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Abstract

The synergy between fast (1600 nm'min™), roll-to-roll plasma-enhanced chemical vapour
deposited (PE-CVD) SiO; layers and plasma-assisted atomic layer deposited (PA-ALD) ultra-
thin Al,O3 films has been investigated in terms of moisture permeation barrier properties. The
effective and intrinsic water vapour transmission rates (WVTR) were studied as a function of
the number of ALD cycles. It was demonstrated that a synergistic combination of a silica
buffer layer deposited on polymer with an ultra-thin (<2 nm) alumina barrier film can provide
excellent intrinsic (10° - 10° gm?®day™) and good effective (~ 10° g-m?day’) WVTR
values, while both single layers individually exhibit poor barrier performances with effective

WVTR values of > 1.0 grm™day™.
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Introduction

The development of flexible electronics, including photovoltaics, displays and smart
packaging, demands novel transparent encapsulating materials to quantitatively limit the
ingress of moisture and oxygen. Prolonged life time stability can be achieved by
encapsulating the device between flexible systems consisting of polymer substrates coated
with a thin gas/moisture diffusion barrier layer. However, finding a cost-effective way to
produce large-area, uniform and excellent barrier coatings with low local defect levels is a
challenging and urgent task. A valid solution is to combine low costs and high throughput
processing offered by the atmospheric pressure (AP) PE-CVD with the high density and
conformality of thin layers delivered by the plasma assisted atomic layer deposition (PA-
ALD).B2

It should be emphasized that the higher throughput, required for industrial viable
manufacturing, generally also implies the decrease of the barrier film thickness. In the case of
ultra-thin gas/moisture diffusion barrier layers, the morphology and properties of the substrate
play an important role. While the ALD technology is well known for the excellent
conformality of the films in microelectronics applications, the direct deposition on flexible
polymeric webs imposes additional challenges. The surface roughness of optical grade
polymer foils is relatively high and in the order of few nanometers; the polymeric chains are
not necessarily rigidly cross-linked, which can affect the quality of ultra-thin inorganic films.
Even dense polymeric webs typically contain atmospheric gases and moisture which can
outgas slowly in vacuum or at elevated temperature and affect the deposition process. Thus
one can expect that upgrading the polymer with an inorganic buffer layer produced by a fast,
cost-effective process such as roll-to-roll atmospheric pressure PE-CVD can be a valid
approach. This consideration is supported also by the recently highlighted remarkable

performance of hybrid inorganic layers comprised of an inorganic dyad or a nano-laminate
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heterogeneous structures serving as diffusion barriers.®” Nevertheless, despite the excellent
barrier film properties obtained using this approach, the above-mentioned experiments were
carried out at low pressure and using relatively low deposition rate solutions.

The focus of the present contribution is therefore to show how the silica-like buffer layer
produced by the industrially compatible atmospheric pressure roll-to-roll PE-CVD process on
the polymer substrate can influence the performance of the thin and ultrathin PA-ALD

alumina moisture barrier films.

Experimental Part

The studied bi-layers combine a 80 nm thick buffer SiO; film prepared by AP PE-CVD and
Al,O3; capping layer fabricated by PA-ALD. A thermally stabilized polyethylene 2,6
naphthalate (PEN) foil (100 um thick Dupont Tejin PQ65FA) was used as a substrate.

A detailed description of the roll-to-roll AP PE-CVD reactor as well as of the conditions for
the plasma-enhanced silica-like film deposition has already been given elsewhere.”®! The
schematic picture of the setup is shown in Figure la. In this system a high current diffuse
dielectric barrier discharge (200 kHz, 20 W-cm™) between two rotary drum electrodes (R=120
mm) was employed to synthesize a silica-like layer from tetraethyl orthosilicate (TEOS)
monomer in the No/O,/Ar/TEOS 15.0:1.8:1.0:(1.0x10) sm gas mixture. The gaseous gap
between the electrodes was 0.5 mm, effective deposition width 150 mm and web speed 400
mm/min.

The PA-ALD depositions have been carried out in an Oxford Instruments FlexAL Mark II.
The schematic image of the reactor is presented in Figure 1b. The PA-ALD cycle comprises
the following steps: Al(CHa)s (trimethylaluminum, TMA) dose (20 ms), precursor purge (1.5
s), O, plasma (200 W, inductively coupled plasma; 2 s or 10 s at 15 mTorr), and plasma purge
(1s). All PA-ALD layers presented in this article have been deposited at 80 °C and each
deposition has been started with a 5 minute pre-heating of the sample. More details about the
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reactor, process, and material properties can be found elsewhere.% The film growth rate of
the described PA-ALD process is ~0.13 nm per cycle. This value was measured by means of
spectroscopic ellipsometry for a film grown on a silicon wafer. It should be noted that due to
the interfacial layer formation the exact determination of the thickness for ultra-thin layers (<5
nm) grown on polymeric or porous substrates is not a trivial task. Therefore the data are
presented as a function of the number of ALD cycles.

