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ABSTRACT: Water permeation in inorganic moisture per-
meation barriers occurs through macroscale defects/pinholes
and nanopores, the latter with size approaching the water
kinetic diameter (0.27 nm). Both permeation paths can be
identified by the calcium test, ie, a time-consuming and
expensive optical method for determining the water vapor
transmission rate (WVTR) through barrier layers. Recently, we
have shown that ellipsometric porosimetry (i.e., a combination
of spectroscopic ellipsometry and isothermal adsorption
studies) is a valid method to classify and quantify the
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nanoporosity and correlate it with the WVTR values. Nevertheless, no information is obtained about the macroscale defects
or the kinetics of water permeation through the barrier, both essential in assessing the quality of the barrier layer. In this study,
electrochemical impedance spectroscopy (EIS) is shown as a sensitive and versatile method to obtain information on
nanoporosity and macroscale defects, water permeation, and diffusivity of moisture barrier layers, complementing the barrier
property characterization obtained by means of EP and calcium test. EIS is performed on thin SiO, barrier layers deposited by
plasma enhanced-CVD. It allows the determination of the relative water uptake in the SiO, layers, found to be in agreement with
the nanoporosity content inferred by EP. Furthermore, the kinetics of water permeation is followed by EIS, and the diffusivity
(D) is determined and found to be in accordance with literature values. Moreover, differently from EP, EIS data are shown to be
sensitive to the presence of local macrodefects, correlated with the barrier failure during the calcium test.
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1. INTRODUCTION

Organic semiconductors represent an attractive class of active
elements for several electronic and optoelectronic devices,
ranging from solar cells to organic-LEDs. However, the high
sensitivity of such devices to moisture and oxygen makes the
application of moisture barrier layers mandatory."” Inorganic
layers, such as SiO,, SizN, ALO; and TiO, are good
candidates because of their proven excellent barrier proper-
ties. ™

The quality of the moisture barrier layer is generally classified
in terms of water vapor transmission rate (WVTR), reported as
the extent of water vapor permeating through the barrier per
unit area in time (gm™> day'). The most demanding
requirement in terms of WVTR is represented by organic
LED (OLED), where WVTR values on the order of 107 gm™
day™' should be obtained in order to guarantee a long-term
device shelf life.”® Water vapor transmission rate can be
measured by several (commercially available) analytical tools,
ie, permeameters and optical or electrical calcium (Ca)
tests.”' In the optical Ca test, the oxidation of a calcium layer
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in contact with the barrier is used to follow the water
permeation in time.

It is demonstrated that the failure of barrier layers relates
with the presence of permeation pathways for water in the
inorganic barrier. Moisture permeation is shown to occur
through (i) macroscale (often process-induced) local pathways
(with dimensions between a few nanometers up to several
hundreds of micrometers in the case of pinholes/defects) and
through (ii) nanopores (or free volume, with dimensions
between the H,O kinetic diameter (0.27 nm) and roughly 2
nm), characteristic of the matrix of the inorganic layer."'"
The barrier properties related to the permeation through the
nanopores are generally addressed as intrinsic, while the overall
permeation through both macrodefects and nanopores is
addressed as the effective barrier property. Typically, the Ca
test can be used to distinguish the two permeation pathways.
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While the effective WVTR is given by the overall permeation,
the intrinsic (i-) WVTR values are obtained by excluding the
contribution of the local white spots, which develop from the
permeation of water vapor through the macroscale defects.'®
Despite the fact that this test is widely accepted, it is rather
time-consuming and its reproducibility is affected by the quality
of the Ca plates. Moreover, the kinetics of calcium oxidation is
highly dependent on the test setup, and recently its accuracy
has been strongly criticized.'” The development of techniques
capable of assessing the quality of the barriers and giving
information about the permeation pathways is thus of high
relevance.

Recently, we have shown that the nanoporosity relative
content in oxide layers measured by means of ellipsometric
porosimetry (EP) correlates with the iWVTR values. [The
porosity is categorized according to the IUPAC classification.
Mesoporous layers show pore sizes in the 2—50 nm range.
Nanoporous (elsewhere also called microporous) layers show
pore sizes below 2 nm. Pores with diameter larger than 50 nm
characterize macroporous layers.”®] Hence, the nanoporosity
can be used to rank the intrinsic barrier quality and predict
(intrinsic) barrier performances."> EP is based on the
adsorption/desorption of a probe molecule within the matrix
of a layer, followed by spectroscopic ellipsometry as changes in
the layer optical properties.">'”~>' However, no information
can be obtained about macroscale defects due to their
dimensions. The probe molecule uptake in a macroscale defect
is measured as a multilayer development, due to the large
distances of the defect walls which limits the microstructure
characterization and, hence, the barrier quality classification, to
the intrinsic properties. Furthermore, with this technique the
probe molecule uptake is measured under equilibrium
conditions, and, therefore, information on the kinetics of
diffusion (diffusivity and permeability) of the adsorptive into
thin films cannot be inferred.

