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Promising results in terms ofmoisture and oxygenpermeation barrier properties have been reported for organic/
inorganic multilayers, but the impact of the organic interlayer on the overall barrier performance is still under
discussion. It is generally accepted that the organic interlayer acts as a smoothening layer, allowing for the
decoupling between defects/pinholes present in the polymer substrate and the inorganic layer. It is, however,
also hypothesized that the organic interlayer infiltrates into the nano-pores present in the inorganic barrier
layer, therefore affecting the barrier properties at microstructural level. In the present work, the moisture
permeation barrier performance of SiO2/organosilicon multilayers deposited by means of initiated- and plasma
enhanced-chemical vapor deposition is investigated. Calcium test measurements were used to discriminate
between the overall water permeation (effective water vapor transmission rate, WVTR) through the layer and
the permeation through the matrix porosity (intrinsic WVTR). The improvement in terms of intrinsic barrier
performance was found to correlate with the residual nano-porosity content, due to the filling/infiltration of
the organosilicon monomer in the SiO2 nano-pores. However, such improvement upon the deposition of the
organosilicon interlayer is limited to a factor four. These results, in combination with the analysis of the local
defects present in themultilayer structure, lead to the conclusion that themain contribution of the organosilicon
interlayer to the overall barrier performance is the decoupling of the above-mentioned local defects/pinholes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The state-of-the art in the field of ultra-high moisture diffusion
barriers is represented by a multi-layer solution in which an inorganic
(e.g., Al2O3, Si3N4 or SiO2) thin film (b100 nm) barrier is coupled with
an organic (generally an acrylate- or organosilicon-based polymer)
interlayer, with thickness ranging from hundreds of nanometers to
micrometers11It isworth addressing that, next to themultilayer solution,
inorganic nano-laminates are growing in importance in the moisture
barrier field. This solution consists of alternated ultra-thin inorganic
layers (e.g., ZrO2, TiO2, Al2O3) [55]. [1]. This approach has led to water
ysics, Eindhoven University of
erlands. Tel.: +31 402474095;

l (A. Perrotta).
n, inorganic nano-laminates are
solution consists of alternated
vapor transmission rate (WVTR) values in the 10−6 gm−2 day−1 regime
[2–4], therefore suitable for the encapsulation of high-end devices, such
as thin film solar cells and flexible organic light emitting diodes [5].

Inmultilayer barrier systems, the inorganic/organic dyads are gener-
ally deposited by a hybrid approach: sputtering or plasma enhanced-
chemical vapor deposition (PE-CVD) of the inorganic barrier layer, in
combinationwith flash evaporation/condensation of the organicmono-
mer, and followed by curing/polymerization [2,6–9]. Additionally,
different deposition approaches such as atomic layer deposition (ALD)
in combination with molecular layer deposition [10–14], and all PE-
CVD developed multilayers have been reported in literature [15–18].
Coclite et al. [19] reported on the deposition of multilayers based on
organosilicon chemistry, in which the inorganic barrier layer is deposit-
ed bymeans of PE-CVD and the organic interlayer is deposited bymeans
of initiated-CVD (i-CVD) [20–22]. Recently, Spee et al. reported on the
deposition of SiNx/poly-glycidylmethacrylate/SiNx, where the inorganic
layer was deposited by hot wire chemical vapor deposition (HWCVD)
and the organic layer by i-CVD [4]. The appeal of the i-CVD technique
is its compatibility with vacuum systems and the full retention of the
monomer chemistry, similarly to liquid phase polymerization processes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2015.05.026&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2015.05.026
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[23,24]. Furthermore, compared to the classical flash evaporation/
polymerization method, i-CVD is well acknowledged for its high
conformality. This is guaranteed by the polymerization mechanism,
which occurs only at the substrate surface.

