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In the development of ultrabarrier films for packaging electronics, the effective water vapor transmis-
sion rate is a combination of permeation through pinhole defects and the intrinsic permeation through
the actual barrier film. While it is possible to measure the effective permeation rate through barriers, it
is important to develop a better understanding of the contribution from defects to the overall effective
barrier performance. Here, we demonstrate a method to investigate independently defect-assisted
permeation and intrinsic permeation rates by observing the degradation of a calcium layer encapsulated
with a hybrid barrier film, that is, prepared using atomic layer deposition (ALD) and plasma enhanced
deposition (PECVD). The results are rationalized using an analytical diffusion model to calculate the
permeation rate as a function of spatial position within the barrier. It was observed that a barrier film
consisting of a PECVD SiNx layer combined with an ALD Al2O3/HfOx nanolaminate resulted in a
defect-assisted water vapor transmission rate (WVTR) of 4.84 × 10−5 g/m2 day and intrinsic WVTR
of 1.41 × 10−4 g/m2 day at 50 ◦C/85% RH. Due to the low defect density of the tested barrier film, the
defect-assisted WVTR was found to be three times lower than the intrinsic WVTR, and an effective (or
total) WVTR value was 1.89 × 10−4 g/m2 day. Thus, improvements of the barrier performance should
focus on reducing the number of defects while also improving the intrinsic barrier performance of the
hybrid layer. C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942510]

INTRODUCTION

The development of barrier film technology to reduce
the permeation of oxygen and water vapor is important to
provide semi-hermetic packaging for various applications
including the food, pharmaceutical, and electronics industries.
In particular, with the increasing interest in organic electronic
devices, research in the development of ultrabarrier films
has become important in order to increase their lifetime.1–3

The requirement of a barrier film for the organic electronic
devices varies depending on the application such as organic
light-emitting diodes (OLED), organic photovoltaics (OPV),
and organic thin-film transistors (OTFT). In general, the
effective water vapor transmission rate (WVTR) of a barrier
film is higher than the intrinsic WVTR due to the presence
of pinholes and macroscopic defects arising during the
manufacturing process.4–6 However, the measured value of the
WVTR does not provide sufficient information to determine
if the WVTR for a particular film is governed by the
intrinsic value of permeation or by pinholes and other defects.
Thus, better knowledge of the different contributions from
intrinsic permeation and defect permeation will enable better
engineering of advanced ultrabarriers, placing the focus more
on defect mitigation during manufacturing while improving
the intrinsic quality of the barrier. In general, a device can be
packaged with a barrier coating either by direct encapsulation
or by indirect encapsulation, as shown in Figure 1.1 Direct
encapsulation is a method where the barrier film is coated

directly on top of a device. Indirect encapsulation is a method
where a barrier film is separately prepared on an independent
substrate and then subsequently sealed over the device. In the
latter case, the barrier film is attached using an edge sealant or
an adhesive film.

A common approach to measure the WVTR of a bar-
rier film is to replace the device in Figure 1 with a calcium
layer which corrodes in the presence of oxygen and water.7,8

The WVTR of the barrier film can be evaluated from this
experiment by estimating the amount of calcium that reacts
with water vapor either optically or electrically.7,9,10 Using
a calcium corrosion test with a direct encapsulation barrier,
Carcia et al. and Meyer et al. have reported WVTR values
as low as 10−5 g/m2 day.10,11 However, these WVTR values
are estimated with small sized samples (0.25-40 mm2). In
optical tests, the reported WVTR values are estimated either
only by evaluating the calcium layer thickness change in the
pinhole-free area12 or by accounting the area changes of a fully
degraded portion in the calcium layer.13 Therefore, neither of
the methods can differentiate between the dominant perme-
ation mechanisms in the barrier film (e.g., intrinsic permeation
through a barrier or by defect-assisted local permeation). In
an alternate configuration, the barrier film is tested with a gas
space above the calcium sensor as shown in Figure 1(b). In
this case, the measured value is always an effective WVTR.
However, the dominant permeation mechanism which contrib-
utes to the effective WVTR is not known from such experi-
ments. Roberts et al.6 and Affinito and Hilliard14 have studied
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FIG. 1. Two different approaches of barrier film encapsulation: (a) direct encapsulation and (b) indirect encapsulation. Pathways of the intrinsic film permeation
and defect-assisted permeation are illustrated with a purple wide arrow and blue narrow arrows, respectively.

