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Foldable and washable textile-based OLEDs with a
multi-functional near-room-temperature encapsulation layer

for smart e-textiles
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Ha-Eun Cho', Junwoo Lee', Jeong Hyun Kwon* Sung Gap Im

and Kyung Cheol Choi®'™

Wearable electronic devices are being developed because of their wide potential applications and user convenience. Among them,
wearable organic light emitting diodes (OLEDs) play an important role in visualizing the data signal processed in wearable
electronics to humans. In this study, textile-based OLEDs were fabricated and their practical utility was demonstrated. The textile-
based OLEDs exhibited a stable operating lifetime under ambient conditions, enough mechanical durability to endure the
deformation by the movement of humans, and washability for maintaining its optoelectronic properties even in water condition
such as rain, sweat, or washing. In this study, the main technology used to realize this textile-based OLED was multi-functional near-
room-temperature encapsulation. The outstanding impermeability of TiO, film deposited at near-room-temperature was
demonstrated. The internal residual stress in the encapsulation layer was controlled, and the device was capped by highly cross-
linked hydrophobic polymer film, providing a highly impermeable, mechanically flexible, and waterproof encapsulation.
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INTRODUCTION

With the emergence of the Internet of Things (IoT), the value of
connecting humans and smart electronic devices is increasing.
Wearable display devices are interface devices that lead the hyper-
connectivity between humans and wearable electronics by
visualizing the information processed in wearable electronics to
humans. Textile-based display devices can utilize the textile itself
as a platform for the display. This ability makes them suitable for
daily application in the healthcare, bio-medical, safety, interior,
military, and fashion fields'™. Among many display devices,
organic light emitting diodes (OLEDs) have achieved significant
attention as wearable display devices because of their high
flexibility, light weight, low power consumption, and low heat
generation. These properties also make them compatible with
textile substrates.

In wearable technology, the flexibility of the device is extremely
important because the device should not interfere with the active
movement of the human body. For this reason, as wearable
technology advances, the substrate has increasingly become ultra-
thin and ultra-light. However, these properties also seriously
reduce the heat resistance of the substrate. In addition, OLEDs also
have low thermal stability. To address these problems, the process
temperature of the encapsulation film, which is an essential part of
water-sensitive OLEDs, should be lowered to near-room-
temperature. However, many encapsulation processes are still
being conducted at high temperature, around 100 °C.

Chen et al. performed encapsulation at room temperature using
CeO, and poly(divinylbenzene) (PDVB)®. However, the water vapor
transmission ratio (WVTR) of that barrier was reported to be 1.81g
m~2day ' at 30°C and 100% relative humidity (RH) accelerated

environments. For the extremely water-sensitive OLEDs, the
encapsulation barrier should achieve a WVTR on the order of
107®g~2day™". In addition, the flexibility and waterproof proper-
ties of the encapsulation layer were not considered. Wang et al.
reported a 2-dyad encapsulation barrier using Al,O5 and alucone
that was deposited at 50 °C to enhance the reliability of perovskite
solar cells’. The WVTR of the multi-barrier encapsulation was 1.6 x
10°gm 2day ' at 30°C and 80% RH accelerated environments.
The power conversion efficiency (PCE) of the devices was
maintained at 96% of initial efficiency for over 2000 h at 30°C
and 80% RH accelerated environments. In order to demonstrate
the flexibility of the encapsulation layer, the encapsulation layer
was examined by scanning electron microscopy (SEM) after
bending 500 times with a 5mm radius. However, because the
purge time of the precursors was over 80 s, it resulted in extremely
low throughput. Also, plasma treatment was utilized. Moreover, a
bending radius of 5 mm is comparatively large, and 500 bending
cycles is insufficient to demonstrate that the barrier has high
flexibility. For foldable displays, the required bending radius is
1 mm?®. The waterproof property of the encapsulation layer was
not considered.

The encapsulation film is the most important limitation on the
flexibility of the entire textile-based OLED structure, and therefore
developing highly flexible textile-based OLEDs typically involves
improving the flexibility of the encapsulation layer. Many studies
have been performed to achieve this, however, few encapsulation
layers have been reported that are capable of enduring a bending
strain of more than 1% or a bending radius of less than 5 mm®
(Supplementary Table 1). In addition, only a few studies have
reported on the waterproof property of the encapsulation layer
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and the reported waterproof properties are still less than 200 min
(Supplementary Table 2). To realize an environmentally robust
textile-based OLED that is durable against wet conditions such as
rain, sweat, or washing, an improved waterproof property is
required.