The effective water vapour transmission rate (WVTR) was measured using a Technolox
Deltaperm instrument (ASTM D 1434-82 (2003), sensitivity of 2 10* g'm?day™) for the
conditions of 40 °C, 90% RH. The sample area for the test was 50 cm?. To reach stable
transmission rate a 50 — 100 hrs measurement time was required. During the measurement the
WVTR value was recorded each minute. The average of the last 100 experimental points was
presented as the characteristic effective WVTR with the standard deviation being below 1%.
The WVTR value of the pristine PEN substrate is 1.7 g'm*day™. Atomic force microscopy
(AFM, Park Systems NX10) measurements were carried out in contactless mode using Si tips
(8 — 10 nm). The captured AFM images were then processed using open source Gwyddion
software for the surface profile analysis.*” The Ca-test has been used to measure the intrinsic
WVTR at 20 °C, 50% RH (measured far away from pinholes/defects in the film) of the above
mentioned barrier layers. The Ca-test has been performed according to the description given

by Keuning et al.*™

Results and Discussion

In order to create an inorganic buffer layer between the polymer and permeation barrier, the
silica-like film was deposited on a polymeric surface by atmospheric pressure PE-CVD. As
recently discussed,® the porosity and barrier properties of silica films have been found to be
controlled by the specific energy delivered per precursor molecule (TEQS) in the discharge
plasma. Higher specific energy values result in denser films but this typically goes at the
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expense of the deposition rate. The SiO; films employed in the present work were deposited
at a relatively high rate of 1600 nm'min™ and a specific energy of about 1 keV per TEOS
molecule. By means of XPS and ATR-FTIR analysis it was observed® that such rapidly
deposited silica-like layers show significant amount of silanol groups (Si-OH), indicating
porosity, while the carbon content remains low (< 1%). These conditions result in an effective
WVTR of 1.0 g-m'z-day'1 for 80 nm- thick silica layer, and a barrier improvement factor (BIF)
of only 1.7 with respect to the pristine polymer.

The surface morphology of the pristine PEN foil and PEN with 80 nm thick silica-like layer is
presented in Figure 2. Although the substrate foil is relatively smooth (root mean square
roughness rms = 1.68+0.02 nm), it can be expected that the complex 3D grains morphology
seen in the AFM micrograph (Figure 2a) affects the nucleation and growth of ultra-thin
barrier films. The deposition of a silica-like buffer layer (Figure 2b) results in further surface
smoothening (rms = 1.47£0.02 nm) and the fine grain polymer structure cannot be
distinguished anymore. The height of the small features in Figure 2b is not exceeding 5-6 nm
(see AFM line profile).

Plasma assisted-ALD Al,O3 layers of varying thickness were deposited on top of the silica-
like buffer film. Figure 3 shows the effective WVTR values of the resulting bi-layers as a
function of the number of ALD cycles. Already 15 cycles (<2 nm in Al,O3 thickness) with a
2 s oxygen plasma step lead to an improvement of almost 3 orders of magnitude in moisture
barrier performance, with respect to the PEN/SIO, system. Increasing the number of cycles
above 15 did not significantly reduce the water vapour transmission, which suggests that
Al,O3 film thickness of 2 nm is the upper limit of the critical thickness in the sealing process
of the SiO; layer.

As a comparison, the performance of thin alumina layers deposited directly on PEN is shown
in Figure 3. The relatively thick PA-ALD alumina film deposited on PEN has a similar

barrier improvement as the silica-alumina bi-layers. However, a much larger number of ALD
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cycles (> 38) was needed to reach the critical thickness (> 5 nm) which is in agreement with
reports in the literature.?! 1t is worth to mention that in our experiments we found that thin
ALD layers (< 38 cycles) produced directly on the PEN substrate often revealed a degradation
behavior of the barrier already during the water vapour permeation measurements in the
Deltaperm instrument. The WVTR barrier degradation may be related to the Al,O3 hydrolysis
effect. At an ALLO; layer thickness of ~ 20 nm (150 ALD cycles), the barrier performance
is independent of the substrate. This phenomenon was not observed for the barriers deposited
on the silica-like buffer layer described above. The small increase in WVTR with increasing
layer thickness may be attributed to the tensile stress that is commonly found in the ALD
alumina films.*

The duration of oxygen plasma exposure step is known to be an important parameter for
plasma-assisted ALD, as it can influence the initial nucleation of the Al,O3 film as well as the
effectiveness of the methyl abstraction and oxidation process. According to a previous
study,[Q] the chemical analysis of the films revealed that the levels of C and H impurities were
substantially reduced when increasing the O, plasma exposure. In addition to 2 s oxygen
plasma pulse we therefore investigated the Al,O3 layer performance for an oxygen plasma
exposure time of 10 s. These results are also presented in Figure 3. The difference between
barrier layers produced on silica buffer at 2 s and 10 s of O, plasma is evident when a low
number of ALD cycles (<15) is carried out. The ALD process with a longer plasma exposure
time results in a faster decrease in WVTR with the number of cycles. At the same time the
barrier performance of the thicker layers is approximately the same for the two ALD recipes.
These observations may indicate that a longer plasma step promotes film nucleation, therefore
affecting mainly the performance of ultra-thin layers (no. of cycles <10), while the permeation
properties of the bulk layer remain approximately unaffected.

