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Plasma-enhanced chemical vapor deposition (PECVD) was used to deposit SiOy thin
films of varying thicknesses on parylene C substrates, using hexamethyldisiloxane
(HMDSO) as a precursor. The microstructure of SiOy coatings was analyzed using X-ray
photoemission spectroscopy (XPS), nanoindentation, and spectroscopic ellipsometry.
The composition ranged from oxygen-rich oxides with large silanol OH content to
hybrid oxides with larger organic content, while refractive index varied from 1.45 to 1.5
depending on the specimen. Reduced moduli of coatings obtained by nanoindentation
varied between 15 and 59 GPa and could be correlated with permeability to oxygen and
water vapor through the existence of porosity in a broader sense. It can be concluded that
the barrier properties are the result of a complex interplay of microstructural features, with
porosity, silanol, and carbon content playing important roles in the final thin film properties.

Keywords: thin film, barrier, XPS, ellipsometry, nanoindentation, porosity

INTRODUCTION

Thin metal oxide films are extensively used as gas and water vapor diffusion barriers for polymer
substrates in a variety of fields due to their interesting permeability range, transparency and
dielectric properties, adaptability to industrial practice, and low relative costs. This includes
applications in the food packaging industry (Dole et al., 2006; Duncan, 2011; Siracusa, 2012),
selective drug delivery in biomedical applications (Fu and Kao, 2010; Kumari et al., 2010),
and microelectronics encapsulation (Anderson et al., 1988; Birkelund et al., 2011). However,
other applications such as encapsulation of organic light emitting diodes (OLED) put stringent
requirements on permeability tolerance (Leterrier, 2003; Yu et al., 2016), generally many orders of
magnitude below the usual values for polymers. Barrier properties of polymers can be improved
to a certain extent by surface treatment (Arefi et al., 1992; Chu et al., 2002; Yoshida et al., 2013;
Nemani et al., 2018), but coating the polymer with a low-permeability inorganic thin film remains a
versatile approach, typically leading to one to two orders of magnitude improvement of the barrier,
controlled by the process-induced defects in the film. The same coating processes also enable the
fabrication of multilayer organic-inorganic structures, which allow for decoupling defects in the
inorganic film, and improved barrier properties by up to six orders of magnitude (Biilow et al,,
2014; Zhang et al., 2015; Lim et al., 2016). SiOx thin films have been widely used for this purpose
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due to the wealth of deposition techniques available on a wide
range of polymeric substrates, in particular plasma enhanced
chemical vapor deposition (PECVD) (Inagaki et al., 2000, 2002;
Lee et al., 2006; Schneider et al., 2009; Vasko et al., 2009; Liu et al.,
2010; Lu et al., 2015; Jousseaume et al., 2017; Liao et al., 2018).

Focus of the present study is on parylene C, used as
a passivation barrier in the medical device field due to
its intrinsically low permeability, good dielectric properties,
biocompatibility, and conformal deposition ability (Feili et al.,
2005; Rizzi et al., 2013; Zeniieh et al., 2014; Golda-Cepa et al.,
2015). The parylene substrates are deposited with a CVD-like
process in a vacuum chamber. This equivalent deposition method
compared to the PECVD used to form SiOy films makes it
possible to deposit both the polymer and the oxide in the
same vacuum chamber. SiOy thin films deposited on parylene C
substrates using PECVD have proven valuable to date in order
to further improve their barrier properties (Wuu et al., 2006;
Potscavage et al., 2009; Hogg et al., 2014; Kim et al, 2014).
PECVD from organosilane precursors may however lead to
undesired organic contamination of the expected Si-O network
and to a complex population of defects, and these two factors
severely degrade the barrier performance (Roberts et al., 2002).