In the engineering of barrier layers, the diffusion coefhicient
of water represents a crucial characteristic of the barrier, since
the permeability (P) of a gas/vapor through a layer is given by
the product of its diffusivity (D) and solubility (S). In the
literature, Graff et al.* presented time-dependent permeation
data to calculate the effective diffusivity and solubility for water
vapor through a sputtered aluminum oxide barrier layer,
reporting D values of 1.4 X 107" cm® s™' by means of a
commercially available permeameter. In another contribution,
Carcia et al”® calculated the water diffusivity through an
alumina layer deposited by atomic layer deposition (ALD) from
its permeability measurement and reported a D value of 2.5 X
1077 cm? s7!. The determination of D gives information on the
barrier performance of the layer, hence contributing to the
classification of the barrier quality.

Electrochemical impedance spectroscopy (EIS) has been
extensively applied for the determination of the diffusion
coefficients of both thick and thin organic layers, mainly with
application as anticorrosion coatings on metallic substrates.”>**
The water permeation through a layer is followed by the
changes of the impedance upon the layer exposure to an
electrolyte solution. In time, water fills the accessible open
pores and, in turn, the overall dielectric constant increases, as
followed by EIS, until reaching a saturation state (This holds if
no corrosion or degradation processes are occurring at the
layer—substrate interface. Delamination of the layer from the
substrate, clogging of the pores due to accumulation of
corrosion products, dissolution of the layer in the solution, all

bring a variation of the electrical properties of the laéyer and
have to be taken into account in the EIS investigation. .2 In
order to correlate the variation of the electrical properties with
the amount of absorbed water (so-called water uptake), the
Brasher—Kingsbury equation is generally adopted.”® In parallel
with the calculation of the diffusivity and water uptake, EIS
allows the determination of the open and/or through porosity
in a layer. The open porosity of a film deposited on a substrate
can be defined as the ratio of the volume of pores with access to
the surface (i.e, open-pores) to the volume occupied by the
film, while in the through-porosity only pores connected to
both the surface and substrate (so-called through-pores) are
considered. By means of EIS, the through-porosity can be
measured as the ratio, with respect to the pristine substrate, of
the charge transfer resistance,””*® i.e., the resistance opposed by
the layer to charge transfer mechanisms at the substrate surface.
This parameter is correlated with the surface area exposed to
the surrounding environment and, hence, to the through-
porosity. In the literature, porosity values have been measured
for inorganic layers, such as SiO,, ALO;, Ta,Os, and TiN.**~>
Hirkonen et al. reported values down to 0.02% for ultrathin
ALD deposited ALO; layers ™ confirmed by the porosity
calculated by means of linear scan voltammetry measurements.
Tato et al. detected gorosity values down to 0.08% for thick
sputtered TiN layers’” and compared them with the porosity
values calculated with both dc and polarization methods.

EIS has also proven to be very sensitive in detecting
differences in porosity down to the sub-nanometer regime.’
Different carbon foams®* and carbide derived carbon
materials® have been first characterized by N, porosimetry
and showed a highly nanoporous structure (average pore size
below 1 nm). These materials, exposed to electrolyte solutions,
have been studied by impedance spectroscopy. Changes in the
impedance spectra among the layers have been attributed to the
differences in nanoporosity content and used to categorize the
layers with respect to their nanoporosity.

In a solid state configuration, EIS has also been agé)lied for
the detection of water vapor in moisture sensors’® >° and
resulted in commercially available devices.*® An exhaustive and
recent review on the subject can be found in ref 40.

In this contribution, we introduce EIS as a characterization
tool in the field of moisture barriers. Here, EIS is adopted to
categorize the intrinsic barrier properties of nanoporous plasma
enhanced—chemical vapor deposited (PE-CVD) SiO, layers,
and the results obtained are complemented by the
optochemical properties of the layer measured by spectroscopic
ellipsometry (SE), FT-IR, and X-ray photoelectron spectros-
copy (XPS). Furthermore, EP is used to determine the relative
nanoporosity.