In order to discern between effective and intrinsic barrier performances, the bulk material

permeation was characterised using the Ca-test. The Ca-test results of the PE-CVD silica/PA-
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ALD alumina bilayer in Figure 4 provide the intrinsic WVTR data. The intrinsic WVTR
shows a steep decrease with increasing number of ALD cycles for both cases of 2s and 10s
oxygen plasma exposure time. Similar to the effective permeation value measurements, a
longer oxygen plasma step results in very good intrinsic barrier values already after 11 ALD
cycles. For a larger number of ALD cycles the barrier performance is approximately the same
for both ALD recipes. Because the intrinsic WVTR values exclude the influence of large
pinholes, the last observation confirms again that the duration of the oxygen plasma step in
the PA-ALD process primarily affects the film nucleation mechanism. The ultimate intrinsic
permeation level reached the 10°® g-m'z-day'1 range (comparable to the detection limit of the
calcium test) which makes this barrier stack potentially suitable for OLED and thin film PV
applications, provided an adequate control of the local defect density due to environmental
contamination and handling.

The results above indicate a strong synergy between ultra-thin ALD capping layers and silica-
like buffer films in the moisture barrier performance. This conclusion corresponds well with
the behaviour previously observed for the similar hybrid PECVD/ALD layers (100 nm SiO,
or SiN, / 10-50 nm Al,03),! which were grown, however, at low pressure on rigid substrate.
The decrease in WVTR value of the bi-layer structures cannot be explained in the frame of
the ideal laminate theory, considering that both layers individually provide only very minor
improvement in barrier performance. A hypothesis is that water vapour permeation in fast
deposited silica layers takes place via percolation through an interconnected network of nano-
pores. In this case the dense ALD film will act as a sealing layer for the porous silica-like
layer. The critical thickness of the sealing layer should thus be in the order of the
characteristic pore size of the buffer film. This hypothesis is currently being investigated in a
parallel research work by making use of ellipsometric porosimetry.[15] Other benefits of the
SiO; buffer layer are a reduced susceptibility of the Al,O3 film to hydrolysis, and facilitated

film nucleation of the ALD film by the presence of silanol groups.®!
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To summarize: In this work it was shown that enhancement of polymer substrate with an
atmospheric pressure PE-CVD silica-like buffer layer enables ultra-thin (< 2 nm) barrier films
developed by plasma assisted ALD. This synergistic bi-layer structure provides an effective
WVTR barrier of ~10° gm?day™ (40 °C/90% RH) and an intrinsic WVTR of 10®° - 10°
gm?day™® (20 °C/50% RH). With the current development of both processes, atmospheric
pressure spatial ALD and AP PE-CVD,’®8!] the approach described in the present
contribution can lead to a high throughput and a cost effective roll-to-roll method to produce

excellent moisture barrier films.
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List of Figures

Figure 1. Schematic representation of a) atmospheric pressure plasma enhanced chemical

vapour deposition reactor b) plasma assisted atomic layer deposition reactor.

Figure 2. AFM images of the a) pristine PEN substrate (1x1 um2) rms = 1.68+0.02 nm and
b) PEN substrate coated with 80 nm thick silica-like buffer layer (2x2 um2) rms =

1.47+0.02 nm.

Figure 3. Effective water vapour transmission rate as a function of Al,O3 plasma assisted-
ALD cycles number. Triangles: Al,O3 deposition on pristine PEN with 2 s ALD plasma step.
Squares: Al,O3 deposition on SiO, buffer layer with 2 s ALD plasma step. Circles: Al,O3
deposition on buffer layer with 10 s ALD plasma step. WVTR values of pristine PEN and

PEN with SiO, buffer layer are also shown.

Figure 4. Intrinsic water vapour transmission rate of the bi-layers as a function of Al,O3

plasma assisted- ALD cycles number for plasma step duration of 2 s and 10 s.
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Figure 1. Schematic representation of a) atmospheric pressure plasma enhanced chemical

vapour deposition reactor b) plasma assisted atomic layer deposition reactor.
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Figure 2. AFM images of the a) pristine PEN substrate (1x1 pm?) rms = 1.68+0.02 nm and
b) PEN substrate coated with 80 nm thick silica-like buffer layer (2x2 pm?) rms = 1.47+0.02

nm.
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Figure 3. Effective water vapour transmission rate as a function of ALD cycles for Al,O3 .
Triangles: Al,O3 deposition on pristine PEN with 2 s ALD plasma step. Squares: Al,Os
deposition on SiO, buffer layer with 2 s ALD plasma step. Circles: Al,O3 deposition on buffer
layer with 10 s ALD plasma step. WVTR values of pristine PEN and PEN with SiO, buffer

layer are also shown.
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Figure 4. Intrinsic water vapour transmission rate of the bi-layers as a function of Al,O;

plasma assisted- ALD cycles number for plasma step duration of 2 s and 10 s.
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