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Organic optoelectronic devices, especially for OLEDs, are extremely susceptibility to water vapor and
oxygen which limit their widespread commercialization. In order to extend the shelf-lifetime of devices,
thin film encapsulation is the most promising and challenging encapsulation process. In this study, dyad-
style multilayer encapsulation structures based on alternating Al,Os layer and parylene C have been
discussed as gas diffusion barriers, in which dense and pinhole-free Al,Os films were grown by atomic
layer deposition (ALD) and flexible parylene C layers were deposited by chemical vapor deposition (CVD).
We found the particle in ALD deposited Al,Osz films process is the key killer to barrier property. The
thickness of ALOs films is the key factor which limit the amount of strain placed on barrier films. With
three dyads of the optimal thickness of 30 nm Al,Os film and 500 nm parylene C, WVTR value is lower
than 107> g m~2 per day. In addition, the lifetime of OLEDs with and without encapsulation was 190 h
and 10 h, respectively. All the results show that this TFE structure has the effective encapsulated property
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Introduction

Flexible organic light-emitting diodes (OLEDs) have received
a great deal of attention due to their low manufacturing cost,
ease for fabricating large-area products, flexibility and light-
weight for integrating with wearable devices."® However, the
low work function metallic cathodes and organic materials
consisting of OLEDs are highly sensitive to atmospheric mois-
ture and oxygen. Water and oxygen penetrate through plastic
substrates to form dark spots and edge shrinkages in OLEDs by
oxidizing the as-deposited electrodes or corroding the func-
tional organic layers, resulting in devices degradation, light-
output reduction and lifetime decrease.”"* Accordingly, the
requirement of encapsulation technologies is critical to
improve the lifetime and reliability of OLEDs. Numerous
approaches applied for encapsulation have been developed
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and does not cause degradation of the OLED devices.

including the thin film coating, metal lids, glass and the sealing
of devices between two glass substrates or plastic substrates
treated with barrier films. Among the various candidate coun-
terparties, thin film encapsulation (TFE) is considered as the
most promising technology due to its light weight, trans-
parency, and high level of mechanical flexibility.**™**

The barrier performance of inorganic film is the most
promising for the development of thin-film encapsulation.
However, it is hardly to escape from cracking and pinhole
defects in the inorganic layer surface. And also, a thicker inor-
ganic film will introduce the additional risk of cracking under
bending, which limit the mechanical flexibility of the encap-
sulation. Alternating inorganic and organic layer pairs which
called Vitex barrier technology currently is the most popular
encapsulation solution for flexible devices.*® Inserting the
organic layer between inorganic layers leads to improving the
flexibility under mechanical deformation.*® Additional, the
organic parts can decouple defects existed in inorganic layers,
which create a tortuous path to avoid pinholes and cracks that
penetrate through the entire encapsulation, result in a very long
effective diffusion length lowering the overall permeability.*

Here, we obtain the lowest WVTR (water vapor transmission
rate) of optimal high quality single Al,O; layer film deposited at
60 °C with 20-30 nm thick can reach to 10~* g m~? per day.
Furthermore, with 3 dyads alternative 30 nm Al,O; and 500 nm
parylene C, the WVTR value of multilayer films can reach to
lower than 10™> ¢ m~? per day. And the results show that the
TFE structure has the effective encapsulated property, and has
little effect on the OLED devices. Specifically, we investigated
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the key parameters affecting the barrier property and flexible
stability under mechanical deformation of TFE based on CVD
deposited parylene C as organic layers coupling with atomic
layer deposited Al,O; as inorganic layer under a low tempera-
ture. We use three dyads of parylene C/Al,O; optimized films
achieved high barrier performance. We also discussed the
relationship between barrier performance and flexibility with
different thickness of Al,O; layers. Finally, we studied the thin
film encapsulation of OLEDs with parylene C/Al,O; barrier
layers.

Experimental
Preparations of Al,O; barrier films

The barrier film was consisted of Al,O; and parylene C pairs.
Al,O; were fabricated by ALD (Savannah-100, Cambridge
Nanotech), depositing at 60 °C, which was compatible with
organic devices, using sequential, self-limiting exposures to
trimethylaluminum (TMA) and water vapor (H,O). The process
was that a 0.015 s TMA exposure, a 30 s nitrogen (N,) purge,
a 0.015 s of water exposure, and another 30 s nitrogen purge.
One cycle above produces an approximately 0.1 nm thick Al,O;
film, so the thickness of the deposited film is controlled by
number of cycles. For example, 500 cycles are needed to deposit
50 nm thick Al,Os, which corresponds to 8.5 hours. The thick-
ness of the ALD film was further measured by surface profiler
(DEKTAK XT, Bruker). The results indicated that standard
deviation was lower than 1%.