theoretically the contribution of pinholes with different sizes
for WVTR in an independent barrier film. However, experi-
mental methods to determine the WVTR have not been widely
developed and employed.

For defect-assisted permeation through a barrier film
(inorganic barrier coating on polymers) applied by indirect
encapsulation, Rossi and Nulman described a permeation
model via a single pinhole with the assumption that the
inorganic barrier coating surrounding the pinhole is imper-
meable.15 This model was further advanced by da Silva
Sobrinho et al.5 A central assumption of these models is that
the concentration of water vapor on the side of the barrier
film not exposed to humid air is zero, so the concentra-
tion gradient or diffusion driving force is maximum. This
assumption is valid when the barrier film is encapsulated
with a small cavity as shown Figure 1(b) or in chambers
such as the MOCON test.16 However, if a barrier coating is
directly deposited on a device as shown in Figure 1(a), then
the concentration under the barrier film is unknown because
the permeated water vapor through a pinhole can accumulate
in the device layer. Thus, the previous assumptions in
calculating the WVTR for this condition must be checked
in order to appropriately calculate the permeation rate locally
using the calcium corrosion test.

In this study, we introduce a characterization method that
allows for the discrimination and quantification of the defect-
assisted local permeation rate and the barrier film’s intrinsic
permeation rate by optically monitoring the degradation of
directly encapsulated calcium samples. We demonstrate this
method by evaluating the barrier properties of an ALD-
PECVD hybrid barrier film applied directly on calcium
samples. The hybrid barrier was chosen in this study since
it has been shown to provide a low WVTR and allows for
the tailoring of mechanical stresses which works to mitigate

cracking in the vicinity of particle defects found on devices
during direct deposition of barrier films.17 We first acquire
sequential images of directly encapsulated calcium samples
as a function of the sample exposure time to a humid
atmosphere at 50 ◦C and 85% RH. Image sequences were
digitally processed to derive a model that describes the cal-
cium degradation as a function of both the local and intrinsic
WVTR for the barrier film by measuring the permeation
through each macroscopic defect as well as the defect free
region. This method allows for the discrimination of the
individual contribution of each mechanism to the effective
WVTR and provides statistically relevant information on the
permeation through defects in the barrier.

EXPERIMENTAL

Figure 2 shows the diagram of the calcium test sample
used for this study. A 100 nm-thick calcium layer was
deposited in the form of 16 square patterns (5.09 mm
× 5.09 mm) on a 38 mm × 38 mm glass substrate using a
thermal evaporator (EvoVac, Angstrom Engineering). The
thickness of calcium layer was controlled using a quartz
crystal microbalance in situ. After that, a 200 nm polymer
layer (CYTOP, AGC Chemicals) was spin-coated on the
calcium layer in a glove box. The CYTOP was mixed
with the solvent (CT-SOLV180, AGC Chemicals). The spin-
coated polymer films were cured at 100 ◦C for 30 min. The
purpose of the polymer layer is not only to provide a short-
term barrier layer that prevents calcium degradation during
sample transport from the glove box to the deposition system
but also to reduce pinholes in the barrier film that can be
caused by contaminant particles.17 Afterwards, the sample
was transferred to a PECVD system (Oxford) using a vacuum
canister, and 100 nm SiNx was deposited on top of the

FIG. 2. Schematic diagrams of (a) the calcium degradation test sample encapsulated with a barrier film consisting of SiNx, Al2O3 and Al2O3/HfOx nanolaminate
(NL), and (b) the scanning configuration used to capture the image of the Ca sample to determine changes in light transmission through the Ca and regions of
localized defects.
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FIG. 3. An example of local degradation of a Ca sensor due to the existence pinholes associated with particle defects. (a) A scanned image of the full 16
calcium square sample after degradation, (b) a zoomed in image of a local degradation spot, and (c) a cross-sectional diagram of devices showing localized high
permeation in regions with defects.

