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Penetration paths caused by nanoscopic defects in plasma-enhanced atomic layer deposited (PEALD) Al;O3 thin
films could increase their transmission rate, mechanical limitations could impair their encapsulation utility. In
contrast, this phenomenon could be beneficial in the case of polymer electrolyte fuel cells containing a proton
exchange membrane, where water retention in the membrane is crucial for efficient transport of hydrated ions.
Nanocracks in the deposited layer can act as nanovalves at low humidity levels and maintain the suitable level of
hydration for the membrane. This paper presents the results of a unique, in situ oxide film cracking-gas
permeation measurements on 25-100 nm Al;O3 coated low-density polyethylene. The developed measure-
ment chamber enables the bulging of the substrate/coating system, which initiates the cracking of the coating.
Under the same mechanical load, the permeability decreases exponentially with film thickness: quadrupling the
film thickness reduced it by a tenth. Simulation-based empirical models on gas diffusion through defected barrier
layers are summarized, and an analytical model is constructed instead. We have also carried out simulations to
help understand the processes. The derived analytical equations perfectly describe the literature data, our
simulations, and experimental results. The introduced technical setup, experimental and theoretical work may

open further perspectives in understanding the behavior of barrier layers under mechanical loading.

1. Introduction

Polymeric materials are the most suitable substrates for flexible
electronics, solar cells, furthermore, these materials play a significant
role in advanced packaging systems [1]. Modified atmosphere pack-
aging techniques of food products — in which altered atmosphere is
created in the headspace that retards chemical deterioration while
simultaneously retarding growth of spoilage organisms — are being
developed in order to improve the performance of packaging systems i.
e., shelf-life extension, cost-efficiency and consumer convenience. When
considering technological development, one of the main challenges that
must be overcome is the weak barrier, inappropriate gas transport
properties of polymers to water vapor and gasses. Carbon dioxide (CO2)
permeability of packaging materials plays an important role in the
preservation purposes as it is nontoxic and has a bacteriostatic effect
[2-5].

To upgrade content protection and extend the shelf-life of a given
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product, thin oxide films often used as functional and protective coating
on the top of the packaging material [6-11]. Plasma-enhanced atomic
layer deposition (PEALD) is an excellent technique to cover these
temperature-sensitive substrates with densely packed, virtually
defect-free, highly uniform films which gives the possibility to enhance
gas and water vapor diffusion barrier properties [12-18]. The
plasma-enhanced method utilizes plasma in the ALD reaction chamber
to generate highly reactive, energetic species, which enables the depo-
sition of a wide range of materials (see Reference [13]) with outstanding
physical and chemical characteristics. Among these Al;Oj3 is one of the
most intensively examined diffusion barrier layer.

In those fields of applications where flexibility is a criterion the
mechanical stability of the deposited passivation layer is especially
important, i.e., in thin film encapsulation of organic light-emitting di-
odes (OLED) [19-23]. Penetration paths caused by thin film cracking
increase the water and gas transmission rate of ultra-barriers, conse-
quently, this must be considered when thin film coated flexible
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substrates are required to bend, flex or roll during production or end use
[24-35]. In contrast, this phenomenon could be beneficial in the case of
polymer electrolyte fuel cells containing a proton exchange membrane,
where water retention in the membrane is crucial for efficient transport
of hydrated ions. Like the way cactus retains water in arid conditions,
nanocracks on the deposited hydrophobic layer can swell in humidified
conditions or become narrower in anhydrous conditions reduce the
water loss. These cracks can act as nanovalves at low humidity levels and
maintain the suitable level of hydration for the membrane [36,37].

Recently, numerous studies reported improved barrier characteris-
tics of single oxide layers by optimizing the deposition conditions,
including deposition temperature, type of the plasma gas, plasma power,
pulsing and purging times, electrode-substrate distance etc. to achieve
lower transmission rates [38-46]. Prolonged diffusion paths can be
obtained by applying multilayers, nanolaminates of different materials
on flexible substrates. Structures built by altering inorganic ALD layers
showed enhanced mechanical properties which resulted in better barrier
performance during tests [47-57]. By combining the brittle metal oxides
with organic films (Vitex technology) one can inhibit the propagation of
defects through the composite system, as the organic layer serves as a
stress buffer layer and creates a tortuous path for the diffusing species.
With these techniques research groups getting closer to the required
values for OLED encapsulation, water vapor transmission rate less than
107%gm ~2d ~! and oxygen permeability lower than 10 3 ecm®m ~2d !
[19,58-68].

In the case of ultra-barriers, the measurement of water vapor and gas
permeabilities with Mocon and Brugger devices suffers from sensitivity
problems. They detect the permeated molecules with a coulometric and
with a piezoresistive pressure sensor. The lower detection limit of these
detectors does not meet the abovementioned requirements for OLED
encapsulation [11,19,69-71]. The Ca test method is a more precise and
sensitive technique. Upon exposure to water vapor and oxygen the
conductive and opaque Ca metal becomes non-conducting and more
transparent. At room temperature the oxidation is mainly attributed to
water, so by observing the electrical or optical changes the effective
permeability can be determined. The latter allows to determine effective
water vapor transmission rates as low as 3 x 1077 gm-~ 2q-1 [19,72].
Another accurate technique to verify water and gas barrier properties of
thin film coated polymers is mass spectrometry. Quadrupole mass
spectrometry (QMS) provides high sensitivity (ppb levels) with short
measurement times. Uniquely, it gives the opportunity for simultaneous
determination of permeabilities of gas mixture components with
different mass to charge (m/z) ratios, since it measures the permeant
partial pressure instead of the total pressure within the system [73-78].

