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ABSTRACT: The quality assessment of moisture permeation barrier layers needs to include
both water permeation pathways, namely through bulk nanoporosity and local macroscale
defects. Ellipsometric porosimetry (EP) has been already demonstrated a valuable tool for the
identification of nanoporosity in inorganic thin film barriers, but the intrinsic lack of sensitivity
toward the detection of macroscale defects prevents the overall barrier characterization. In this
contribution, dynamic EP measurements are reported and shown to be sensitive to the
detection of macroscale defects in SiO2 layers on polyethylene naphthalate substrate. In detail,
the infiltration of probe molecules, leading to changes in optical properties of the polymeric
substrate, is followed in time and related to permeation through macroscale defects.
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One of the main advantages of organic electronics devices
relies on their development on flexible substrates.

However, moisture permeation barrier layers are necessary to
block water and oxygen from diffusing in the device.1,2 Barriers
can be either directly deposited on flexible devices or on flexible
foils, subsequently used for device encapsulation. This
contribution specifically relates to the investigation of the
quality of barriers deposited on flexible substrates. The
permeation of water vapor through single inorganic layers is
known to occur through two main pathways, macroscale
defects (ranging from tens of nanometers to hundreds of
micrometers in size) and nanopores (ranging from the water
kinetic diameter, 0.27 nm, to roughly few nm).3,4 We have
previously5 categorized the barrier quality of a layer as intrinsic
when permeation through nanopores is considered, whereas we
refer to the effective barrier quality when including permeation
through local macro-scale defects. These defects are often
generated during the deposition process or due to particles’
contamination on the substrate surface. The control and
detection of both permeation pathways is the key to the overall
barrier quality evaluation. Recently, we have shown that
ellipsometric porosimetry (EP) is a valid methodology for
detection and classification of the nanoporosity (0.27−2 nm),
controlling the intrinsic barrier properties of inorganic thin
films.5−7 In EP, the uptake of a probe molecule in the pores of
the barrier is monitored by spectroscopic ellipsometry (SE) as a
function of its partial pressure, in turn providing information on
its porosity and pore size range.8−10 However, our inves-
tigations have also shown that this methodology is not sensitive

toward detection of macroscale defects.6,11 Because of the large
surface area characterizing the defect, the probe molecule
adsorption leads to incomplete filling of the defect volume, this
latter being necessary to induce changes in the refractive index
of the layer.
However, the EP methodology may become sensitive to the

detection of macroscale defects in case of barriers deposited on
substrates optically sensitive to the probe molecule permeation.
Hence, in this contribution, we will explore the possibility of
identifying, by means of time-resolved EP (dynamic EP),
macroscale defects in inorganic barriers deposited on polymers.
When successful, this approach would allow the character-
ization of the barrier layer (quality) deposited directly on
polymers, therefore providing a highly valuable tool to evaluate
barrier foil systems for device encapsulation.
One of the polymers most commonly used as substrate in

flexible electronics is polyethylene 2,6-naphthalate (PEN),
because of its intrinsic water permeation barrier performance
(WVTR ≈ 1 × 10−1 gm−2 day−1), flexibility, and relatively high
glass-transition temperature.12 PEN foils, however, often exhibit
optical anisotropy,13 complex to model when monitoring
adsorption-based processes, such as EP. Furthermore, PEN
intrinsic barrier properties would lead with EP to rather long
measurement time to detect significant changes in refractive
index. Therefore, to tackle these practical challenges, we here
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considered amorphous, low density, optically isotropic poly-
ethylene terephthalate (PET, Goodfellow, 250 μm thick). The
optical properties of free-standing PET foils have been
characterized a priori with SE. The measurements were
performed in air at three angles of incidence (60, 70, 80°) in
a wavelength range of 190−1000 nm. To measure in reflection
mode, the back side of the samples was mechanically scratched
to minimize any possible reflection at the back side.
In Figure 1a, the SE data (Ψ and Δ) are reported as a

function of wavelength. The optical properties of the
amorphous PET have been determined only in its transparent
region, i.e., 400−1000 nm. The dispersion relation chosen to
describe the optical behavior of the polymer is the Cauchy
function (cfr. Supporting Information). The n values were
found to be in the range 1.545−1.578 (at 632.8 nm) with an
accuracy of ±0.003, in agreement with the values found in the
literature and those provided by the supplier.14 Differences in
the PET refractive index are attributed to inhomogeneity in film
density within the same batch. To model the surface roughness,
a Bruggeman effective medium approximation (BEMA) layer
(50% polymer, 50% voids) has been used to account for the
polymer surface roughness, which is found in the range 1.5−3
nm.
Plasma-enhanced chemical vapor deposition (PE-CVD) of

