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A compact polymer–inorganic hybrid gas barrier nanolayer for
flexible organic light-emitting diode displays
Seung Hun Kim 1✉, Seung Yong Song1, Soo Youn Kim1, Moon Won Chang1, Hyo Jeong Kwon1, Kwan Hyuck Yoon1, Woo Yong Sung1,
Myung Mo Sung2 and Hye Yong Chu1

Atomic layer infiltration technology allows the formation of a nanometer-thick polymer-inorganic hybrid barrier layer in polymer
material for flexible organic light-emitting diode (OLED) displays. In this study, according to transmission electron microscopy and
secondary-ion mass spectrometry analysis results under various process conditions, a compact polymer-inorganic hybrid nanolayer
was successfully formed in a polymer and good barrier performance was revealed with a low water vapor transmission rate under
optimal process conditions. Additionally, through gas chromatography-mass spectrometry measurements after ultra-violet
radiation testing, polymer out-gassing decreased compared to bare polymers. Based on barrier properties, the polymer with a
polymer-inorganic hybrid barrier nanolayer was applied to a flexible OLED display as a substrate. During storage tests and folding
tests, the flexible OLED display exhibits good reliability and better flexibility compared to those with an inorganic barrier layer.
These results confirm that the polymer-inorganic hybrid nanolayer is suitable for barrier layer formation in flexible OLED displays.
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INTRODUCTION
Water and oxygen have been proven to be mainly responsible for
performance degradation in several applications, such as photo-
voltaic systems, batteries, food packaging, mirco-
electromechanical systems, and displays. Therefore, barrier tech-
nology for water and oxygen permeation prevention is a key issue
and many industry and academic researchers are actively
investigating this technology to improve its performance1–8.
Recently, organic light-emitting diode (OLED) displays, which
exhibit high color gamut, fast response time, low power
consumption and wide viewing angle compared to other display
technologies, were introduced commercially and play an important
role in the display field for smartphones, tablets, personal
computers, notebooks, and televisions. Furthermore, they are also
advantageous owning to their self-emissivity, small thickness, light
weight, simplicity, and flexibility, and appear to be ideal candidates
for the development of future displays, including foldable, slidable,
rollable, wearable and stretchable displays9–12. However, due to
the use of organic emission layers and metal cathodes, OLED
displays are very sensitive to water and oxygen, as well as out-
gassing through the environment and the material itself, which
causes panel and pixel shrinkage and represents a significant
limitation for reliability and commercial applications13–16.
Therefore, a high barrier performance should be achieved in OLED
displays to block water, oxygen and out-gassing.
Generally, OLED displays consist of three main parts: (1) the

backplane, which is composed of a thin film transistor(TFT), a
metal electrode, and capacitors for driving; (2) the organic
emission layer, which includes the anode, cathode, and organic
layer for lighting; and (3) the encapsulation for protecting the
organic emission layer from environmental elements. In addition,
in flexible OLED displays, a polyimide (PI) material is widely used
as a substrate for the backplane because of its flexibility, as
opposed to glass substrates, and high-temperature stability for
TFT fabrication. To use PI as a substrate, high barrier performance

for blocking the water and oxygen permeation and low out-
gassing through the PI itself should be ensured to achieve the
reliability of flexible OLED displays. As PI has poor barrier and
blocking properties, typically, an inorganic layer should be
deposited on the PI substrate as a barrier layer, which shows a
satisfactory barrier performance for current static and high
folding-radius flexible OLED displays17–19. However, in case of
low folding-radius flexible, slidable and rollable OLED displays, the
inorganic layer is prone to cracking due to its brittle nature, which
in turn decreases its lifetime and causes reliability issues.
Therefore, a new barrier technology with more flexibility for
water/oxygen permeation and out-gassing prevention is needed
and should be developed for future flexible OLED displays.
In previous work, atomic layer infiltration(ALI) technology was