The objective of the work is to study whether a correlation
between the permeability to gases and the Young’s modulus of
SiOyx thin films can be established, based on microstructural
information. Such a correlation would greatly facilitate the
optimization of the PECVD process, and the characterization
of the barrier properties of the films, which are both time
consuming, using fast and automated nanoindentation analyses.
To this end, we decided to produce three stoichiometries with
higher carbon amounts to have a broader account on properties
variability, and provide detailed investigations of the relations
between the structure and composition of SiOy films and
resulting mechanical properties and barrier to oxygen and water
vapor. We confirm the strong influence of the film stoichiometry
and establish a porosity-based model, which correlates the barrier
to the mechanical properties of the films.

MATERIALS AND METHODS

Materials

Samples were produced in a hybrid reactor developed by
Comelec (La Chaux-de-Fonds, Switzerland). This configuration
allows sequential multilayer deposition of SiOx/parylene dyads in
a 30 liters chamber, without breaking the vacuum, thus avoiding
surface contamination between layers. Parylene films with a
thickness of 28 jum were deposited first using a standard Gorham
process (Gorham, 2003) onto a glass substrate (7.5 x 5.25cm)
coated with a demolding agent. A venting step was added
in order to introduce reference silicon wafers in the chamber
for further characterization purposes. Subsequently, SiOy single
layers of thicknesses ranging from 40 to 170 nm were deposited
by means of PECVD on both parylene-coated glass substrates
and silicon wafers, using hexamethyldisiloxane (HMDSO) as a
SiOy precursor. Reactor configuration and parameters such as gas
flows, plasma power, time, and pressure were varied in order to
produce a set of 20 distinctly different samples.

X-Ray Photoelectron Spectroscopy (XPS)
The stoichiometry and composition of the SiOy films deposited
on silicon were assessed using XPS. Measurements were
performed in a PHI VersaProbe II scanning XPS microprobe
(Physical Instruments AG, Germany) using a monochromatic Al
K X-ray source of 45.7 W power with a beam size of 100 pm and
an energy range up to 1,400 eV. The spherical capacitor analyzer
was set at 45° take-off angle with respect to the sample surface,
and the XPS beam was calibrated using adventitious carbon at
284.8 eV. The system includes a 2 kV argon ion beam to sputter
layers of material of defined thickness, thus enabling a depth-
dependent probing of the composition. The removal rate was
set up to 9.2 nm/min as calibrated on SiO,. The general SiO4Cy
stoichiometry was obtained using a broad spectrum. The PHI
Multipak software was used to calculate the area under the Si
2p, O 1s, and C Is peaks, and the results were normalized with
respect to the silicon value:

Area (O 1s)
- 2.1
Area (Si 2p) @1)

_ Area(C 1s)
Y= AreaSizp (22)

Narrow spectra (525-540 eV for O 1s, 94-110eV for Si 2p, and
280-295¢V for C 1s) were also acquired to analyze the chemical
composition and the occurrence of chemical shifts. OriginLab
software was used to fit the spectra taken from the outermost
surface region, other than the adventitious carbon first layer, by
using asymmetric Voigt profiles (Jain et al., 2018). Single peak
fit was used where possible to identify compound lines, yielding
coeflicients of correlation > 0.997 in most cases. Deconvolution
of peaks and calculation of areas underneath was performed only
as a qualitative verification of species present, or in cases where a
single peak fit was not satisfactory. Due to limitations in access to
equipment, only 16 samples out of 20 were characterized by XPS.

Ellipsometry

The optical properties of the SiO,, films deposited on silicon were
assessed using spectroscopic ellipsometry. Measurements were
performed using a Semilab SE-2000 ellipsometer equipped with
software-controlled polarizer and analyzer arms, which provides
a spectral range from 190nm to 25pum. Three measurements
at 10 different incident angles ranging from 65° to 75° were
taken at distinctly different spots of the surface, adding up to
30 measurements per sample. Experimental ¥ and A curves
were fitted to a three-layer model (Tompkins and Irene, 2005),
comprising an ambient layer of known properties [refractive
index of air (632.8nm) = 1.00152], a SiOy layer of properties
to determine, and a silicon substrate layer of known properties
[refractive index ng;(632.8nm) = 3.8811, extinction index kg;
(632.8nm) = 0.0195]. Due to the expected transparent nature
of the SiOy film and its wavelength dependence, a Cauchy-type
model was used to extract the optical properties:

