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Abstract

Deformable light-emitting devices, capable of maintaining consistent light emission even under mechanical deformations,
represent a cornerstone for next-generation human-centric electronics. Quantum dot light-emitting diodes (QLEDs), leverag-
ing the electroluminescence (EL) of colloidal quantum dots (QDs), show exceptional promise in this domain. Their superior
advantages, such as excellent color purity, high luminous efficiency, slim form factor, and facile fabrication on various soft
substrates, position them as prime candidates for deformable EL devices. This review explores recent advancements in
deformable QLEDs, with a particular focus on material engineering and fabrication strategies. We begin by introducing
various types of QDs and the operational principles of QLEDs, along with summarizing performance enhancements in
reported deformable devices. Next, we categorize device structures based on the direction of light emission. We then discuss
representative methods for patterning QD thin films on flexible substrates to fabricate full-color QLEDs. Additionally, we
highlight fabrication strategies for deformable QLEDs with unconventional form factors, including flexible, foldable, fiber-
type, and stretchable devices, and their potential applications. We conclude this review with a brief outlook on the future
of this technology.
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Introduction

Emergence of Deformable Light-Emitting Devices
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work. ey Over the past decades, soft electronics have emerged as

promising alternatives to traditional rigid electronics, par-
ticularly for next-generation human-friendly electronics
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allows for seamless integration without causing discomfort.
This deformable nature not only enhances the interaction
between the device and the users but also enables func-
tionalities that rigid electronics cannot provide. Soft elec-
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tronics have demonstrated significant potentials in a wide
range of applications, including skin-attachable electronics
[4-6], implantable prosthetic devices [7, 8], and personal-
ized healthcare systems [9, 10]. The unique biotic/abiotic
interfacing capability of these devices ensures their stable
conformal contact with human skin, resulting in exceptional
sensing accuracies and signal-to-noise ratios that exceed
those of traditional rigid electronics [11].
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Among various components of soft electronic systems,
including sensors [12, 13], actuators [14, 15], logic devices
[16, 17], memory devices [18, 19], and energy storage/har-
vesting devices [20, 21], the light-emitting devices play a
crucial role [22, 23]. Although conventional light-emitting
devices have achieved significant improvement in electro-
luminescence (EL) performance, their inherent rigidity
limits their facile integration into soft electronics. Conse-
quently, research focus has shifted towards the development
of light-emitting devices that can freely change their shapes
[24]. These devices, being inherently soft, can emit light
while conforming to various shape surfaces and adapting to
dynamically changing environments.

The versatility of deformable light-emitting devices
makes them suitable for a broad range of optoelectronic
applications. One significant application is in information
displays for mobile electronic devices/systems, serving as
the standard human—machine interface [25]. These displays
enable real-time visualization of external signals, facilitating
communication between machines and users. While current
mobile displays are rigid and heavy, the next generation is
expected to be soft and lightweight, allowing for seamless
integration with curved surfaces of the human body. Addi-
tionally, deformable light-emitting devices are finding new
applications in healthcare [26]. Technologies like pulse oxi-
metry and photomedicine, which rely on light for biosensing
and treatment, benefit from the minimal invasiveness and
low side effects of these devices. Deformable light sources
are particularly valuable as they can significantly enhance
light delivery efficiency to targeted tissues through stable,
seamless interfacing, supporting the potential for long-term,
point-of-care treatments.

Advances in Deformable Quantum Dot
Light-Emitting Diodes

The key to developing deformable light-emitting devices
lies in selecting appropriate materials and device structures
that ensure both high performance and inherent softness
[27]. Traditional EL devices, such as liquid crystal displays
(LCDs) commonly used in commercial applications, may not
be suitable for deformable EL devices due to their reliance
on backlighting panels, which contribute to considerable
device thickness and rigidity. Since thinner devices experi-
ence less strain under mechanical deformation, EL devices
with slim profiles are required for stable operation even
under significant mechanical stress. In this context, organic
light-emitting diodes (OLEDs) were initially explored for
deformable EL devices due to their slim profiles [28]. How-
ever, the need for higher colour purity has prompted further
research into alternative EL technologies [29].

Quantum dot light-emitting diodes (QLEDs) have dem-
onstrated their potential as ideal candidates for deformable
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EL devices [30-32]. Quantum dots (QDs) are colloidal
semiconducting nanocrystals approximately 10 nm in size,
exhibiting unique material properties such as facile colour
tunability, high colour purity, and high photoluminescence
quantum yield (PLQY) [33-35]. Like OLEDs, QLEDs ben-
efit from their soft and thin form factors. The total thickness
of the active layers—which includes two electrodes, charge
transport layers (CTL), and the emitting layer (EML)—is
typically less than 500 nm. Furthermore, given the need to
reduce encapsulation thickness to minimize overall device
thickness, the superior oxygen and moisture stability of inor-
ganic light-emitters compared to organic emitters stands out
as a distinct advantage of QLEDs.

Based on these advantages, extensive research efforts
have focused on developing deformable QLEDs. To our
knowledge, the first deformable QLEDs was reported in
2011 (Fig. 1(1)) [36]. Kim et al. fabricated a prototype of
full-colour active-matrix QLED displays on flexible polyeth-
ylene naphthalate (PEN) substrates, successfully demonstrat-
ing the potential of this technology. The device can maintain
its luminance under bending with a radius of curvature of
3 cm. Since then, the past decade has seen numerous proof-
of-concept studies of deformable QLEDs, leading to inno-
vations in new device form factors and enhanced EL per-
formance (Table 1). Various unconventional soft substrates,
such as adhesive tapes, papers, and elastomers, have been
used to fabricate deformable QLEDs (Fig. lii) [37]. Also,
with the advancement of device fabrication technologies, the
minimum bending radius of the device has been dramatically
reduced to tens of micrometers, enabling random crumpling
of ultrathin devices (Fig. liii, iv, v) [38—40] and the con-
trolled folding of devices for 3D origami (Fig. 1vi) [11].
Unconventional form factors, such as the fiber-type QLEDs
for integrated textile electronics (Fig. 1vii) [41], and intrin-
sically stretchable QLEDs (Fig. 1viii) [42], have been also
reported. The ultimate aim of this technology is to achieve
a “free-form QLED” that can change shape freely without
compromising performance.

This review article provides an overview of recent pro-
gress in deformable QLEDs, with a particular emphasis on
material/device engineering and device fabrication strate-
gies (Fig. 2). First, we examine advancements in deform-
able QLEDs in terms of their EL performance, focusing on
light-emitting materials (I). Then, we discuss three types of
device structures: bottom-emission, top-emission, and fully
transparent QLEDs, highlighting materials used for soft
substrates and transparent electrodes (II). We also introduce
high-resolution patterning methods for QD thin films, which
are essential for the fabrication of full-colour deformable
QLEDs (IIT). Furthermore, we explore the latest studies on
proof-of-concept deformable QLEDs with unconventional
form factors, including flexible, foldable, fiber-type, and
stretchable QLEDs (IV). Detailed materials and fabrication
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Advances in QLED form factors

(i) Flexible active-matrix
QLED arrays

(iii) Ultrathin, wearable
QLEDs

(v) Ultrathin, transparent
QLEDs

(vii) Fiber QLEDs for
electronic textile
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(ii) Top-emitting QLEDs
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(iv) Sensor-integrated
wearable QLED arrays

Flexible 1 3 Ultrathin
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Fig.1 A brief chronology of the evolution of deformable QLEDs.
“Bending R” refers to the radius of curvature of the device. For fiber-
type QLEDs, “W” and “T” refers to the width and the thickness of
the device, respectively. (i) Reproduced with permission from Ref.
[36], Copyright 2011, Springer Nature. (ii) Reproduced with permis-
sion from Ref. [37], Copyright 2014, American Chemical Society.
(iii) Reproduced with permission from Ref. [38], Copyright 2015,
Springer Nature. (iv) Reproduced with permission from Ref. [39],

strategies for each form factor are discussed. Latest studies
on the potential applications of deformable QLEDs, includ-
ing information displays and biomedical light sources are
then introduced (V). The review concludes with a brief out-
look on future technologies and the remaining challenges.

Material and Device Engineering Strategies
for Deformable QLEDs

Light-Emitting Materials for Deformable QLEDs
Since the Alivisatos group reported the first prototype of

QLEDs in 1994, device performance has undergone signifi-
cant enhancements, reaching levels comparable to those of

2018 2023

(vi) 3D-foldable QLEDs
inspired by origami

(viii) Intrinsically
stretchable QLEDs

Stretchable
(max. strain: 50%)

y Controlled folding
y 2 / (Bending R= 47 um)

Copyright 2017, Wiley—~VCH GmbH. (v) Reproduced with permis-
sion from Ref. [40], Copyright 2018, Wiley—VCH GmbH. (vi) Repro-
duced with permission from Ref. [11], Copyright 2021, Springer
Nature. (vii) Reproduced with permission from Ref. [41], Copy-
right 2023, American Association for the Advancement of Science
(AAAS). (viii) Reproduced with permission from Ref. [42], Copy-
right 2024, Springer Nature

OLEDs [43]. Recent advancements have pushed the external
quantum efficiencies (EQEs) of the state-of-the-art QLEDs
to approach the theoretical limits imposed by photon out-
coupling [31]. These improvements stem from ongoing
optimizations in material synthesis and device architectures,
grounded in a deeper understanding of QLED operation,
such as charge/energy transfer mechanisms at QD/CTL
interfaces, exciton dynamics, and photon out-coupling pro-
cesses [44]. This section reviews the performance improve-
ment of deformable QLEDs, focusing on three representa-
tive types of colloidal QDs, including CdSe QDs, InP QDs,
and perovskite QDs.

