Journal of Alloys and Compounds 883 (2021) 160727

Contents lists available at ScienceDirect

OYS AND

“OMPOLINDS

C

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom u

Review
A review of low-dimensional metal halide perovskites for blue light N
emitting diodes et

Xiaodong Peng ', Cheng Yan', Fengjun Chun, Wen Li, Xuehai Fu, Weiqing Yang*

Key Laboratory of Advanced Technologies of Materials (Ministry of Education), School of Materials Science and Engineering, Southwest Jiaotong University,
Chengdu 610031, PR China

ARTICLE INFO ABSTRACT
Articlf? history: Low-dimensional metal halide perovskites (LMHPs) hold promising potential for light emitting diodes due
Received 9 March 2021 to high color purity, strong exciton binding energy, and facile film fabrication of the emitting layer. However,

Received in revised form 31 May 2021
Accepted 3 June 2021
Available online 6 June 2021

in contrast with red and green counterparts, blue light emitting diodes (LEDs) still encounter some tough
problems in efficiency, luminance, and operational stability. In recent years, dramatically increasing in-
vestigations have been devoted to the synthesis method of LMHPs for blue LEDs. Herein, we describe the

recent advances on blue low-dimensional perovskites involving zero-dimensional quantum dots (0D QDs),

Ilfgzv‘/fgirrfénsional metal halide perovskites two-dimensional nanoplatelets (2D NPLs), and quasi-two-dimensional perovskites (quasi-2D perovskites)
Quantum dots as well as the related devices. Further, we provide a new perspective for the development of blue-emissive
Nanoplatelets perovskite LEDs in industrialization, including the strategies for improving performance and solutions for
Quasi-2D perovskites major challenges regarding deep-blue perovskite LEDs.
Blue light emitting diodes © 2021 Elsevier B.V. All rights reserved.
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1. Introduction

As the emerging semiconductor material, metal halide perovskite is

* Corresponding author. considered as a promising candidate for low-cost, large-area and high-
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efficiency optoelectronic devices, especially LEDs [1-5]. Usually, metal
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halide perovskite possesses a chemical formula of ABX3, where A-site
represents a monovalent organic or inorganic cation, e.g, CH3NH3"
(MA*), CH(NH,)," (FA*), Cs* ; B-site is a divalent metal cation, e.g., Pb%",
Cu®*, Sn?*; X-site is a halide anion, e.g,, CI", Br™ and I". Low-dimensional
metal halide perovskites (LMHPs) have been largely explored and ap-
plied in optoelectronic devices due to their superiorly quantum-confined
optical characteristics such as narrow emission bandwidth, strong defect
tolerance ability, easily tunable emission wavelength, and high photo-
luminescence quantum yield (PLQY) [6-10]. LMHPs, including OD QDs,
2D NPLs, as well as quasi-2D perovskites, are referring to perovskite
crystals with at least one reduced dimension which satisfies the condi-
tion of quantum confinement effect. Generally, the electron-hole pairs in
three-dimensional (3D) perovskites have the smaller binding energy,
indicating that excitons can easily dissociate into free carriers. However,
free carriers can be readily captured by trap states leading to non-ra-
diative recombination, which is unfavorable to luminescent devices
[1,11]. Contrastively, LMHPs possess the higher radiative excitonic re-
combination in comparison with 3D perovskites at room temperature
due to the high charge-carrier densities and the strong exciton binding
energies up to hundreds of millielectronvolts (meV) [12,13]. Besides, the
ionic defects are inevitably formed in the polycrystalline thin films based
on 3D halide perovskite owing to the high ionic mobility in crystal-
lization process. LMHPs are prepared in a single-crystalline state re-
sulting in the related spin-coated emissive film shows higher
crystallinity with fewer ionic defects than conventional bulk 3D
perovskite film in the fabrication of LEDs [14-16].

Currently, green-, red- and near-infrared- emissive perovskite light
emitting diodes (PeLEDs) have achieved huge successes, of which ex-
ternal quantum efficiency exceed 20%, reaching up to 23.4% [17], 21.3%
[18], and 21.6% [19], respectively. Nevertheless, as one of the three pri-
mary colors, blue PeLEDs still lag behind the red and green PeLEDs [20].
In this regard, Kumawat et al. [21]| prepared blue PeLEDs using 3D
CH3NH3PbBry0sCligy, Whereas limited external quantum efficiency
(EQE) values-(= 0.0003%) were achieved. Fortunately, Zeng's group [9]
reported a blue LED based on low-dimensional nanocrystals, showing a
higher EQE of 0.07% and a maximum current efficiency of 0.14 cd A" at a
brightness of 742 cd m™ This work opened a way for the blue PeLEDs by
using low-dimensional nanostructures. Subsequently, Huang’s group
explored the quasi-2D perovskite film for the fabrication of sky-blue
LEDs [22]. Since then, LMHPs have received considerable attention for
improving the performance of blue-emitting PeLEDs. Especially in 2019
and 2020, striking progress have been demonstrated in both efficiency
and luminance for the LMHPs-based blue PeLEDs but they still fall be-
hind red and green LEDs. Notably, the representative LMHPs as well as
the correlative LEDs are presented in Fig. 1.

