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Abstract

Recent advances in skin-attachable electronics have attracted substantial interest because of their potential in various fields
such as robotics, healthcare, and wearable technology. Among various electroluminescent (EL) devices, quantum dot light-
emitting diodes (QLEDs) are promising for next-generation displays due to their superior color purity, high brightness,
excellent efficiency, high stability, and ultrathin form factors, making them promising for flexible electronic applications.
This review outlines the recent progresses in QLEDs for skin-attachable electronics. First, materials selection and various
structural designs that impart mechanical flexibility into QLEDs are discussed. We also discussed the design strategies of
flexible displays based on the array of QLEDs. Then, we summarize skin-attachable displays based on the flexible QLEDs,
including the integration with sensors capable of detecting various signals. The discussion includes the promising role of
skin-attachable QLEDs in healthcare, particularly their potential as wearable light sources for monitoring biologic signals.

Overall, this review article highlights the remarkable progress made in the skin-attachable QLEDs.
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Introduction

Displays, as luminescent devices, play a crucial role in
visualizing external signals—environmental, electrical,
or optical—and conveying information to users [1-3]. To
deliver more realistic information, the development of dis-
plays has focused on enhancing key parameters related to the
visualization, including brightness, color purity, and reso-
lution. This trend has led to the exploration and utilization
of various light-emitting materials with enhanced optical
properties. Among these, quantum dots (QDs) have been
emerging as next-generation light-emitting semiconductor
materials, offering substantial advantages for display device
applications [4—8]. QDs possess exceptional optical proper-
ties such as easily tunable bandgap, high photoluminescence
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quantum yield (PLQY), and high color purity with narrow
emission spectra [9—15]. Quantum dots light-emitting diodes
(QLEDs), which utilize the electroluminescence (EL) of
QDs, exhibit high color purity, low turn-on voltage, high
external quantum efficiency (EQE), and high brightness
due to the outstanding optoelectronic properties of QDs [7,
16-24].

Concurrently, there has been growing demand for display
devices that can be directly attached to the skin and can visu-
alize immediate physical, optical, and electrical information
[25-27]. Such displays are essential for the advancement
of various future technologies such as robotics, healthcare,
and wearable technology [28—33]. Traditional attempts to
incorporate such devices into wearable forms, like glasses or
watches, have faced challenges due to their rigid, thick, and
fixed structures, leading to user discomfort during various
activities. Consequently, there is a clear need for devices
that can be conformably attached to the skin, integrating
displays, sensors, and light sources for efficient biomedical
detection. Because of the ultrathin thickness of active layers,
QLEDs can be fabricated into ultrathin device structures
[34]. When engineered for flexibility and stretchability, these
ultrathin devices can significantly enhance portability, dura-
bility, and comfort during wear, adapting seamlessly to body
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movements. Integrating QLEDs with sensors, light sources,
and bio-signal detectors can result in a skin-attachable dis-
play-sensor system.

In this review article, we provide a comprehensive sum-
mary of the latest advancements in skin-attachable QLEDs
(Fig. 1). The first chapter summarizes the fabrication
strategies of flexible QLEDs. We discuss the use of flex-
ible electrodes and structural designs (ultrathin, kirigami,
wrinkled structures, etc.) to achieve skin compatibility for
flexible QLEDs. The development of flexible displays based
on QLED arrays is also summarized. The second chapter
introduces a range of skin-attachable systems that integrate
sensor-QLED displays. These systems have been success-
fully demonstrated to effectively transmit a wide range of
signals, such as pressure, temperature, light, and strain.
Beyond strategies for simple signal transmission, we also
showcase interactive QLED displays capable of instantane-
ously conveying quantitative and spatial information in real-
time. Furthermore, we present the applications of QLEDs as
light sources in healthcare applications.

Fig.1 Schematic overview on
the developments of skin-
attachable QLEDs

Design Strategies for Flexible QLEDs
and Displays

When skin-attachable electronic devices are utilized, they
are subjected to various mechanical deformations due to
body movements. A crucial aspect of this development is
the design of devices that are robust to mechanical damage
resulting from such deformations. This chapter begins by
discussing the selection of flexible materials for key compo-
nents of flexible QLEDs, such as electrodes and substrates.
The strategic choice of materials inherently imparts a degree
of flexibility to QLEDs, enabling them to adapt to physical
stresses. Beyond the selection of materials, this chapter also
present another critical strategy: the structural modifica-
tions of QLEDs. This approach focuses on designing the
QLED structure to ensure that functionality and integrity
are maintained under physical distortions, such as twisting,
bending, or stretching. Finally, to convey information effec-
tively, displays requires more than just a single QLED and
need to be composed of arrays containing multiple QLED
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pixels. Therefore, this chapter concludes by highlighting
representative works that showcase flexible displays based
on arrays of QLEDs.