QDs for EL devices generally have a core—shell struc-
ture, which effectively confines injected electrons and holes,
facilitating efficient exciton recombination. Among various
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Table 1 The information about the previously-reported deformable QLEDs, including light-emitting materials, form factors, substrates, device
structures, direction of light-emission, emission wavelength, maximum EQE, and maximum luminance, are summarized

Year Light-emitting materials Form factor (Substrate) Normal/Inverted Direction of emission Max EQE (%) Max lumi- Ref
structure nance (cd/
mz)
2011 CdSe QDs Flexible (PEN) Normal Bottom ~1.0 cd/A N/A [36]
2013 InP/ZnSe/ZnS QDs Flexible (PEN) Normal Bottom 1.0 cd/A 640 [139]
2014 CdSe/ZnS QDs Flexible (PI) Inverted Top 4 20,000 [37]
2015 CdSe/ZnS QDs Ultrathin (Parylene/Epoxy) Normal Bottom 24 14,000 [38]
2015 CdSe QDs Ultrathin (Epoxy) Normal Bottom ~2.4 ~1800 [81]
2016 CdSe/CdS/ZnS QDs Flexible (PI) Inverted bottom 2.7 795 [140]
2017 CdSe/ZnS QDs Ultrathin (PET) Inverted bottom 8.4 50,560 [141]
2017 CdSe/CdS/ZnS QDs Ultratthin (PET) Inverted Bottom 14.1 54,795 [69]
2017 CdSe/ZnS QDs Ultrathin (Parylene/Epoxy) Normal Transparent 10 73,000 [40]
2017 MAPbBr; QDs Flexible (Polymer/AgNW)  Normal bottom 2.6 1000 [142]
2017 CdSe/ZnS QDs Ultrathin (Parylene/Epoxy) Normal Bottom ~1.6 44,719 [39]
2017 CdSe/ZnS QDs Stretchable designs (PEN)  Normal Bottom 1.8 1,240 [125]
2018 CdZnSeS QDs Flexible (PEN) Normal Bottom 10.5 76,320 [143]
2018 CdSe/CdS/ZnS QDs Ultrathin (PI) Inverted bottom 24.1 ~1000 [144]
2018 CdSe/ZnS QDs Flexible (PET) Inverted Bottom 13.7 35,860 [145]
2018 CdSe/ZnS/CdZnS QDs  Flexible (PEN) Inverted Bottom 8.2 20,000 [146]
2019 ZnCdSeS QDs Flexible (PET) Normal Bottom 6.7 14,880 [147]
2019 InP/ZnSe/ZnS QDs Flexible (PET) Inverted Bottom 3.9 6881 [148]
2020 InP/ZnSeS QDs Flexible (PET) Normal Bottom 0.9 1593 [149]
2020 CsPbBr; QDs Flexible (PU) Normal Transparent 0.3 381 [150]
2020 CsPb(I/Br); QDs Fiber (PET) Normal Bottom ~1.7 cd/A ~100 [110]
2021 CdSe/ZnS QDs Foldable (Parylene/Epoxy) Normal Bottom 7.9 50,513 [11]
2021 CdSe/CdZnS QDs Stretchable designs (PI) Inverted Top 14.7 18,641 [123]
2022 CdSe/ZnS QDs Ultrathin (PEN) Inverted Top 21.8 ~80,000 [65]
2022 CdSe/ZnCdSe/ZnS QDs Flexible (PET) Normal Bottom 18.6 77,060 [151]
2022 CdSe/ZnS/ZnS QDs Flexible (PET/PMMA) Inverted Bottom 9.9 31,340 [78]
2022 CdSe/CdZnS/ZnS QDs  Flexible (PET) Normal Bottom 4.2 63,000 [152]
2022 CsPbBr; QDs Ultrathin (Parylene/Epoxy) Normal Bottom 6.2 ~1000 [70]
2022 CsPbl; QDs Flexible (PET) Normal Bottom 12.7 362 [153]
2022 CdSe/ZnS QDs Stretchable designs Normal Bottom N/A ~12,000 [122]
(PDMS)
2023 CsPbBI; QDs Flexible (Label/PMMA) Inverted Top 14.3 3615 [66]
2023 CsPbl; QDs Flexible (Paper/PMMA) Inverted Top 8.5 1330 [154]
2023 CdSe QDs Fiber (PET) Normal Bottom ~0.1 482 [41]
2023 InP/ZnSe/ZnS QDs Flexible (Al foil) Inverted Top 3.6 cd/A 40,000 [155]
2024 CdSe/ZnS QDs Intrinsically stretchable Normal Bottom 1.2 15,170 [42]

(UV-curable PUA)

types of QDs, CdSe QDs represent the most mature technol-
ogy. Figure 3a illustrates the typical structure of a CdSe QD,
featuring a CdSe core encased in ZnCdS and ZnS shells with
larger bandgaps. These Cd-based QDs achieve nearly 100%
PLQY and exhibit high stability against external stimuli. By
adjusting the core size, Cd-based QDs can span most of the
visible spectrum, as shown in Fig. 3b [45].

The EL performance of CdSe-QLEDs has seen great
advancements in recent years, achieving remarkable
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efficiency and stability across the entire visible (RGB)
spectrum range. Notably, recent studies on QLEDs utiliz-
ing red-emitting CdSe QDs have reported a high EQE of
35.6% and an exceptional lifetime (T at 1000 cd m~2) over
40,000 h, underscoring the high potential for commerciali-
zation of this technology [46]. This success is attributed to
the sophisticated engineering of QD nanostructures, which
incorporate a mixed-crystallographic structure of wurtz-
ite and zinc blende phases. The wurtzite phase enhances
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dipole—dipole interactions that align the quantum dots in
solution-processed films, while the zinc blende phase facili-
tates directional light emission. These features collectively
improve photon out-coupling without compromising the
internal quantum efficiency of the devices.

While CdSe QDs hold great promise for EL devices, the
toxicity of Cd presents a significant challenge. The Restric-
tion of Hazardous Substances (RoHS) regulations, which
limit the production and sale of electronic devices contain-
ing heavy metals, have impeded the commercialization of
CdSe QDs. Consequently, there has been growing interest
in developing heavy-metal-free QDs to replace CdSe QDs.
Among these alternatives, InP QDs have emerged as nota-
ble materials for EL devices. Figure 3¢ shows the general
structure of an InP QD, which typically includes an InP core
covered by ZnSeS and ZnS shells. Compared to CdSe QDs,
there is a lattice mismatch between the Group III-V InP
core and the Group II-VI ZnS shells. This mismatch leads
to surface traps that reduce the PL quantum efficiency of InP

QDs. Additionally, the high covalent nature of InP makes
them more susceptible to oxidation. Oxidized species are
considered as structural defects of QDs as they have different
unit cell structures with the original lattice. These character-
istics have been significant drawbacks, resulting in the per-
formance of InP-based QLEDs being inferior to CdSe-based
QLEDs. Various synthetic strategies for InP QDs have been
explored to overcome these limitations. Recently, Won et al.
reported a high-performance red-emitting InP QLED with
an EQE of 21.4% and a maximum brightness of 100,000
nits [47]. This was achieved through methods such as in-situ
etching of the oxide surface on InP with hydrofluoric acid,
effectively suppressing Auger recombination.

Adjusting the size of the InP core allows for tuning the
emission wavelength. However, it remains challenging to
achieve deep blue wavelengths below 450 nm (Fig. 3d) [47].
Implementing blue-emitting InP QDs requires an extremely
small QD core (<2 nm), which tends to have more crys-
tal defects that can degrade luminescent properties, thus
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Fig.3 Light-emitting materials and device overview of deformable
QLEDs. a Schematic illustration of a core/shell structure for CdSe
QDs. b PL image of Cd-based QDs with different bandgaps. Repro-
duced with permission from Ref. [45], Copyright 2009, American
Chemical Society. ¢ Schematic illustration of a core/shell structure for
InP QDs. d Schematic illustration of InP QDs with different particle
sizes and emission wavelengths. Reproduced with permission from
Ref. [157], Copyright 2020, American Chemical Society. e Sche-
matic illustration of a perovskite QD and its crystalline structure.
Reproduced with permission from Ref. [49], Copyright 2019, Ameri-
can Chemical Society. Reproduced with permission from Ref. [31],
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necessitating improved synthetic strategies. As an alternative
material for blue-emitting heavy-metal-free QDs, ZnSe QDs
have been emerged. Recent studies by Kim et al. reported a
high-performance blue-emitting QLEDs based on ZnTeSe/
ZnSe/ZnS QDs, exhibiting a brightness of ~ 88,900 cd/m?
and an EQE of 20.2% [48]. This high performance was
achieved by replacing oleic acid ligands into chlorides,
balancing charge injection by facilitating hole transport to
QDs. However, deformable QLEDs based on ZnSe QDs
have not been reported, as the performance and stability of
blue-emitting ZnSe QLEDs are still lower than those based
on CdSe or InP QDs.

Perovskite QDs have gained significant attention as
emerging EL materials, due to their unique optoelectronic
properties, such as a high PLQY of nearly 100%, uniform
emission wavelength regardless of the particle size, and
extremely narrow emission spectra (full-width at half-max-
imum (FWHM) <20 nm). Figure 3e shows the perovskite
QD’s crystal structure, with the chemical formula of ABX,
[31, 49]. In general, A cations are in 12-fold cuboctahedral
coordination and B cations are in sixfold octahedral coor-
dination, surrounded by X anions. For B cations, Pb%* has
been widely adopted for optoelectronic devices due to their
high environmental stability. Depending on the ion used in
the A position within the crystal structure, perovskites can be
broadly divided into two groups: organic—inorganic hybrid
perovskites (OHIPs) and all-inorganic perovskites. While
OHIPs contain organic cations, such as methyl ammonium
ions, for their A cations, all-inorganic perovskites contain
metallic cations, mostly Cs>*. For both types of perovskites,
emission wavelengths can be tuned by exchanging anions.
When the size of anions increases, the bandgap of perovs-
kites decreases, exhibiting a red-shift of the PL emission
(Fig. 3f and g) [50, 51].

