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Stretchable displays have recently received increasing attention as input and/or output interfaces for
next-generation human-friendly electronic systems. Stretchable electroluminescent (EL) devices are a core
component of stretchable displays, and they can be classified into two types, structurally stretchable EL
devices and intrinsically stretchable EL devices, according to the mechanism for achieving their stretchability.
We herein present recent advances in materials and design strategies for stretchable EL devices. First,
stretchable devices based on ultrathin EL devices are introduced. Ultrathin EL devices are mechanically
flexible like thin paper, and they can become stretchable through various structural engineering methods,
such as inducing a buckled structure, employing interconnects with stretchable geometries, and applying
origami/kirigami techniques. Secondly, intrinsically stretchable EL devices can be fabricated by using
Received 29th March 2022, inherently stretchable electronic materials. For example, light-emitting electrochemical cells and EL devices
Accepted 23rd May 2022 with a simpler structure using alternating current have been developed. Furthermore, novel stretchable
DOI: 10.1039/d2nh00158f semiconductor materials have been presented for the development of intrinsically stretchable light-emitting
diodes. After discussing these two types of stretchable EL devices, we briefly discuss applications of
rsc.li/nanoscale-horizons deformable EL devices and conclude the review.
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1. Introduction

Displays are a key component of electronic devices that help
visualize various electrical data.'” Over the past decades,
advances in displays have been mainly focused on increasing
the color gamut, screen size, and definition of displays.®™® As a
result, the resolution and color purity of displays have reached
almost the limits detectable by the human eye."””>° In recent
years, thus, there has been a growing demand for another type
of innovative display, such as the one that allows for users to
freely change the display shape according to their intended
purposes (e.g., enhancing portability, multitasking, and space
utilization).>*® Conforming to this trend, flexible displays
have been introduced in mobile phones, monitors, and televisions,
and lately foldable smartphones have been developed. More
recently, there has been a demand for developing next-
generation flexible displays with a higher degree of deformation
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freedom beyond curved/bendable and rollable/foldable displays,
such as those with twisting and stretching capabilities (Fig. 1a).
Stretchable displays have been highlighted, which are regarded as
indispensable user interfaces for next-generation human-friendly
electronic systems including bio-integrated electronic devices
such as wearable, attachable, and implantable devices.**”" 1t is
envisioned that these stretchable displays can conformally fit to
curvilinear surfaces of traditional objects, providing additional
functionalities as ‘“displays on things”. The deformability of dis-
plays can also enhance their wearability to be conformally
attached to the human skin. Furthermore, stretchable displays
require less space when carried, making them more portable.
Hence, numerous attempts, in terms of the development of new
materials and application of novel device designs, have been
made to confer stretchability to displays.*~*

The first flexible organic light-emitting diodes (OLEDs) were
reported in 1992 by Gustafsson et al.>® In 2008, Nokia proposed
a prototype phone called Morph using flexible displays. Later,
flexible displays were integrated into commercial curved tele-
visions (Samsung Electronics, 2013) and smart phones with
curved edges (Samsung Electronics, 2015) to provide a wide
field of view and additional user interface support, respectively.
However, the curvature of these displays was fixed according
to the shape of the device framework. In 2009, Samsung
Electronics commercialized their foldable display smartphones
that can withstand folding cycles exceeding 200 000 folds in the
folding test. Recent foldable displays usually employ ultrathin
encapsulation layers (e.g., transparent polyimide or glass) to
endure severe mechanical stress imposed on the hinge part of
the displays (bending radius: > 1.4 mm) during such repetitive
folding tests. In addition, 65 inch rollable displays, with
5.8 mm total thickness and 50 mm bending radius, were
commercialized in 2020 by LG Electronics. The shape of the
commercialized flexible displays reported to date can only be
changed by the one-directional pre-programmed motion of
specific parts. Considering this limitation, stretchable displays
can present new opportunities in the display industry with
regard to novel form factors. Despite such a demand, the
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Fig. 1 Schematic illustration of flexible electroluminescent devices. (a) Progress in the development of flexible EL devices. (b) Categories of stretchable

EL devices.