The failure mode of brittle thin film structures on flexible substrates,
such as channeling/cracking, buckling or delamination at interfaces,
predominantly depends on the mechanical properties of the substrate,
the adhesion between the substrate and its surface coating, and thin film
thickness and cohesion [79]. In the case of nanofilms, the visualization,
characterization and interpretation of this failure mode, and revealing
the consequence of the evolved defects, for example, the effect of cracks
on permeation could be quite challenging. Fragmentation testing is an
experimental approach based on the study of the cracking dynamics, the
analysis of the progressive failure of the brittle coating under stress.
During uniaxial tensile testing, parallel cracks perpendicular to the load
direction appear and propagate until the density of these cracks reaching
saturation as the nominal strain increases. This saturation crack density
is related to the interfacial shear strength, i.e., the adhesion of the layer
[24,80-84]. Bulge testing is a 2D biaxial fragmentation test, which is a
very efficient way to examine the mechanical performance of thin films
on compliant polymers, as it provides a more precise reflect of the actual
multiaxial stress state conditions during fabrication, conversion pro-
cesses, and in the end-use. Mechanical properties of oxide films can be
deduced by imposing the coated membrane to uniform pressure.
Recording the pressure-corresponding out-of-plane deflection data the
residual stress in the coating layer, elastic modulus, and other important
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parameters such as yield strength and fracture toughness can be calcu-
lated [84-91]. A common methodology to study the effect of deforma-
tion on flexible electronic devices is the bending test, when the coated
polymer is bending around a cylinder of a given radius r. Varying this
radius different strain rates, and according to this, different crack pat-
terns can be achieved [21,25,57,63,92]. Two major advantages associ-
ated with bulge test are the simplicity of specimen handling
(re-clamping, re-gasketing is not needed) and the capability of imposing
loading conditions. These advantages are peerless compared to other
thin film testing methods such as nanoindentation, bending test tech-
nique or tensile testing [84-91].

The monitoring of the cracking mechanism can be performed either
by scanning electron microscopy (SEM), atomic force microscopy
(AFM), optical or acoustic techniques. This inspection on the mechanical
stability of films can be done separately or parallel with transmission
rate measurements [22,24,25,32,80,93-99]. Even in the case of parallel
measurement techniques, movement, or re-clamping of the samples
between each step are needed, which causes uncontrollable mechanical
changes in the substrate/coating systems [80].

Nowadays, because of the increasing use of flexible devices there is
further pretension to investigate the influence of mechanical stability on
gas barrier properties of thin films, especially which were deposited by
atomic layer deposition, due to their superior barrier characteristics.
Very few studies have explored the mechanical properties of layers
prepared by plasma enhanced atomic layer deposition, even less papers
are available about how this could influence the barrier behavior. The
works dealing with the correlation between the defectiveness of the
barrier layer and the gas permeability are, for the most part, theoretical;
there are hardly any experimental articles in the literature which
combine in situ cracking of the layers during the gas transmission tests
with detailed numerical calculations. For this very reason, in this work,
we performed gas transmission tests combined with in situ cracking of
the layers. Moreover, we integrate the effect of ,,intrinsic” defects in the
PEALD layers, such as pinholes, and the influence of in situ cracking of
thin oxide layers based on experimental data into computer simulations
to show how these complex defect structures can alter the barrier
usefulness.

2. Background

Gas permeation through a membrane is a two-step process i.e., the
solution of the permeant in the membrane and then the diffusion of the
dissolved molecules. After the absorption process in the surface layer of
the membrane, due to the driving force, which is the concentration/
partial pressure gradient, molecules diffusing into the material. On the
low concentration/partial pressure side they desorb into the gas phase.
After a certain time, a steady state of flux through the homogenous
membrane is reached, and the permeability coefficient (P) can be writ-
ten as the product of the diffusion coefficient (D) and solubility coeffi-
cient (S):

Qd

P=DS=-="_ 1
s AtAp )

where Q is the quantity of permeant per unit time, ¢, referred to unit film
thickness, d, and area, A, per unit of partial pressure difference of per-
meant across the film, Ap. If we assume that Henry’s law is valid for the
process, the subsurface concentration (p) of the solved gas is directly
proportional to the partial pressure (p) of the gas:

p=>5p (2)

During the experiments one can determine the quantity of permeant
per unit of time (Q/t) passing through the membrane with area A and
thickness d [100]:

Q0 ADSp
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The barrier usefulness of the ultrathin coating films clearly governed
by the defects and surface imperfections. In the case of gas-barrier
coated polymers, the key parameters to achieve both superior perfor-
mance and cost optimization are the intrinsic resistance of the coating to
thermal and mechanical loads, its thickness, and its adhesion to the
substrate. To investigate the mechanical durability of the atomic layer
deposited thin Al;O3 films under tensile and compressive strains Jen
et al. [24] performed experiments on different polymeric substrates.
This paper revealed that under uniaxial tensile loading the crack density
and crack onset strain (critical strain for cracking) for the Al;O3 coatings
with larger thickness is less than the crack density for the smaller
thickness. The saturation crack density versus Al,Os film thickness
function shows (1/h)}/? dependency where h is the Al,O3 layer thick-
ness. Furthermore, the crack onset strain (critical strain for cracking) is
also higher for the thinner layers and this parameter also shows (1/h)"/?
dependency, which also need to be considered in exploring the opti-
mized film thickness in each application [24].

