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Metal halide perovskites are emerging as promising candidates for next-generation display and lighting
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technologies. In less than 10 years, the external quantum efficiency (EQE) of perovskite light-emitting
diodes (PeLEDs) has skyrocketed from 0.1% to around 30%. Herein, we briefly introduce PelLEDs and
summarise our group’s progress in preparing PeLEDs using the strategy of grain boundary passivation.

Then, we present the challenges and future outlooks toward the further development of PeLEDs. We hope

rsc.li/frontiers-materials

1. Introduction

Metal halide perovskites with the chemical structure of ABX;
have attracted attention owing to their excellent optoelectrical
properties, such as tunable emission wavelength, narrow full
width at half-maximum (FWHM), long carrier diffusion length,
high color purity and wide color gamut.'™ Generally, A is a
monovalent organic or inorganic cation, B is a divalent metallic
cation, and X is a halide anion (e.g., A: Cs*, CH;NH;" (MA"),
CH(NH,)," (FA"); B: Pb**, sn**; X: CI~, Br—, I").>®7 Since the
first report of solution-processed PeLEDs that operated at room
temperature in 2014, various types of strategies, i.e., additive
engineering, interface engineering, composition engineering
and so on, have been carried out to improve the performance
and stability of PeLEDs. In just a decade of development, the
maximum EQEs of the green, red and near-infrared-based
PeLEDs have exceeded 20%.° " In this perspective, we intro-
duce the working principle of PeLEDs and summarize our
recent efforts in developing highly efficient PeLEDs with the
EQE >20% through perovskite grain boundary passivation. At
the same time, a detailed discussion of the challenges and the
future outlooks toward the development of PeLEDs is also
presented.

2. Basic working principle of PeLEDs

PeLEDs can be categorized into p-i-n and n-i-p structures
depending on the deposition sequence of the carrier transport
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that this perspective can bring informative guidance and innovative ideas to the PeLED community.

layer (CTL) (Fig. 1(a) and (b)). When a forward voltage is applied
to the device, the holes from the anode and the electrons from
the cathode are injected into a hole transport layer (HTL) and
an electron transport layer (ETL), respectively. Under an applied
electric field, these charge carriers are drifted to a perovskite
emitter layer and recombine radiatively, producing electrolu-
minescence (Fig. 1(c)). The emission color or wavelength pro-
duced by PeLEDs depends on the energy bandgap (E,) of the
perovskite materials. For example, perovskite materials with
iodide-dominant and chloride-dominant compositions can pro-
duce infrared and blue light, respectively. To minimize the
exciton quenching and non-radiative recombination of the
PeLEDs, it is essential to optimize (i) the quality of the perovskite
film, (ii) the charge injection into PeLEDs, (iii) the energy level
alignment, (iv) the interface contact, and (v) the physical and
chemical properties of each functional layer. Through electrical
and optical characterization studies, the performance of PeLEDs,
such as EQE, luminance and current efficiency, can be obtained.

3. Grain boundary passivation
strategies

Nowadays, a spin-coating method has been widely used to
prepare the perovskite films for optoelectronic applications.
However, the perovskite films derived from the solution-
processing methods usually exhibit poor surface coverage with
a large number of bulk/surface defects attributed to the
uncontrollable perovskite crystallization rate during the film
formation process.'*™*” To optimize the perovskite film quality
with the enhanced electrical and chemical properties of PeLED
applications, we have developed a series of grain boundary
passivation strategies: halide passivation, non-halide passivation
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Fig. 1 Typical structures of the PeLED device: (a) p-i-n structure and (b) n-i-p structure. (c) Schematic diagram of the electroluminescence mechanism

of PeLEDs.
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Fig. 2 Defect classification of perovskite films and the corresponding grain boundary passivation strategies.

and their combination (Fig. 2). In the following subsections, we
will introduce these strategies in detail for fabricating highly
efficient and stable PeLEDs.