In addition, by measuring the evolution of the layer
impedance with EIS following the exposure to an electrolyte
solution, the water uptake is determined and found to be in
agreement with the open nanoporosity content as determined
by means of EP. To corroborate this result, the value of the
exponent of the constant phase element used to model the
barrier layer by means of EIS was found to linearly correlate
with the porosity/optical properties of the layers measured by
EP and SE, allowing the determination of the layer nano-
porosity. Then, the kinetics of permeation is studied, leading to
the determination of the layer diffusion coefficients. Finally, EIS
is shown to be sensitive to the presence of local macroscale
defects in a barrier layer at a level sufficient to cause its failure
during the calcium test (Ca test) measurements. In contrast, EP
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Table 1. Optical, Electrical, and Microstructural Properties for the Layer Investigated, Including in-Situ and Ex-Situ Refractive
Index (n) Measured by SE, Porosity Measured by EP, EC Characteristics, Water Uptake, and Diffusivity Coefficient Measured

by EIS
Plasma Power i st Moesiti Porosity Clayer LnF / a Water Uptake, ¢ Diffusivity, D [cm?
W] (+0.003) (£0.003) (£0.02%) Ryore [Q cm] cm?] (£0.02) (£0.3%) st
50 1.399 1.447 4.43% 50 +3 270 + 14 0.72 4.2% (L1 + 0.1)-107%
80 1.403 1.447 3.59% 59+3 215 + 11 0.77 3.9% (2.0 + 0.1)-107
110 1.418 1.454 2.61% 2653 + 13 181 + 9 0.83 2.9% (L7 + 0.1)-107%
250 1457 1.463 0.72% (25+01)x10°  45+2 0.98 0.8% (9.9 £+ 0.1)-107

and both ex-situ and in situ SE were found sensitive only to the
nanoporosity of the layer, demonstrating the higher sensitivity
of EIS with respect to ellipsometric-based techniques in order
to evaluate the quality/performance of layers as moisture
barriers.

2. MATERIAL AND METHODS

2.1. SiO, deposition. SiO, layers were deposited on double
sided polished n-doped Si wafer (p = 1-5 Q-cm) using a
home-built capacitively coupled PE-CVD reactor.' Two
organosilicon monomers were alternatively adopted, 1,3,5-
trivinyl-1,3,5-trimethyl cyclotrisiloxane (V3D;, >95%, Gelest)
and 1,1,3,5,5-pentamethyl-1,3,5-trivinyltrisiloxane (TVTSO,
purity >95%, Gelest). Both were vaporized in a stainless steel
bubbler and set at a temperature of 100 °C. The flow-rate was
controlled by a vapor source controller (VSC1150C, MKS) and
kept constant at 0.5 sccm. The Ar and O, flow rates were 70
and 35 sccm, respectively. The pressure was kept constant at
0.3 mbar and the substrate temperature was set at 100 °C. The
different porosity content was obtained by depositing the layers
at different plasma power density values, in this case with power
values in the range 50—250 W (Table 1). The thickness of the
layers was measured to be 85 + S nm.

2.2. Electrochemical measurements. Electrochemical
Impedance Spectroscopy (EIS) measurements were performed
with a potentiostat—galvanostat Autolab-PGSTAT30 and
frequency response analyzer (FRA) together with a Faraday
cage to avoid external interferences. A three-electrode setup
was employed using Ag/AgCl, KCl (sat) as the reference
electrode, a graphite rod was used as counter electrode, and the
n-type Si substrate served as the working electrode. Good
ohmic contact on Si was ensured by back metallization of the
wafer with 10 nm of Ti followed by 30 nm of Au, deposited by
magnetron sputtering (AJA ATC 1500-F). The area exposed to
the electrolyte was 1 cm?® All tests were performed under
ambient temperature in quiescent 0.6 M NaCl electrolyte
solution open to air in the frequency range 10'—10° Hz at 10
points/frequency decade. For this, a 10 mV (rms) sine-wave
amplitude was applied over the flat band potential (Vj) of the
n-type Si substrate to avoid the formation of a space charge
capacitance. In order to calculate the Vi a Mott—Schottky
analysis*~** was employed. For this, the pristine Si substrate
was exposed to the electrolyte and the impedance was
measured applying bias potentials between 0 and —1 V (vs
Ag/AgCl). The V;, was calculated according to the Mott—
Schottky relationship:

go€eNp

1/C: = ( 2 ]-(V— Vy, — k,T/e)
1)

where C, stands for the surface charge capacitance, € is the
relative permittivity of the semiconductor, and V is the

semiconductor electrode potential. The Vg, was found to be
—0.53 V for n-doped Si in contact with 0.6 M NaCl solution.

The EIS results of the SiO, layers were fitted with equivalent
electrical circuits (ECs) using Nova software (Metrohm
Autolab B.V.) following a procedure previously reported for
organic coatings.*> The goodness of the fit given by chi-square
(r*) was below 107 in all cases. From the fitting procedure, the
EC characteristic parameters were obtained and the water
uptake (¢) and diffusion coefficient (D) calculated as exposed
here below.

By considering the barrier layer as a parallel plate capacitor
the coating capacitance C is related to the dielectric constant &

by
eg5A

C — ZT0
layer d (2 )

where &, is the dielectric constant of free space (8.854 x 107
F cm™'), A is the surface area of the layer and d is the layer
thickness. Since the dielectric constant of SiO, is typically in the
range 1.9—2.1 and the one of deionized water is 78.4 at 25
°C,™ the uptake of water leads to an increase in the dielectric
constant of the film, and therefore in its capacitance.