In this study, to realize a reliable, foldable, and washable textile-
based OLED, a multi-functional encapsulation that simultaneously
exhibits an WVTR on the order of 10°®gm™2day~', high
transparency, high curvature flexibility, waterproof property, and
a near-room-temperature process was developed. Although the
process temperature was only 40°C, the WVTR of the bilayer
encapsulation was estimated to be 9.94x 10 ®gm 2day ' at
30 °C and 90% RH and its thickness was only 115 nm. In addition, it
showed the highest bending performance and waterproof
property among reported encapsulation barriers (Supplementary
Tables 1 and 2).

By utilizing this multi-functional encapsulation layer, a reliable,
foldable, and washable textile-based OLED was realized and its
practical utility was demonstrated. The textile-based OLED
showed an enhanced operating lifetime of 160 h under ambient
conditions. Also, it endured repetitive high curvature bending,
maintaining its optoelectronic properties and operating lifetime
after tensile bending with a 1.5 mm radius for 1000 repetitions. In
addition, the encapsulated OLEDs showed unchanged optoelec-
tronic characteristics even after immersion in water for 1440 min,
which suggest its potential for waterproof wearable OLEDs.

RESULTS AND DISCUSSION

Figure 1a illustrates the proposed textile-based OLED and a multi-
functional near-room-temperature encapsulation layer. The red
phosphorescent OLED (phOLED) was fabricated on a conventional
polyester fabric substrate and passivated with a bilayer encapsula-
tion. As shown in Fig. 1b, the bilayer encapsulation was a double-
layer structure, where a 1,3,5-trivinyl-1,3,5-trimethyl cyclotrisilox-
ane (pV3D3) polymer film was deposited on an Al,05/TiO,
nanolaminate layer (AT nanolaminate layer). The AT nanolaminate
is a thin film comprised of alternately deposited Al,0s and TiO,. By
utilizing this multi-functional encapsulation on both the top and
bottom sides of the OLED, a real wearable OLED was realized on
conventional dress-shirts and T-shirts. The chemical structures of
each of the organic layers used in the textile-based OLED with
encapsulation layer are shown in Fig. 1c. As shown in Fig. 1d, the
wearable OLED emitted red light even when folded under water,
as would occur during hand-washing, demonstrating its practical
applicability, mechanical durability, and environmental
robustness.

High impermeability of the near-room-temperature TiO, film
An atomic layer deposition (ALD) film is formed by ligand
exchanges between the molecules of a metal organic precursor
and a reactant precursor. In thermal ALD, as the deposition
temperature decreases, the ligand exchange does not occur
completely, because the main source of the ligand exchange is
thermal energy. For this reason, the higher the deposition
temperature, the better the film quality, specifically, it's density
or purity, which thereby improves the barrier property®'". Figure
2a indicates that the barrier property of Al,O; was actually
enhanced as the deposition temperature increased’. Accordingly,
many studies have performed the encapsulation process at a high
temperature, around 100 °C. However, such a high-temperature
process may cause thermal damage to organic electronic devices
with low thermal stability. For example, Fig. 2b shows the
operating lifetimes of textile-based OLEDs stored for 3 h at 40,
70, and 100°C. The data confirm that the higher the storage
temperature, the shorter the operating lifetime of the textile-
based OLEDs due to detrimental thermal damage. The lifetime of
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the device stored at 40 °C was more than twice that of the device
stored at 100 °C.

To resolve this problem, TiO, thin film was deposited at near-
room-temperature, and exhibited extremely outstanding imper-
meability. This demonstration enabled the development of a near-
room-temperature encapsulation with low WVTR on the order of
10°%gm 2day '. As shown in Fig. 2c, the WVTR of TiO, film
deposited at 40 °C was estimated to be 3.17 x 10> gm ™2 day " at
30°C and 90% RH acceleration environments, even with a
thickness of 30 nm. In fact, the TiO, thin film exhibited a higher
barrier property than Al,O3, which is currently the most commonly
used encapsulation material due to its high impermeability.
Specifically, the barrier property of a single TiO, barrier deposited
at a near-room-temperature was higher than that of a 2.5-dyad
Al,O3; multi-barrier deposited at 120 °C.