The need for a multilayer barrier technology derives from the limits
associated with single inorganic layers, their permeation barrier level
being ultimately controlled by the presence of defects. These defects
range in diameter from the nanometer-scale (i.e., well above the
water kinetic diameter of 0.27 nm), up to substrate/process-induced
macro-defects (e.g., pinholes and particles with a diameter in the
range of micrometers) [25]. The successful application of a multilayer
is generally attributed to the smoothening effect associated with the
organic polymer layer, which allows for a more controlled growth of
the subsequent inorganic barrier [2,26,27]. Additionally, Graff et al.
[28] carried out numerical simulation studies and reported on the de-
velopment of a “tortuous” path for the permeant molecule upon the
application of a multilayer. Hence, the organic interlayer was found to
lower the overall barrier permeability by decoupling the pinholes/
defects present on the inorganic layers.2

Although defects/pinholes represent an unhindered path for the
permeant molecule [29,30], the kinetic diameter of the water molecule
allows it to permeate through (sub-)nm sized pores, i.e., the nano-
porosity or free volume of the inorganic matrix. Affinito and Hilliard
[26] highlighted that the estimated area density of the nano-pores
can be approximately up to 15–20 times larger than the one of the
defects/pinholes, leading to a higher permeation flux than through
macro-defects. Therefore, an additional role of the organic interlayer
was proposed, i.e., the infiltration of the organic monomer in its liquid
phase into the nano-porosity of the inorganic barrier layer underneath.
Eventually, this infiltration is expected to influence the local water per-
meation through the filled pores. Recently [31], we reported on the
experimental evidence for the infiltration of an i-CVD monomer into
the nano-pores (from 1 to 2 nm in pore size) of single PE-CVD SiO2 bar-
rier layers during the initial stages of the polymerization process. These
studies confirmed that the hypothesis of Affinito et al. [26] also applies
for a CVD-based process.

The present work focuses on PE-CVD/i-CVD multilayers and ad-
dresses the contribution of the afore-mentioned infiltration in the
nano-porosity to the intrinsicmoisture permeation barrier performance.
In order to discern between the effect of the filling/infiltration (affecting
the porosity of thematrix of the barrier layer) and the decoupling effect
(associated with the defects/pinholes in the layer), both effective and
intrinsic WVTR were determined by means of the calcium (Ca) test
[32]. The effective WVTR refers to the overall oxidation of the Ca-layer,
whereas the intrinsic WVTR excludes the defects/pinholes as far as
they are visible in the Ca test as white spots. More details on the test
can be found in the experimental section.

The relative content of porosity accessible to the organic monomer
was monitored by ellipsometric porosimetry (EP) [33–37]. EP is based
on the adsorption of a probing molecule on the layer, which leads to a
change in the layer optical properties, and these are followed by
means of spectroscopic ellipsometry (SE). The variation of the optical
properties as function of the ratio between the partial pressure (PM)
and the vapor pressure (Psat) of the monomer at constant temperature
results in the classical adsorption/desorption isotherm [35,38,39],
which provides information on the microstructure of the layer and an
estimation of the (average) pore size.

The paper is organized as follows: in the experimental section a
description of the deposition chamber is provided, togetherwith the diag-
nostic techniques, i.e., IR spectroscopy, in situ spectroscopic ellipsometry,
EP measurements, and Ca test. The section Results and Discussion
2 It is worth mentioning that in this simulation it is assumed that the moisture perme-
ation occurs only through thedefects/pinholes present in the barrier layerwhich is consid-
ered elsewhere as impermeable.
addresses the comparison in terms of chemistry and barrier properties
of the i-CVD/PE-CVD and all PE-CVD developed multi-layers. Differ-
ences in the barrier properties of the two systems are investigated
and correlated to the extent of monomer infiltration, measured by
means of in situ ellipsometry studies. Then, a series of PE-CVD SiO2

films showing a wide range of porosity is studied in terms of their
nano-porosity content and intrinsic barrier properties. First, the nano-
porosity accessible to the organosilicon monomers is characterized by
in situ spectroscopic ellipsometry for the two extremes of the series.
Next, the effect of the infiltration of the organosilicon monomer in the
porosity of the (barrier) layer is investigated for the whole series and
justified on the base of the nano-pore content.

