creases in the C/Si atom ratio of the deposited 20 0.39 1.4
SiOx films. From the table, we can conclude 40 0.42 1.4
that the mixing of oxygen with TMOS con- 60 0.49 1.4
tributes to the SiOx deposition with less car-
bonaceous component.

The chemical composition, especially the carbonaceous and silicone components,
was investigated by XPS (C I s and Si2p) spectra. The C I s and Si2p spectra are not repre-
sented here for the sake of brief The SOx film deposited from TMOS showed an intensive
and complex C Is spectrum on which a maximum peak appears at 286.9 eV due to C-0 groups
and a shoulder appears at 285 eV due to CH groups. The Si2p spectrum showed a maximum
peak appears at 103.4 eV due to SiO2 groups. On the other hand, for the SOx films de-

posited from the TMOS/02 mixtures, the Cls spectra distributed from 283 to 286 eV and a

maximum peak appears at 284.3 - 284.7 eV due to carbonized carbon. The Si2p spectra
showed a peak at 103.4 eV due to S02- Its FWHM value was 165 eV, which was smaller

than that for the SiOx film deposited from TMOS 179 eV), indicating that the Si-O-Si net-
works in the SOx films deposited from the TMOS/02 mixtures may grow more than those

deposited from TMOS alone.
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Oxygen Gas Barrier Properties of SiOx-deposited Polymer Films
SiOx films (100 nm thickness) were deposited on the surface of the PET and PP

films, and the oxygen gas barrier properties for the Sx-deposited films were evaluated.
Table III shows typical results of the oxygen pern-wation rate through the SOx-deposited

films at 30'C at a relative humidity of 70%. The oxygen permeation rate was 44 cm3/M2_

day-atm for the not SiOx-deposited PET film and more than 2000 cm3/M2-day-atm for the

not SOx-deposited PP film 2000 cm3/m2-day-atm is the maximum capacity of the permea-
tion rate measurable with a Mocon equipment). The SOx deposition, as shown in Table 111,
was effective in improving the oxygen gas barrier properties of the PET films. However, the
SiOx deposition was ineffective for the PP films (Table 111). This may be a result from df-

Table III Oxygen permeation rate through SiOx-deposited polymer films

Base polymer film Oxygen permeation rate (crn3/M2-day-atm)

not SiOx-deposited Sx-deposited TMOS-modified

& SOx-deposited

PET 44 0.1

PP > 2000 > 2000 37

ferences based on intrinsic properties (glass transition temperature, elastic modulus, thermal
expansion coefficient, etc.) of the two polymers. Poor adhesion between the deposited SiOx
film and PP film may be a factor to fail in improvement of the oxygen gas barrier properties.

In prior to the SiOx deposition, the PP film surface was modified with TMOS to have
good affinity between the deposited SOx film and the PP film. The modified and SOx-
deposited PP film, as shown in Table 111, showed a large decrease in oxygen permeation rate

from more than 2000 to 37 cm3/m2-day-atm. This indicates that modification of the inter-
face between the deposited SiOx film and polymer film may be a key factor to improve oxy-
gen gas barrier properties.

Nylon film is strongly influenced by extrinsic factors such as temperature and mois-
ture conditions as well as ntrinsic factors such as crystallinity, orientation, free volume, and
cohesive energy of polymer chains, to change polymer structure. As a result, Nylon film
shows drastic changes in the oxygen permeation rate. Especially humidity effects are distin-
guished in the oxygen permeation process. When water molecules contact to Nylon film
surfaces, the molecules adsorb easily on the film surface, and diffuse into the inside of the
film to interact strongly with Nylon molecules. As a result, there appear two effects of water
molecules on the oxygen permeation process. One is that competitive absorption of water
and oxygen molecules occurs in free volume oNylon polymer matrix, and oxygen molecules
are excluded from the free volume because of stronger interaction of water molecules with
Nylon polymers than oxygen molecules. This exclusion of oxygen molecules leads to re-
duction of diffusive path available for oxygen molecules, and consequently, the oxygen per-
meation rate decrease. This phenomenon appears predominantly at low humidity less than
50 %RH. The other effect is that strong interaction of water molecules with Nylon polymer
chains weakens inter- and ntra-molecular hydrogen bonding among the Nylon polymer
chains to enhance segmental motion of te polymer chains (plasticization of Nylon by water
molecules). This plasticization contributes to diffusion of oxygen molecules, and conse-
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quently, leads to increase in oxygen permeation rate though the Nylon film. This phenome-
non appears predominantly at high humidity more than 50 %RH. This is the essential
mechanism as to how water molecules influence oxygen permeation process through Nylon
film.

