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In this paper, plasma-enhanced chemical vapor deposited SiO2 layers capped by an
ultra-thin plasma-assisted atomic layer deposited Al2O3 over-layer are analyzed by
means of ellipsometric porosimetry (EP). In a very recent contribution, we have
shown that the combination of the two layers provided excellent intrinsicmoisture
permeation barrier performance down to the 10−5–10−6 g · day−1 · m−2 regime. The
present paper therefore addresses themicrostructural changeswhich the SiO2 layers
undergo upon Al2O3 deposi-
tion, as monitored by ellipso-
metric porosimetry (EP). It
was found that the Al2O3

deposition primarily affects
the relative content of open
pores with d> 0.3 nm (water
as probe) and d> 0.42 nm
(ethanol as probe) from 5.35
to 2.81% and from 2.50 to
0.32%, respectively.

KEYWORD S

ellipsometric porosimetry, gas permeation, moisture barrier layers, nano-porosity, plasma-assisted

atomic layer deposition, plasma-enhanced chemical vapor deposition (PE-CVD)

1 | INTRODUCTION

One of the major challenges in developing organic light
emitting diodes (OLEDs), photovoltaics (OPV), and thin film
transistors (OTFTs) is the sensitivity of their active organic
layers to oxygen and moisture. In the last decade, several
studies have been reported on the development and
characterization of either single or multi-layer oxygen/
moisture permeation barriers.[1–6] The level of water vapor
transmission rate (WVTR) that is required for OLEDs and
OPV is 10−6 g · day−1 · m−2 to ensure a lifetime of 10 000 h.[7]

Although deposition technologies such as plasma-enhanced

chemical vapor deposition (PE-CVD),[8] magnetron sputter-
ing,[9] magnetron PE-CVD,[10] and thermal and plasma-
assisted atomic layer deposition (ALD),[11,12] have been
widely acknowledged to deliver thin film-based systems
characterized by sufficient- up to- excellent barrier proper-
ties, the challenge is to develop a cost-effective and high
throughput deposition method for large area applications.

In recent years, roll-to-roll atmospheric plasma dielectric
barrier discharge equipment has been shown to be effective
tool to develop barrier layers on polymers,[13–15] with the
advantage of not requiring expensive vacuum systems.
Specifically, it has been reported that SiO2 films deposited
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by roll-to-roll atmospheric pressure PE-CVD system at a
dynamic deposition rate (DDR)1 of ∼10 nm/m · min are
characterized by a satisfactory level of moisture barrier
performance (10−3 g · day−1 · m−2, 40 °C, and 90% RH) as
determined by Deltaperm instrument (ASTM D1434-82).[16]

However, in the same paper it has been also reported that an
increase in DDR up to 60 nm/m · min leads to a deterioration
of the barrier performance with a WVTR value approaching
1 g · day−1 · m−2.

In order to guarantee satisfactory barrier performance
levels at high deposition rates, it has very recently been shown
by Starostin et al.[17] that the application of an ultra-thin
ALD Al2O3 layer (nominally less than 2 nm) on top of
the high DDR (HDDR) SiO2 layer heals the pristine SiO2

barrier performance, exhibiting a final WVTR of
1 · 10−3 g · day−1 · m−2 (40 °C and 90% RH).[17] It is worth
mentioning that the ultra-thin Al2O3 layer by itself exhibits no
barrier properties, when applied as single barrier onto the Ca
substrate. The values mentioned above are all effective
WVTR values, i.e., they refer to water permeation through
both local macro-defects and the bulk of the layer. In the Ca
test, by excluding the contribution of macro-defects, the
intrinsicWVTR value can be obtained, which is associated to
the bulk permeation phenomena through the interconnected
(sub-) nano-porosity2 of the barrier layer, as extensively
addressed in ref.[18–21] For the system reported in ref.,[17] the
SiO2 intrinsic barrier properties were also found to improve
from 3 · 10−3 down to ∼8 · 10−6 g · day−1 · m−2 (20 °C and
50% RH) for a 2 nm thick ALD Al2O3 over-layer.