While 3D bulk perovskites have small exciton binding
energy, resulting in inefficient exciton recombination, per-
ovskite QDs have higher exciton binding energy due to the
quantum confinement effect [52, 53]. This characteristic
makes perovskite QDs promising for EL devices. Recently,
the performance of LEDs utilizing perovskite QDs has seen
significant advancements. The keys to the fabrication of
high-performance perovskite QLEDs lie in managing sur-
face defects and reinforcing carrier confinement. Various
strategies have been explored, such as ion doping, ligand
exchange, and shell coating. Recently, by reacting with ben-
zylphosphonic acid (BPA), 3D bulk perovskite films were
converted into perovskite QDs with a core/shell structure,
leading to effective carrier confinement. Additionally, the
phosphonic acid group in BPA passivated surface traps [54].
As a result, the perovskite QLEDs exhibited a high bright-
ness of ~470,000 cd m™2, and an EQE of 28.9%. However,
the toxicity of lead ions in perovskite QDs remains a chal-
lenge. Efforts to develop lead-free perovskite QLEDs are

ongoing, but their stability is considerably lower than that
of lead-containing perovskite QLEDs, requiring further
research and development.

Operation Principle and Performance of Deformable
QLEDs

The device structure of the first-reported QLED was sim-
ple, featuring a four-layered configuration of indium tin
oxide (ITO)/p-type semiconducting polymers (p-paraphe-
nylene vinylene, PPV)/CdSe QDs/Mg. The device exhib-
ited light emission of ~ 100 cd m~2 under forward bias. To
address the large band energy offset between the electrodes
and QDs, it is crucial to establish stepwise pathways for
charge carriers to achieve efficient carrier injection into
QDs. Thus, researchers introduced charge transport layers
(CTLs) between the QDs and electrodes, which signifi-
cantly enhanced the device EL performance by facilitating
efficient charge injection to the QDs. Initially, organic semi-
conductors were used for both hole transport layers (HTLs)
and electron transport layers (ETLs). Since Bulovic group
reported the potential of inorganic ETLs, however, the com-
bination of organic HTLs and inorganic ETLs has proven to
be the standard for high-performance QLEDs [55]. Solution-
processed inorganic materials, such as ZnO or ZnMgO nano-
particles, have become the preferred materials for ETLs due
to their high electron mobility and stability.

The operation principle of QLEDs can be largely catego-
rized into two: a normal structure (Fig. 3h) and an inverted
structure (Fig. 3i). The typical configuration of a normal-
structured QLED consists of substrate/anode/hole injection
layer (HIL)/HTL/QDs/electron transport layer (ETL)/cath-
ode, while the inverted structure generally has a configura-
tion of substrate/cathode/ETL/QDs/HTL/HIL/anode. When
an electrical bias is applied, charge carriers are injected into
the QDs by passing through the CTLs. For example, elec-
trons from the cathode transport through the ETL, while
holes move from the anode through the HIL and HTL. Addi-
tionally, CTLs can function as charge-blocking layers for
the opposite carriers, aiding in efficient exciton formation.
ETL materials with deep highest occupied molecular orbital
(HOMO) levels and HTL materials with high-lying lowest
unoccupied molecular orbital (LUMO) levels possess hole-
blocking and electron-blocking properties, respectively.

The key criteria for the selection of CTL materials are
carrier mobility, band alignment, and deposition methods.
While most state-of-the-art QLEDs utilize ZnO or ZnMgO
nanoparticles for their ETLs [56], the selection of materials
for HIL and HTL remains variable, particularly depending
on the device structure. For normal structures, semicon-
ducting poly(3,4-ethylenedioxythiophene) (PEDOT:PSS),
has been widely used for HIL. For HTL, a semiconducting
polymer, poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4"-(N-(4-
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s-butylphenyl)diphenylamine)] (TFB) [57], is the most pre-
ferred choice due to its high hole mobility. Other conjugated
polymers, such as poly(9-vinylcarbazole) (PVK) [58] and
poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzidine]
(poly-TPD) [59], have also been used in some reports [60].
These polymers are generally solution-processable and are
applied using spin-coating to form thin films. For solvent
orthogonality, octane is the most preferred choice for QD
solvents, minimizing damage to the underlying HTLs.

For inverted structures, vacuum-deposited semicon-
ducting materials are often used for the HTL and HIL.
This is because conjugated polymers are typically dis-
solved in organic solvents, which may cause damage the
QD layer when applied to upper layers. In this regard,
various small-molecule organic semiconductors, includ-
ing tris(4-carbazoyl-9-ylphenyl)amine (TCTA) [61, 62], or
4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP) [63], are vac-
uum-deposited for HTLs. For efficient hole injection from
the metallic anodes, a molybdenum oxide (MoO,) overlayer
has been widely used [64]. The performance of QLEDs with
an inverted structure is comparable to that of conventional
normal-structured QLEDs.

Based on rapid innovations in material engineering strate-
gies for both QDs and CTLs, the EL performance of QLEDs
has undergone significant enhancements. In parallel, the
performance of deformable QLEDs has also dramatically
improved. Figure 3j shows the increasing trends of EQE
in deformable QLEDs over the past decade. CdSe QDs
have been the most widely used light-emitting materials for
deformable QLEDs due to their high EL performance and
stability. For instance, Yu et al. reported flexible top-emitting
QLEDs based on CdSe QDs, exhibiting a maximum EQE of
21.8%, and a maximum luminance exceeding 80,000 cd m~2
[65]. Recently, deformable QLEDs utilizing InP QDs and
perovskite QDs have also been reported. In 2023, Qin et al.
reported flexible perovskite QLEDs fabricated on disposable
substrates, achieving a maximum EQE of 14.3%, the highest
record for flexible perovskite QLEDs [66].

Despite these advances, a performance disparity persists
between rigid and deformable QLEDs. This gap is mostly
attributed to the constraints in the manufacturing process
due to the relatively low thermal/chemical resistance of soft
plastic substrates compared to the conventional rigid sub-
strates. Low-temperature fabrication processes may lead to
degraded crystallinity of the thin-film materials, including
electrodes and CTLs, causing inefficient charge transport.
Additionally, thin films deposited on soft substrates may
not possess sufficient uniformity comparable to those on
rigid substrates, leading to unfavourable charge transport
pathways within the device. The insufficient protectability
of soft thin encapsulation layers against the external envi-
ronment can also degrade the performance and stability of
deformable QLEDs. Therefore, enhancing the performance
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of deformable QLEDs necessitates further advancements not
only in the active layers, such as QDs and CTLs, but also in
the soft substrates and encapsulation layers.

Device Structures of Deformable QLEDs

The EQE of LEDs is defined as the product of internal quan-
tum efficiency (IQE) and photon out-coupling efficiency.
Thus, it is crucial to enhance the efficiency of extracting
photons from the device to increase the EQE. Various
approaches, including microcavities [67, 68], various micro-
or nanostructures, microlenses [69], directional emission,
have been reported to enhance photon out-coupling effi-
ciency. Photons generated from QDs are emitted from the
device through the transparent electrodes, so at least one of
the top or bottom electrodes must be sufficiently transpar-
ent. Depending on the position of the transparent electrodes,
the device structure can be broadly categorized into three
groups: bottom-emitting, top-emitting, and fully transpar-
ent QLEDs. In this section, we review these representative
structures of deformable QLEDs, with a particular focus on
the transparent electrodes on soft substrates.

Bottom-Emitting QLEDs

Figure 4a shows the general structure of bottom-emitting
deformable QLEDs. To fabricate bottom-emitting QLEDs,
transparent bottom electrodes should first be deposited on
soft transparent substrates. Following the subsequent coating
of active layers, including CTLs and QDs, reflective metallic
electrodes are deposited on top. While rigid bottom-emitting
QLEDs are generally fabricated on glass substrates, bottom-
emitting deformable QLEDs require transparent plastic
substrates. Polymers such as polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), colorless polyim-
ide (cPI), and epoxy resin are widely used for transparent
substrates. Free-standing thin films of these polymers exhibit
high transparency, surface uniformity, and good interfacial
adhesion between the substrates and electrodes. Addition-
ally, these polymers possess sufficient thermal and chemical
resistance to withstand QLED fabrication processes, which
involve solution-processing and thermal annealing. Some
polymers, especially elastomers like polydimethylsiloxane
(PDMS) and polyurethane (PU), require additional treat-
ments for surface planarization to make them suitable for
device fabrication.

Selecting proper materials for bottom transparent elec-
trodes is also a critical issue for bottom-emitting deformable
QLEDs Various transparent conductors have been reported.
For conventional rigid QLEDs, ITO, a transparent conduct-
ing oxide, has been the most widely used electrode mate-
rial due to its outstanding transparency and conductivity.
In general, the harsh sputtering process of ITO restricts its
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[70], Copyright 2022, American Association for the Advancement
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the device operation. Reproduced with permission from Ref. [81],
Copyright 2015, Wiley—-VCH GmbH. d Schematic illustration (left)
and cross-sectional TEM image (right) for exploded view of flex-
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duced with permission from Ref. [78], Copyright 2022, American
Chemical Society. e Schematic illustration of the device structure of
top-emitting QLEDs. f Microcavity effect in top-emitting QLEDs,
including wide-angle interference (left) and multi-beam interference
(right). Reproduced with permission from Ref. [68], Copyright 2016,

deposition on active layers to prevent the plasma damage to
underlaying layers. Despite its rigid and brittle nature, ITO
has been applied to bottom-emitting deformable QLEDs
with special layer designs that manage induced strain. For
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instance, Kwon et al. reported ultrathin bottom-emitting per-
ovskite QLEDs, utilizing ITO as transparent bottom elec-
trodes [70]. ITO was directly deposited onto parylene/epoxy
double layers (Fig. 4b). When the thicknesses of the top
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encapsulation and bottom substrate are designed to be equal,
the ITO is located on the neutral mechanical plane, experi-
encing minimal bending-induced strains. Consequently, ITO
can maintain its electrical properties despite various defor-
mations such as bending, wrinkling, or crumpling.

However, the long-term mechanical stability of brittle
ITO electrodes is controversial, as fatigue accumulates dur-
ing repeated deformations. Micro-sized cracks propagate
through the crystalline structures, leading to the gradual deg-
radation of conductivity. In this regard, various transparent
conductors with inherently soft mechanical properties have
been studied. Considering critical factors such as conductiv-
ity, transparency, flexibility, work function, surface uniform-
ity, and their fabrication process, low-dimensional conduc-
tors like silver nanowire (Ag NW, 1D) network [71-73],
graphene (2D) [74-77], and MXene (2D) network [78-80]
have shown potential for soft, transparent electrodes.

