SCIENCE CHINA Materials

REVIEWS

mater.scichina.com link.springer.com

Published online 19 October 2022 | https://doi.org/10.1007/s40843-022-2197-4

Sci China Mater 2023, 66(1): 1-21

CrossMark
& click for updates

Flexible perovskite light-emitting diodes: Progress, challenges and

perspective

Jin-Tao Wang', Shu-Zhuang Wang', Yu-Hang Zhou', Yan-Hui Lou?" and Zhao-Kui Wang"*

ABSTRACT Metal halide perovskites with excellent opto-
electronic properties and good ductile properties have
emerged as promising materials suitable for flexible opto-
electronics that can be integrated into portable and wearable
display devices, showing great potential for the next genera-
tion displays and lighting. Currently, encouraging progress
has been witnessed in the field of flexible perovskite light-
emitting diodes (PeLEDs), with maximal external quantum
efficiencies (EQEs) of over 28%. Herein, we summarize the
major breakthroughs in recent years, with the aim of provid-
ing a comprehensive review and facilitating the further de-
velopment of flexible PeLEDs. In addition, the main
challenges that hinder the performance and commercializa-
tion of flexible PeLED devices are discussed. Finally, a brief
perspective and conclusion toward the future opportunities
and applications of flexible PeLEDs are provided.

Keywords: metal halide perovskites, perovskite light-emitting
diodes, flexible optoelectronics

INTRODUCTION

With the continuous advancement of science and technology,
flexible, portable, and wearable electronic devices have attracted
widespread attention, which are required in human-computer
interaction interfaces. As the main window of receiving infor-
mation, the quality of the display directly determines the users’
experience. Therefore, the development of ultra-thin, light-
weight, flexible, and high-color purity light-emitting diodes
(LEDs) is of great significance for the next generation of lighting
and display technologies [1]. Among all the light-emitting
materials, metal halide perovskites (MHPs) have become a
“rising star” owing to their excellent optical and electrical
properties, such as high photoluminescence quantum yield
(PLQY), high color purity, wide color gamut, and solution
processibility [2-5]. Since the naissance of the room-tempera-
ture electroluminescent perovskite LEDs (PeLEDs) in 2014,
PeLEDs have undergone rapid development [6-10]. So far, the
external quantum efficiencies (EQEs) of rigid PeLEDs have
recorded 28.1% and 22.2% for green and near-infrared (NIR)
PeLEDs, respectively [11,12], which are comparable to conven-
tional organic LEDs (OLEDs). However, rigid PeLEDs are
incompatible with the demand for flexible electronics due to
their weaknesses of rigidity, fragility, and heavy-weight [13].

In order to meet the practical applications of flexible devices,
each functional layer of the flexible PeLEDs (i.e., bottom elec-
trodes, hole-transporting layers (HTLs), perovskite emission
layers, electron-transporting layers (ETLs), and top electrodes)
should have prominent mechanical properties such as good
flexibility and stability. In theory, due to the inherent flexibility
and ductility of MHPs and the same operating principle of
flexible and rigid PeLEDs [14,15], flexible PeLEDs can be
achieved by replacing rigid substrates (e.g., indium tin oxide
(ITO)) and electrodes with flexible transparent substrates and
electrodes (e.g., metal nanowires (NWs), graphene, carbon
nanotubes (CNTs), and conducting polymers). The first flexible
PeLED was reported by Kim et al. [16] in 2014 by simply
replacing the rigid ITO-glass substrate with the flexible plastic
substrate. The EQE was only 0.125%. Since then, the pursuit of
high-performance and high-flexibility PeLEDs has become a
research hotspot in the field of MHPs-based optoelectronics. In
2017, Seo et al. [17] used graphene instead of ITO as the anode
to effectively reduce the exciton quenching. Furthermore, due to
the soft nature of graphene, they prepared flexible PeLEDs on
polyethylene terephthalate (PET) substrates, achieving the
highest EQE of 3.8%. Cheng et al. [18] adopted a di-additive
strategy to remarkably improve the morphology of perovskite
films, and obtained flexible PeLEDs with the champion EQE of
10.1%. Zhao et al. [19] developed a new hole-transporting
material with shallower ionization potential, which successfully
improved the charge balance. Finally, they fabricated high-effi-
ciency and large-area flexible PeLEDs with a maximum EQE of
12.1%. In 2020, Shen et al. [20] proposed rational interface
engineering, effectively passivating the defects, and suppressing
the nonradiative recombination loss. As a result, in combination
with appropriate light outcoupling nanostructures, they
achieved the highest EQE of 24.5%, which is so far the most
advanced value in the research community of flexible PeLEDs.

For an ideal flexible PeLED with high performance, the figures
of merit could be divided into two groups, namely device per-
formance parameters and flexible performance parameters. The
key device performance parameter is the EQE, which is defined
as the proportion of emitted photons to the number of electrons
injected into the device and can be calculated by the equation:
EQE = IQE X #,, where IQE is the internal quantum efficiency,
defined as the number of electron-hole pairs generated per
absorbed photon; and 7, is the light outcoupling efficiency,
defined as the ratio of generated photons in the emissive layer
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that exit the device [21,22]. Moreover, other key quality factors
also include the brightness L (cd m™2) and the current efficiency
CE (cd A7) [21]. For the flexibility performance, the main
parameters include the bending radius or radius of curvature,
bending angle, and tensile strains. Usually, to test the flexibility
of the devices, the flexible PeLEDs could be used to perform a
cyclic bending test at a certain bending radius or bending angle
and then collect the performance after different bending cycles.
Finally, the flexibility performance will be reflected by the
degradation of the device performance such as EQE and
brightness.

There is no doubt that the perovskite emitting layer plays a
decisive role in the performance of flexible PeLEDs. Never-
theless, proper optimization of other functional layers is also
essential to further improve the device performance. On this
basis, we comprehensively summarize the recent progress in
flexible PeLEDs, starting with the introduction of flexible
PeLEDs and mainly focusing on the reported optimization
strategies for every single functional layer. Afterward, the main
current challenges of flexible PeLEDs are discussed in terms of
stability, mechanical robustness, luminescence chromaticity
balance, toxicity, and large-area fabrication. Finally, the future
research directions of flexible PeLEDs are prospected. Fig. 1
gives an illustration of the roadmap for this review.

FLEXIBLE PEROVSKITE LEDs

In this section, the fundamentals of flexible PeLEDs including
the crystal structure and physical properties of perovskite
materials, working mechanisms of PeLEDs, as well as special
materials suitable for each functional layer of flexible PeLEDs are
summarized.
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Figure 1
the flexible PeLEDs.
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Perovskite materials

Over the past several years, MHPs have been intensively inves-
tigated as a promising luminescent material due to their excel-
lent optoelectronic properties suitable for light-emitting
applications, such as high PLQY, narrow emission width, high
absorption coefficient, tunable bandgap, and high charge carrier
mobility [2,25,26]. The general molecular formula of the three-
dimensional (3D) perovskites is ABX;, where the A-site repre-
sents a monovalent organic or inorganic cation (e.g., CH;NH3*
(MA¥), CH(NH,)," (FA*), and Cs"), the B-site is occupied by a
divalent metal cation such as Pb** and Sn**, and the X-sites are
halide anions (e.g., Cl7, Br~, and I7), as shown in Fig. 2a. The
Goldschmidt tolerance factor (¢) and octahedral factor (4) can be
considered as criteria to estimate the crystallographic stability
and formation possibility of perovskite structures given by the
following formulas:

R\+Ry

RREN) v
= @

where R, R, and Ry represent the ionic radii of A, B, and X
ions, respectively [27,28]. Generally, the typical 3D perovskites
can be formed when 0.80 < f < 0.90 and 0.40 < u < 0.90 [21,29].
For halide perovskites, the factors are usually in the range of 0.81
<t< 1.1 and 0.44 < p < 0.90 [28].

Usually, the PL peaks can be tuned from 400 to 700 nm
covering the entire visible spectra by varying the composition
and ratio of halides in MAPbX; or CsPbX; nanocrystals (NCs)
[24,30]. Fig. 2b shows the PL emission spectra of CsPbX; NCs
where the X anion ranges from CI to Br to I, with a narrow full

Ilustration of the roadmap of this review, including the optimization strategies and some commonly used materials for various functional layers of
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Figure 2 (a) Schematic representation of the perovskite crystal structure. (b) The tunable emission wavelength of colloidal CsPbX; (X = CI, Br, I) NCs
covering the full visible region. Reprinted with permission from Ref. [23]. Copyright 2015, American Chemical Society. (c) Schematic illustration of the energy
band orbitals of APbX; perovskites. Reprinted with permission from Ref. [24]. Copyright 2016, American Chemical Society. (d) The dimensionality of MHPs.
(e) Schematic illustration of the working principle of PeLEDs. Reprinted with permission from Ref. [3]. Copyright 2016, Springer Nature. (f) Schematic device

diagram of a typical rigid PeLED architecture.

width at half maximum (FWHM) in the range of 12 to 42 nm
[23]. It is noteworthy that mixed Cl/I perovskite NCs cannot be
successfully synthesized because of the significant difference in
ionic radii. This halide-dependent tunable emission can be
attributed to the modification of band-edge states caused by the
hybridization of the s-orbitals and p-orbitals of the halogen
anions and B-site cations [31]. A simplified schematic diagram
of the bonding (o) and antibonding (c*) orbitals in CsPbX;
demonstrating the formation of energy bands is shown in Fig. 2¢
[24]. The conduction band minima (CBM) of MHPs are
reported to consist mainly of the anti-bonding hybridization of
Pb 6p and X np (Cl: n = 3, Br: n = 4, I: n = 5) orbitals, with the
main contribution coming from the Pb 6p orbitals, while the
valance band maxima (VBM) are caused by the overlap of Pb 6s
and X np orbitals, with the X np orbitals dominating. When the
composition of the X-site changes from ClI to Br and then to I,
the energies of X np orbitals will increase accordingly, leading to
a shift of the VBM to a shallower potential [24,32,33]. By
introducing large organic cations into the 3D perovskite fra-
meworks, 2D or quasi-2D perovskites with the formula of
LAn-1ByXsne1 (L' is the large organic divalent cation with m =1
or monovalent cation with m = 2; n is the number of metal
halide octahedral sheets between L* cations; n = 1: 2D per-
ovskites; n = defined integer: quasi-2D perovskites; and n = co:
3D perovskites) and perovskite quantum dots (QDs) can be
obtained, as shown in Fig. 2d [2,34]. Beneficial from the
enhanced quantum effect and dielectric confinement effect,
these low-dimensional counterparts possess high radiative
recombination efficiency [35,36].