The synergy of the HDDR/ALD bilayer system,
extensively described and discussed in ref.,[17] shares some
similarities with other works reported in the literature
(Table 1), i.e., all cases where the barrier performance
enhancement cannot be interpreted by means of the ideal
laminate theory.[22] Specifically, Dameron et al.[23] reported
on a ALD Al2O3 layer combined with a rapid-ALD SiO2 top
layer, yielding a WVTR value of ∼1 · 10−4 g · day−1 · m−2.
The authors argued that the rapid ALD SiO2 layer growth
occurred also within the local pinholes in the Al2O3 layer
underneath. Encapsulation of PE-CVD SiOx or SiNx

(100 nm) by 10–50 nm of ALD deposited Al2O3 was shown
by Kim et al.[24] providing a structure with a WVTR value as
low as (2 ± 1) · 10−5 g · day−1 · m−2. They attributed the
low WVTR value to the passivation of the defects and
pinholes in the PE-CVD layer by the top ALD layer.
Similarly, Carcia et al.[25] reported a decrease in WVTR for a
100 nm-thick PE-CVD SiNx layer from ∼7 · 10−3 to less than
5 · 10−5 g · day−1 · m−2, when coated with a 5 nm-thick ALD
Al2O3. They hypothesized that sealing of local defects in the
SiNx layer occurred upon Al2O3 deposition. Alternatively,
they mentioned the hypothesis of the improvement of
nucleation of Al2O3 when grown on SiNx by decreasing
the number of required ALD cycles to achieve a continuous
Al2O3 layer.

In this contribution we present an in-depth analysis of
such effect for the PE-CVD SiO2/plasma-assisted ALD
Al2O3 model system by means of ellipsometric porosim-
etry.[26–29] We demonstrate that the (sub-) nano-porosity
present in the underneath SiO2 layer is strongly affected by
the deposition of the ultra-thin Al2O3 layer, leading either to a
pore-blocking or pore-filling effect. In our previous studies,
EP was employed by Andringa et al.[18] on SiNx layers
deposited by plasma-assisted ALD, and by Perrotta
et al.[19,21,30] on inorganic thin films, i.e., SiO2 and Al2O3,
and organosilicon-based layers deposited by plasma-assisted
ALD, PE-CVD, and initiated CVD (i-CVD). As follow-up of
our previous works, here, we adopt three molecules (water,
ethanol, toluene) probing the pore diameter range found to be
crucial in controlling the transition from satisfactory to
excellent levels of water permeation barrier,[19] i.e.,
0.27–0.6 nm.

This study is carried out on a model system consisting of a
100 nm-thick PE-CVD SiO2 with variable content of nano-
porosity and 16 cycles of plasma-assisted ALD Al2O3. This
number of cycles corresponds to 2 nm of Al2O3 on c-Si
surface. SiO2 layers were deposited using a low pressure
PE-CVD system to reproduce the layers deposited by
atmospheric pressure PE-CVD. As was previously studied
by Perrotta et al.[19] the intrinsic moisture barrier quality
(i-WVTR value) of SiO2 layers deposited by PE-CVD is
correlated to their nano-porosity content. In a recent study by
Perrotta et al.,[20] where EP and electrochemical impedance
spectroscopy (EIS) were combined, it is shown that the
amount of pores in SiO2 layers can be tuned from less than
1–4.8% by changing the PE-CVD process parameters, i.e.,
plasma power. Therefore, we know that changing the low
pressure PE-CVD process can lead to variety of samples with
different amount of pores and therefore to a range of i-WVTR
values.

The paper is organized as follows: methods of the
preparation and characterization of the layers and principles
of ellipsometric porosimetry are provided in the experimental
section. The results and discussion section is divided in two
parts: the first part provides the initial characterization of the
PE-CVD SiO2 layers by ex-situ spectroscopic ellipsometry
(SE) and Fourier transform infrared (FT-IR) spectroscopy.
The second part addresses the EP characterization of the PE-
CVD SiO2 layers prior and upon deposition of an ultra-thin
(∼2 nm) layer of Al2O3.