Other papers have focused on correlations between the characteris-
tics of these defects and diffusion properties. A model on gas permeation
through single- or multiple circular defects in barrier coatings were
introduced by da Silva Sobrinho, Czeremuszkin, Latreche and Wer-
theimer [30] This study is based on a simple geometrical approach, the
total permeation flux through a single defect is the sum of the molecules
that diffuse perpendicularly to the polymer surface, and molecules that
traverse the wall of the defect edge and diffuse inside the polymer, and
escape from the rear surface of it at unspecified locations. If a large
number of defects are presented, but these are still independent holes,
which means the presence of one does not influence the permeation
through the other, their respective quantities of permeant are additive
[30]. By further increasing the defect density this approach will not give
correct results because of the overlapping of the diffusion zones of the
defects. Mueller and Weisser [101] also investigated the effect of pin-
holes on the permeation through vacuum-coated laminate films. The
introduced numerical model is valid for all pinhole sizes and takes
mutual interactions between the defects into account. The transmission
rate (TR) ratio is defined as the quotient of the flux for the system
containing defects and the flux for the system without coating. For or-
dered pinhole distributions it can be calculated as follows [101]:

()

4
1— exp( - 0,432%‘0) +0

TR, ratio —

where (€] is the defectiveness of the layer
(defect area /characteristic defect spacing?),ro is the pinhole radius, d is
the thickness of the substrate/support layer. Griiniger and von Rohr
[102] pointed out that with increasing defect distance the gas flow
across a single defect increase, as the lateral spreading of the concen-
tration profile is less hindered by other defects. When the distance is
large enough for the concentration profiles to be considered indepen-
dent of one another, the TR ratio reaches an asymptotic value, which
differs for circular holes and infinitely long cracks. Hanika et al. [28]
established a three-dimensional numerical simulation to reveal the ef-
fect of defect size or area (A;) and defect spacing on permeation rate.
They concluded that if the defect spacing is small, there is an interaction
between the defects, which resulted in reduced concentration gradient
and flux. These phenomena have strong defect size dependency, with
increasing defect area the interaction is increased and appears at larger
defect spacings. They introduced a predictive formula for polymer films
that have coatings with different defect structures [28]:

(€]
TRyaio = (5)

1fexp<70,507\é§> + 100

The effect of random defect distribution on the gas permeability of
multilayer films was examined by Toni et al. [103]. Ordered structures

Thin Solid Films 738 (2021) 138960

are characterized by a well-defined defect distance. The randomness of
the defect distribution allows the formation of clusters of defects, which
are very effective in reducing the overall permeating flux, as a result of
the interaction of the concentration gradients. For higher defectiveness,
the behavior of random systems become more similar to the ordered
ones.

3. Numerical simulations

The time-dependent evolution of the local concentration (volume
density) p of a gas in a polymer can be calculated by Fick’s second law. If
the diffusion coefficient is independent of p, and so also the space co-
ordinates, Fick’s second law has the following form [100]:
P (62,0 ’p 02,0)

—p(=£L,2L, 27
o + +

o2 0y 02 (©)

This equation has to be solved in three dimensions to determine the
concentration distribution and then the gas flux through the polymer
membrane can be calculated by using Fick’s first law:

; = —Dgradp @)

Eq. (6) has to be solved under the following conditions: i) gas atoms
reach the surface of the polymer only through defects (pinholes, cracks),
because the oxide layer is practically impermeable, ii) the pressure is
kept constant at both sides of the polymer (but they can be different), the
concentration of the gas atoms in the polymer is constant on both
surfaces.

In steady-state, Eq. (6) reduces to the Laplace equation and becomes
independent of D:

’p Fp Op
0= <ﬁ+w+¥> (8)

which simplifies the calculations.

In this study, we performed numerical calculations for defects, pin-
holes and cracks, in ordered arrangements. Fig. 1 shows the basic pa-
rameters defining the characteristic dimensions of the defects and their
distribution.

The thickness of the polymer (z-direction) is denoted by d;, r and R
are the lengths of the sides of a rectangular pinhole, [ and L are the
distances of the center line of the defects in the plane of the sample in the
x and y-directions, respectively.

Using this parametrization, not only pinholes with A; = r x R defect
area can be simulated, but also cracks. Because if, for example R =L, the

wl--

Fig. 1. Basic parameters defining the characteristic dimensions of the defects in
the oxide layers and their distribution. Dark gray areas representing the rect-
angular pinholes, the red lines indicate parallel, and the blue lines specify the
crossing cracks. The lengths of the sides of a rectangular pinhole are r and R,
which become w and W when cracks are presented. L and | are the distances of
the center line of the defects in the plane of the sample in the x and y directions.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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pinholes touch with each other in the y-direction, resulting in cracks of
width w = r running in the x-direction, spaced [ apart.

If a "cross" flag is set to true and R = L and r =1, a crack network with
a rectangular lattice geometry is formed, in which cracks of widthw =r
run in the x direction and W = R in the y direction, the center lines of
which are l and L apart. This makes it possible to account for intersecting
cracks, which has not been reported in the literature.

Taking advantage of the fact that the defects are identical and ar-
ranged orderly, it is sufficient to perform the calculations on only one
cell of size /2 x L/2 x d.

Eq. (8) was solved in FreeFEM using the finite element method (FEM)
[104]. Starting from an isotropic mesh, we used a solution-based mesh
adaptation algorithm in situ during the simulation to refine the mesh
(Fig 2). The mesh was created by TetGen which is available as a plug-in
FreeFEM [105].