In this review, we highlight the recent advances on blue low-di-
mensional perovskites involving colloidal 0D QDs, colloidal 2D NPLs, and
quasi-2D perovskites as well as the related PeLEDs. Also, we discuss the
future research directions for propelling the development of
blue PeLEDs, including the strategies for improving performance and
solutions for major challenges about deep-blue PeLEDs in detail.

2. 0D colloidal perovskite QDs for blue emission
2.1. Pure bromide-based QDs

The strong quantum confinement effect gives rise to expanded
bandgap in perovskites when the size of nanoparticles is smaller than
exciton Bohr radius [23]. In comparison to stable green QDs (e.g., Cs/MA/
FAPbBr3), pure bromide-based QDs with the smaller size under Bohr
radius have the wider bandgaps located in the blue-emissive range. For
instance, it is reported that the exciton Bohr radius of bulk CsPbBr3 is
around 7 nm [24], implying that the size of blue-emitting QDs should be
reduced to 7 nm. However, ultra-small QDs are prone to agglomeration,
making the preparation of ultra-small-sized QDs a relatively difficult
process. Colloidal perovskite nanoparticles can be synthesized using two
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Fig. 1. The represents of low-dimensional metal halide perovskites as well as the
related blue LEDs. The part of 0D quantum dots (QDs): Structure diagram of QDs;
B-site doped QDs [34] Copyright 2017, American Chemical Society; Ligand-exchange
engineering [29] Copyright 2020, Springer Nature; Device architecture [80] Copyright
2019, American Chemical Society. The part of 2D nanoplatelets (NPLs): Structure
diagram of NPLs [2] Copyright 2020, Wiley-VCH; In situ passivation for modification
of NPLs [68] Copyright 2018, American Chemical Society; Defect repairing by PbBr,-
ligand solution [67] Copyright 2018, American Chemical Society; Device architecture
and EL spectra [64] Copyright 2018, Elsevier Science Inc. The part of quasi-2D per-
ovskites: Structure diagram of quasi-2D perovskites [105] Copyright 2019, Springer
Nature; A-site doping for high-performance devices [121] Copyright 2020, Springer
Nature; Schematic diagram of band and working mechanism based on quasi-2D de-
vices [110] Copyright 2020, Wiley-VCH; Device architecture with a working photo-
graph [109] Copyright 2019, Springer Nature. (Note: description in a clockwise
direction).

methods: ligand-assisted reprecipitation and hot-injection method
(Note: the hot-injection method will be described in detail in
Section 2.3). The ligand-assisted reprecipitation method via super-
saturated crystallization is simple and convenient. Particularly, the pre-
cursor in a polar solvent (e.g., N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO)) containing organic ligands is added dropwise into a
nonpolar solvent (e.g,, toluene, n-hexane). The colloidal perovskite na-
noparticles can be prepared immediately due to the difference in solu-
bility of precursor between two solvents. By changing the synthesis
temperature of ligand-assisted reprecipitation, Song’s group [25] pre-
pared blue-emission CsPbBr;@SiO, nanospheres with a 2.8 nm average
particle size, demonstrating 72% PLQY and good stability under the
protection of the SiO, shell. Later, Wang et al. [26] obtained core-shell
structured CsPbBrs@amorphous CsPbBr, blue-emitting QDs through the
hot injection method, which showed the higher PLQY up to 84% (Fig. 2a,
b). Although equipped with satisfactory luminescent efficiency, the
reason for the high PLQY of the ultra-small perovskite QDs was hazily
explored. Fortunately, Li et al. [27] reported ultra-small (~ 3 nm) CsPbBr3
QDs exhibiting 12.4 nm of narrow full width at half maximum (FWHM)
with 68% PLQY. They found that high PLQY in ultra-small QDs is closely
related to the high-density band tail states that promote the relaxation
of photocarriers, inducing greater possibility for radiative recombination.
As is shown in Fig. 2¢, in addition to directly radiative recombination
upon above-gap excitation (process IlI), the photocarriers generated by
sub-gap excitation (process I) can hop into the extended states, and then
the trapped carriers’ transit between lower and high energy levels in
band tail states. Subsequently, the relaxed carriers in tail states can
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Fig. 2. Pure bromide-based quantum dots (QDs). (a) The core-shell structured CsPbBr;@amorphous CsPbBry QDs. (b) PL and absorption spectra of CsPbBrs@amorphous CsPbBry
QDs. Reprinted with permission [26]. Copyright 2018, American Chemical Society. (c) The mechanism of photocarrier dynamics in the ultra-small QDs. Reprinted with permission
[27]. Copyright 2017, American Chemical Society. (d) Controlling the shape and size of QDs by tuning the temperature and Br-to-Pb ratio, respectively. Reprinted with permission
[28]. Copyright 2018, American Chemical Society. (e) The synthesis process of bipolar-shell structured QDs. Reprinted with permission [29]. Copyright 2020, Springer Nature.

recombine radiatively (process IIl), resulting in PLQY enhancement of
ultra-small QDs.