Working mechanism of PeLEDs

The working mechanism of PeLEDs is shown in Fig. 2e, where
the perovskite emission layer is sandwiched between the ETL
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and HTL [3]. Under forward bias, the carriers (i.e., electrons and
holes) from the electrodes (i.e., cathode and anode) will be
injected into the thin perovskite luminescent layer through the
ETL and HTL, respectively. Then, the electrons and holes will
recombine in a radiative manner, generating light (photons) in
all directions [3,37]. During this light emission process, non-
radiative recombination such as Auger recombination may
happen, aggravating energetic losses and efficiency reduction
[14]. Therefore, how to optimize the charge-transport char-
acteristics (e.g., carrier injection and accumulation) of the per-
ovskite emissive layers is essential to achieve high-performance
PeLEDs [21]. The typical device architecture of a rigid PeLED is
shown in Fig. 2f.

Flexible PeLEDs
Compared with inorganic materials, MHPs are much softer,
which could be attributed to the high degree of anisotropy, low
shear modulus, and low mechanical hardness of crystals [14].
Due to their good mechanical properties, MHPs have been
regarded as potential materials suitable for flexible and stretch-
able devices, wearable displays, and biomedical devices [38-40].
The good ductile properties of MHPs can be mainly attributed
to the A-site cations, bonding between metal and halide ions
(B-X bonding), and the polycrystalline film of MHPs [14].
Nowadays, the effect of A-site organic cations on the mechanical
properties of MHPs is still controversial. Most researchers
believe that the soft properties of MHPs are strongly influenced
by the A-site cations [14], while some reports also suggested that
the A-site cations might only provide an equilibrium charge and
fill the cavity between the framework of Pb and halides [41].
Furthermore, some researchers demonstrated by the ab initio
molecular dynamics (AIMD) calculations that the A-site organic
cation might only contribute to the strength and configuration
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of the B-X bonding [42]. In contrast, it is believed that the
inorganic backbone between the metal cations and halides (B-X)
plays a more important role in the mechanical properties. The
mechanical properties of the B-X framework are primarily
influenced by the bonding strength and flexibility of the B-X
bonding. Therefore, the electronegativity of halides also plays a
significant part in influencing the mechanical stiffness of the
B-X framework [38]. As the electronegativity (E) decreases from
Cl to Br to I, the Young’s modulus is measured in the order of
Eci > Eg: > Ej;, which is further confirmed by the first-principles
density functional theory (DFT) calculations [15]. In addition,
molecular dynamics simulations demonstrated that the single-
crystalline perovskite films have more stiffness and higher tensile
strength than the polycrystalline perovskite films [43].

After discussing the mechanical properties of MHPs, we do
believe that the application of MHPs materials in flexible devices
is tremendously feasible. Theoretically, flexible PeLEDs can be
easily obtained by converting the functional layers in rigid
PeLEDs into flexible layers, especially the rigid substrates and
electrodes. Fig. 3a shows the typical structure of the flexible
PeLEDs, with flexible conducting substrates (e.g., PET [46],
polyethylene naphthalate (PEN) [47]) and flexible electrodes
(e.g., AgNWs [48], graphene [17], CNTs [49]). The energy level
data for the most common materials used as ETLs, HTLs, and
perovskite emission layers are summarized in Fig. 3b [13,44,45].

PROGRESS IN FLEXIBLE PeLEDs

In this section, the recent progress in flexible PeLEDs, focusing
on various functional layers including perovskite emissive layers,
charge transporting layers (CTLs), flexible electrodes, and sub-
strates, is discussed in sequence.

Perovskite emission layer

Morphology and grain engineering

It is believed that the surface morphology and grain size dis-
tribution of the perovskite films play a crucial role in the per-
formance of flexible PeLEDs since the quality of perovskite films
significantly affects the optoelectrical properties, mechanical
properties, and device performance of PeLEDs [50-52]. Fur-
thermore, good film morphology and uniform grain size dis-
tribution are prerequisites for maximizing the radiative
recombination [14]. To obtain uniform and compact perovskite
films, feasible strategies such as additive engineering [11,52,53],
crystallization process controlling [54,55], and material com-
position management [56] have been successfully demonstrated.
Cheng et al. [18] demonstrated a special dual-additive strategy to
synergistically control the morphology of perovskite films.
Firstly, they introduced phenethylammonium bromide (PEABr)
to partially replace Cs* at grain boundaries to impede the growth
of perovskites and partially convert 3D CsPbBr; perovskites to
2D structures, forming mixed-dimensional phases, which were
characterized by small grain sizes and efficient energy funneling
[35,57]. Meanwhile, another additive, dielectric poly-
ethyleneglycol (PEG) was incorporated into the CsPbBr; pre-
cursor to enhance the homogeneity of the perovskite films,
passivate the grain surface, and reduce the defect density
through strong chemical interaction with CsPbBr; [58]. The
schematic mechanism is shown in Fig. 4a. Fig. 4b shows the
scanning electron microscopy (SEM) images of the morpholo-
gies of the perovskite films. Compared with the CsPbBr; per-
ovskite film, the “CsPbBr; + PEG + PEABr” film was denser and
had fewer pinholes. Based on this synergetic morphology con-
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Figure 3 (a) Schematic illustration of the general flexible PeLEDs device architecture. (b) Energy level diagram of some commonly used ETLs, emission
perovskites, and HTLs. The values of energy levels were collected from Refs [13,44,45].
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Figure 4 (a) Schematic mechanism of the synergetic morphology control with two additives including PEABr and PEG. (b) SEM images of CsPbBr;
perovskite films with the incorporation of PEABr and PEG. (c) The current efficiency and EQE versus luminance curves of the flexible PeLEDs. The inset
image is the optical photograph of a flexible PeLED. Reprinted with permission from Ref. [18]. Copyright 2018, Wiley-VCH. (d) Schematic illustration of the
FLA method used for ultrafast recrystallization of perovskite films. (e) Comparison of the maximum current efficiencies of the PeLEDs with thermal annealing
and FLA treatment. Reprinted with permission from Ref. [55]. Copyright 2019, Elsevier Ltd. (f) Photographs of a large-scale (70 mm x 20 mm) flexible green-
emitting PeLED. (g) The current density and luminance curves as a function of voltage at different substrate temperatures and deposition rates. Reprinted with
permission from Ref. [54]. Copyright 2020, American Chemical Society. (h) Energy band diagram of the PeLEDs, showing a decrease in ionization energy with
increasing MABr molar ratio. (i) Photograph of a flexible PeLED on a PET substrate. Inset: the device structure of the flexible PeLEDs. Reprinted with
permission from Ref. [56]. Copyright 2015, American Association for the Advancement of Science.

trol, researchers fabricated rigid PeLEDs with the maximal
brightness of 45,990 cd m™ and a champion EQE of 13.14%.
Furthermore, flexible PeLEDs with the structure of PET/poly-
(3,4-ethylenedioxythiolhene):poly(styrene sulfonate) (PEDOT:
PSS)/CsPbBr;/2,2',2"-(1,3,5-benzenetriyl) tris-[1-phynyl-1H-
ben-zimidazole] (TPBi)/LiF/AgNWs were prepared. The pho-
tograph of a flexible device is shown in the inserted image in
Fig. 4c. As shown in Fig. 4c, the flexible PeLEDs exhibited
excellent device performance with a peak EQE of 10.1% and a
current efficiency of 31.0 cd A™". In addition, the crystallization
is also a key process to control the morphology of perovskite
films. Jung et al. [55] innovatively reported a flash light
annealing (FLA) method to recrystallize MAPDbBr; perovskites.
Fig. 4d shows the schematic diagram of the recrystallization
process via the FLA method. It can be clearly seen that the
perovskite film had a cuboidal morphology after the spin-cast-
ing, leading to large roughness and lots of voids; while after the
treatment of a xenon flash lamp to induce the recrystallization of
MAPDBr; perovskites without photothermic damage, which was
so-called FLA, the surface of the perovskite film was smoother
and the grain size is smaller. At the same time, the luminance

January 2023 | Vol.66 No.1

was significantly enhanced. Based on this unique annealing
method, they fabricated high-performance flexible PeLEDs.
Compared with the conventional thermally annealed flexible
devices, the current efficiency and luminance of the FLA-treated
devices were increased by 263% and 409%, respectively, as
shown in Fig. 4e. Meanwhile, Chen et al. [54] also investigated
the crystallization process. They demonstrated an in-situ
dynamic thermal crystallization, in which thermal co-evapora-
tion and successive low-temperature thermal annealing were
employed to tune the morphology of perovskite films. Through
tuning the substrate temperature and deposition rate, optimal
rigid PeLEDs with a maximum EQE of 3.26% and a brightness of
~17,350 cd m™ were realized. In addition, the current efficiency
of the PeLEDs was as high as ~10.3 cd A™". Furthermore, by
precisely adjusting the substrate temperature (60 + 1°C) and
deposition rate (1.0 A s7Y), researchers successfully fabricated
flexible PeLEDs with a large area (70 mm x 20 mm) as shown in
Fig. 4f. These large-scale flexible PeLEDs showed excellent
device performance with a high luminance of ~10,000 cd m™
and an optimal current density of ~400 mA cm™, as shown in
Fig. 4g. The fabrication method they proposed provided a viable

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 5
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solution to facilitate the development of large-area flexible per-
ovskite optoelectronic devices.