proposed as polymer-inorganic hybrid barrier nanolayer formation
method using PI as the polymer and Al2O3 as the inorganic
material. The results showed the feasibility of ALI and the good
performance of the hybrid nanolayer as a barrier for water and
oxygen20. In this work, the barrier properties of the PI-Al2O3 hybrid
nanolayer for flexible OLED display applications is investigated.
For barrier performance assessment, the infiltration characteristics
of the PI film with PI-Al2O3 hybrid nanolayer via ALI was analyzed
through transmission electron microscopy (TEM) and secondary-
ion mass spectrometry (SIMS) analysis. Additionally, we measured
the permeation and out-gassing properties of the PI-Al2O3 hybrid
nanolayer through water vapor transmission rate (WVTR) mea-
surements according to various process conditions and gas
chromatography-mass spectrometry (GC-MS) measurements after
UV radiation testing, respectively. For reliability and flexibility
assessment, a flexible OLED display was fabricated using the PI
film with the PI-Al2O3 hybrid nanolayer as a substrate and
evaluated storage test results under high-temperature and
humidity conditions and folding test results according to folding
radius changes. Finally, the PI-Al2O3 hybrid nanolayer was applied
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to a commercially available flexible OLED display and its driving
characteristic was demonstrated.

RESULTS AND DISCUSSION
Atomic layer infiltration (ALI) technology
Figure 1 shows the ALI process sequence for a polymer material. In
general, the ALI process is based on an atomic layer deposition
(ALD) process21. The ALD process uses the sequential precursors
or reactant gas dosing and purging processes, which forms one
atomic layer during one cycle. The same sequence is repeated
until the target thickness is reached and a thin inorganic layer is
deposited on the polymer layer. Otherwise, an exposing step is
additionally applied in the ALI process between the dosing and
purging processes for precursor and reactant diffusion into a free
volume within the polymer, which is the route for water and
oxygen permeation, and allows inorganic material to fill the free
volume. Finally, the inorganic and polymer materials co-exist and
form a polymer-inorganic hybrid nanolayer within the polymer,
which becomes a barrier for oxygen and water permeation and
out-gassing. This process and related mechanisms are described in
detail in our previous work19. In this work, an ALI process using
trimethylaluminum (TMA) for aluminum and deionized water (DI,
H2O) for oxide was adopted for a 10-µm-thick PI and a PI-Al2O3

hybrid nanolayer was formed within the PI. For the ALI process,
the process temperature was fixed at 140 °C and the purging
process was repeated four times per every purging step with an
exposing time of 60 s and a pressure of 1torr using Ar gas.
Additionally, the exposing time, exposing pressure, and number of
cycles were changed to investigate the properties of the ALI
process.

Characteristics of a polymer-inorganic hybrid nanolayer
Figure 2a shows cross-sectional TEM analysis images of the PI-
Al2O3 hybrid nanolayer according to ALI process conditions. For
this experiment, the exposing pressure was fixed at 0.6 torr, while
the exposing time and number of cycles were varied from 10 to
200 s and from 5 to 20, respectively. According to the TEM results,
by increasing the exposing time, the infiltrated thickness of the PI-
Al2O3 hybrid nanolayer increased from 29, 30 and 65 Å to 63, 70
and 72 Å for 5, 10 and 20 cycles, respectively. Similarly, by
increasing the number of cycles, the infiltrated thickness of the PI-
Al2O3 hybrid nanolayer increased from 29, 29, 65 and 63 Å to 65,
73, 75 and 72 Å for exposing times of 10, 50, 100 and 200 s,
respectively. These results are attributed to an increase in the
precursor and reactant diffusion depth into the free volume within
the PI as the exposing time and number of cycles increase. It was
found that the infiltrated thickness of the PI-Al2O3 hybrid
nanolayer was saturated at approximately 70 Å. In addition, the
diffusion length from one space to another is proportional to the