QLEDs with Flexible Electrodes

The use of flexible substrates has been explored to achieve
mechanical properties suitable for flexible devices [35-39].
For instance, Yang et al. proposed highly stable QLEDs that
can function like stickers, utilizing the Kapton polyimide
(PI) substrates [40]. This substrate shows remarkable sta-
bility against many organic solvents and high temperatures
(>260 °C) [41-44], enabling stable adhesion on surfaces
with varying curvatures. In addition to PI, various mate-
rials such as polycarbonate (PC), polyethylene naphtha-
late (PEN), polyethylene terephthalate (PET), epoxy, and
poly(dimethylsiloxane) (PDMS) have been suggested as
flexible substrates for flexible QLEDs [45-48]. However,
when using plastic substrates alone, issues such as low mois-
ture stability and low adhesion from differences in elasticity
between the substrate and the electrode can affect device
performance. To address this, strategies such as coating the
substrate with materials like metal and colloidal nanoparti-
cles have been suggested [49-51]. Using flexible substrates
is essential in fabricating flexible devices, and various strate-
gies are being suggested.

The flexibility of the electrode layer, an essential com-
ponent in electronic devices, is also a critical consideration.
While indium tin oxide (ITO) is known for its excellent
electrical, mechanical, and optical properties, its brittleness
and vulnerability to deformation pose challenges [52-55].
To incorporate the electrically superior yet brittle ITO layer
in flexible devices, modifications of the electrode structure
are required. Remarkably, mechanical neutral plane systems
comprising metal layers sandwiched between two ITO layers
(e.g., ITO-copper-ITO structures, ICI) have been proposed
[56-59]. These designs help disperse mechanical stress, pro-
tecting the ITO layer during bending tests [60, 61]. Song
et al. further enhanced this concept with an epoxy-Cu-ITO
(ECI) multilayer electrodes, improving transparency, con-
ductivity, and flexibility compared to the standard ICI elec-
trodes [62].

The inherent lack of mechanical deformability in ITO
necessitates the development of alternative electrode mate-
rials with higher levels of deformation. Various materials,
including carbon nanotubes (CNTs), graphene, and silver
nanowires (AgNWs) have been suggested as transparent
and flexible electrodes [63]. Choi et al. successfully devel-
oped flexible QLEDs using graphene as an anode, lever-
aging its transparency, flexibility, stretchability, and high
electrical conductivity/mobility (Fig. 2a) [64]. The result-
ing device demonstrated high transparency (Fig. 2b), except
in the semi-transparent Li/Al cathode section, and effective

carrier injection, leading to high electrical/optical efficiency
(Fig. 2¢). These QLED devices maintained consistent per-
formance during bending with the bending angle up to 180°
(Fig. 2d).

As another alternative, dielectric/metal/dielectric (DMD)-
based transparent electrodes have been emerging as promis-
ing candidates for electrodes of flexible electronic devices,
because of their high conductivity, transparency, flexibility,
and easy fabrication [65-67]. Kim et al. introduced flexible
QLEDs based on oxide/metal/oxide (OMO) electrodes, a
type of DMD electrode (Fig. 2e) [68]. Ag was chosen as
the conducting metal, while WO, and MoO, were proposed
as the dielectric metal oxide materials. The performance of
the device was compared by controlling each material and
the thickness of each layer (Fig. 2f and g). As the thick-
ness of each oxide layer increased, the device performance
decreased due to increased electrical resistance limiting
electron injection into the electron transport layer (ETL).
The devices with MoO, as the oxide material outperformed
those with WO,, attributed to the energy levels relative to
the ZnO layer used as an ETL. Remarkably, the device with
MoO, layer showed the better performance compared to
those with ITO electrodes. Lee et al. also reported flexible
QLEDs with a similar structure (Fig. 2h) [69].