Cho et al. [56] reported high-performance flexible green
PeLEDs through material composition control and grain engi-
neering. In terms of the compositional control, by increasing the
ratio of methylammonium bromide (MABr), researchers sup-
pressed the generation of metallic Pb defects, and thus decreased
the radiative recombination [59]. Meanwhile, the ionization
energy decreased from 6.01 to 5.86 eV with the ratio of MABr
and PbBr, increasing from 1:1.05 to 1.1:1, as illustrated in
Fig. 4h. And the average grain size of MAPbBr; film was reduced
to 99.7 nm through the NC pinning process. As a result, the
excitons were spatially confined and the measured carrier dif-
fusion length was 67 nm, leading to enhanced radiative recom-
bination [5]. Finally, high-performance PeLEDs on rigid ITO
substrate with the best EQE of 8.53% and current efficiency of
42.9 cd A~ were realized. Using PET as the flexible substrate
and a self-organized conducting polymer (SOCP) which con-
sisted of PEDOT:PSS and a perfluorinated ionomer, tetra-
fluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic
acid copolymer (PFI) and a small quantity of dimethyl sulfoxide
(DMSO) as an additive, served as both anode and hole injection
layer, flexible PeLEDs were successfully obtained. Fig. 4i depicts
the device structure and photo of a flexible PeLED. This highly
efficient flexible PeLED based on composition control and grain
engineering exhibited good operation stability even in the high
bending state.

Low-dimensionality engineering

Typical 3D perovskites have excellent optoelectrical properties
such as low exciton binding energies and high dielectric con-
stants, as well as long diffusion lengths, which are suitable for
solar cells (SCs) [60-63]. However, these properties hinder the
radiative recombination of charge carriers, leading to the lower
radiative efficiency in PeLEDs [63]. Although the aforemen-
tioned grain engineering could accelerate the radiative recom-
bination by reducing the grain size, it might destabilize the
PeLEDs [64]. Another approach to improve the performance of
PeLEDs is to reduce the dimensionality of MHPs by introducing
2D perovskites, quasi-2D perovskites, or perovskite QDs [21,44].
As previously mentioned, low dimensional perovskites with a
general formula of (RNH;),A,-1M, X341 could be formed by
introducing large cations L*. Both 2D and quasi-2D perovskites
possess natural quantum-well structures, which could induce
strong dielectric confinement and quantum confinement effects
[65-68]. As a result, the radiative recombination, PLQY values,
and PL intensity could be enhanced significantly [69,70]. In
addition, perovskite QDs with superior optical properties are
also considered as promising lighting materials [71].

The first PeLEDs based on 2D perovskites were demonstrated
by Liang et al. [72]. They prepared high-quality 2D perovskite
nanoplates and achieved blue PeLEDs with an electro-
luminescence (EL) peak at 410 nm and an EQE of 0.04% at room
temperature. Kumar et al. [73] demonstrated ultrapure green
PeLEDs based on colloidal 2D FAPbBr; perovskites. The 2D
phase nature of FAPbBr; perovskites was confirmed by X-ray
diffraction (XRD) and grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements, as shown in Fig. 5a. The
main peaks at 15°, 30°, and 45° in the XRD spectra corresponded
to the lattice planes of (100), (200), and (300), respectively. The
calculated 2D MAPbBr; and FAPbBr; perovskites lattice con-

6 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

stants were 5.9 and 6.0 A, respectively. And the Debye-Scherrer
ring for the (100) plane in the GIWAXS pattern was in line with
the XRD measurement. Fig. 5b shows the temperature-depen-
dent PL curves. Through the dielectric quantum well engineer-
ing, the exciton binding energy of the perovskite films was
increased to 161.6 meV with a PLQY as high as 92%. Addi-
tionally, they fabricated ultra-flexible PeLEDs on flexible poly-
imide (PI) substrates with the device structure of PI/ITO/
PEDOT:PSS/poly(N,N'-bias(4-butyl phenyl)-N,N'-biphenyl
benzidine)  (poly-TPD)/FAPbBr;-polymethyl — methacrylate
(PMMA)/tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane
(3TPYMB)/LiF/Al. The photographs of the flexible PeLEDs are
shown in the inset images in Fig. 5c. The flexible PeLEDs with
an EL peak at 530 nm exhibited a maximal current efficiency of
84cd A7! and a maximum EQE of 2.0%. In addition, the
researchers tested the flexibility of the devices. The flexible
devices realized a minimum bending radius of 2 mm, and the
devices could work even at a radius of 7.5 mm. As for quasi-2D
PeLEDs, numerous reports have investigated systematically with
the recorded EQEs of more than 21% on rigid glass substrates
[74,75]. There are also many representative examples of flexible
PeLEDs based on quasi-2D perovskites. Zhao et al. [76]
demonstrated high-performance flexible PeLEDs based on
quasi-2D perovskites with a peak EQE of 13%. Bade et al. [49]
prepared flexible PeLEDs with fully-printed quasi-2D perovskite
as the emitting layer, and the device structure was polymer
substrate/ CNTs/polyethylene oxide (PEO)/quasi-2D perovskite/
AgNWs. The flexible devices showed good performance with a
maximum brightness of 360 cd m™2, an improvement of 256%.

More recently, Zhang et al. [77] proposed a general growth
method, namely close-spaced vapor reaction (CSVR) for grow-
ing large-area and high-uniformity arrays of polycrystalline
MAPDBr; perovskite quantum wires (QWs). Fig. 5d shows the
schematic diagrams of the growth of perovskite QWs via the
CSVR method. Firstly, MAPbBr; perovskites grew through the
holes of hydrophobic alumina membranes (PAMs) until the
overgrowth without visible PL. Then, the polycrystalline per-
ovskite film on the surface was removed by ion milling. Finally,
perovskite QWs arrays with high uniformity could be formed.
By adjusting the diameter of holes in PAMs, perovskite QWs
with different diameters could be grown. As can be seen in
Fig. 5e, as the quantum well diameter decreased from 280 to
6.4 nm, the PLQY values of the MAPbBr; films increased dra-
matically due to the enhanced carrier space confinement,
achieving a maximum PLQY of 92%, which was the state-of-the-
art value among all the previous reported MAPDbBr; films [78].
Based on the high-quality perovskite QW arrays with an average
diameter of 6.4 nm and a length of about 200 nm, researchers
achieved high-performance rigid PeLEDs on Si/SiO, substrates,
with copper phthalocyanine (CuPc) as the hole injection and
electron blocking layers [79] and indium zinc oxide (IZO) as the
top electrode, respectively. As a consequence, the maximum
current efficiency of the PeLEDs was 22.7 cd A™! with a maximal
EQE of 7.3% (Fig. 5f), which was a 90-fold improvement over
those similar devices previously reported [80]. The highest
brightness was up to 31,667 cd m™2. These excellent properties
were improved so much thanks to the high quality of poly-
crystalline MAPbBr; QW arrays and the enhanced radiative
recombination due to the strong spatial confinement [77]. In
addition, they demonstrated highly efficient flexible PeLEDs on
Corning Willow glass with an emission area of 7 cm? with high
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Figure 5 (a) The XRD patterns of the 2D perovskites (FAPbBr; and MAPbBr;) films (inset: the GIWAXS image for the complex of 2D perovskites and
PMMA). (b) The PL intensity of 2D perovskites and PMMA as a function of temperature, with the exciton binding energy of 161.6 meV in the cubic phase.
(c) The EL spectra of the flexible PeLEDs with the driving voltage increasing from 3.5 to 7.5 V (inset: photographs of green flexible PeLEDs working at
different bending radii). Reprinted with permission from Ref. [73]. Copyright 2017, American Chemical Society. (d) Schematic illustration of different growth
stages of the CSVR method. (e) The PLQY values and PL peak positions of the perovskite QWs arrays with different diameters ranging from the quantum
regime (6.4 nm) to the bulk regime (280.0 nm). (f) The EQE and current efficiency curves of the optimal rigid PeLEDs. Inset: photograph of the optimal
PeLEDs. The size of every single emitting area is 2.0 mm x 2.8 mm). (g) Left image: an optical photograph of the flexible PeLEDs; right image: a photograph of
a four-inch wafer-scale green PeLED with current distribution gridlines, demonstrating the flexibility and scalability, respectively. Reprinted with permission

from Ref. [77]. Copyright 2022, Springer Nature.

flexibility and brightness, as shown in the left image of Fig. 5g.
Furthermore, to test the adaptability and scalability of the
innovative growth method including the PAM fabrication and
CSVR process, large-area PeLEDs with four-inch wafer size were
prepared for the first time. The right image in Fig. 5¢ shows the
photograph of the wafer-scale PeLEDs with current distribution
grid lines. Intriguingly, benefiting from the conformal nature of
the proposed techniques, they achieved non-parallel 3D sphe-
rical PeLEDs by growing perovskite QWs on an Al sphere with
CsPbBr; instead of MAPDBr; as the emissive layer. This unique
planar device adopted a structure of Al/Al,03/CsPbBr; QWs/
NiO,/I1ZO. Importantly, this spherical PeLED device exhibited
excellent performance with a maximal EQE of 8.76% and a
spatially uniform brightness of 1300 cd m™, providing a pro-
mising fabrication technique for the preparation of high-quality
perovskite films and unconventional lighting applications in the
future.