B
n (1) = figf + -3, (2.3)
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With 7, being the low-energy refractive index, B the first
coefficient of the Cauchy model and X the wavelength. The model
was used only in the 1-4.5 eV range because of the large influence
of depolarization effects in ¥ and A at higher energies. The
values of the fitted parameters and B were calculated with the
Spectroscopic Ellipsometry Analyzer (SEA) software provided by
Semilab, using a non-linear least-squares approach based on a QR
decomposition Levenberg-Marquardt algorithm with a tolerance
of 107°. The coefficients of determination were R*> > 0.997 in
any case, while the average root mean squared error for all the
samples was equal to 0.615.

Oxygen and Water Vapor Transmission

Rates
The oxygen (OTR) and water vapor (WVTR) transmission
rates of the SiOy coated parylene films were measured using
dedicated Systech Illinois analyzers. The testing system consists
in both cases of two chambers with watertight upper and lower
compartments separated by the film to be tested. The diffusing
species, either dry or wet, are injected at a flow of 20 sccm in
the top chamber, while a carrier gas, namely nitrogen, is blown
at 10 sccm in the lower chamber. OTR and WVTR values are
calibrated beforehand using a thin film of PET with known
properties at specific temperature and humidity conditions. The
background baselines used during testing were 0.5 ppm for
oxygen and 4 ppm for water vapor. OTR experiments were
carried out in a Systech 8001 at a temperature of 38°C and
90% relative humidity, for an oxygen partial pressure gradient
APO; of 1 atm. On the other hand, WVTR tests were carried
out in a Systech 7001 at a temperature of 38°C and 50% relative
humidity, for a calculated water vapor partial pressure gradient
AP0 of 3.33 x 1072 bar according to Buck equations (Buck,
1981). The films to be tested were cut to approximate sizes
of 3 x 3cm using a scalpel and further detached from the
glass substrates. They were then sandwiched between two metal
masks with circular apertures of 5 cm? using high pressure
lube and polymer joints. The full mask was introduced in the
testing chamber and mounted using high pressure lube, and
the system was left to evolve with time to enable the diffusing
species to permeate the film. The transmission rate, related to
the amount of diffusing species detected by the sensors in the
lower compartments (g/m?>day for WVTR and cm?®/m2day for
OTR), was recorded when a steady state was reached, and further
averaged for the two chambers. Due to the different nature of the
samples, the time to reach the steady state could range from 3 h
to several days. The experimental detection limit was 0.008 (cm?
mm)/(m? day atm) for oxygen and 0.02 (g mm)/(m? day bar) for
water vapor.

As a first approximation, oxygen, and water vapor
permeabilities for SiO, were calculated using laminate theory
(Roberts et al., 2002):

APo, _ dsio,,0, i dParC,Oz’ (2.4)
OTR Psio,,0,  Pparc,0,
APH,0  dsio Hy | GParCHo (25)
WVTR Psiotyo  PrarcH,0 '

Where Ps;o, is the permeability of SiOy, and dsio, and dpgc are,
respectively, the thicknesses of the SiOx film and the parylene
C substrate. The permeability of parylene C was measured
independently, and values of 3.8 (cm® mm)/(m? day atm) and
0.625 (g mm)/(m? day bar) were found for oxygen and water
vapor, respectively.