CYTOP layer at 100 ◦C. After the PECVD deposition, a 20
nm Al2O3 layer was deposited by atomic layer deposition
(ALD) followed by a 20 nm-thick ALD nanolaminate
consisting of Al2O3 and HfOx, alternating every 5 cycles.
All ALD growth was performed in a Savannah ALD system
(Cambridge Nanotech). The details of calcium test sample
preparation are described elsewhere.17

Directly encapsulated calcium samples were placed in
a humidity chamber at 50 ◦C and 85% RH. Images of
the samples were taken periodically in order to track the
degradation of the calcium layer using a high-resolution
flatbed photo scanner (Epson V600) outside of the humidity
chamber. The photo scanner was equipped with a white
LED light source along with a charge-coupled device (CCD)
image sensor and a white back reflector behind the samples.
The color sample images were taken at 2400 dpi resolution
in reflection mode as shown in Figure 2(b) without any
color correction algorithm. Then, the images were converted
into 256-level gray scale images and binary images using
MATLAB functions for further analysis to investigate the
detail features of the sample degradation. For binary image
conversion, an intensity threshold value was determined by
Otsu’s method using a MATLAB function.18

RESULTS AND DISCUSSION

Calcium degradation analysis

First, we observed that the most obvious degradation
behavior of the encapsulated calcium layer was correlated
with the appearance of macro-sized local degradation spots

as shown in Figure 3(a), larger than the pixel size of the 2400
dpi image resolution, 10.6 µm × 10.6 µm. These macro-
size local degradation spots were usually accompanied with
a particle at the center of the spots. Figure 3(b) shows a
microscopic image of one of the local degradation spots,
and the associated particle at its center. Thus, it appears to
be clear that the local degradation spots arise from pinholes
in the barrier film caused by the presence of macroscopic
sized particles; much larger than the tens of nanometer-
thick layers used in our test samples. Macroscopic particles
can lead to the formation of pinholes in the barrier layer
because of either residual stress concentration or poor barrier
film coverage on the particle (Figure 3(c)).17 According to
the classification of pore sizes by the International Union
of Pure and Applied Chemistry (IUPAC),19,20 the pinhole
defects can be classified as macropores (>50 nm) because the
observed particle size is on the order of micrometers under a
microscope as shown in Figure 3(b). Also, since the radial
growth rate of the locally degraded Ca is directly related
to the water vapor that is transported through the pinhole
defects, analyzing the growth of each of the spots will help
to understand the water vapor permeation behavior through
the defects.

In addition to the local degradation spots, the images
of a calcium sample displayed a change in intensity of the
intact calcium area free of the large local defects as in
Figure 4(c). The intensity change of the intact area is more
visible from intensity histograms of images as in Figure 4(d).
This intensity change is due to the uniform degradation of
the calcium layer by water vapor permeation through regions
of the barrier film that contain only nanoscale size defects or
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FIG. 4. Calcium sample images of a tested barrier at 50 ◦C/85% RH. (a) Fresh calcium sample image, (b) an image of the calcium sample after 506 h of
degradation, and (c) images showing the growth of selected local degradation spots over time as well as an increase in the intensity through the defect free
regions of the Ca sensors. (d) Normalized intensity histogram of spot B images in (c). Only low intensity region is plotted for better discerning changes in
intensity or light transmission through the Ca.

porosity that is not detectable by our optical system. In this
case, the permeation occurs through uniformly distributed
sub-micron defects or porosity in the film. Thus, the reaction
of calcium and permeated water vapor flowing through
nanoscale porosity is not detectable with the resolution of
the image but manifests itself as a change in the intensity of
the image. This change is usually reported in the literature
as the intrinsic barrier film performance and the permeation
through this region is assumed to be negligible in case
of barrier films with macroscale defects. Discrimination
between the intrinsic permeation rate and the defect-assisted
local permeation is critical to better understand the total or
effective WVTR of barrier films.

