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ABSTRACT

We have developed extremely air-stable inverted
Organic light-emitting diodes. Our developed organic light-
emitting diode, which can be with low barrier performance
film, made highly flexible film light sources possible.
Possibilities of new light created by highly flexible film light
sources will be presented.

1 Introduction

Organic light-emitting diodes (OLEDs) can be applied
to flexible devices, and various flexible OLEDs have been
developed in recent years, including foldable phones,
rollable TV, and so on. However, OLEDs require very
robust encapsulation because the electron injection layer
and cathode are inherently unstable to the air [1]. Since
the encapsulation process requires the introduction of
expensive equipment for multiple alternating layers of
organic-inorganic barrier layers and a lot of accumulated
know-how, there are currently very few applications other
than conventional displays. Since expensive
encapsulation equipment cannot be installed in lighting
and light source applications, it is difficult to encapsulate
except for using a barrier film. In general, OLEDs require
a water vapor transmission rate (WVTR) of about 10
g/m?/day [2], but this is not easy to achieve, especially
when the film substrate is thin. As a result, only thick
barrier films with low flexibility can be used, and the
flexibility expected of OLEDs cannot be archived, so the
flexible film light sources market has hardly been formed.

In such a background, inverted OLEDs, which do not
use highly reactive materials such as alkali metals are
inherently stable in the air, are attracting attention [3].
However, electron injection from electrodes such as ITO is
difficult due to the large energy gap, resulting in very high
operating voltage and short operating life time for inverted
OLEDs. We found that a combination of a ZnO layer as an
inorganic electron injection layer, and a combination of a
boron-based organic semiconductor and an organic base
compound as an organic electron injection layer, was
effective in solving these problems [4] and we call our
inverted OLEDs as iOLED™. In 2019, hydrogen-bonded
organic compounds [5] and in 2020, coordination-bonded
organic compounds [6] were found to produce even higher
performance. And they were comparable operating
voltage and operating life time compared to conventional
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OLEDs. Taking advantage of the high air stability of our
latest IOLED™, it has made possible to fabricate OLEDs
on thin and soft film substrate with low-barrier
performance. This has resulted in a truly thin and flexible
film light source that the market is demanding. Film light
sources enable new and unprecedented expressions
and uses of light, with unlimited possibilities. Here, we
report on our developed highly flexible film light sources,
its characteristics, and our efforts to develop the film light
sources market.

2  Structure of iOLED™ film light source

2.1 The device structure of iOLED™

The iOLED™ were developed on a glass substrate
coated with a 150-nm-thick ITO layer. Our original layers,
inorganic electron injection layer and organic electron
injection layer, were deposited on ITO. Figure 1 shows
the structure of (a) a conventional OLED and (b) an
iOLED™.
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Fig.1 Device structures of iOLED™ and OLED

2.2 Fabrication of iOLED™ film light sources

Barrier film with a thickness of 25 ym and a WVTR of
3 x 10 was used as the substrate. Barrier films could
not be physically cleaned with a brush, and ultrasonic
cleaning is ineffective, making it very difficult to clean the
surface. Therefore, we chose to apply a curable polymer
on film as the planarization layer instead of cleaning. The
planarization layer was coated on the barrier film
attached to glass with a weak adhesive film. Several
functional layers were deposited on the planarization
layer. Finally, a barrier film with an adhesive film was
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laminated on top of the functional layers. Then film light
source was removed from the glass. The total thickness of
the iOLED™ film light source was less than 100 ym.

3 Device performance of iOLED™ film light sources

3.1 Air stability of iOLED™

We fabricated the OLED and the iOLED™ on a glass
substrate without encapsulation to check the air stability.
They were stored in air under room temperature, The
electroluminescence (EL) images were shown in Figure 2.
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Fig.2 Comparison of EL images between iOLED™
and OLED exposed to the air
While the conventional OLED showed a significant
decrease in emitting area, the iOLED™ showed virtually
no change in emitting area after being exposed to the air
for more than two months. Quite high air stable film light
source has been realized by our developed iOLED™.

3.2 Characteristics of iOLED™ film light sources

EL characteristics of the iOLED™ film light sources are
shown in Table 1. Even though there is no structure to
increase the extraction efficiency, it shows high external
quantum efficiency, and the operating life time of LT50 at
initial luminance of 1,000 cd/m?, is also at a level where
there are no practical problems.

External quantum Operating life
efficiency time

Red ~30% >100,000h
Green ~28% >100,000h
Blue ~6% >5,000h

Table.1 Characteristics of iOLED™ film light sources.

The luminance uniformity of the iOLED™ film light
sources were shown in Figure 3. Although it depends on
the current density, the uniformity (the difference between
the brightest and darkest spots) is within 10 % even at high
current density over 10mA/cm?.