The ALD TiO, film also showed a unique WVTR tendency
depending on deposition temperature. As shown in Fig. 2d, the
WVTR of the TiO, film was lowest when deposited at near-room-
temperature and rapidly increased as the deposition temperature
increased from around 55 °C. This tendency is unlike other ALD
films, where the WVTR decreases as deposition temperature
increases’. In order to specifically clarify why the TiO, thin film
deposited at near-room-temperature had much higher imperme-
ability than the TiO, thin film deposited at a higher temperature,
many film properties including composition, surface roughness,
film density, infrared absorption spectrum, and crystallinity were
measured (Supplementary Fig. 1). The measurement results
obtained for the TiO, deposited at near-room-temperature were
all the same as the results of the TiO, deposited at a higher
temperature. In the measurement results shown in Supplementary
Fig. 1, no distinct difference in film properties was observed
between the high-temperature and low-temperature deposition
samples.

This unique phenomenon of TiO, is in good agreement with the
ALD process window graph (Supplementary Fig. 2a). As shown in
Fig. 2e, the ALD process window was located at near-room-
temperature, 40-55°C, where the WVTR was the lowest. The
desorption phenomenon began to occur around 55 °C, when the
WVTR started to increase rapidly’> . It was determined that
because the energy barrier required for ligand exchange between
tetrakisdimethylamino titanium (TDMAT) and H,O precursor
molecules is low, the high-quality TiO, film can be formed with
only low thermal energy. For this reason, the TiO, film exhibited
outstanding moisture impermeability despite the near-room-
temperature process.

In addition, it was notable that the desorption behavior started
to occur at a relatively low temperature of about 55°C'%™'*
(Supplementary Fig. 2a and Fig. 2e). The desorption stability of the
TDMAT intermediate product is related to the desorption energy
barrier D2, which is determined by reaction kinetics, and the
energy difference before/after desorption AG, which is deter-
mined by thermodynamics (Supplementary Fig. 2b). According to
density functional theory (DFT), the desorption energy barrier of
the TDMAT intermediate product is 1.39 eV and thermodynami-
cally, the desorption behavior is preferred because it is an
exothermic reaction'>'®. These results suggest why the deso-
rption phenomenon of the TDMAT intermediate products
occurred at a relatively low temperature.

Theoretically, the reason for the increase in WVTR at high
temperature was determined to be the increased residual stress in
the film due to continuous desorption phenomenon. It has been
reported that the residual stress in ALD films is determined during
the growth of the thin film, and that defects or impurities
generated during the deposition process can cause high residual
stress'’"%°. It has been also reported that the residual stress in
Al,O; films decreased as the deposition temperature increased,
because there were fewer precursor residue impurities in the
film'”"8, In the case of TiO,, the bonds of the molecules are
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emitting layer (top), and the hole transport and electron injection layer (bottom). d Photographs of the wearable OLED being folded by hand

in water. Scale bar, 30 mm.

repeatedly formed and broken due to the continuous desorption
phenomenon at high temperature. This desorption behavior
during the deposition process can potentially increase the internal
residual stress in the film, and this internal residual stress
decreased the barrier property. Based on linear elastic fracture
mechanics, internal residual stress is an important factor in crack
growth?®?'. The strain energy release rate, G is given by

Gss = Zo*h(E;)™ M
where Z is the dimensionless energy release rate, o is the residual
or applied stress in the film, h is the thickness of the film, and £ is
the plane strain elastic modulus. Gy is the amount of energy
accumulated in the crack tip, which is the crack growth
driving force.

Based on the above principle, when the internal residual stress
in the thin film is more than the critical internal residual stress of
crack growth, fine cracks will propagate in the thin film during the
deposition process, reducing the barrier property of the film2%2",
No matter how fine the crack is, WVTR can easily be affected,
because any crack provides a path for moisture and oxygen
molecules to penetrate into the thin film.

Figure 2f confirms that the TiO, film deposited at 40°C had
extremely lower residual stresses than the TiO, film deposited at a
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temperature higher than 55 °C. In addition, the residual stress in
the film increased as the deposition temperature increased due to
the more thermally activated desorption phenomenon. The TiO,
film deposited at high temperature exhibited residual stresses of
200-300 MPa while the TiO, film deposited at 40°C exhibited
residual stresses of only about 20 MPa. Considering that the
residual stresses in other ALD thin films have been reported to be
several hundred MPa'’2%22 the residual stress of the TiO,
deposited at 40 °C is significantly low.