In addition to typical 3D/2D/quasi-2D MHPs, perovskite QDs
are also considered as efficient emitting materials suitable for
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high-quality lighting and display applications due to their
excellent optoelectronic properties, such as high PLQYs up to
100%, tunable emission wavelengths and narrow FWHM [81-
85]. Moreover, the synthesis of perovskite QDs can be per-
formed in solution, thus enabling rapid, mass production and
compatibility with flexible devices [86-88]. As a result, per-
ovskite QDs have also attracted substantial research interest in
the field of flexible devices like SCs, detectors, and LEDs [89-
91]. In recent years, perovskite QDs-based LEDs (QLEDs) have
developed rapidly, achieving efficient green, red, and blue
PeLEDs with the record EQEs of 22%, 21.3%, and 13.8%,
respectively [92-94]. Li et al. [86] demonstrated stretchable
PeLEDs with organometal-halide perovskite QDs as the emissive
layer. Fig. 6a shows the transmission electron microscopy (TEM)
image of the colloidal MAPbBr; QDs with an average diameter
of 7 nm, which were synthesized by the emulsion method that
they reported previously [95]. Ultra-thin QDs-based PeLEDs
with the structure of VHB/PI/AgNWs/PEDOT:PSS/TAPC:PVK/
perovskite QDs/TPBi/CsF/Al were prepared employing a com-
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Figure 6 (a) TEM image of MAPbBr; QDs. (b) The current density and luminance curves as a function of voltage at various strains. (c) Photographs of the
stretchable PeLEDs with strains of 0% and 50%. Reprinted with permission from Ref. [86]. Copyright 2019, Wiley-VCH. (d) The schematic illustration of the
crystal model of CsPbBr; embedded in CssPbBrs. (e) The transient absorption spectra of Cs,PbBrs/CsPbBr; film with the ratio of Cs and Pb of 1.56. (f) The
EQE curve as a function of the current density of the optimal large-area PeLEDs (inset: the optical photograph of the large-area PeLED with an area of
40.2 cm?). Reprinted with permission from Ref. [97]. Copyright 2021, Springer Nature.

plex composed of AgNW network and 1-2 um thick PI film as
the ultra-flexible and highly conductive electrode. Fig. 6b shows
the curves of current density and luminance with voltage (J-V-L)
at different strains. It can be clearly seen that the current density
and luminance maintained good operation stability when the
device was stretched with strains ranging from 0% to 50%. More
importantly, the optimal device showed excellent stretching
performance and mechanical robustness. Fig. 6¢ displays the
working photographs of the stretchable PeLEDs with different
strains at a biased voltage of 7 V. The device exhibited highly
uniform and bright emission with the strains ranging from 0% to
50%. Li et al. [96] proposed a simple one-step synthesis method
of CsPbBr; QDs and ethylene vinyl acetate copolymer (EVA)
films with high luminance, great stability, and flexibility. Based
on this facile method, they demonstrated flexible white PeLEDs
with the unique structure of INGnN chip/CsPbBr; QDs/EVA/
(Sr,Ca)AlSiN;:Eu?*. The devices were highly flexible and stable,
and the luminous intensity was almost constant even after 1000
bending cycles.

In addition to the direct synthesis of low-dimensional MHPs
with only one single crystal structure component, the concept of
core-shell structures in typical semiconductor NC systems such
as CdSe/CdS and InAs/ZnSe can also be achieved by doping
different structures of perovskites [98-100]. In 2017, Quan et al.
[101] firstly synthesized a CsPbBrs/CssPbBrs core-shell structure
by carefully controlling the stoichiometric ratio of CsBr and
PbBr, in precursor solutions, in which CsPbBr; NCs were
embedded in Cs,PbBrs host matrix, achieving a high PLQY up to
90%. Xu et al. [99] further investigated the kinetics of the
CsPbBr;/Cs,PbBrs system. In order to avoid the possible
abscission of CsBr and control the components more accurately,

8 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Tan et al. [100] adopted the vacuum-evaporated method instead
of the solution process to prepare perovskite films. Noticeably,
they increased the content of Br~ by adding NaBr and LiBr,
which partially converted CsPbBr; to CsPb,Brs instead of
Cs4PbBrg, resulting in a better stability against moisture and
heat. In addition, Du et al. [97] reported the CsyPbBrs/CsPbBr;
core-shell structure by the vacuum thermal co-evaporation
technique. By precisely controlling the evaporation rates of CsBr
and PbBr,, Cs-Pb-Br perovskite films with different Cs/Pb ratios
could be prepared. Thanks to the incorporation of 0D Cs;PbBrg
into 3D CsPbBr; perovskites, the connectivity of [PbBre]*”
octahedra was partially broken, leading to stronger spatial con-
finement. Fig. 6d shows the crystal model of the Cs,PbBre/
CsPbBr; core-shell structure with CsPbBr; embedded in the
Cs4PbBrs matrix. And the CsBr/PbBr, molar ratios determined
the strength of spatial confinement [100]. Fig. 6e shows the
transient absorption spectra of the perovskite films at a stoi-
chiometric ratio of 1.56 of Cs to Pb. According to the fitting
results from the spectra, the bi-molecular recombination con-
stant k, of Cs4PbBres/CsPbBr; films with Cs/Pb = 1.56 (9.34 x
1071 cm® s7!) was almost eight times higher than that of Cs/Pb =
1.24 (1.47 x 107'° cm®s™!). From the following formula, it is
clear that the larger k; is, the higher the radiative efficiency # is,

_ kon?
= ki +kon?+kn?’ )

where k; is the mono-molecular recombination constant, k, is
the bi-molecular recombination constant, k; is the tri-molecular
recombination constant, and n is the carrier density [2,102].
Therefore, the perovskite films with a higher Cs,PbBrs content
exhibited a higher radiative recombination rate due to stronger

January 2023 | Vol.66 No.1



SCIENCE CHINA Materials

REVIEWS

spatial confinement. Furthermore, thanks to the good homo-
geneity and reliability of the vacuum thermal evaporation
technique, they achieved efficient and large-scale rigid PeLEDs
with an area of 90 cm? and flexible PeLEDs (300 mm?) for the
first time [103-105]. The inset in Fig. 6f shows a photograph of
the large-area rigid PeLEDs. Most importantly, the fabricated
large-scale PeLEDs exhibited excellent performance with the
highest EQE up to 7.1% among all the reported devices using the
thermal-evaporation system (Fig. 6f).

Mechanical properties

Since flexible PeLEDs should undergo stress tests to examine
their flexibility, the great mechanical properties of perovskite
films appear to be particularly important for flexible PeLEDs.
Therefore, improving the mechanical properties of the per-

