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Abstract

We propose a model for permeation in oxide coated gas barrier films. The model accounts for diffusion through the
amorphous oxide lattice, nano-defects within the lattice, and macro-defects. The presence of nano-defects indicate the oxide
layer is more similar to a nano-porous solid (such as zeolite) than silica glass with respect to permeation properties. This
explains why the permeability of oxide coated polymers is much greater, and the activation energy of permeation much lower,
than values expected for polymers coated with glass. We have used the model to interpret permeability and activation energies
measured for the inert gases (He, Ne and Ar) in evaporated SiOx films of varying thickness (13–70 nm) coated on a polymer
substrate. Atomic force and scanning electron microscopy were used to study the structure of the oxide layer. Although no
defects could be detected by microscopy, the permeation data indicate that macro-defects (>1 nm), nano-defects (0.3–0.4 nm)
and the lattice interstices (<0.3 nm) all contribute to the total permeation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the food packaging and medical device indus-
tries it is desirable to manufacture thin, flexible and
transparent films which act as a barrier to oxygen
and water vapour. To achieve this goal, one of the
popular materials combinations is to deposit a thin
layer (≈40 nm) of low-permeability silicon-oxide on
a polymer substrate (12–25�m) [1–3]. For oxygen,
the permeance of these composite laminates is around
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0.3–0.5 cm3/m2 per day under an applied pressure
difference of 1 atm[1,2] which is surprisingly high.
If the oxide-layer had a similar structure to silica
glass [4,5] and contained no macroscopic defects
(like cracks), the permeance would be expected to be
lower by many orders of magnitude. This discrepancy
indicates that to improve gas barrier composites it is
crucial to understand the mechanism of gas perme-
ation in the silicon-oxide layer, i.e. to clarify the major
pathways of gas penetration through these layers. We
address this question in this paper.

The fact that the permeation rate is so much higher
than that expected for silica glass may indicate that the
silicon-oxide contains defects or pinholes. This con-
clusion has been reached by other groups using either
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Nomenclature

c concentration (mol/cm3)
Cmd geometric factor (Eq. (6))
D diffusion coefficient (cm2/s)
	E activation Energy (kJ/mol)
j flux (mol/(cm2 s))
p pressure (atm)
p.u. permeation unit (10−18 mol/(cm s atm))
P permeability (mol/(cm s atm))
R gas constant (J/(K mol))
s coefficient of solubility
S solubility (mol/(cm3 atm))
T temperature (K)
φ volume fraction

Subscripts
b barrier-film
g glass (oxide)
ILT ideal laminate theory
la lattice
md macro-defects
nd nano-defects
p polymer

measurements of the activation energy of permeation
[2] or microstructural studies[3]. In this picture, no gas
flux passes through the oxide directly, instead passing
through the postulated defects. Recently, however, ev-

Fig. 1. A schematic diagram showing the proposed gas transport pathways through the oxide layer. The relative importance of each path
depends on gas permeant size.

idence has been found that gas is permeating through
the oxide itself[6]. Nevertheless, the O2 and H2O
permeation is still many orders of magnitude greater
than would be expected if the oxide layer had a struc-
ture similar to silica glass. Moreover, the measured
activation energy for permeation is around half that
previously measured for silica glass. Characterisation
studies have yielded little information about the lattice
structure of SiOx , and it is possibly quite different to
annealed silica glass. The permeation data referred to
above indicate a more open structure.

In this paper, we propose a model for inferring the
structure of the deposited SiOx material from perme-
ation measurements. An earlier version of our model
has been employed by other groups in this manner[6],
and it is timely to provide the details. Furthermore, in
the future, the concentration of macro-defects in bar-
rier films are likely to be further minimised, and it is
important to construct a model describing permeation
through the nano-porous oxide layer.

We propose gas and water vapour transport in
gas barrier films is comprised of contributions from
three components: un-hindered transport through
‘macro-defects’ (>1 nm) in the oxide layer, hindered
transport through ‘nano-defects’ (<1 nm), and hin-
dered transport through the amorphous lattice of the
oxide (interstice< 0.3 nm). A schematic is shown in
Fig. 1. The relative contribution of each component
depends on the size of the permeant molecule (or
atom), and the number and size of each class of defect.
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Note that our specification of ‘macro-defects’ is based
on the defect size being three or four times as large
as a typical permeant atom/molecule (0.2–0.3 nm). In
this case, the defect will provide little resistance to
gas flux. For example, boundaries between grain-like
structures observed in SiOx coatings[7] would cor-
respond to macro-defects or nano-defects depend-
ing on whether they were larger or smaller than
1 nm.

We have measured the permeation of helium, neon
and argon in barrier films with varying coating thick-
ness of SiOx . The polymer substrate is poly(ethylene
terephtalate) (PET). The use of inert gases is desirable
because it precludes any interaction between the ma-
terial and permeant. Moreover, the variation of atomic
radius between the gases allows additional microstruc-
tural information to be collected. The interpretation of
the data in terms of the model allows us to determine
the relative permeation through each of the three sug-
gested pathways, and estimate the size distribution of
defects.

2. Theory

2.1. Permeability, diffusion and solubility

In the literature of barrier films, the oxygen flux
is usually reported in cm3/m2 per day and the wa-
ter vapour flux in g/m2 per day. In order to discuss
the properties of barrier film materials it is impor-
tant to convert the units of flux into intrinsic material
properties (such as permeability, diffusion coefficient
and solubility), which are discussed extensively in the
wider literature[8–10]. Since the units in which these
quantities are reported differ widely amongst fields,
and are somewhat complicated, we provide a brief dis-
cussion below.