Nanoindentation

Nanoindentation of SiO, films deposited on silicon was carried
out in a Hysitron TriboIndenter TI95 with a Berkovich tip
and displacement-controlled feedback at different depths. The
tip contact area was calibrated using a fused quartz sample,
and the reduced Young’s modulus (E,) was extracted using the
Oliver & Pharr method (Oliver and Pharr, 1992) using the
acquisition software, rather than the Young’s modulus since the
Poisson’s ratio of the investigated films was unknown. Data
outliers, defined as any point for which its difference with the
average is larger than three times the standard deviation, were
removed from the analysis. A fixed displacement rate of 1
nm/s was used for loading and unloading, and a 5s interval at
maximum target depth was kept to ensure a comparatively fast
enough unloading rate in order to minimize the effect of any
type of relaxation in the extraction of the mechanical properties
(Hochstetter et al., 2007). According to the combination of
mechanical properties of the SiOy film and the Si substrate, a
probing depth of 10% or less would remain a safe choice to
determine the thin film elastic moduli (Gamonpilas and Busso,
2004). However, this would mean staying below 2 nm indentation
depth for some of the coatings, and potentially increasing the
sources of error due to local roughness, tip rounding, or area
calibration (Mencik, 2012; Jakes, 2018). To avoid this uncertainty,
the subsurface mechanical properties were mapped using a
grid consisting of 15 indents designed to ramp from 5nm
maximum displacement to 50nm. The horizontal separation
between indents was kept at 15 um to avoid interference between
developed plastic zones, and the grid was run 10 times in
total on different areas to obtain statistically significant values.
Indentation areas were selected to be as flat and free of roughness
as possible.

In this testing configuration the substrate effect needs to be
taken into account, and therefore the coating elastic modulus
was extracted by fitting the composite reduced modulus E,
as a function of indentation contact depth, d. For better
accuracy, the reduced modulus of the substrate E,; was
considered an unknown parameter (Antunes et al, 2007) in
addition to the reduced modulus of the coating E,. and
the fitting parameter . The three parameters were extracted
using a non-linear optimization based on a trust region
reflective algorithm (Branch et al, 1999) with an absolute
error cost function provided by the scipy.optimize package in
Python. The final model was selected based on the minimum
deviation of the fitted substrate modulus with respect to the
experimental value, which ranged between 134.5 and 145.9
GPa depending on the type of silicon. Finally, the majority
of the samples could be fitted using an inverse Doerner-
Nix relationship (Equation 2.6) or an inverse exponential
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FIGURE 1 | Narrow XPS scans for O 1s (top), Si 2p (middle), and C 1s
(bottom). The intensity axis has been normalized for visualization purposes.

(Equation 2.7) (Antunes et al., 2007):

dsio, dsio,
—a —«a
E’, = Er,f 1—e h + Er,se h > (26)
h h
1 1 o -
—= — |1-¢ dsio |4 —¢ dsio..  (27)
Er Er,s rf
RESULTS

Composition and Optical Properties

Samples were classified into three main categories based on
stoichiometry according to the XPS results. The survey spectra
can be found in Figure S1. Firstly, oxygen-rich silicon oxide with
formula SiOj 16224, virtually carbon-free (under equipment
detection limit). Secondly, stoichiometric SiO, with low carbon

533.7
Stoichiometry ® .

533.6 ° 5?02.16—2.24
= ® SiO196-2.00C01-0.18
K ® SiO<17Cso.
5 533.5 <1.7%->04 ®
© °
g °
o 5334 o o8
— ° ° )
o
g 5333
o
9] °
é 533.2 5

533.1

L J
[ ]
103.4 103.6 103.8 104.0 104.2 104.4

Average Si2p peak (eV)

FIGURE 2 | Average O 1s peak energy as a function of average Si 2p peak

energy.
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FIGURE 3 | Refractive index of the SiOy films as a function of average Si 2p
peak shift.

