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Abstract

The present study demonstrates a flexible gas-diffusion barrier film, containing an SiO,/Al,0;
nanolaminate on a plastic substrate. Highly uniform and conformal coatings can be made by
alternating the exposure of a flexible polyethersulfone surface to vapors of SiO, and Al,Os, at
nanoscale thickness cycles via RF-magnetron sputtering deposition. The calcium degradation
test indicates that 24 cycles of a 10/10 nm inorganic bilayer, top-coated by UV-cured resin,
greatly enhance the barrier performance, with a permeation rate of 3.79 x 10~ g m~2 day~!
based on the change in the ohmic behavior of the calcium sensor at 20 °C and 50% relative
humidity. Also, the permeation rate for 30 cycles of an 8/8 nm inorganic bilayer coated with
UV resin was beyond the limited measurable range of the Ca test at 60 °C and 95% relative
humidity. It has been found that such laminate films can effectively suppress the void defects of
a single inorganic layer, and are significantly less sensitive against moisture permeation. This
nanostructure, fabricated by an RF-sputtering process at room temperature, is verified as being
useful for highly water-sensitive organic electronics fabricated on plastic substrates.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The growing interest in thin film flexible organic electronics
has led to an increasing number of applications of organic
light-emitting diodes (OLEDs), organic solar cells and
organic thin film transistors (OTFTs) [1-4]. It is widely
known that organic devices are highly susceptible to the
permeation of water and oxygen [5]. The permeation region
<1073 gm~2 day~! is of particular commercial interest due
to the organic display lifetime of >10000 h [6-8]. Alumina-
and silica-based materials are the current choices for moisture-
diffusion barrier applications, and are usually applied to
organic-based electrical devices [7-10]. These materials could
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be deposited by various physical and chemical techniques, such
as evaporation, oxidation, chemical vapor deposition, plasma
polymerization and nanocompositions [7—14].

However, inorganic materials are notorious for crack-
ing, and for having pinhole defects in the layer sur-
face [8, 9, 15-17]. The reported water vapor transmis-
sion rate (WVTRs) values, for such materials, are about
107! g m2 day~! [18], and so highly impermeable protection
technologies are required. For the fabrication of ultralow
gas-diffusion barrier films, Weaver et al [6] proposed or-
ganic/inorganic multi-barrier stacks. Also, Carcia et al [8, 9]
showed that films fabricated by atomic-layer deposition have
higher barrier efficiencies. However, thin film barriers with
ultralow permeation rates should have high productivity and
use a low-cost fabrication process.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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This paper proposes the use of inorganic nanolaminate
gas-diffusion barrier films prepared by RF sputtering at room
temperatures. Sputtering deposition using RF guns has the
advantage of being a simplified process for handling industrial-
scale coatings as well as allowing simultaneous deposition of
various kinds of materials, through the use of more than two
RF guns. Also, it offers a number of remarkable industrial
capabilities in addition to film uniformity and easy composition
of the films. A nanolaminate barrier is a film composed
of deposited alternating layers of SiO, and Al,Os; which
provide extremely extended gas-diffusion pathways, leading to
ultralow WVTRs.

2. Experimental details

Thin gas barriers are deposited on polyethersulfone (PES,
150 pm thickness, Cheil Industries Inc., Korea) substrates
using the dual-gun RF-magnetron sputtering system. The
deposition order is considered based on the surface energies
of the material itself. For optimized barrier performance,
the above method is an effective way to deposit the outer
Al,O3 layer because of the water absorption property of the
SiO; hydrophilic surface [19-21]. The top Al,O3 and the
intermediate SiO, layers are placed, based on their surface
energies of 40.2 and >73.12 mN m~', calculated by surface
contact angle measurements based on Owens’ equation [22],
as shown in figure 1(a). Figure 1(b) shows the surface contact
images of a DI water droplet on the barrier-coated PES. The
contact angle values are given by software measurements of
73.95° for the DI water and 40.12° for the formamide on Al,O3
(both of the contact angles on the SiO, were <5°).

This research has targeted SiO,/Al,O3; (SA) bilayers
because both are utilized as gas-diffusion barriers on plastic
substrates. The base pressure of the RF-sputtering process was
2 mTorr in Ar flow conditions. The RF powers of 250 and
150 W for SiO, and Al,O3 deposition have been utilized at
5 sccm with a deposition rate of 7.32 nm min~! for the SiO,
layer along with a deposition rate of 2.00 nm min~' for the
Al O3 layer at room temperature.

