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The thin-ﬁlm encapsulation (TFE) technology is a salient technique for the realization of ﬂexible organic light-emitting
diodes. To reliably fabricate bendable and lightweight displays, ultra-thin and ﬂexible encapsulation is required. Reported
herein is a moisture-resistant, ﬂexible, and thermally conductive TFE technology created by inserting a metal thin ﬁlm
with an inorganic–organic multibarrier structure to resolve the reliability and heat dissipation issues. Silica-nanoparticleembedded sol-gel organic/inorganic hybrid nanocomposite (S-H) and Al2 O3 were used as organic and inorganic materials,
respectively. A silver (Ag) thin ﬁlm used as a metal was deposited through thermal evaporation, and it had slight barrier
properties, outstanding ductility, and high thermal conductivity. The proposed structure, which consists of three materials,
resulted in a low water vapor transmission rate of 10−5 g/m2 /day for a 240-nm-thick thin ﬁlm, and showed improvement of
the resistance to bending stress compared with the previous structure formed without an Ag thin ﬁlm in terms of ﬂexibility. A
comparative analysis of the heat transfer properties of encapsulation structures was also performed through the investigation
of the thermal conductivity of the materials, and thermal imaging measurement. The heat dissipation performance was
conﬁrmed to have been improved by the insertion of Ag thin ﬁlms into the inorganic/organic multibarrier.
Keywords: thin-ﬁlm encapsulation; ﬂexible display; Ag; heat transfer; thermal conductivity

1. Introduction
Many researchers have focused of late on organic electronic devices such as organic light-emitting diodes
(OLEDs), organic photovoltaics, and organic ﬁeld eﬀect
transistors (OFETs) due to the proliferation of organic
materials throughout the electronic industry. OLEDs, in
particular, have attracted a great deal of attention for their
potential to realize ﬂexible and transparent displays. Flexible OLEDs are currently considered the next-generation
displays that will not only revolutionize the current industries but will also create entirely new ones. One of the
major diﬃculties in the commercialization of ﬂexible
displays has been the absence of eﬀective and ﬂexible
thin-ﬁlm encapsulation (TFE) technologies. OLEDs are
extremely susceptible to damage by water and oxygen
and are thus degraded by exposure to the external environment composed of dust, water vapor, oxygen, and so
on [1,2]. Consequently, the water vapor transmission rate
(WVTR) of the passivation ﬁlm of OLEDs should be less
than 10−6 g/m2 /day. Accordingly, the development of a
TFE method is considered a critical issue in enhancing
the lifetime of future ﬂexible OLED displays. To address
the reliability issue, there have been many studies on the
enhancement of the lifetime of ﬂexible displays. Vitex
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Corp. proposed TFE using an inorganic/organic multibarrier structure known as the Vitex technology [3,4]. The
multibarrier structure is simple, attractive, and eﬀective in
terms of barrier and ﬂexibility properties. The multibarrier
encapsulation of ﬂexible and wearable OLEDs has shown
a reasonable lifetime, comparable to that achieved with
glass-lid-type encapsulation [5,6]. In recent years, several
researchers studied the TFE of OLEDs by alternating inorganic materials such as Al2 O3 and MgO deposited via
atomic layer deposition (ALD) and the superior organic
layer through the evolution of the deposition technique and
solution synthesis [7–9]. In addition to the encapsulation of
OLEDs, the multibarrier structure was applied as a dielectric layer in ﬂexible photoluminescent displays to enhance
the long-term reliability [10,11].
Along with reliability, the heat dissipation of organic
electronics is considered another important issue for the
application of ﬂexible OLEDs due to the substantial heat
generation caused by electric stress and thermionic stress.
Like this, both the luminance and lifetime of the devices
are reduced by the Joule heating resulting from the current
operation. To eﬀectively manage the thermal degradation
of organic molecules, the use of a heat sink is certainly
required [12]. The problem is that the existing heat sinks
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are thick and rigid and are thus unsuitable for the thin,
ﬂexible applications needed for ultra-thin, ﬂexible OLEDs.
Although there have been reports on the WVTR performance of various multibarriers, a great deal of research
has shown limitations in fabricating a TFE multibarrier in
terms of ﬂexibility and the ability to transfer heat. Inspired
by this, an attempt was made by the authors to prove the
feasibility of the proposed TFE multibarrier by examining
how the bending operation can aﬀect the WVTR performance of the multibarrier, and by testing the eﬀectiveness
of thermal-energy transfers from the OLED to the passivation layer [13]. Reported in this study is the structure of
thin-ﬁlm passivation layers composed of three materials,
for showing several properties.