AgNWs have been proposed as highly promising mate-
rials for flexible electrodes due to their excellent electri-
cal, thermal, and mechanical properties [70]. Zhang et al.
reported the application of AgNWs electrodes with a high
transmittance of 98.5% in transparent QLEDs [71]. The use
of AgNWs in combination with polymer composites, such
as PI, has been suggested to offer higher deformability and
reduced surface roughness and resistance [72]. Therefore,
various studies have proposed to apply such composite mate-
rials in QLEDs. Ding et al. developed high-performance/
high-efficiency QLEDs employing AgNW/PI electrodes
[73]. In AgNW/PI structures, AgNWs effectively scatter
trapped light into the air, reducing light reflection interfaces
and thus increasing the amount of extracted light. AGNW
electrodes have a lower work function than ITO anodes, sug-
gesting more favorable electron injection into QDs (Fig. 2i).
Devices using AgNW electrodes showed a higher EL inten-
sity compared to those with ITO anodes at the same cur-
rent level (Fig. 2j) and achieved excellent EQE of 24.1%
(Fig. 2k]. Moreover, these devices maintained electrical
characteristics even after multiple bending tests, highlight-
ing their flexibility and stability (Fig. 21).

Ultrathin QLEDs with Structural Designs
The ultrathin structure of flexible electronic devices offers
significant advantages, primarily because the stress induced

by bending is directly proportional to the distance from the
neutral axis [74, 75]. Furthermore, the ultrathin form factor
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Fig.2 a Schematic illustration of the device structure for wearable
QLEDs with graphene anodes. b Photograph of the wearable QLED
on the human arm. ¢ Current density — brightness — voltage curves of
the wearable QLED. d Current density — voltage curves of wearable
QLEDs with various bending angles. Reproduced with permission
from Ref. [64], Copyright 2015, WILEY-VCH. e Schematic illus-
tration of QLEDs structure with OMO cathodes. f Current efficiency
versus current density curves of QLEDs with various thickness of
WO,/Ag/WO, and g MoO,/Ag/MoO, layers. Reproduced with per-

is particularly beneficial in skin-attachable devices, where it
minimizes user discomfort during body movements. On the
other hand, these skin-attachable devices need to be robust
against degradation and performance losses caused by fac-
tors such as sweat, ambient moisture, and heat. The supe-
rior water and air stability of QLEDs (compared to organic
LEDs) allows for the use of significantly thinner encapsula-
tion layers, enabling the development of ultrathin QLEDs
[76, 77]. Choi et al. reported flexible and skin-attachable
ultrathin QLEDs by employing 1.2 pm parylene-C/epoxy
bilayers as both the top and bottom encapsulation layers
[34]. This design achieved an ultrathin total thickness of
2.6 pm (Fig. 3a), while ensuring high mechanical stabil-
ity under various deformations and exposure to moisture
(Fig. 3b). Moreover, this work succeeded in generating pure
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mission from Ref. [68], Copyright 2022, MDPI. h Photograph of the
flexible QLED with an OMO cathode. Reproduced with permission
from Ref. [69], Copyright 2023, MDPI. i Energy-level diagrams of
QLEDs employing AgNW cathodes or ITO cathodes. j EL spectra
and k EQE curves of QLEDs with AgNW cathodes or ITO cathodes.
1 Bending test results of fabricated QLEDs with AgNW-based cath-
ode. Reproduced with permission from Ref. [73], Copyright 2018,
WILEY-VCH

white light emissions from skin-attachable pixelated white
QLEDs (WQLEDs) (Fig. 3c). The efficiency and white color
purity of the reported WQLEDs, featuring red/green/blue
pixels, were superior to those of conventional WQLEDs.
The traditional WQLEDs, which were fabricated by mix-
ing various color of QDs within the light-emitting layer,
frequently exhibit inefficiencies and reduced white purity,
which is attributed to inevitable energy transfer between
QDs of different colors [78].