2 | METHODS

2.1 | Barrier layer deposition
SiO2 layers with a thickness of 100 nmwere deposited on c-Si
substrate in a home-built rf-driven parallel plate PE-CVD
system. Details of the system and deposition process can be
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found elsewhere.[31] The deposition was carried out at
100 °C by a plasma fed with 1,3,5-trivinyl-1,3,5-trimethyl-
cyclotrisiloxane (V3D3 > 95% purity, Gelest), Ar, and O2,

with flows of 0.5, 70, and 30 sccm, respectively. In order to
deposit layers exhibiting a range of nano-porosity, as was
explained in the previous section, different plasma power
values between 125 and 200W were used. The PE-CVD
system was equipped with a spectroscopic ellipsometer (J. A.
Woolam co. M-2000D) in order to evaluate the optical
properties of the layer in-situ prior to exposure to the ambient.

An inductively coupled plasma-assisted atomic layer
deposition system (FlexAl, Oxford Instruments) was em-
ployed for the deposition of an ultrathin Al2O3 film on top of
the PE-CVD SiO2 layer at the substrate temperature of
80 °C with trimethylaluminium (TMA) as precursor and O2

plasma as reactant. Process details of the ALD Al2O3 process
can be found elsewhere.[32,33] Sixteen ALD cycles led to 2 nm
thick Al2O3 layers as measured on c-Si substrates.

2.2 | Opto-chemical characterization

A FT-IR spectrophotometer (Bruker Tensor 27) was
employed to study the chemical bonds of the as-deposited
SiO2 samples. The spectral range investigated was
375–4000 cm−1 with a resolution of 4 cm−1 and averaging
over 256 scans. Before spectra acquisition, the spectrometer
was purged with N2 to minimize H2O and CO2 absorption.
All the reported FT-IR spectra are baseline corrected and
normalized with respect to the layer thickness.

After the PE-CVD process and exposure to ambient air,
the ex-situ refractive index (n) values of the SiO2 films were
measured by means of a multi-angle ellipsometer
(190–1000 nm, J.A. Woollam Co. M-2000D ellipsometer)
at three angles of incidence (65°, 70°, and 75°).

The EP measurements have been performed using a
home-built vacuum chamber equipped with an ellipsometer.
The angle between the light source and the detector of the
ellipsometer was fixed at 70°. More details about the setup
and the process parameters can be found elsewhere.[18,19,30]

The evaluation of the open nano-porosity was carried out
by using three probe molecules in the EP setup with different
molecular kinetic diameters: water (d= 0.27 nm), ethanol
(d= 0.42 nm), and toluene (d= 0.6 nm). The size of each

molecule was derived by optimizing the geometry by means
of a MM2 force field (ChemDraw software) and using the
Mol2Mol™ software.

In each EP measurement, the changes in Ψ and Δ of the
layer were probed for a range of wavelengths (246–1000 nm)
during the whole experiment. A Cauchy function for the
refractive index:

n λð Þ ¼ Aþ B
λ2

þ C
λ4

ð1Þ

was used for the SiO2 layer to model the measured Ψ and Δ,
being a suitable parametrization for transparent materials and
widely used for SiO2 layers.[34,35] By fitting the A and B
parameters to the measured data, the n and thickness values of
the SiO2 layer were determined. The thickness of the SiO2

was found constant during the EPmeasurements, pointing out
that the layers do not undergo swelling upon exposure to the
probemolecules. Multilayer development of probemolecules
occurring on top of the SiO2 layer was modelled by adding
another Cauchy function with the A, B, andC parameters kept
constant and characteristic of each probe molecule.