2. Experiment procedure
2.1. Preparation of the multibarrier
To fabricate a metal-containing multibarrier structure composed of three materials, various deposition equipment
were used. First, an ALD equipment was used to deposit
an alumina (Al2 O3 ) layer to be used a main barrier layer
for protecting OLEDs from oxygen and water vapor. An
Al2 O3 layer was formed at a low temperature ( < 70°C)
through a chemical reaction between trimethylaluminum
as an Al precursor and H2 O as an O2 precursor. A 30-nmthick Al2 O3 layer was deposited at a chamber temperature
of 70°C to show optimized barrier performance through
various experiments. As Al2 O3 is originally a dielectric
layer, its thickness was measured using an ellipsometer.
Also, due to its good ductility and thermal conductivity,
a silver (Ag) thin ﬁlm was deposited with a thermal evaporator at high vacuum pressures below 1 × 10−5 Torr. In the
experiment, Ag was generally evaporated from a tungsten
boat at 2–2.5 A/s rates to create a 15-nm-thick thin ﬁlm.
Finally, the S-H nanocomposite material was coated as
an organic layer using spin-coating equipment. An oﬃcial
name of S-H nanocomposite material was used to refer to a
silica-nanoparticle-embedded hybrid nanocomposite [14].
The spin-coated conditions for depositing a 120-nm-thick
S-H nanocomposite were 4000 rpm for 3 s and acceleration
for 30 s. The silica nanoparticles in the S-H nanocomposite layer create a winding diﬀusion path of oxygen and
water vapor and improve the ﬂexibility [6,9]. The S-H
nanocomposite layer was cured with 365-nm-wavelength
UV light for use as a stable encapsulation barrier. Through
mutual supplementation between the materials, an attempt
was made to fabricate a TFE multibarrier through the optimization of the process conditions and the performance of
adhesion tests between the materials.

2.2. Calcium test for evaluating the barrier properties
The WVTR of the manufactured multibarrier was calculated using the calcium (Ca) test. The Ca test normally

can be used with either of two methods. The rudimentary
method is the optical Ca degradation test, but the method
that was used in this study was to calculate the WVTR
through the real-time measurement of the resistance change
of the Ca layer [15]. To measure the very low WVTR of
10−6 g/m2 /day, the use of the Ca corrosion test method was
required in this research, and the parameters were obtained
for the following equation:
P = −n

