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Abstract—New zirconium oxide (ZrO,)-based organic-inorganic multilayers were fabricated and tested for flexible
moisture barriers and compared with typical aluminum oxide (AL O;)-based multilayers. We report that amorphous
ZrO, had a better intrinsic barrier property than that of amorphous AL O;. Due to the lower elastic modulus of ZrO,,
the ZrO,-based structures had better flexibility than that of the Al,O;-based structures. The ZrO,-based barrier was
superior to the ALO;-based barrier not only for flexibility but also for barrier performance. The barrier property and
flexibility of the ZrO,-based structures were enhanced by about 20% and 30% over those of the AlLOs-based struc-

tures, respectively.
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INTRODUCTION

Aluminum-oxide (ALO;) thin films grown by atomic layer
deposition (ALD) at a low temperature have been widely studied
for a plastic-substrate moisture-barrier layer or a thin-film encap-
sulation layer of organic light-emitting diodes and organic photo-
voltaic cells. It is advantageous for the layer to have both high material
density and low elastic modulus to achieve a flexible moisture-bar-
rier with an ALD-grown metal-oxide layer. As density and elastic
modulus are dependent on the material, it is important to select a
proper material for the purpose. The elastic modulus of ALO,
grown by ALD is 203 GPa [1], whereas that of ALD-grown zirco-
nium oxide (ZrO,) is about 100 GPa [2]. Thus, a ZrO, layer is ex-
pected to exhibit better flexibility than that of an ALO; layer with
the same thickness. However, the ZrO, layer is prone to crystallize
even at 50 °C [3], so its moisture barrier property becomes worse
due to easier moisture diffusion through the grain boundaries. In
contrast, an ALO; layer that stays amorphous at high temperature
[4] has been considered as a better moisture-barrier layer. ZrO,
crystallization has been reported in an ALO,/ZrO, nanolaminate
structure grown at 80 °C [5]. Another related study reported that
crystallization began at a ZrO, thickness of about 4 nm [6]. There
have been no detailed reports on intrinsic moisture-barrier prop-
erty of amorphous ZrO, in comparison with amorphous ALO..

Organic/inorganic multilayer structures are commonly used as
flexible moisture barriers [7-9]. Organic materials are rugged but
highly permeable to moisture, whereas inorganic materials are almost
impermeable to moisture but very fragile. The organic/inorganic
multilayer approach seems to be the best practice to capitalize on
the advantages of these materials. For example, the critical tensile
strain of 20 nm-thick ALO; thin film grown using ALD on a poly-
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ethylene naphthalate (PEN) substrate is 1.2% [10], indicating that
cracks could be generated upon tensile bending with a radius less
than 5.2 mm. However, the critical bending radius could be reduced
further [11] if the organic layers were incorporated into the ALO;
layer, due to stress relaxation of the organic layers.

We report the moisture-barrier property and flexibility of ZrO,-
based organic/inorganic multilayer structures for the first time in
direct comparison with the typical ALO;-based structures. The
moisture-barrier property was measured using electrical calcium
(Ca) test at an accelerated condition of 85°C and 85% relative
humidity (RH). Flexibility was tested by measuring changes in the
moisture-barrier property before and after 10,000 bending cycles
with bending radii from 3-20 mm. We used a plasma-polymerized
(PP) organic layer for the organic/inorganic multilayer structures,
which can be grown in a plasma-enhanced chemical vapor depo-
sition (PECVD) reactor with an organic monomer source.

EXPERIMENTAL PROCEDURE

In-house designed and built deposition equipment was used to
deposit ALO; and ZrO, using ALD, with metal-organic precursors
of trimethyl aluminum (TMA) and tetrakis (ethylmethylamino)
zirconium (TEMAZ), which were vaporized at 5°C and 30 °C,
respectively. Water was used as the oxidant and vaporized at room
temperature. Deposition was carried out at 80 °C. One ALO; or
ZrO, growth cycle was subjected to TMA or TEMAZ injection
for 2 s, purging with argon (Ar) for 10s, water injection for 2s,
and purging for 10 s, respectively. One cycle produced 1.1 A-thick
ALO; or 0.9 A-thick ZrO,, on average, at that temperature. Hexane
was introduced into the growth chamber with Ar carrier gas for
PECVD of the PP. The plasma was ignited by an inductively cou-
pled coil, connected to a radio-frequency power supply operated
at 50 W. The growth rate of the optically transparent PP was 30
nm/min. We prepared six different multilayer moisture barrier struc-
tures using PEN substrate, composed of inorganic ALO; or ZrO,
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Fig. 1. Schematic diagrams of six different moisture-barrier struc-
tures. Here, PP and dyad mean a plasma polymer layer and
a period of PP and ALO; (or ZrO,) layers, respectively.