research on stretchable displays is still in its early stage.
Therefore, it is necessary to develop stretchable displays with
three-dimensional deformability, high luminance, and high
efficiency. Furthermore, it is greatly demanding to utilize existing
device technologies (scaling up, pixelation, and active-matrix
integration) for stretchable displays to be compatible with estab-
lished semiconductor manufacturing processes.®”*®
Electroluminescent (EL) devices are an essential component
of displays, serving as either backlight sources with color filters
or multiplexed light-emitting pixels.** Hence, the development
of high-performance stretchable EL devices should precede the
development of stretchable displays. This review presents recent
advances in materials and device designs for the development
of stretchable EL devices. We categorize stretchable EL devices into
two types: (i) structurally stretchable EL devices and (ii) intrinsically
stretchable EL devices (Fig. 1b). Structurally stretchable EL devices
achieve stretchability through various structural engineering
methods by applying special designs to ultrathin EL devices. The
structural engineering methods include a buckling technique, an
island and bridge design, and a folding and cutting design for
origami/kirigami. In contrast, intrinsically stretchable EL devices
use inherently stretchable electronic materials to gain intrinsic
deformability. In the early days, stretchable alternating current
EL (ACEL) devices, a simple capacitive type of EL device operated
with alternating current, have been reported. Recently, stretchable
semiconductor materials have been developed for intrinsically
stretchable light-emitting electrochemical cells (LECs) and light-
emitting diodes (LEDs), which are more compatible with commercial
displays based on inorganic and/or organic LEDs operated using
direct current (DC). After discussing these kinds of stretchable EL

This journal is © The Royal Society of Chemistry 2022

devices, we present a brief review of the applications of deform-
able EL devices.

2. Structurally stretchable EL devices

The first type of stretchable EL device is the structurally-
engineered stretchable EL device. Ultrathin EL devices,
although made of conventional thin-film-based electronic
materials, can exhibit a high degree of deformability through
various methods for engineering of the device structure (e.g.,
buckling, pop-up, serpentine, and origami/kirigami). This part
discusses such structural engineering methods and introduces
representative device examples of each method.

2.1 Ultrathin EL devices with buckled structures

One of the most efficient structural engineering methods to
make a stretchable device is to reduce the device thickness and
adopt wrinkles in the device.**™*° When bent, the inner and
outer parts of the solid material experience compression and
tension, respectively.’® These induced strains are linearly pro-
portional to the material thickness.”’”* Minimal thickness
allows facile release of internal stress in the device during
deformation, reducing the likelihood of cracks in the active
layers and improving the device stability.>® Moreover, with the
reduced thickness of brittle materials, it is easier to locate all
the brittle materials near the neutral mechanical plane®'—the
region between the inner part (in compression) and the outer
part (in tension) of bent materials where the compressive and
tensile stresses cancel each other out. The materials in the
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neutral mechanical plane are not under stress and thus are
free from mechanical fractures. Thus, LEDs with ultrathin
thickness have been developed for deformable EL devices. Most
LEDs share similar device structures (Fig. 1b and 2a), because
they utilize electroluminescence in which semiconductor mate-
rials produce photons by using externally applied electron-hole
pairs. Electrons and holes are injected into charge injection
layers (electron injection layer, EIL, and hole injection layer,
HIL) and charge transport layers (electron transport layer, ETL,
and hole transport layer, HTL) from electrodes (cathodes and
anodes), and then into the emission layer (EML) for light
emission via radiative recombination. Because the thickness
of each active layer in LEDs is only a few tens of nanometers,
they can be developed to have an ultrathin form factor. Further,
by using the ultrathin device, a stretchable device can also be
fabricated. Applying pre-strain to the device and releasing the
pre-strain leads to the formation of a wrinkled structure in the
ultrathin device. The wrinkles can be flattened under external
tensile strains and the buckled device can become stretchable.
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Due to the ultrathin thickness and the neutral mechanical
plane design, the buckled device can avoid mechanical fractures
even during repetitive stretching cycles.