The diffusion coefficientD (usually reported in
cm2/s) is defined as the ratio of molar flux to the con-
centration gradientD = −j 	x/	c. For gases, it is
generally easier to measure the pressure differential
across the film giving rise to a permeability coeffi-
cientP = −j 	x/	p. For the gases considered here
(excluding water vapour) the concentration at the
surface (or throughout the solid in equilibrium) is pro-
portional to the pressure (Henry’s law)c = Spwhere
S is the solubility, so thatP = DS. If c has units of

mol/cm3 andp is measured in atm thenS has units
of mol/(cm3 atm) andP has units of mol/(s cm atm).

Since an independent experiment must be carried
out to measure the solubility it is useful to have rough
estimates ofS in order to relate diffusion coefficients
published in the literature to gas barrier permeabil-
ity measurements. The dimensionless ‘coefficient of
solubility’ s (defined as the ratio of the concentration
of gas dissolved in the glass to the concentration of
molecules in the gas phase) has been found to have a
constant value ofs = 0.02 for He, Ne ands = 0.01
for Ar over the temperature rangeT = 0–1000◦C in
fused silica[11]. The simplest explanation of this ob-
servation is thats directly measures the volume frac-
tion of the solid accessible to gas atoms (the fraction
being less for larger argon atoms)[11]. The solubility
S is related tos by:

S = Tstd

T
scstd (1)

Here,cstd = 4.03×10−5 mol/cm3 is the concentration
of atoms in the gas phase at standard temperature and
pressure (T = 298◦C andp = 1 atm). Given thats ≈
0.015 is nearly constant, and the temperature range
we consider is small, for simplicity we assume the
solubility is constant with valueS = 0.015× cstd ≈
60× 10−8 mol/cm3.

Since water vapour flux is not driven by a pressure
gradient, it is generally characterised by a diffusion co-
efficient. However, for our purposes it is useful to use
a fictitious water permeability in units which, under
standard gas barrier conditions (1 atm for inert gases
and oxygen, 100% RH for water vapour), would give
an equivalent molar flux if the numerical values of
the gas permeability and fictitious water vapour per-
meability were identical. To this end, we define the
fictitious water vapour permeability asP = Dcw with
D given in cm2/s, andcw the concentration of water
(mol/cm3) in the oxide surface. The units ofP are
then mol/(s cm). The ‘solubility’cw of water in silica
glass at 200◦C has been estimated to be≈500 ppm by
weight[12]. Assuming the density of glass is 2.2 g/cm3

this givescw = 5× 10−4 × 2.2 g/cm3×1/18 mol/g =
6.1 × 10−5 mol/cm3. In rhyolitic glasses (77% SiO2)
[13], the solubility is around 0.3% (by weight) giving
cw = 3.7×10−4 mol/cm3. For simplicity we adopt an
intermediate valuecw = 1 × 10−5 mol/cm3.
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For a 12�m thick barrier (a standard thickness of
PET film), a gas transmission rate of 1 cm3/m2 per
day/atm ×12�m corresponds to 56× 10−18 mol/
(cm s atm)= 56 p.u. where for simplicity we have de-
fined 1 permeation unit (p.u.) as 10−18 mol/(cm s atm)
(for oxygen or the inert gases). For the same thickness
of polymer film, a water vapour flux of 1 g/m2 per
day ×12�m corresponds to a fictitious permeability
of 0.16 × 10−12 mol/(cm s) = 160 kp.u. where, for
water vapour, 1 p.u. is 10−18 mol/(cm s).

2.2. Ideal laminates and macro-defects

Assuming that the ceramic layer is macro-defect
free and homogeneous, the permeabilityP of a barrier
film (thicknessd) is given by ideal laminate theory
(ILT) as [1,14,2]:

PILT =
(

φp

Pp
+ φg

Pg

)−1

, φp = dp/d, φg = dg/d

(2)

wheredp, φp andPp are the thickness, volume fraction
and permeability of the polymer substrate anddg, φg
andPg are the values for the glass layer (dp +dg = d,
φp + φg = 1). If Pg/φg � Pp/φp then byEq. (2):

Pb = PILT ≈ Pg

φg
(3)

where we have putPb, the permeability of the com-
posite barrier, equal toPILT . If the film is an ideal
laminate structure we can estimate the permeability of
glass from measurements ofPp andPb as:

Pg = φg

(
1

Pb
− φp

Pp

)−1

≈ φgPb (4)

The stated approximation holds for standard compos-
ite barriers (40 nm thick oxide layer and 12�m thick
polymer substrate, soφp ≈ 1) if Pb � Pp.