and organic PP layers, as shown in Fig. 1. Due to the much poorer
moisture-barrier property of the organic layer relative to the inor-
ganic layer, the moisture-barrier property predominantly depends
on the thickness of the inorganic layer. As all structures had the
same total inorganic-layer thickness of 20 nm, they were expected
to have a similar moisture-barrier property, even though the total
thickness of the PP sub-layers was not the same for all structures.
Unlike the ALD process, it was difficult to control thickness below
20 nm during PECVD for the PP, resulting in different total PP
thicknesses for 20 and 100 dyads in Fig. 1. A structure with a higher
number of dyads is expected to have better flexibility, as the thin-
ner inorganic layer has a larger critical tensile strain [12]. In this
regard, the structure (f) in Fig. 1 should show the best flexibility
among all structures.
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Fig. 3. Electrical Ca test results of ALO;- and ZrO,-based multi-
layer structures showing the electrical conductance of Ca
decreasing with time. Measurement was carried out under
85 °C and 85% relative humidity condition.

RESULTS AND DISCUSSION

We show actual transmission-electron-microscopic images of
100-dyad ALO; and PP multilayer structure in Fig. 2. The thick-
ness of an ALO; layer in the multilayer structure is 2 A, which is
produced by 2 ALD cycles. The extremely thin ALO; layers sepa-
rated by PP layers are continuous and can work for flexible mois-
ture-barrier layers. Fig. 3 shows the electrical Ca test results of the
upper AlLO;-based structures and the lower ZrO,-based struc-
tures. As the normalized conductance of Ca (y-axis) decreases
continuously from 1 (fresh Ca) to 0 (fully oxidized Ca) as time (x-
axis) increases due to moisture permeating through the barrier; a
structure with a longer elapsed time means a better moisture bar-
rier. A detailed explanation of the electrical Ca test method can be
found in the literature.”” All measurements were at 85 °C and 85%
RH. Because the ZrO, moisture-barrier property becomes poorer
than that of AL,O; beyond a thickness of about 4 nm as the ZrO,

Fig. 2. Transmission electron microscopic images of 100 dyads composed of 2 A ALO; and 20 nm plasma polymer layers.
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Fig. 4. Water vapor transmission rate and enhancement percent-
age of ZrO, over Al,O; as a function of the sublayer thick-
ness of AL O, or ZrO,.

crystallizes [6], the moisture-barrier property of ALO;- and ZrO,-
based structures was the reverse of the 4-dyad structure (5nm-
thick ZrO, sublayers) as the center. The barrier property of the
AlLO;-based structures was better for a dyad number lower than
4, whereas that of ZrO,-based structures was better for a dyad
number higher than 4. As a result, a multilayer structure with a
ZrO, sublayer thickness less than 5nm shows a better moisture-
barrier property, indicating that ZrO, is intrinsically a better mois-
ture barrier than that of ALO; if it remains amorphous. In addi-
tion, a multilayer structure with a higher number of dyads has a
better moisture-barrier property because including more PP lay-
ers creates a longer tortuous moisture path through the defects
residing in the inorganic sublayers [13]. The 8-, 20-, and 100-dyad
ZrO,/PP barriers showed 15.4, 23.5, and 14.7% better barrier prop-
erty than that of the corresponding Al,O,/PP barriers, respectively.
The water vapor transmission rate (WVTR) of the 100-dyad ZrO,/
PP barrier was 3.6x10* g/m’/day, and the WVTR of all barriers
tested was about 10~ g/m’/day. The above discussion is summa-
rized as a graph in Fig. 4. The moisture barrier property of the
ALO;- and ZrO,-based barriers was reverse at a sublayer thick-
ness of about 5 nm, and the WVTR was increased continuously as
the sublayer thickness increased.