Choi et al. reported wearable quantum dot (QD) LEDs
(QLEDs) with an ultrathin form factor.>® They developed an
intaglio transfer printing technique for patterning ultrahigh-
resolution pixels (~2460 pixels per inch) of red, green, and blue
QDs. The high interfacial energy difference between QDs/intaglio
trenches and QDs/stamps allowed ~100% transfer yield and
improved the definition of the patterns regardless of their size,
shape, and complexity (Fig. 2b). This printing technique could
fabricate full-color QLED arrays with red, green, and blue sub-
pixels. Geometric separation of sub-pixels could provide balanced
white light, because it is helpful to inhibit the energy transfer
between QDs of different colors in conventional white QLEDs.®*%*
Because the active layer of the ultrathin QLEDs were positioned in
the neutral mechanical plane of the entire device (~ 300 nm active
layer with double encapsulation layers of ~1.1 um; total thickness
~2.6 pm), high mechanical flexibility could be achieved (Fig. 2c).
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Fig. 2 Ultrathin EL devices with buckled structures. (a) Schematic illustration of the energy diagram and light generation mechanism in LEDs. (b)
Schematic of the intaglio transfer printing technique. High-resolution red, green, and blue pixels (bottom left) and pixelated white QLEDs (bottom right)
fabricated using this technique. (c) Schematic (top) and photographs (bottom) of a wearable QLED in the flat and wrinkled states. Reproduced with
permission from ref. 55. Copyright 2015, Springer Nature. (d) J-V-L characteristics of transparent QLEDs. (e) Photographs of ultrathin stretchable
transparent QLEDs with up to 50% deformation. Reproduced with permission from ref. 56. Copyright 2018, Wiley-VCH. (f) Schematic of an ultrathin
PelLED with a PI/AgNW composite electrode. The ultrathin flexible PeLED on a wrinkled surface has a stretchable form factor (bottom). (g) J-V-L
characteristics of a stretchable PeLED under different strains. Reproduced with permission from ref. 57. Copyright 2019, Wiley-VCH. (h) Schematic of a
geometrically stretchable organic light-emitting diode (GSOLED). (i) Images of the GSOLEDs under various deformations, including twisting (top) and 2D
stretching (bottom). (j) Schematic of the optical light scattering for a MoOz/Au/MoO3 (MAM) electrode with SiO, NP embedded substrates. Reproduced
with permission from ref. 58. Copyright 2021, Springer Nature. (k) Schematic of the fabrication of stretchable OLEDs with an ordered-buckling profile.
Images of a stretchable OLED fabricated on a 200% pre-stretched substrate with strains from 0% to 100% (bottom). () J-V—L characteristics of the
OLEDs under different stretching conditions. Reproduced with permission from ref. 59. Copyright 2016, Springer Nature.

804 | Nanoscale Horiz., 2022, 7, 801-821 This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nh00158f

Published on 24 Mudyaxihi 2022. Downloaded on 2024-08-06 05:17:35.

Nanoscale Horizons

The ultrathin QLEDs with high brightness (~14000 ¢d m™?)
maintained their EL characteristics on various curvilinear surfaces
(e.g., human skin) even under various mechanical deformations
such as bending, folding, and wrinkling (bottom images of
Fig. 2¢), and showed consistent brightness after more than 1000
cycles of ~20% stretching.

By engineering the device structure, ultrathin QLEDs could
be fabricated to be highly transparent (> 84% in visible light).>®
A thin alumina layer (~2 nm), introduced on the ZnO electron
transport layer, protects QDs and charge transport layers from
plasma damage, allowing transparent and conductive ITO to
be used as top and bottom electrodes. In addition, the
alumina layer balanced the electron/hole injection into the
QDs by blocking an excess electron transport over the hole
transport, leading to superior device characteristics (bottom:
~43000 cd m ™2, top: ~30000 cd m 2, total: ~73 000 cd m ™2 at
9 V) (Fig. 2d). Despite using brittle ITO electrodes in ultrathin
transparent QLEDs, they could withstand various mechanical
deformations such as 1000 bending cycles (bending radii 0.05-
13 mm), 50% stretching of the buckled QLED (Fig. 2e), com-
pression on human skin, and folding on the edge of a slide
glass without degradation of the EL performance.

In addition to QLEDs, LEDs employing perovskite nanocrystals
(NCs) can adopt ultrathin designs. For example, Li et al
reported stretchable wavy organometal-halide-perovskite NC
LEDs (PeLEDs) using ultrathin electrodes made of a transparent
polyimide (PI) and silver nanowire (AgNW) composite mixed
with titania (Fig. 2f).”” The ultrathin PeLEDs were transferred
onto a pre-stretched elastic substrate, and a wavy structure of the
PeLED was fabricated by releasing the pre-strain. Titania nano-
particles act as a protective layer on the AgNW networks without
affecting their conductivity and optical transparency. Ultrathin
(1-2 um), smooth (roughness of 0.796 nm), and flexible PI/AgNW
composite electrodes were developed for an ultrathin PeLED
with a total thickness of ~3 pm. The stretchable PeLED showed
a high degree of deformability, such as bendability with a
bending radius of ~70 pm and a stretchability of 50% (bottom
image of Fig. 2f). Even under tensile strain, the device showed
excellent EL characteristics (turn-on voltage of 3.2 V, maximum
current efficiency of 8.91 cd A" at 7 V) (Fig. 2g).