The increase in the layer capacitance is related to the volume
fraction of water using the Brasher—Kingsbury equation:*®

_ log(clayer/co)
log ¢, ©)

where C; is the capacitance of the dry film extrapolated for ¢ =
0, and ¢, is the dielectric constant of water. ¢ values can give an
indication of the extent of porosity accessible to water
molecules. To ensure the validity of this correlation, swelling
in the coating should not occur, and the amount of water
absorbed should be relatively small and homogeneously
permeating in the layer,”® whereas more complex correlations
have to be used to obtain the swelling coefficients.*’ ~*
Considering the water diffusion to be Fickian (The diffusion is
considered Fickian because the mean free path in liquid water
(0.25 nm) is smaller than the pore diameter here
considered.®®), ¢ can be analytically expressed as a function
of time,*® and the diffusivity of the layers calculated by

Iog(clayer/co) _ [4D :|1/2t1/2

log(C/C,) & 4)

where C; is the capacitance at the saturation point, D is the
diffusion coefficient, d is the layer thickness, and t is the
immersion time. Typically, to reach the saturation stage, the
EIS measurements take between few hours and 2—3 days,
conditional upon the quality of the barrier layer.

2.3. Opto-chemical characterization. The optical prop-
erties of the layers were determined by means of in situ and ex-
situ spectroscopic ellipsometry (SE). In-situ SE measurements

DOI: 10.1021/acsami.5b04060
ACS Appl. Mater. Interfaces 2015, 7, 15968—15977


http://dx.doi.org/10.1021/acsami.5b04060

ACS Applied Materials & Interfaces

Research Article

were performed at an angle of incidence of 71.5°, during and at
the end of the deposition process, using a J.A. Woollam Co. M-
2000F ellipsometer. Ex-situ measurements were performed after
exposure to air at three angles of incidence (65°, 70°, 75°) in a
wavelength range of 190—1000 nm by means of a J.A. Woollam
Co. M-2000D ellipsometer.

The chemical characterization of the layers was performed by
means of FT-IR spectroscopy and XPS. FT-IR measurements
were performed with a Bruker Tensor 27 spectrophotometer in
the range 375—4000 cm™" with a resolution of 4 cm™ and 256
scans. Before the spectra acquisition, the spectrometer was
purged with N, to minimize H,0 and CO, absorption. All the
reported FT-IR spectra are baseline corrected and normalized
with respect to the layer thickness.

XPS was performed using a Thermo Scientific K-Alpha
spectrometer with a monochromatic Al Ka X-ray source (hv =
1486.6 eV). Prior to the measurements, the samples were
presputtered with an Ar ion-gun at an angle of 60° and 1000 eV
in order to remove the carbon contamination from the layer
surface.

2.4. Porosity characterization by means of ellipso-
metric porosimetry. The relative amount of open porosity in
the layers was determined by means of EP. As previously
mentioned, EP is based on the adsorption of a probing
molecule in the layer porosity as well as on its surface, leading
to a change in the optical properties of the layer. The variation
of the refractive index (n) and the possible development of an
adsorbate multilayer are followed by SE.

The layers were modeled using a Cauchy function, with the
layers being transparent in the spectral range investigated. The
probe molecule multilayer uptake was fitted by adding a
Cauchy layer on top of the SiO, layer with fixed refractive index
of the adsorptive, and with its thickness being the only fitting
parameter. More details on the modeling can be found in refs
15 and 51.

From the Lorentz—Lorenz relationship, the relative
adsorptive volume in pores, with respect to the film volume,
can be calculated as

Vads/Vﬁlm = mol/ [aads'(dt + dO)]((BSdO + Btdt) - BOdO)

©)
where V4 is the volume of the liquid adsorptive in the pores,
Viim the volume of the film, B, and B, are the volume
polarizability of the film before and during adsorption, B, is the
volume polarizability of the adsorbate multilayer which
develops on top of the layer, dy and d, are the thickness of
the layer and adsorbate multilayer, respectively, V. is the
molecular volume of the adsorptive, and @, is the polarizability
of the adsorptive molecule.

The adsorptive volume is generally reported as a function of
the ratio between the partial pressure (P;) and the vapor
pressure (P,) of the probe molecule, resulting in a classical
adsorption/desorption isotherm. At low P,/P,,, values, the open
pores accessible to the adsorptive are filled (micropore filling
region), leading to a change in the n values until 2 monolayer of
adsorbate is formed. Afterward, a multilayer of adsorbate
develops, detected as a change in the layer thickness. Generally,
adsorption isotherms are categorized according to the IUPAC
classification.">*>** A type I isotherm is associated with porous
materials with a narrow distribution of pore size with a diameter
<2 nm (nanoporous or microporous materials), and a type 1I
isotherm is associated with nonporous materials. Mesoporous
materials are instead characterized by a type IV isotherm, in