Indeed, small-sized QDs severely suffer from inferior uniformity
which causes low color purity with a wide FWHM. To address this issue,
Son’s group [28] reported a greatly effective method for tuning the size
of CsPbX3 QDs with perfect uniformity based on thermodynamic equi-
librium. The CsPbBr; QDs of several sizes were synthesized by adjusting
the Br-to-Pb ratio and the reaction temperature. As shown in Fig. 2d, as
the Br-to-Pb ratio increases, the QD size decreases at a certain tem-
perature, exhibiting a more uniform distribution. Simultaneously, at a
constant Br-to-Pb ratio, the size of QDs is inversely correlated with
temperature. Most recently, Sargent’s group [29] proposed bipolar-shell
resurfacing modulation to prepare blue CsPbBr; QDs (4 nm) with an
unexpected PLQY value of 91%. To achieve bipolar-shell structured na-
nocrystals, isopropylammonium bromide (IPABr) was introduced into
purified QDs solution to form a rich-bromine surface, and then NaBr was
added to replace most organic ligands to reduce electronic and hole
injection barriers (Fig. 2e).

Though ultra-small pure-bromide QDs possess high PLQY and
good stability with some protective shell, it is difficult to prepare
small QDs with high ensemble uniformity and narrow FWHM.
Unless these obstacles are solved, the 0D bromine-based QDs will be
hard to apply in optoelectronic applications.

2.2. B-site doped QDs

Commonly, the energy band structure of perovskite (ABXs)
mainly depends on B-site and X-site atoms. The valence band is
determined by the outermost s orbital of the B-site metal ion and the
p-orbitals of the X-site halogen atoms, while the conduction band is
composed of the outermost p orbitals of metal ions (Fig. 3a). As a
result, doping other atoms into perovskite crystals (ABX3) could al-
ways provide a virtual way to tune bandgap and stabilize perovskite
crystal structure effectively [30]. Notably, A-site cations doping does
not dramatically alter the perovskite bandgap but does improve
phase stability [31]. CsPbls, for example, has a small tolerance factor
(t) which is related to perovskite structural stability due to smaller
Cs* cations, causing the transformation of cubic structure into the
asymmetric orthorhombic structure. FA-doped CsPbls nanocrystals

show better chemical durability and a more stable phase structure
with higher quantum yields than pure CsPbl; nanocrystals [32].
However, B-site doping directly tunes the bandgap of QDs to extend
the spectrum to the blue region. The radius and electronic config-
uration of doped atoms should be similar to that of lead atoms for
B-site doping blue-emissive QDs, because only these atoms can form
the similar bond energy with halogen atom compared to Pb—X bond,
involving Bi*, Mn?*, Sn?*, Zn?*, Cu?*, Cd?*, AI*", etc. [31].

It is more effective to partially substitute Pb-site for band en-
gineering, which is accomplished by adjusting the bandgap or in-
troducing a new energy level. Specifically, some B-site dopants, such
as Cd?*, may escape from the perovskite octahedral lattice which
easily leads to their emission color shifting from blue to green [33].
Excessive dopants can cause malignant emissions. For example,
undesirable Mn?* doping could generate yellow emissions. There-
fore, reasonable dopants and optimal doping concentrations are
crucial for doped blue-emitting perovskites. Ward et al. [34] re-
ported that cation exchange reactions take place in CsPbBr3 nano-
crystals by replacing Pb?* with divalent cations (M = Cd?* and Zn?"),
as illustrated in Fig. 3b. The Pb?* for M?* cation exchange results in a
hypsochromic shift of emission spectrum as well as the absorption
while preserving the relatively high PLQY (>50%) and narrow PL
FWHM (80 meV) compared with pristine nanocrystals. This blue-
shift phenomenon is attributed to the contraction of the perovskite
cubic crystals, owing to short Pb—X bonds and strong ligand fields
within the lead-halide octahedral. Elsewise, a doping impurity may
form a new energy level, which has an obvious influence on optical
properties [35]. Liu et al. proposed AI**-doped CsPbBr; (Al: CsPbBrs)
with stable blue photoluminescence via hot injection, with AlBr3
serving as the impurity precursor [36]. After Al doping into the
perovskite crystal lattice, the green luminescence spectrum (515 nm)
of CsPbBr3 nanocrystals was shifted to a deep-blue spectrum
(456 nm) of Al: CsPbBrz nanocrystals (Fig. 3c¢). Combining with
theoretical calculation, the results revealed that Al doping in-
troduces a new level in the bandgap originating from the
hybridization of Al s-orbitals, Br p-orbitals and the Pb p-orbitals.