The quantitative analysis of WVTRs of the order of
107° gm~2 day~! for water is very challenging because the
measurable range of the commonly used system is limited
to 1073 gm2day”' [23]. Therefore, the gas barrier
performances of nanolaminated films are characterized using
the calcium degradation test by monitoring the change in ohmic
behavior of the thin film of Ca [24, 25]. Ca is sensitive to
water and oxygen. On the assumption that WVTRs dominate
in the reaction between Ca and vapor, water permeation rates
can be said to be the main factor for the degradation of organic
devices. As shown in figure 1(c), Ag electrodes (250 nm
thickness) and Ca pads (100 nm thickness) are thermally
deposited on a highly impermeable glass substrate through
shadow masks. The Ca sensor has an active area of 4 cm’
and is encapsulated by the films in a glove-box system. The
permeation rates through the UV epoxy as a sealing material
should be less than 107°g m—2 day~'. Previously [25], we
have measured the permeation rate of a glass lid sealed by
epoxy with a width of about 3 mm and it satisfied the
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Figure 1. (a) Schematic diagram of inorganic bi-deposited
nanolamination and (b) DI water droplet contact images of the
surfaces of single inorganic layers on PES. (c) The structure of the
Ca test.
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permeation rates of <107% gm™2 day~!. Then, sensors are

transferred to a controlled environmental chamber at 20°C
and 50% relative humidity (RH), and 60°C and 95% RH.
After encapsulation of the Ca film, the test sample is exposed
to air and the increase in resistance of the calcium film is
simultaneously measured with time, due to the oxidation of Ca
by water permeation.

3. Results and discussion

3.1. Analysis of moisture barrier with nanoscale resolution

Previous reports have identified defects such as pinholes and
grain boundaries as primary diffusion paths in the inorganic
layers [15-17, 26]. For this reason, a series resistance model
for a multilayered system and inorganic laminate films has
been proposed in an attempt to increase the lag-time of the
moisture permeation process [26, 27]. In a previous review,
laminate theory has predicted a total permeability of 1/Pr =
> 1/P., where P_ is the permeability of the individual
layer [26]. The permeability is reduced substantially if the
individual layers in the multilayer act to cover the defects in
the adjacent layers.

Figure 2(a) shows cross-sectional high resolution trans-
mission electron microscopy (HRTEM, Tecnai 20) images of
cleaved and etched 10/10 nm SiO,/Al,O3 (SA) nanolaminate
bilayers prepared by a focused ion beam (FIB) technique,
on an Si wafer, in order to analyze the barrier films at
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Figure 2. (a) Cross-sectional HRTEM images of 24 cycles of 10/10 nm SA films on Si wafer prepared by the FIB process with (b) magnified
view and (c¢) AFM image of Al,O; surface deposited on PES substrate. Micrometer scale defects are shown with spacing s between them and
(d) schematic illustration of the diffusion length of the barrier layer. (e) The small impurity particles originated from the substrate were not

inherent to the continuously sputtered SA films.

the nanometer scale. In the magnified view, shown in
figure 2(b), the subsequent 10 nm amorphous SA are sufficient
to demonstrate that the formation of diffusion paths due
to water molecule permeation along the nanosized grain
boundary can be effectively suppressed. The TEM images of
the sputtered SiO, and Al,Os films show excellent conformity.
The thickness is linear in the number of pairs of layers (cycles).
In this case, defects in the SiO, and Al,O3 are so far apart that
the gas-diffusion vector is almost parallel to the plane of each
layer, extending the diffusion path between the SiO, and Al,O3
layers. In figure 2(c), the atomic force microscope (AFM, XE-
100) image shows the size (about 0.1-0.5 um) of defects and
the spacing diameter (>1 um) between them. For a film of
physical thickness ¢ and defect spacing s, when ¢ < s, the
diffusion path (/) is about

l=ti+s1+---+1,+s, ~ns (1)

as shown schematically in figure 2(d).

Also, many researchers believe that small impurities such
as dust particles on the polymer surface induce the defects
during the barrier deposition process and can affect the film
performances. However, the present case shows that the
defects in the sealing layer do not originate from the substrate
as a result of particle or surface roughness. These defects
were not inherent to the continuously sputtered SA films and
so, as shown in figure 2(e), sputtered inorganic laminate films
successfully cover the particles on the polymer surface.