3.1. Halide passivation

It is well-known that the number of defects/vacancies induced
on the perovskite film surface/bulk film highly depends on the
perovskite crystallization rate process. And it is hard to obtain a
high-quality CsPbBr; emitter layer due to its fast and uncontrol-
lable crystallization."®° To overcome this problem, our group
introduced the methylammonium bromide (MABr) additive to
the CsPbBr; perovskite precursor to modulate the corres-
ponding crystallization process (Fig. 3(a)). Because of the very
different solubility between CsPbBr; and MABr in DMSO
(CsPbBr3: ~0.56 M, MABr: >5 M), MABr could sequentially
crystallize after the CsPbBr; precursor was wholly consumed,
yielding the CsPbBr;@MABr quasi-core@shell structure.’ In
this study, we found that the addition of MABr not only
passivated the perovskite surface and grain boundaries but
also facilitated the balance charge injection into the PeLEDs.
Benefitting from these, the non-radiative recombination of
PeLEDs was suppressed, yielding higher photoluminescence
efficiency with a longer device lifetime. To further improve the
charge injection balance of PeLEDs, poly(methyl methacrylate)
(PMMA) was spin-coated at the perovskite/B3PYMPM interface
(Fig. 3(b)). A maximum EQE of 20.31% (Fig. 3(c)) with a T, of
more than 100 h (Fig. 3(d)) was achieved for the dual-

modification device, which was the best-reported performing
PeLED in 2018.

Encouraged by the performance enhancement from MABr,
we concluded that halide salt could modulate the crystal-
lization process and affect the as-formed film’s morphology,
composition and spatial distribution. However, MABr is an
organic salt and may suffer from ion migration and decom-
position issues when the PeLEDs are driven at a high voltage.
Hence, we tried to use the more thermally stable formamidi-
nium bromide (FABr). Interestingly, adding FABr to the per-
ovskite precursor not only induced the quasi-core@shell
structure formation but also initiated a chemical reaction and
formed the Cs,PbBr interlayer. Benefited from the formation
of CsPbBr;&Cs,PbBrs@MABr&FABr quasi-core@shell structure,
the vacancy defects (i.e., Cs" and Br ) and the non-radiative
recombination center (i.e., uncoordinated Pb atom) of the
CsPbBr; perovskite were significantly suppressed.>® Addition-
ally, Cs,PbBrs with a suitable thickness can form a type-I
heterojunction with CsPbBr; to confine charge carriers in
the CsPbBr; crystals, increasing the radiative recombination
efficiency (Fig. 4(a)). Therefore, the phase ratio of Cs,PbBrs
on CsPbBr; was optimized to enhance the performance of
perovskite films and devices (Fig. 4(b)). When the molar ratio
of CsPbBr;:MABr:FABr was 1:0.8:0.2, the PeLEDs (Fig. 4(d))
exhibited superior device performance (i.e., a maximum EQE
of 22.3% and a higher luminance of 10050 cd m™?) with
a longer device lifetime (i.e., Tso of 59 h at 130 cd m?)

(Fig. 4(c), (e), and (f)).
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Fig. 3 (a) Formation process diagram of the CsPbBrs@MABr quasi-core@shell structure. (b) Structure of the PeLED device. (c) EQE-L characteristic and
(d) lifetime measurement of the best-performing PeLEDs. Reproduced with permission from ref. 9. Copyright 2018, Springer Nature Limited.
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Fig. 4 (a) Schematic illustration of the three typical phase compositions and their impact on defect passivation. (b) The relative percentages of CsPbBrs
and Cs4PbBrg in various mixture perovskite films. (c) PL-decay curves of the three typical perovskite films. (d) Structure of the PeLED device. (e) EQE-J
characteristics and (f) lifetime measurements of the best-performing PeLEDs. Reproduced with permission from ref. 21. Copyright 2022, Wiley-VCH
GmbH.
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3.2 Non-halide passivation

In addition to halide-based materials, organic molecules, such
as Lewis bases, Lewis acids, and alkylammonium salt, have also
been widely used to passivate the ion defects and balance
the charge injection of the perovskite emission layer.”>”>>
Currently, trioctylphosphine oxide (TOPO) and triphenyl-
phosphine oxide (TPPO) are the commonly used non-halide
passivator in PeLEDs. However, these organic molecules are
insulators and not beneficial for the charge injection/charge
transport in the devices.>®*” Aiming to solve this problem, our
group proposed a bifunctional conductive molecule with two
phosphine oxide functional groups, namely 2,7-bias (diphenyl-
phosphoryl)-9,9’-spirobifluorene (SPPO13) as a passivation
layer for CsPbBr;-based PeLED applications (Fig. 5(a)).>® With
the addition of SPPO13, the P—=O0 functional groups of SPPO13
could donate its lone electron pair on the oxygen atom to the
empty 6p orbital of Pb>" of the perovskite, thus, leading to the
chemical changes of Pb>" and Br~ and the decrease of defect
density. As a result, the surface defects of the perovskite were
passivated, and the electron injection at the perovskite/ETL
interface was promoted. Finally, the modified PeLEDs pre-
sented a maximum EQE of 22.3% with a maximum brightness
of around 190 000 cd m~> (Fig. 5(b) and (c)).