In case of the SiO2 samples with Al2O3 over-layer, a
Cauchy function with fixed Al2O3 refractive index was added
on top of the SiO2 Cauchy function in the optical model. The
Al2O3 thickness wasmodelled prior to the EP studies and then
kept constant.

Knowing the characteristics of the adsorptive, the relative
adsorptive volume can be derived from the following
equation[27]:

Vads

V film
¼ Vm

αads: dt þ d0ð Þ Bsd0 þ BtdtÞ � B0d0ð Þð ð2Þ

where Vm and αads are the molecular volume and volume
polarizability of the adsorptive, respectively,B0 andBs are the
polarizability of the layer with empty pores and the layer
during adsorption, respectively, Bt is the polarizability of the
adsorptive molecule, d0 and dt are the film thickness and
thickness of the adsorbate multilayer which develops on the
surface of the layer. An adsorption isotherm is generated by
plotting the adsorptive volume as a function of the ratio
between the partial pressure (Pl) and the vapor pressure (Psat)
of the probe molecule. Adsorption isotherms are classified

TABLE 1 Examples of ALD/PE-CVD bilayers from literature

Layer, thickness [nm]
WVTR
[g · day−1 · m−2]

Top layer, thickness
[nm]

WVTR with top layer
[g · day−1 · m−2] Test method and conditions Ref.

PE-CVD SiO2, 100 1 ALD Al2O3, 2 1 · 10−3 ASTM D1434-82, (40 °C,
90%RH)

[17]

ALD Al2O3, 10 1 · 10−3 ALD SiO2, 60 1 · 10−4 Tritium test, (25 °C, 100%RH) [23]

PE-CVD SiOx or SiNx,
100

4 · 10−2 ALD Al2O3, 10-50 (2 ± 1) · 10−5 Ca test, (20 °C, 50%RH) [24]

PE-CVD SiNx, 100 7 · 10−3 ALD Al2O3, 5 5 · 10−5 Ca test, (38 °C, 85%RH) [25]
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based on their shapes according to the IUPAC classifica-
tion.[36,37] Type I isotherm is representative of a microporous
solid having open pores with a diameter of less than 2 nm
(Figure 1a). A type II isotherm describes nonporous or
macroporous materials with pore size larger than 50 nm
(Figure 1b). Materials with pore size between 2 and 50 nm
show hysteresis in the desorption part of their isotherms and
are characterized by a type IV isotherm (Figure 1c). The two
first types of isotherms, and also a combination of them, are
the most common forms of the isotherms and will be
discussed in this paper, while type IV isotherm is out of the
scope of this paper. A type III isotherm appears when there is
a weak interaction between substrate material and the probe
molecule (Figure 1d).

The open porosity content was calculated using the
following equation:

P% ¼
n2x�1
n2xþ2

� �
� n20�1

n20þ2

� �
n2liq:�1

n2liq:þ2

� � ð3Þ

In this equation nliq. and n0 are the refractive index values
of the liquid used as adsorptive and the silica film with empty
pores, respectively. nx is the refractive index value in which
all of the pores are filled with the adsorptive. The multilayer
starts to develop after the first monolayer is formed which
causes an inflection point in the adsorption isotherm. The
specific relative pressure (0.1–0.3) at which the first
monolayer is formed is highlighted in Figure 1b,c. The final
thickness of the adsorptive layer depends on the adsorptive
and the surface energy, however, it does not exceed a few
atomic layers. The main advantage of using this method to

determine the open porosity relative content is the fact that it
does not need to assume any reference value for dense silica
layers. The ellipsometric data were acquired in the whole
range of Pl/Psat by steps of 0.01 in the range 0–0.05, steps of
0.25 in the range 0.5–0.15, steps of 0.5 in the range 0.15–0.3,
and steps of 0.1 in the range 0.3–1. The refractive index value
was averaged during 10 min of measurement, with an error of
±5 · 10−4. The error on the open porosity value was ±0.02%.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of PE-CVD SiO2