QLEDs with an ultrathin form factor can benefit from
additional structural modifications to allow the high degree
of mechanical flexibility. One such modification is the incor-
poration of wrinkled structures, pre-engineered with wave-
like patterns. These structures can flatten out under external
tension, effectively releasing the deformation. The wrinkled
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Fig.3 a Schematic illustration showing the device structure of
ultrathin QLEDs. b Brightness of the ultrathin QLEDs during stretch-
ing tests. ¢ Photograph of skin-attachable WQLED arrays. Repro-
duced with permission from Ref. [34], Copyright 2015, Springer
Nature. d Cross-sectional SEM image of wrinkled QLED structure
under 0% and 33% stretching. e Transmittance spectra of QLEDs
with the ETL, ,, where x represents the thickness of alumina over-
layers (nm). f Skin-attached QLEDs stretched up to 50%. g Photo-

structure applied for skin-attachable displays demonstrated
high folding and tensile capabilities. Choi et al. proposed
engineering strategies for flexible and transparent QLEDs
using the wrinkled architecture (Fig. 3d) [79]. An ETL
composed of ZnO nanoparticles deposited with ultrathin
alumina overlayers enabled the use of ITO for both top and
bottom electrodes, resulting in high transparency (> 84%
transparency at the visible range) and superior EL perfor-
mance (max luminance = 73,000 cd/m” at 9V) (Fig. 3e). The
ultrathin alumina overlayers not only effectively protected
the underlayers during the top ITO electrode deposition but
also enhanced the balance of the electron and hole injec-
tion into QDs. With the introduction of wrinkled structures,
these devices exhibited a resilient folding structure even at
very small bending radii. In addition, it maintained stable
EL performance even in tensile tests with the strain up to
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graphs of QLEDs on leaves with varying luminance. Reproduced
with permission from Ref. [79], Copyright 2018, WILEY-VCH. h
Schematic illustration of etching strategies for kirigami designs and
i photograph of the folded device. j Current density — voltage curves
under various compressive strain. k Photograph of red-light-emitting
QLED with a 3D butterfly structure. Reproduced with permission
from Ref. [86], Copyright 2021, Springer Nature

50% (Fig. 3f). As results, the reported QLEDs demonstrated
outstanding transparency and clarity of visual data on color-
rich backgrounds (such as leaves) (Fig. 3g).

Integrating origami and kirigami designs with QLEDs
has opened new possibilities in overcoming the chal-
lenges regarding the creation of 3D architectures, pav-
ing the way for the next-generation displays that go
beyond traditional curved form factors to more complex
and versatile designs [80—84]. Prior to its applications
to QLEDs, the concept of kirigami has been applied for
OLEDs, showcasing the potential for various intricate
3D structures such as pop-up and candle-flame shapes
[85]. Kim et al. made significant advances in the field of
QLEDs by developing 3D foldable QLED devices. This
was achieved through the device design using alloy-type
etch-stop layers to precisely form cutting lines (Fig. 3h)
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[86], resulting in foldable structures with very small
bending radii. The cutting process of the encapsulation
layer was precisely controlled by the employment of laser
and etch-stop layer, ensuring that electrodes, charge trans-
port layers, and light-emitting layer remained intact. As a
result, folding in the desired regions of the EL device was
easily achieved using the kirigami approach. The maxi-
mum bending radius of the device with two epoxy layers
etched was found to be over 30 times smaller (~0.047
mm) than that of a device encapsulated with epoxy with-
out etching, and at the same time, there was no degra-
dation of electrical properties (Fig. 3i and j). Through
this strategy, QLEDs of various 3D architectures, such
as airplane, butterfly, and pyramid structure, were dem-
onstrated (Fig. 3k).
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Fig.4 a Cross-sectional TEM image of QLED display device and
magnified TEM image from the red box. b Water-stability, crumpling,
and c repetitive bending tests of 16X 16 green QLED display. Repro-
duced with permission from Ref. [87], Copyright 2017, WILEY—
VCH. d Schematic illustration showing pixelated QLED display with
a pre-programmed folding line and e the device structure of 3D fold-
able QLED displays. f Schematic illustration of folding strategy and g
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Flexible Displays Based on the QLED Arrays

To effectively convey information, displays must be com-
posed of arrays containing multiple pixels, rather than rely-
ing solely on a single LED. In this regard, Kim et al. devel-
oped ultrathin pixelated QLED displays based on the passive
matrix array operation (Fig. 4a) [87]. This work utilized the
design strategy similar to skin-attachable QLED reported
by the same research group (Fig. 3a-c) [34], employing
ultrathin parylene-C/epoxy double layers as the encapsu-
lation layers. QLEDs with ultrathin ITO electrodes were
arranged with pixelated islands within the encapsulation
layers, resulting in ultrathin pixelated QLED displays with
the total thickness of ~5.5 pm. This design could offer excel-
lent waterproof properties even against direct droplet contact
and prevent damage during intense and repeated crumpled
deformation (Fig. 4b and c). This design was also beneficial