4. Experimental methods
4.1. PEALD of thin oxide films on low-density polyethylene substrate

Commercial grade low-density polyethylene (LDPE) films with
thickness of 10 um were chosen as substrates for our permeation ex-
periments. This material has huge relevance and popularity in the
packaging industry, it has good material strength and durability, resis-
tant to water and chemicals. LDPE is a heat-sensitive material. This fact
restricts the circle of thin film deposition techniques that enables
conformal and continuous coating layer preparation at low tempera-
tures to enhance the barrier performance of the LDPE. For this reason,
plasma-enhanced atomic layer deposition is one of the most appropriate
method to cover the polymeric substrates with highly uniform films [10,
106-109]. The plasma-enhanced atomic layer deposition of AlyO3 films
was performed by a Beneq TFS 200-186 reactor, equipped with a
capacitively coupled radio frequency plasma processing apparatus with
showerhead type electrode assembly. The equipment was operated in
remote plasma mode, which means that a metal grid was placed be-
tween the powered electrode and the substrate to prevent direct contact
with the plasma and the polymer surface and to suppress the harmful
energetic ion damage [13]. The precursors used for thin films were tri-
methylaluminum (TMA, 97%, Sigma-Aldrich) and O3 (99,999%) as an
oxidizing agent. Nitrogen (99,99%) was used as a carrier and purging
gas. During deposition cycles the reactor pressure was maintained
around 120 Pa, the temperature was 38 °C. Plasma was produced by
flowing O, into the reactor at 100 sccm, the plasma power was 50 W
during the reactant pulse steps and 10 s O, plasma activation (pre--
treatment) was applied before each film deposition to remove surface
contamination from the LDPE surface and to enhance the formation of
hydroxyl (OH) functional groups. The dose times for one deposition
cycle for an Al;O3 film was as follows: 1) a TMA feeding for 0,155, 2) a
Ny purge for 2 s, 3) an O feeding with 50 W RF plasma power for 2 s, and
4) a Ny purge for 2 s. The thickness of the layers was measured by a
stylus profilometer (AMBIOS XP-1, Crediton), and it was consistent

Fig. 2. An example for the mesh (a) and for the solution (b) (isoconcentration
planes) for crossing cracks.
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within 5% relative error with the nominal thicknesses (25, 50, 75 and
100 nm).

4.2. In situ measurement of the effect of cracks on the gas permeation

The schematic representation of the main parts of the permeation
measurement system can be seen in Fig. 3.

Uncoated and coated polymer substrates, with sampling area of
0,0085 m?, mounted between two chambers (separated by the sample
itself) and sealed with rubber gaskets against each enclosed volume. At
the beginning of the experiment, a closed butterfly valve isolates the
atmospheric pressure (during the total testing time held at this value),
high purity test gas, carbon dioxide (CO5), and the analyzed sample. To
remove any residual gas contamination from the two chambers and from
the test piece atmospheric pressure Na (99,99%) gas inlets are con-
nected. The gas flow calibrated quadrupole mass spectrometer (QMS) is
coupled to the sample holding volume via a membrane inlet (SIL-
PURAN® FILM 2030, Wacker Chemie AG, 20 um thickness). This inlet
functions as an interface between the studied film (atmospheric pres-
sure, 101325 Pa) and the vacuum of the QMS (1o0-% Pa), in order to
avoid the pressure difference induced damage in our coating layers. The
inlet has a very short response time to the gas concentration changes in
its environment (compared to the coated LDPE sample), has a suitable
transmission rate (<5 x 10°® em® s ~ ! at standard temperature and
pressure), so the gas diffusion across the inlet does not vary the atmo-
spheric pressure state of the test gas. Therefore, the changes in the ion
fluxes caused by the Ny flushing process i.e., the removal of gasses can
precisely trackable with the QMS.

After the N; flushing/cleaning, the background signal of the test gas
is registered. The experiment starts by the opening the butterfly valve,
the test gas container and the sample are connected. The driving force of
the diffusion process is the partial pressure difference of the test gas
between the two sides of the sample, which resulted in partial pressure
increases on the spectrometer side of the sample. The measured flow
rate, Q (atmospheric pressure (atm)) em3d " Dis proportional to the
number of diffused molecules which are permeated through the sample.
From the kinetics of the process, i.e., from the estimation of time lag or
by the evaluation of steady-state flow, further properties of the speci-
mens can be derived [100].

By following the described measurement steps, we can record the
spectrum for the “uncracked” film. After that, the butterfly valve and the
N, inlet and N5 outlet valves are closed. A buffer tank is filled with
compressed air and linked with the closed Ny inlet valve (left-hand side
arrow on the figure) via a precise digital pressure gage, which is coupled
to the Al;0O3-coated face of the substrate. Then, after surely adjusted the
+1000 Pa overpressure, which means 1000 N m ~ 2, by opening the N
inlet valve the volume between the butterfly valve and the test piece is
pressurized, the thin film coated LDPE is bulged, as a result, cracking of
the oxide layer took place. This over-pressurized state is held for 10 s and
finished by closing the N inlet and opening the N5 outlet valve on this
side of the sample. In the following step, the N5 inlet and outlet valves
are opened, the Ny source is reconnected, and the flushing-permeability
testing steps are repeated. After the 10 s over pressurization no substrate
damage was observed, the gas transmission rate of the substrate did not
change considerably (~ 10%), which is clearly necessary if we want to
examine the effect of oxide layer cracks. Kim et al. have showed that the
long-term reliability of thin film coated flexible polymers also affected
by time-dependent local cracking of the polymer underneath the chan-
nel cracks [110].

Further details of the experimental setup can be found in Reference
[111].

4.3. Characterization of cracked structures by scanning electron
microscope (SEM)

The structure and morphology of the channel cracks were
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Fig. 3. The schematic drawing on the main parts of permeation measurement and in situ cracking system.

investigated by scanning electron microscopy (HITACHI S4300-CFE,
Hitachi High-Technologies Europe GmbH.) after the gas permeation
tests. Before the microscopic examination thin gold layer was sputtered
on the surface of the samples to decrease charge buildup effects in the
specimen. Seconder electrons were collected to produce images, the
acceleration voltage was 15 kV, the working distance varied between 18
and 22 mm in order to get the best resolution. In order to get quanti-
tative data, the SEM micrographs were analyzed by a quantitative
computer image analyzing software [112]. The average crack area ratios
(defectiveness), crack distances (L), crack widths (w) were extracted
from the cracking patterns of at least 5 different pictures for each
sample.

5. Results and discussion
5.1. Gas permeation measurements

The gas permeation measurements were performed with PEALD
Al;03 coated LDPE membranes described in Section 4.2.