In addition to partially replacing the lead atoms at the B position,
the lead atoms are entirely replaced to form a lead-free blue
luminescent perovskite. Lead halide perovskites have better
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Fig. 3. B-site doped quantum dots (QDs). (a) Energy band structure of bulk perovskite. (b) The photoluminescence spectra and UV-illumination photographs of doped CsPbBr3; QDs
by Cd?* and Zn?* bromide salts. Reprinted with permission [34]. Copyright 2017, American Chemical Society. (c) Lattice diagram and inserted photograph under UV irradiation of
Al**-doped CsPbBrs. Reprinted with permission [36]. Copyright 2017, Wiley-VCH. (d) Schematic diagram of stability test in deionized water for CssBi,Brg QDs compared with
MA3Bi,Bro. Insets: the structure of Cs3Bi,Brg QDs passivated by BiOBr shell [38]. Reprinted with permission. Copyright 2018, Wiley-VCH. (e) PLQY of Cs,SnClg: x% Bi with a series of
different concentrations of Bi. Inset represents the pictures of Cs;SnClg: x% Bi under 365 nm UV illumination. Reprinted with permission [39]. Copyright 2018, Wiley-VCH.

optoelectronic properties than lead-free halide perovskites, but they
still have certain drawbacks, such as poor environmental stability
and heavy metal lead toxicity. Thus, lead-free LMHPs are supposed
to be potential luminescent materials, especially for blue emission.
Recently, tin-based and bismuth-based lead-free perovskite QDs
have been investigated. In 2018, Leng and co-workers [37] prepared
MA3Bi,Brg QDs that exhibited a PLQY of 54.1% at 422 nm after CI~
anions surface passivating but encountered crystal collapse. Based
on their previous work, they further explored all-inorganic Bi-based
perovskite QDs (Cs3BiyBrg QDs) at a wavelength of 410 nm with a
PLQY of 19.4% [38]. Cs3BiyBrg QDs outperformed MA3Bi;Brg QDs in
terms of photostability and moisture stability, owing to surface

blue photoluminescence of Bi-doped Cs,SnClg, they illustrated that
photoluminescence originated from donor-acceptor pair emission of
two defects ascribing to the Bis, + V¢, defect complex. The effective
B-site doping can not only realize blue luminescence, but also pas-
sivate some surface defects by remaining impurity. Furthermore, due
to their environment-friendly low toxicity, lead-free perovskites are
likely to become research hotspots for PeLEDs in the future.

2.3. Mixed halide nanocrystals

In addition to small-size pure bromide-based LMHPs for blue
emission, mixing halide anions is another way to get blue spectral

emission owing to the perovskites’ strong halogen anion exchange
[40]. Fig. 4a shows that the mixed halide perovskite nanocrystals
(NCs) can cover the entire visible light spectrum range by varying

passivation by the BiOBr shell (Fig. 3d). For Sn-based lead-free per-
ovskites, Tan et al. [39] improved quantum efficiency up to 78.9% in
blue-emitting perovskites (Fig. 3e). To explore the mechanism of
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Fig. 4. Mixed halide nanocrystals (NCs). (a) PL spectra of CI/Br™ mixed nanocrystals and photographs of colloidal CsPb(BrCl; )3 solutions under UV illumination. Reprinted with
permission [41]. Copyright 2015, American Chemical Society. (b) Ultraviolet absorption and PL spectra for pristine CsPbCl; NCs and YCl3-passivated CsPbCl; NCs. Insets are pictures
of pristine samples and optimized samples by YCl; under 365 nm ultraviolet radiation. Reprinted with permission [50]. Copyright 2018, American Chemical Society. (c) The left
half of diagram illustrating the formation energies of Pb—Br and Cu—Br bond. The Photographs on right side showing various emissions of nanocrystals deposited films at
increasing annealing temperature for doped CsPb(Br,Cly_y)s; with Cu?* and without it. Reprinted with permission [52]. Copyright 2019, American Chemical Society. (d) Schematics
of the ultrafast thermodynamic control strategy and (e) PL spectra with corresponding PLQY at different cooling rates for CsPbBryCl3_x NCs. (f) Microscopic model of ion migration
and phase segregation for CsPbBrCl;_x NCs. Reprinted with permission [57]. Copyright 2020, Wiley-VCH.
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proportions of halide anions, which means that the blue spectrum
range can be obtained by controlling the concentration ratio be-
tween Br~ and CI” [41]. In 2015, the blue-emissive mixed halide
perovskites (MAPbBr0sClyg) were successfully applied to light-
emitting diodes [21]. Since then, substantive studies have focused on
preparing highly efficient mixed halide perovskites which could be
one of the most promising candidates for blue light-emitting diodes
[9,42-44].