Preparations of parylene C layers

The parylene C thin-films were prepared by chemical vapor-
phase deposition and polymerization of pary-xylylene in Speci-
ality Coating System (Penta Technology, Suzhou). As shown in
Fig. 1, parylene dimers were loaded in the quartz tubular CVvD
and its vapor converted to a monomer vapor around 680 °C
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under mechanical pump vacuum. The monomer vapor goes
into a chamber then spontaneous polymerization and deposi-
tion on the surfaces of all objects including the substrates at
room temperature. The deposition rate and thickness of par-
ylene C was monitored online with quartz crystal microbalance
monitors. Typically, it was deposited at a rate of 0.1 nm s~ .
Parylene C was chosen as the organic layer for dyads barriers to
relax the stress of inorganic layers due to the flexible polymer
has low modulus (about 4 GPa) and relatively hydrophobic
nature. Additional, it can deposit at room temperature without
any curing process. Also, it was reported that parylene C can
keep water from condensing on the Al,O; films which is known
to corrode Al,0;.%

OLED device fabrication and encapsulation

OLEDs were fabricated by thermal evaporation system under
a vacuum of less than 10~ Pa. An ITO (10 ohm 7%, 150 nm)-
coated glass substrate was used as anode and cleaned with
a detergent solution, deionized water, and acetone. After treated
for 3 min by oxygen plasma, the substrate was transferred to
vacuum deposition system. The OLEDs were fabricated by
sequentially depositing the following organic layer, which were
a-naphthylphenylbiphenyl (NPB, 50 nm) as a hole transport
layer, tris-(8-quinolato) aluminium (Alqs) : 10-(2-benzothia-
zolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H~(1)-benzo-
pyropyrano(6,7-8-i,j)quinolizin-11-one 2% doped (C545T) (30 nm)
as a light emitting layer, Alq; (30 nm) as an electron transport
layer, quinolato lithium (Liq, 2 nm) and aluminium (Al) as elec-
tron injection layer and cathode, respectively, were evaporated
onto the organic layer using a metal shadow mask. Then, an
inorganic-organic multilayer barrier film was deposited for TFE.
The device performance was measured with a Spectra Scan PR655
and a computer-controlled Keithley 2400 Sourcemeter. All of the
devices have an emitting area of 2 x 2 mm” and measure the
luminance only in the forward direction. The lifetime of OLED
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Fig. 1 Process flow diagram of parylene C coating.
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was measured with a lifetime tester (Polaronix M6000) at an
initial luminance of 1000 cd m™? using constant current mode.

Results and discussion
Multilayer film structure optimization

Fig. 2 shows the surface topography of Al,O; films with different
quality on the silicon wafer substrate which was measured by
atomic force microscopy (AFM, Veeco, USA). Based upon the
AFM images, the principal particle defect structure of the films
can be easily detected especially in Fig. 2a. This mainly attrib-
uted to the higher base pressure. In Fig. 2a, the base pressure
was at 9 x 10™" torr while it was 2 x 10~ torr in Fig. 1b. In
higher pressure, the slow pumping made the redundant
precursor remain in the interface or vapor phase atmosphere
rather than purge out immediately in the same purge time and
temperature. So, the deposition process was combined ALD
with CVD process, which was easy to generate large particles.
Obviously, large particles are fatal which would provide paths
for the unhindered permeation of water vapor and oxygen, and
seriously affect the barrier performance. Additionally, it is well
accepted that activation energy of oxygen and water vapor
through the fabricated film is strongly dependent on the film
quality.”**® In Fig. 2b, with improving the vacuum, the problem
can be well solved. It was shown that large particle was elimi-
nated, and the roughness has reduced from 0.5 nm to 0.3 nm.