Stretchable devices based on ultrathin OLEDs can also be
fabricated.®*®® Choi et al. developed a transparent MoO;
(15 nm)/Au (14 nm)/MoO; (5 nm) electrode to fabricate a
geometrically stretchable OLED (GSOLED) (Fig. 2h).>® Because
of the deep work function of MoO; and Au, the energy level of
the Au electrode (5.25 €V) matches the energy level of the hole
injection layer (N,N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1’-biphenyl-
4,4'-diamine (NPB)), which enabled high EL performance
(external quantum efficiency of ~22.3%) with minimum effi-
ciency roll-off. A wrinkled type of GSOLED could be fabricated
on a highly flexible composite substrate, consisting of a pre-
strained 3M elastomer and an ultra-violet curable polymer
(Norland Optical Adhesive 63 (NOA63)), by releasing the pre-
strain. The wavy GSOLED could withstand various mechanical
deformations, including 1D torsion at various angles (1-180°)
(top images of Fig. 2i), 2D stretching with various biaxial strains

This journal is © The Royal Society of Chemistry 2022
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(0-100%) (bottom images of Fig. 2i), and 3D deformation by
stretching on a golf ball (42.7 mm diameter), showing uniform
light emission without color change. In order to avoid the
deterioration of OLED performance caused by heat accumulation
on the thick elastomer,”® silicon dioxide nanoparticles were
incorporated in the NOA63 substrate. The silicon dioxide nano-
particles have high thermal conductivity’® (1.3 W m~" K™ ') and
thus were helpful for the heat dissipation from the device. Also,
the nanoparticles could improve the optical output coupling
efficiency by ~10% (Fig. 2j) via the Mie scattering effect.”*

Buckling can be precisely controlled with a desired periodicity
to manage the mechanical characteristics of stretchable LEDs.”>”?
For example, Yin et al. developed an effective laser-programmable
buckling process to achieve stretchable OLEDs with ordered
buckling profiles.>® The ultrathin OLED was selectively attached
on top of a pre-stretched elastomer with a 1D grating structure.
After releasing the pre-strain, the unattached part of the OLED
formed a periodical pop-up structure (top schematic of Fig. 2k).
The buckling period of the OLED was determined by the interval
of the 1D grating, which could be made by using femtosecond
laser ablation. The buckled OLED could be repeatedly stretched
up to 15000 times with a small luminance attenuation (~16%)
under a tensile strain of ~20%. The tensile strain that the device
could withstand was proportional to the pre-strain of the elasto-
meric substrate. For example, stretchable OLEDs with 100%
stretchability could be obtained on a substrate with 200% pre-
strain (bottom images of Fig. 2k). Regardless of the applied strain,
stretchable OLEDs exhibited a constant turn-on voltage around
~3V (Fig. 2I).

2.2 Ultrathin EL devices with island-bridge structures

Through structural engineering, stretchable LED arrays using
rigid EL devices can be developed.”*””” Although each light-
emitting unit is not flexible, the entire array can be stretched
using submillimeter-size LEDs and stretchable interconnection.
During mechanical deformation, the interconnects are deformed
instead of LEDs and release the stress applied to the device,
avoiding mechanical failures.

Park et al. designed metal mesh electrodes with arc-shaped
pop-up bridge structures to interconnect ultra-small (100 pm x
100 pm) inorganic LEDs (ILEDs) to form a 16 x 16 deformable
ILED array (Fig. 3a).”® The ultrathin geometry (~2.5 pm)
enabled the array to be flexible, and the device array is
compatible with conventional microfabrication techniques.
The ILED island array interconnected with flat metal mesh
electrodes was placed on a pre-strained poly(dimethylsiloxane)
(PDMS) substrate. After releasing the pre-strain, the metal
mesh electrodes underwent out-of-plane flexion to form a
non-coplanar arc-shaped bridge structure. The curvature
change of the arc-shaped bridge electrode could accommodate
mechanical deformations. Based on finite element simulations,
the maximum strain in the ILED island was only 0.17%, while
the entire ILED array was subjected to 24% strain. Moreover, the
devices showed excellent mechanical stability upon stretching
up to ~22% strain (Fig. 3b). The arc-shaped pop-up bridge
interconnects successfully dissipated the induced stress.