2. Experimental details

All the layers were deposited without breaking the vacuum in a
custom-built setup which allows for thin film deposition by means of
both PE-CVD and i-CVD approaches [31,37]. The wire system for i-CVD
is mounted on a magnetic movable arm, and during the i-CVD process
it is inserted into the deposition chamber at a distance of 2 cm from
the substrate holder. 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane
(V3D3, purity N 95%, Gelest, dV3D3

= 1 nm) was adopted for the i-CVD
process after 3 freeze–thaw cycles. The initiator (di-tert-butyl peroxide:
TBPO, purity N 98%, Aldrich) is mixed together with the monomer in a
buffer and injected into the deposition chamber through a ring placed
above the grid. The grid is connected to a custom-built DC power supply
system, equipped with a feed–loop system. During the PE-CVD process,
the grid is transferred from thedeposition chamber to a load-lock cham-
ber. The SiO2 and SiOxCyHz layers are deposited by means of a parallel
plate RF-plasma, and V3D3 is adopted as precursor. Before each deposi-
tion, the chamber is evacuated to a pressure of 10−5mbar, and the setup
is arranged for either the i-CVD or PE-CVD process. Table 1 reports
the experimental conditions for all the processes. In the case of the
poly(V3D3) layer, the conditions were chosen according to previous
studies aimed at the deposition of stable, smooth layerswith a high con-
version (i.e., N85%) of vinyl groups [40]. The setup is equipped with
spectroscopic ellipsometry (SE)-compatible windows to study the film
growth during each process.

In order to further investigate the infiltration of the organic polymer
into the matrix of the inorganic layer, another organosilicon monomer
was chosen with a dimension smaller than V3D3, 1,1,3,5,5-pentamethyl-
1,3,5-trivinyltrisiloxane (TVTSO, purity N 95%, Gelest, dTVTSO =
0.85 nm). First, the i-CVDprocesswas optimized in order tofind a process
window for stable, dense polymers. The polymerization and polymer
characteristics were investigated by following the same procedure
adopted for V3D3 and explained in Ref. [40]. For the TVTSO monomer, a
process window was identified at PM/Psat values below 0.2.

2.1. Film growth study and single layer characterization

The film growth process was followed by means of in situ SE, at an
angle of incidence of 71.5°, wavelength range of 245–1000 nm, 1.6 nm
resolution, by using a J.A. Woollam Co. M-2000F ellipsometer. The
data analysis was performed by using the J.A. Woollam Complete
EASE™ software, and the mean squared error between the experimen-
tal data and the model is minimized by adjusting the fit parameters
using the Levenberg-Marquardt algorithm. The optical model for the
film growth study consists of a Si substrate, native SiO2 (~1.5–2 nm),
Cauchy and Cauchy coupled with the Urbach absorption tail functions
for the SiO2 and the organosilicon interlayer (SiOxCyHz, poly(V3D3)
and poly(TVTSO)), respectively, according to Eqs. (1)–(2):

n λð Þ ¼ Aþ B=λ2; k λð Þ ¼ 0 ð1Þ

n λð Þ ¼ Aþ B=λ2 þ C=λ4; k λð Þ ¼ α � eβ 12400 1=λ−1=γð Þ½ � ð2Þ



Table 1
Experimental conditions for the multilayer deposition process.

i-CVD/poly(V3D3) i-CVD/poly(TVTSO) PE-CVD/SiOxCyHz PE-CVD/SiO2

V3D3 flow (sccm) 10 3 0.7 0.7
d-TBPO flow (sccm) 2 1 – –
Ar flow (sccm) – - 100 70
O2 flow (sccm) – - – 35
Pressure (mbar) 0.7 0.1 0.45 0.3
Plasma power (W) – - 50 140–250
Tgrid (°C) 400 290 – –
Tsub (°C) 60 40 100 100
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in which A, B and C are the Cauchy fitting parameters, and α and β the
Urbach function parameters used to fit the absorption tail, due to the
carbon present in both i-CVD and SiOxCyHz layers.

The chemistry of the deposited layers is investigated by means of
Fourier Transform Infrared (FT-IR) measurements carried out with a
Bruker Tensor 27 spectrophotometer. The FT-IR spectra are acquired
in the range of 400 cm−1–4000 cm−1, with a resolution of 4 cm−1

,

and 256 scans per average. Before the spectra acquisition, the spectrom-
eter is purged for 15min with N2 tominimize the effect of H2O and CO2

absorption. All the spectra were baseline corrected and normalized by
the thickness of the layer.

2.2. Ellipsometric porosimetry

The open porosity of the SiO2 layerwas studied bymeans of EPmea-
surements with V3D3 (dV3D3

= 1 nm) and TVTSO (dTVTSO= 0.85 nm) as
probemolecules, andHe as buffer gas, under the conditions described in
Table 2.