The oxide layers decrease the diffusional flux of the CO5 (m/z = 44)
compared to the bare LDPE. Increase in the oxide layer thickness from
25 to 100 nm the flow rate decreases approximately exponential manner
due to the decrease of pinhole density in the layers. After the cracking
process, the fluxes increase for all layer thicknesses (Fig 4). The flux after
cracking is, however, still significantly lower than the flux for the bare
LDPE. This quantity provides important information about how the
defects alter the transmission properties. As can be seen in Fig. 4, under
the same mechanical load, the transmission rate ratio for CO5 (COsTR
ratio) decreases exponentially with film thickness: quadrupling the film
thickness reduced it by a tenth. This implies that under the same me-
chanical load there is a threshold value in the coating thickness, where
the barrier efficiency and cost ratio are the most beneficial.

5.2. Pinholes of the as-prepared layers

It is known that ALD prepared oxide layers are usually not defect-free
but contain point-like discontinuities, so-called pinholes. If the layer is
deposited under the same conditions on the same substrate, the pinhole
density (1) depends primarily on the film thickness (d). In a previous
study, it was found that in the case of Al;O3 layers with the thickness of
15-100 nm 7 is in the range of 1-100 cm ™2 and depends exponentially
ond [113]:

600 4@ 6004 (®

500 4 500 4 }

400 400 J

300 4 300 4

200 200 T

=3
(=]
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Q/A for m/z=44 (atm cm® d"' m) before cracking
Q/A for m/z=44 (atm cm?® d"' m™) after cracking

0 ]
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Fig. 4. Measured diffusional flux of CO, before (a) and after (b) the cracking
process, and CO,TR ratio (c) as a function of the Al,O3 layer thickness. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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1 = neexp( — Ad)

Fitting their experimental data, we may determine the parameters: 7,
=136 cm2and A = 0,03 nm™!.

Although our substrate is different, but we prepared the layers under
similar conditions, and the thickness of our layers is in the range of
25-100 nm, we may expect that the pinhole density depends similarly
on the film thickness. To verify this, assuming that the gas permeability
of the layer is primarily determined by the density of the pinholes, an
estimate can be made of how the CO,TR ratio should change as a
function of the layer thickness.

The gas flux through a coated substrate can be calculated as
. Ap
j= oL )
where Ap is the pressure difference between the two sides of the mem-
brane, d;, d; and P;, P; are the thickness and the permeability of the
substrate (LDPE foil in our case) and the coating layer (AlyO3 in our
case), respectively [114]. This expression can be written as

. jS
1= 148 a0

Py dy
withj, = — P;Ap/d;, that is the flux through the uncoated substrate. The
quotient of j and js from Eq. (10) is just equal to the gas transmission rate
ratio. If the permeability of the coating layer is proportional to the
pinhole density, P; = Poexp( — 4d;), where Py is a preexponential factor
proportional to #,, we obtain

Js 1 Py

j - TRratio - POds

diexp(Ad)) + 1 an

Fig. 5 shows the reciprocal of the measured CO; transmission rate
ratio as a function of the thickness of the oxide layer without cracks. The
experimental data points were fitted with the function obtained above
(Eq. (11)).

It can be seen that the fit is perfect, and the value A obtained (0,028
nm~!) shows a very good agreement with the value obtained from the
data found in Reference [113]. Note that knowing the thickness of the
LDPE foil (10 um), P;/P, is in the order of 10'°. This means that the
permeability of the LDPE substrate is about 10° to 10'° times greater

300
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CO,TR ratio !
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Fig. 5. The reciprocal of the measured CO; transmission rate ratio as a function
of the thickness of the oxide layer without cracks. The continuous curve is a
function given by Eq. (11) fitted to the experimental points. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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than that of a defect-free Al,O3 layer, which is consistent with the image
that the gas only reaches the substrate surface through layer defects.

5.3. Characterization of the crack network, defectiveness of the layers

The formed crack network in the coating layers after the over pres-
surization were investigated by SEM, and computer image analyzing
software was also applied to get quantitative data. It is known from the
literature that crack density and film thickness show a strong correla-
tion. For example, Jen, Bertrand and George examined Al,O3 layers with
a thickness of 5-80 nm prepared on Teflon support, which were sub-
jected to tensile and compressive loads. It was found that the crack
density is inversely proportional to the square root of the Al,O3 layer
thickness [24].

After the cracking procedure, the results of the analysis of the elec-
tron microscopic images (an example shown in Fig. 6) of our layers are
shown in Fig. 7 and in Table 1. The proportionality found by Jen, Ber-
trand and George is also met in our case, the thinner film has higher
crack density, and the latter scaled as (1/m)'/2, which also ensures that
the applied strain is sufficient to reach saturated crack densities.

Table 1 also contains the defectiveness of the Al,O3 layer. However,
this is not a complete defectiveness, as the pinholes already present in
the initial layer also have a contribution. This contribution can be esti-
mated from Eq. (4) if the size of the holes is known. Furthermore, we
took into account that the channeling cracks are V-shaped [111]. This
means that by SEM we observe higher percentages of defectiveness, than
what is actually presented in the oxide layer. From the focused ion beam
analysis of the cracks, we found that the crack width measured at the top
of the gold coating layer-required for SEM analysis of the samples—is
about twice the width of the crack measured at the polymer surface.
Table 1 shows the values measured at the top of the gold layer. In the
computer simulations, however, half of these were used.