15971

which a hysteresis arises in the desorption step, due to the
condensation of the adsorbate in the pores.>”

The porosity (P) in the nanoporous regime is calculated,
from the isotherm, after the formation of the probe monolayer,
i.e., when all the nanopores accessible to the probe molecule are
filled. Using the Lorentz—Lorenz equation, P can be expressed
as

(”ﬁ112 -1 (n>-1) g

(ngy” +2) - (ny* +2)

(nvapar - l)
(nvaparz + 2)

(6)

in which ny and ng; are the refractive index values of the layer
when the pores are either empty or filled, respectively, and 1,,,,,,
is the refractive index of the probe molecule. With this
approach, the porosity values obtained are independent of the
refractive index of the matrix.'>*'

The home-built porosimeter consisted of a vacuum chamber,
equipped with a spectroscopic ellipsometer, Ar is used as carrier
gas, and a source of water (d = 0.27 nm) is used as adsorptive.
The SE measurements were carried out at an angle of 70°. After
loading the SiO, sample, the chamber was evacuated overnight
in order to remove the adsorbed water due to the layer
exposure to ambient. The refractive index value of the SiO,
layer after evacuation is taken as the starting point for the
adsorption measurements (i.e, ny). Then, the water and Ar are
injected into the chamber, and the ratio is adjusted by
equilibrium steps in order to scan the entire P/P,, range, from
0to 1.

2.5. Water vapor transmission rate (WVTR) measure-
ments: calcium test (Ca test). Water vapor transmission rate
(WVTR) measurements are carried out by means of the Ca test
according to the procedure described by Nisato et al,*>>*° at a
constant temperature of 20 °C and a relative humidity (R.H.)
of 50%. For this test, the measured barrier layer is stacked with
a 40-nm-thick Ca layer. Upon exposure to moisture, any
changes to the optical transmittance of the Ca layer can be
attributed to oxidation of the Ca to CaO and, hence, to
permeation of water vapor through the barrier layer. To obtain
results with 10% precision, the test should last until at least 1
nm of the Ca material has been oxidized, and in the
experimental condition chosen, a single measurement takes
between a few weeks to several months, depending on the
goodness of the tested barrier. The intrinsic WVTR is measured
by excluding the local white spots from the measurement which
develop due to localized fast oxidation of Ca and are associated
with the water permeating through a macrodefect or pinhole. In
this way, only the permeation through nanopores is considered.

The measurement setup for the Ca test (developed by the
Philips Research laboratories) consists of a Philips CLS000 M
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. More details about
the setup can be found elsewhere.'® Ca is deposited on glass
substrates, followed by the deposition of the a temporary PE-
CVD SiO, (intrinsic WVTR of 107> g m™* day™") barrier layer,
to avoid oxidation during transportation. The use of the
temporary SiO, layer has no effect on the determined intrinsic
WVTR values, since its barrier performance is 1-to-3 orders of
magnitude lower than the barrier layers under investigation.
The barrier layer is deposited last, on top of the SiO, layer. The
final configuration is glass/Ca/40 nm-SiO,/barrier layer.
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3. RESULTS AND DISCUSSION

3.1. Opto-chemical characterization. In order to get
information on the degree of cross-linking reached in the
deposited silicon dioxide layers, FTIR studies were performed
(Figure 1a). The FT-IR measurements showed silanol (SiOH)-
related absorption stretching and bending bands in all the films
(Figure 1a). This indicates the presence of a range of porosity
as a function of the deposition power, since the Si—OH groups
are chain-terminating groups®” leading to free volume.

The in situ refractive index (n,, ,) values confirm the IR
analysis: the values are below the refractive index of fused silica
(1.465 at 633 nm),"* confirming the presence of porosity in the
layers (see Table 1 and Figure la). This result is further
supported by the aging (An) of the samples resulting from their

exposure to the environment and measured by ex-situ SE

15972

(Table 1). As expected, it is found that the refractive index
increases due to moisture uptake, and that this effect is more
pronounced for layers with lower n values. In a previous work,
we have shown for oxide layers that a correlation exists between
the in situ refractive index values, porosity, and intrinsic barrier
properties."> Based on this work the barrier performance of the
layers can be predicted depending on the n,, , values. Using
this approach the i-WVTR values were found to range from
107 gm™2 day™! for the highly porous SiO,,,; 399 to 107> gm™
day™! for the low-porous SiO,, 457-

The XPS measurements pointed out the absence of carbon
originating from the precursor chemical structure and a O/Si
ratio of 2.1 + 0.1 for all layers. The lack of carbon prevents
potential swelling effects during the EIS measurement in
electrolyte solution, assuring the applicability of the Brasher—

DOI: 10.1021/acsami.5b04060
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Kingsbury equation.®® This is confirmed by ex-situ SE
measurements performed on the samples after exposure to
the electrolyte solution, which showed no increase in thickness.