ovskite emitting layers is essential to boost the performance of
flexible PeLEDs. Lee et al. [106] investigated the flexibility of
flexible PeLEDs in terms of tensile properties of the perovskite
emissive layer. They fabricated flexible translucent PeLEDs with
the device structure of PET/highly conductive mixture (PDZ)/
MAPbBrs/conjugated polyelectrolyte (SPW-111)/poly[(9,9-bis-
(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-di-
octylfluornene)] (PFN)/AgNW, as shown in Fig. 7a. To enhance
the device efficiency, they utilized a conjugated polyelectrolyte
(CPE) PEN as an interfacial layer between the ETL (SPW-111)
and AgNW electrodes to reduce the electron injection potential
barrier. The limits of mechanical robustness of the flexible
PeLEDs were evaluated by measuring the brightness variation of
the flexible PeLEDs at different bending radii (ry). Fig. 7b shows
the photograph of the flexible PeLEDs under the cyclic bending
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Figure 7 (a) Structural representation diagram of the flexible PeLEDs. (b) Photographs of the flexible PeLEDs under cyclic bending test with the bending
radius of 2.5 mm. (c) Luminance changes of the flexible devices after different bending cycles with different bending radii. Reprinted with permission from
Ref. [106]. Copyright 2019, American Chemical Society. (d) The transmittance spectrum of the flexible AgNW substrate (inset: the photograph of a flexible
and transparent AGNW substrate). (e) Normalized EQE curves of the flexible PeLEDs after different bending cycles with the bending radii of 1 and 2 mm.
(f) Normalized EQE curves of flexible PeLEDs with/without various additives after ten bending cycles with different bending radii. Reprinted with permission
from Ref. [76]. Copyright 2018, Wiley-VCH. (g) Schematic illustration of the transport and recombination process of charge carriers in the dendritic CsSnl;
films. (h) SEM image of the dendritic CsSnl; films after 2000 cycles of bending. (i) The EQE evolution curves of the compact and dendritic flexible PeLEDs
after various bending cycles. Reprinted with permission from Ref. [108]. Copyright 2021, Wiley-VCH.
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test with 7, = 2.5 mm. The results are shown in Fig. 7c. The
luminance of the flexible PeLEDs with a bending radius of
2.5 mm and infinity was maintained at about 80% of the initial
luminance. In contrast, when the bending radius was 1.0 mm,
the luminance completely decreased after 320 bends, which
could be ascribed to the mechanical failures (i.e., cracks and
interfacial delamination). Moreover, the elastic modulus (28.15
(+ 2.94) GPa) and yield strength (506 (+ 58) MPa) of the
MAPDBr; perovskite films were tested by the hole-nanoinden-
tation test. In addition, they performed the same mechanical
tests, including cyclic bending tests and hole-nanoindentation
tests to PDZ and SPW-111. Finally, they found that the weakest
material in their flexible PeLEDs was MAPDbBr; perovskites
[106]. The findings in these systematic studies provided a
comprehensive guide for the further development of flexible
PeLEDs. Zhao et al. [76] demonstrated that appropriate bulky
organo-ammonium halide additives had a positive effect on the
optoelectronic and mechanical properties of flexible PeLEDs. By
adding five organo-ammonium halide additives with different
alkyl chain lengths to MAPbI; perovskite precursors and mea-
suring the PLQY values and cohesion energy (G.) (reflecting the
resistance and crack propagation of materials) of perovskite
films [107], a balance between the optoelectronic and mechan-
ical properties was found, which was further proved by quantum
chemical calculations. This trade-off could be overcome by
introducing electron-withdraw groups (e.g., fluorination) in the
additives and thus enhancing the polarity. Furthermore, flexible
PeLEDs with a AgNWs/PEDOT:PSS/poly-TPD/perovskite/
TPBi/LiF/Al structure were achieved. As shown in Fig. 7d, the
flexible AgNW substrates showed excellent mechanical proper-
ties with a transmittance of about 80%. The inset in Fig. 7d
shows an optical photograph of the translucent flexible AgNW
substrate. The flexibility of the flexible PeLEDs was examined by
cyclic bending tests. There was no significant degradation of
EQE after 10,000 bending cycles for the flexible PeLEDs with a
bending radius of 2 mm, and almost 80% of the initial EQE
(13%) remained unchanged after 10,000 bending cycles for a
bending radius of 1 mm (Fig. 7e). Moreover, the mechanical
robustness of the perovskite films was significantly enhanced
with the incorporation of different additives, compared with the
perovskite films without any additives, and there was no sig-
nificant EQE degradation even when the flexible devices were
bent at a radius of 0.25 mm (Fig. 7f).

Recently, Lu et al. [108] reported efficient flexible NIR PeLEDs
using CsSnl; perovskites instead of CsPbBr; perovskites as the
emitting layer. The CsSnl; had a unique dendritic structure that
allowed only one side to contact with the HTL and the other
sides to contact with the ETL, as shown in Fig. 7g. On the one
hand, this special structure could enhance the electron injection;
on the other hand, it could limit the undirected diffusion of
holes and improve the radiative recombination. Based on the
unique dendritic CsSnl; perovskites, the researchers demon-
strated rigid NIR PeLEDs with the EL peak at 932 nm and
achieved the recorded EQE of 5.4% among all the lead-free
PeLEDs. Furthermore, to explore the feasibility of the unique
dendritic CsSnl; perovskites for flexible PeLEDs, researchers
fabricated flexible NIR PeLEDs on PEN substrates. The dense
and dendritic CsSnl; films were subjected to 2000 bending cycles
to test their mechanical stability. Unlike the appearance of
obvious cracks in compact CsSnl; films, the dendritic CsSnl;
films did not show any visible cracks, as shown in Fig. 7h.
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Therefore, the dendritic CsSnl; perovskite films had better
flexibility. To test the operating stability of the corresponding
flexible PeLEDs, the EQE changes of both the compact and
dendritic flexible PeLEDs were measured under different
bending cycles. As shown in Fig. 7i, after 50 bending cycles, the
EQE of the compact PeLEDs decreased to 56% of the initial EQE
(1.5%), while the EQE of the dendritic PeLEDs only lost 6.6%,
exhibiting excellent mechanical properties. Inspired by these
interesting results, perovskites with specific dendritic structures
or other unique structures may be candidates for efficient and
stable flexible PeLEDs.

Light extraction

As mentioned in the INTRODUCTION section, the EQE could
be calculated with the formula EQE = IQE X 7o, where #,. is the
light outcoupling efficiency [65,109]. However, not all the gen-
erated photons can be emitted into free space, as they might be
captured by emitting materials, electrodes, and substrates
[13,78]. Since the IQE which could be estimated from PLQYs
has already approached unity, improving the light outcoupling
efficiency has become the most critical factor to further
improving the device performance [78,110,111]. In general, by
introducing nanostructures in PeLEDs, it is possible to couple
out the waveguide modes and thus improve the light out-
coupling efficiency [110]. Many reports have demonstrated
numerous efficient light-extraction technologies by introducing
micro-photonic structures in the PeLEDs and OLEDs devices.
For instance, nanophotonic substrates [112], micro-lens arrays
[113], diffraction gratings [114], and contrast nanoarrays [115]
with high index have been employed at appropriate device
interfaces to greatly improve the outcoupling efficiency of con-
ventional organic and inorganic LEDs.

Shen et al. [116] presented highly efficient green PeLEDs with
outcoupling enhancement via nanoimprinted moth-eye nanos-
tructures together with hemispherical lenses. The results showed
a maximum EQE of 282% and a current efficiency of
88.7 cd A™!, which were the highest values up to date. Further-
more, based on their inspiring findings, they combined rational
interface engineering with quasi-random patterned flexible
substrates [20] to prepare highly efficient flexible PeLEDs.
Fig. 8a illustrates the schematic fabrication process of the flexible
PeLEDs. They used plastic PET substrates instead of rigid ITO-
glass substrates to fabricate flexible devices. The flexible trans-
parent electrode consisted of AgNWs and patterned ZnO. The
patterned structure was proved to be able to enhance the out-
coupling efficiency [116]. The final flexible PeLEDs devices had
an architecture of PET/AgNWs/ZnO/PEDOT:PSS/CsPbBrs/
TPBi/LiF/Al (Fig. 8a). Moreover, perovskite crystallization with
defect passivation and interface stimulation was implemented by
incorporating an amino additive ethanolamine (ETA) into the
CsPbBr; precursors to modulate the underlying interlayer and
suppress the non-radiative recombination. Fig. 8b shows the
angular dependence of EL intensities and the EL spectrum of the
flexible PeLEDs with planar and patterned structures. When the
viewing angle varied from 0° to 80°, there was no visible change
in the EL intensity, approaching the perfect Lambertian pattern.
Meanwhile, the flexible PeLEDs showed high reproducibility
with a maximum EQE of 24.5% for the flexible PeLEDs with
patterned electrodes, which was significantly improved com-
pared with the flexible PeLEDs with flat flexible transparent
electrodes (17.1%) (Fig. 8c). The mechanical flexibility of the
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Figure 8 (a) Schematic illustration of the fabrication process of the flexible transparent electrode, including the device structure of flexible PeLEDs.
(b) Normalized EL spectra of the flexible PeLEDs with flat or pattern structures (inset: the angular-dependence curves of the EL intensities of the flexible
PeLEDs with two different structures). (c) The maximum EQE histograms of the flexible PeLEDs with flat and patterned flexible transparent electrodes, with
the maximum EQEs of 17.1% and 24.5%, respectively. (d) The relative efficiency changing curve versus bending cycles (inset: photographs of the flexible
PeLEDs under bending test with a radius of curvature of 3 mm). Reprinted with permission from Ref. [20]. Copyright 2020, American Chemical Society.

ETA-modified flexible PeLEDs was examined by the cyclic
bending tests. As shown in Fig. 8d, the relative efficiency
remained almost 90% of the initial efficiency after bending for
1000 times with a bending radius of 3 mm, exhibiting excellent
mechanical stability.