Nanoscale Horiz., 2022, 7, 801-821 | 805
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Fig. 3 Ultrathin EL devices with island—bridge structures and with cuts and folds. (a) Image of a 16 x 16 stretchable passive-matrix ILED array on a PDMS
rubber substrate interconnected by arc-shaped bridge structures. (b) /-V characteristics of an ILED display under various applied strains. Reproduced
with permission from ref. 78. Copyright 2009, The American Association for the Advancement of Science (AAAS). (c) Image of a 6 x 6 stretchable
inorganic LED array with serpentine-shaped bridges (inset) with 46% stretch along the diagonal direction. (d) Voltages at 20 pA current of the ILED array
for different cycles of 75% stretch along the horizontal direction. Reproduced with permission from ref. 79. Copyright 2010, Springer Nature. (e) Optical
image of a deformable 9.1 inch full-color AMOLED display in the convex and flat states (inset). (f) Schematic of a low-temperature vacuum
thermoforming process. Reproduced with permission from ref. 80. Copyright 2017, Wiley-VCH. (g) Cross-sectional SEM image of stretchable substrates
with surface relief island—bridge structures with elastic pillar arrays (top). The bottom image shows a photograph of stress-relief substrates stretched to
35% (from the blue arrow to the white arrow). (h) J-L characteristics of stretchable OLEDs under various applied strains. Reproduced with permission
from ref. 81. Copyright 2020, American Chemical Society. (i) Optical images of 3D OLEDs with candle flame structures under ambient light (left) and in the
dark (right). Reproduced with permission from ref. 82. Copyright 2018, Wiley-VCH. (j) Photograph of a 3 inch distortion-free auxetic meta-display placed
on a spherical surface with a radius of curvature of 40 mm. (k) Optical image of a meta-display with kirigami cutting patterns under uniaxial stretching and
before stretching (inset). Reproduced with permission from ref. 83. Copyright 2022, Wiley-VCH. (I) Developable nets for an ellipsoid using the
computational wrapping design of non-stretchable commercial EL panels. The right image shows the EL of the wrapped panel. Reproduced with

permission from ref. 84. Copyright 2020, The American Association for the Advancement of Science (AAAS).

The serpentine-shape structure is another successful design
for deformable island-bridge type arrays.*>® For instance,
Kim et al. developed a stretchable LED array with sub-50
micron-scale ILEDs (p-ILEDs) and serpentine-shape inter-
connects fabricated on a pre-stretched (~20%) PDMS substrate
(Fig. 3¢).”® Compared to the arc-shaped pop-up structure, the
non-coplanar serpentine interconnection could effectively dis-
sipate the multi-axial strains at a higher strain level. Therefore,
the p-ILED array endured various mechanical deformations,
including 100 000 cycles of ~75% uniaxial stretching (Fig. 3d),
diagonal stretching of ~46%, corkscrew twisting of 720°,
bending, and folding.

The strategy of structural designs has also been applied to
commercial products. In 2017, Samsung Electronics developed
a prototype device of 9.1 inch 3D convex and/or concave shape
active-matrix OLED (AMOLED) displays (Fig. 3¢).%° The displays
were composed of tiny OLEDs as individual pixel islands
interconnected with island-bridge structures. A low-temperature

806 | Nanoscale Horiz., 2022, 7, 801-821

polycrystalline silicon thin-film transistor (TFT) backplane was
employed for the display. The AMOLED panel was integrated into
numerous micron-size cavities on a polyimide substrate, using the
low-temperature thermoforming process (Fig. 3f). Like a balloon,
the display could be stretched over ~ 5%, leading to the formation
of the convex and/or concave shape with 10 mm displacement
that could also be restored to an original flat state. Moreover, even
with such deformability, the brightness of the display could reach
300 cd m >