The oxygen permeation rate for the Nylon film used this study showed similar
changes with increasing the relative humidity to that reported by Hernandez 4]. For exam-
ple, the oxygen permeation rate at 25C was 36.6 and 19.8 cm3/m2-day-atm at relative hu-
midity of and 50 %RH, respectively. Over 50 %RH, the oxygen permeation rate increased

gradually with increasing with the relative humidity, and reached 34.7 cm3/m2-day-atm at
80 %RH. These changes in oxygen permeation rate indicate difficulties in adhesion between
the deposited SiOx film and the Nylon film, because of plasticization of Nylon film at
50 %RH. SiOx was deposited on the , 20
Nylon film surface, and the oxygen per- E

SiOx-deposited Nylon filmmeation rate through the Sx-deposited
Nylon film was measured as a function of CU

_0the relative humidity. The SiOx- " i 350C
deposited Nylon film, as shown in Fig. 1, E 15
showed extremely lower oxygen permea- ME
tion rate than the Nylon film. For exam- 6
ple, the oxygen permeation rate of the
SiOx-deposited Nylon film at 25'C and at 10
0 %RH was 16 cm3/m2-day-atm, which C0
was 123 times lower than that for the Ny- 4- 250C

CU
Ion film 36.6 m3/m2-day-atm). The 0

Erates at 50 and CavitiesNylon film.Crev- 5
iceOxygen moleculesSiOx film8O %RH CL

were 27 and 61 m3/m2-day-atm, respec- 1 OOC
tively, which also were 17 - 1/5 times >,
lower than those for the Nylon film 19.8 X 0

3/m2 0 20 40 60 80 100and 34.7 cm -day-atm). This com-
parison shows that the SiOx deposition Relative humidity (%RH)
contributes effectively to restraining the Fig. I Oxygen permeation rate through
oxygen permeation through the Nylon SiOx-deposited Nylon film as functions
film. of relative umidity and temperature
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How did the deposited SOx films contribute to improvement of oxygen gas barrier
propertied? The permeation process was analyzed to elucidate the contribution of the SiOx
films. Apparent activation energy in the oxygen permeation process for the Nylon film and
the SOx-deposited Nylon film was estimated from the Arrhemus plot (Table IV). Apparent
activation energy for the oxygen permeation process through the Nylon film was susceptible

Table IV Apparent activation energy for oxygen pernieation process through SiOx-

deposited Nylon film 25 m thick)

Relative Apparent activation energy (kJ/mol)

humidity Nylon SiOx-deposited TMOS-coupled & Si-COOH-coupled

(%RH) Nylon SiOx-deposited & SOx-deposited

Nylon Nylon

0 34.8 44.9 38.9 34.4

50 56.5 54.0

65 58.0

70 59.7
80 58.6 61.7 60.4 59.3

90 60.0

to the relative humidity. The susceptibility was divided into two groups by humid condition:
Under dry atmosphere (O %RH), the apparent activation energy was small 34.8 kJ/mol), and
under humid atmosphere, the activation energy was large 56.5 - 60.00/mol). The SOx-
deposited Nylon film showed similar level of the activation energy to that for the Nylon film
without %RH. The SOx-deposited Nylon film at RH showed slightly larger activa-
tion energy 44.9 kJ/mol) than the Nylon film 34.8 kJ/mol). The apparent activation energy
for the StOx-deposited Nylon film at 50 and 80 %RH was 54.0 and 61.7 kJ/mol, respectively,
which were close in magnitude to those for the Nylon film 56.5 and 58.6 kJ/mol). This
similarity indicates that there is essentially no difference in the mode of the oxygen permea-
tion process between the SiOx-deposited Nylon film and Nylon film. In other words, the
rate-determining process is not penneation through the SOx film layer but that through the
Nylon film layer. Why was the oxygen permeation rate for the SiOx-deposited Nylon film
extremely lower 6.1 cm3/m2-day-atrn) than that for the Nylon film 34.7 cm3/m2-day-atni),
although there was no change in the permeation mode between the two Nylon films? The
SiOx film deposited on the Nylon film surfaces must not be absolutely perfect without inter-
stices but imperfect with many small interstices. Therefore, oxygen molecules will immerse

ily into the SiOx layer from the nterstices, travel along the crevices, and finally
easi I I mve on
the Nylon film surfaces. Afterwards, the oxygen molecules will begin to permeate through
the Nylon film layer. This is the story why the oxygen permeation rate for the SiOx-
deposited Nylon film was extremely lower than the Nylon film. A SEM picture of the SOx-
deposited Nylon film showed parallel and eleven crevices (I gm width and 160 m long) on
the SiOx film, indicating that the SOx-deposited film was not absolutely perfect without in-
terstices.
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If the story that oxygen molecules permeate only through crevices in the deposited
SiOx film is true, the sum of cross-section of the crevices can be estimated from the ratio of
the oxygen permeation rates for the SiOx-deposited Nylon and Nylon Films (eq. 1).

Sum of cross - section of crevices (in cm)

Oxygen permeation rate through SiOx-deposited film _ x 47.1

Oxygen permeation rate through not SiOx-deposited film

where 47.8 is the permeation area of the MOCON tester.