One of the major issues in the deposition process is the
difference in the coefficient of thermal expansion (CTE). However,
assuming that Al,Os film is deposited on a Si wafer at 100 °C, the
stress from the CTE difference is calculated to be only 20 MPa.
The critical tensile stress of Al,Os film is about 1.08 GPa when the
elastic modulus of Al,O; is considered to be 180 GPa'®?3,
Considering this, the stress from the difference in CTE is not
critical. However, the residual stress in Al,Os; film has been
measured to be 400-500 MPa'®, which is about half of the critical
tensile stress. Therefore, the residual stress in the inorganic film,
which can be on the order of several hundred MPa, needs to be
carefully considered®>%,

In summary, the TiO, was deposited most stably at a near-room-
temperature of 40-55 °C, and when the process temperature was
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higher than 55 °C, precursor desorption occurred due to excessive
thermal energy. Because of this phenomenon, the residual stress
in the TiO, was lowest at a deposition temperature of 40-55 °C
and increased when the process temperature was higher than
55 °C. The increased residual stress increased the WVTR of the TiO,
because residual stress increases the crack driving force, Gy, which
promotes crack growth in the film. Therefore, the TiO, film
exhibited the lowest WVTR at near-room-temperature deposition
and the increased WVTR at higher process-temperature.

After chemically determining the encapsulation material based
on the reaction mechanics of the precursors, the encapsulation
structure was physically optimized. First, the overall barrier
structure was designed as a nanolaminate structure to compen-
sate for the low transmittance of the TiO, layer, and to decouple
the cracks. Al,O3 was selected as the second laminate material
because it is transparent and has good compatibility with the ALD
process. As mentioned above, Al,0Os; deposited at near-room-
temperature, 40 °C, had poor barrier property due to its low film
quality®™'" (Fig. 1d). However, the crack decoupling effect of the
nanolaminate structure was sufficient to overcome the poor
barrier property of the Al,Os. The WVTR of the AT nanolaminate
layer was improved compared to a TiO, single layer (Supplemen-
tary Fig. 3a).

The transmittance of the AT nanolaminate layer was improved
by 6.35% compared to the single TiO, layer, because of the
transparent Al,Os. The transmittance of a single TiO, layer was
only 78.35% and the transmittance of an AT nanolaminate layer
was 84.70%>* (Supplementary Fig. 3b). The transmittance of the
encapsulation barrier is important because it can cause luminance
loss when applied to OLEDs?>.

Next, the sub-layer thickness of the AT nanolaminate layer was
optimized to maximize the crack decoupling effect. The crack
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decoupling effect is a phenomenon that increases the penetration
path length of moisture and oxygen gas by decoupling the cracks
in the thin film. The crack decoupling effect is maximized when
the total barrier thickness is fixed and sub-layers are most
repeatedly alternated within the nanolaminate barrier®s; that is, it
is when the sub-layers are alternatively deposited in the thinnest
possible layer. If the sub-layer is too thin, it becomes a mixed alloy
phase, not a nanolaminate phase. Therefore, the nanolaminate
structure should be carefully designed. To identify the minimum
thickness of sub-layers that can be distinguished as individual
separate layers, thickness control was performed at the nanometer
scale by the ALD deposition and the structure was confirmed
through high-resolution transmission electron microscopy (TEM)
analysis. The AT nanolaminate barriers were deposited by
increasing the sub-layer thickness from 1.25 to 5nm with the
total barrier thickness fixed at 30 nm. Figure 3a shows that when
the thickness of the sub-layer was 3 nm, it started to appear as a
separate layer, and when the thickness was less than 2.1 nm, it
became an alloy phase. These results indicated that the crack
decoupling effect will be maximized when the sub-layer is
deposited at 3 nm thickness. Figure 3a demonstrates that when
the thickness of the sub-layer was 3 nm, the WVTR of the AT
nanolaminate barrier was at its lowest, estimated to be 2.58 x
10 °gm 2day "