content and general formula SiO;96-2Co1-0.1s. And thirdly,
oxides with lower oxygen and higher carbon content, with a
SiO1.7C~ .4 stoichiometry. As shown in Figure 1, narrow peaks
were present between ranges of 533-533.7eV for O 1s, 103.4-
104.4 eV for Si 2p, and 284.2-285.7 eV for C 1s. Individual fitting
of all Si2p peaks can be also found in Figure S2. Figure 2 depicts
the average energy for the O 1s peaks as a function of the energy of
the Si 2p peaks. Two subgroups can be identified: one comprising
all the oxygen rich oxides plus two low energy peak low carbon
oxides, and the other comprising the four remaining outliers (two
high carbon oxides plus two high energy peak low carbon oxides).
A linear trend is clearly visible for all the oxygen-rich oxides. The
carbon-containing oxides are grouped based on the energy of the
main C s peak, which corresponds to 284.8 eV for the two low
energy low carbon oxides, and to 285.4 eV for the others.
Independently of stoichiometry, the refractive index n of the
SiO, films at 632.8nm was found to fall within a range of
1.45-1.5, except for two clear outliers. All films were completely
transparent, with an extinction coeflicient of exactly zero.
Figure 3 shows the refractive index as a function of average Si 2p
peak shift, defined as the difference in binding energy between the
experimental peak and the expected peak of thermal SiO,, located
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FIGURE 4 | Double-logarithmic representation of oxygen permeability as a
function of water vapor permeability of SiOx films. Points with arrows represent
values at the equipment detection limit, and thus should be considered as an
upper bound to the actual permeability.

at around 103.9eV (Montero et al., 1990; Alfonsetti et al., 1994).
For oxygen-rich oxides other than the outliers below 1.4, a weak
positive increase of n with the shift can be observed. Low carbon
oxides show an opposite negative trend, while high carbon oxides
are always shifted to lower binding energies.

Oxygen and Water Vapor Permeability

An increasing correlation that spans up to three orders of
magnitude can be observed in Figure4 for the intrinsic
permeability to oxygen and water vapor of the SiOy films. The
behavior seems to be independent on the specific stoichiometry
as each composition group spans at least two orders of
magnitude in oxygen permeability and one order in water vapor
permeability. On average, carbon-containing oxides show higher
permeabilities than oxygen-rich oxides.

Elastic Modulus

Examples of load-displacement curves are shown in the
Supplementary Material. The extraction of SiOx reduced
modulus for the inverse exponential model (Equation 2.7) is
shown in Figure 5. Obtained elastic moduli for all samples vary
from 15 to 59 GPa, values that are consistently below the expected
value of 69.7 GPa for fused quartz (Oliver and Pharr, 1992).

A negative correlation between reduced modulus and
permeability, both to oxygen and water vapor, is also evident
in Figure 6. This relationship seems to be independent of the
stoichiometry considered over at least two orders of magnitude,
although carbon-containing oxides show systematically lower
reduced moduli.

POROSITY-BASED MODEL

It is well-known that the density of SiOyx thin films changes
depending on the process parameters (Pan et al., 1985; Vianna
et al, 2001). Additionally, the variation in effective Young’s
modulus E for a given ceramic composition can be explained

Sample
XC20180606-1
XC20180606-2
XC20180606-3
XC20180611-1
XC20180612-4
XC20180613-2
XC20180614-1
XC20180703-2
XC20181212-1E1
XC20190121-E2

60 -

50~

Reduced Young's modulus (GPa)
1 0 Y A A A R R LA

40-

30-

00 01 02 03 04 05 06 07 08 09 10 11 12 13
Normalized contact depth (d/dSiOx)

FIGURE 5 | Composite reduced modulus E; as a function of contact depth d
normalized by the thin film thickness dsjox. The reduced modulus of the
coating E is the extrapolation to d = 0 using the inverse exponential model.
Black lines indicate the Young’s modulus of fused silica (69.7 GPa) and silicon
(~145 GPa).