Choi et al. reported the fabrication of ultrathin bottom-
emitting QLEDs based on graphene electrodes (Fig. 4c)
[81]. Graphene was patterned and transfer-printed onto a
flexible parylene/epoxy resin substrate. The transfer print-
ing was repeated multiple times with precise alignment to
fabricate multi-layered graphene, achieving sufficient con-
ductivity. The surface of graphene is highly smooth and
possesses a work function deep enough to enable efficient
hole injection to adjacent HIL. Composites of 1D and 2D
materials have also been reported. Jiang et al. demonstrated
the fabrication of flexible bottom-emitting QLEDs based
on hybrid transparent electrodes of MXene and Ag NWs
(Fig. 4d) [78]. The hybrid transparent electrode consists of
a highly conductive Ag NW network mixed with solution-
processed MXene flakes, directly spray-coated onto flexible
PET substrates. The wire-to-wire junctions of the percolated
Ag NW network were welded with MXene flakes, achieving
a low sheet resistance of ~13.9 Q sq™' and a high transpar-
ency of 83.8%. The composite of 1D and 2D conductors was
embedded in a buffer layer of poly(methyl methacrylate)
(PMMA), achieving smooth surface of electrodes favour-
able for subsequent solution processing (i.e., spin coating).

Top-Emitting QLEDs

Due to the easy fabrication process and high EL perfor-
mance, the majority of reported QLEDs are based on bot-
tom-emitting structures. However, these structures face chal-
lenges when it comes to the fabrication of high-resolution
active-matrix (AM) displays. In AM-QLED arrays, QLED
pixels need to be fabricated on top of backplanes that include
arrays of thin film transistors (TFTs) and wiring interconnec-
tions. Since a substantial portion of the total area is covered
by the opaque TFTs and interconnections in the backplane,
bottom-emitting QLEDs have a limited emission area. Such
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a low aperture ratio is a critical limitation when fabricating
high-resolution displays.

To address this issue, top-emitting device structures have
been studied. Since the light emission in a top-emitting
structure is directed opposite to the backplane, the device
can have a larger emission area. Figure 4e illustrates the gen-
eral structure of top-emitting deformable QLEDs. Reflective
electrodes, typically composed of 80-100 nm thick metal
films, are deposited on soft substrates. Not only can transpar-
ent plastic substrates be used, but also various opaque flex-
ible substrates such as papers or metal foils can be employed,
along with proper surface treatments or deposition of pla-
narization layers. For the top electrodes, a thin metal film
(less than 20 nm) of Ag or MgAg alloys is commonly used,
deposited via vacuum deposition processes. The thickness of
the top electrodes must be optimized to balance conductivity
and transparency.

Another advantage of top-emitting deformable QLEDs
is their significantly improved light-extraction efficiency. In
bottom-emitting QLEDs, a considerable number of gener-
ated photons are lost due to the bottom substrates (i.e., sub-
strate mode) and the transparent electrodes (i.e., waveguide
mode), because of total internal reflection of light. These
optical modes trap photons within the device, preventing a
substantial portion of photons from being emitted outwards,
reducing the overall device efficiency. Consequently, the
light-extraction efficiency of QLED is generally less than
20%. Top-emitting QLEDs, on the other hand, are designed
to emit light from the top surface of the device. This design
eliminates the presence of the substrate and the highly
refractive transparent electrodes in the light emission path-
ways, leading to higher light-extraction efficiency.

Additionally, the unique structure, where emitters are
placed between a reflective bottom electrode and a semi-
transparent top electrode, enhances the light-extraction
efficiency by the microcavity effect. This structure can be
optically treated as a Fabry—Perot cavity [82]. By optimizing
the cavity length (i.e., thickness of each layer), light reflected
from the bottom and top electrodes interferes constructively,
resulting in enhanced electroluminescent (EL) emission
with narrower spectra. Within the cavity, two types of inter-
ference can occur (Fig. 4f) [68]. Wide-angle interference
occurs between light directly emitted from QDs and light
reflected from the bottom electrode with the same wavevec-
tor. Multiple-beam interference, on the other hand, occurs
when light bounces back and forth between two electrodes.
For wide-angle interference, the distance between the emit-
ter and the bottom reflective electrode (d;) determines the
resonant wavelength. For multiple-beam interference, the
thickness of the entire functional layers (d; +d,) is crucial.
If the resonant wavelength matches the emitter’s PL. wave-
length, enhanced emission through constructive interference
is achieved. Otherwise, the emitter's intrinsic emission is
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suppressed due to destructive interference. Thus, the cav-
ity length must be precisely optimized to meet the resonant
conditions.

Due to these advantages of top-emitting structures,
extensive research has been dedicated to the development
of top-emitting QLEDs. Yu et al. reported the fabrication of
large-area, top-emitting QLED passive-matrix (PM) arrays
on a flexible PEN substrate (Fig. 4g) [65]. The device is
based on an inverted structure, featuring a layered configu-
ration of bottom cathodes/ETL/QDs/HTL/HIL/top anodes.
An 80-nm-thick reflective Al film was used for the bottom
cathode, while a 20 nm-thick semi-transparent Ag film was
used for the top anode. To achieve uniform coating over a
large area, blade coating was used instead of spin coating
for the layers. A surfactant-added solution was employed
to ensure uniform coating. Additionally, the thicknesses of
the ZnO layers and the organic HTL were adjusted to fully
exploit the microcavity effect. The device exhibited the high-
est maximum EQE when the thicknesses of the ZnO and
HTL were 50 nm and 60 nm, respectively (Fig. 4h).

Fully Transparent QLEDs

Transparent displays are considered key technologies for
next-generation electronics, playing a crucial role in aug-
mented reality (AR), wearable electronics, and Internet of
Things (IoTs) [83]. Their transparency significantly broad-
ens potential applications of EL devices by allowing visual
information to be displayed on objects without altering their
original appearance and functionality [84]. The conventional
approach to fabricating transparent displays focuses on
maintaining a high aperture ratio, thus minimizing the emis-
sion area of each pixel. However, the decrease in efficiency
and brightness with reduced emission area remains a chal-
lenge. Consequently, research has shifted towards increasing
the transparency of the pixels themselves, and fully transpar-
ent QLEDs with transparent conductors applied to both the
top and bottom electrodes have been reported.

The key factors for fabricating transparent QLEDs lie
in the selection of top transparent electrodes. Various
transparent conductors, including thin metal films, ITO,
graphene, and Ag NWs, have been used for top transpar-
ent electrodes. For instance, Choi et al. reported the fab-
rication of ultrathin, transparent QLEDs utilizing ITO for
both electrodes [40]. The device exhibited high bright-
ness (bottom: 43,000 cd/m? at 9 V) and excellent trans-
mittance (90% at 550 nm, 84% over the visible range). To
minimize sputtering damage during ITO deposition, an
Al,O; protective layer was deposited on top of the ZnO
layers. The combination of ZnO/Al,O; layers effectively
protects the underlying layers from plasma damage dur-
ing ITO sputtering. Additionally, the insulating nature
of Al,O; limits the electron injection and thus balances

the charge injections to the QDs, achieving high QLED
performance. All active layers, including the two brittle
ITO electrodes, were positioned in the neutral mechanical
plane of the device, allowing stable operation even under
harsh mechanical deformations.

Another approach to enhancing the transparency of
QLEDs is micro-patterning the QD EMLs. Utilizing this
method, Luo et al. reported the fabrication of highly trans-
parent QLEDs [85]. By creating void spaces between each
micropattern of QDs, the transparency of the device could
be increased. However, in high-resolution QLEDs, these
void spaces between pixels are highly susceptible to leak-
age current due to direct contact between the HTL and
ETL. To address this issue, the authors developed novel
strategies to pattern QDs based on electrostatic force-
induced deposition. The leakage current caused by the
void spaces between pixels is significantly suppressed by
substrate-assisted insulating perfluorooctyl trichlorosilane
(PFT) patterns. Using this approach, high-resolution QD
patterns could be achieved (2,116 ppi), and the resulting
QLEDs exhibited a high maximum EQE of 15.6% and a
high transparency of 91% over the visible range.

High-Resolution QD Patterning Methods
for Full-Color QLEDs

Full-color deformable QLEDs hold significant promise for
various human-friendly display applications, such as vir-
tual reality (VR) displays [86], portable displays, and skin-
attachable wearable displays [39, 70, 87]. As the distance
between the display device and the human eyes decreases,
obtaining clear images necessitates higher resolution with
smaller pixel sizes. For instance, a 75-inch 4 K Ultra-high-
definition (4 K UHD, 3840 % 1080) television screen has
a pixel size of approximately 430 pm, resulting in about
58 pixels-per-inch (ppi). In contrast, a 6.2-inch 4 K UHD
mobile display necessitates a much smaller pixel size of
30 pm, which is about 833 ppi. Consequently, there is a
growing need to develop a reliable QD patterning process
capable of achieving micro-patterns of QDs in the range
of tens of micrometers or less. Furthermore, minimizing
damage to the QDs and the underlying active layer during
the patterning process is crucial for EL device applica-
tions. Harsh etching processes during patterning are thus
undesirable. In this section, we introduce three representa-
tive QD patterning methods: transfer printing, inkjet print-
ing, and photolithography. All patterning methods intro-
duced in this section are designed to minimize damage to
the QDs and underlying layers, ensuring their suitability
for practical application of deformable QLEDs.
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Transfer Printing

Transfer printing refers to a deposition technique in which
a thin film, initially coated on a donor substrate, is trans-
ferred onto a target substrate [36, 38, 88]. In general, an
elastomeric stamp, consisting of silicone elastomer, is used
to detach and transfer the film. The detachment and trans-
fer occur due to differences in interfacial adhesion between
the film, the stamp, and the substrate [89, 90]. To facilitate
the film detaching and transfer process, various methods
such as the aid of self-assembled monolayer (SAM) [91],
kinetic control, thermal control, and laser ablation have been
reported to manipulate the interfacial adhesions.