Meanwhile, it has also been reported that polymers with
different functional groups can interact with the perovskite
grains to passivate the perovskite surface/bulk defects.>® For
example, poly(vinylidene fluoride) (PVDF) with abundant F atoms
was able to passivate both the organic cation and halide anion
vacancies by forming hydrogen bonds (N-H---F) with organic
cations (MA/FA) and ionic bonds with Pb>* in the perovskite
films, boosting the performance of PeLEDs.*’ In contrast to the
traditional surface treatment (Fig. 6(a)), our group recently
showed that the infiltrative treatment method (Fig. 6(b)) enabled
PVDF in the perovskite matrix to distribute on the perovskite
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grain boundary and the surface more evenly, increasing the PL
intensity and lifetime of perovskite films (Fig. 6(c) and (d)).
During the film formation process, the PVDF polymer could
regulate the perovskite crystal growth and passivate the perovs-
kite surface/bulk defects. Meanwhile, the film derived from the
infiltrative treatment method exhibited a more compact film
surface with tightly packed crystals. As a result, the non-
radiative recombination and the energy loss were significantly
suppressed. Finally, a maximum EQE of 22.29% with excellent
reproducibility was achieved (Fig. 6(e), (f) and (g)).

3.3 Combination of passivation strategies

3D perovskites can be transformed to quasi-2D perovskites (i.e.,
reduced dimensional perovskites (RDPs)) by adding large
organic molecules into the A-site of 3D perovskites. Generally,
RDPs consisting of quantum wells (QWs) separated by organic
intercalating cations possess high exciton binding energies,
which can increase the stability and the photoluminescence quan-
tum yield (PLQY) of PeLEDs. However, the uneven QW thickness
will induce energy disorders. Thus, RDP films show several pro-
blems of chaotic n value, different dimensions, non-radiative
recombination defects and carrier transport difficulties, resulting
in poor EQE with inferior color purity for RDP-based LEDs.

To manipulate the crystallization rate of RDPs, we synthe-
sized a bifunctional molecule containing fluorine atoms and a
phosphine oxide (P—O0) functional group, namely tris (4-fluoro-
phenyl) phosphine oxide (TFPPO). The TFPPO was dissolved in
chloroform and then used as an antisolvent to modify the
preparation of the PEA,Cs; ¢MA, 4Pb3Br,, film.** With TFPPO,
the strong electronegativity of the F atom could form hydrogen
bonds with the organic cations in the perovskite to serve as a
diffusion controller during the RDP film formation process
(Fig. 7(a)). On the other hand, phosphine oxide (P—O) of
TFPPO could bind to the unsaturated sites at the perovskite
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Fig. 5 (a) Schematic illustration of the control, TPPO- and SPPO13-treated samples and the corresponding charge injection and recombination process.
(b) Structure of the PeLED device. (c) EQE-L characteristics of the control, TPPO-treated and SPPO13-treated PeLEDs. Reprinted (adapted) with

permission from ref. 28. Copyright 2022, American Chemical Society.
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Fig. 6 Schematic diagrams of treating perovskite films with PVDF via (a) surface treatment and (b) infiltrative treatment. The measurement of (c) steady
PL spectra and (d) TRPL decay curves of the control, surface treatment, and infiltrative treatment films, respectively. (e) Structure of the PeLED device. (f)
J-V characteristics and (g) EQE statistics histogram of the control, surface treatment, and infiltrative treatment PeLEDs. Reproduced with permission

from ref. 30. Copyright 2022, Wiley-VCH GmbH.

grain boundaries to reduce the defect density of the perovskite
film. Benefitting from these, an enhanced PLQY with excellent
device performance (i.e., a maximum EQE of 25.6%) was
obtained for the modified PeLEDs (Fig. 7(b)), as well as a longer
device lifetime (Fig. 7(c), (d) and (e)). This work highlights that
the combination of macromolecular halogen ammonium salt
(halide passivation) and organic passivation molecules (non-
halide passivation) could provide a new pathway to improve the
performance of PeLEDs.