The estimation from eq. I is 86 and 67 cm2 at 80 and 50 %RH, respectively, indicating that

sum of the cross-section of crevices occupies 14 and 18% of the total area 47.8 crn2) of the
SiOx-deposited Nylon film, respectively. This is an incredible story because sum of cross-
section of the crevices, which was estimated from the SEM picture, is about 6 of the total
area. Other paths for permeation of oxygen molecules must exist in the Sx-deposited
Nylon films. A possible path may be
cavities that were f6mied along walls of Oxygen molecules
the crevices. This path is illustrated
schematically as a cavity odel in Fig. Crevice
2. The presence of these cavities has
not yet been confirmed in a visual man-
ner such as SEM, but we believe the
presence of the cavities. This cavity
model in Fig. 2 says an importance of
the interface between the deposited-
SiOx and Nvlon films in the oxygen
permeation process. The cavities
might be fornied in the neighborhood of
the crevices, when the SOx films were Fig. 2 Cavity model for oxygen pen-neation
torn off om the Nylon film by te process trough SOx-deposited Nylon film
shock of the crevice fort-nation. From
this viewpoint, good adhesion between the S]Ox and Nylon films may be a possible way for
inhibition of cavity formation.

Effectiveness of Surface Modification of Nylon Film on Oxygen Barrier Properties
The Nylon film surface was modified in prior to the SOx deposition in order to ini-

prove adhesion between the deposited SOx and Nylon films. Syl groups were introduced
on the Nylon film surfaces by means of two different coupling reactions using TMOS or S-
COOK We expected that the slyl groups introduced into the Nylon film surface could
make strong affinity with the deposited SiOx films, and could contribute to inhibition ofthe
cavity forniation. On these modified Nylon film surface, SOx films of' 100 nm thick were
deposited, and the oxygen permeation rate was measured as a function of the relative humid-
ity and temperature. The two modified Nylon films showed lower permeation rates, espe-
cially at 80 %RH, than that for the not-modified Nylon film. The oxygen permeation rate at
25'C and 80 %RH for the TMOS- or Si-COOH odified and SOx-deposited Nylon ilms

was 47 and 49 cra3/m2-day-atorn, respectively. On the other hand, the rate for the not-

modified but SiOx-deposited Nylon film was 61 crn3/m2-day-atorn. The oxygen permea-
tion rate was decreased by 20 - 23 by the surface modifications. From this viewpoint, the
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surface modification with TMOS and SCOOH was effective in improving oxygen gas bam'-
er properties. How did these modifications improve oxygen gas barrier properties? Could
the modification diminish the cavities?

The apparent activation energy for the oxygen permeation process for the TMOS-
modified or the SCOOH modified and SOx-deposited Nylon films was estimated from the
Arrhenius plot. The two modified and SOx-deposited Nylon films, as shown in Table IV,
showed similar activation energies of 60.4 and 59.3 U/mol at 80 %RH, and of 38.4 and 34.4
kJ/mol at %RH, respectively. In addition to the similarity between the TMOS-modified or
Si-COOH modified and SOx-deposited Nylon films, these activation energies are comparable
to those for the not-modified but SOx-deposited Nylon film 61.7 and 44.9 U/mol at 80 and
0 %RH, respectively) and the Nylon film 58.6 and 34.8 kJ/mol, respectively). The coinci-
dence of the activation energy among the four Nylon films indicates that the oxygen permea-
tion operates in the same mode regardless of modified or SiOx-deposited surfaces. The
permeation through the Nylon film is a rate-determining process. However, there is a large
difference in the oxygen permeation rate among the four Nylon films. We believe that the
oxygen permeation through the Nylon occurs in cavities that were formed along wa Is of the
crevices, which is shown as a cavity model in Fig. 2 The cross-section of cavities formed in
the TMOS-modified and SCOOH modified Nylon films is estimated to be 14 % ((4.7 or
4.9)/34.7 = 0 14) of the total ilm area. On the other hand, the cross-section for the not-
modified Nylon film is 18 % 6.1/34.7 = 0. 18). This comparison shows that the surface
modifications with TMOS and Si-COOH were efficacious in dcreasing the oxygen permea-
tion rate, but the contribution of the modified surface to inhibition of the cavity fori-nation was
not so powerful as we expected.

In conclusion, we summarize the oxygen permeation rate through SOx-deposited
polymer films.

(1) The SiOx deposition on PET and Nylon film surfaces led to a large decrease in the
oxygen permeation rate.

(2) Modification of polymer film surfaces by mans of the TMOS or SCOOH coupling
treatment in prior to the SiOx deposition was effective in decreasing the oxygen per-
meation rate.

(3) The cavity model is proposed as an oxygen permeation process through the SiOx-
deposited Nylon film. Oxygen molecules invade easily from the crevices of the SiOx
films into the cavities, and arrive on the Nylon surface. A rate-determining process in
the SiOx-deposited Nylon film system is the pen-neation step through the Nylon film.

(4) Controlling the interface between the deposited SOx film and the polymer film is a
key factor to prepare SiOx-deposited polymer films with good oxygen gas barrier
properties.
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