Transfer printing technique based on the stamping pro-
cess has several advantages in device fabrication. First, it
does not require the involvement of water or other organic
solvents for film detachment, making it suitable for transfer-
ring films that are sensitive to solvents. Additionally, the
transfer printing technique is often useful in the fabrication
of soft electronic devices. Most soft plastics cannot with-
stand high temperatures, so high-temperature deposition or
annealing processes are carried out on a donor substrate,
such as a wafer, and then the film is subsequently transferred.

Extensive research has been conducted on high-resolution
QD patterning via transfer printing. The initial approach
utilizes a structured elastomeric stamp. A significant mile-
stone in the history of deformable QLEDs was reported by
Kim et al., who reported the fabrication of full-color flex-
ible AM-QLED arrays using structured stamping [36]. This
process begins by rapidly picking up QDs coated on a donor
substrate with a structured stamp. To facilitate easy detach-
ment from the donor substrate, a self-assembled monolayer
(SAM) of silane molecules is coated on the wafer. A struc-
tured stamp with specific protruding patterns is prepared by
pouring PDMS onto the surface-treated mold. During the
rapid pick-up process, with a peeling speed of ~70 mm/s, the
surface energy of the PDMS stamp, being slightly lower than
that of the donor substrate, aids in retrieving QD films from
the donor substrate. Subsequently, by contacting the inked
stamp to the device stack and slowly peeling back the stamp
at 1 mm/s, QDs with desired patterns are transferred onto the
target substrate. Using this technique, the authors success-
fully fabricated a 4-inch full-color AM-QLED array, dem-
onstrating the potential of this technology (Fig. 5b). QLEDs
were fabricated on a hafnium-indium-zinc oxide (HIZO)
TFT backplane with an array size of 320 X 240, achieving a
high resolution of 100 ppi. Each RGB pixel has an emissive
area of 46 pm X 96 pm.

While the structured stamping technique enables a sim-
ple and highly reliable patterning process for the full-color
QLED array fabrication, issues arise as device resolution
increases. When pixel size decreases, the transfer yields of
structured stamping degrade dramatically, with significant
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losses at the edges of patterns. To address this issue, Choi
et al. developed an intaglio transfer printing technique [38].
The intaglio transfer printing process involves the following
three steps: (1) rapidly picking up QDs from the donor sub-
strate using an elastomeric stamp with a smooth surface, (2)
contacting the inked stamp with intaglio trenches engraved
with patterns and slowly peeling off, and (3) transferring the
patterned QDs remaining on the PDMS stamp to the target
substrate. Using the intaglio transfer technique, a small pixel
size of 5 pm was successfully transferred, with sharp edges.

Recently, researchers have further improved the intaglio
transfer printing technique. Kwon et al. reported the fabrica-
tion of high-resolution, full-color wearable perovskite LEDs,
using advanced intaglio transfer. Researchers introduced
an organic layer of a 2,2',2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) on top of the perovs-
kite QD layers. TPBi plays a crucial role in preventing the
delamination of perovskite QDs during the pick-up process.
Also, the low adhesion between the PDMS stamp and TPBi
resulted in the easy releasing from the stamp. In this regard,
perovskite QDs were able to detach from the intaglio trench
without being damage, and TPBi was removed with methyl
acetate. Using this technique, they achieved a high resolution
(~2,550 ppi) of RGB perovskite QD patterns with nearly
100% of transfer yields (Fig. 5d). Such technique was read-
ily applied to the fabrication of full color, wearable perovs-
kite QLEDs, exhibiting high performance (EQE ~6.2%) and
outstanding stability during harsh mechanical deformation.

Inkjet Printing

Inkjet printing operates on the principle of ejecting ink drop-
lets through nozzles located in the print head, with droplets
precisely directed to specific locations on the target substrate
as programmed [92]. To achieve uniformly printed patterns,
various factors such as the composition of inks, rheologi-
cal properties of solvents, volume of each droplet, print-
ing speed, nozzle size, and temperature condition must be
carefully optimized [93]. Compared to the transfer printing
process, inkjet printing is more cost-effective, with a higher
deposition rate and minimized waste of QDs. This makes
it particularly valuable for industrial applications, includ-
ing the mass production of display devices. Consequently,
extensive research has been devoted to developing inkjet
printing techniques to achieve high-resolution QD patterns
over large areas.

The key to inkjet printing technology lies in the design of
the inks, as many parameters, such as drying speeds and wet-
tability, can be significantly affected by the ink composition.
Yang et al. introduced an optimized design of QD inks for
printing high-resolution arrays of QD patterns and applied
this method to fabricate QLEDs (Fig. Se) [94]. The droplets,
ejected from a piezo-driven print head, are printed onto the
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surface of the HTL, a poly-TPD layer. The primary challenge
in high-resolution inkjet printing is producing single, small
droplets that dry into uniform pixels. A common issue with
inkjet printing is the non-uniform morphology of printed
patterns, such as the "coffee ring effect," where ink accumu-
lates more at the edges than in the center [95]. To address
this, researchers proposed using inks composed of mixtures
of octane and cyclohexylbenzene (CHB) to improve pixel
quality. While formulations with 0% to 10% octane are suit-
able for printing, using pure CHB as a solvent results in
coffee ring stains at the edges due to capillary flow (Fig. 5g).
By mixing 5% octane with 95% CHB, Marangoni flow is
induced towards the center, effectively reducing the coffee
ring effect and achieving a nearly uniform QD distribution
across the pixel (Fig. 5f and h). This approach enabled the
production of high-quality pixel arrays with a resolution of
500 ppi, meeting the requirements for 8 K displays. The
inkjet printing technique was successfully applied to the fab-
rication of QLEDs, which exhibited a maximum luminance
of approximately 3000 cd m~2.

On the other hand, the electrohydrodynamic printing
method, also known as E-jet printing, has emerged as a
promising alternative to conventional piezo-driven inkjet
printing due to its capability of printing higher resolu-
tion patterns [96, 97]. E-jet printing operates by applying
voltage to a conductive nozzle, creating an electric field
between the nozzle and the substrate (Fig. 5i) [98]. This
method offers significant advantages over traditional piezo-
electric inkjet printing, allowing for much higher resolution
through the control of ink viscosity under the influence of
the electric field. Wang et al. utilized E-jet printing to cre-
ate high-resolution QD pixel arrays exceeding 500 ppi and
applied this technique to the fabrication of QLEDs. Voltage
was applied between the nozzle and the substrate, and line
width was fine-tuned according to the printing speed. Fig-
ure 5j illustrates variations in line width at different printing
speeds with the same ink viscosity, showing smooth edges
at 6.7 pum, 9.7 pm, 13.1 pm, and 18.1 pm for speeds of
7mms™,5mms™ !, 3mms~!, and 1 mms~’, respectively.
This indicates that increasing the printing speed results in
narrower lines. Consequently, the bottom emission QLEDs
with a pixel density of 500 ppi were fabricated, exhibiting a
maximal current efficiency of 14.4 cd A~

Photolithography

Photolithography has been the most mature technology in
semiconductor device fabrication [99]. Based on its high
technological maturity, research has been conducted to
pattern QDs, utilizing ultraviolet (UV)-sensitive photore-
sist (PR), photomasks, and developers [100]. However,
the conventional photolithography may not be suitable for
the fabrication of EL devices, as it involves subsequent
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solution processing process, including the spin-coating of
PR, developing, solvent washing, and removing residual
PR. Since QD films and underlying active layers are vul-
nerable to solvent attacks, the performance of the device
can be degraded after the photolithographical patterning
of QDs.

To overcome this issue, researchers have focused on
enhancing the solvent resistance of QDs. For example,
Kim et al. reported an advanced lithographic process that
employs atomic layer deposition (ALD) to create a protec-
tive layer for QDs against solvent attacks (Fig. Sk) [101].
By reacting the surface of QD films with a diethylzinc
(DEZ) precursor, a thin film (~20 nm) of ZnO overlayer
was coated on the QD layers. Due to the high reactivity
between DEZ and the ligands of QDs, typically oleic acid
and oleylamine, either ligand exchange occurs, or DEZ
gets attached between the pre-existing organic ligands.
Consequently, QD films exhibit strong resistance to
external solvents, allowing PR to be directly coated on
top of the QDs. After UV exposure on photomasks, QDs
in the unexposed regions are removed by solvent washing,
resulting in high-resolution patterning of QD pixels. By
repeating the same lithography process, R/G/B (800 ppi)
tri-color QD patterns, various images, and text were pat-
terned on the substrate (Fig. 51).

Although previous studies have reported the facile pat-
terning of QDs using conventional photolithography, the
fundamental limitations of the approach involving PR have
yet to be resolved. For example, incomplete removal of PR
residue can lead to uneven charge injection within devices.
Also, the use of PR or protective layers may degrade the
PL properties of QDs, resulting in the deterioration of the
EL performance [102]. Recently, an alternative method
to pattern QDs via lithography has been reported that
excludes the use of PR [103]. Hahm et al. introduced
CdSe QDs capped with dual ligands, consisting of photo-
crosslinkable ligands (PXLs, < 10 mol%) and dispersing
ligands (DLs, > 90 mol%) (Fig. 5Sm) [104]. While DLs play
a crucial role in forming a stabilized QD dispersion in
solvents, PXLs form covalent bonds with adjacent ligands
in response to UV irradiation. By selectively exposing the
dual-ligand QD films to UV light, only the QDs in the
unexposed region are removed by developing the films
with proper solvents. Using this method, researchers could
achieve the direct patterning of QDs with outstanding
resolution and high throughput. Figure 5Sn demonstrates
a fluorescence image of high-resolution RGB QD pat-
terns achieved via direct photolithography, with a maxi-
mum resolution reported up to 15,000 ppi. This technique
was readily applied to the fabrication of full-color QLED
arrays (Fig. 50), showing significant potential for optoelec-
tronic device applications.
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Deformable QLEDs with Unconventional
Form Factors

Research focus in QLED development have traditionally
been on enhancing the EL performance and stability of
QLEDs. Through advancements in QD synthesis and a
deeper understanding on device operation mechanism,
significant improvements have been made in both perfor-
mance and stability [105, 106]. However, the advent of
new information technologies, such as the IoTs, artificial
intelligence, and data science, has shifted the research
trends from conventional rigid electronics to soft electron-
ics, aiming for enhanced integration between machines and
humans. Consequently, there has been a growing demand
for the development of deformable QLEDs, leading to
extensive research in this area [24]. The high performance,
stability, and ultrathin nature of QLEDs make them highly
compatible with deformable EL device applications. In
this section, we highlight new fabrication approaches used
to create QLEDs with unusual form factors, including flex-
ible, foldable, fiber-type, and stretchable QLEDs. Since
most components of QLEDs, including electrodes and
various inorganic/organic materials, are inherently rigid,
the main research focus here has been on how to maintain
stable device performance when QLEDs are mechanically
deformed repeatedly.