SiO2 layers on PET substrates has been carried out in a home-
built RF parallel plate capacitively coupled reactor (Figure
1b).15 The substrate temperature was set at 80 °C. The plasma
power was varied as to yield SiO2 layers with different mass
density and, therefore, optical properties. The SiO2 layers have
also been deposited on a c-Si substrate as reference. Two cases
have been investigated, a PE-CVD SiO2 layer showing a dense
matrix (dense SiO2) and one with a higher degree of porosity
(porous SiO2). In Figure 1b, the ellipsometric data acquired ex
situ, (i.e., after exposure to air) are reported as a function of the
wavelength for the 100 nm thick PE-CVD SiO2/PET samples.
The angle of acquisition (70°) was chosen according to the
fixed angle stage of the EP setup. For the PE-CVD SiO2/PET
samples, the ellipsometry data were modeled adopting two
Cauchy functions, representing the PET substrate and SiO2
layer. The refractive index values for the layers deposited on
PET and c-Si are reported in Table 1, showing similarities in the
bulk properties of layers grown on different substrates. The
difference in refractive index between the SiO2 layer and PET is
sufficient to independently follow events occurring in the two
layers due to the limited amount of parameters modeled.
Furthermore, a correlation matrix calculated from the model

variables excluded interdependency of the analysis parameters,
confirming the goodness of the fit.
Once defined its optical properties, the pristine PET

substrate has been then studied by dynamic EP. The EP
measurements were carried out in a home-built porosimeter,
described in detail elsewhere.7,11 Toluene (0.6 nm in diameter)
is chosen as adsorptive, because of its nonpolar nature, making
possible to exclude polar interactions during adsorption and
desorption (e.g., hydrogen bond formation). Before the
measurements, the samples were outgassed overnight in the
porosimeter (10−6 mbar) at 30 °C. To avoid adsorption of
toluene on the back-side of the sample during the measure-
ments, the sample holder is equipped with a connection to an
Ar line. An O-ring is placed in contact with the back of the
sample, creating a clearance not directly exposed to toluene
vapors. A constant Ar flow prevents toluene from back-diffusing
and adsorbing (Figure S1). The partial pressure of toluene is
expressed as the ratio between its vapor pressure (Pl) and
saturation pressure (Psat) at the stage temperature (30 °C). In
Figure 2, the variation of the refractive index of the PET
substrate is reported as a function of time.
The toluene Pl/Psat was set at a value of 0.4. Above this value,

according to previous studies on barriers deposited on c-Si,5 all
nanopores are completely filled by probe molecules (micropore
filling phase), whereas the formation of a multilayer is rather
limited. Therefore, this choice allows the comparison of
samples having different nanoporosity content by monitoring
the overall increase of refractive index in the Pl/Psat range 0−
0.4. At first, the refractive index increases due to the filling of
the polymer free volume accessible to toluene. Subsequently,
nPET abruptly decreases, reaching an equilibrium value below
the refractive index measured in vacuum. The decrease in nPET
has been attributed to swelling occurring in the polymer due to
adsorption of toluene. The permeant widens the free volume of
the polymer, eventually decreasing its density.16,17 The swelling
is however limited, in line with what reported in the literature
for polymers exposed to organic vapors.18,19 A saturation is
then reached, pointed out by the constant nPET value (10−30

Figure 1. SE data (Ψ, Δ) of (a) free-standing PET foil, at three angles of incidence (60, 70, 80°); (b) porous and dense 100 nm thick PE-CVD
SiO2/PET samples, measured at 70°.