However, we could not identify pinholes during SEM analyses. But
since cracks 100-200 nm wide could be identified with certainty, pin-
holes of at least the same diameter (i.e., r = 50 nm) would have been
found for sure. Therefore, pinholes are definitely smaller than that. The
results that can be found in Reference [115] confirm this, they observed
pinholes with a diameter of ca. 25 nm in Al,O3 layers grown on the
surface of HDPE by ALD [115]. It is worth noting that the authors found
that in the case when HDPE was treated with oxygen plasma prior to
deposition, pinholes could no longer be observed. We also treated the
LDPE foil with oxygen plasma, which may have contributed to the
pinholes being so small. Note that in a previous paper, we studied the
effect of plasma (oxygen, nitrogen, and oxygen-nitrogen mixture)
treatment on the LDPE film [116].

Considering all this, we can safely state that the radius of the pin-
holes is not greater than 50 nm. Substituting this value into Eq. (4), an
upper limit can be estimated for the defectiveness of the Al;O3 layer
resulting from the pinhole contribution. This value can also be found in
Table 1.

Fig. 6. SEM pictures of (a) a 50 nm thick Al,O3 layer after the cracking pro-
cedure and (b) cracks in a 75 nm thick Al,O3 layer.
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Fig. 7. Crack density as a function of the inverse of the square root of the Al;03
layer thickness. The straight line is a linear function fitted to the experi-
mental points.

Table 1

Film thickness (d,), average crack distance (L), crack width (w), moreover the
defectiveness of the film originating from cracks and pinholes. The uncertainty
values of L and w were calculated as the absolute deviation from the average.

d; (nm) L (pm) w (nm) Defectiveness (%)

cracks pinholes
25+ 1,25 33+2 167 + 25 2,46 0,049
50 + 2,50 48 + 4 202 + 23 1,66 0,014
75 + 3,75 66 + 8 196 + 19 1,39 0,005
100 + 5,00 75 + 10 230 + 41 1,23 0,002

5.4. Gas transmission rate ratio versus defect distance — simulation and
theory

Very few studies have explored the mechanical properties of layers
prepared by plasma enhanced atomic layer deposition, even less papers
are available about how this could influence the barrier behavior. The
works dealing with the correlation between the defectiveness of the
barrier layer and the gas permeability are, for the most part, theoretical;
there are hardly any experimental articles in the literature.

It is common in these works to represent the gas transmission rate
ratio as a function of the distance of the layer defects. These defects are,
in fact, almost exclusively pinholes. Fig. 8 shows the CO,TR ratio as a
function of the average crack distance for our layers.

If we want to understand the relationship between the CO,TR ratio
and the crack network, perhaps we should start by understanding the
results of the computer simulations of Griiniger and von Rohr [102].
They calculated the gas flow rate J through the defect area A4 by inte-
gration of the flux j, and related J to Jyp, where J;p represents the gas
flow rate through the defect in the one-dimensional case, i.e., the flow
rate through the area Ay if the barrier layer was absent. Griiniger and
von Rohr calculated J/Jip for uniform pinholes and parallel running
cracks (no crossing cracks) distributed with constant distance to each
other. To compare their results with experimental results and those of
other authors, e.g. Mueller and Weisser, the J/J1p should be converted to
the gas transmission rate ratio [101]. The gas transmission rate ratio can
be calculated by multiplying J/Jip by the defectiveness ®. Fig. 8 shows
the gas transmission rate ratio as a function of the defect distance for
pinholes and parallel cracks when the thickness of the polymer substrate
is 100 times greater than the size of the defects (diameter of pinholes or
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Fig. 8. CO,TR ratio as a function of the defect distance for pinholes, parallel
cracks and crossing cracks; data points show results of numerical simulations
(literature and this work). Fits to pinhole data from this work are calculated
with Mueller and Weisser’s function (Eq. (4)) and using the simulation pa-
rameters used by Griiniger and von Rohr [102], and using Eq. (25) deduced in
this work (see later in the text). Fits to crossing and parallel cracks obtained
experimentally in this work and by simulation in [102] are also fitted using Eq.
(25). in (a). The calculated ratio of CO,TR ratios obtained for crossing and
parallel cracks is presented in (b).

width of the cracks) converted from the J/Jip data published by Griin-
iger and von Rohr.

To compare the results of Griiniger and von Rohr and Mueller and
Weisser, we plotted the curve calculated from Mueller and Weisser’s
function for pinholes given by Eq. (4). As can see, the curve fits the data
points perfectly (Fig. 8).

To test our computer code, we ran it with the same parameters as
Griiniger and von Rohr [102]. The data points obtained fit perfectly with
Griiniger and von Rohr’s data points both for pinholes and parallel
cracks—and so Mueller and Weisser’s function (Eq. (4)) for pinholes, too
[101].

To explore how crossing cracks affect the gas transmission rate ratio,
we also simulated crack networks with a rectangular lattice geometry.
As expected, the gas transmission rate ratio, in this case, is significantly
higher than in the case of parallel cracks only. Data points obtained for
the geometry of a square crack network, in this case the distances be-
tween the cracks in the x and y directions are equal (I = L), are also
shown in Fig 8. Note that although the surface area of the cracks (@) is
two times larger in the case of crossing cracks (@ = 2w /L) than in the
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case of parallel cracks (® = w /L), the ratio of the gas transmission rate
follows a different trend. When L is small, the ratio of the two cases i.e.
two datasets (see Fig. 8(b)) is close to one. With increasing defect dis-
tances this proportion also increases and approaches two-fold. This is
consistent with the image that the more the diffusion fields overlap, the
more the overall permeating flux is reduced.

Mueller and Weisser found Eq. (4) by fitting the results of numerical
simulations. In this manner the function form was not based on any
model. In the following, we will try to determine how the gas trans-
mission rate ratio can depend on the defect distance, based on a simple
model.