After loading the SiO2 sample, the chamberwas evacuated overnight
in order to remove the adsorbedwater due to the layer exposure to am-
bient. The refractive index value of the SiO2 layer after evacuation is
taken as starting point for the adsorption measurements (i.e., n0).
Then, the probe molecule and He are injected into the chamber at the
base pressure of 10−5 mbar, and the pressure is then increased by equi-
librium steps in order to scan the entire PM/Psat range from 0 to ~1. The
monomer adsorption on the SiO2 layer is monitored in real time by
means of in situ SE measurements. As shown later, all the studied layers
are characterized by the detection of residual nano-porosity, followed
by multilayer adsorption. Therefore, in order to represent both effects,
the adsorption isotherms are reported in terms of optical thickness as
in Eq. (3):

n � d ¼ nSiO2
� dSiO2

þ nprobe � dprobe ð3Þ

where nSiO2
is the SiO2 refractive index, dSiO2

is the constant SiO2 layer
thickness, nprobe is the probe molecule refractive index, and dprobe is its
multilayer thickness. The probe multilayer uptake was fitted by adding
a Cauchy layer on top of the SiO2 layer with fixed refractive index of the
monomer, and with its thickness being the only fitting parameter.

The variation of the optical properties as function PM/Psat of the
monomer results in an adsorption isotherms. The adsorption isotherms
are categorized according to the IUPAC classification [37–39]. A type I
isotherm is associated with nano-porous materials (elsewhere also
addressed as micro-porous [35,38]) with a narrow distribution of pore
sizes and a pore diameter b 2 nm, and a type II isotherm is associated
Table 2
Conditions adopted during the EP measurements on the SiO2 layers.

V3D3 or TVTSO flow (sccm) 5
He flow (sccm) 2
Tsub (°C) 25
Pressure (mbar) 10−5–0.78
Twalls (°C) 80
with a non-porous material with multilayer adsorption. As explained
later, the investigated layers showed a hybrid type I + II isotherm.
2.3. Water vapor transmission rate measurements

Water vapor transmission rate (WVTR) measurements are carried
out by means of the Ca test according to the procedure described by
Nisato et al. [3,32], at a constant temperature of 20 °C and a relative hu-
midity (R.H.) of 50%. For this test, the measured barrier layer is stacked
with a 40 nm thick Ca layer. Any changes to the optical transmittance of
this Ca layer following exposure to the water vapor can be attributed to
oxidation of the Ca to CaO (since CaO is transparent), and therefore, in
turn, to permeation of water vapor through the barrier layer. In order
to distinguish between the intrinsic and effective barrier performances,
the contribution to the permeation through the nano-pores and de-
fects/pinholes is measured separately. The intrinsic WVTR is measured
by excluding local white spots from the measurement; these develop
due to localized fast oxidation of Ca, associated with the water per-
meating through a defect or pinhole. In this way, only the permeation
through the nano-pores is considered. The effective WVTR is instead
measured taking into account both contributions.

Themeasurement setup for the Ca test (developed by the Philips Re-
search laboratories) consists of a Philips CL5000M light source with a
diffuser for uniform back lighting and a sample holder with mask. A
12 bit Adimex MX12p camera was used to obtain a gray scale image
of the sample. The extent of oxidation is determined from the gray
scale. A non-transparent black reference from themask and awhite ref-
erence from the transparent part of the glass plate were included in
every measurement to define the gray scale range and to correct for
transparency changes, due to permeation through the barrier film.
Two configurations are adopted for the Ca test according to the different
substrates onwhich the barrier systems are deposited. Ca can be depos-
ited first, on glass substrates, followed by the deposition of the barrier
system, or it can be deposited directly on the barrier system, if the latter
was deposited on a polymer substrate. In the first case, a temporary PE-
CVD SiOx (intrinsicWVTR of 10−2 g m−2 day−1) barrier layer is depos-
ited on the glass/Ca system to avoid oxidation during transportation.
The use of the temporary SiOx layer has no effect on the determined in-
trinsicWVTR values since its barrier performance is one-to-three orders
of magnitude lower than the barrier layers under investigation. The
comparison in terms of the intrinsic WVTR values among the single
SiO2 barrier layers was carried out on the glass/Ca/40-nm-SiOx/barrier
layer configuration. In the second configuration, the barrier is deposited
on a glass/polymer(polyethylene naphthalate, PEN) substrate, made by
laminating 125-μm-thick PEN (DuPont) foils on 100 cm2 glass plates.
Measurement of the effective barrier properties of the multilayers on a
PEN substrate was performed using the following configuration: glass/
PEN/barrier/Ca/a-SiNx:H. In this case, the a-SiNx:H [5] barrier layer is
deposited by PE-CVD, and is used to seal the system, since it shows ex-
cellent (10−6 g m−2 day−1) intrinsic barrier properties. Note that the
PEN/barrier/Ca/a-SiNx:H systems were delaminated from the glass
prior to Ca testing. Determination of the effective WVTR values was
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Fig. 1. FT-IR spectra, normalized by the layer thickness, of the a) PE-CVD SiO2 and
b) SiOxCyHz layers, i-CVD, c) poly(V3D3) and e) poly(TVTSO). The spectra of the liquid
phase organosilicon monomers, d) V3D3 and f) TVTSO, are added for comparison.
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performed by taking a weighted average of the transmission through
the barrier system matrix and defects/pinholes.