Table 1. Refractive Index Values of the Layers/Substrates
under Investigation
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min range). Finally, toluene Pl/Psat has been set to 0 to monitor
its desorption and verify whether toluene adsorption caused
irreversible structural changes in the polymer. The swelling is
reversible, as witnessed by the recovery of nPET at Pl/Psat = 0
(Figure 2). Therefore, as preliminary conclusion, PET is
suitable to detect the probe molecule permeation in its free
volume and different permeation phases can be discerned (pore
filling/swelling).
In Figures 3 and 4, the dynamic EP studies on PET and PE-

CVD SiO2 are reported. The n value in vacuum (Table 1)
differs from the ex situ counterpart because of desorption of
water from the inorganic layer at low pressure. In Figure 3, the
refractive index of both PET substrate and dense SiO2 are
reported as a function of the exposure time to toluene vapors.
At Pl/Psat = 0.4 (Figure 3a), no significant changes have been
measured upon toluene exposure, pointing out the absence of
nanopores accessible to toluene. Similarly, the PET refractive
index has undergone no changes, suggesting the absence of
pathways accessible to toluene molecules. In order to verify this
hypothesis, Pl/Psat was increased to 0.6 (Figure 3b). nPET
slightly increased, indicating toluene infiltration into its free
volume. The value of nSiO2

showed an increase up to 20 min of
exposure, but within the measurement error and it was thus
considered constant, showing no toluene uptake in the barrier

layer. However, no swelling occurred, inferred by the saturation
of the refractive index value after 25 min of exposure. Because
of lack of detectable nanoporosity in the SiO2 layer, we can
conclude that the adsorption of toluene in the PET free volume
necessarily occurs through macro-scale defects. The constant
value of the refractive index at Pl/Psat of 0.4, the smaller increase
in refractive index with respect to the pristine polymer (see
Figure 2), and the absence of swelling in the PET substrate at
Pl/Psat of 0.6 may be explained by very limited macroscale
defects present in the barrier. Considering the thickness of the
polymer substrate (250 μm), when its surface is covered by an
impermeable barrier, the amount of toluene required to induce
a significant variation of the optical properties, is reached only
after long exposure times, and, in turn, the time-scale
investigated might not suffice in showing either infiltration in
the free volume (at Pl/Psat of 0.4) or swelling (at higher values).
In the literature, long exposure times are also showed to be
necessary to fill the porosity of PE-CVD modified low-k
materials deposited on c-Si, supporting this hypothesis.16

Therefore, the introduction of a substrate sensitive to probe
molecule infiltration allows the detection of macroscale defects
when selecting a probe molecule not permeating the bulk
nanoporosity of the barrier. The validity of the adopted
approach is confirmed by probing the dense SiO2 layer with a
molecule that can access its nanoporosity, i.e., water (diameter
0.27 nm, Figure S2). The n values of the barrier and the PET
substrate increase due to the infiltration of water. Taking into
account a similar density of macro-scale defects in the sample
measured with toluene and the one measured with water,
differences in the refractive index increase are due to the
infiltration of water through nanopores with a diameter
accessible to the probe molecule. With this approach, new
possibilities for the analysis of barrier/polymer systems are
revealed.
In Figure 4, the effect of toluene exposure on porous SiO2 is

reported. At Pl/Psat of 0.4 (Figures 4a-b), an increase in SiO2
refractive index is observed, attributed to nanopore filling, with
a detected porosity content of 0.4% for the SiO2 layer. When
compared to a similar layer deposited on c-Si (Figure S2), the
porosity probed at the same Pl/Psat is ∼2%. Considering the
similar refractive index for the porous SiO2 deposited on PET
and c-Si substrates (Table 1), we can conclude that the lower
SiO2 nanoporosity content detected in the case of the polymer
substrate is due to the fact the permeable substrate impedes the

Figure 2. PET refractive index vs exposure time to toluene vapors.