Non-stretchable Types (Flexible, Foldable,
and Fiber-Type) of Deformable QLEDs

Downscaling the device thickness is one of the most effec-
tive approaches to achieve flexibility of the device, even
when the device is composed of rigid materials [107, 108].
In general, a solid material has critical parameters associ-
ated with its capability of bending: the critical bending
radius and critical thickness. The critical bending radius is
the minimum radius at which the solid maintains its opera-
tion while bent, and the critical thickness is the required
thickness for bending to a given radius. As a brief approxi-
mation, the surface strain (S) of a thin-film material with
thickness (h) and bending radius (R) can be expressed as
S =h/2R. Therefore, by reducing the material thickness,
the surface strain can be lowered, reducing the critical
bending radius. In other words, if the device thickness is
below its critical thickness, it can bend to a given radius
without failures, regardless of the rigidity of the materials
involved.

Additionally, the utilization of a neutral mechanical
plane that balances tensile and compressive strains is
another strategy to enhance the mechanical stability of
devices during bending. The position of this plane can be

determined based on the thickness and stiffness of each
layer in the device. Layers farther from this plane may
experience more strain, increasing the risk of device fail-
ure. Therefore, creating an extremely thin structure and
placing the stiffest layers near the neutral mechanical plane
can improve device stability.

Based on these approaches for efficient strain manage-
ment, the bending radius of flexible QLEDs has dramati-
cally decreased from the initial few centimeters to tens of
micrometers. For example, Choi et al. demonstrated an
ultrathin wearable RGB QLED that can be freely deformed
with a small radius of curvature (~70 um) [38]. The device
is very thin, measuring around 2.6 um in total thickness
(Fig. 6(a)), with double encapsulation layer of parylene-
epoxy (~ 1.1 um) and active layer (~300 nm). To ensure
the stability of these ultrathin QLEDs, they used double
encapsulation where epoxy (SU-8) acted as protective bar-
rier for parylene during ITO sputtering and external damage.
Positioning of active layer at neutral mechanical plane was
done to reduce bending stress on stiff ITO layer (Fig. 6b).
With this ultrathin design, the fabricated electronic tattoo
could easily bend and conform to curved surfaces while
maintaining stable performance even when wrinkled or
crumpled (Fig. 6¢). This devices achieved high brightness
levels, reaching up to 14,000 cd/m? at 7 V with EQE of
2.35% (Fig. 6d).

A few years later, researchers further improved this
strain management technique and achieved the 3D origami
of ultrathin QLEDs through a precisely controlled folding
deformation. The principle behind foldable devices is that
when a specific region of the device is thinner than the adja-
cent areas, most of the deformation is concentrated in that
thinner region. Typically, thickness differences are created
through patterning processes like lithography. The greater
the thickness difference, the smaller the bending radius,
resulting in a sharper fold of the device. Therefore, the two
key challenges in developing foldable QLEDs are: (i) how
to generate thinner region without damaging the underlying
active layer, and (ii) how to manage the strain concentrated
at the crease where most deformation occurs.

To address these issues, researchers developed new
pre-programming techniques for crease generation. Kim
et al. used a selective laser-programmed etching method
(Fig. 6e) to pre-program hinges for three-dimensional fold-
able QLEDs [11]. In this approach, a 100-nm-thick Ag etch
stop layer was introduced to protect the underlying active
layers from damage during the encapsulation etching pro-
cess. By adjusting the laser intensity, they enabled the selec-
tive etching of only the top epoxy overcoating while pre-
cisely producing folding lines (Fig. 6f). Additionally, since
the active layers in the crease region are located near the
neutral mechanical plane, they can endure the mechanical
strain focused on the crease. Consequently, the researchers
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fabricated sharply folded QLEDs with a minimum bending
radius of 0.047 mm (Fig. 6g). This specially designed flex-
ible hinge can withstand localized strain during repetitive
folding, as demonstrated by consistent EL properties after
enduring 500 cycles of repeated bending. This approach
allows for transforming flat ultrathin QLED arrays into
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of three-dimensional star-like PM QLED array. The left inset shows
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illustration of the device. Reproduced with permission from Ref.
[11], Copyright 2021, Springer Nature. i Schematic illustration of
F-QLED. Six functional layers are sequentially deposited on a PET
fiber substrate. j Schematic illustration of textile electronic system. k
Images of F-QLEDs woven in the textile for red (left), green (mid-
dle), and blue (right) emission. Scale bars, 1 cm. 1 Luminance (top)
and electroluminescence (bottom) characteristics of red, green, and
blue F-QLEDs. Reproduced with permission from Ref. [41], Copy-
right 2023, American Association for the Advancement of Science

complex 3D shapes like airplanes, butterflies, cubes, and
pyramids using techniques similar to origami (Fig. 6h).
Fiber-type QLEDs have a distinctive one-dimensional
architecture that allows them to be twisted and bent in any
direction [109, 110]. Unlike traditional film-type QLEDs
that exhibit Lambertian emission, fiber-type QLEDs feature
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a circular arrangement of layers around the central axis,
emitting light in all directions. Their unique device form
factors make them suitable for use in wearable optoelec-
tronic applications, particularly electronic textiles [111].
To achieve optimal performance in these applications, it is
necessary to use optimized device designs and fabrication
processes that result in low driving voltage and high current
efficiency.

Key factors for the fabrication of high-performance
fiber-type QLEDs include the uniform coating of all com-
ponent layers on the fiber substrate, including electrodes,
charge transport layers (CTLs), and emissive layers (EMLs).
While thermal evaporation is often used to deposit metal
electrodes, solution-based processes such as dip coating
and spray coating are used to deposit other functional layers
of QLEDs [112, 113]. Dip coating, in particular, can offer
uniform coatings by immersing the fiber in a solution and
controlling the withdrawal speed. Additionally, appropriate
encapsulation methods are required to protect the device
from damage caused by bending or environmental factors.

Lee et al. reported the development of fiber-type quantum
dot light-emitting diodes (F-QLEDs), along with other fiber-
type devices such as photodetectors, field-effect transistors,
and supercapacitors, all integrated into a textile electronic
system (Fig. 6j) [41]. The F-QLEDs were fabricated on PET
fiber substrates (2 mm width, 100 mm length, ~ 100 um
thick). The functional layers were coated using a dip coating
method (Fig. 61), and the withdrawal speed was adjusted to
achieve a film with the desired thickness and smooth surface.
Aluminum cathodes were deposited by thermal evaporation.
In order to avoid mechanical breakdowns during automated
weaving, additional PET fiber strips were employed for
passivation. The F-QLEDs in red, green, and blue colors
(Fig. 6k) were woven into textiles using automated weaving.
The red, green, and blue-emitting QLEDs achieved peak
brightness levels of 463, 482, and 188 cd/m?, respectively, at
approximately 10 V (Fig. 61). As a proof-of-concept of this
technique, researchers integrated various fiber-type devices
into a single electronic textile, by weaving fibers with an
automated loom. The multi-functional electronic textile can
visualize external signals via F-QLEDs.

Stretchable QLEDs Based on Geometrically
Designed Structures

Beyond flexibility, research is now advancing towards
developing light-emitting devices with stretchable form
factors, allowing displays to change shape freely [114].
These stretchable light-emitting devices, capable of main-
taining their EL performance under repeated stretching,
are expected to be applied to versatile applications, par-
ticularly in various human-friendly wearable electronics
[115]. However, imparting stretchability to LEDs presents

more significant challenges than fabricating flexible LEDs.
The common strategy effective for flexible devices, such as
downscaling device thickness or employing neutral mechani-
cal plane, may not be effective for fabricating stretchable
LEDs. An alternative approach to address this issue involves
using geometrically designed structures in LEDs, such as
island-bridge configurations and wavy, wrinkled patterns.

Traditional QLEDs use materials such as transparent con-
ducting oxides [116], metal thin layers, and organic or inor-
ganic semiconductors [117-121]. These materials exhibit
excellent EL performance due to their highly uniform and
crystalline morphology. However, they are inherently rigid
and fragile. Even minimal strain can cause severe cracks
in the active layers, leading to device failure. The island-
bridge design is a potential solution to maintain high EL
performance while also enabling stretchability. This idea
involves placing rigid LED parts on stretchable substrates.
These components are connected using either geometrically
stretchable (serpentine) or intrinsically stretchable metal
interconnections. The stretchable interconnections play a
vital role in dissipating stress throughout the system, espe-
cially in the stiff island devices, to ensure that the electrical
properties are maintained even during repeated stretching.

Lee et al. developed a stretchable CdSe/ZnS QLED array
integrated with strain and temperature sensors for showing
bio-signals (Fig. 7a and b) [122]. The array has a strain-
releasing structure where flexible QLEDs are placed on stiff
islands and connected by stretchable liquid metal intercon-
nections. This structure allows high flexibility with no opti-
cal degradation under biaxial strain of up to 30% (Fig. 7c).
By shifting the stress from the stiff QLED component to the
stretchable connections, this design maintain stability and
functionality of the QLED devices effectively.