For both configurations, Ca was deposited by thermal evaporation
on the glass plates or barrier systems in a structure consisting of either
4 or 9 samples, each divided in 9 squares of 0.25 cm2, to avoid that the
water vapor permeating through one defect would affect the whole
area of the samples.3

3. Results and discussion

3.1. Single layer comparison

FT-IRmeasurementswere carried out in order to verify the polymer-
ization process by means of i-CVD and PE-CVD techniques and charac-
terize the deposited layers. Fig. 1 shows the comparison between the
FT-IR absorption spectra of the i-CVD and PE-CVD layers, normalized
by their thickness, together with the liquid V3D3 and TVTSO monomer
spectra [39]. The monomer functional groups (namely the Si\\CH3

bending absorption band at 1260 cm−1 [41,42], and the Si\\O\\Si
asymmetric stretching band, either cyclic at 995 cm−1, or linear
1066 cm−1 [43]) are entirely retained in the i-CVD polymer structures,
as also shown in Ref. [40], since the vinyl groups are the only units in-
volved in and affected by the polymerization process [41,44,45]. On
the contrary, the opening of the cyclotrisiloxane ring into the SiOxCyHz

layer spectrum is witnessed by the broadening of the Si\\O\\Si asym-
metric stretching band centered at 1020 cm−1. This stretching band is
characterized by a higher wavenumber (1080 cm−1) shoulder associat-
ed with short, linear siloxane chains [41,46,47], and by the presence of
the OySi\\Hx stretching at 2100 cm−1 [42,47]. The broadening and
decrease in intensity of the Si-(CH3)x related signal at 1260 cm−1

reveals a shift towards a OxSi-(CH3)y chemistry [47–49], due to the
fragmentation occurring in the plasma phase.

3.2. Effective barrier performance

The barrier performances of the above-mentioned multilayers de-
posited on PEN substrates were tested, and the effective WVTR values
are reported in Fig. 2a. For each system a single SiO2 layerwas deposited
as a reference. The 100-nm-thick SiO2 layer shows already very good
effective barrier properties, with an average barrier improvement factor
(BIF) of 80 with respect to the pristine PEN substrate, superior to other
values reported in literature for PE-CVD deposited SiO2 layers [16,19,
50]. When two 100-nm-thick SiO2 layers are coupled with a 200-nm-
thick poly(V3D3) layer, the barrier property of themultilayer further im-
proves, with an overall BIF with respect to the pristine PEN of 1000.
When the SiO2 layers are coupledwith a 200-nm-thick SiOxCyHz organic
interlayer, no barrier improvement with respect to the single SiO2 layer
is observed.

On the basis of what discussed earlier, the influence of the i-CVD and
PE-CVD organic interlayers on the intrinsic and effective barrier perfor-
mance values is here investigated in terms of monomer infiltration in
the nano-porosity and decoupling of defects, respectively. The latter ef-
fect is inferred by comparing the defect density4 evolution, derived from
the detected white spots during the Ca test, as shown in Fig. 2b. In the
presence of the poly(V3D3) interlayer, the defect density is reduced by
a factor 5 compared to the single SiO2 layer, while, in the case of the
SiOxCyHz interlayer, no decrease in defect density is reported. This sug-
gests a smoothening/decoupling effect of the poly(V3D3) interlayerwith
3 No effect of a potential side-leakage is taken into account. As a matter of fact, in our
measurement configuration, a water molecule diffusing laterally through the barrier to
the Ca samples should go through a path in the range of several centimeters, orders of
magnitude higher than for a molecule permeating through the barrier system.