Typically, conventional ligands such as oleylamine (OAm) and
oleic acid (OA) are usually used to moderate the mixed halide na-
nocrystals. It is reported by Roo et al. that the OAm and OA have
weak interactions with perovskite surfaces owing to highly dynamic
dissociation [45]. Therefore, substituting other available ligands for
conventional ligands is an effective way to stabilize nanostructure
and facilitate carrier transport under blue LED operating conditions.
Based on fast halogen anion exchange, the blue-emitting
CsPbBr«Cl3_x NCs can be facilely obtained through combining as-
prepared CsPbCl; NCs and CsPbBr; NCs solution. It is well known
that CsPbBr3; NCs possess a high PLQY and excellent defect tolerance,
while CsPbCl; NCs with a low PLQY usually are susceptible to ion
migration with the formation of deep-trap states [30]. CsPbCl; is
highly vulnerable to defects due to its low defect resistance, re-
sulting in deplorable PLQY. The Cl vacancy defects in mixed halide
perovskite NCs can promote the creation of deep energy levels
within the valence band and conduction band during the crystal-
lization process, leading to non-radiative recombination channels.
Hence, it is important to passivate Cl vacancy defects in CsPbCl; NCs
before mixing CsPbBr3 NCs and CsPbCl; NCs in attempts to obtain
high quality blue-emitting CsPbBr,Cls_, NCs.

Many optimization strategies were carried out to improve the PLQY
and suppress phase segregation, such as ligand exchange [46-49], in-
organic halide salts passivation [50,51], doping impurity atoms
[44,52,53], and so on. The ligand exchanging and doping strategies will
be further discussed in the following device-based chapter because they
could distinctly improve the performance of LEDs. Organic ligands can
indeed stabilize the CsPbBr,Cls—x NCs but they also have some negative
effects in LEDs, such as insulating barriers and poor electroluminescence
properties [54]. As a comparison, inorganic halide salts not only fully
passivate defects but also reduce the negative effects caused by organic
ligands. Furthermore, trivalent metal halide salts have been proven to
passivate defect traps effectively. Ahmed et al. [50] firstly demonstrated
the halide salts passivation can bring remarkable enhancement in the
PLQYs of CsPbCl; NCs of up to 60% (Fig. 4b). They further explored the
dual-surface passivation of CsPbCl; NCs, finding that YCl; passivation
would not only preserve the size and structure of inherent NCs, but also
compensate for Pb-Cl ion vacancies on the surface, effectively melior-
ating surface trap states and suppressing the non-radiative recombina-
tion. On the basis of previous research, our group devised a new PrClz
pre-passivation strategy for blue-emitting CsPbBryCl;—, NCs [51].
Through fast halogen anion exchange, the pre-optimizing CsPbCl; NCs
were mixed into CsPbBr3 to obtain blue-emitting CsPbBr;5Cl; s NCs with
a nearly 7-fold notable improvement in PLQY from 13% to 89%. Per-
ovskites, as we all know, are extremely unstable in a moderately
high-temperature atmosphere [55,56]. Bi et al. [52] discovered that
copper-doped all inorganic CsPb(BryCl—)3 NCs are remarkably ther-
mally stable. As depicted in Fig. 4c, the PLQY of pristine CsPb(Br/Cl); NCs
decreased to 1% after annealing at 120 °C, while CsPbgg3Cugg7(Br/Cl);
NCs remained as high as 35% at 250°C during the same annealing
period, which is attributed to the introducing of Cu—Br bond with high
bond energy. In 2015, Kovalenko’s group [41] first utilized the traditional
hot-injection method to synthesize cesium lead halide perovskites NCs.
The CsPbX5(X =1, Br, Cl) NCs are obtained by reacting Cs-oleate with a
lead-halide in a three-necked flask at 140-200 °C, and then the mixed
solution was cooled down in an ice-water bath. Especially, our group
proposed an ultrafast thermodynamic control method via a modified
hot-injection method [57]. Unprecedentedly, we changed the cooling
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rate of nanocrystals in the final stage with liquid nitrogen ultrafast
cooling rather than conventional ice water bath cooling (Fig. 4d). Based
on the ultrafast thermodynamic control (UTC) strategy, the blue-emit-
ting CsPbBr,Cls_x NCs have high crystal quality and PLQY (90%) (Fig. 4e).
Furthermore, we optimized NCs using Pb(BrCl), post-passivation and
finally obtained a record-breaking absolute PLQY of 98% with amazing
stability of more than 40 h.

Phase segregation hinders the development of blue PeLEDs based on
mixed-halide perovskite NCs. Our group proposed a possible guess for
phase separation, as shown in Fig. 4f. The presence of inherent halide
defects provides a transferable way for adjacent Br™ and CI” ions, en-
tailing feasible ion migration under external radiation. Besides, poor
crystal quality leads to lattice distortion that may aggravate ion migra-
tion as well. As a consequence, the Br-rich and Cl-rich domains are
generated during the duration of ion migration. Macroscopically, only
the redshift of spectrum can be observed due to charge transfer from
wide-bandgap Cl-rich domain to narrow-bandgap Br-rich domain.
Therefore, both the passivation of defects and flawless crystal are the key
factors for suppressing phase segregation.