Kim et al. reported a stretchable sensory-neuromorphic
system in which a quantum dot-based epidermal photonic
actuator (Fig. 7d), an artificial synapse, and a mechanore-
ceptor are connected by stretchable interconnects [123]. An
inverted top-emission QLED (Fig. 7e) was created using
ligand-exchanged colloidal quantum dots to provide bal-
anced electron—hole injection. By employing a sinter-free
ink printing technique, they developed intrinsically stretch-
able interconnections composed of dynamically cross-linked
polymer and Ag flakes. The connections showed high con-
ductivity (18,550 S/cm) and stretchability (160%). The sin-
ter-free method minimized thermal damage to the hole trans-
porting layer (CBP) and prevented oxygen vacancy changes
in the electron transporting layer (ZnO), hence improving
the stability of the device. The final device, integrated on
a PDMS substrate as a 5 X5 epidermal photonic actuator
(Fig. 71), exhibited reliable functionality when subjected to
crumpling and strains of up to 25% (Fig. 7g).

While there are benefits to using high-performance con-
ventional QLED devices, there are challenges to achieving
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high resolution and fill factor. The fill factor decreases as
the display stretches because stretchable interconnections
expand while the rigid LED components stay fixed. Inter-
connections between pixels hinder progress in developing
high-resolution stretchable displays.

Another approach to make ultrathin QLED devices
stretchable is forming a wrinkled structure [124]. This
technique includes transferring a planar ultrathin QLED
onto pre-strained elastomer substrate. Upon the removal of
the prestrain, the flexible LED undergoes the formation of a
regular wavy buckling structure. Wavy design in this device
allows it to endure stretching until wrinkles flatten, achiev-
ing flexibility without distorting the device significantly. It
is important to also account for ultrathin thickness and neu-
tral mechanical plane when designing the device structure
to prevent damage during prestrain release. Additionally,
forming uniform buckles with a small bending radius across
device surface is crucial for higher performance.

Kim et al. reported a stretchable wavy optoelectronic sen-
sor using colloidal QDs (Fig. 7h) [125]. They first fabricated
an ultrathin QLED using a flexible graphene electrode on a
PET/glass substrate. Subsequently, the device was placed
on a prestrained elastomeric substrate using thermal release
tape. Releasing the prestrain produced consistent wavy
design (Fig. 7i), enabling necessary level of stretchability.
Ecoflex layer was added to enhance durability as passivation
layer. Use of wavy pattern, coupled with device structure
designed to match neutral mechanical strain, successfully
reduced stress during stretching. Consequently, QLEDs
exhibited significant flexibility, with bending radius of
35 um and could endure stretching up to 70% strain without
affecting their EL performance (Fig. 7j). The device main-
tained stable operation even under the 70% of stretching,
exhibiting nearly constant brightness (~ 1200 cd m~2) and
luminous efficiency (~2 cd/A) (Fig. 7k). Based on the out-
standing mechanical stability, the device was readily applied
to wearable electronics, attached on the wrist skin accompa-
nying dynamic movements (Fig. 71).

Intrinsically Stretchable QLEDs

Despite extensive studies on geometrically designed stretch-
able LEDs, enhancing the fill factor (i.e., the ratio of emis-
sion area to total area) and mechanical endurance of these
stretchable LEDs remains challenging, hindering the com-
mercial availability of stretchable displays. For example,
stretchable displays based on serpentine interconnections
experience a significant decrease in fill factor during stretch-
ing because the emission area remains fixed while the area
of the interconnections continues to expand. Recent research
has shifted their attention towards creating fully stretcha-
ble LEDs [42, 126]. The new strategy for fabricating these
LEDs involves the integration of light-emitting materials

with intrinsically stretchable materials. Many of the previ-
ously reported intrinsically stretchable LEDs use stretchable
organic light-emitting composites made of polymeric light
emitters, such as SuperYellow [127, 128], and elastomers
[129]. However, the performance of these devices is sig-
nificantly lower than that of their rigid or flexible counter-
parts, exhibiting low brightness (< 10,000 cd m~2) and high
turn-on voltage (> 5-8 V). Therefore, there has been a need
to develop high-performance intrinsically stretchable light-
emitting devices.

Recently, a novel stretchable EML based on QD nano-
composite was reported and readily applied to the fabri-
cation of intrinsically stretchable QLEDs [42]. Kim et al.
reported a stretchable EML composite consisting of QDs,
styrene-ethylene-butylene-styrene (SEBS) elastomer, and
TFB (Fig. 8a). This composite enabled the development of
a stretchable QLED that maintains brightness even when
stretched to 50% (Fig. 8b). The internal structure of the
stretchable EML features QD emitters evenly packed within
the SEBS matrix, while TFB forms island-like structures at
the bottom. During the uniaxial stretching process, the ter-
nary composite film undergoes unequal compression in two
distinct regions: region A, which is the TFB-island area, and
region B, which is the non-island area. In region A, mostly
the top QD/SEBS layer except TFB island is compressed.
In region B, the entire film is fully compressed as a result
of Poisson’s effect (Fig. 8c). The stretchable QD composite
film, which has a unique embossing structure over a TFB-
rich island, exhibits a smooth surface morphology without
any cracks when stretched 50%. This contrasts with bare
QD films, which develop numerous microcracks under same
stretching condition (Fig. 8d).

One of the main challenges in utilizing stretchable
yet insulating SEBS in EML was ensuring balanced car-
rier injection into QDs. An optimal weight ratio of
QD:SEBS:TFB =10:1:0.5 was determined through optimi-
zation. In this case, the TFB-rich islands served as an effi-
cient hole transport pathway from HTL to stretchable EML,
thereby overcoming a significant drop in EL performance.
In addition, the analysis of grazing-incidence small-angle
X-ray scattering (GISAXS) shows that the horizontal and
vertical interplanar distances (d,, and d,) remain nearly con-
stant during stretching. This suggests that the density of QD
particles within the stretchable EML does not change when
the material is deformed (Fig. 8e).

Further engineering improvements were implemented
on the remaining QLED layers in order to increase their
stretchability (Fig. 8f). The stretchable anode employed
PUA-embedded Ag NWs, together with a surfactant and
dimethyl sulfoxide (DMSO) doped conducting PEDOT:PSS
(PH1000). The stretchable cathode was fabricated by depos-
iting Ag NW/Ag/liquid metal layers with small resistance
changes under high strain using spray coating method. The
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Fig.8 Fabrication of intrinsically stretchable QLEDs. a Schematic
illustration of stretchable EML (center) for intrinsically stretchable
QLED (left). The stretchable EML is a ternary composite of QDs,
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QLED stretched up to 50%. ¢ Schematic illustration of structural
change for stretchable EML (QD;,S(T5) under stretching. d Height
profiles of the top surfaces of the stretched bare QD film (top) and
stretchable EML (bottom) stretched by 50%. e Schematic illustra-

semiconducting PEDOT:PSS (AI4083) was added with a
non-ionic fluorosurfactant (CapstoneTM FS-31) to enhance
its wettability and stretchability in the hole injection layer.
Based on this comprehensive material and design
strategy, a stretchable device with a low turn-on volt-
age of 3.2 V and a maximum luminance of 15,170 cd/
m? at 6.2 V was fabricated (Fig. 8g). They exhibited no
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tion of stretchable EML (left) and interplanar distance between QDs
(right) within the stretched EML. f Schematic exploded illustration
for device structure of the intrinsically stretchable QLEDs. g J-V-L
characteristic of the device. h Strain-dependent current density and
luminance change under strains up to 50%. i Image of multicolour
intrinsically stretchable PM-QLED arrays. Reproduced with permis-
sion from Ref. [42], Copyright 2024, Springer Nature

luminance degradation when stretched up to 50%. Sur-
prisingly, they initially showed an increase in brightness
for the first ~30% strain (Fig. 8h). Achieving a significant
breakthrough, they have successfully created 5 x5 full-
color intrinsically stretchable passive matrix QLED arrays.
These arrays showed high stretchability under convex,
concave, and cyclic stretching deformations (Fig. 8i).
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Applications of Deformable QLEDs
Information Displays Integrated with Sensors

With the successful debut of various form factor displays,
such as foldable phones and rollable televisions, informa-
tion displays with flexible form factors have emerged as a
major trend in next-generation display development [25,
130]. These displays are not only aesthetically impressive
but also offer new functionalities that traditional rigid dis-
plays cannot provide, such as the ability to freely adjust
screen size and shape to suit user preferences. Based on
the outstanding EL performance, stability, and color repro-
ducibility, QLEDs can serve as the core component for
deformable information displays that visualize external
signals to users [39, 131].

Lee et al. demonstrated a flexible audiovisual display
with a multifunctional skin-attachable sensor for moni-
toring UV exposure, pressure, and temperature (Fig. 9a)
[132]. An 8 x 8 flexible QLED array was composed of
stretchable and conductive materials; liquid metal as the
interconnect and Au grid/PEDOT:PSS as the electrode.
The Si rubber encapsulation layer provided protection
against sweat and external environment. The QLED array
integrated with UV sensor and temperature sensor suc-
cessfully displayed the body temperature and UV expo-
sure intensity on the wrist. Furthermore, a thin piezoe-
lectric PVDF film acted as a speaker, emitting warning
sounds when biosignals deviated from their typical ranges
(Fig. 9b). This study has the potential for wearable mobile
healthcare, especially in the case for elderly patients and
infants who require constant health monitoring.

Recently, a prototype of an interactive wearable display
was developed using deformable QLEDs capable of pressure
sensing. Lee et al. developed an ultraflexible and transparent
electroluminescent skin that can visualize high-resolution
(> 1000 dots per inch) images of pressure distribution in
real time (Fig. 9c) [133]. The transparent piezoresistive
layer composed of Te-PEDOT nanowires with cellulose
nanofibers, which has high sensitivity and a fast response
time (< 1 ms), was in contact with top film, and the flexible
QLED was fabricated on a bottom PI film. When am exter-
nal pressure is applied, the top and bottom films conform to
each other and form a conductive path proportional to the
pressure intensity. As a result, the superfine image reflecting
the exact shape and magnitude of the applied pressure can
be achieved without the need for pixel structures (Fig. 9d).
This study addresses the accurate visualization of pressure
distribution on curved surfaces, which provides a framework
for skin prostheses and robotics applications.