in terms of porosity (Kovacik, 1999; Roberts and Garboczi,
2000; Jang and Matsubara, 2005; Pabst et al., 2006) through a
general Phani-Niyogi relation (Equation 4.1), and permeability
P in nanoporous glasses can be described by means of Knudsen
diffusion (Shelekhin et al., 1995; Roberts et al., 2002), which in
turn also depends on porosity (Equation 4.2):

¢ [E]¢c
E = Ej (1 — ¢T> R (4.1)
C
S AE
P = D, ge RT . (4.2)
TMRT 3t

The effective Youngs modulus E depends on the porosity ¢,
the Young’s modulus of the dense material Ep, a percolation
threshold ¢, and an intrinsic elastic modulus [E]. On the other
hand, the permeability P is influenced by the pore diameter D,
the molecular weight of the diffusing species M, the temperature
T, the ideal gas constant R, the tortuosity 7, and an Arrhenius
term with an activation energy AE. Considering the fact that
experiments were carried out at the same temperature for oxygen
and water vapor, Equation 4.2 can be rewritten using a constant
A as follows:

¢
P =AD,~.
pl’

(4.3)
Different porosity-tortuosity relations have been proposed in
the literature (Matyka et al., 2008), either found experimentally
or derived through theoretical considerations. On the other
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FIGURE 6 | Reduced modulus as a function of (A) oxygen permeability, and
(B) water vapor permeability. Points with an arrow represent values at the
equipment detection limit, and thus should be considered as an upper bound
to the actual permeability. Experimental fit (solid line) to Equation 4.5 is
explained in section Porosity-based model.

hand, empirical power relations have also been found between
pore radius, permeability and porosity in the context of gas
permeation through tight porous media (Ziarani and Aguilera,
2012). Taking this into consideration, permeability can be
rewritten as a power law with a 8 exponent:

P=A¢l. (4.4)

and therefore the effective Youngs modulus can be linked to
permeability combining Equations 4.1 and 4.5 as follows:

1 B

P=a e 1_(£>[E1¢c

E (4.5)

The fit of reduced modulus and permeability using Equation 4.5
is shown in Figure 7, using the same algorithm optimization
as described in section Nanoindentation for nanoindentation
analysis. The fitting parameters are summarized in Table 1.
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FIGURE 7 | Average porosity calculated for the whole sample set using
Equations 4.1 and 4.4.

TABLE 1 | Fitting parameters for oxygen and water vapor permeation.

Gas [E] [ A B
Oxygen 1.81 0.96 8.48 6.62
Water vapor ~1.90 ~1.00 0.18 3.58

Parameter A has permeability units as defined in section Oxygen and water vapor
transmission rates.

DISCUSSION

Composition and Optical Properties

XPS studies reveal that SiOx can be considered to be a
combination of different oxides in which silicon displays different
oxidation states (Bell and Ley, 1988; Finster et al., 1990; Alfonsetti
et al., 1993, 1994; Vasquez et al., 2002; Clergereaux et al., 2007).
This explanation is especially suited for oxygen deficient oxides,
as the occurrence of lower oxidation states can be linked to
a shift of the Si 2p peak to lower energies. However, oxygen-
rich oxides (SiO3.16—2.24) show a shift to higher energies, up to
~0.5eV with respect to the thermal oxide. This behavior can be
explained in terms of hydroxyl groups bonded to silicon atoms
(Montero et al., 1990; Paparazzo et al., 2002), and therefore
yielding partially hydroxylated oxides. This effect has also been
observed by FTIR on SiOy thin films deposited using TEOS as
a precursor (Jeong et al., 2002) and in plasma-polymerization of
siloxanes (De Geyter et al., 2009).