3.2. Microstructural characterization. In order to
identify the nature of the open porosity and determine the
relative amount of pores accessible to water molecules, the
microstructure of the PE-CVD SiO, layers was characterized by
EP using water (d = 0.27 nm) as adsorptive. The layers and the
adsorption were modeled with a Cauchy function as described
in the Material and Methods. In the literature, a Bruggerman
effective media approximation (B-EMA) function is often used
to model porous systems.*>*° However, in order to use this
approach, the optical constants of the layer matrix must be
known, and these are often obtained by studying nonporous
reference samples.’’ For the PE-CVD SiO, layers under
investigation, the matrix optical constants cannot be measured
directly, being different from a pure silica layer, and they can be
otherwise extrapolated by empirical methods.”> On the
contrary, the Cauchy function adopted in this study avoids
making assumptions on the layer optical constants, and the
system is hence represented by a homogeneous combination of
voids and layer matrix. In Figure 1b, the adsorption isotherms
expressed as adsorbed water volume as a function of the P/P,
are reported. All layers showed a type I isotherm. Such a result
confirms the presence of nanoporous layers with a pore
diameter below 2 nm. No mesoporosity was detected, as the
desorption did not show hysteresis typical of a type IV
isotherm.>® The open porosity values, calculated according to
eq 6, were found to range between 4.2% and 0.7% (Table 1).
The differences in porosity pointed out by FT-IR measure-
ments and in situ refractive index values are confirmed by the
differential uptake in terms of V4, at low P;/Pg, ie., in the
micropore filling region. The SiO, ,; 45, showed a combination
of type I and type II isotherms, which is characterized, next to
the micropore filling, by a multilayer development.'” The type I
+1I is generally assigned to microporous layers with a very low
porosity content, which is filled by the adsorptive at P;/P,,
values below 0.1-0.2 and allows the development of a
multilayer already at low P;/P,.

3.3. EIS measurements. 3.3.1. Nanoporosity detection.
EIS was adopted to follow the change in the SiO, layer
capacitance upon immersion in the electrolyte solution, until
saturation occurred, given when all the pores accessible to the
electrolyte solution were filled. The EIS data are reported in
this work as impedance modulus (IZI) and phase angle as a
function of the frequency (Bode plots). The Bode plots of the
layers at the beginning of the immersion in the electrolyte
solution are shown in Figure 2a.

The impedance modulus values at all frequencies confirm the
trend of n, An, and EP measurements earlier discussed where
the highest and lowest |Z| values are shown by SiO,,;; 457 and
SiOy)q1.390, respectively.

The sensitivity of the technique in discerning small
differences in porosity was compared with more classical
characterization tools for thin films such as SE. The layers
showing the highest porosity content with the lowest in situ n
values (SiO,,n; 309 and SiO,,;140;) exhibit the same refractive
index when measured ex-situ (see Table 1), highlighting a
sensitivity limitation of this approach. However, EIS was able to
discern between the two layers in terms of |Z| values because of
the higher detection limit (on the order of 107>—107° Q),
demonstrating a higher sensitivity when compared to ex-situ SE.
For the layers with n,, ;, in the range 1.399—1.418, the IZI plots

show a two-slope behavior. In the low frequency region, the
slope is —0.98 + 0.02, which is characteristic of a pure
capacitor®® and here attributed to the Si substrate. The
capacitive behavior is confirmed by the phase Bode plots,
which show a constant value close to 90°. In the high frequency
region, the slope varies from —0.32 + 0.02 (SiO,,1300) to
—0.63 + 0.02 (SiO, ) 415), and the phase between 28° and 57°.
This indicates an increase in the barrier properties of the layers
with the refractive index and correlates with the microstructural
characterization. The two-slope behavior disappears for the
SiO, 1457 With a constant slope of —0.99 + 0.02 and a phase
value close to 90° in the frequency range 10*—107" Hz. Such
results confirm the highest capacitive behavior of the system
with the highest 7, this being associated with a lower porosity
reflected in a combined type I+II isotherm.

3.3.2. Equivalent circuit and water permeation. As
aforementioned, the water permeation characteristics of
inorganic layers offer essential information to categorize their
barrier performance. Furthermore, the water uptake values
obtained with EIS can give extra information on the extent of
porosity in the layer accessible to the water molecules. In order
to calculate ¢ and D values, the impedance data were modeled
with the most probable equivalent circuit (MPEC) shown in
Figure 2b, obtained after a dedicated selection process.* In this
MPEC, R, represents the resistance of the electrolyte solution,
Ciayer is the capacitance attributed to the barrier layer, R, is
the pore resistance, Cy is the capacitance that arises for the
formation of a double layer at the substrate surface, and C,, and
R, are the capacitance and resistance of the native oxide layer
at the substrate surface, respectively. Compared to the classical
EC for defective layers,”® the so-called polarization/charge
transfer resistance cannot be used to model the impedance data
of these systems due to the inertness of the Si substrate under
the chosen experimental conditions that prevents corrosion
processes/charge transfer mechanisms from occurring,

In order to improve the fit and due to the presence of
inhomogeneity, the layer capacitances of all the SiO, layers

were substituted with Constant Phase Elements (CPE)***
defined as
1
ZCPE,layer =7 .\
Q—layer. (la)) (7)

where i is the imaginary number, @ is the radial frequency, Q..
is a constant value, independent of frequency, and «a is the CPE
power, which gives an indication of the layer inhomogeneity/
porosity. In Table 1, the EC fitted parameters of interest for the
layers at the beginning of the immersion are presented.