SiO2 layers prepared by PE-CVD were characterized by
measuring the in-situ and ex-situ n values. Figure 2 shows the
refractive index changeΔn as a function of the in-situ n values
of the SiO2 layers. The in-situ values of n at 632.8 nm for all
PE-CVD SiO2 layers in this study were lower than thermal
silica (1.464), which points out the presence of porosity
within the layers. This is witnessed also by the increase in n
(ageing) upon exposure to ambient air. The relative increase
in the n value is larger for the samples with lower in-situ n
values. Two samples characterized by the highest and lowest
Δn values were selected and defined as porous SiO2 (p-SiO2)
and dense SiO2 (d-SiO2). These two samples will be adopted
as model systems to investigate their change in open porosity
content upon deposition of the ultra-thin ALD Al2O3.

A qualitative comparison between the selected samples
(p-SiO2 and d-SiO2) was carried out by means of FT-IR
analysis, as shown in Figure 3. The SiOH stretching modes at
3450 cm−1 (hydrogen bonded SiOH) and 3650 cm−1 (OH
stretching in isolated SiOH) are observed in the FT-IR
spectrum of p-SiO2, while only a small absorption at
3650 cm−1 was detected in the d-SiO2 FTIR spectrum. These

FIGURE 1 IUPAC classification of adsorption isotherms: a)
microporous (d< 2 nm), b) non-porous or macroporous (d> 50 nm),
c) mesoporous (2 > d> 50 nm), and d) weak substrate interaction

FIGURE 2 Values of Δn as function of in-situ refractive index n for
different PE-CVD SiO2 layers. The error bar values for n are ±0.002. The
dotted line is drawn to guide the eye
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observations were confirmed by the behavior of the SiOH
bending mode at 950 cm−1,[38,39] present in the trace of the
p-SiO2 and absent in the one of d-SiO2. Earlier studies
showed that the shoulder of asymmetric Si-O-Si absorption
band which is located at 1200 cm−1 is found to be related to
porosity in the SiO2 layer.

[40–42] The decrease in intensity of
this shoulder confirms the denser nature of the d-SiO2 sample
with respect to p-SiO2.

3.2 | EP characterization

3.2.1 | PE-CVD SiO2 films: relative porosity
content
The results of the isothermal adsorption studies are reported
in terms of relative adsorptive volume in the pores of the
p-SiO2 and d-SiO2 samples as a function of Pl/Psat (Figure 4).
Since no hysteresis was observed, the desorption isotherms
are not reported. The comparison between p-SiO2 and d-SiO2

isotherms (Figure 4) shows the lower uptake of water
molecules by d-SiO2 samples in the pore filling region
(0 < Pl/Psat< 0.2). According to the IUPAC classification,
both isotherms can be initially categorized as microporous,
i.e., d< 2 nm. Furthermore, the inflection point, i.e., the
partial pressure at which a monolayer of probe molecule
develops, is visible for the d-SiO2 at Pl/Psat value between 0.2
and 0.3, pointing out a narrow distribution of micropores. The
lack of a steep linear increase in Vads/Vfilm at Pl/Psat values
between 0.3 and 0.8, together with the absence of hysteresis,
points out that mesopores are absent in both samples. At high
Pl/Psat, d-SiO2 showed a clear increase in the water uptake,
typical of the formation of a multilayer. For the p-SiO2,
instead, the multilayer formation is hidden by the micropore
filling, eventually resulting in a linear increase in water
uptake characterized by a mild slope. Therefore, p-SiO2 and
d-SiO2 isotherms are categorized as combination of Type I
and II (Type I–II) isotherm.