4 The defects present on the surface of the PEN substrate find their origin either in the
dust contamination due to lab environment and/or antistatic particles, prior to the depo-
sition process. The defect density can be rather scattered, as shown in Fig. 2b. Therefore, a
single SiO2 barrier layer has been used as a reference for each set of multi-layers.
respect to the SiOxCyH layer, due to the higher conformality of the i-CVD
layer [51,52], which leads to a better coverage of the local particles/
defects [19].
3.3. Infiltration of the organic interlayer in the SiO2 layer

The second effect (i.e., the infiltration of the organic interlayer into the
nano-porosity of the underlying barrier) is investigated by comparing the
poly(V3D3) and SiOxCyHz initial growth on the barrier layer, as shown in
Fig. 3. For sake of comparison, the optical thickness of the layer is consid-
ered. In Fig. 3a, the i-CVD process is monitored: while setting the process
pressure value, an uptake of the optical thickness is observed due to V3D3

adsorption in the open nano-porosity, as we have already reported in Ref.
[31]. The diameter of the V3D3 molecule allows it to infiltrate in pores
with a size ≥ 1 nm. After the pressure is set to the deposition conditions,
the grid is heated and the growth of the i-CVD layer proceeds linearly.
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Fig. 3. Initial growth of a) poly(V3D3) and b) SiOxCyHz layers on SiO2 barrier films.
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In the case of the PE-CVD process, shown in Fig. 3b, there is no change in
the optical thickness prior to the ignition of the plasma, indicating no
monomer adsorption in the open porosity of the barrier layer. This differ-
ence can be easily interpreted in terms of the PM/Psat parameter [24],
which controls the monomer surface adsorption. In the case of the
poly(V3D3) layer, PM/Psat equals 0.113 at 60 °C, while in the case of
SiOxCyHz this value is in the order of 10−4. Furthermore, the sticking coef-
ficient of organosilicon radicals generated in the plasma is high, limiting
their surface diffusion processes [53,54] and therefore limiting the confor-
mal growth in the open porosity of SiO2 layer. Hence, it can be expected
that only in the case of the i-CVD/PE-CVD multilayer the filling of the
nano-pores by the poly(V3D3) may play a role in affecting the multilayer
barrier properties.
3.4. Nano-porosity characterization in SiO2 layers

In the previous section, the infiltration of the i-CVDmonomer in the
SiO2 layers was demonstrated by replicating the i-CVD experimental
conditions. In order to fully characterize the residual nano-porosity of
the SiO2 layers, ellipsometric porosimetry measurements were per-
formed on two SiO2 layers, which show an in situ refractive index
value of 1.447 and 1.422 (see Table 3). The layers were deposited
under the same experimental conditions in Table 1 and by setting the
plasma power at 140 W and 250 W, corresponding to the layer with
the lowest and highest refractive index, respectively. These two layers
have been chosen because they cover a rather broad range of intrinsic
barrier performances (see Table 3), as inferred by the correlation earlier
presented in [37]. The data reported in Fig. 4 show in both cases that,
during the adsorption path, an initial optical thickness uptake develops
due to nano-pore filling at very low PM/Psat, followed by the monomer
multilayer adsorption. This behavior corresponds to a hybrid type I–II
isotherm.

The nano-pore relative content is determined at the rounded knee,
i.e., when the nano-pore filling is complete [37,39], and the values are
reported in Table 3. Although the difference in residual open porosity
is small, it is reproducible and related to pores accessible to either
V3D3 and/or TVTSO molecule. The detected porosity points out that
TVTSO is able to infiltrate in a larger amount of pores, compared to
V3D3. Due to the smaller diameter of TVTSO, this infiltration is expected
Table 3
Nano-porosity values, as determined by EP measurements, and WVTR values of the
different SiO2 layers deposited by PE-CVD. The in situ values of the layer refractive index
are also reported.

PE-CVD SiO2

layer
nin situ

(633 nm)
Nano-porosity
V3D3 [%]

Nano-porosity
TVTSO [%]

WVTR
[g m−2 day−1]

Dense 1.447 0.13 0.22 2·10−5

Porous 1.422 0.21 0.31 3·10−3
to affect the permeation of water even for barriers not affected by V3D3

deposition.