The use of stress relief substrates is helpful to reduce the
stress on the active area of devices. Lim et al. designed stretchable
OLED arrays on stress-relief stretchable substrates interconnected
using a compact zigzag-shaped structure (Fig. 3g).*" In this work,
the pixel islands were suspended on the elastic substrates that can
disperse the stress on the active areas of devices, thus providing
greater stretchability than the flat island-bridge structure. The
elastic substrates consisted of PDMS micropillar arrays and SU-8
plates supported by PDMS pillars on the PDMS substrates

This journal is © The Royal Society of Chemistry 2022
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(top image in Fig. 3g). The stretchable OLEDs could be easily
fabricated on the SU-8 plates and bridges through a simple
thermal evaporation process, allowing the devices to possess up
to 90% of the active area in the non-stretched state. When the
device was stretched, the bridges between the plates stretched,
making the active area functional until 35% stretching (Fig. 3h).
Finite element method simulations supported that the external
stress on the pillars supporting the SU-8 was much smaller than
that on the pillars connected to the PDMS. The stretchable OLED
arrays with 30 nm AlLO; encapsulation layers maintained the
stretchability while showing an operational half-life time of 50 h at
5 V with a duty cycle of 50%.

2.3 Ultrathin EL devices with cuts and folds

Origami/kirigami methods and the resulting 3D structures,
inspired by ancient paper art, have attracted extensive research
attention due to their compatibility with ultrathin flexible elec-
tronics. Devices using origami/kirigami designs and structures
can be reversibly transformed between non-stretchable 2D
panels and complex 3D structures. The simple and low-cost
origami/kirigami strategy can endow ultrathin devices with a
high stretchability far beyond the deformation limit of the
material or device itself and planar devices with various 3D
deformabilities such as multi-directional bending, curling, and
twisting capability. Recently, such an origami/kirigami strategy
has been applied to flexible EL devices.

For example, Kim et al. fabricated ultrathin OLEDs with
origami/kirigami designs.®” Large-area (> 15 cm”) 2D patterned
OLEDs were cut, curled, and assembled according to the pre-
defined cut and fold patterns to construct the desired 3D
candle flame without degradation of the original device perfor-
mance. The patterned slits allowed for the planar OLEDs to be
bent out-of-plane, and thus distribute the induced strain and
withstand a large amount of stress. By simply integrating
different folding and cutting patterns, planar OLEDs could be
transformed into a variety of 3D structures, including pop-up
globe lamps and candle flames (Fig. 3i). Moreover, the 3D space
can be occupied by the transformed 3D EL device more
efficiently, which thus leads to better light exploitation and
higher brightness.

Origami/kirigami techniques can effectively improve the
stretchability of EL devices. Jang et al. prepared a 3-inch
reconfigurable auxetic meta-display consisting of micro-LEDs
with a kirigami-based auxetic circuit board on a rigid PI film,
achieving ~24.5% stretchability while minimizing image
distortion during stretching (Fig. 3j).** Micro-LEDs were trans-
ferred to a meta-printed circuit board (PCB) with a Poisson’s
ratio of —1 using the roll transfer technique. During stretching,
the meta-PCB with the kirigami cutting lines formed a geo-
metry of rotational squares and hinge structures (Fig. 3k). Adjacent
rigid squares rotated at the same angles in the opposite directions.
At the same time, the hinges connecting the square pixels were
uniformly extended to the stretching direction, allowing the
display to exhibit isotropic stretching with high image fidelity.
The kirigami cutting lines with both ends of circular holes can
reduce local strain near the hinge, resulting in an elongation
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five times greater than the elastic limit of the PI film while
retaining effective electrical properties. Moreover, the
distortion-free displays can be conformably attached to various
surfaces with non-zero Gaussian curvatures, including facial
skin, concave and convex surfaces, and spherical surfaces with
a radius of 40 mm.

Origami/kirigami-applied ultrathin devices also exhibit as
high conformability to curved surfaces as elastic materials. The
computer-aided approach can advance the design of curved
LEDs that fits the morphology of various 3D objects by employing
highly complex origami/kirigami designs. Lee et al. proposed a
computational approach for the design of a LED with an origami
structure that could wrap a 3D object efficiently.®* Reverse engi-
neering (from 3D structures to 2D cut/fold patterns) was used to
design a polyhedral net for conformal wrapping without
unwanted openings or overlaps. By the differentiation method,
a 3D-curved surface was divided into several 2D meshes, which
could be closer to the desired 3D structure as the number of facets
increased. Then, the computational method optimized the dis-
tance between the 2D meshes and minimized the bending angle
of the 2D meshes to design a high-resolution 2D unfolded sheet
(non-polyhedral developable net). Compared to polyhedral nets,
2D non-polyhedral developable nets reduce the wrapping time,
prevent failures, and yield smooth 3D-curved surfaces with
negligible creases. With this method, commercial EL panels with
brittle ITO electrodes could be cut into an optimized origami
structure to conformally cover arbitrary non-zero Gaussian curva-
ture surfaces (Fig. 31).