pressure difference; the higher the pressure, the longer the
diffusion length20. Therefore, in our experiment varying the
exposing pressure with an exposing time of 100 s and number
of cycles 20, the infiltrated thickness of the PI-Al2O3 hybrid
nanolayer increased from 53 to 85 Å when the exposing pressure
increased from 0.1 to 1 torr, as shown in Fig. 2a. Base on the
results above, for PI-Al2O3 hybrid barrier nanolayer fabrication via
ALI, a sufficient exposing time, exposing pressure and number of
cycles are needed and optimal conditions should be considered.
To evaluate the PI-Al2O3 hybrid nanolayer composition, SIMS

analysis was used, as shown Fig. 2b, and compared to a 500-Å-
thich Al2O3 inorganic layer formed via ALD on the PI. In these
measurements, the ALI process conditions were an exposing time
of 100 s and number of cycles 20. In the Al2O3 inorganic layer case,
high intensities of aluminum and oxygen components co-existed
from the initial depth to approximately 500 Å compared to low
intensity of carbon component, which represent carbon impurities
caused by TMA. After this depth, intensity of carbon component
increased sharply, and intensities of aluminum and oxygen
components decreased because this area corresponds to the PI
layer. Conversely, in the PI-Al2O3 hybrid nanolayer case, high
intensities of aluminum, oxygen, and carbon components co-
existed from the initial depth to approximately 75 Å, which is in
agreement with the TEM depth results; in particular, intensity of
carbon component was much higher than in the Al2O3 inorganic
layer case. From these results of the PI-Al2O3 hybrid nanolayer
case, Al2O3 material successfully infiltrated the free volume within
the PI material via ALI and makes the PI-Al2O3 hybrid nanolayer
inner PI.
For the barrier performance investigation, the WVTR was

measured using the tritium method22, which is more precise than
the MOCON and Ca tests, with the same ALI process conditions as
the SIMS analysis, as shown in Fig. 2c. The WVTR results of the bare
PI film and the PI film with the PI-Al2O3 hybrid nanolayer were
2.2 g/m2 ∙ day and 1.4 × 10−5 g/m2 ∙ day, respectively. The latter
result is equivalent to that of the current inorganic barrier layer23

and sufficient for the barrier layer of flexible OLED displays.
The out-gassing characteristics of the hybrid nanolayer formed

via the ALI process were investigated through GC-MS system
measurements (QP2010 ultra, Shimadzu). The UV radiation test
conditions were a power of 1000 W/m2, humidity of 30–50%,
temperature of 100 °C and 15 cycles with an on-time of 16 h and
an off-time of 8 h. The GC-MS measurement results are shown in
Fig. 3. In general, a polymer in a state where energy is being
applied generates various out-gases from dangling bonds, un-
reacted groups, residues, absorbed gases, among others. Then,
these generated out-gases penetrate and discharged to the
environment through the free volume of the polymer24–27. After
the UV radiation test, the bare PI released various organic gases
such as 1-Propene, 1,1,3,3,3-pentrafluoro-, acetaldehyde, methyl
formate, acetone, acetic acid, formic acid, and 2-butanone, and

Fig. 1 Atomic layer infiltration. Atomic layer infiltration (ALI) process sequence for polymer-inorganic hybrid nanolayer fabrication by
repeating the dosing, exposing, and purging steps.

S.H. Kim et al.

2

npj Flexible Electronics (2022)    21 Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;



the total amount of out-gassing was 14,653,472 arbitrary units
(A.U.). Conversely, in the PI-Al2O3 hybrid nanolayer case under the
same conditions, only a small amount of acetaldehyde and
acetone were discharged to the environment and the total

out-gassing was 374,009 A.U. This result, which is lower than that
for the bare PI, is caused by blocking the gas diffusion paths
sufficiently infiltrating and filling the free volume within the PI
with Al2O3.