In the case where the oxide layer has macro-defects
(>1 nm) we model the permeability as:

Pb = Pmd +
(

1 − Pmd

Pp

)
PILT (5)

wherePmd is the permeability of the defects assuming
that the permeability of the oxide layer is negligible
(i.e. PILT = 0). Eq. (5) is based on extensive numer-
ical solution of the partial differential equation for
diffusion [15]. The factor(1 − Pmd/Pp) < 1 reflects

the fact that permeation through the glass/polymer
layer is reduced (belowPILT ) by the presence of
macro-defects. It has been shown[14,16] that the
macro-defect permeability is directly proportional to
the polymer permeability,Pmd = CmdPp, whereCmd
is a dimensionless constant which depends on the size
and number of macro-defects in the film. Note that if
the oxide layer is practically impermeable (Pg = 0)
thenPILT = 0, andEq. (5)gives

Pb ≈ CmdPp (6)

The actual form ofCmd has been given for circular
holes [14] and rectangular holes (including cracks)
[16]. For an oxide layer with periodically repeated
(spacingL) rectangular macro-defects of size 2w×2h

deposited on a substrate of depthd:

Cmd ≈ 2π

√
whd

L2

(
H

(
h

w

)
−

√
wh

d
ln 2

)−1

(7)

with

H(s) = s−1/2 ln
(√

1 + s2 + s
)

−s1/2 ln
(√

1 + s−2 − s−1
)

The approximation holds forw, h � d � L. More
general results for allw, h andd, and a result for the
case of cracks, are given in[16]. Importantly, Cmd
is a geometric constant that is independent of both
temperature and permeant species.

The temperature dependence of the diffusion coef-
ficient for molecules in solids (e.g. glass[17,18]) and
polymers[19] is generally given by an Arrhenius law:

D = D∞ exp

(
−	E

RT

)
(8)

the energy of activation	E being related to the en-
ergy necessary for the molecule to squeeze through
the lattice interstices. Since the solubility is linear in
T and the temperature range over which barrier films
are studied is small (10◦C ≤ T ≤ 60◦C), the activa-
tion energy of permeation is expected to be identical
to that of diffusion.

Ideal laminate theory, and the macro-defect theory,
provide the basis for a key test to determine the pres-
ence of macro-defects[2]. First, if the oxide layer has
no defects, then it is expected to have an extremely
low permeability, andEq. (3) shows that the barrier
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permeability is directly proportional to the oxide per-
meability. Therefore, if the activation energy of the
barrier layer is equivalent to the expected activation
energy of oxide (100 kJ/mol for O2 in vitreous sil-
ica [4]) the barrier is macro-defect free. Note that
activation energy of the barrier film is not the sum
of the activation energies of the substrate and oxide
layer (seeEq. (3)). On the other hand, if the oxide
layer contains macro-defects, but is otherwise prac-
tically impermeable, the barrier permeability will be
directly proportional to the polymer permeability by
Eq. (6), and the activation energy of the barrier will
be equivalent to the activation energy of permeation
through the polymer (typically around 35 kJ/mol for
O2) [20]. In between these limiting cases (defect or
oxide dominated) the barrier does not have a true ac-
tivation energy, but over a small temperature range it
will show an apparent activation energy between the
two limits 	Ep < 	Eb < 	Eg (if 	Ep < 	Eg).

The assumed large difference in the activation ener-
gies of defect-free oxide and the polymer substrate (it
is thought that	Eg � 	Ep) allows a clear statement
to be made about the presence of defects depending on
whether	Eb ≈ 	Ep or 	Eb ≈ 	Eg. A key problem
with this approach is thatPg and 	Eg are not pre-
cisely known since no study has detected H2O or O2
permeation through silica glass at room temperature.
Certainly, if high temperature results are extrapolated
to T = 25◦C, no permeation would be detectable
even for the extremely thin oxide layers of barrier
films. But such an extrapolation may not be justified.
For example, in silica above 400◦C, Barrer[8] found
	Eg(H2) = 45 kJ/mol, but at 193◦C the activation
energy of permeation was reduced to	Eg(H2) =
18 kJ/mol. A qualitatively similar change in the tem-
perature dependence of argon, nitrogen and air per-
meation at low temperatures was observed. This was
attributed to presence of ‘faults and cracks of molecu-
lar dimensions’, which we call nano-defects (<1 nm).

2.3. Nano-defects

If nano-defects are present in the oxide lattice, we
model the effective permeability of the glass as:

Pg = Pla + Pnd = P ∞
la exp

(−	Ela

RT

)

+P ∞
nd exp

(−	End

RT

)
(9)

where the subscript ‘la’ corresponds to the amorphous
lattice, and ‘nd’ corresponds to the nano-defects. Note
thatEq. (9)assumes the glass layer has an ‘effective’
permeability. This is tantamount to assuming an iso-
lated layer (i.e. not deposited on a substrate) of the
glass provides a finite resistance to gas flow. In con-
trast, macro-defects provide no resistance, and their
effect is modelled instead byEq. (5).

Since the nano-defects are larger than the interstices
in the lattice	End < 	Ela. At high temperatures
both pathways contribute, but the lattice component
dominates, because the nano-defects are rarer than lat-
tice interstices. This implies that in fused silica, high
temperature (e.g.T > 500◦C) estimates of	Eg are
really measurements of	Ela. At low temperatures,
the large activation energy of lattice diffusion kills off
the lattice contribution leaving only the nano-defect
contribution[8]. It is possible that similar nano-defects
play a role in barrier permeation, since the method of
depositing SiOx on polymer films is significantly dif-
ferent to the manufacture of silica glass, which is gen-
erally annealed at high temperatures. The distribution
of nano-defects in the barrier layers might, therefore,
be expected to differ considerably from silica glass,
and the permeation properties of these barriers are
usually measured closer to room temperature where
nano-defects may dominate transport.