Strairl

b
0 2000 4000 6000 8000 10000
Cycle

0%

photograph of QLED display. Reproduced with permission from Ref.
[86], Copyright 2021, Springer Nature. h Photographs of the stretcha-
ble QLED array under the biaxial stretching test and i results of FEM
analysis from red-box area. j The normalized EL-intensity changes of
rigid QLED islands with the repetitive uniaxial stretching test. Repro-
duced with permission from Ref. [92], Copyright 2021, Elsevier
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for conformal skin attachment. Consequently, with a pas-
sive matrix array, the ultrathin QLED displays (16 x 16 and
24 % 24) could visualize various patterns, including letters,
numbers, and symbols, directly on human skin.

Utilizing kirigami techniques, ultrathin pixelated QLED
displays show potential for transformation into a 3D form.
Indeed, there are several reports in which kirigami designs
have been successfully integrated into various pixelated
electronic devices, suggesting its applicability to QLED dis-
plays [88-91]. Kim et al. demonstrated 3D foldable QLED
displays utilizing a kirigami structure, achieved through the
controlled etching of the encapsulation layer [86]. To pre-
vent damage to each QLED pixel, folding lines were placed
between the pixels (Fig. 4d and e), allowing for inward—out-
ward folding with visualization of texts or images (Fig. 4f
and g).

The island-bridge structure suggests another significant
advancement in QLED-based display technologies. Pixels
based on QLEDs act as “islands”, which are electrically and
mechanically connected by elastic materials as “bridges”.
This design minimizes the strain in the pixel areas during the
stretching, preventing mechanical damage on QLEDs. Lee
et al. reported flexible QLED displays based on QLED island
arrays on Ecoflex/PDMS substrates [92]. Initially, QLED
pixel arrays were fabricated on islands of Norland Optical
Adhesive 63 (NOA63), which were arranged on a glass sur-
face treated with an octadecyltrichlorosilane self-assembled
monolayer (OTS-SAM). Subsequently, these arrays were
transferred onto a stretchable Ecoflex/PDMS substrate. The
electrical connection between arrays was achieved using
liquid metal Galinstan, ensuring minimal deformation of
the QLED pixels. To enhance the mechanical flexibility of
the QLEDs during deformation, they employed flexible and
transparent electrodes made of an Au grid combined with
ethylene glycol-doped poly(3,4-ethylenedioxythiophene):p
oly(styrenesulfonate) (PEDOT:PSS) instead of conventional
ITO electrodes [93, 94]. The proposed QLED displays could
be stably attached to the skin, maintaining their performance
without degradation even at uniaxial strain of 50% and biax-
ial strain of 30% (Fig. 4h). To assess the strain distribution,
the finite element method (FEM) analysis was conducted,
confirming that most of the strain was predominantly applied
on the flexible substrates (Fig. 4i). In addition, the brightness
of the QLED island pixel was maintained after deformation

(Fig. 4j).

Flexible QLEDs for Skin-Attachable
Electronics

For skin electronic systems, flexible displays are essential
components for visualization of information, including sig-
nals detected by wearable sensors. While commercialized

smartwatches, such as those from Apple (2015) and Sam-
sung Electronics (2018), serve as representative examples of
integrating wearable sensors with displays, their thickness
and rigidity can limit versatility during various activities
and cause discomfort during prolonged use. The flexible
QLEDs discussed in the previous chapter are promising for
skin-attachable electronics, because of their superior device
characteristics during various mechanical deformations and
ultrathin form factors. This chapter showcases the recent
advancements in utilizing flexible QLEDs for skin-attacha-
ble electronic systems. We begin by exploring skin-attacha-
ble QLED displays that are integrated with wearable sensors.
Following this, we introduce pioneering research that has
utilized skin-attachable QLEDs as wearable light sources for
biomedical applications, highlighting their unconventional
roles in skin electronics.

Skin-Attachable QLED Displays Integrated
with Wearable Sensors

Skin-attachable displays, when integrated with wearable
sensors, provide a convenient and effective solution for visu-
alizing signal for skin electronic systems [95-98]. Lee et al.
reported stretchable QLED array-signal monitoring systems
(Fig. 5a) [92]. Fabricated on an Ecoflex/PDMS substrate,
the integrated QLED array and sensor exhibit stable per-
formance under various mechanical deformations. Through
the passive matrix operataion, the QLED displays could
visualize the information from signals detected by the sen-
sor [99, 100]. Specifically, in this study, a resistance-based
stretchable strain sensor was employed to detect the strain
changes induced by the body motion. This change was then
read by a microcontroller unit (MCU), which drives the
QLED array to display the strain as a specific pattern. This
system allowed for immediate visual representation of the
strain (Fig. 5b and c).