M (H2 O) l d(1/R)
δρ
,
M (Ca)
b
dt

where n is the molar equivalent of the degradation reaction;
M (H2 O) and M (Ca) are the molar masses of the permeating H2 O and Ca, respectively; δ and ρ are the density
and resistivity of Ca, respectively; and l is the length and
b the width of the Ca. The WVTR can then be estimated
using the slope of the linear ﬁt. The Ca test was conducted in an environment with a 30°C temperature and
a common relative humidity of 90%, as measured by a
thermo-hygrostat.
3. Results and discussion
3.1. WVTR of the multibarrier
First of all, thickness optimization was performed for each
single layer through the Ca test. The deposition condition of the Al2 O3 layer was performed at a low temperature of 70°C for application to OLED devices, using
ALD equipment. The 70°C H2 O-based Al2 O3 single layer
with a thickness of 30 nm showed the lowest WVTR of
2.67 × 10−3 g/m2 /day in the WVTR versus coating thickness data for the Al2 O3 thin ﬁlm. If an Al2 O3 layer more
than 35 nm thick was deposited, the barrier performance
was degraded due to an internal-stress increase that leads to
the formation of cracks [16]. Moreover, an S-H nanocomposite material was used as an organic layer. The optimized
S-H nanocomposite layer showed high transmittance, high
heat resistance, and a low WVTR. A 120-nm-thick S-H
nanocomposite was spin-coated for the fabrication of the
multibarrier. Lastly, Ag was used as a metal thin ﬁlm due
to its very high thermal conductivity and high ductility.
As the Ag thin ﬁlm is formed by island growth mode,
a full-coverage ﬁlm was formed with 15–20 nm thickness, as a result of AFM, SEM, transmittance, and sheet
resistance measurement [17]. As such, a 15-nm-thick Ag
thin ﬁlm was deposited for the fabrication of a multibarrier based on WVTR and optical measurement. Compared
with the previously reported oxide single layer, however,
the Ag thin ﬁlm was found not to be an eﬀective barrier.
Figure 1(a) shows that the minimum point of the WVTR
(10−1 g/m2 /day) was at the 15 nm thickness of the Ag thin
ﬁlm. The dependence of the thickness of the Ag ﬁlm on
the WVTR was fairly low. Therefore, the role of Ag thin
ﬁlms is to improve the ﬂexibility and heat transfer performance. Using materials with good merits, a 240-nm-thick
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Figure 1. (a) WVTR as the thickness of the Ag thin ﬁlm on a PET substrate within a 9–30 nm range. (b) Normalized conductance curves
versus time obtained by the Ca test. The normalized conductance value was estimated every minute based on the initial conductance value
of the test. The inset shows a schematic diagram of the multibarrier structure.

multibarrier was achieved through the thickness optimization of each single layer. The structure of the multibarrier
was completed in light of the adhesion between the materials based on a tape test and droplet contact angle behavior.
The S-H nanocomposite and the Ag thin ﬁlm had diﬀerent
surface characteristics. Due to the hydrophilic surface of
the Ag thin ﬁlm, the hydrophobic S-H nanocomposite did
not show good adhesion with the Ag thin ﬁlm. To solve this
problem, Ag thin ﬁlms were deposited between the alumina
layers or on the alumina. Also, at least two Ag thin ﬁlms
were deposited to dissipate heat more eﬀectively.
Figure 1(b) shows the normalized conductance curves
versus the time of metal-containing TFE. As the Ca layer
was oxidized by the water vapor and oxygen that permeated through the TFE, the real-time resistance change
of the Ca layer was converted into the normalized conductance value through comparison with the initial resistance of the Ca layer. In this way, the WVTR of the
multibarrier was calculated using the slope of the graph.
In the case of the 240-nm-thick multibarrier, the average WVTR was 2.09 × 10−5 g/m2 /day. As the WVTR
of glass-lid-type encapsulation determined through the Ca
test was 3.96 × 10−6 g/m2 /day, the proposed Ca testing
system can measure up to 10−6 g/m2 /day. In the comparison of the multibarrier and glass-lid-type encapsulation,
the metal-containing TFE multibarrier showed suﬃciently
good barrier properties for application to OLED devices.

3.2.

Evaluation of the flexibility of the multibarrier

A metal-containing TFE multibarrier was fabricated using
materials with good mechanical ﬂexibility, and it was
expected that a multibarrier with high resistance to bending
stress would be achieved. To clearly show that the Ag thin
ﬁlm is eﬀective for ﬂexibility, the ﬂexibility improvement
was ﬁrst evaluated according to the existence of an Ag thin
ﬁlm prior to the fabrication of the multibarrier. Only a rigid
30-nm-thick Al2 O3 layer was deposited on a PET substrate
three times in a row. Also fabricated was an Al2 O3 /Ag 2.5dyad multibarrier with two Ag layers. Figure 2 shows the
change in the WVTR values of the two samples according

Figure 2. Ca test results after the bending test; comparison of
the WVTR values according to the existence of Ag thin ﬁlms.
A tensile stress with 100 bending repetitions and with a bending
radius of 4.5 cm was applied to each multilayer.

to the bending. As the result of the Ca test, the multilayer
with an Ag thin ﬁlm had much better bending stress owing
to the good mechanical ﬂexibility of Ag. Based on this
result, the ﬂexibility of the proposed multibarrier was evaluated by comparing the change in the WVTR after bending
with tensile stress, as shown in Figure 3. After 500 bending
iterations with a bending radius of 5 cm, the WVTR was
measured. As shown in Figure 3, there was no degradation
of the barrier properties. On the contrary, the multibarrier
on which the bending test was conducted showed slightly
better barrier properties. In other words, it can be said that
the multibarrier maintained its barrier performance even
after bending.
3.3.