Fig. 2 The results of TEM, SIMS and WVTR. a TEM results according to process conditions. b SIMS results for the ALD and ALI processes.
c WVTR measurement results for the PI-Al2O3 hybrid nanolayer.
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Reliability and flexibility of flexible OLED displays
Based on the evaluation results of the PI-Al2O3 hybrid nanolayer as
a barrier, the panel reliability test was adopted for flexible OLED
displays. As shown in Fig. 4, various flexible OLED displays were
fabricated, one with no barrier layer as the reference and several
with the PI-Al2O3 hybrid barrier nanolayer applied to the PI
substrate. In terms of the ALI process conditions, the exposing
pressure was varied from 0.3 to 1 torr and the exposing time from
100 to 200 s while maintaining the number of cycles 20. Then, a
low-temperature poly-silicon-thin film transistor (LTPS-TFT), emis-
sion layer (EL) and thin-film encapsulation (TFE) were fabricated
using various processes, such as PECVD, sputter, photo-lithogra-
phy, excimer laser annealing, evaporation, and inkjet printing. The
fabricated flexible OLED displays were stored in a test chamber
with high temperature (85 °C) and high humid (85% RH) for
1000 h, with lighting tests being performed at 250, 500, 750, and
1000 h of storage time for the reliability assessment. The lighting
test results are shown in Fig. 4 according to storage time and ALI
process conditions with a dark spot marking. As shown in Fig. 4,
there are many dark spots in the reference panel after 250 h of
storage time because there is no barrier to penetrate the water
and oxygen from the outside. In the case of an exposing pressure
of 0.3 torr and exposing time of 100 s, many dark spots are also
shown after 250 h of storage time because the infiltration is not
saturated at a depth of 60 Å, as mentioned in the TEM analysis,
and the barrier performance is not sufficient. In contrast, in cases
of exposing pressures of 0.6 and 1 torr and exposing times of 100

and 200 s, there are no dark spots until 1,000 h of storage time
with a saturated depth of over 70Å and good WVTR performance.
These results indicate that the PI-Al2O3 hybrid nanolayer shows a
good barrier performance and reliability, making it suitable as a
barrier layer for flexible OLED displays.
Additionally, for flexible OLED display applications, the flexibility

of the barrier layer is a key characteristic that should be improved.
Therefore, folding tests were performed to investigate the
flexibility of the PI-Al2O3 hybrid barrier nanolayer with a
conventional flexible OLED display as reference. Figure 5 shows
the structure of flexible OLED displays for testing and folding test
results. An inorganic layer using silicon nitride with a thickness of
5,000Å as a reference and the PI-Al2O3 hybrid nanolayer were
adopted as the PI substrate for the flexible OLED displays. Both
barrier layers exhibited a similar WVTR level of approximately
10-5 g/m2 ∙ day. Then, the fabrication processes for the LTPS-TFT,
EL, and TFE layers were applied in the same manner as for the
reliability test. For the folding test, fabricated flexible OLED
displays with two types of barriers were folded in an in-folding
direction for 100,000 cycles for various folding radii. After the tests,
the normalized WVTR characteristics were measured and com-
pared to that of un-folded flexible OLED display. As shown in Fig.
5, the normalized WVTR in the inorganic barrier case exhibits
similar properties according to folding radius, except for that of
1 mm where it increases sharply. These WVTR increase is caused
by a crack in the inorganic layer and water permeation through
the crack. In the PI-Al2O3 hybrid nanolayer case, the normalized

Fig. 3 The results of GC-MS. Out-gassing results using GC–MS measurements for the bare PI layer and the PI-Al2O3 hybrid nanolayer after the
UV radiation test.