The model given above may also explain the anoma-
lous [12] temperature dependence of water diffusion
in silica glass. ForT > 550◦C the authors reported
	Eg ≈ 80 kJ/mol, while forT < 550◦C an activation
energy of	Eg ≈ 40 kJ/mol was found[12]. There-
fore, the interpretation of gas barrier permeabilities in
terms of activation energy must be undertaken care-
fully. There are a number of instances in the literature
[6,7], and we will show more, where	Eb > 	Ep,
but the values are not sufficiently high to warrant iden-
tification as the oxide lattice activation energy	Ela.
We argue instead that the activation energy is related
to hindered diffusion through nano-defects. Since the
role of nano-defects in glass are not well understood,
we now discuss their contribution to permeation.

The simplest way to estimate the contribution of
nano-defects to permeation in barrier films is to exam-
ine the permeation/diffusion properties of solids with
larger pore sizes (or lattice interstices) than those of
silica glass. Shelekhin et al.[21] have studied gas per-
meation in ‘micro-porous’ glass (with pore windows
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of around 0.6 nm). A modified Knudsen formula[22]
was necessary to describe the data (particularly for
helium)

P = dp

√
8

πMRT

φ

3τ
e−	E/RT (10)

heredp is the pore diameter,M the molecular weight,
φ the porosity andτ a tortuosity factor. Over the tem-
perature range relevant to gas barrier films the fac-
tor of T −1/2 can be effectively ignored (as we have
done for the solubility which increases in proportion

Table 1
The permeability (units 10−18mol/(cm s atm)) and activation energy (kJ/mol) of permeation for glasses and micro-porous solids previously
studied in the literature

Material Gas P 	E D S T (◦C) P (30◦C) D (30◦C) Reference

Annealed silicon oxide (0.27 nm) He 1.7E+04 22 25 2.0E+04 [18]
Ne 4.0e+ 01 38 0.58 69 79 4.7E+00
Ar 2.2E+00 105 0.16 14 644 8.9E−13

Zeolite KA (0.3 nm) Ne 29 2.9E−03 20 2.6E−01a 4.3E−03 [24]
Ar 53 1.6E−07 20 2.0E−05a 3.3E−07

K-mordenite (≈0.4 nm) Ar 35 2.4E−06 −78 3.8E−01a 6.3E−03 [24]
O2 18.4 2E−05 −78 7.5E−02a 1.3E−03

Micro-porous glass (0.6 nm) He 2.8E+09b 0.5 25 2.8E+09 [21]
O2 3.1E+06b 12 25 3.3E+06

Vitreous silica (0.27 nm) O2 2.8E+02 92 900 2.6E−10 [4]

Soda-lime glass (<0.27 nm) He 2.3E+00 46 25 3.1E+00 [17]

Silica glass H2O 80 1.0 730 1.4E−07c 1.4E−10 [12]
H2O 40 1.0E−03 200 2.9E−03c 2.9E−06

Isotropic PET O2 1.6E+04 34d 25 2.0E+04 [20]

Crystalline PET O2 8.4E+03 35d 25 1.1E+04 [20]

Isotropic polyethylene He 6.4E+05 25 [25]
O2 3.5E+05 25

Crystalline polyethylene He 6.2E+04 25 [25]
O2 9.7E+03 25

Glassy PET He 20 [19]
O2 46

Rubbery PET He 28 [19]
O2 51

PET O2 250 [26]

The solubility is given in units of 10−8 mol/cm3, and the diffusion coefficient in units of 10−10 cm2/s. The data in columns 3–6 is taken
directly from the source (except where noted). The data in columns 8 and 9 is extrapolated from the source data using Arrhenius’ law.

a Estimated usingP = SD with S = 60× 10−8 mol/cm3 (see text).
b Estimated usingP = SD with S = 1000× 10−8 mol/cm3 (see text).
c P estimated from Fig. 7 in[21].
d Estimated fromP reported at 25 and 60◦C.

to T ). For large ‘pore’ sizes the permeation no longer
follows an Arrhenius law, instead diffusion is limited
by collisions with pore walls (Knudsen diffusion). In-
termediate behaviour (between Knudsen and hindered
diffusion) was observed by Lord Rayleigh for a 1 nm
wide planar pore (e.g. see[8]). This specifies our up-
per limit for nano-defects.

We report the activation energy of permeability and
the absolute permeability of several well characterised
solids inTable 1. This provides a ‘scale’ with which
data for barrier films can be compared[21]. The
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Table 2
The diameter of various gases discussed in this paper (after
Doremus[11])

Gas Diameter (nm)

He 0.20
Ne 0.24
Ar 0.32
O2 0.32
H2O 0.33

degree to which such comparisons can be made be-
tween materials of different chemical structure is of
course limited, nevertheless, the data provide a useful
benchmark. For reference, we also report literature
values ofP and	E for polymers.

There are several obvious trends in the data. In a
given material	E increases with kinetic diameter of
the permeant molecule (Table 2). This is attributed to
the greater energy required by a molecule to ‘squeeze’
through a pore-window. For tightly packed glasses a
square law (i.e.	E ∝ (radius)2) has been proposed
[18,11]. For a fixed permeant molecule (e.g. He)	E

falls extremely rapidly with increasing pore size. For
example	E = 46 kJ/mol for He in dense soda lime
glass (pore size<0.27 nm) and	E = 0.5 kJ/mol for
micro-porous glass (pore size 0.6 nm). A crucial im-
plication from the table is that a small increase (10%)
in pore size can halve the activation energy of per-
meation. For example, an increase in ‘pore’ size from
0.27 to 0.3 nm reduces the activation energy of argon
permeation from 105 to 53 kJ/mol.