Consider two membranes, one continuous and permeable to gas
molecules (the polymer substrate in the experiments) and the other
made of a material that is impermeable to gas molecules (the metal
oxide barrier layer in the experiments). Thus, a laminate made from
these will only allow gas molecules to pass through if the barrier layer
contains continuity defects (e.g., pinholes). Assume that the gas mole-
cules passing through the barrier layer containing pinholes can be
evenly distributed at the interface of the two membranes and then
diffuse through the polymer substrate. For the sake of clarity and
simplicity, Fig. 9 shows this as if the two membranes were not in contact
with each other, but of course, it can also be said that the gas molecules
diffuse significantly faster laterally at the interface between the oxide
layer and the polymer than into the polymer.

The first phase of the process can be described as effusion. The flux of
gas molecules passing through a hole is proportional to the difference in
pressure on both sides of the membrane (p2 — p1):

Jja = E(p2—p1) 12)

E is the proportionality, or we may call it effusion coefficient. Thus, the
number of gas molecules passing through the barrier layer per unit time
is:

%:dedAd> (13)

where Nj is the total number of pinholes. The effective flux across the
defected coating layer is obtained by dividing Q/t by the total surface
area A:

J1=EnAsp2—p1) 14

The second phase of the process can be described as diffusion
through the polymer substrate, i.e., the flux of the diffusing gas mole-
cules can be calculated as follows:

. P3 — D2
=P, 15
j=b—7 (15)

P3 P2 P1

| ds
I I I I

Fig. 9. Schematic drawing on a substrate (with thickness ds), and on the top of
that a coating layer (d;) system indicating the interface between them (delib-
erately drawn non-connected). The permeation process through this can be
described by effusion and diffusion phases.
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In the steady state, the number or concentration of gas molecules at
the interface between the barrier layer and the polymer support are
constant, that is j; = j. Considering that there is a vacuum on the poly-
mer side, i.e., p; = 0, we obtain that:

1
pr=—ppi 16)

1+ dyEnAq

Substituting this into Eq. (15) and still using that:

P 1
— D1 a7z

j = - P,
ds 1+ G5,

And through the uncoated polymer substrate, the flux of the gas
molecules can be easily calculated, which is:

P
o= 18
J al 18)
The gas transmission rate ratio then is:
1

S -
= P,
Js 1+ dyEnAy

TR, wio = (19)

Considering that the pinhole density is equal to the reciprocal square
of the distance of the pinholes (evenly distributed), = 1/L?, we obtain
how the gas transmission rate ratio depends on the distance of the
pinholes:

1

[
1 + dE Ag

TR, wio = (20)

By fitting the data points for the pinholes by Eq. (20), we get 0,05 for
P, /E, which is just equal to the half edge length of the pinhole (r/2), or
we may say to the radius of the pinhole (ry). To check if this is just a
coincidence, we can try to determine how E depends on the parameters
of our system.

There is a class of steady-state diffusion problems which is charac-
terized by diffusional flow from a region, say one side of a membrane,
through a cylinder (or cylinders), called pore(s), into a large surround-
ing region, say on the other side of the membrane, called the reservoir.
Gray, Mathews and MacRobert have given an exact solution for a zero
thick pore [117]. Other papers have focused on the problem of
steady-state diffusion through pores with finite thickness [118-121].

They deduced that the current of a solute in a fluid through an
infinitely thin pore with a radius of ry is 4DroAp, so the flux is this

divided by Aq = (2ro)*:

Ja = b Ap 21
0

where D is the diffusion coefficient of the solute in the fluid and Ap is the
concentration difference on the two sides of the hole. In the case of
diffusion of vapor through a membrane, the surface concentrations may
not be known but only the vapor pressure. If the diffusion coefficient is
constant, and if the sorption isotherm is linear, that is, there is a linear
relationship between the external vapor pressure and the corresponding
equilibrium concentration within the membrane, p = Sp (see Eq. (2)),
we may write:

D,S
=——Ap,

To

Ja (22)
where D; denotes the diffusion coefficient of the gas molecules in the
polymer substrate. And the DS product is just the P; permeability co-
efficient of the substrate [100]. Comparing Eq. (22) to Eq. (12), we
obtain that E = P;/ry. Substituting this into Eq. (20), we get:

1

o L2
l+d‘s Ad

TR 4o = (23)

At first sight, this seems very different from Muller and Weisser’s
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equation, Eq. (4). However, using that ® = A,4/L?, this equation can also
be written in the following form:

TRuio = 77— (24)

which suggests that the two formulas are identical if 1 — exp(— 0,
432%) = ZT" And indeed, considering that ro<d;, 1 — exp(f 0,

432 zdﬂ> ~ 0, 432% = ;—‘Z, that Muller and Weisser’s empirical equation

obtained from numerical simulation data and Eq. (24) are equivalent.

Note that Fabrikant also investigated the problem of impermeable
membrane perforated by a set of arbitrarily located holes and considered
the flow through the pores [120,121]. He showed that the interaction
decreases the flux up to 25% for two closely located pores. This means
that E must be 1-dependent, the effect of which increases towards small
Ls. According to Fabrikant’s calculations, for L > 10ry the reduction is
less than 6%. Accordingly, Eqs. (23) and (24) must be a good estimation
over the entire practically important range of L.

A similar calculation was not found in the literature for cracks.
However, we can try to fit the obtained data points with a function
similar to Eq. (23):

@k

1
=——0rTRyyip = — 25
I+% a4 0 (25)

oFf

TR ratio

Note that ® = w/L for parallel cracks and ® = A4/L? for pinholes.
This function fits perfectly to the data points as can be seen in Fig. 8. The
value of k is 1,25 for both parallel and crossing cracks. The value of a is
0,033 and 0,076. The parameter a and k could be determined for a given
defect geometry following a similar calculation as was done in Reference
[118-121] and Egs. (12-24). That would be quite laborious. However,
Eq. (25) appears to be a generally valid equation in which parameters a
and k characterize the gas permeability of the defective barrier layer/-
polymer substrate system. And as was shown above, these parameters
can be given for pinholes: a =r,/d; and k = 1.