3. 2D colloidal pure bromide-based NPLs for blue emission

By reducing the grain size along with the <100 > crystal or-
ientation to the quantum-confined nanometer size (0.1-2 nm), 2D
pure bromide NPLs can achieve blue light emission as well as im-
proved stability along and high exciton binding energy (> 170 meV)
(Fig. 5a) [58]. The monolayer thickness of perovskite octahedron is
0.6 nm, which means that the bandgap widens, and the spectra blue
shifts noticeably when the number of perovskite layer is less than 4
[59]. According to modification of the reaction condition, like
synthesis temperature and concentration of organic cations in the
precursor, we can confine the size of 2D NPLs from micro-scale to
nanoscale with only a few unit cells thick (n=1, 2, 3, 4) [60-64].

The colloidal 2D NPLs can be synthesized via ligand-assisted re-
precipitation or hot-injection method. As illustrated in Fig. 5b, Urban’s
group [60] controlled the thickness of the perovskite layer to collect
MAPbBr; NPLs with different optical properties by tuning the ratio of the
organic cations (octylammonium bromide) in the reprecipitation pro-
cess. In their opinion, organic ligands play a critical role in the re-
crystallization process. Following that, they successfully synthesized 2D
MAPbBr3; NPLs with precisely controllable thickness ranging from green
emission (n =7-10) to deep-blue emission (n = 1), exhibiting high PLQYs
(40-90%) [61]. Besides, 2D NPLs with varied shapes and thickness could
be also prepared by regulating reaction temperature. In 2015, Bekenstein
et al. first reported the colloidal CsPbBr3 NPLs [65]. As depicted in Fig. 5c,
the reaction temperature at 150 °C produced green-emission symme-
trical nanocubes. As the reaction temperature dropped to 130 °C and
90 °C, the resulting perovskite shape changed to lamellar structures with
only a few unit cells, presenting blue-shifted PL spectra. Yang et al. [64]
proposed that the thickness of ultrathin CsPbBr; NPLs was precisely
controlled at a monolayer level. Strong blue emission was observed in
resulting samples by varying reaction time and temperature, and these
CsPbBr3 NPLs were successfully applied to light-emitting diodes (Note:
This will be mentioned in the subsequent chapter). Gao’s group [66]
further explored that the amounts of oleic acid (OA) and oleylamine
(OAm) in precursors solution will affect the shapes of CsPbBr; nano-
crystals. The separate OA/OAm ratios resulted in bright blue PL emissions
at 452 nm, 449 nm, 472 nm and 453 nm with different shapes including
2D nanoplatelets, 2D nanosheets, and 0D quantum dots, respectively.
Stranks and co-workers [62] systematically summarized optical prop-
erties of these confined NPLs, which could be affected by some factors,
including variable cation (Cs*, CH3NHs3*, CH(NH,),"), metal cations
(Pb, Sn), halide (Br, I) and thickness (n).

To realize blue emission for pure bromide perovskites, the thickness
(n) of NPLs must be reduced to a few layers (n<4). In general, the
thinner the thickness with a higher surface-to-volume ratio, the more



X. Peng, C. Yan, E. Chun et al.

Journal of Alloys and Compounds 883 (2021) 160727

bbbk g
0,
* * *enmncanev
FhB_f._ nPL
2 5ei
........... ' a =
waveiergih nam

Fig. 5. Pure bromide-based nanoplatelets (2D NPLs). (a) Structure illustration of 2D NPLs of thickness n=1 and n=2. Reprinted with permission [62]. Copyright 2016, American
Chemical Society. (b) Reprinted with permission [60]. Copyright 2015, American Chemical Society. (c) TEM images showing controlled shapes of CsPbBr3 colloidal perovskites by
changing temperature. For reaction temperature, green-emission nanocubes at 150 °C, cyan-emission NPLs at 130 °C, blue-emission at 90 °C. Reprinted with permission [65].
Copyright 2015, American Chemical Society. (d) Post-treatment surface trap repair for boosting blue luminescence by PbBr,-ligand treatment. Reprinted with permission [67].
Copyright 2018, American Chemical Society. (e) In situ passivation of CsPbBr; dispersions by HBr. Reprinted with permission [68]. Copyright 2018, American Chemical Society.

defects on the surface of NPLs, leading to a significant decrease in PLQYS.
Therefore, it is necessary to passivate undesirable defects and modify the
nanoplatelet surface. Urban's group [67] presented a novel post-treat-
ment by the addition of a PbBr,-ligand solution to repair halide and lead
vacancy. After treatment, the PLQYs of those NPLs markedly rose to
73 + 2% with spectral region preserved (Fig. 5d). Zeng's group [68]
adopted an in situ passivation by adding HBr, which filled the bromide
vacancy while also boosted the connection between organic ligands and
PbBr, octahedron. Inspiringly, by introducing the HBr complex solution,
the highly blue luminescent CsPbBrs; NPLs were obtained with near 100%
absolute quantum yield (98%) (Fig. 5e). Recently, Shamsi et al. [69]
employed a short hexylphosphonate ligand (CsH1505P) as surface cap-
ping ligands in color-pure blue-emitting CsPbBrs NPLs to significantly
suppress these coalescence phenomena. Compared with traditional
oleylammonium ligands, short phosphonate ligand (hexylphosphonic

a

Electron transporting layer
Perovskite

acid, HPA) is conducive to forming quantum-confined CsPbBr; NPLs with
favorable stability owing to in-situ surface passivation.