Thermal properties of the metal-containing TFE
multibarrier for OLEDs
Finally, the heat conduction ability of the proposed TFE
multibarrier was checked. To measure the performance as
a heat sink, an ITO electrode was used as a heat source
prior to application to OLED devices. After the formation
of three distinct multibarriers on the ITO electrode for a
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Figure 3. WVTR measurement results of the multibarrier before
and after the bending test.
Table 1.

Figure 4. Thermal image of the backside of the glass substrate
with three diﬀerent encapsulations on ITO.

Reported literature value of materials.

Material
Air
Glass
PET
S-H nanocomposite
Al2 O3
Aluminum
Silver

Thermal conductivity (W/mK)
0.024
1
0.15–0.4
<1
30
230
400

clear comparison, the temperature diﬀerence was analyzed
using an IR camera (SC-5000, FLIR).
Thermal imaging measurement was strictly done by
applying identical power and surface focusing, and an
identical distance between the sample and the camera. The
IR camera focused on the glass surfaces of the samples for
identical emissivity. In like manner, an attempt was made
to minimize the measurement errors, by applying the same
conditions.
Before obtaining the results, the diﬀerence between
the thermal performances can be cleverly guessed by taking into account the thermal conductivity of each layer,
as shown in Table 1. The previous TFE was composed
of alternating organic/inorganic materials with low thermal conductivity, which degrade the heat transfer property
and can result in the performance degradation of OLED
devices. On the contrary, the metal-containing TFE multibarrier contains several metal layers with high thermal
conductivity, and metal layers function as a heat sink due
to the excellent heat conduction of metal. The study results
showed the expected tendency, but the temperature diﬀerence between the samples was minor. Figure 3 shows that
the TFE multibarrier with metal layers had a slightly better
heat transfer property than the inorganic/organic multibarrier. The presence of metal layers with high thermal conductivity resulted in a small surface temperature reduction
of approximately 6°C. It is guessed that the heat dissipation performance slightly improves because the ultra-thin
Ag ﬁlm has low thermal conductivity compared to the bulk
Ag due to the size eﬀect of nanoscale thin ﬁlms [18,19].

Issues associated with sample size could have arisen in
the measurements in this study. Large samples compared
with the general pixel size of OLED devices were made
for measurement purposes. Hereafter, there was a need to
optimize the materials and the structure of encapsulation to
improve the heat transfer performance, and thermal imaging measurement will be progressed through application
to small OLED devices with the optimized encapsulation
(Figure 4).

4. Summary
A sub-240-nm-thick TFE multibarrier was fabricated using
Al2 O3 deposited through an ALD system, spin-coated
silica-nanoparticle-embedded sol-gel organic/inorganic
hybrid nanocomposite (S-H) nanocomposite, and silver
(Ag) deposited through thermal evaporation. The thermal
and barrier properties of the metal-containing TFE multibarrier for OLEDs were investigated. The multibarrier
had a high barrier performance of 2.09 × 10−5 g/m2 /day,
which is suﬃcient for passivation to protect OLEDs from
oxygen and water. Furthermore, the multibarrier showed
good ﬂexibility when the WVTR values before and after a
bending test were compared. Finally, the metal-containing
TFE multibarrier as a heat sink had a slight heat dissipation
eﬀect of Joule heating generated from the OLED, and this
is a major advantage over the previous TFE multibarrier.
Several experimental studies provide a solution to ﬂexibledisplay encapsulation in terms of the barrier, ﬂexibility, and
heat transfer properties. In the future, a series of followup studies will be conducted to reliably back up the claim
made herein.
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