The advancement of QLED displays that are integrated
with sensors extends to the transduction of various sig-
nals into visual information. This includes the continuous
monitoring of external environment. For instance, Lee et al.
added an external environment sensing system to devices
which have similar structure with above (Fig. 5d) [101]. The
system included various sensors for a wide range of signals
(Fig. 5e): i) the UV sensor made of ZnO NW/CNT, showing
changes in the resistance upon UV irradiation, and a temper-
ature sensor composed of CNT/polyaniline (PAni), leading
the resistance decrease with the temperature increase. These
changes in resistance were then visualized on the QLED
displays (Fig. 5f).

Furthermore, Kim et al. introduced stretchable sensory-
neuromorphic systems (SSNSs) that integrate a pressure
sensor with a QLED display for detecting and visualizing
patterned pressure (Fig. 5g) [102]. The system included
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device. b Patterns of QLED display corresponding to the applied
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with permission from Ref. [92], Copyright 2021, Elsevier. d Sche-
matic illustration showing the device structure of pixelated QLED
arrays. e Schematic illustration of temperature sensor (top) and UV
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a capacitive pressure sensor as an artificial mechanore-
ceptor, which can process external pressure into electrical
potential. Then, this data was trained and inferred in resis-
tive random-access memory (RRAM) using a back-prop-
agation algorithm, and finally visualized through QLED-
based epidermal photonic actuators. For stretchablity,
QLED pixel islands were placed on the PDMS substrate.
This design enabled high mechanical stability under skin
deformations up to 25%, without changes in the luminance
of each QLED pixel (Fig. 5Sh). Operational tests showed
that the SSNS could successfully translate various stimuli
into image patterns (Fig. 5i), using a stable artificial con-
version program to ensure consistent data processing and
accurate pattern recognition, even under deformation.

@ Springer

€ CNT/P Ani

-~y

140 120 100 80 60

Bending angle (°)

NOA63

PVA I

CNT/ZnO NW

Heating

Cooling
UV on

h 500 =
5 4001 % = 0% £=25
E W .. o o
T 300"
IC2
. . (] L
8 2001 °*
s
£ 100{ ® OAQLED
= ® OcA QLED V:12v
=
a o P .
0 5 10 15 20 25 “ 0

For ‘U’ pattern

Strain (mm mm™)

UV irradiation (bottom) by QLED displays. Reproduced with permis-
sion from Ref. [101], Copyright 2022, American Chemical Society. g
Schematic illustration of stretchable sensory-neuromorphic system. h
Changes in luminance of QLED pixels under various strains. i Photo-
graphs of pressing the sensor with a “U” pattern and the correspond-
ing QLED display visualizing pattern. Reproduced with permission
from Ref. [102], Copyright 2021, WILEY-VCH

Interactive Sensing Displays Based on QLEDs

The above systems that combine QLED displays with sen-
sors primarily function by converting sensor signals into
visual information on the displays. Recent developments
have led to the creation of devices that can concurrently
serve as sensors and light-emitting diodes, showing great
promise for interactive sensing displays. These dual-func-
tion technologies offer significant advantages, including
an extensive range of flexibility in device design and the
ability for instantaneous communication of spatiotemporal
information, as they eliminate the need for a separate sig-
nal conversion process between the display and the sensor.
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Fig.6 a Schematic illustration of the light-sensing process and pho-
tographs of QLED devices. b Energy-level diagram and operating
mechanism of light-sensing interactive QLEDs. ¢ Current versus time
curves of interactive QLED under the light irradiation with different
intensities. Reproduced with permission from Ref. [103], Copyright
2022, Springer Nature. d Schematic illustration of the skin-attach-
able pressure-sensing interactive QLED device. e Cross-sectional
SEM image of an interactive QLED. f Distribution of contact pres-

Ju et al. reported light-sensing perovskite QLEDs
(PQLEDs), suggesting their potential in interactive display
applications [103]. Figure 6a presents a schematic illustra-
tion of a 2x 2 light-sensing PQLED array and the actual
experimental result. The underlying mechanism involves a
photosensitive poly(bis(4-phenyl)(2,4,6-trimethylphenyl)
amine) (PTAA) layer within the device structure, which
absorbs external light signals to generate electron—hole
pairs. These pairs are modulated within a copper thiocy-
anate (CuSCN)/PTAA bilayer, leading to increased current
and EL in the PQLEDs (Fig. 6b). The intensity of the light
signal can control carrier generation, thereby modulating the
device current in response to varying light signal strengths
(Fig. 6¢).