The C,,y., and R, values are in agreement with the barrier
properties and porosity content inferred by SE (in situ, An),
FT-IR, and EP measurements. As n approaches the value for
fused silica, the layer shows a higher capacitive behavior and
pore resistance. Furthermore, the @ values range from 0.72 to
0.98 for the most and least porous layer, respectively,
highlighting the relation of this parameter to the inhomoge-
neity/nanoporosity of the layer. The increase of the a value
points out that the heterogeneity and porosity decrease with
the increase in n, giving an indication of the increased barrier
properties of the layer. Moreover, it confirms the observations
based on the different slopes in the impedance modulus in the
Bode plot. When plotting the a value vs both the n;, j, and the
nanoporosity values, a clear linear correlation was found, as
shown in Figure 2c. This relationship allows for the
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determination of the nanoporosity values starting from the CPE
attributed to the barrier layer, pointing out the goodness of the
fit and the sensitivity of EIS toward the detection of the
nanoporosity/free volume.

The barriers were further kept in the electrolyte solution, and
the permeation of water was followed by monitoring the
increase of the layer capacitance values until saturation
occurred. In Figure 2d the evolution of the Cy,, for all the
layers as a function of the immersion time is shown. From the
variation of the layer capacitance, the water uptake values and
diffusivity coefficients were calculated as indicated in the
experimental section (Table 1). The water uptake values are in
good agreement with the porosity values calculated by EP,
confirming the applicability of the Brasher—Kingsbury equation
also for thin inorganic layers. The diffusivity coefficients are
comparable to those reported in the literature for analogous
moisture barriers,**> and they are understandably lower than
those of thin corrosion protection organic layers,**** all this
supporting the sensitivity of EIS in evaluating moisture barrier
layers in a quantitative manner.

3.3.3. Local macroscale defects identification. As pre-
viously mentioned, water permeates into a barrier layer through
both macroscale defects and nanopores. EP is able to detect
and quantify nanoporosity (as well as mesoporosity, if present),
but it is limited in the detection of localized larger defects.
Instead, in this session, EIS will be shown able to distinguish
between the permeation of water through macroscale defects
and nanoporosity, detecting macroscale defect levels sufficient
to cause the failure of the barrier layer during the Ca test
measurements.

In parallel studies on moisture barriers, PE-CVD SiO, layers
have been deposited with TVTSO. The TVTSO-deposited
SiO, showed the same composition and refractive index values
(both in situ and ex-situ) compared to the ones deposited by
V;D;. Both layers were tested with the Ca test in order to
determine their i-WVTR values. In Figure 3, the Ca oxidation
followed in time for a V;D;- and TVTSO-deposited PE-CVD
SiO, layer is presented.
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Figure 3. Calcium plates used in the Ca test, after one, six, and 10 days
of measurements: (a) TVITSO-deposited PE-CVD SiO, ,; 447, showing
a pinhole density per plate of 772 after 10 days and a pin area of 4.84
mm?, and (b) V;D;-deposited PE-CVD SiO,,; 447, showing a pinhole
density per plate of 2 after 10 days and a pin area of 0.5 mm*

The layers showed the same value of refractive index (n;, 4,
of 1.447 + 0.003), and the measured i-WVTR value fell in the
107° gm_2 day ™! regime, as expected (4 £1)x107° gm™
day™' and (3 + 3) X 107> gm~ day ! for the V;D;- and
TVTSO-deposited layers, respectively).'* However, as shown
in Figure 3a, the TVTSO-deposited layer showed a high density
of pinholes (772 pinholes per plate after 10 days) and a pinhole
area of 4.54 mm?, and the Ca plate became completely oxidized
after 10 days. On the contrary, the V;D;-deposited layer
(Figure 3b) showed a pinhole density 2 orders of magnitude
lower (2 pinholes per plate after 10 days), and a pinhole area
ten times lower (0.55 mm?).