Kim et al. reported the development of an ultrathin,
skin-attachable QLED display (~ 5.5 pum) with features of

high brightness (44,719 cd m™2 at 9 V) and a low tem-
perature increase during operation [39]. The 8 X 8 passive
matrix ultrathin QLED display was integrated with driv-
ing circuits, microcontroller, temperature sensor, accel-
erometer, and touch sensor on a flexible printed circuit
board (Fig. 9¢). The skin-mounted QLED display could
visualize letters, numbers, and symbols to display various
information to users. The microcontroller unit processes
the temperature and step count, while the touch sensor
allows the users to change the sensing mode or scroll the
display by inducing a change in the resistive-capacitive
(RC) delay. Real-time measurement of temperature and
step count was demonstrated, and the wearer could carry
out mode switching and text scrolling through the interac-
tive display (Fig. 9f).

Light Sources for Wearable Healthcare System

Using LEDs instead of lasers as a light source in biomedical
devices that are attached directly to the skin allows for
the use of different wavelengths for broader applicability
(Fig. 9g) [26]. For sensing, pulse oximetry utilizes LEDs to
emit red and infrared light onto the skin. The photodetec-
tor then detects changes in light absorption after it passes
through the blood and converts them into electrical signals
[134]. Since oxygen level greatly affect the light absorption
efficiency of hemoglobin, the blood oxygen levels (SpO,)
can be measured in real time by analyzing the absorption
ratio. Photoplethysmogram (PPG) sensors also monitor
changes in the bloodstream using a single wavelength, either
green or red, in a non-invasive manner [135, 136]. Detection
of the amount of light absorbed by the bloodstream provides
information about cardiovascular conditions.
Phototherapeutic approaches generally use light to acti-
vate cells, channels, or implanted photosensitizers to initiate
treatment mechanisms. In photodynamic therapy, LED light
is irradiated to the pre-injected photosensitizers, which pro-
duce reactive oxygen species that kill cancer cells. Photobio-
modulation facilitates the tissue regeneration by using light
to modulate the production of chemicals involved in signal
transduction. Furthermore, optogenetics uses light to stimu-
late to genetically modified light-gated ion channels, allow-
ing for precise control of neural activities (Fig. 9h). Flexible
QLED:s offer advantages for these applications because they
conformally attach to the curved tissues, which can provide
stable and accurate performance during dynamic activities.
Lee et al. reported a fiber-based quantum-dot pulse
oximetry (FQPO) system consisting of flexible red/green
QLEDs and organic photodetectors (Fig. 9i) [137]. The
devices were fabricated using an ultrathin PET substrate for
flexibility with a PEDOT:PSS transparent conductive elec-
trode for light transmission. The FQPO-based PPG signal
measurement was obtained from the left index finger and the
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Applications of deformable QLEDs
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other PPG signal and SpO, data were obtained from the right
index finger using commercially available pulse oximetry
device. The FQPO collects stable PPG signal with direct
current (DC) driving and performs accurate SpO, monitor-
ing with alternating current (AC) driving (Fig. 9j). This sys-
tem has long operational reliability, high wavelength selec-
tivity (a narrow FWHM of 30 nm) with minimal influence
from the waveguide mode noise signals. This study holds

@ Springer

potential for incorporating of pulse oximetry into wearable
clothing.

QDs can be also applied for the light absorption layers
in wearable photodetectors. Li et al. demonstrated a high
performance wearable PPG sensor with wearable Cu-In-Se
(CISe) QD photodetectors (QD-PDs) [138]. They proposed
ultrathin self-powered QD-PDs using heavy-metal-free
CISe QDs capped with iodide ions (I-) as ultrathin light



Advances in Flexible, Foldable, and Stretchable Quantum Dot Light-Emitting Diodes: Materials. ..

«Fig.9 Applications of deformable QLEDs. a Schematic illustration
of the skin-attached flexible QLED array and PVDF speaker with a
multi-functional sensor. b Display of temperature (top) and UV expo-
sure (bottom) by the QLED array. Audio signals is alerting noise
that indicates high temperature or over-exposure to UV. Reproduced
with permission from Ref. [132], Copyright 2022, American Chemi-
cal Society. ¢ Schematic exploded illustration for device structure
of an ultraflexible, transparent and pressure-sensitive photonic skin.
The left inset shows SEM images of transparent electrode, while the
right inset shows cross-sectional illustration of device under pres-
sure. d Image of the photonic skin visualizing the pressure distribu-
tion in real-time. The top image shows the pressure imaging with the
device laminated to the back of a hand. The middle image shows a
device with a green QLED touched by a finger. The bottom image
shows a pressure imaging using PDMS replica of a mint leaf. Scale
bars, 5 mm. Reproduced with permission from Ref. [133], Copyright
2020, Springer Nature. e Image of the ultrathin QLED integrated with
wearable electronics (top), and schematic illustration of the data flow
between the integrated electronic components and QLED display
(bottom). f Images of the skin-mounted QLED display visualizing
the measured temperature and step count data in scroll mode. Repro-
duced with permission from Ref. [39], Copyright 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. g Schematic illustra-
tion of deformable QLEDs as light sources for wearable healthcare.
h Schematic illustrations depicting the applications of deformable
QLEDs in biosensing and therapeutic methods. Reproduced with per-
mission from Ref. [26], Copyright 2024, Korean Journal of Chemi-
cal Engineering. i Images of the PPG signal measurement setup using
FQPO for the left index finger and commercial pulse oximetry device
for the right index finger. j SpO, monitoring with alternating current
(AC) driving of the FQPO. Reproduced with permission from Ref.
[137], Copyright 2023, Springer Nature. k Schematic illustration of
ultrathin Cu-In-Se QD-PDs. 1 PPG signals measured by commercial
rigid PD (top) and wearable PPG sensor with flexible CISe QD-PDs
(bottom). Reproduced with permission from Ref. [138], Copyright
2023, American Chemical Society

absorption layers (~40 nm), which feature a high specific
detectivity of 2.10x 10'% Jones (Fig. 9k). A wearable PPG
sensor consisting of commercial micro-LEDs and ultrathin
CISe QD-PD was conformally applied around a fingertip,
and PPG signal measurement was carried out in the pho-
tovoltage mode without external power supply. The wear-
able CISe-based PPG sensor detected the same heart rate
(1.2 Hz) as that of the commercial rigid PPG sensor (Fig. 91)
regardless of the activity conditions of normal, exercise, and
relaxation.

Conclusion

In this review, we provide an overview of the recent pro-
gress in deformable QLEDs, with a focus on material
engineering and fabrication strategies. First, we provided
an analysis of the developments for deformable QLED per-
formance in terms of material and device engineering. We
introduced various types of QDs and the operating principles
of QLEDs, along with a summary of performance improve-
ments in reported deformable devices. Three types of device

structures with regards to light-emission direction are intro-
duced, and material candidates for soft substrates and trans-
parent/semi-transparent electrodes are highlighted. Then, we
examine unconventional fabrication strategies for deform-
able QLEDs. High-resolution patterning methods for QD
thin films, which are crucial for the fabrication of full-color
deformable QLEDs, are presented. Additionally, the article
explored the latest studies on proof-of-concept deformable
QLEDs with unusual form factors, including flexible, fold-
able, fiber-type, and stretchable QLEDs, detailing the mate-
rials and fabrication strategies for each form factor.

Despite significant advances in deformable QLEDs, sev-
eral challenges remain that hinder their commercialization.
A major issue is the insufficient stability of QLEDs based on
heavy-metal-free QDs, especially for blue-emitting devices.
Blue QDs, due to their small core size, have a higher pro-
portion of surface defects that provide pathways for non-
radiative exciton recombination. Additionally, a small offset
between the conduction band minimum (CBM) of the core
and the shell leads to inefficient charge confinement. Vari-
ous theories have been proposed to explain the degradation
of blue QLEDs, including QD oxidation followed by ligand
detachment and HTL degradation due to excessive electron
leakage. However, there is still an ongoing debate as to
which of these is the primary cause. Currently, the best per-
formance and stability for blue-emitting QDs are achieved
with ZnTeSe/ZnSe/ZnS QDs, but QLEDs using these QDs
still exhibit lower stability compared to commercial devices.

From a manufacturing perspective, reliable processes
capable of producing high-resolution full-color devices
should be developed. Inkjet printing is considered to be the
most promising technology for industrial applications due
to its cost-effectiveness and high throughput. For efficient
printing of QD inks, high boiling point solvents, various
stabilizers, and surfactants are generally required, and the
composition of inks should be carefully designed to con-
sider the wettability and elimination of coffee-ring effects.
QD layers formed by inkjet printing differ significantly from
those formed by spin coating using QD solutions dispersed
in solvents such as octane, often resulting in lower electrical
conductivity. Therefore, inks for HIL, HTL, and ETL mate-
rials should also be prepared to achieve high-performance
fully inkjet-printed QLEDs.

The design strategies that grant deformability to QLEDs
also face numerous challenges as well. For stretchable QLED
arrays using island-bridge structures, additional technolo-
gies must be developed to compensate for the reduced image
quality (i.e., fill factor and resolution) during stretching.
Intrinsically stretchable QLEDs are still in the early stages
of development and require significant improvements in per-
formance and stability. Moreover, ensuring a reliable stretch-
able encapsulation layer is critical. While thin film encap-
sulation using multilayer inorganic and organic structures

@ Springer
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has been successful for commercial flexible OLEDs, such
structures may not be suitable for stretchable encapsulants.
Most organic elastomers have voids between the polymer
chains, resulting in low barrier properties, necessitating the
development of new barrier materials. We anticipate that
advances in deformable QLEDs with high performance and
longevity will drive significant potential in various applica-
tions, particularly next-generation free-form displays and
optoelectronics for biomedical applications.
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