3.2. Moisture permeation rates

To understand the effect of the nanolaminate films, WVTRSs
were measured for the single SiO, and Al,O3 films, previously.
The gas barrier performances of the films are characterized
using the calcium degradation test by monitoring the change
in ohmic behavior of the thin film of Ca [24, 25]. Compared to
the WVTR (1.38 g m~2 day ™) of bare PES, the WVTRs of the
single barrier layer (480 nm thickness) of SiO, and Al,O3; on
PES are 1.81 x 107!, and 3.02 x 10~! gm~2 day~! at 20°C
and 50% RH, respectively. Also, the WVTR of a composite
film of SiO, and Al,O3 by simultaneous deposition using RF
sputtering is 3.45 x 107! gm~2 day .

To evaluate the performance of increasing the number of
cycles of SA bilayer film concretely, four types of laminate
films are fabricated on PES where each of the samples has
the same total thickness. Figure 3(a) shows the curves of
Ca conductance over time as a function of the cycles of SA
bilayers. The Ca test indicates that 4 cycles of 60/60, 8 cycles
of 30/30, 12 cycles of 20/20 nm and 24 cycles of 10/10 nm SA
barrier films yield WVTRs of 1.04 x 107!, 3.11 x 1072, 9.45 x
1073 and 3.5 x 10~* g m~2 day ', respectively. Depending on
the applicable mechanism of moisture diffusion, the laminated
SA bilayers provide significant improvement. Also, this
behavior is known to be consistent with the gas permeation
through the crack and pinhole defects in the inorganic films.

In our SA nanolaminate barriers, some approaches
preventing Al,O3 corrosion are expected. Dameron et al have
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Figure 3. (a) Electrical curves induced by Ca degradation due to
moisture permeation. These barrier films on PES substrates have the
same barrier thickness of 480 nm. (b) Permeation curves of
impermeable barrier layer comprising 12 cycles of a 20/20 nm SA
layer and 24 cycles of a 10/10 nm SA layer coated with UV-cured
resin. (c) Ca degradation curve of the film after 1000 cycles of a
bending process. Inset image shows the bending tester and the
flexible film with the moisture barrier.

reported that corrosion of Al,Os, due to moisture permeation,
deteriorates the diffusion barrier functionality [8, 17]. To
prevent moisture-induced corrosion of the top Al,O3 film, the

UV-cured resin (1 pum thickness) is coated onto the inorganic
barrier surface by a dropping and UV-curing process. Also,
the organic buffer is used as a smoothing, strengthening,
flexible and defect decoupling layer. This film, composed
of a UV resin, inside the inorganic nanolaminate bilayer,
showed ultralow permeation characteristics. As shown in
figure 3(b), notably, 24 cycles of 10/10 nm SA laminate
with the top-coated UV-cured resin, ultralow permeation rate
3.79 x 107> g m~2 day~! at 20 °C and 50% RH for water have
been measured (the permeation rate of 12 cycles of SA films
with resin is 1.87 x 107* g m~2 day ).

In addition to enhanced barrier performance through
inorganic lamination, its mechanical flexibility has also been
tested. WVTRs of 24 cycles of 10/10 nm SA laminate with
UV-cured resin coating was measured after 1000 cycles of
the bending process (Z-100 Bending Tester, refer to the inset
of figure 3(c)). The bending radius of the film was 10 mm.
Figure 3(c) shows the Ca degradation curve of the film, which
indicates that the permeation rate is 1.64 x 107> g m~2 day .
This was a worse barrier characteristic than for the films before
bending. However, methods such as increasing the alternating
cycles, insertion of elastic materials as an interlayer [28, 29]
and decreasing the thickness of the inorganic layer can be
solutions when applying bending stress with an extremely low
radius curvature. For this reason this work remains to be
performed for immediate commercial applications. The slopes
of the Ca conductance versus the elapsed time curves are
linear and indicate the average permeation rates. Water vapor
residues on the plastic film can permeate the Ca layer and react
with it. This can account for the degrading region in the initial
stages of measurement. The electrical measurement system
used can also be affected by current leakage and fluctuation. As
a result, accurate reading of permeation rates is limited by the
region of electrical variation. Measurement over longer time
durations can help improve the accuracy of the results.