According to equation 2, Vads/Vfilm and the shape of the
adsorption isotherm are affected by two phenomena,
namely polarizability of the layer and the multilayer
thickness which develops on the surface once the pores
are filled. When different probe molecules are used for EP

FIGURE 3 FT-IR spectra of the porous and dense SiO2 films. All the
spectra are normalized by the layer thickness

FIGURE 4 Adsorption isotherms of p-SiO2 and d-SiO2 as a function of
the relative water vapor pressure

FIGURE 5 Refractive index of a) p-SiO2 and b) d-SiO2 layers upon
changing the liquid relative vapor pressure
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studies, the liquid multilayer thicknesses are different due to
difference in molecule size and polarity of the probe
molecules. Therefore, comparing isotherms of different
probe molecules in one graph might lead to misinterpreta-
tion of the data. In order to make a better comparison, the
refractive index is reported in Figure 5 for all probe
molecules.

In case of p-SiO2, a change in the refractive index was
observed for all probe molecules. The highest uptake was
observed when water was adopted as probe molecule. This
experimental result points out a progressive decrease in the
relative content of pores accessible to water, ethanol and
toluene (Figure 5a). In contrast, the d-SiO2 sample
experiences a limited change in refractive index only when
water was adopted as probemolecule (Figure 5b, inset), while
n was found constant when ethanol and toluene were used.
This result points out the lack of porosity with size above
0.42 nm in d-SiO2 samples.

Figure 6 shows an example of liquid multilayer
development on the p-SiO2 and d-SiO2 layers by changing
the relative water vapor pressure. By increasing the liquid
vapor pressure, a complete monolayer forms when all pores
are filled by probe molecules. In both samples, the multi-
layers of probe molecule develop already from the early
stages of the adsorption process and the final multilayer
thickness is higher for the d-SiO2. In the d-SiO2 sample,
infiltration is completed earlier than p-SiO2 and there is less

competition on growth of the multilayer. In all cases (water,
ethanol, and toluene), the final multilayer thickness does not
exceed several atomic layers (1–3 nm) and condensation was
not observed.

To summarize the data presented in Figure 5, the
relative open porosity content of the samples calculated
from equation 3 is reported in Table 2 in the first and third
row.

3.2.2 | PE-CVD SiO2/ALD Al2O3: relative porosity
content
Adsorption isotherms of p-SiO2 prior and upon deposition of
an ultra-thin ALD Al2O3 (∼2 nm) are shown in
Figure 7a (water)-b (ethanol)-c (toluene). It can be seen
that the Al2O3 deposition leads to a decrease in probe
molecule uptake in all cases. The open pore relative content
upon Al2O3 deposition is reported in Table 2 in the 2nd and
4th row. The deposition of an ultra-thin Al2O3 therefore
affects the open porosity distribution in the SiO2 underneath:
approximately 1/3 of the total open porosity with pore size in
the range of 0.27–0.6 nm are effectively blocked upon Al2O3

deposition.
The uptake of water molecule in p-SiO2 decreased after

adding 16 cycles of ALDAl2O3 layer (Figure 7a) and shape of
the isotherm changed toward a type II isotherm, yet with a
residual type I character. We hypothesize that the increased
adsorption volume after Pl/Psat= 0.4 for the isotherm of
p-SiO2 + 16 cycles of ALD Al2O3 is related to a stronger
H2O multilayer development than in the case of the pristine
p-SiO2 sample, due to the change in the surface energy upon
Al2O3 deposition.

The shape of the ethanol adsorption isotherms (Figure 7b)
follows the shape of the type I–II isotherm and an increase in
the adsorption at high Pl/Psat is attributed to ethanol
multilayer development. However, a drastic decrease in the
probe molecule adsorption is visible upon depositing 16
cycles of ALDAl2O3. Figure 7c shows the toluene adsorption
isotherm of Al2O3-coated p-SiO2. It can be seen that the shape
of type I–II isotherm for p-SiO2 changes to a type II isotherm
(non-porous layer) upon Al2O3 deposition.