Briefly, there are some ways to obtain colloidal 2D NPLs, such as
changing reaction temperature, precursor ratio and ligands content.
And the large number of surface defects should be repaired by
appropriate passivators.

4. Colloidal 0D QDs and 2D NPLs for blue PeLEDs

According to the difference in relative position of functional
layers, the device structure of blue PeLEDs is mainly divided into two
types, p-i-n, and n-i-p architecture (Fig. 6a, b). Under the condition of
matched energy level, electrons and holes enter the light-emitting
layer via the electron and hole transporting layer to recombine and
emit light during the application of the electric field. Generally, the
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Fig. 6. (a) Schematic drawing of p-i-n and (b) n-i-p architecture of blue PeLEDs. (c, d) Energy level diagram of the developed LEDs based on NiOy and TFB/PFI hole transporting
layer (e) EQE-current plots for corresponding devices based on NiOy and TFB/PFI. Reprinted with permission [75]. Copyright 2018, Wiley-VCH.
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Table 1
Recent progress of blue PeLEDs based on 0D/2D colloidal LMHPs.
Perovskites EL)max EQEmax/% Devices structure Luminance/cdm™  Ref.
(FWHM)/nm
0D QDs  CsPbBr; 479(< 20) 123 ITO/PEDOT:PSS/PTAAPerovskite/TPBi/LiF/Al 90 [29]
CsPbBr; 470(27) 47 ITO/PEDOT:PSS/PVK [Perovskite/ZnOJAg 3850 [81]
RbyCs1_xPbBr3 490(24) 0.87 ITO/PEDOT:PSS/PolyTPD/Perovskite/TPBi/LiF/Al 186 (78]
CsPbClBrs—x 455(20) 0.07 ITO/PEDOT:PSS/PVK /Perovskite/TPBi/LiF/Al 742 [9]
CsPb(Br/Cl)s 463(14) 14 ITO/PEDOT:PSS/Poly-TPD/CBP/Perovskite [B3PYMPM/ 318 [76]
LiF/Al
CsMn,Pb;_,Br,Cls_y 466(17.9) 212 ITO/PEDOT:PSS/TFB/PF/ Perovskite/ TPBi/LiF/Al 245 (53]
CsPbClyBrs_x:Ni2* 470(NA) 24 ITO/PEDOT:PSS/TFB/PFI/ Perovskite/ TPBi/LiF/Al 612 [44]
Cs3Cuyl5 445(~ 63) 112 ITO/p-NiO/Perovskite/ TPBi/LiF/Al 262.6 [79]
(Rbo.33CS0.67)0.42FA0.58PPCl125Br17s  466(23) 0.61 ITO /Poly-TPD/ Perovskite/ TPBi/Ba/Al 39 [77]
CsPb(BryCli—y)s 471(17) 6.3 ITO/PEDOT:PSS/TFB [PFI [Perovskite /3TPYMB/Lig/Al 465 [43]
CsPb(Br/Cl)s 477(19) 1.96 ITO/PEDOT:PSS/Poly-TPD/PVK [Perovskite/PO-T2T/ 86.95 [42]
LiF/Al
CsPb(Br/Cl)s 470(21) 2.15 ITO/PEDOT:PSS/Poly-TPD/PVK/Perovskite/TMPyPB | 507 [86]
LiF/Al
CsPb(Br/Cl)s 463(17) 33 ITO/PEDOT:PSS/TFB |PFI /Perovskite /TPBi/LiF/Al 569 [85]
CsPbBry5Clys 480(17) 0.0074 ITO/ZnO/Perovskite/TFB/MoOs/Ag 8.7 (87]
CsPbBrCl; 480(19) 0.86 ITO/PEDOT:PSS/Poly-TPD/Perovskite/TPBi/LiF/Al 29.95 [80]
CsPb(Br1-xCly)s 462/476/487(NA) 023/ ITO/PEDOT:PSS/Poly-TPD/ PVK/Perovskite [B2PYMPM/  193/678/2063 [47]
1.07/2.1 TPBi/LiF/Al
CsPb(Cl/Br)s 456(15) 11 ITO/PEDOT:PSS/TFB /Perovskite /TPBi/Lig/Al 432 [49]
CSsPbBryCl3_x 490(19) 1.9 ITO/PEDOT:PSS/PVK/ Perovskite /TPBi/LiF/Al 35 [46]
CsPb(Bry_xCly)3 495(21) 0.075 ITO/TiO,/Perovskite/F8/MoOs/Au 750 (48]
CsPbBryCl3« 460(14.6) 135 ITO/PEDOT:PSS/Poly-TPD/Perovskite/TPBi/LiF/Al 33.0 [83]
CsPbBI,Cl3_x 469(24) 0.5 ITO/PEDOT:PSS/TFB [PFl/Perovskite /TPBi/LiF/Al 111 [75]
MAPDBr,Cl3—x 445(< 30) 138 ITO/PEDOT:PSS/PVK/ Perovskite /TPBi/LiF/Al 2673 [130]
CsPbBryCls_x 470(~ 20) 0.07 ITO/NiOy/Perovskite/ TPBi/LiF/Al 350 [40]
2D NPLs MAPbBr; 456(NA) 0.004 ITO/PEDOT:PSS/PVK/ Perovskite /TPBi/LiF/Al ~2 [61]
CsPbBr; ~ 480(NA) ~0.1 ITO/PEDOT:PSS/ Perovskite /TPBi/LiF/Ca/Al 25 [64]
CsPbBrs 464/489(16/26) 0.33/0.55 ITO/PEDOT:PSS/Poly-TPD(TFB)/ Perovskite /TPBi/LiF/Al  40/120 (88]
CsPbBr; 464 (18) 0.11 ITO/PEDOT:PSS/Poly-TPD/ Perovskite /TPBi/LiF/Al 29 (78]
CsPbBr; 464(< 20) 0.057 ITO/PEDOT:PSS/Poly-TPD/TAPC/ TPBi/Ca/Ag 38 [67]
(PEA),PbBr, 410(< 18) 0.31 ITO/PEDOT:PSS/PVK/TAPC/ TPBi/Ca/Ag 147.6 [90]