Low carbon oxides (SiO796-2Cp1-0.18) show two distinct
behaviors. On the one hand, the specimens with the Si and O
peaks shifted to lower energies show a carbon peak at around
284.8 eV, indicating that carbon is chemically bonded to silicon.
Based on the nature of the HMDSO precursor the compound is
likely to be polydimethylsiloxane (PDMS) (Morra et al., 1990;
Webster et al., 2005), and these specimens can be considered
as a type of organic-inorganic hybrid with general formula
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(Si02,05-2.08) (S10C2)0.05—0.08- On the other hand, specimens
with Si peaks shifted to higher energies display a much sharper
shift in the O peak together with a C peak at around 284.8 eV.
This is a signature of chemical bonding between oxygen and
carbon, and therefore the formation of an organic compound
inside a larger SiOx matrix. According to the nature of the
precursor and the C 1s and O 1s peak energies it is reasonable
to suggest that this element is a type of polymethylmethacrylate
(PMMA) (Moulder et al., 2002), with a general stoichiometry
of Siollggf1492(C502H3)0,03270_035. From this analysis, it is
evident that specimens with a very similar stoichiometry can be
structurally different.

Finally, the two higher carbon containing samples are also
structurally different. One of them forms a PMMA-like organic
compound in a SiO, matrix, resulting in a general stoichiometry
of SiO156 (C502Hg)o.0s. The other forms silicon and oxygen-
based organic compounds simultaneously. In this latter case, the
Si 2p peak can be clearly deconvoluted into two lines centered
at 102.7 and 104.5 eV, with a relative area ratio of. This yields a
general formula of SiOg.91 (Si0C3)0.6(C502Hzg)o.27, indicative of a
very oxygen-deficient SiOy matrix hosting regions of PDMS- and
PMMA-like compounds. The observed refractive index range
between 1.45 and 1.5 can be explained in light of these prior
considerations. It has to be noted that the refractive index is
always larger for the carbon-free oxygen-rich oxides than the
refractive index of fused silica, which is 1.457 (Malitson, 2008),
meaning that the result of hydroxylation of silicon is an increase
in refractive index. While it is well-known that oxygen-deficient
SiOx has a higher refractive index due to an increase in metallicity
(Miyazaki, 2010), nothing has been found in the literature for the
oxygen-rich case.

Apart from this hypothesis, it has to be considered that this
type of films tends to be hydrated (Blanchard et al., 2015), and
if the carbon-containing oxides are also taken into account, this
would imply that the microstructure is very likely to incorporate
several phases with different optical properties. The related
refractive indices would be >1.5 (oxygen-deficient SiOy), 1.5
(hydroxylated SiO3), 1.49 (PMMA) (Beadie et al., 2015), 1.457
(Si0y), 1.4 (PDMS) (Lee et al., 2008), 1.33 (water), and 1.0 (air),
and the effective refractive index would be the outcome of a
combination of them.

Permeability

It is well-established that permeability depends on SiOy film
thickness, as very thin layers do not ensure maximum coverage
and thicker layers can develop microcracks which in turn
increase the permeability (Chatham, 1996; Sobrinho et al., 2000;
Roberts et al., 2002; Leterrier, 2003). The range of thicknesses
used in our experiments is between these two limit cases, and
therefore the permeabilities calculated using laminate theory can
be considered to be a representative property of the material. In
light of this composition analysis, the trend observed in Figure 4
is the expected one, with oxygen-rich oxides showing overall
lower permeabilities than carbon-containing ones (Markov et al.,
2014; Lu et al.,, 2015). However, the organic content by itself
does not explain the permeability ranges observed, as carbon-
containing oxides overlap with carbon-free oxides. Furthermore,

the latter shows a spread of two orders of magnitude in both
oxygen and water vapor permeability which cannot be correlated
with the Si 2p peak shift of hydroxylated oxides, therefore
suggesting a major influence of nanoporosity in the barrier
properties. The type and fraction of organic phases do not justify
the permeabilities observed for carbon-containing oxides, also
suggesting a large influence of nanoporosity also in the hybrid
oxides. The data from Table 1 was used to calculate the porosities
for the whole set of samples, resulting in a range of porosities
between 10 and 50% as shown in Figure 7.