In the case of p-SiO2, the quantitative decrease in open
porosity with a diameter above 0.42 nm (see Table 2) upon
ALD Al2O3 deposition indicates that a few cycles of Al2O3

are successful in either filling or blocking pores with a

FIGURE 6 Multilayer development on p-SiO2 and d-SiO2 samples
upon changing the water relative vapor pressure

TABLE 2 Open nano-porosity content for p-SiO2 and d-SiO2 prior and upon deposition of an ALD Al2O3 over-layer

Porosity % (±0.02%)

Water (d= 0.27 nm) Ethanol (d= 0.42 nm) Toluene (d= 0.6 nm)

p-SiO2 5.35 2.50 1.76

p-SiO2 + 16 ALD cycles 2.81 0.32 0

d-SiO2 0.54 0 0

d-SiO2 + 16 ALD cycles 0.21 0 0
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diameter above 0.42 and 0.6 nm, respectively. This is
schematically shown in the cartoon in Figure 8. The TMA
precursor has a molecular diameter of 0.65 nm, similar to the
probe molecule toluene. It is therefore plausible to think that
TMA infiltrates during the ALD half cycle in pores with
diameter larger than 0.65 nm therefore leading to infiltration
of TMA molecules and Al2O3 growth within these pores
(Figure 8a). Smaller pores (d≤ 0.65 nm) are instead
inaccessible to TMA and therefore Al2O3 growth presumably
occurs on the SiO2 surface and block the ingress of the probe
molecule into those pores (Figure 8b).

The decrease in water molecule uptake is also visible for
the d-SiO2 sample upon Al2O3 deposition (Figure 7d), with
only a very small amount of open pores with diameter
between 0.27 and 0.42 nm and as low as 0.2% could still be
detected. In the case of d-SiO2 no porosity could be detected
with ethanol and toluene both before and after depositing the
Al2O3 layer which points out the absence of open porosity
with a size larger than 0.42 nm. The decrease in nano-porosity
detected with water, therefore, is attributed to a blocking
effect of the Al2O3 growing and thus blocking the open nano-
porosity in the SiO2 layer underneath.

FIGURE 7 Adsorption isotherms of SiO2 layers prior and upon ALD Al2O3 deposition. Probe molecules: a, d) water, b) ethanol, and c) toluene

FIGURE 8 The first ALD half reaction between SiO2 surface hydroxyl groups and TMA molecules in the a) pores accessible to TMA molecule and b)
pores smaller than TMA molecule. Silica network is shown by green circles
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In the present study, we have shown that the nano-
porosity of p-SiO2 with a pore diameter ≥0.42 nm, decreases
upon deposition of an ultra-thin Al2O3 layer and this
correlates with the moisture permeation barrier enhancement,
as reported in Ref [17]. At the same time, the lack of porosity
(d> 0.42 nm) in the d-SiO2 sample is in good agreement with
its intrinsic WVTR value (∼10−5 g · day−1 · m−2), obtained
for LDDR SiO2 layers deposited by roll-to roll atmospheric
PE-CVD.

4 | CONCLUSIONS

EP was applied to investigate the role of an ultra-thin ALD
Al2O3 over-layer (∼2 nm) in enhancing the intrinsic barrier
properties of SiO2 moisture permeation barrier layers from
10−3 to 10−5 g · day−1 · m−2 regime. Water, ethanol and
toluene with different molecule sizes were used as EP probe
molecules to detect the relative amount of open-nanopores on
a porous and dense PE-CVD SiO2 layer before and after
deposition of the Al2O3 layer. EP measurements showed that
the total amount of open-nanopores between 0.27 and 0.6 nm
is reduced upon deposition of an ultrathin Al2O3 layer by
ALD. Deposition of the ultra-thin Al2O3 layer on the SiO2

layer leads to effective blocking/filling of nano-pores with
d≥ 0.42 nm, accounting for the transition from mediocre
(intrinsic WVTR∼ 10−3 g · day−1 · m−2) to excellent barrier
properties (intrinsic WVTR∼ 10−5 g · day−1 · m−2) in SiO2

layers observed in previous studies.
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ENDNOTES
1 DDR is a term used for throughput of thin film deposition on a moving
web in the roll-to roll PE-CVD system.

2 Sub nano-porosity refers to the pores with diameter less than 1 nm.
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