3. Intrinsically stretchable EL devices

As introduced in the previous section, the stretchability of
devices can be achieved through structural engineering of LED
arrays. However, the rigid materials as well as the connection
regions between islands and bridges in structurally stretchable
EL devices are vulnerable to repeated deformations. The rigid
device regions, although small in area, can still cause local
mechanical mismatch when interfaced with soft materials
including soft human tissues in the case of wearable-type
devices.’*° In addition, 2D or 3D wrinkled structures of ultra-
thin EL devices distort the displayed images against the viewing
angle.>® %% Furthermore, the light-emission area in the EL
devices with structurally designed interconnections is signifi-
cantly limited in comparison with the entire array area since the
structurally engineered interconnects occupy most of the array
area. Therefore, the development of intrinsically stretchable EL
devices is highly demanding.

All components of an intrinsically stretchable EL device,
such as electrodes, charge transport layers, emissive layers, and
substrates, need to be inherently stretchable. In addition, their
electrical/optical/mechanical properties should be maintained
even after mechanical deformations. To date, various inherently
stretchable conductors, including conductive polymers,” conduc-
tive hydrogels,”>® and conductive nanomaterial networks”” %
(i.e., nanoparticles, nanowires, nanoflakes, nanosheets, and their
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hybrids), have been investigated as deformable electrodes.
However, the development of intrinsically stretchable semi-
conductor materials for charge transport or emissive layers is still
in the early stage.'®'% Few intrinsically stretchable organic
semiconductors'”” have been proposed but have shown limited
electrical performances compared to rigid ones. Semiconductor—
elastomer composites'®® have been suggested as stretchable
semiconductors but have also shown limited electrical properties
owing to the insulating characteristics of the elastomers.

3.1 Intrinsically stretchable ACEL devices

Stretchable ACEL devices have a simple capacitive structure,
which consists of a dielectric elastomer layer embedded with
luminescent phosphors and two stretchable electrode layers
sandwiching the dielectric layer (illustration of an ACEL device
in Fig. 1b). Composites of metal-doped zinc sulfide phosphors
(dopants: Cu, Mn, Eu, etc.) and elastomers are commonly used
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as light-emitting layers in stretchable ACEL devices, in which
the dopant ions determine the color of the emitted light. With
the electrically isolated phosphors in the dielectric layer, the
hot-electron impact excitation mechanism is the dominant
light emission mechanism of the ACEL devices (Fig. 4a). At
high AC voltages (typically >100 V), electrons are injected into
phosphors at the interface with elastomer and are accelerated
by the electric field. The high kinetic energy of the accelerated
electrons causes impact excitation when they meet a luminescent
center. Finally, the excited electrons in the luminescent centers
generate visible photons. In the opposite electric field, the trapped
electrons at the interface between the dielectric and phosphor
generate light through the above process in the reverse direction,
so an AC voltage is required to circulate the charges within the
device. Owing to the capacitive characteristics in the operation
mechanism of the ACEL device, its luminance depends on the
operating voltage and frequency rather than the current, as shown
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Fig. 4 Intrinsically stretchable ACEL devices. (a) Schematic illustration of the energy diagram and light generation mechanism in ACEL devices. (b) EL

intensities of a stretchable ACEL device under different stretching strains. The inset schematic shows the device structure of the stretchable ACEL device.
Reproduced with permission from ref. 110. Copyright 2015, Wiley-VCH. (c) Schematic of the morphological and compositional effects of EMIM-TCB on
PEDOT:PSS films. Reproduced with permission from ref. 111. Copyright 2017, American Chemical Society. (d) Device structure of a high brightness
stretchable ACEL device with high dielectric constant particles, BaTiOs. The inset compares the brightnesses of ACEL devices with (bottom) and without
(top) BaTiOz (250 V,