Based on these considerations it is very likely that SiOx thin
films display some type of nanoporosity in the 0.29-0.55nm
pore size range (Ito et al, 2007), making Knudsen diffusion
the main permeation mechanism (Kirchheim et al., 2017). This
is also supported by the fact that all the experiments were
carried out at the same temperature, yet the results for similar
stoichiometry can be quite different. Furthermore, Knudsen
diffusion is influenced by the type of diffusing molecule since
it depends on collisions between molecules and pore walls. This
is captured by the power law dependence on porosity suggested
in Equation 4.4. The relation also highlights the importance of
tortuosity in the diffusion mechanism, as the experimental results
(Figure 4) reveal a slope different from the expected unity value
if tortuosity were considered constant.

Nanomechanical Properties

Nanomechanical characterization of SiOx thin films deposited
by PECVD tends to rely on hardness assessment or in testing
SiO;-like coatings (Benitez et al., 2000; Cao and Zhang, 2008;
Subhash et al., 2010; Albuquerque et al., 2014), with SiO; values
reported in the literature ranging from 24 to 120 GPa. However,
a direct comparison might not be feasible due to the lack of
information regarding composition of the deposited coatings,
questionable extraction of mechanical properties (substrate effect
not considered, for instance where reported values exceed 75
GPa), testing of complex structures where experiment design and
interpretation of mechanical properties is far from being trivial,
or all of these simultaneously (Cabibbo et al., 2013; Polyakov
et al.,, 2014; Reddy et al., 2014). On the other hand, molecular
simulations of SiO, thin films and experimental work are in
good agreement with the typical fused silica values (Kim and
Kim, 2013; Chen et al.,, 2018), which are consistently higher
than the values obtained in this work. Recently, nanomechanical
properties of hybrid DLC-SiOx nanocomposites have shown
a remarkable range of elastic properties achievable depending
on deposition process parameters (Grenadyorov et al., 2018).
However, to the best of our knowledge, there is no work that
addresses nanomechanical properties of SiOy thin films from a
structural point of view.

According to the prior discussion, the existence of
nanoporosity would be a major influence to explain the
experimental variation in elastic moduli. Furthermore, the fit
to the Phani-Niyogi relation yields a percolation threshold of
¢ ~ 1 and an intrinsic elastic modulus of [E] = 1.8-1.9. This
latter value is in good agreement with the theoretical values
for a material such as SiO, with a Poisson’s ratio of 0.17 (Pabst
et al., 2006). The mechanical behavior could then be reduced to
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a simple Coble-Kingery relation where [E] = 2.0 and ¢, = 1,
which points out to the existence of spherical not-interconnected
pores in the SiOy thin films. On the other hand, the existence of
an organic phase also influences the mechanical properties, as
polymer-like materials have systematically lower elastic moduli
(Hochstetter et al., 2007).

As a matter of fact, the nanoindentaiton tests are much
faster than the permeability tests. A practical implication
of the proposed approach is thus to provide a strategy
for fast assessment of the barrier performance of thin
films on polymers, relying on the mechanical analysis of
the films.

CONCLUSIONS

SiOy thin films of thicknesses in the range from 40 to 170 nm
were deposited by PECVD on parylene C and silicon substrates,
using HMDSO as a precursor. Different stoichiometries ranging
from SiO<;7Cs04 to SiO216-224 were found by XPS, and
the nature of the microstructure consisted of a main SiO;
host containing fractions of silanols, pores, or carbonaceous
compounds. This was confirmed by refractive index values
from 1.45 to 1.5. The main result from the present study is
that it is the porosity, more than the stoichiometry, which
controls the properties. The Young’s modulus derived from
nanoindentation experiments varied between 15 and 59 GPa
and could be correlated with permeability to oxygen and water
vapor through a major influence of porosity. A Coble-Kingery
relation arose from this correlation, suggesting that pores are
spherical in shape, and a quantification of porosity showed a
range between 0.1 and 0.5 for the samples tested. Despite the
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