In general, we expect that as	E increasesP will
decrease, since the diameter of the pore channels is
decreasing. But this need not be true. The permeability
also depends on the number of channels (represented
by the porosityφ in Eq. (10)). This may explain why
neon diffusion is unexpectedly lower in zeolite (0.3 nm
pores,	E = 29 kJ/mol) than silicon oxide (0.27 nm
pores,	E = 29 kJ/mol).

2.4. Implications for experiments on barrier films

CombiningEqs. (2), (5) and (9)we propose that
gas and water vapour permeation in barrier films can
be described by the formula:

Pb = CmdPp +
(

φp

Pp
+ φg

Pla + Pnd

)−1

(11)

where Pp = P ∞
p exp(−	Ep/RT), Pla = P ∞

la exp
(−	Ela/RT) andPnd = P ∞

nd exp(−	End/RT) are, re-
spectively, the permeabilities of the polymer substrate,
nano-defect free lattice, and nano-defects.

The factor(1 − Pmd/Pp) appearing inEq. (5) has
been replaced by unity sinceCmd < 0.05 in the barrier
films we consider. The physical picture underlying the
model is shown inFig. 1. The relative importance
of each term will depend on its magnitude and the
geometric factors (φp, φg andCmd).

The activation energy test for determining the
presence of macro-defects may be confounded by
anomalously low activation energies arising from
nano-defects in the oxide layer (i.e.	Eg and 	Ep
may be similar in magnitude). Moreover, at room
temperature, the presence of nano-defects will also
significantly increase the magnitude of the permeabil-
ity above values extrapolated from high temperature
experiments. This may also invalidate the activation
energy test, since the hypothesis thatPg/φg � Pp/φp
(recallφg � φp) upon whichEq. (3)is based, may no
longer be true. Therefore, it would be useful to have a
complimentary test for macro-defect dominated per-
meation. IfPg = Pla + Pnd ≈ 0 then, fromEq. (6),
the ratio Pb/Pp = Cmd should be independent of
temperature (which gives the same information as the
activation energy test), but also independent of the
permeant gas. As a consistency check it is possible to
infer some geometric properties of the defects ifCmd
is known fromEq. (7). A third useful interpretative
quantity isPg, the permeability of the glass. This can
be calculated fromEqs. (4) and (5)if macro-defects
are present. If the properties of the glass layer do not
vary with deposited thickness, this value should be
independent of thickness. In addition to the activation
energy of permeation, the absolute value ofPg can
be useful for inferring the ‘pore’ scale (of the lattice
interstices or nano-defects) by comparison with the
data presented inTable 1.

3. Experimental details

3.1. Materials

We used a roll-to-roll vacuum deposition coater to
produce SiOx films of varying thickness (13–67 nm).
A schematic cross-sectional diagram of the instrument
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Fig. 2. Schematic diagram of the roll-to-roll vacuum deposition coater.

is shown inFig. 2. The vacuum chamber of the ma-
chine was divided into a ‘winding’ and ‘deposition’
chamber by a shielding plate and cooled processing
role. The upper-section contains guide rolls for film
un-winding and rewinding. In the lower section, an
electron beam gun (guided by an electro-magnetic
deflection coil) is used to evaporate the raw Si–O
material from a water-cooled copper crucible. To
avoid film damage by the splash of un-vaporised hot
materials, the deposition speeds were maintained at
about 500 nm/s by a stable power of 16 kW (30 kV,
0.53 A). The base material was a PET film (Toray
Co. Ltd., P-60:12�m) and the SiOx coating thickness
was controlled by varying the roll-to-roll speed from
0.5 to 6.0 m/s. The reported thickness of the SiOx

layers was measured by an X-ray fluorescence meter
which had been calibrated by transmission electron
microscopy.

The surface morphology of the evaporated SiOx

(x ≈ 1.7) coating was examined using the techniques
of scanning electron microscopy (SEM) and atomic
force microscopy (AFM). A JSM 840f scanning elec-
tron microscope operated at 1 kV accelerating voltage
was used to investigate the coating in the absence of
any deposited conducting film. A special SEM stage
was constructed to allow 40 mm×40 mm areas of each
sample to be examined. Using precisely the same areas
for gas permeation and microstructure measurements
ensured that a one-to-one correlation could be made

between the microstructure and permeation measure-
ments. For AFM studies a Park SFM BD2 atomic force
microscope was used.

3.2. Permeation measurements

The permeabilities of inert gases (He, Ne and Ar)
were measured using the Gas Permeation Measure-
ment System of Yanaco Analytical Instruments Co.
(GTR-30XT). The sample film divides the measure-
ment cell into two sections. The upper half is filled
with the permeant gas at a pre-set pressure (2 atm),
while the lower half is evacuated (the pressure differ-
ence providing the driving force of permeation). The
gas that penetrates the film during a given time period
is collected and flushed by a carrier gas to a chromato-
graph detector. Measurements of the permeability at
different temperatures (30, 45 and 60◦C) allowed us
to estimate the activation energy of permeation.