In addition to the sub-layer thickness, the total barrier thickness
needs to be carefully determined as well. It can be intuitively
predicted that the WVTR decreases as the barrier thickness
increases based on Fick’s law, which is the diffusion equation of
gas molecules®’. However, the WVTR increases again when the
thickness of the barrier exceeds a certain thickness, due to the
accumulation of residual stress in the film, which is not considered
in Fick’s law. As the thickness of the film increases, residual stress

Published in partnership with Nanjing Tech University
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accumulates in the film, reducing the stability of the film. Figure
3b shows that the WVTR increased again when the thickness of
the AT nanolaminate layer was more than 50 nm. It was also
confirmed that as the total thickness of the film increased, the
membrane force in the film increased proportionally. Conse-
quently, the total barrier thickness was determined to be 30 nm,
which was the optimum thickness in the WVTR saturation range
between the region where Fick's law is dominant and the
membrane force dominant region.

Finally, the structure and composition of the optimized AT
nanolaminate layer was visualized through TEM and energy
dispersive spectroscopy (EDS) measurements (Supplementary Fig.
30).

Improvement in flexibility and waterproof property

A highly cross-linked pV3D3 polymer film was deposited via
initiated chemical vapor deposition (iCVD) on the AT nanolami-
nate layer to improve the transmittance, mechanical flexibility,
and waterproof property of the barrier for real wearable OLEDs.
The pV3D3 organic layer has been reported to be an efficient
organic layer for thin-film encapsulation (TFE) due to its flexible,
smooth, dense, and hydrophobic characteristics?®*7°. In this study,
the compressive residual stress and high chemical stability of the
pV3D3 polymer layer was demonstrated and utilized.

The transmittance of the resulting bilayer encapsulation layer
was estimated. The transparency of the encapsulation layer is
extremely important because the OLED’s light must pass through
the encapsulation layer. The transmittance was measured to be
84.70% for the AT nanolaminate layer and 87.93% for the bilayer
encapsulation layer (Supplementary Fig. 4a). Depositing the
pV3D3 polymer layer onto the AT nanolaminate layer improved
the transmittance by 3.23%. The improvement in transmittance
was attributed to Fresnel reflection, which theoretically explains
the behavior of light at an interface between media with different
optical constants®>. When a transmittance simulation based on the
Fresnel transfer matrix was conducted, the results were the same
as the experimental measurements (Supplementary Fig. 4b and
Supplementary Fig. 4c).

Among the thin films in textile-based OLED, the encapsulation
layer determines the flexibility of the overall structure because it
contains fragile inorganic film to ensure effective barrier property.

Published in partnership with Nanjing Tech University

Thus, it is important to improve the flexibility of encapsulation
layer for increasing the durability of the textile-based OLEDs
against deformation by the movement of a human body. When
external deformation is applied to the barrier film, the total stress
in the film is based not only on the external deformation stress,
but also the internal residual stress>®?'. Thus, if the internal
residual stress in the barrier is controlled to zero, then the barrier
film will be able to endure more external stress. The residual stress
in the barrier can be controlled by offsetting the stress, using
layers with opposite residual stresses, as shown in Fig. 4a.

It is known that cross-linking polymers deposited via the iCVD
process experience compressive residual stress*'>2. Figure 4b
indicates that the pV3D3 thin film had a compressive residual
stress of —77.78 MPa. The deposition temperature®?, deposition
rate®, and surface mobility>> of the material during iCVD
deposition are factors that contribute to the film stress. In
solvent-based processes, which are widely used for synthesizing
polymer film, it is hard to precisely control the residual stress of
the film. In contrast, the residual stress in polymer films
synthesized via the iCVD system are relatively reproducible and
controllable. Control of the total film residual stress is particularly
easy, since the iCVD system allows precise film thickness control.
In this study, since the AT nanolaminate layer had an internal
tensile stress of 230.40 MPa, the thickness of the pV3D3 film
deposited on the AT nanolaminate layer was controlled to reduce
the internal residual stress of the bilayer to zero.