The electrical Ca test was carried out before and after 10,000
bending cycles at different bending radii to determine flexibility of
the barriers (Fig. 5). As shown in Fig. 5(a) for ALO;-based barri-
ers, the moisture-barrier property degraded after the bending
cycles, and the degradation became more severe at a smaller bend-
ing radius. The barrier property of the 20- and 100-dyad barriers
remained unchanged down to a 10 mm bending radius, whereas
that of the others decreased slightly, even at a relatively large bend-
ing radii. The slight reduction in the barrier property after the
bending cycles was not due to cracks but fatigue exerted by the
bending process. The barrier property was lost completely by
reducing the bending radius to 5mm, due to cracks generated
during the bending cycles for barriers with number of dyads less
than 20. However, the 20- and 100-dyad barriers still worked as a
barrier but with a 32% and 21% reduced property, respectively. All
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Fig. 5. Electrical Ca test results of (a) Al,Os-based multilayers and
(b) ZrO,-based multilayers before and after 10,000 bending
cycles at different bending radii.

barriers lost their barrier property at the 3 mm bending radius.
The ZrO,-based barriers showed a similar bending property to
that of the AL,O;-based barriers (Fig. 5(b)). The 20- and 100-dyad
ZrO,/PP barriers degraded by only 9.5% and 11% after the bend-
ing cycles at a 5mm bending radius, respectively, which was at
least 50% less of the decreases in the corresponding ALO,/PP bar-
rier property during bending. Although the ZrO,-based barriers
also lost their property at the 3 mm bending radius, the ZrO,-
based barriers were more flexible than the AL,O,-based barriers.
We put the 20- and 100-dyad ALO,/PP, and ZrO,/PP barriers into
an approximately neutral plane by laminating PEN film onto the
barrier structure using an ultraviolet curable resin to further inves-
tigate barrier flexibility. Because the bonding resin overlay the bar-
rier structure, the barriers were not exactly in a neutral plane. Fig.
6 shows the Ca test result before and after 10,000 bending cycles at
bending radii of 5 and 3 mm. As the barriers in a neutral plane were
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Fig. 6. Electrical Ca test results of (a) Al,O;-based multilayers and

(b) ZrO,-based multilayers in a neutral plane before and
after 10,000 bending cycles at different bending radii.

stress free, they did not crack, even at a 3 mm bending radius, even
though the barrier property degraded. The percent degradation
rates of the 20- and 100-dyad ZrO,-based barriers were 27% and
8%, respectively, whereas those of the 20- and 100-dyad Al,O;-
based barriers were 40% and 10%, respectively. Thus, it is clear that
the ZrO,-based barriers were more flexible than that of the ALO;-
based barriers. Additionally; the barriers with thinner inorganic sub-
layers showed better performance for the flexible moisture barrier.
Fig. 7 shows the percent reduction of moisture-barrier perfor-
mance after 10,000 cycles of bending at different bending radii for
all the ALO;- and ZrO,-based multilayer barrier structures. As
discussed above, barriers in a neutral plane survive after 10,000
bending cycles at a 3 mm bending radius, while other barriers lose
their barrier property. We further reduced the bending radius to
1 mm to compare the flexibility of ALO;- and ZrO,-based multi-
layer barriers in a neutral plane. The percent reduction of mois-
ture-barrier performance of the 20- and 100-dyad ZrO,-based
barriers after the bending was 50% and 15%, respectively, whereas
that of the 20- and 100-dyad ALO;-based barriers was 75% and
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Fig. 7. Reduction percentage of moisture-barrier property of all the
(a) ALLO;-based and (b) ZrO,-based structures from their
initial properties, after 10,000 bending cycles with various
bending radii.

20%, respectively. We think that the 100-dyad ZrO,-based multi-
layer structure is the most flexible moisture barrier among all bar-
rier structures utilizing inorganic layers reported so far. The flexible
moisture barrier can be utilized as a thin-film encapsulation struc-
ture for foldable OLED displays.

CONCLUSIONS

We fabricated and tested typical ALO;-based and new ZrO,-
based multilayer barriers for flexibility. Due to the lower elastic
modulus of ZrO, than that of ALO;, the ZrO,-based barriers were
more flexible experimentally than the Al,O;-based barriers, as ex-
pected in theory. The ZrO,-based barrier was superior to the typi-
cal ALOs-based barrier not only for flexibility but also for mois-
ture-barrier performance. The barrier property of the ZrO,-based
barrier was about 20% better than that of the Al,O,-based barrier
at an inorganic sublayer thickness less than 5 nm.
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