The iOLED™ film light sources were found to exhibit
very high flexibility. The EL characteristics do not change
before and after 200,000 bending tests, conducted at a
bending radius of 2 mm in-fold and out-fold, respectively.

In order to evaluate a storage stability, the film devices
were stored in an 85°C 85%Rh environment for 100 hours.
It was confirmed that there were no dark spot or shrinkage
of the emitting area and no change in the current-voltage
characteristics.
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Fig.3 Current density dependence of the luminance
uniformity

4 The Market development of the film light
sources

4.1 Demonstration in exhibitions

OLED is not well known for applications other than
displays, and although thin and flexible surface light
sources have been commercialized by several
companies, their existence is not well known. We believe
that film light sources can form a new market because
they are thin and flexible, allowing for uniform
illumination in confined spaces and on curved surfaces
where LEDs cannot be installed. Therefore, we exhibited
at an exhibition to first make people aware of film light
sources.

In 2019, we exhibited at an exhibition to demonstrate
the thinness and flexibility of the product by using a fan
to sway in the wind, as well as producing and showing
an image video proposing various possibilities as a new
light source that can be worn on clothing or skin. More
than 400 companies from a variety of industries,
including the car, the arts, the fashion, and the consumer
electronics industry showed interest in iIOLED™ film light
sources, which convinced us of the need for film light
sources. And they also provided us an opportunity to
realize once again that the world didn’t know about film
light sources.

After that, we collaborated between iOLED™ as a
technology and traditional art in order to open new field.
The following year, we collaborated with the traditional
Japanese lacquerware, Wajima lacquerware. iOLED™
film light sources mounted on Wajima lacquerware was
displayed at exhibition. The thinness of the iOLED™ film
light source, combined with the technique of “Raden”,
was able to create a new appeal for the coloring of
“Raden”. And the following year, we collaborated with the
traditional Japanese textile, Nishijin-Ori. We develop
string-shaped iOLED™ film light sources and
successfully incorporated it into Nishijin-Ori. Just as
copper wire is more flexible than copper foil, thinness as
well as fineness are important factor in flexibility.
However, when fineness is pursued, storage stability
cannot be ensured due to air infiltration from the side in
case of conventional OLED, but the air stability of
iOLED™ made this possible. Thin and elongated light
sources have never been seen before, and the string-
shaped iOLED™ film light sources will provide a new
value. We believe we were able to propose new



possibilities for film light sources.

Fig.5 Exhibition samples.

(a) First demonstration (b) Embedded in Wajima
lacquerware. (c) String-shaped iOLED™ film light source
wrapped around a 5mm diameter tube. (d) Embedded in

Nishijin-Ori.

4.2 Medical applications

One of the reactions of the exhibition is an application
to the medical field such as phototherapy. Since low level
light irradiation (LLLI) to the cells has been shown to
enhance cell proliferation [7], and light-based medicine
have the advantages of being noninvasive, selective and
safe, light-based medicine and cosmetics have been
attracting attention in recent years. Especially wearable
medical devices are attractive next-generation electronic
devices because they can provide medical effects
regardless of location or time and ultimately reduce the
price of healthcare [8]. In addition to treatment, there are
also attempts to use light to acquire biological information
such as pulse wave [9] and blood oxygen levels [10], etc.
Because LEDs are heavy, inflexible, non-uniform light, and
poor adhesion to living bodies, OLEDs are being
increasingly adopted, but encapsulation is extremely
difficult and impractical. An iOLED™ film light source with
high air stability could solve these problems and boost the
development of light-based wearable devices.

We have developed a technology to incorporate
iOLED™ and organic photo diode on a 1.5 uym ultra-
flexible substrate in collaboration with Prof. Yokota, and
succeeded in measuring blood pressure with high
accuracy for long time [11]. Generally, integrating different
optical devices on the same ultra-flexible substrate is
difficult owing to the instability of the devices. In this study,
we succeeded in improving the air stability of OLEDs and
organic photodiodes by using an inverted structure,
enabling the mounting of different optical elements on an
ultra-flexible substrate. Using an ultra-flexible sensor, it will
be possible to continuously measure blood pressure in
daily life; therefore, these sensors can be applied in the
medical field for monitoring health conditions and early

detection of diseases.

5 Conclusion

We have developed an inverted OLED with a high air
stability and a long operating life time and applied it to
film light sources. We have shown the potential of film
light sources by proposing their use as string light
sources and sensor light sources. Currently we are
receiving suggestions from various users on how to use
our film light sources, and our mass production line is
also getting ready. The film light sources market is still
underdeveloped, but we are confident that we will be
able to develop it soon. The performance of iOLED™ is
comparable to that of conventional OLEDs, we believe
that it will contribute to making flexible displays at a lower
cost in near future.
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