4. Challenges and perspectives of
PeLEDs

Halide perovskites are excellent materials for research on
perovskite solar cells (PSCs) and PeLEDs. Even though a high
performance of 30.84% has been achieved for lead-based
PeLEDs (Pb-PeLEDs),*” the toxicity of the lead (Pb) element in
perovskites still remains a big challenge and can further hinder
the development of PeLEDs. Meanwhile, the perovskite-based
emission and functional layers also show poor ambient, ther-
mal and light stability.**"*® To our knowledge, the operational
stability of PeLEDs nowadays is excellently low compared to
the inorganic LEDs, mostly due to the dissociation and ion
migration of the perovskite material itself.****™*! To facilitate

the commercialization of PeLEDs, the as-mentioned above
issues need to be resolved.

Because the Pb element in perovskites is harmful to humans
and the environment, developing Pb-free PeLEDs is greatly
important for PeLED applications. In general, Pb>" can be
replaced by Sn**, Sb*>", Mn**, Cu®>" and other elements.*?
Among them, Sn>* is considered as one of the potential
candidates, which belongs to the same group element as Pb
and has similar physical and chemical properties to those of
Pb**. Compared with Pb>*, Sn** possess a lower energy band
gap and higher charge mobility. More importantly, SnO,, which
degrades from Sn-based perovskites exposed to ambient air, is
an environmentally friendly material that does not pollute the
environment. Thus, we believe that the Sn-based perovskite emis-
sion layer will become a spot research material in PeLED applica-
tions. Recently, our group has achieved an impressive EQE of 5.4%
based on the Sn-perovskite emitter (ie., the highest recorded
efficiency to date for CsSnl; PeLEDs).*> However, the EQE of
Sn-PeLEDs is much lower when compared with Pb-PeLEDs,
attributed to the poor film morphology and the imbalance
carrier transport of the Sn-based perovskite material, which
needs to be further promoted. For the efficiency enhancement
and stability improvement of PeLEDs, several promising strate-
gies of device engineering (i.e., additive engineering, interface
engineering, perovskite dimensionality manipulation and so
on) are proposed as follows:
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Fig. 7 (a) Schematic illustration of the preparation of perovskite films with and without TFPPO. (b) Structure of the PeLED device. (c) J-V characteristics,
(d) L=V characteristics and (e) EQE histogram of the control, TPPO-treated, and TFPPO-treated PelLEDs. Reproduced with permission from ref. 31.

Copyright 2021, Springer Nature Limited.

(I) Dimensionality manipulation: Typically, the non-radiative
recombination rate is higher than the radiative recombination
rate for three-dimensional (3D) perovskites, attributed to its lower
exciton binding energy and longer carrier diffusion length. In
contrast, the RDP exhibits excellent electrical properties, which is
beneficial to facilitate the charge carrier injection into the
perovskite emission layer.***> For example, it has been demon-
strated that the natural quantum well 2D perovskite can limit the
charge carrier within a specific region inside the emission layer. Due
to the quantum restriction and dielectric confinement effect, the 2D
perovskite exhibits higher exciton binding energy with excellent
luminescence properties.** Compared with 3D perovskites, 2D
perovskites exhibit higher operational stability under light, thermal
and ambient stress conditions. As such, it can be seen that
manipulation of perovskite dimensionality is one of the effective
methods to improve the performance and stability of PeLEDs.

(I1) Additive engineering: It is generally accepted that slow
nucleation and fast crystallization rates of the perovskite during
the film formation process can induce a poor film morphology
(i.e., many defective states) with lower fluorescence quantum
efficiency. To regulate the crystallization rate and minimize the
bulk/surface defect of perovskites, the addition of additives such
as slow release agents and/or passivating agents (i.e., small
organic molecules, polymers and metallic salts and so on) in
the perovskite precursor solution and antisolvent solution during
the film deposition process is proposed to control the precipita-
tion of perovskite grains step by step or time by time (Fig. 8(a)),

which is an effective way to boost the quality and photoelectric
properties of perovskite films.