The total residual stress of a multilayer is given by'???,

Ototal =01 - d1 + 03 -dy+03-d3 +04-ds+---+0,-dp )

where g, is the residual stress of the ny, layer, and d, is the
thickness of the ny, layer. Since the thickness of the AT
nanolaminate layer was determined to be 30 nm through the
structure optimization, the optimum thickness of the pV3D3
polymer film was calculated to be 85 nm according to the above
Eqg. (2). Figure 4b indicates that when the pV3D3 thin film was
accurately controlled to 85 nm on the AT nanolaminate layer, the
residual stress in the bilayer decreased to near zero. To confirm
that this stress compensation improved the mechanical flexibility
of the barrier, the WVTR of the bilayer was measured after tensile
bending. Bending was conducted 1000 times for each strain.
Figure 4c indicates that the critical strain of the AT nanolaminate
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layer where internal stress was not compensated was 0.84%, while
the critical strain of the bilayer, where internal stress was
compensated, improved to 2%. To ensure the reliability of the
experiment, 3 or more encapsulation samples were estimated for
each strain, and the results were averaged.

The pV3D3 thin film was also utilized as a capping layer to
achieve a waterproof barrier, to allow the practical use of wearable
OLEDs even with rain or washing. ALD oxide films have been
reported to easily hydrolyze in water®®*”. Therefore, a capping
layer is essential to protect the AT nanolaminate layer. The
capping layer should be hydrophobic and chemically stable to
perform its capping role even after a long time in water®33°,

The pV3D3 film is hydrophobic, and this was confirmed by
water contact angle (WCA) analysis. Figure 4d reveals that the
WCA of the pV3D3 film was 91°. When the outermost layer is
hydrophobic, moisture molecules have difficulty absorbing on to
the surface and are pushed away from the surface. Therefore, if
the capping layer is hydrophobic, the encapsulation layer cannot
be easily oxidized by water molecules, and it can preserve its
WVTR, even in water. In addition, the flow of moisture into the
encapsulation layer is reduced because the water molecules are
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repelled from the surface. Consequently, the hydrophobic capping
layer allows the encapsulation layer to survive washing.

Next, the chemical stability of the pV3D3 polymer was
examined. pV3D3 polymer thin film has good chemical stability
because of its high cross-linking density®®. As shown in Fig. 4e, the
1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane (V3D3) monomer has
many cross-linking sites, so the pV3D3 polymer can be highly
cross-linked. It was confirmed by Fourier-transform infrared
spectroscopy (FTIR) analysis that most of the monomers were
cross-linked during the iCVD process (Supplementary Fig. 4d). As
shown in Fig. 4f, the pV3D3 polymer demonstrated its high
chemical stability in water by showing that the thickness of the
pV3D3 polymer was not changed even after 8 days in water. This
result indicates that the pV3D3 polymer did not chemically
dissolve in water, and retained its chemical properties, meaning
the pV3D3 thin film can sufficiently protect the AT nanolaminate
barrier from hydrolysis in water. To confirm this, FTIR analysis was
performed again after the bilayer encapsulation was immersed in
water for 10 days. Figure 4g indicates that the spectrum was
exactly the same as that of the bilayer before immersion. As
shown in Fig. 4h, the important WVTR increased by only 1 order,
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even after immersion in water for 7 days. Based on these results, it
was confirmed that the barrier property was maintained in water,
thereby making washable OLEDs possible.

Realization of a foldable and washable textile-based OLED
Figure 5a illustrates the entire fabrication process of the textile-
based OLED:s. First, a planarization layer was transferred to make a
smooth substrate surface for stable OLED deposition®. Then, in
order to block moisture permeation from the textile substrate side,
a bottom encapsulation process was performed, and an OLED was
deposited by thermal evaporation. Finally, for complete OLED
passivation from moisture and oxygen gas molecules, top
encapsulation process was conducted.
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To achieve waterproof wearable OLEDs in other studies, an
attachable encapsulation using a sticky substrate or thick
elastomer encapsulation have been utilized. However, such
encapsulation processes are incompatible with the original texture
of the fabric. In this study, wearable OLEDs were realized on a
polyester textile using direct encapsulation. Supplementary Fig.
5a, b shows that after this fabrication process, there was no
physical deterioration of the polyester textile substrate, such as
rolling or shrinking or expansion. After the encapsulation process,
there was also no change in the optoelectrical characteristics of
the OLEDs due to the low temperature and short time of the
encapsulation process.

Figure 5b compares the reliability of the wearable OLED in an
ambient environment. The bare textile-based OLED, which was
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not encapsulated, had an operating lifetime of only 6 h, but the
textile-based OLED that was encapsulated showed an improved
reliability of 160 h under an initial luminance of 1000 nit.