To further investigate the difference in macroscale defects
density, different TVTSO- and V;Ds;-deposited SiO, layers
were investigated with EP and EIS. In Figure 4, the Bode plots
and adsorption isotherms of the V;Ds-deposited SiO, ,; 4;5 and
Si0,,1.457 are reported together with the plots of a TVTSO-
deposited layer with an in situ refractive index value of 1.446
(8iO2n1.446)-

In Figure 4a, the EP measurements are reported and point
out a type I isotherm for all the layers. The P value of the
SiOy,1.446 Was found to be 1.5%, following the trend indicated
by the isotherm and inferred by the in situ refractive index
value. However, the EIS measurement showed a more defective
nature of the TVI'SO-deposited layers (Figure 4b). In the high
frequency region, the Bode plots of the SiO,,; 446 showed a
similar trend obtained for the V;Dj;-deposited layer, with a
phase value close to 90° and a IZ| slope close to —1, in
agreement with the low porosity value inferred by EP.
Nevertheless, a second time constant developed in the Bode
plot for the SiO,, 446 in a frequency range which is generally
attributed to the formation of an interface between the
substrate and the electrolyte solution,”** while the V;Dj-
deposited layers only showed the contribution of the substrate,
as aforementioned. Following the permeation of water in the
TVTSO-deposited layer as a function of change of the Cy,y.,, the
@ and D values pointed out a higher water permeation than the
V;D;-deposited layers, with a water uptake of 6.5% and a
diffusivity of 9.4 X 107" cm?® s~ (Table 2). The ¢ value was
found to be higher than the most porous layer investigated in
this study (SiO,, 399), while the D coefficient was found close
to the one of the SiO, ) 403 layer, both pointing out the higher
defective nature of the TVTSO-deposited layer, in agreement
with the high macroscale defect density inferred by the Ca test.

The limits of EP in detecting the macroscale defects arise
from the defect dimension, ranging between hundreds of
nanometers to several micrometers. Due to the large distance of
the defect walls, the probe molecule adsorption does not lead
to a variation of the refractive index, and it develops instead as
multilayer t. On the other hand, EIS was able to detect the
presence of defects/pinholes in the layer, a high density of
which leads to the fast oxidation of the calcium plate in the Ca
test. This result infers the potential use of impedance
spectroscopy in the prediction of the failure of a barrier layer
in the Ca test due to the permeation through local
macrodefects.

4. CONCLUSIONS

EIS was successfully applied to PE-CVD SiO, thin layers to
categorize them in terms of their encapsulation barrier
properties, ie., pore resistance and capacitance behavior,
water uptake, and diffusion coeflicient. EIS showed a higher
sensitivity than the classical ex-situ ellipsometric studies and is
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Figure 4. V3D;-deposited (SiOy,; 457 and SiO, ;) 415) compared to TVITSO-deposited SiO, (SiO, ) 446): (2) EP adsorption isotherm; (b) Bode plots

after 2 min of immersion.

Table 2. V;D;-Deposited (SiO, ;457 and $iO, ) 415)
Compared to TVTSO-Deposited SiO, (SiO, y.446): in-Situ
Refractive Index, Porosity Measured by EP, Water Uptake,
and Diffusivity Measured by EIS

PE-CVD SiO,, P by EP Water Diffusivity
Precursor Dy sin (40.02%) uptake [cm? ]
V,D; 1418 261 2.9% (L7 £0.1) x
10715
TVTSO 1.446 1.51 6.5% (94 +0.1) x
10—15
V,D, 1457 0.72 0.8%

(9.9 £ 0.1) x
10—17

suitable for a fast and quantitative characterization of the water
barrier performance. Furthermore, the variation of Cyyy.,, ¢, and
D values was calculated for the first time on inorganic layers by
means of EIS. Water uptake values down to 0.8% were obtained
by applying the Brasher—Kingsbury equation and were found in
agreement with the open nanoporosity values measured by
ellipsometric porosimetry. Diffusion coefficients as low as (9.9
+ 0.1) X 1077 cm? s7! were measured and are in agreement
with previous studies on single inorganic moisture permeation
barriers. A good linear correlation between the in situ refractive
indexes (n)/nanoporosity and the exponent @ from the CPE
used in the fittings of the EIS data was obtained. This suggests
the possibility of the direct calculation of open nanoporosity
from an EIS fit, although more tests with other materials need
to be performed to confirm this result.

Moreover, EIS was found able to detect the presence of levels
of pinholes/defects sufficient to cause the failure of the barrier
in the Ca test, overcoming the limits of in situ SE and
ellipsometric porosimetry. TVTSO-deposited SiO,, categorized
as nanoporous by means of EP, showed the presence of a large
number of macroscale defects in the EIS spectra, confirmed by
the failure of the Ca test measurements due to the fast water
permeation through the macroscale permeation pathways. In
this work, EIS was demonstrated as a valuable and fast
technique in the evaluation of the quality of moisture barrier
layers and identification of both nanoporosity and local
macroscale defects, complementing the microstructural charac-
terization of optical methods such as spectroscopic ellipso-
metric porosimetry and calcium test.
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