Fig. 4 The results of storage test. Lighting test results for the reliability of the fabricated flexible OLED displays according to ALI process
conditions and storage time in a chamber with high temperature (85 °C) and high humid (85% RH).
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WVTR increased at a folding radius of 0.5 mm but was lower than
that of the inorganic layer for all other folding radii. These results
show that the PI-Al2O3 hybrid nanolayer is more flexible than the
inorganic layer and, therefore, more suitable for flexible OLED
displays.
Finally, the driving characteristics of the flexible OLED display

with the PI-Al2O3 hybrid barrier nanolayer were investigated. For
this experiment, the flexible OLED display was fabricated with the

same structure and processes as the reliability and flexibility
evaluation cases. In addition, a flexible printed circuit board (FPCB)
and a driving integrated circuit (IC) were implemented to apply a
driving signal. Flexible OLED display had the size of 5.77-inch, QHD
+ resolution (571 ppi), 256 gray scale and RGB diamond pixel
shape. As shown in Fig. 6, the flexible OLED display with the PI-
Al2O3 hybrid barrier nanolayer shows normal operation compared
to the conventional OLED display. In addition, the driving
characteristics at the same driving voltage, such as driving current,
luminance, and efficiency, are listed in Table 1. In the SiNx layer
case, the luminance and current barrier are 178.4 cd and 0.051 A
for Red, 312.6 cd and 0.028 A for Green, and 69.2 cd and 0.082 A
for Blue, respectively. From these results, the efficiency of white
color is determined as 40.1 cd/A. In the PI-Al2O3 hybrid barrier
nanolayer case, the luminance and current barrier are 178.3 cd
and 0.051 A for Red, 322.2 cd and 0.029 A for Green, and 71.9 cd
and 0.084 A for Blue, respectively. From these results, the
efficiency of white color is determined as 40.4 cd/A. From the
above results, the driving characteristics are similar for both
barriers, which means that there is no degradation with the PI-
Al2O3 hybrid barrier nanolayer and it is suitable for the flexible
OLED display.
In conclusion, this work investigates ALI technology for PI-Al2O3

hybrid barrier nanolayer fabrication for flexible OLED displays.
From the results of TEM, SIMS, GC-MS, and WVTR analysis, the PI-
Al2O3 hybrid nanolayer is well formed in the PI layer and shows
good barrier performance under optimal process conditions. In
addition, the folding properties are improved when the PI-Al2O3

hybrid barrier nanolayer is applied. Even after 1,000 h storage
testing the flexible OLED display at high-temperature and
humidity, there were no dark spots and the flexible OLED display
with the PI-Al2O3 hybrid barrier nanolayer demonstrates normal

Fig. 6 Panel driving characteristics. Driving test of flexible OLED display with the PI-Al2O3 hybrid barrier nanolayer via ALI technology (Image
from www.shutterstock.com).

Fig. 5 The results of folding test. Flexibility test result comparison
between the PI-Al2O3 hybrid barrier nanolayer and the inorganic
layer: a folded characteristics; b normalized WVTR results according
to folding radius after folding tests.

Table 1. Driving characteristics of flexible OLED display with SiNx barrier layer and the PI-Al2O3 hybrid barrier nanolayer.

Barrier type Red Green Blue White

Luminance (cd) Current (A) Luminance (cd) Current (A) Luminance (cd) Current (A) Efficiency (cd/A)

SiNx 178.4 0.051 312.6 0.028 69.2 0.082 40.1

PI-Al2O3 178.3 0.051 322.2 0.029 71.9 0.084 40.4
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driving characteristics. Based on the results obtained in this study,
we conclude that ALI technology is suitable and one of the best
candidates for new barrier fabrication for improving the flexibility
and reliability of flexible OLED displays.

METHODS
Flexible OLED display fabrication
On the carrier glass, PI material was coated using a slit coater and cured in
an oven at high temperature as a substrate. Two types of barriers, one with
a silicon nitride and one with the PI-Al2O3 hybrid nanolayer, were formed
on and in a PI substrate. The thin-film transistor for driving and the
emission layer for lighting were made on substrate via various process
technologies. Then, the thin-film encapsulation for protection was formed
with inorganic-organic multi-layer using the PECVD and inkjet processes.
Finally, the device was peeled off the glass and laminated with a
protective film.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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