The effective WVTR of the barrier film arises from both
the flux through pinholes or defects and the intrinsic flux
through the barrier film. In other words, the effective flux
of gas permeation in a barrier film can be expressed as

Jeff = −Dintrinsic
∂C
∂x
+ Jpinhole, (1)

where Jeff is the effective flux of a barrier film, Dintrinsic is the
molecular diffusivity of intrinsic film, C is the concentration
of gas molecules, and Jpinhole is the flux through a pinhole.

The evaluation of the defect assisted local WVTR and the
intrinsic WVTR can be conducted using the experimental
procedure described in this study.

Defect assisted permeation

As described previously, the calcium layer degrades
locally due to permeation of water vapor through pinholes
or defects in the barrier film, and the degradation appears as a
white spot in the sample’s image since calcium hydroxide is
transparent optically allowing light to reflect from the white
background. As seen in Figure 4(c), the calcium hydroxide
spot size grows radially over time, suggesting that the
permeated water vapor via the pinhole diffuses isotropically
inside the layers under the barrier film. Figure 5(a) shows
calcium sample images after 506 h at 50 ◦C/85% RH. From
the images, local degradation spots that are independent from
each other are selected. Then, the radius and the area of
the select spots are measured from the binary images using
a feature extraction function of MATLAB and plotted in
Figures 5(b) and 5(c), respectively. Differences in pinhole
size lead to a large variance in the growth rate between
calcium hydroxide spots. However, the temporal evolution of
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FIG. 5. Growth of local degradation spots over time: (a) Local degradation spots chosen from the 16 Ca sensors, (b) change in the radius of the selected local
degradation spots versus time, and (c) change in area of the selected local degradation spots versus time.

the spot radii displays a similar functional dependence over
time, while the area of each spot increases approximately
linearly over time.

From the experimental results, it is reasonable to
consider that the growth of calcium hydroxide spot is due to
a radial diffusion process of water vapor inside the underlying
layer, modeled through a 1-dimensional radial diffusion
equation,

∂C
∂t
= D∇2C = D

1
r
∂

∂r

(
r
∂C
∂r

)
, (2)

where t is time and r is the radial position21 as shown
in Figure 6(a). This model has a semi-infinite boundary
condition that C = 0 as r goes infinity, but the other boundary
condition at r = 0 is not clear. If the boundary condition is
a constant concentration, C = C0 at r = 0, Eq. (2) is solvable
using the separation of variable method, and the solution of
the Eq. (2) is expressed by Bessel functions,

C =
∞
n=1

exp(−λ2
nDt) �C1,nJ0 (λnr) + C2,nY0 (λnr)� , (3)

whereas, if the boundary condition is a constant total flux
condition, Q = Q0 at r = r0, Eq. (2) is solvable using a
similarity function, and the solution is

C = C0

 ∞

η

1
η ′

exp
(
−η ′2

)
dη ′, (4)

where the similarity function, η, is defined as η = r/
√

4Dt.
From the solutions for both cases, Figures 6(b) and

6(c) plot the contour profiles of the concentration with r
versus t for both boundary condition, respectively. Even if
the constants such as D, C0, Q0, and r0 were arbitrarily
selected, Figures 6(b) and 6(c) clearly show the difference

of the profiles over time because of the different boundary
condition. In case of constant concentration condition, the
diffusion rate decreases more rapidly than the case of
constant flux condition over the time. Between the two
conditions, it is apparent that the solution with a constant
total flux boundary condition (Figure 6(c)) coincides with
the radial growth profiles from the experimental results
(Figure 5(b)). Recalling that the spot area corresponds to the
amount of water vapor in a calcium test and the growth rate
of the spot area is constant, these modeling results suggest
that the local degradation follows a radial diffusion process
with a constant total flux condition. In other words, the
permeation rate through a pinhole is constant over time even
if the barrier film is directly deposited on the device.