Figure 3. Dense SiO2/PET refractive index vs exposure time to toluene vapors at Pl/Psat of (a) 0.4 and (b) 0.6.
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pore filling to reach an equilibrium. The toluene diffuses
through the nanoporosity toward the PET, impeding the whole
characterization of the nanopore content in the barrier layer. In
addition, the contribution of the diffusion through macroscale
defects is present, since the PET refractive index increases
simultaneously with the one of SiO2, upon exposure to toluene
(pore filling phase). Subsequently, the pore-filling is followed
by a limited swelling of the PET substrate, with respect to what
observed in Figure 2, and this is certainly due to the presence of
the barrier.
Although limited, the refractive index of SiO2 follows a

similar trend. However, the changes are within the measure-
ment error on the refractive index (±0.0005), and it is therefore
constant. As in the case of the dense sample, the toluene partial
pressure has been increased to 0.6 (Figures 4c, d). At first, the
SiO2 refractive index immediately increases upon increase of
the toluene vapor pressure. The maximum porosity filled is in
the order of 1.4%, 0.6% lower than for similar barriers on c-Si
(Figure S2).6 This suggests that by adopting higher partial
pressures of the probe molecule it is possible to completely
characterize the nanoporosity of inorganic layers on polymers.
The PET pore filling is instead delayed of 6 min (inset in
Figure 4c, d). Compared to the effect at Pl/Psat of 0.4, where the
increase in refractive index for the two layers occurs
simultaneously, the permeation at 0.6 occurs mainly through
the SiO2 nanoporosity, which might cause hindered toluene
diffusion through the layer porosity and slower kinetics of
permeation.
Finally, both PET and SiO2 refractive indexes decrease

because of swelling in the polymer substrate, occurring when
more toluene has permeated the barrier through both
nanoporosity and macroscale defects. The refractive index of
SiO2 reaches a value below the one in vacuum, inferring

changes in the silica matrix (e.g., stress). However, in Figure 4c,
d, the refractive index of the barrier during the swelling phase
was found to decrease earlier than the one of PET. This
discrepancy can be explained as follows. The differences in
thickness and therefore volume between the polymer (250 μm)
and the barrier film (100 nm) suggest that the amount of
toluene needed to observe a variation in refractive index is
rather different for the two layers. It is then reasonable to
assume that swelling occurs in the polymer before than in the
barrier (because of their chemical nature, inorganic vs organic)
but we are not sensitive to the very early stage of this
phenomenon when occurring only close to the polymer/barrier
interface. When the swelling extends deeper throughout the
polymer thickness, we are sensitive enough to see changes in
the polymer refractive index.When comparing the polymer
swelling in the SiO2/PET system with the one occurred on the
bare PET substrate, the nPET variation is found in the same
range. It can be argued that structural changes on the barrier
layer caused by the polymer swelling allow toluene to permeate
further in the PET substrate, accounting for the changes in
nPET. However, the time for toluene to reach saturation is 1
order of magnitude slower than the one on the bare PET
substrate, because of the presence of the SiO2 layer. When the
PET swelling saturates, pointed out by a constant value in nPET,
the SiO2 refractive index starts to increase, supposedly due to
filling of the newly formed pores.
In summary, in this contribution dynamic EP has been

demonstrated able to discern and follow the permeation of
vapors through nanopores and macro-scale defects in barrier
layers on polymers. The novelty of these results consists in the
observation that the use of substrates sensitive to probe
molecule permeation allows the diffusion to be followed
through both pathways in inorganic barriers, giving indication

Figure 4. Refractive index vs time for porous SiO2 (nSiO2
, blue) and PET (nPET, red) at Pl/Psat of (a, b) 0.4 and (c, d) 0.6; in the inset, zooming of the

delay in permeation at Pl/Psat of 0.6.
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of the kinetics and extent of permeation. However, the
nanopore content cannot be fully characterized because of
incomplete filling of the layer nanoporosity caused by the
permeation through the polymeric substrate. Moreover, using
probe molecules not penetrating the bulk nanoporosity of the
layer, the detection of macroscale defects was achieved,
overcoming the limitations of ellipsometry-based techniques.
Therefore, EP is demonstrated valuable in the assessment of the
overall quality of moisture permeation barriers.
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