Charge transporting layers

Hole transporting layer

The ideal CTLs including HTLs and ETLs, with multiple func-
tions of balancing charge injection and blocking opposite
charges, have a great impact on the performance of PeLEDs
[117]. Among all the HTL materials, PEDOT:PSS and its deri-
vatives have been intensively investigated and were considered
as a group of effective HTL materials due to their solution
processibility, high conductivity, and optical transmittance
[118-120]. However, it has been reported that PEDOT:PSS
could jeopardize the device performance due to its high hole
injection barrier as well as acidic and hygroscopic nature
[121,122]. To reduce the huge energy barrier to the emitting
layer, Kim et al. [123] proposed a facile strategy to increase the
work function of PEDOT:PSS. By mixing pristine PEDOT:PSS
aqueous solution with two other different solutions, isopropyl
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alcohol (IPA) and poly(sodium 4-styrene sulfonate) (PSS-Na),
they increased the work function of HTLs from the original 5.18
to 5.46 eV. Based on this, they fabricated flexible PeLEDs and
greatly improved the device performance, and realized a max-
imum current efficiency of 25.13 cd A™' and the best EQE of
5.91%. Similarly, Lee et al. [124] successfully reduced the hole
injection barrier of PEDOT:PSS through the incorporation of a
non-conductive fluor-surfactant. With the assistance of intro-
ducing Zonyl FS-300 (Zonyl) into the PEDOT:PSS layer, the
work function was significantly increased to 5.45 eV and the
luminance quenching at the interface between the PEDOT:PSS
and perovskite emitting layer was also reduced (Fig. 9a). They
further demonstrated flexible PeLEDs with various electrodes,
including PEDOT:PSS, AgNWs, composites, and PEN/ITO
electrodes. Fig. 9b shows the current efficiency versus voltage
curves of the flexible PeLEDs with different electrodes. The
flexible PeLEDs prepared with composite electrodes exhibited
the best performance, with a maximum current efficiency of
17.90 cd A% In addition, they performed continuous bending
tests to check the mechanical flexibility of the flexible devices.
The flexible PeLEDs maintained 94% of the initial brightness
(127.2 ¢cd m™) after 1000 bending cycles at a radius of 2.5 mm.
And the devices were able to operate normally at the extreme
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Figure 9 (a) Schematic illustration of the hole transportation process through HTLs composed of PEDOT:PSS and various concentrations of Zonyl. (b) The
current efficiency curves of the flexible PeLEDs with different electrodes. Reprinted with permission from Ref. [124]. Copyright 2019, American Chemical
Society. (c) Energy-level diagram with a gradual changing of Bul-HTL work function. (d) TR-PL curves of perovskite films with various HTLs. Reprinted with
permission from Ref. [16]. Copyright 2014, Wiley-VCH. (e) The ultraviolet photoelectron spectroscopy (UPS) spectra of poly-TPD (inset: the chemical
structure of poly-TPD). (f) The EQE versus the current density curve of the flexible PeLEDs with a large area of 900 mm? (inset: the maximum EQE histogram
of 12 flexible devices). (g) NIR photograph of the flexible large-area PeLEDs. Reprinted with permission from Ref. [19]. Copyright 2019, Springer Nature.
(h) XPS spectra of perovskite films with different HTLs. (i) EL emission spectra of the flexible sky-blue PeLEDs (inset: photograph of a flexible PeLED in a
bent state). Reprinted with permission from Ref. [117]. Copyright 2021, Wiley-VCH.

bending radius of 1.5 mm, showing excellent mechanical stabi-
lity.

In addition to PEDOT:PSS, researchers have developed other
novel materials as efficient HTLs. Kim et al. [16] demonstrated a
self-organized buffer HTL (Buf-HTL) consisting of PEDOT:PSS
and PFI. Due to the self-organization of PFI, the work function
of Buf-HTL gradually changed from 5.20 eV on the lower sur-
face to 5.95 eV on the upper surface, as shown in the schematic
energy level diagram in Fig. 9c. This gradual change in the work
function could reduce the hole injection barrier and limit the
exciton quenching, thus improving the hole injection and device
performance. Fig. 9d shows the time-resolved PL (TR-PL)
spectra of the perovskite films with various Buf-HTLs. The
sample with the addition of Buf-HTL11 (the weight ratio of
PEDOT:PSS and PFI is 1:1) exhibited the longest lifetime (4.7 ns
with about 10-fold enhancement), which may be related to the
suppression of exciton dissociation and enhanced hole transfer

12
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[16]. The performance of the Buf-HTL-based PeLED devices was
more than 300 times better than that of the PeLEDs with con-
ventional PEDOT:PSS, with a maximum brightness of
417 cd m™? and a maximal EQE of 0.125%. More importantly,
they prepared the first flexible PeLEDs with the device structure
of PET/ITO/Buf-HTL/CH;NH;PbBr;/TPBi/LiF/Al, showing the
potential of organic/inorganic hybrid perovskites in flexible
optoelectronic devices. Zhao et al. [19] pointed out that the
springhead of suboptimal PeLEDs was located in the inferior
hole injection. To overcome this problem, they utilized a novel
hole-transporting material poly-TPD, which had a shallower
ionization potential of 5.18 eV below the vacuum level (Fig. 9e).
The shallower ionization potential of poly-TPD favored the hole
transport, which could be ascribed to the Fermi-level pinning
effect [125,126]. With this efficient HTL material, they suc-
cessfully prepared one of the most representative rigid NIR
PeLEDs with a maximum EQE of up to 20.2%. Furthermore,
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they demonstrated efficient large-area flexible PeLEDs. Fig. 9f
presents the EQE versus the current density curve and the inset
shows the maximum EQE histograms of 12 flexible PeLED
devices. The average EQE of the flexible devices was 8.2% and
the highest value was 12.1%. Fig. 9g shows a photograph of the
flexible NIR PeLEDs with an area of 900 mm?.

In addition, Liu et al. [117] adopted a water-soluble CPE with
thiophene units and MA* ions (TB (MA)) as the HTL and
prepared highly efficient flexible sky-blue PeLEDs. Fig. 9h shows
the X-ray photoelectron spectroscopy (XPS) spectra of the per-
ovskite films with different HTLs. Compared with the main
peaks corresponding to Pb 4f;, and Pb 4f;, of the pristine
samples, the peak displacements of the perovskite films with TB
(MA) as HTL were much smaller than those of the perovskite
films with PEDOT:PSS as HTL, indicating lower halide vacan-
cies, which could be attributed to the successful passivation of
the uncoordinated halide defects. On the other hand, the
hydrophilicity nature of TB (MA) could improve the surface
quality of the perovskite films and make their morphology
compact and uniform. Sky-blue flexible PeLEDs were prepared
using TB (MA) as HTL, with the device structure of PEN-ITO/
TB (MA)/perovskite/TPBi/LiF/Al. The optimal device exhibited
the maximum EQE of 8.3% and brightness of 2967 cd m™
Fig. 9i shows a photograph of the flexible PeLEDs with the EL
emission peak at 488 nm.

Electron transporting layer

Recently, the optimization of ETLs has attracted lots of attention
to achieve high-performance PeLEDs. However, they have
almost all focused exclusively on rigid PeLEDs, but little has
been reported on flexible PeLEDs. Nevertheless, due to the great
similarity between the rigid and flexible PeLEDs, newly devel-
oped materials for efficient ETLs or proven feasible strategies for
optimizing ETLs in rigid PeLEDs have great potential to be
employed in flexible PeLEDs. ZnO has been utilized as a suitable
ETL material that facilitated the electron injection and blocked
hole transport [127-129]. Qasim et al. [130] designed a new n-
type ETL by the sol-gel method to dope calcium (Ca) into ZnO.
With the assistance of the Ca dopant, the ZnO energy band
structure produced cascade energy levels, which improved the
electrical conductivity and carrier mobility of the Ca-doped ZnO
ETLs. Employing this doped ETL material, researchers prepared
red, yellow, and green PeLEDs, with maximum EQEs of 5.8%,
4.2%, and 6.2%, respectively, indicating good applicability of this
novel ETL. Likewise, Tang et al. [131] incorporated cobalt (Co)
into ZnO and synthesized Co-doped ZnO as ETL. Co dopant
could passivate the oxygen vacancies and trap electrons, thus
reducing the electron mobility and regulating the energy levels.
Additionally, the incorporation of Co could improve the quality
of perovskite films and suppress the exciton quenching. The
results showed that the PeLEDs with Co-doped ZnO as ETL
exhibited good performance with a maximum luminance of
1858 cd m™2, an optimum EQE of 13.0%, and an enhancement
rate of 70%. Besides, Lu et al. [132] reported a new type of ETL
mixed with Ti;C,-MXene and ZnO NCs. On the one hand, the
introduction of Ti;C, could significantly reduce the electron
mobility by two orders of magnitude and balance the carrier
transport. On the other hand, the relatively smooth ETL could
enable the uniform distribution of perovskite. As a result, the
EQE of the final PeLED devices reached a maximal EQE of
17.4%. In addition, new ETL materials have been developed to
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improve the device performance. Based on the commonly used
ETL, TPBi, Liu et al. [133] reported a new ETL termed as TPBi/
tris(8-hydroxyquinoline) aluminum (Alq;)/TPBi by introducing
Alqs into TPBi. The addition of Alqs; could not only balance the
charge carrier transport but also enhance the charge space
confinement. Ultimately, the performance of the PeLEDs using
TPBi/Alqs/TPBi as ETL was improved greatly. In addition, Cai et
al. [134] demonstrated high-performance PeLEDs by rational
tunning the chemical structure of ETLs, achieving high carrier
mobility and effective passivation. Furthermore, Fang et al. [135]
and Sun et al. [136] proposed specific dual ETL structures to
boost the performance of PeLEDs, respectively. With the help of
the unique double-layer electron-transporting structure, better
charge carrier injection balance and exciton quenching sup-
pression were achieved. Consequently, high-performance rigid
PeLEDs with the highest EQEs of 21.63% and 10.7% were
achieved, respectively.