3.5. Evaluation of the intrinsic barrier performance

In order to investigate any beneficial effect of the infiltration in the
nano-pores by the i-CVD polymers, the intrinsic barrier properties of
several 100-nm-thick SiO2 layers, with an intrinsic WVTR in the range
between 1·10−5–3·10−3 g m−2 day−1, were compared with those of
SiO2 layers after deposition of a 20-nm-thick organosilicon layer
(Fig. 5). The different SiO2 layers were deposited under the same exper-
imental conditions reported in Table 1 and by tuning the plasma power
in the range between 140 W and 250 W. The organosilicon thickness
value of 20 nm has been chosen to guarantee the filling of the open
pores present in the SiO2 layers.

Using V3D3 as organosiliconmonomer, the infiltration study showed
that there is no barrier improvement upon infiltration of the poly(V3D3)
in the nano-pores for intrinsicWVTRvalues below 3·10−4 gm−2 day−1

(Fig. 5). Above this value, an improvement in the intrinsic barrier prop-
erties is observed upon the deposition of the 20-nm-thick polymer.
Under these conditions, however, the BIF is limited to a value of 4. The
observed BIF values cannot be attributed to the poly(V3D3) intrinsic bar-
rier performance by applying the ideal laminate theory [26], since it is in
the same order of the PEN substrate barrier level, and therefore negligi-
ble with respect to the pristine SiO2 barrier performance.

The same study was performed with TVTSO. In this case, an im-
provement was found for barriers showing intrinsic WVTR values
down to 3·10−5 g m−2 day−1, whereas, below this limit, no improve-
ment in the barrier properties was detected. The difference between
TVTSO and V3D3 can be explained in terms of molecule diameter,
TVTSO being able to infiltrate in smaller pores. Nevertheless, notwith-
standing the smaller dimension of the TVTSO molecule, the BIF value
was still limited to a factor of 4. This result can be explained by consid-
ering that a porosity is present in the SiO2 layer, not accessible to the
organosilicon monomers, but yet accessible to H2O. In fact, upon expo-
sure to the ambient (R.H. of 40–60%), the refractive index of the layers
increases due to the filling of the open pores accessible to water vapor
(d ≥ 0.27 nm). The open porosity was then calculated and found to be
4.3% and 7.4% for the dense and porous SiO2 layer, respectively, pointing
out that the majority of the pores has a diameter smaller than both
organosilicon monomers used [37]. Hence, it can be concluded, then,
that the presence of these nano-pores and the low mass density of the
organosilicon polymers, which not effectively hinder the permeation
path of the water molecules, account for the limited BIF improvement
upon filling of the barrier nano-pores by the i-CVD layers.

4. Conclusions and outlook

In this work, the impact of the infiltration of the i-CVD monomer in
the residual nano-porosity of SiO2 barrier layers was investigated with
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Fig. 4. V3D3 and TVTSO adsorption isotherms performed on a) porous (nin situ = 1.422) and b) dense (nin situ = 1.447) SiO2 layers, reported as optical thickness vs. PM/Psat.
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respect to the decoupling effect of the defects/pinholes present at the
SiO2 surface. Ca test measurements were able to discern between the
water permeation through the defects/pinholes and the permeation
through the inorganic layer matrix. The impact of the infiltration of
V3D3 into the nano-pores was found to be effective only for barriers
characterized by an intrinsic WVTR value N 10−3 g m−2 day−1, while,
using a smaller molecule, TVTSO, this limit was shifted to WVTR values
down to 10−5 g m−2 day−1. For both organosilicon monomers the BIF
was limited to a factor of 4. When the effect of the filling of the nano-
pores is comparedwith the impact of the poly(V3D3) in terms of control
on the macro-defect density, it is concluded that the main contribution
of the i-CVD layer is the decoupling of the defects/pinholes. Considering
the limited BIF values here reported, it can be argued that an infiltration
into smaller size pores (i.e., b0.85 nm) can provide better moisture per-
meation barrier levels, as these pores are still accessible to water vapor
permeation. Furthermore, a valid approach towards higher intrinsic BIF
values can consist in selecting monomers showing a hydrophobic char-
acter, which would eventually affect the organic interlayer in terms of
water solubility and diffusivity, as suggested in the study of Graff [28].
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