Intrinsic film permeation

In addition to the defect assisted local degradation, the
calcium layer appears to degrade uniformly in absence of
local pinhole defects, as seen in Figure 4(c). The uniform
calcium degradation appears as a transparency change of the
intact calcium layer. If we assume that the calcium oxidation
progresses uniformly, forming a calcium hydroxide layer on
the top of the calcium layer, the remaining calcium thickness
can be determined from the transparency of the calcium layer.

The transparency of the calcium layer in a pinhole-free
area is evaluated through the following procedure. From
an original image (Figure 7(a)), the pinhole-free area is
selected from an intensity threshold value determined by
Otsu’s method.18 Figure 7(b) plots the histogram of the
original image with the threshold value (red vertical line),
and Figure 7(c) shows the selected intact calcium area
as white color in a binary image. Referring the binary
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FIG. 6. A depiction of the 1D radial diffusion model of water vapor permeation inside the underlying layers of the barrier film. (a) A diffusion model diagram
with a quarter symmetry image of a local degradation spot, (b) the concentration contour plot on radius vs. time plane with a constant concentration boundary
condition at the center (C =C0 at r = 0), and (c) the concentration profile on radius vs. time plane with a constant total flux boundary condition, Q =Q0 at
r = r0.

image, the original intensity of the pixels that are within
the selected defect-free area is averaged. Afterwards, the
transparency and the thickness of the remaining calcium
layer are determined from the average pixel intensity by
neglecting interference effects and using Beer-Lambert law,

ICa_area

Ibackground
≈ Isource(TsubstrateTCaTbarrier)2Rback

Isource(TsubstrateTbarrier)2Rback

= TCa
2 = exp(−αCahCa)2, (5)

where ICa_area and Ibackground are the average intensity of
select calcium area and background area, respectively. Isource

is the intensity of the light source. T is the transparency
of each layer, Rback is the reflectance of the white back
reflector, and αCa and hCa are the attenuation coefficient
and the thickness of a calcium layer, respectively. Since αCa

is a function of wavelength, it is difficult to calculate the
representative value without knowing the spectrum of the
incident light on the calcium layer. Instead, an effective αCa is
estimated using the calcium transparency of the first image
(t = 0) with the assumption that the thickness of calcium
layer is 100 nm as deposited. Finally, Figure 7(d) plots the
average pixel intensity and the estimated calcium thickness
versus time. The calcium thickness decreases linearly up to
500 h in this barrier film test at 50 ◦C/85% RH.

Overall permeation

The WVTR of the barrier film is estimated from the
amount of calcium degradation that was analyzed previously
for the two permeation pathways; defect assisted local

degradation and intrinsic permeation. If we assume that the
permeated water vapor has reacted with calcium, the WVTR
for each permeation pathway through the barrier film can
be estimated from the degree of calcium degradation. For a
defect assisted local permeation, the amount of water vapor
that permeates through the barrier is proportional to the mass
of calcium layer that reacts with water, which is measurable
from the area of local degradation spot in the scanned image.
Therefore, the water vapor transport rate for a single spot is

Qdefect = 2
Mwater

MCa
ρCahCa

∂Aspot

∂t
, (6)

where Mwater and MCa are the molecular weight of water
(18.02 g/mol) and calcium (40.1 g/mol), respectively, ρCa

and hCa are the density (1.55 g/cm3) and the thickness of
the calcium layer (100 nm), respectively. Thus, WVTR of all
spots per area is the summation of all local degradation spots