The concept of dual-function devices is broadening to
include the sensing of various signals. Lee et al. developed

)

v

Light intensity

)
DB

[
»

Continuous domain

sure, conductivity, and light intensity induced by signal transduction.
g Current density and luminance depending on the applied pressure
under a bias of 15V. h FEA simulation of contact pressure along
to thickness of top film. i Photographs of visualizing the pressure
applied with a leaf and j finger on the skin-attachable device. Repro-
duced with permission from Ref. [104], Copyright 2020, Springer
Nature

ultrathin (~3 pm) skin-attachable pressure-sensing interac-
tive QLED systems, capable of visualizing spatiotemporal
information in real-time [104]. In this device, the cellulose/
nanowire nanohybrid network (CNN) which was coated
on the top film played an essential role. Upon the appli-
cation of pressure, the CNN came into contact with ETL
of the QLEDs, triggering a piezoresistive effect (Fig. 6d
and e). This effect created the direct relationship between
the applied pressure, the conductivity, and the intensity of
the EL from QLEDs (Fig. 6f), allowing for the visualiza-
tion of pressure intensity through the brightness (Fig. 6g).
Moreover, the thickness of semi-transparent cathode film/
CNN double layer (~60% at the visible range for ~1 pm
thick) significantly affected the sensitivity of pressure-sens-
ing (Fig. 6h). At an optimal thickness of 1 pm, the device
achieved remarkable sensitivity (> 5000 k/Pa) across a broad
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area. These pixel-less structures can generate high-resolution
EL images, corresponding to the conventional image with
high pixel density (> 1000 dpi). As these images bypassed
the analog-to-digital conversion process, the device exhib-
ited the rapid response times (< 1 ms). This ultrathin/high
transparency pressure-sensing interactive QLED device has
successfully demonstrated high quality images of fine tex-
tures like the surface of leaves or fingerprints (Fig. 6i and j).

QLEDs as Wearable Light Sources for Healthcare
Applications

The excellent optical properties of QLEDs can extend their
utility beyond information display technologies to skin-
attachable light sources for wearable healthcare applications,
particularly in phototherapy and diagnosis [105]. Chen et al.
demonstrated the potential of QLED light sources in stimu-
lating cellular metabolisms and inducing cell destruction
through photodynamic therapy at an in vitro level [106]. The
narrow emission spectrum and high brightness of QLEDs
could contribute as key factors for targeted phototherapy.
Such findings hold promise for future wearable healthcare
technologies using skin-attachable QLEDs.

In parallel, the development of skin-attachable photodiag-
nosis technology is essential in realizing real-time healthcare
monitoring systems [107]. For example, photoplethysmo-
gram (PPG) sensors are capable of non-invasively estimating
heart rates, blood oxygen saturation (S,0,), and glucose lev-
els [108—110]. These sensors operate by optically detecting
changes in light absorption due to blood-volume variations
in tissue microvascular beds. The safety and convenience
of these sensors make them highly promising in wearable
healthcare monitoring. There have been some reports utiliz-
ing skin-attachable QLEDs as light sources for PPG signal
detection. For instance, Kim et al. developed transmission
PPG sensors integrating wrinkled-structured QLEDs and
QD-photodetectors (PDs) (Fig. 7a) [111]. This PPG sensor,
designed with the QLED and the PD positioned at opposite
ends of a fingertip, operated by detecting the light emitted
from the QLED after it has transmitted through the fingertip
[112]. The structural flexibility facilitated the creation of
stable skin-attachable QLED light sources and PDs, capable
of stretching up to 70 and 40%, respectively. This ensures
stable operation and conformal contact of these devices even
on small body structures like fingertips (Fig. 7b and c). The
bright light from QLEDs, which were firmly attached on
the skin, passed through the fingers with minimal leakage,
enabling the PD to capture clear PPG signals (Fig. 7d and e).
This integrated system, which has shown potential for appli-
cation on various body parts and maintained high stability
even in underwater environments, suggest the significant
promise of the skin-attachable PPG sensors (Fig. 7f).