The two kinds of films were respectively used as inorganic
layers in the inorganic-organic multilayer encapsulation
structures to further investigate the influence of barrier prop-
erty by WVTR (water vapor transmission rate, Mocon Aquatran
II, USA) test. MOCON Aquatran II instrument employs a coulo-
metric sensor to detect the amount of water which penetrates
from the coating PET (polyethylene terephthalate). This
instrument has a WVTR sensitivity limit of 5 x 107> ¢ m~> per
day at 38 °C/100% relative humidity (RH).>® The primal thick-
ness of Al,0; was chosen as 50 nm, and the thickness of par-
ylene C was 500 nm. As shown in Fig. 3, the barrier property of
multilayer films with high quality Al,O; layer was significantly
superior to the ones of poor quality Al,O; layer by 2-4 orders of
magnitude. Therefore, it is crucial to investigate the surface

10 nm

Sp
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S pm
Fig. 2 AFM topographical images of (a) poor quality Al,Os (R, = 0.5

nm) (b) high quality Al,O3 with a thickness of 50 nm (R, = 0.3 nm) of
thin film.
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Fig. 3 Effective WVTR as a function of the number of dyads for Al,Os/
parylene C.

topography characteristics of inorganic layers in order to obtain
high quality films.

Except for the influence of film quality, the thickness of
Al,O; films is also a very important parameter for barrier
property and flexibility. To obtain the optimal thickness of
Al,O; films, a series of high quality Al,O; films from 15 nm to
60 nm has been deposited on flexible PET substrates, respec-
tively. As shown in Table 1, the practical barrier performance of
single inorganic layer is limited. With the increasing of thick-
ness, the WVTR results reduced firstly and then increased. The
firstly reducing with increasing thickness indicates that gradual
coverage of Al,O; films on the PET substrate. But when the
thickness reached to 50 nm, the barrier property even got worse.
This is because slight deformation and local bending with low
strain is unavoidable existing in our experiment and WVTR
measurement process, especially with flexible substrate. The
thicker coatings in flexible substrates have lower tensile
strength and are under less compressive strength due to stress
induced cracking, which explained that the worse property with
50 nm and 60 nm Al,03.”® Therefore, the optimal thickness of
Al,O; films in our experiment is 20-30 nm in order to obtain
high barrier property.

According to above results, the lowest WVTR of optimal high
quality inorganic film with 20-30 nm thickness can reach to
10~* ¢ m~? per day. However, this value is far away from the
need of OLED encapsulation (10~® ¢ m~? per day). In order to
further improve barrier property and production efficiency, the
effective way is applying alternative inorganic-organic

Table 1 Effective WVTR of AlLOz with different thickness

Sample Thickness (nm) WVTR (g m~? per day)
1 15 6.7 x 1073
2 20 0.7 x 1073
3 30 0.8 x 1073
4 50 1.3 x10°
5 60 4.7 x 1073
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multilayer structure. Here we apply parylene C film as organic
layer. As shown in Fig. 4, with 3 dyads alternative 30 nm Al,O;
and 500 nm parylene C, the WVTR value of multilayer films can
reach to lower than 10> g m 2 per day, which exceeds the
detect limit of the Mocon Aquatran II and meet the need of
OLED encapsulation. With the introduction of organic layers,
firstly it helps with stress relaxation during the fabrication of
inorganic layer. This obviously enhanced the flexibility of films
which can undergo certain deformation and bending. Secondly,
it interrupts defects which span the entire thickness of the
individual inorganic layers, which creates a tortuous path
resulting in very long effective diffusion pathways to reduce the
diffusion and permeation rate.>” Last but not the least, the
hydrophobic property of parylene C can keep water vapor away
from corroding Al,O; films to enhance the stability of films.
Fig. 5 shows a scanning electron microscopy (SEM) cross-
sectional image of an Al,Oj/parylene C film. Cross-sections
were obtained by focused ion beam (FIB) cutting. The SEM
image showed that each layer was well-defined, and that
delamination at the interface or the presence of defects was
scarce.

Mechanical property characterization of multilayer films

The mechanical property characterization of multilayer films
was to deposit various coatings on the 20% pre-strain PDMS
films. The various coatings were separately deposited with 4
dyads 15 nm Al,03/250 nm parylene C, 2 dyads 30 nm Al,O/
500 nm parylene C and 2 dyads 50 nm Al,0;/500 nm parylene C.
After deposition, the pre-strain PDMS films with coatings were
elastically recovered to original length, then repeatedly
stretched and recovered 10 times but without exceed 20% pre-
strain length. In the process of stretching and recovering, the
coatings on PDMS need to afford micro-deformation with
micron sized curvature radius. In Table 2, it can be clearly seen
with the increasing thickness of Al,O;, the flexibility gradually
deteriorated. The thinner the thickness of the Al,O3, the smaller
the radius of curvature of the bendable deformation that can be

’ —&—3 dyads A1203 (30 nm)/Par.(500 nm)
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Fig. 4 Effective WVTR of 3 dyads for Al,Oz (30 nm)/parylene C (500
nm).
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Fig. 5 SEM image shows cross-section of organic/inorganic multi-
layer structure. Bright films are 30 nm-thick Al,Oz and dark films are
500 nm-thick parylene.

sustained. As for initial WVTR, the structure with 2 dyads 30 nm
Al,03/500 nm parylene C has the best property, which is
consistent with previous results. Because the initial WVTR of
multilayers is dominated by the barrier property of Al,Oj; layers.
And in Fig. S1, the cracks and wrinkles in coatings with the
three structures can be more intuitively discovered with photos
of confocal laser scanning microscope.