Flexible electrodes

Metal-based flexible electrodes

Metals (e.g., Ag, gold (Au), aluminum (Al), and copper (Cu))
have been widely used as flexible electrodes in the field of flexible
optoelectronic devices due to their high electrical conductivity,
good mechanical flexibility, and robustness [13]. AgNWs are the
most used flexible electrode materials. In general, AgNW elec-
trodes could be prepared liberally via the solution method. Zhao
et al. [88] prepared highly flexible PeLEDs with high mechanical
stability using solution-prepared AgNWs-based polymer elec-
trodes as flexible anodes and MAPbBr; QDs as the emitting
layer, and there was no significant degradation in performance
after 1000 bending cycles at a bending radius of 2.5 mm. To
improve the stretchability and flexibility of AgNW electrodes,
Lee et al. [137] reported a novel sequential multistep growth
method (SMG) for the growth of long-length AgNWs. The
length of AgNWs was successfully increased from 20 pm to
more than 500 um with advanced mechanical compliance and
conductivity by continuous multiple-step synthesis.

Carbon-based flexible electrodes

Compared with metal-based electrodes, carbon-based electrodes
such as CNTs and graphene have high transmittance, high
carrier mobility, good mechanical flexibility, and solution pro-
cessibility, making them potential candidates for flexible and
transparent electrodes suitable for flexible optoelectronic devices
[138-141]. Zhang et al. [142] demonstrated transparent and
strong single-walled CNT's with gravimetric strength even higher
than that of steel. Furthermore, these self-supporting CNTs have
been shown to be used as transparent and highly elastomeric
electrodes for flexible lighting devices. Bade et al. [49] prepared
highly flexible PeLEDs with CNTs as the flexible transparent
electrodes. It is worth mentioning that they reported a fabrica-
tion process based on a complete printing method. With fully-
printed perovskites and AgNWs as the emitter and cathode,
respectively, they obtained rigid green PeLEDs with a maximum
luminance intensity of up to 21,014 cd m™2 and the highest EQE
of 1.1%. In addition, flexible PeLEDs based on CNTs/polymer
substrates exhibited excellent mechanical stability without
observable degradation in device performance at a bending
radius of curvature of 5 mm. Seo et al. [17] creatively demon-
strated the feasibility of graphene as the anodes. they prepared

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 13



REVIEWS

SCIENCE CHINA Materials

high-performance flexible PeLEDs without ITO layer by using
four layers of graphene as the electrodes, a special self-organized
buffer hole injection layer (Buf-HTL) as the HTL [16], and
MAPDBr; perovskite as the emitting layer. In conventional ITO-
based PeLEDs, the migration of indium (In) and tin (Sn) atoms
at the interface between the perovskite emitting layer and HTL
resulting in the exciton quenching could significantly damage
the device performance. However, the use of graphene electrodes
could eliminate this detrimental effect of ITO and greatly
improve the PL intensity and lifetime. Fig. 10a shows the sche-
matic illustration of the exciton quenching by In and Sn atoms
in ITO-based PeLEDs and the enhanced luminescence in gra-
phene-based PeLEDs. In addition, due to the excellent flexibility
of graphene electrodes, the researchers fabricated flexible
PeLEDs with the structure of PET/graphene/Buf-HTL/
MAPDBr;/TPBi/LiF/Al, as shown in the inset in Fig. 10b. The
performance of the flexible graphene-based PeLEDs elevated
markedly thanks to the reduction of luminescence quenching.
Fig. 10b shows the current efficiency curve of the graphene-
based flexible PeLEDs. The maximal current efficiency reached
16.1 cd A™! and the highest brightness was 13,000 cd m™2. Fur-
thermore, the typical cyclic bending test was performed to verify
the flexibility and mechanical robustness of the flexible devices.
After 1200 cycles of bending at a bending radius of 7.5 mm and a
strain of 1.34%, the current density retained about 81% of the
initial value. Only when the device experienced extreme bending
with a radius of curvature of 1.9 mm and a strain of 5.3%, did it
fail, showing reliable flexibility and stability. Zhang et al. [143]

TPBi

Buf-HIL  MAPbBr;

LiF/Al

Figure 10

also utilized graphene as the electrode for QD-based PeLEDs. In
order to overcome the poor film uniformity resulting from
hydrophobicity, they proposed a modified PEDOT:PSS con-
sisting of DMSO and the surfactant triton X-100. Ultimately, the
surface quality of the perovskite films and the wettability of
graphene were greatly improved and showed a progressive EQE
of 2.58%.

Polymer flexible electrodes

In addition to metal and carbon-based electrodes, polymers with
high electrical conductivity and flexibility can also be used as
electrodes, such as PEDOT:PSS, poly(3-hexylthiophene)
(P3HT), polyacetylene, and their derivatives [145-147]. Wegner
[148] summarized the synthesis, structures, and properties of
these metal-like polymers. Jeong et al. [144] developed a novel
universal polymer electrode with both anode and hole transport
dual function, namely Anode-HTL (AnoHTL). This multi-
functional AnoHTL involved a high-conductivity polymer
PEDOT:PSS for conduction, a polar additive DMSO as the
conductivity enhancer, and an acidic copolymer tetra-
fluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulphonic
(PFSA) as the work function regulator. Fig. 10c shows the
schematic illustration of the AnoHTL electrode with two dif-
ferent functional components and the hole injection process
from the AnoHTL anode to the adjacent semiconducting layer.
Due to the low surface energy of PFSA, it tended to accumulate
on the surface of the AnoHTL film. The upper part was mainly
PFSA with higher tunable work function and lower conductivity
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(a) Schematic illustration of the exciton quenching resulting from In and Sn atoms in ITO-based PeLEDs and circumvent of this process in

graphene-based PeLEDs. (b) The current efficiency versus voltage curve of the flexible graphene-based PeLEDs (inset: structural representation of the flexible
PeLEDs on PET flexible substrate). Reprinted with permission from Ref. [17]. Copyright 2017, Wiley-VCH. (c) Schematic illustration of the difunctional
AnoHTL and the hole injection process from the AnoHTL into an overlaying semiconducting layer. (d) The DI-SCLC versus time curves of various polymeric
anodes. Reprinted with permission from Ref. [144]. Copyright 2017, Springer Nature.
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as the HTL, while the lower part was primarily PEDOT:PSS as
the anode. In addition, the ohmic contact was formed at the
interface between the semiconductor layer and AnoHTL, which
could be demonstrated by measuring the dark injection space-
charge limited current (DI-SCLC). The results were shown in
Fig. 10d, where the peak DI-SCLC transient signal appeared only
in the AnoHTL-based devices, indicating the presence of ohmic
contact [149,150]. Based on this novel AnoHTL, researchers
fabricated ITO-free flexible PeLEDs, with a simplified AnoHTL/
MAPDBr;/TPBi/LiF/Al device structure. The devices showed
excellent performance, with an EQE of up to 8.66% and a
maximum current efficiency of 42 cd A™".

Flexible substrates

The substrates suitable for flexible PeLEDs must have excellent
flexibility, mechanical robustness, high light transmittance, and
good stability. Currently, flexible transparent polymer substrates
are the most commonly used flexible substrates, such as PET
[16,56], PEN [55,117], PI [73,76], polyurethane (PU) [151], and
other polymers [49,124,152]. Furthermore, Ag mesh could
sometimes be embedded in the polymer substrates in order to
enhance the optical and electrical properties of flexible trans-
parent substrates [153]. Overall, it is worthwhile to put effort
into developing new materials applicable for flexible and trans-
parent substrates with better performance. Additionally, we
summarize the recent reports including the device structures
and key performance parameters in the field of flexible PeLEDs,
as shown in Table 1.

CHALLENGES OF FLEXIBLE PeLEDs

In the previous section, most breakthroughs in flexible PeLEDs
have been summarized. However, compared with relatively
mature flexible OLEDs, flexible PeLEDs with the potential to be
integrated into flexible, portable, and wearable platforms are still
in their infancy. There are still several hurdles to the pragmatic
application, which require more research attention and efforts in
physical and mechanism understanding, materials innovation,
new device structures, and new fabrication techniques [158].

Stability

Currently, one of the most focused issues in the field of per-
ovskite optoelectronics is how to improve the stability of per-
ovskite films under the joint influence of air, moisture, light, and
heat. Sun and co-workers [159] comprehensively reviewed the
recent progress in PeLEDs with enhanced spectral and opera-
tional stability. Besides perovskite films and device structure
engineering, they pointed out that the stability could be
improved by suppressing the ion migration and the Joule
heating, and increasing the light outcoupling efficiency. In
addition to the device stability, attention should also be paid to
the thermal stability. Zhang et al. [160] revealed that defects
could promote stronger exciton-phonon coupling and thus
induce the emission thermal quenching and decrease the lumi-
nescence efficiency of quasi-2D PeLEDs. Moreover, proper
macro/microencapsulation is considered to be the most efficient
way to achieve flexible PeLEDs with long-term stability [161].
Especially for the flexible PeLEDs, the mechanical properties of
perovskite emitting materials should be emphasized. Chen et al.
[162] investigated the variation of the perovskite films under a
series of bending tests and the full dimensional release of the
grain boundary stresses in flexible perovskite indoor photo-
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voltaics. The effective strategy was instructive for improving the
operational stability and the performance release of flexible
PeLEDs.