WVTRdefect =
1

Abarrier,0

N
i

Qdefect, i = 2
1

Abarrier,0

Mwater

MCa

× ρCahCa

N
i

∂Aspot, i

∂t
, (7)

where Abarrier,0 is the area of the barrier film (415 mm2), and
N is the number of spots. The total area growth rate of all
the spots in the sample is calculated by finding the total spot
area changes from whole binary images instead of accounting
individual defect spots and is found to be 0.145 mm2/day. The
average and the standard deviation of the spot area growth rate
in 16 calcium squares are shown to be 9.1 × 10−3 mm2/day and
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FIG. 7. Uniform degradation of the calcium layer and the evaluation of the degradation. (a) An original sample image after 506 h, (b) histogram of the original
image with a threshold value shown by the orange vertical line, (c) binary image of the intact calcium region, selected using the threshold value, and (d) average
intensity change and thickness change of the intact calcium area over time.

1.53 × 10−2 mm2/day, respectively. Since defects are distrib-
uted randomly on several calcium squares in the sample, the
standard deviation is relatively large. The total area growth rate
results in the WVTRdefect as 4.84 × 10−5 g/m2 day using Eq. (7).

The intrinsic WVTR of the barrier film is proportional
to the rate of thickness decrease of the calcium layer and is
expressed as

WVTRintrinsic = 2
Mwater

MCa
ρCaACa

∂hCa

∂t
1

Abarrier
, (8)

where ACa and Abarrier are equal when a barrier film is
directly deposited on the Ca layer. The rate of thickness
decrease of the tested calcium samples was found to be
−0.102 nm/day using the slope of Figure 7(d), and the
WVTRintrinsic was calculated to be 1.41 × 10−4 g/m2 day using
Eq. (8).

Finally, the effective WVTR of a barrier film is the
summation of the two WVTR values, Eqs. (7) and (8),

WVTReff = WVTRdefect +WVTRintrinsic. (9)

Using Eq. (9) and the previous results of the calcium degra-
dation analysis, the effective WVTR of the tested barrier film
was calculated as 1.89 × 10−4 g/m2 day at 50 ◦C/85% RH.
As a result, the intrinsic permeation rate contributes ca. 3
times more to the effective WVTR than the defect assisted
local permeation rate in the tested barrier film. However,
since the defect assisted WVTR is dependent on the defect
density in a given barrier film, the ratio is also dependent
on the conditions of barrier film fabrication process, such as
handling and cleanliness of the environment. For example,
an inferior barrier film (Figure 3(a)) that was prepared in

uncontrolled environments shows much higher defect density
than the tested barrier film (Figure 4(b)), and the contribution
of the defect assisted WVTR is more dominant than the
intrinsic film permeation in the inferior barrier film.

CONCLUSION

By studying the contributions to WVTR from the
intrinsic and defect driven permeation pathways, a better
understanding of the effective WVTR of a barrier film can
be obtained. By employing optical calcium corrosion test,
it is possible to observe the results of these two permeation
mechanisms independently. The defect-assisted WVTR was
estimated from the area growth rate of local calcium degra-
dation spots, and the continuous layer intrinsic barrier film
WVTR was evaluated from the transparency change rate of
the intact calcium area. Comparing the area growth rate of
the local degradation spot with a cylindrical diffusion model,
it was found that the WVTR though a pinhole is constant
with a negligible lag time. Since the defect-assisted WVTR is
dependent on the size of the pinholes and the number density
of pinholes in a barrier film, they can contribute a significant
amount to the overall permeation, if they are not controlled
during the fabrication process. For low defect densities, as
shown in this study, the WVTR is dominated by the intrinsic
permeation through the barrier film. Thus, efforts to reduce
the WVTR should focus on improving the intrinsic properties
of the barrier. In addition, local defects should be reduced in
order to prevent local degradation of devices in the vicinity of
defects. However, other methods such as multilayer films or
the use of getters may help address these issues.
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