Thin film encapsulation of OLED

Finally, we adopted the optimal multilayer structure 3 dyads
alternative 30 nm Al,O; and 500 nm parylene C as TFE for OLED
encapsulation. In the process of OLED encapsulation, an Al,0;
layer deposited by ALD at 60 °C as the first layer to immediately
contact the devices, which can be more effective to avoid the
influence of water vapor existing in atmosphere. The absorption
of water vapor monomer on the surface of OLED can be reactive
with the first TMA pulse in the ALD process. Furthermore, there
is less chance for the side permeation of water vapor and
oxygen, because in the multilayer structure, parylene C is
hydrophobic and the side can be covered by Al,O; layer by ALD
process. And the electroluminescence characteristics and the

Table 2 Change of WVTR with stretching and recovering process of
various coating on pre-strain PDMS

Initial WVTR Final WVTR Rising
Coatings (g m™2 per day) (g m™2 per day) rate (%)
4 dyads 15 nm 5.4 8.2 51.9
Al,05/250 nm
parylene C
2 dyads 30 nm 1.1 3.8 254
Al,04/500 nm
parylene C
2 dyads 50 nm 1.5 9.3 534
Al,05/500 nm
parylene C

This journal is © The Royal Society of Chemistry 2018
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Fig. 6

lifetime of OLED with or without encapsulation have been
investigated. In Fig. 6b and c, the device performance of the
multilayer thin film encapsulated OLED are identical to those
without encapsulation. Additionally, the maximum luminance
of 13 284 cd m™? and current efficiency of 5.0 cd A™" have been
obtained in encapsulated OLED. In Fig. 6d, the lifetime of OLED
with and without encapsulation was 190 h and 10 h, respec-
tively. Consequently, there is no obvious difference between
Fig. 7a (immediately test without TFE) and Fig. 7b (test in two
weeks after TFE). But in Fig. 7c the device is test after two days
without TFE, and it is corroded with so many dark dots. Now the
OLED devices in Fig. 7b has been continue to be lit for more
than 1000 h. So, the main reason for the lifetime decrease of the
device is the organic material deterioration or interface problem
rather than the erosion of water and oxygen. These results show
that the TFE structure has the effective encapsulated property,

Fig. 7 OLED brightness images (a) without encapsulation (b) under
encapsulation for two weeks (c) without encapsulation for two days.

This journal is © The Royal Society of Chemistry 2018

Time (hour)

(a) OLED structure diagram, (b) J-V-L, (c) CE-V-PE, (d) lifetime of the OLED without encapsulation and with thin film encapsulation.

does not harm the OLED devices and is therefore compatible
with these devices.

Conclusions

In summary, we proved the superiority of dyad-style multilayer
encapsulation structures based on alternating Al,O; layer and
parylene C layer for OLED encapsulation. And in this work, we
mainly focused on discussing the influence of large particles
existing in Al,O; films for barrier property, and thickness of
Al,O; films at the effect on flexibility and stability. And the
introduction of parylene C films can further enhance the barrier
property with a lower WVTR of 10™® g m~? per day which is
sufficient for protecting the shelf-lifetime of OLED devices. The
electroluminescence characteristics of the multilayer thin film
encapsulated OLED are identical to those without encapsula-
tion. And the lifetime of OLED with and without encapsulation
was 190 h and 10 h, respectively. And the OLED with 3 dyads
alternative 30 nm Al,O3; and 500 nm parylene C encapsulation
structure has been lit for more than 1000 h. All the results show
that this TFE structure has the effective encapsulated property
and does not cause degradation of the OLED devices. Due to the
encapsulation, the main reason for the lifetime decrease of the
device is the organic material deterioration or interface problem
rather than the erosion of water and oxygen. Therefore, we ob-
tained a compatible and effective TFE technology to successfully
apply for OLED device encapsulation.
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