(I1I) Device structure modification: Each functional layer of
PeLEDs has a crucial impact on the device performance and
stability. Thus, it is important to carefully optimize the functional
layer to optimize the charge carrier injection into the perovskite
emission layer. For example, the conduction/valence band of
ETL/HTL must well match with the lowest unoccupied molecular
orbital (LUMO)/the highest occupied molecular orbital (HOMO)
of perovskites so that the electrons/holes can be injected into the
perovskite emitting layer effectively at a higher radiative recom-
bination rate (Fig. 8(b)). In addition, modification at HTL/per-
ovskite and perovskite/ETL interfaces can further reduce the trap
states and the charge accumulation of PeLEDs. Taking advan-
tages of these, lower non-radiative recombination loss with
higher EQE of PeLEDs can be realized.

(IV) Light extraction efficiency optimization: It is well-known that
the EQE of PeLEDs is determined by the internal quantum efficiency
(IQE) and the light extraction efficiency (LEE), where the IQE can be
increased to nearly 100% by optimizing the materials and device
structures. However, the poor LEE of PeLEDs usually restricts the
EQE of PeLEDs at <30%,">%¢™® attributed to the optical interaction
between the various surfaces. A large number of photons are trapped
or lost due to the total reflection and waveguide mode at the
interface between air, functional layers and substrate, and the
surface plasmon-polariton (SPP) mode at the metal cathode surface,
unable to escape the device. Therefore, minimizing the total

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 5466-5474 | 5471
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Fig. 8 Strategy diagrams for improving the efficiency and stability of PeLEDs. (a) Additive engineering: introduce additives in the precursor or the
antisolvent to regulate the crystallization process of perovskites. (b) Device structure: select suitable functional layers to improve radiative recombination.
(c) Light extraction efficiency: adopt the corrugated surface or optical micro—nano structures to enhance the light out-coupling efficiency. (d) Internal
and external encapsulations: encapsulate perovskite crystals or PeLED devices to increase the lifetime and stability.

reflection, waveguide, and SPP modes of PeLEDs is important to
increase the device’s LEE performance. Various strategies are
proposed to increase the light out-coupling efficiency, such as
employing the wrinkle structure, nano-scattering layer, microlens
arrays, optical structure and corrugated surface in PeLEDs (Fig. 8(c)).
Improving the LEE will be the key to boosting EQE to over 30%.
(V) External and internal encapsulation: Perovskite materi-
als are susceptible to water vapor and oxygen, leading to poor
environmental stability. Therefore, it is crucial to encapsulate
the PeLED device to protect them from external erosion. According
to the location of the protective layer, encapsulation can be divided
into internal encapsulation and external encapsulation, which are
inside and outside the device, respectively (Fig. 8(d)). The internal
encapsulation can be divided into upper and lower encapsulations
according to its position relative to the perovskite material, which
is essential for passivating surface defects, inhibiting ion migra-
tion, balancing charge injection and improving the stability of the
perovskite emitting layer. By contrast, the external encapsulation
can be divided into glass plate and thin film encapsulations, which
are available for the flexible device. And the thin film encapsula-
tion layer can be an inorganic layer, organic layer, or alternating
inorganic-organic layer. Among them, the inorganic thin films
(ie., Al,Os, TiO,, ZrO,, SizN, and so on) serve as the main
moisture/oxygen barrier, while the organic thin films (ie.,
PMMA, PDMS, NOA and so on) are mainly responsible for filling

the holes in the inorganic layer and prolonging the diffusion
pathways for water vapor and oxygen. Generally, the inorganic
layers can be obtained by atomic layer deposition (ALD), mag-
netron sputtering and thermal evaporation, while the organic
layers can be prepared by spin coating, ink-jet printing, screen
printing and other methods.

5. Conclusions

In conclusion, we have summarized our recent advances in
high-performance PeLEDs using the grain boundary passiva-
tion strategy. Meanwhile, we also provide the challenges and
future outlooks of PeLEDs. Even though highly efficient PeLEDs
with an EQE of 30.84% have been realized, further efforts (i.e.,
perovskite dimension regulation, additive engineering, device
structure design, encapsulation and light extraction efficiency
improvement) are still required to further enhance the perfor-
mance and stability of PeLEDs. Our group firmly believes that
PeLEDs will serve as a promising technology for the next-
generation displays and lighting in the future.
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