5.4. Gas transmission rate ratio versus defect distance — experiments

The results of the measurements on the cracked samples naturally
include the contribution of pinholes. To correct this to some extent, from
the measured CO,TR values, we subtracted the pinhole contribution
obtained when measuring the uncracked samples-although, the contri-
bution is not purely additive due to interaction of the defects, i.e. the
overlapping diffusion fields. However, the simulation results fit better to
the corrected measurement points and can be perfectly fitted with Eq.
(25), as can be seen in Fig. 10. The figure also shows the corresponding
simulated points for parallel and crossing cracks.

As can be seen the simulation somewhat overestimates the measured
values for lower crack density (for higher L values). Unsurprisingly, we
still do not get exactly the same values from the simulation as from the
measurements.

It can be clearly seen in the SEM images (Fig. 11) the cracks are not
arranged in an orderly manner as in the simulation.

This, in turn, greatly influences the course of the curve according to
computer simulations. The numerical simulations for arrays of pinholes
performed by Toni, Baschetti, Lorenzetti, Fayet and Sarti showed that
the average flux obtained for each different defectiveness is not a fixed
value, but rather shows substantial variations due to the randomness of
the defect distribution [103]. They also found that in the case of a
random defect distribution, the gas transmission rate ratio versus defect
distance curve is significantly steeper than in the case of regularly ar-
ranged defects. In the case of the fitted curve in Fig. 10, the value of k is
2,5, which is higher than the value obtained from the simulation. We
believe that the value of k is related to the randoness of the defect
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Fig. 10. Experimental results and the fitted curve described by Eq. (25). The
contribution of pinholes to the total transmission data has been subtracted.
Estimation by computer simulation for parallel and crossing cracks is
also shown.

distribution, which is consistent with the results of Toni et al. [103].

It should also be noted that not only the defect distance has a random
distribution, but the width of the cracks also varies with the thickness of
the oxide layer, and it also has a random distribution. Thus, it is quite
difficult to reproduce the experimental results by computer simulation
one by one. Nevertheless, the simulations provided a good predictor of
the range in which the gas permeability values could be expected for
samples with different layer thicknesses. They also help to understand
how deviations from an ideally ordered defect distribution change the
gas permeability of the oxide/substrate system.

It is important to note that the differences observed between the
individual measurements are certainly not only due to measurement
uncertainty, but to the interaction of the defects, which has a significant
effect on the permeability of each defect.

6. Conclusions

Atomic layer deposited ultra-barrier films with low water vapor and
gas permeability have been investigated recently for industrial appli-
cations. Aluminum-oxide (Al;03) thin layers are widely used on flexible
polymer surfaces to enhance diffusion barrier performance. However,
there are mechanical limitations that could restrict the encapsulation
utility of these films. Very few studies have explored the mechanical
properties of layers prepared by plasma enhanced atomic layer deposi-
tion, even less papers are available about how this could influence the
barrier behavior. In this investigation, we integrated the effect of
.intrinsic” defects in the layers, such as pinholes, and the influence of in
situ cracking of thin oxide layers based on experimental data into
computer simulations to show how these complex defect structures can
alter the barrier usefulness.

Our experimental results for the uncracked films containing pinholes
are in very good agreement with the value obtained from previous
datasets [113]. Furthermore, after the in situ cracking procedure, the
results of the analysis of the electron microscopic images of our defected
layers revealed that crack density is inversely proportional to the square
root of the Al;O3 layer thickness, so the proportionality found by Jen
et al. is also met in our case [24]. In addition, we showed that the CO,
permeation rate across the defected layers decrease in exponential
manner as the layer thickness increases: quadrupling the film thickness
reduced it by a tenth. This implies that under the same mechanical load
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Fig. 11. SEM image of crack network for a 100 nm thick Al,O3 layer with 200x (a) and with 100x magnification (b). The cracks are randomly arranged, their distance

is not equal.

there is a threshold value in the coating thickness, where the barrier
efficiency and cost ratio are the most beneficial.

To explore how crossing cracks affect the gas transmission rate ratio,
we also simulated crack networks with a rectangular lattice geometry.
As expected, the gas transmission rate ratio in this case is significantly
higher than in the case of parallel cracks only. Note that although the
surface area of the cracks is two times larger in the case of crossing
cracks than in the case of parallel cracks, the ratio of the gas trans-
mission rate follows a different trend. When L is small, the ratio of the
two cases i.e. two datasets is close to one. With increasing defect dis-
tances this proportion also increases and approaches two-fold. This is
consistent with the image that the more the diffusion fields overlap, the
more the overall permeating flux is reduced.

Taking into consideration the effusion and diffusion processes we
constructed an analytical model to describe how the gas transmission
rate ratio can depend on the defect (pinhole or crack) distance. Using
this theoretical calculation, we established an equation, which appears
to be generally valid for several practically important cases. In this
correlation, the parameters a and k characterize the gas permeability of
the defective barrier layer/polymer substrate systems. The parameter a
is related to the thickness of the substrate and the geometry of the de-
fects in the coating layer, whereas we believe that the value of k is
related to the randomness of the defect distribution, which also plays an
important role in the most realistic approaches. It should also be noted
that not only the formation of pinholes and cracks vary randomly from
sample to sample, but the defect distances, the width of the cracks also
vary with the thickness of the oxide layer, and all of these have a random
distribution. Thus, it is quite difficult to reproduce the experimental
results one by one. Nevertheless, the simulations provided a good pre-
dictor of the range in which the gas permeability values could be ex-
pected for samples with different layer thicknesses. They also help to
understand how deviations from an ideally ordered defect distribution
change the gas permeability of the oxide/substrate system.

This introduced measurement setup, experimental and theoretical
work fills a gap in the literature and may open further perspectives in
understanding defective barrier layers and their behaviors under me-
chanical loading.
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