The oxygen permeability was measured using an
OXTRAN instrument (Mocon Co., 10/50A). In this
case, the upper half of the cell is maintained at 1 atm
pressure of O2 and the lower half at 1 atm pressure
of N2. The temperature (30◦C) and humidity (70%
RH) of the cell were held constant. In contrast to
the instrument used for inert gases, the driving force
of permeation is the partial pressure of O2. The vol-
ume of O2 collected in a given time is measured by a
nickel–cadmium sensor.



A.P. Roberts et al. / Journal of Membrane Science 208 (2002) 75–88 83

3.3. Characterisation

Microstructural characterisation of the barrier layer
is crucial in order to establish the possible presence
of pores and pinholes that would otherwise domi-
nate permeation. Scanning electron and atomic force
microscopes were used to investigate the structural
integrity of the evaporated SiOx coatings. Extensive
SEM examination of the barrier coatings revealed
no obvious pinholes or macro-scale defects in the
structures.

Fig. 3. AFM images of SiOx layers of thickness: (a) 13 nm and (b) 43 nm. Only the upper surface of each sample is shown. The base of
the vertical axis is arbitrary, i.e. it does not correspond to the polymer/oxide interface.

Fig. 3 shows AFM images of the 13 and 43 nm
SiOx layers. These images indicate an irregular sur-
face array of columnar grain-like structures similar to
those reported by Tropsha and Harvey[2]. Chemical
removal of the barrier layer revealed that the under-
lying PET surface is smooth. This observation sup-
ports the hypothesis that the SiOx surface roughness
is linked to growth around isolated nucleation centres.

Altogether, the SEM and AFM investigations show
that all the coatings were uniform; including the
13 nm coating which completely covered the PET.
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In contrast, a prior study reported partial coverage
[1] of the substrate for very thin oxide layers. High
resolution electron microscopy was unable to resolve
any defect structure in the barrier coatings. This indi-
cates that pores present were less than 1 nm in size.
Selected area diffraction studies showed that the de-
posited SiOx is amorphous. A detailed account of the
film characterisation is given by Yanaka et al.[16].

4. Results and discussion

We have measured the permeability at 30◦C of sev-
eral gases through PET (Pp) and PET/SiOx films (Pb)
as a function of glass thickness (13–67 nm). The re-
sults are shown inTable 3and plotted inFig. 4. Three

Table 3
The measured permeability of filmsPb coated with an evaporated silicon-oxide layer of thicknessdg (nm)

dg He Ne Ar O2

Pb Pb/Pp Pg Pb Pb/Pp Pg Pb Pb/Pp Pg Pb Pb/Pp Pg

0 5.4E+05 1.000 – 65790 1.000 – 6304 1.000 – 7130 1.000 –
13 3.6E+05 0.674 1197 6518 0.099 0.06 315 0.050 0.36 337 0.047 0.38
23 1.9E+05 0.355 563 2255 0.034 0.21 256 0.041 0.50 224 0.031 0.44
43 8.9E+04 0.166 381 1836 0.028 0.56 273 0.043 0.99 179 0.025 0.65
67 4.4E+04 0.083 268 1591 0.024 1.18 324 0.051 1.78 173 0.024 0.98

The permeability of the oxide layerPg is estimated using ideal laminate theory (Eq. (4)). The units used for permeability are 10−18 mol/
(cm s atm).

Fig. 4. Barrier permeability as a function of oxide thickness and permeant species: helium (�), neon (�), argon (�) and oxygen (�).

samples of each barrier were analysed. In the table,
we also report the ratioPb/Pp, and the inferred glass
permeabilityPg. The latter quantity is calculated us-
ing ideal laminate theory under the assumption of neg-
ligible transport through macro-defects. The fact that
Pb/Pp is not constant with thickness and permeant
species rules out a picture where permeation is always
dominated by macro-defects. Similarly, the fact that
Pg decreases with thickness for helium, but increases
for the other gases, rules out an ideal laminate model.
If the film were an ideal laminate,Pg would have a
constant value for each permeant, irrespective of thick-
ness. The activation energy measurements for the no-
ble gases are reported inTable 4. Since the trends in
the data differ for each permeant species we discuss
them separately.
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Table 4
The activation energy	E (kJ/mol) of permeation for inert gases
in films of varying oxide thickness

Gas Bare PET 13 nm 43 nm

He 21 32 28
Ne 22 28 27
Ar 33 35 42

The value corresponds an average for three different samples. The
sample variation is about±5% of the reported average.

4.1. O2

For oxygen permeation, it is believed that practi-
cally all the transport occurs through macro-defects
[2], although for lower permeability films (Pb/Pp ≈
0.004), some role has been attributed to the SiOx layer
[6]. Assuming the oxygen permeates chiefly in molec-
ular form (since atoms would be subject to severe
chemical constraints), the lattice and nano-defects are
simply to small to allow significant transport. This is
useful as it allows us to determineCmd = Pb/Pp ≈
0.04. The same numerical value should apply to all
other permeant species. WherePb/Pp > 0.04, our
model implies lattice or nano-defect permeation in ad-
dition to the macro-defect permeation reflected inCmd.
For O2, the value ofCmd decreases slightly with thick-
ness indicating, not surprisingly, that the density of
macro-defects penetrating the whole thickness of the
barrier layer decreases with oxide thickness. It is in-
structive to find values of the geometric parameters in
Eq. (7)which are consistent withCmd ≈ 0.04. Some
examples are given inTable 5. If the macro-defects are
small (width 75 nm), they only need occupy 0.001%
of the overall oxide surface. The implied rarity of
the defects may explain why we have observed no
macro-defects in our characterisation studies.