For evaluation of extremely low moisture permeation,
30 cycles of 8/8 nm SA laminate film with UV resin were
measured at 20°C with 50% RH, and at 60°C with 95%
RH. Figure 4 shows the conductance curves of Ca in relation
to elapsed time. Figure 4(a) shows a magnified curve for
the film and the dashed line indicates a permeation rate of
0 gm~2day~'. In figure 4(b), the curves of the film at 60°C
and 95% RH show no degradation in performance compared
to 0 gm~2 day~!. The reason for these results is because the
films have permeation rates beyond the limit of measurable
range of the Ca test (10~® g m~2 day~'). While changing the
environmental conditions, an electric wire was added, resulting
in a slight increase in resistance of the test sample as shown in
figure 4(c) (not affected by water permeation).

The question also arises as to whether the number of
cycles and barrier thickness play an important role. Therefore,
additional experiments on the inorganic laminate bilayer have
been performed by reducing the layer thickness in order to
determine its effectiveness on the barrier performance. From
the results it is concluded that the layer thickness, when it
is less than the critical thickness of <5 nm deposited by RF
sputtering, could be easily transited by the water molecules.
This may be inferred from previous experiments in which a
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Figure 4. Ca degradation curve of 30 cycles of an 8/8 nm SA with
UV-cured resin at 20 °C with 50% RH, and 60 °C with 95% RH,
respectively. Both magnified views of curves at (a) 20 °C and 50%
RH, and at (b) 60 °C and 95% RH show the permeation rates are
beyond the limit of measurable range of the Ca test and dashed lines
indicate a permeation rate of 0 g m~2 day~'. (c) Electrical wire
added for the measurement of different environmental conditions
increased the resistance of the Ca-test cell.

single layer of Al,O3, grown by RF sputtering, with <5 nm
thickness, has been found to have no independent role as the
dielectric layer.

3.3. Light transmittance values of the films and Ca sensor

Figure 5(a) represents the transmittance spectrum of the films
in the visible region, characterized by a UV-vis spectrometer
(Agilent 8453). We have measured two samples (films).
One is 24 cycles of 10/10 nm SA nanolaminated barrier on
PES (reference), while the other is just bare PES (before the
barrier coating process). The two films showed almost the
same transmittance values. Both are over 82% in the visible
wavelength. The total light transmission rates of these films
are generally above 82%, reaching 89% in the best cases. As
can be seen in figure 5(b), the films are not blurred and can
be applicable to optical devices. Figure 5(c) shows the optical
images of Ca cells encapsulated by PES, coated with 4 cycles
of 60/60 nm thickness of SA and 24 cycles of 10/10 nm SA,
before and after ~200 h, where the transparent Ca(OH), is
produced as an insulator by the reaction between Ca and 2H,O.
Also, we can see a large difference in the quantity of oxidation
between the two samples after 200 h.

4. Conclusion

In conclusion, this paper has presented SiO, and Al,O3
nanolaminate films on PES, deposited by Ar-plasma dual-
sputtering processes at room temperature, and WVTRs through
the laminated films have been determined using the electrical
Ca test. This approach could be effective for the facile and

a) :

—=—air
120+ —A—PES

—O— 24 cycle of 10/10 nm SA on PES
100

Transmittance (%)
(-3 (=]
o [=]

'Y
o
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Figure 5. (a) The light transmission curves of bare PES and
laminated films on PES, and (b) photographs of a flexible
gas-diffusion barrier film. (c) Photo images of optical changes in the
barrier-coated Ca cells over time. Ca-test cell has been encapsulated
by 4 cycles of 60/60 nm SA and 24 cycles of 10/10 nm SA barrier
layers.

rapid fabrication method of the gas barrier film, and could
yield permeation rates of 3.79 x 10~ gm™2day~!, in an
environment of 20°C and 50% RH, and beyond the limit of
the measurable range (10~® g m~2 day~") of the Ca-test even
at 60 °C and 95% RH. The nanolaminate architecture has been
demonstrated to effectively suppress void defect formation, as
a result of this method, as there is an increase in the bilayer
steps. Because of decreased permeation rates and extreme
conformity, the alternating layer deposition will be useful for
many applications; hence, this simple and fast method can
be suitable for use in such cases as large area, mass coating
processes in many applications, due to the reliable gas barrier
performance with high light transmission.
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