Next, external deformation was applied to the textile-based
OLED:s to confirm their durability against mechanical deformation.
To be wearable in daily life, the textile-based OLED should
maintain their optoelectronic characteristics after repetitive
mechanical deformation. Tensile bending was conducted 1000
times with a 1.5mm radius, which represents a 1.7% tensile
bending strain (Supplementary Fig. 5¢c). As shown in Fig. 5¢, d and
Supplementary Fig. 5d, the J-V-L curves and operating lifetime of
the textile-based OLED were maintained after this repetitive
bending deformation. Moreover, Fig. 5e, f shows that there was no
physical cracking or delamination in the emission area, which fully
continued to emit red light even when the devices were folded
and wrinkled by hand. This confirms that the textile-based OLED
can sufficiently endure external repetitive deformation such as
bending, folding, or wrinkling, which are typical of the active
movements of a human body.

In addition, to demonstrate waterproof property of the
encapsulated OLEDs, the optoelectronic characteristics of OLEDs
were estimated depending on water immersion time. The results
showed that the bilayer-encapsulated OLEDs exhibited no
deterioration of optoelectronic characteristics even after water
immersion for 1440 min, confirming the encapsulation layer
resulted in highly environmentally robust OLEDs (Supplementary
Fig. 5e, f). To ensure the reliability of the experiment, a total of 6
OLED samples were estimated and the results were averaged. As
shown in Fig. 5g, the textile-based OLED emitted red light even
in water.

Finally, Supplementary Fig. 6 shows a wearable red OLED that
was realized on a typical dress-shirt and T-shirt. These samples
demonstrate the potential practical application by emitting red
light with a luminance of 1000 nit, which is required for outdoor
display, and displaying information such as a logo, the weather,
time, or date. To operate the wearable OLED, a flexible battery that
supplied 6V to the OLED device was used. Therefore, the real
wearable OLEDs were fabricated and showed the potential to
realize the smart e-textiles.

A reliable, foldable, and washable textile-based OLED was
fabricated and their practical usability was demonstrated. The
main technology used to realize this textile-based OLED was a
multi-functional near-room-temperature encapsulation layer. It
was demonstrated that an ALD TiO, thin film deposited at near-
room-temperature has outstanding impermeability and by this
demonstration, a near-room-temperature encapsulation with
WVTR on the order of 10°°gm ?day ' was developed. To
ensure mechanical flexibility and waterproof property, an internal
stress analysis was performed, and a highly cross-linked iCVD
polymer capping layer was introduced. After applying this barrier
to the textile-based OLED, it exhibited an operating life-time of
160 h with an initial luminance of 1000 nit. The OLED maintained
its optoelectronic characteristics and operating lifetime even after
tensile bending 1000 times with a 1.5 mm radius, which is enough
flexibility to endure the deformation by movement of human
body. In addition, the bilayer-encapsulated OLEDs retained their
initial optoelectronic characteristics even after immersion in water
for 1440 min. These experimental results confirmed that the
textile-based OLED can continue to operate despite water
exposure such as washing or rain.

It is expected that these functional wearable OLEDs will play an
important role in visualizing information on smart clothes for the
loTs in the future. In addition, TiO, material will be the main
encapsulation material as an alternative to Al,Os, because of its
high impermeability despite near-room-temperature deposition
temperature. With the TiO, material, the proposed encapsulation
barrier provides possibility to improve the reliability of all types of
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flexible substrates and devices that are extremely sensitive to
temperature or moisture.

METHODS
Encapsulation fabrication

The encapsulation barrier was fabricated as a bilayer structure that
consisted of an inorganic layer and an organic layer. Al,O3 and TiO,
materials were utilized for the inorganic layer. For the organic layer, pv3D3
was utilized. pV3D3 was deposited via iCVD. To measure the WVTR values,
an electrical calcium test was utilized.

OLEDs fabrication

Red phosphorescent OLEDs were fabricated on a polyester textile
substrate on which the planarization layer and the bottom encapsulation
barrier were deposited*®. The following structure was utilized: Al (100 nm)/
Lig (1 nm)/Bebga:Irpigs (70 nm)/NPB (62 nm)/MoOs (5 nm)/Ag (30 nm).

More details about experimental methods are provided in the
Supplementary information.
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