Table 5
Using Eq. (7), we have calculated hypothetical sizes (W = 2w)
and spacings (L) of macro-defects which are consistent with the
observed defect permeability (Cmd ≈ 0.04)

W (�m) L (�m) Area fraction (W2/L2)

0.075 2 1.4 × 10−5

0.03 4 5.6 × 10−5

0.12 8 2.3 × 10−4

0.47 16 8.8 × 10−4

1.85 32 3.3 × 10−3

Previous experiments using plasma enhanced CVD
to deposit SiOx on polycarbonate have reported ac-
tivation energies for permeation which differ from
the those obtained for the polymer alone[6]. Prior
to deposition	Ep = 17 kJ/mol andPp ≈ 764 kp.u.
(910 cm3/m2 per day/atm× 0.18 mm). With a depo-
sition thickness oft = 100 nm the barrier properties
were	Eb ≈ 25 kJ/mol, andPb = 1.7 kp.u. (2 cm3/m2

per day/atm× 0.18 mm). Since	Eb > 	Ep the au-
thors concluded that diffusion was SiOx limited, i.e.
Cmd = 0. AssumingPla = 0, Eq. (11)can be solved
to give Pnd = 0.93 p.u. Comparing	Eb andPnd to
the data inTable 1, the glass layer is similar in per-
formance to K-mordenite with 0.4 nm pores. The in-
ferred pore size is 20% smaller than the previously
estimated value[6]. Their value (around 0.5–0.6 nm)
is based on the assumption that only the difference
in activation energy between the polymer and lami-
nate barrier	Eb − 	Ep ≈ 25− 17 = 8 kJ/mol (up
to a value of 17 kJ/mol, depending on the particular
barrier) corresponds to the activation energy of the
glass. Instead, we used the more appropriate assump-
tion 	Eb ≈ 	Eg based onEq. (3).

4.2. Inert gases

For argon permeation, we findPb/Pp is slightly
higher (25%) thanCmd for O2 permeation. This
may indicate some permeation is actually occurring
through the solid SiOx layer. This is supported by
the activation energy of permeation (	Eb = 35 and
42 kJ/mol at 13 and 43 nm) being slightly greater than
	Ep = 33 kJ/mol. This activation energy is far less
than that expected for argon diffusion through the
lattice of annealed silicon oxide (105 kJ/mol), but is
consistent with diffusion through the 0.4 nm pathways
of K-mordenite, which corresponds to the proposed
size of the nano-defects in our model.

For helium Pb/Pp is significantly greater than
Cmd for Ox permeation and	Eb > 	Ep. This in-
dicates that the majority of transport is limited by
the SiOx layer. The inferred permeability of the glass
(Pg = 1197 p.u. at 13 nm), and activation energy
	Eb = 32 kJ/mol are consistent with lattice diffusion
in glass with structure between that of annealed sili-
con oxide (20 kp.u.,	Eg = 21 kJ/mol) and soda lime
glass (2.3 p.u.,	Eg = 46 kJ/mol). This suggests that
the oxide lattice interstices are similar in size to silica
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glass (0.27 nm). UsingCmd = 0.04, we infer that of
the total helium permeationPb = 360 kp.u., a portion
equal to 0.04 × Pp = 22 kp.u. is actually migrating
un-hindered through the defects. Since this represents
only 6% of the total flux, the majority of flux, and
hence activation energy, is controlled by the oxide
lattice. As the glass layer increases in thickness, the
total barrier permeability decreases, so the proportion
of flux passing through macro-defects increases. For
example, at thicknessdg = 43 nm, Pb = 89 kp.u.,
indicating nearly 25% of the total flux is expected to
pass unhindered through macro-defects. The decrease
in activation energy from 32 to 28 kJ/mol is consistent
with this inference.

For neon permeation through the barrier film with
an oxide coating of 13 nm, the expected macro-defect
contribution is 0.04× 66 kp.u. = 2.6 kp.u., which is
around half that observedPb = 6.5 kp.u. The conclu-
sion that gas is permeating in the oxide later is sup-
ported by the observation that	Eg = 28 kJ/mol is
indeed greater than	Ep = 22 kJ/mol. UsingEq. (11)
we calculatePg = 3.6 p.u. This is only slightly less
than 4.6 p.u. (	Eg = 48 kJ/mol) for lattice permeation
in annealed silicon oxide with 0.27 nm interstices, but
our measured activation energy is lower indicating that
the pores through which neon pass have a diameter
greater than 0.27 nm. Note that zeolite KA with 0.3 nm
pores has	E = 29 kJ/mol, closer to our measured
value. Therefore, neon permeation may be occurring
through nano-defects of around 0.3 nm in size. The
defects are only slightly larger than the 0.27 nm lattice
interstices of solid oxide through which the helium
gas migrates.