Mechanical robustness

The mechanical robustness problem mainly originates from
electrodes, both metallic and others. As mentioned previously,
many reports have demonstrated potentially alternative flexible
electrodes, such as AgNWs [76,88,106,154], graphene [17,143],
and other polymers [49,73,151,152]. Although these electrodes
exhibit better mechanical stability than the conventional metal
electrodes (Au, Ag, Cu, Al, etc.), flexible PeLEDs based on these
electrodes suffer from low efficiencies. Due to the proper work
function, better mechanical robustness, and environmental sta-
bility, graphene-based electrodes are considered as appropriate
candidates for flexible PeLEDs. However, the poor electrical
conductivity of these materials limits their further applications.
Therefore, a systematic and in-depth study and development of
graphene and its derivatives as well as other novel materials
suitable for flexible devices is essential.

Flexible blue and red PeLEDs

Currently, almost all the flexible PeLEDs with considerable
EQEs are monochromatic green light emitting [18,20,97,144].
Nevertheless, balanced and efficient green, red, and blue light
emissions are essential for full-color displays and colorful illu-
mination [163]. The state-of-the-art EQEs of green and red rigid
PeLEDs have exceeded 20% [6,11,93,164], while that of blue
PeLEDs on rigid substrates is only 13.8% [94]. The EQEs of
flexible PeLEDs are even smaller. Hence, how to realize efficient
flexible PeLEDs based on the existing research results and how
to improve the performance of blue PeLEDs both on rigid and
flexible substrates should be resolved to further promote the
development of flexible PeLEDs and next-generation displays.

Toxicity

Since flexible PeLEDs could be integrated into portable and
wearable platforms, showing great potential in wearable elec-
tronics and biomedical devices, unacceptable toxicity for con-
sumers must be taken into account [165]. The main source of
toxicity is the elemental lead in MHPs. Through completely or
partially replacing the Pb element in perovskites, lead-free or
less-lead PeLEDs can be obtained, thus reducing the toxicity. In
general, the possible alternative elements for the B-site Pb ele-
ment include Sn [166,167], strontium (Sr) [94,168,169], zinc
(Zn) [170,171], manganese (Mn) [172,173], and others
[170,174-177]. However, the current PeLEDs based on these
substitutional components suffer from poor stability and low
efficiency. Therefore, more efforts deserve to be taken to further
develop non-toxic and environment-friendly flexible PeLEDs.

Large-area fabrication

In order to meet the growing consumer demand, large-area
displays and illumination based on MHPs show an urgent need
for development. However, as the device area grows, the series
resistance and electrical uniformity will increase dramatically,
thus reducing the operational stability and efficiency of flexible
PeLEDs [38,161]. Also, the quality of perovskite films will
deteriorate with the proliferation of defects and pinholes as well
as the reduction of film homogeneity [178]. In addition, the
conventional spin-coating method is not suitable for preparing

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022 15



REVIEWS

SCIENCE CHINA Materials

Table 1 Summary of the performance of flexible PeLEDs recently reported
Device architecture EL (nm) EQE (%) CEpmax (cd A™Y) Lk (cd m™2) Bendg;grr:r )adius Strain (%)  Ref.
PET/ITO/Buf-HTL/MAPbBr;/TPBi/Al 543 0.125 0.557 417 105 - [16]
Graphene/Buf-HTL/MAPbBr;/TPBi/LiF/Al 542 3.8 18.0 13,000 7.5 - [17]
PET/PEDOT:PSS/CsPbBrs/TPBi/LiF/AgNWs 521 10.1 31 45,990 - - [18]
PET/ITO/ZnO/PEIE*/FAPbBrs/poly-TPD/MoO;/Al 799 12.1 - - - - [19]
AgNWs/PET/ZnO/PEDOT:PSS/CsPbBr;/TPBi/LiF/Al 514 24.5 75 10,000 3 - [20]
Polyacrylate/CNTs/PEO/perovskite/ TPBi/AgNWs 545 0.14 0.6 360 ~5 - [49]
Substrate/ITO/HATCN®/TAPC/CsPbBrs/PO-T2T¢/Lig/Al 520 3.26 10.3 17,550 - - (54]
PEN/PEDOT:PSS/MAPbBr;/BCP¢/LiF/Al 530 - 0.17 676 - - [55]
PET/SOCP/MAPbBr;/TPBi/LiF/Al ~540 8.53 42.9 ~10,000 - - [56]
PI/ITO/PEDOT:PSS/poly—TLPD/FAPbBrg/PMMA/?)TPYMB/ 530 2.0 8.4 ~1000 2 B (73]

iF/Al
PI/AgNWs/PEDOT:PSS/poly-TPD/perovskite/ TPBi/Al/C ~750 13 B B 5 B (76]
protection layer

Al/ALO;/CsPbBr; QWs/NiO,/IZO 520 7.3 22 31,667 - - [77]
VHBf/PI/AgNWs/PEDOTT};II;?/sgSngPVKg/perovskite QDs/ o3y B 92 3187 B 50% (86]
Polymer/AgNWs/?F]ig)?gég?é/sgyg(l:TAPC/MAPbBr3/ 501 26 104 1000 4 B 88]
PET/ITO/NiO,/perovskite/ TPBi/LiF/Al 516 7.1 - ~12,000 - - [97]
PET/PVK/CsPbBr;/CsPb,Brs/TPBi/LiF/Al ~515 0.3 - 904 - - [100]
PET/PDZ/MAPDbBr;/SPW-111/PFN/AgNWs 550 0.17 0.79 1260 2.5 - [106]
PEN/ITO/PEDOT:PSS/perovskite/B3PyMPM/LiF/Al 932 54 - - ~2 - [108]
PEN/ITO/TB(MA)/perovskite/TPBi/LiF/Al 488 8.3 14.7 2967 - - [117]
NOA 63//Zonyl-PEDOT:PSS/perovskite/ TPBi/LiF/Al 532 3.98 17.9 1060 2.5 - [124]
PET/ITO/PEDOT:PSS/perovskite/ TPBi/LiF/Al 529 5.9 25.1 3900 - - [123]
Graphene/PEDOT:PSS/poly-TPD/FACsPbBrs/TPBi/LiF/Al 532 2.58 11.37 5358 - - [143]
PET/AnoHTL/MAPbBr;/TPBi/LiF/Al ~540 8.66 42 ~11,000 - - [144]
PU/PEDOT:PSS-PEO/PVP/CSPbBr3—PEO-PVPk/PU-AgNWS 524 ~0.27 380.5 1258 5 - [151]
Ag-photopolymer/ZnO/PEI/CsPbls/ TCTAY/MoO;/Au/MoOs; 692 8.2 0.8 827 - - [152]
PET/ITO/PEDOT:PSS/MAPbBr3/TPBi/AgNWs ~550 ~0.04 657 180 - - [154]
PET/ITO/PEDOT:PSS/perovskite-PEG/ZnO/SMF™ 533 4.6 22.3 98,000 - - [155]
PET/ITO/PEDOT:PSS/perovskite/PEDOT:PSS/LiF/Al 520 1.35 - ~10,000 - - [156]
PET/PDMS/PEDOT:PSS/PEO/perovskite/PEO/PEI/AgNWs 535 0.416 2.01 10,227 2.5 - [157]

a) PEIE: ethoxylated-polyethylenimine; b) HATCN: 1,4,5,8,9,11-hexaazatriphenylene-hexanitrile; ¢) TAPC: hexachlorocyclotriphosphazene; d) PO-T2T:
(1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-diyl)tris(diphenylphosphineoxide); ¢) BCP: bathocuproine; f) VHB: very high bond; g) PVK: poly(N-vinylcarbazole);
h) TmPyPB: 1,3,5-tri(m-pyrid-3-yl-phenyl) benzene; i) B3PyMPM: 4,6-bis (3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine; j) NOA 63: norland optical
adhesive 63; k) PVP: polyvinylpyrrolidone; 1) TCTA: 4,4',4"-tri(N-carbazolyl)triphenylamine; m) SMEF: silver microflake.

large-area thin films with high uniformity. Therefore, more
efforts should be focused on the exploration of low-cost, flexible,
and mass production fabrication techniques, such as compatible
all-vacuum thermal evaporation and roll-to-roll (R2R) fabrica-
tion techniques (e.g., blade coating, spray coating, and inkjet
printing) [179-181]. Tang and co-workers [97,182] successfully
fabricated flexible green PeLEDs by an all-vacuum evaporation
method with an area of 40.2 cm? and a favorable EQE of 7.1%,
which is the best performance as far as we know. In addition, the
EQEs of flexible PeLEDs prepared with the R2R techniques were
not satisfactory and still lower than 4% [49,157,183]. Therefore,
it has become imperative to develop compatible manufacturing
techniques for large-scale flexible PeLEDs such as the R2R fab-
rication method to promote the commercial application of the
flexible PeLEDs.

16
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PERSPECTIVE
Buoyed by the remarkable optoelectronic and mechanical
properties of MHPs, plenty of research has been conducted to
explore the feasibility of flexible PeLEDs, in the hope of inte-
grating them with wearable and portable optoelectronic devices
and promoting the development of the next generation of flex-
ible lighting and displays. For high-performance flexible
PeLEDs, every single functional layer should have excellent
functionality and flexibility to make the whole device with high
efficiency and good operational stability. Therefore, proper
optimization of each functional layer is required. Based on this,
we propose some perspectives for the optimization of different
functional layers, aiming to facilitate the development of flexible
PeLED:s in the future.

(1) The properties of the perovskite emitting layers principally
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