@ Springer

In another notable study, Lee et al. developed fiber-based
QD pulse oximetry (FQPO) devices, suitable for integration
into wearable clothing (Fig. 7g) [113]. To fabricate flexible,
fiber-based QLEDs (FQLEDs), a flexible and transparent
PET substrate, along with a PEDOT:PSS electrode, was
used. An encapsulation layer, a 20 pm sandwiched struc-
ture composed of a silica (SiO,) composite polymer and
an alumina/zinc oxide (Al,05/Zn0), was utilized to passi-
vate the QD layer. FQLEDs constructed with this structure
demonstrated high moisture stability and flexibility. These
reflection-type PPG sensors detected the light reflected by
the blood vessels using PDs [114, 115] This device employs
both red and green light sources to measure pulse oximetry,
optimizing for the differing absorption properties of oxy-
hemoglobin and deoxyhemoglobin (Fig. 7h). The narrow
emission spectra of QLED light sources in this reflective
measurement system addressed the challenges of variable
detection values due to angle changes and minimized noise
because of uniform Lambertian characteristics of QLEDs
(Fig. 7i and ).

Conclusion

In this review, we provide a comprehensive overview of the
cutting-edge development of in the field of skin-attachable
QLEDs. QDs have gained considerable interest as promising
materials for display technologies due to their exceptional
optical and electrical properties. Various flexible QLED
designs have been proposed, demonstrating their ability to
retain EL characteristics under various mechanical deforma-
tions. These advancements have been realized through the
synergistic combination of material selection and structural
modifications, leading to the successful demonstration of a
range of skin-attachable QLED devices, ranging from indi-
vidual LEDs to displays comprising QLED arrays. Moreo-
ver, the integration of flexible QLEDs with wearable sensors
opens new possibilities in skin electronics. These integrated
systems can instantaneously visualize a broad spectrum of
sensor-detected signals. Beyond conventional display-sensor
integration, the concept of interactive sensing displays using
QLEDs has been introduced. In addition, flexible QLEDs
show significant promise as light sources in wearable health-
care applications, further broadening their range of possible
applications.

While significant progress has been made, there are still
notable challenges to overcome for the practical application
of these technologies. One of the primary concerns is the
limited mechanical stretchability of the currently developed
QLEDs, primarily due to the use of materials lacking intrin-
sic stretchability. Future research needs to develop all com-
ponent layers—such as substrates, electrodes, charge trans-
port layers, and light-emitting layers—to be intrinsically
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Fig. 7 a Schematic illustration of QLEDs with the wrinkled structure.
b Surface profile (left) and photograph (right) of the wrinkled QLED
with 20% strain (top) and 70% strain (bottom). ¢ Photographs of the
stretched red, green, and blue QLEDs under 0% strain (left top), 70%
strain (left bottom) and bending deformation (right). d Skin-attached
PPG sensor consisted with QLEDs and PDs. e Real-time PPG sig-
nal detected from a skin-attachable PPG sensor. f Photographs of
stretched QLEDs attached on the wrist. Reproduced with permis-

stretchable [116—121]. Another major issue is the toxicity
of QDs used in these devices, as many of them currently
contain toxic elements like cadmium or lead. To achieve
widespread commercialization and comply with regulations
such as the Restriction of Hazardous Substances Direc-
tive (RoHS), the development of flexible QLEDs based on
heavy-metal-free QDs is essential [122—-129]. In addition,
the operational stability of flexible QLEDs currently lags
behind that of their conventional rigid counterparts. This gap
highlights the need for a more comprehensive understand-
ing of QD degradation mechanisms [130-133]. Lastly, the
advancement of high-resolution QD printing techniques for
flexible QLEDs is crucial [134—141]. These techniques must
be compatible with the flexible QLED fabrication processes
to achieve the excellent EL characteristics, realizing the full
potential of skin-attachable QLED technologies.
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sion from Ref. [111], Copyright 2017, American Chemical Society.
g Photographs of red (top) and green (bottom) FQLEDs. h Schematic
illustration of the operating principle of skin-attached FQPO devices.
i Relative EL intensity of red and green FQLEDs with Lambertian
characteristics according to angle. j PPG signal detected from FQPO
devices attached at the finger. Reproduced with permission from Ref.
[113], Copyright 2023, Springer Nature
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