4.3. H2O

Tropsha and Harvey[2] measured H2O and O2 per-
meation of SiOx coated polymer films (mainly PET),
the silicon oxide layer deposited by plasma enhanced
chemical vapour deposition (CVD). For our purposes,
their key experimental findings were as follows. For
oxygen permeationPb/Pp = 0.005–0.010 (average
0.006), butPb/Pp = 0.036–0.14 (average 0.07) for
H2O permeation. Also,	Ep ≈ 	Eb ≈ 30 kJ/mol
for O2, but 	Eb ≈ 55 kJ/mol for H2O, independent
of four different polymer substrates (with	Ep =
23–55 kJ/mol). The O2 data support a macro-defect
picture [2], but the activation energy of H2O trans-

port appears to indicate that the H2O molecules dif-
fuse through the glass. Tropsha and Harvey[2] rule
out the latter hypothesis on the basis that (i)	Eb ≈
55 kJ/mol � 84 kJ/mol for water in glass[12] and
(ii) they assumed that the water would not permeate
through the glass lattice at room temperature (based on
high temperature data). Earlier we showed that these
assumptions are not necessarily true. The presence of
nano-defects in the glass can halve the activation en-
ergy, and increase the expected diffusion coefficient
by four orders of magnitude[12].

It is, therefore, interesting to ask if Tropsha and
Harvey’s data can be reinterpreted using the purely
physical model (i.e. for chemically inert gases) pro-
posed here. Given the relatively large size of a water
molecule (0.33 nm) we assume that practically all the
diffusion is through nano-defects (soPla ≈ 0). For the
barrier of Tropsha and Harvey we have all the vari-
ables inEq. (11) bar Pnd, which can be calculated.
From [2] we havedg = 100 nm,dp = 25�m, Pb =
4.95× 105 p.u. (19.77× 10−7 mol/(m2 s) × 25�m),
Pp = 5.3×106 p.u. (212×10−7 mol/( m2/s)×25�m).
From Pb/Pp = 0.006 for O2 we infer Cmd = 0.006,
which impliesPnd = 2 kp.u. This is still six orders of
magnitude greater than the independently determined
value for silica glass (0.0029 p.u. inTable 1). Under
the assumption of molecular transport, this implies
that there are many more nano-defects in CVD SiO2
than silica glass. Since little data for H2O diffusion
in materials other than glass is available it is hard to
estimate the nano-defect size from the measured acti-
vation energy (55 kJ/mol). Given that the diameter of
H2O (0.33 nm) is slightly larger than argon (3.2 nm)
we estimate a nano-defect size of 0.3–0.4 nm from
Table 1. Our interpretation of H2O permeation data is
speculative only. There are a range of factors[2,10–12]
which complicate water permeation in glass (such as
chemical interactions), although it has also been sug-
gested that diffusion of molecular water predominates
transport[23].

5. Conclusion

We have proposed a quantitative model for
permeation in SiOx /polymer barrier films which
takes into account permeation through the lattice
(‘pore’ size<0.3 nm), nano-defects (0.3–1.0 nm), and
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macro-defects (>1 nm) of the oxide layer. It is nec-
essary to postulate the presence of nano-defects in
the oxide layer to explain experimental data which
neither fits the ideal laminate hypothesis or a purely
macro-defect model. Evidence of nano-defects in
silica glasses has been previously found based on
observed decreases in the activation energy of perme-
ation at low temperatures[8,12]. The role of nano-
defects will be especially pronounced for relatively
large molecules (e.g. O2 and H2O) since their lattice
permeabilities (extrapolated from high temperature
studies) at room temperature are virtually negligible.

To gauge the size of the nano-defects we have col-
lated data on well characterised solids with ‘pore’ sizes
ranging from 0.27 to 0.6 nm. Therefore, the ‘pore’
size in oxide coatings can be inferred by comparing
the measured activation energy with tabulated values.
This is possible if a portion of the total permeation is
traversing the oxide layer; if macro-defects dominate,
the solid oxide layer will be bypassed. Using the quan-
titative model (Eq. (11)) it is also possible to obtain a
direct estimate of the oxide permeability. In order to
relate the study of barrier films to other work in the lit-
erature, it is important to express the barrier properties
in terms of the more fundamental quantities of per-
meability, diffusivity and solubility. We have provided
rough estimates of the solubility for inert gases and
H2O, but specific values for barrier materials would
be desirable.

We have used the model to interpret permeation of
helium, neon, and argon through electron beam evap-
orated SiOx /PET barriers of varying thickness. The
data cannot be explained by an ideal laminate or a
macro-defect theory alone. Oxygen permeation exper-
iments indicate the presence of macro-defects, but our
model for macro-defect permeation indicates that the
defects could be both small and rare. This provides an
explanation of why they cannot be detected even in
thorough characterisation studies (e.g.Section 3.3).

Our permeation results indicate that helium passes
through the oxide lattice and macro-defects of elec-
tron beam evaporated SiOx . The measured activation
energy and inferred glass permeability imply the lat-
tice interstices are slightly smaller than those found in
annealed silicon oxide. The activation energy of neon
permeation is significantly smaller than expected for
annealed silicon oxide. This indicates that neon atoms
traverse slightly larger nano-defects (≈0.3 nm) in ad-

dition to the macro-defects. The activation energy of
argon permeation implies the existence of still larger
nano-defects (≈0.4 nm). Of course helium and neon
will also pass through these defects, but the majority of
the flux in each case will be dominated by the smaller
(more common) nano-defects or lattice interstices.
Consideration of prior O2 permeation experiments
[6] in terms of our model also implied that larger
molecules permeate through≈0.4 nm nano-defects.
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