Notes: EL,max, peak value of electroluminescence spectra; EQE,ax, maximum external quantum efficiency; FWHM, half peak width; NA, unknown content. The following table is

also applicable.

emission layers of blue PeLEDs devices based 0D and 2D colloidal
perovskites are spin-coated, which tallies with the target of solution-
processed and large-area display technology. The optimization of
luminescent LMHPs and charge transporting layers represent two
main approaches for promoting device performance. The following
parts will mainly revolve around device-level optimization based on
0D QDs and 2D NPLs. And the details of blue LEDs based on colloidal
perovskites, including EL emission peak with FWHM, efficiency,
luminance and device structure, are concluded in Table 1.

4.1. LEDs based on 0D QDs

As mentioned above, 0D QDs are also known as nanocrystals.
During device fabrication, 0D QDs are usually deposited by directly
spin-coating the nanocrystal solution (in toluene or cyclohexane)
followed by a period of annealing, matching the demand of large-
area interactive electronics with intelligent characteristics [3,70-74].
There is no doubt that high-performance LEDs are synergic action of
multifunctional layers. Among them, charge transporting layers
(CTLs) closely connected to active layers are essential components to
achieve the optimum value. Elementary physical processes such as
charge injection and light extraction are all extremely dependent on
CTLs in LEDs. Recently, lots of outstanding works have been devoted
to CTL-relative interface research in blue PeLEDs. N. Congreve et al.
demonstrated that the emission efficiency and lifetime of prepared
perovskite nanocrystals were significantly influenced by the selec-
tion of hole transporting layers [75]. When employed HTLs such as
NiO,, nonradiative recombination of the emissive state could be
induced, further basically restricting device performance. And the
alternate introduction of TFB/PFI maintained robust nanocrystal
emission, achieving an external quantum efficiency (EQE) of 0.5% at

469 nm, which is seven times higher than that of control devices
(Fig. 6¢c-e). Moreover, the deeper-lying valence band of 0D nano-
crystals obstructs efficient hole injection. A stepwise injection
strategy by employing two HTLs was implemented to solve this
problem [76]. The stable electroluminescence peak wavelength
of 463nm and EQE of 1% were obtained. In addition to CTLs,
the optimization of emissive QDs that determine the intrinsic
luminescence performance is also crucial.

One of the most important reasons for low PLQY in the thin-film
state is the non-radiative defects in perovskites with wider bandgap,
and ion doping has been proved as a very effective method to benefit
the active materials. For instance, carefully tuning of manganese
(Mn) doping inside the Cl/Br-alloyed perovskite enables a three-fold
increase of PLQY of nanocrystal films while maintaining pure blue
electroluminescence without introducing Mn-emission peak [53]
(Fig. 7a). Furthermore, enhanced photoluminescence lifetime and
reduced trap states also demonstrated the practicality of doping.
And developed doping devices presented a narrower electro-
luminescence peak and brighter blue color than undoped LEDs, al-
lowing for an EQE of 2.12% at an emission peak of 466 nm (Fig. 7b, c).
Constructing multiple A-site cations of perovskite nanocrystal is
another way to breach the low-efficiency bottleneck of blue PeLEDs,
which was more common in the perovskite solar cell community.
Generally, out-of-center displacements of the octahedral framework
would be tilted if accompanied by size changes of A-cite cations,
further affecting the orbital overlap of halide anion and B-cite di-
valent cations. So wider tunability of perovskite nanocrystal
bandgap can be obtained. Rubidium cation (Rb*) was used to realize
A-site doping for high-performance electroluminescent devices [77].
By multi-cation hot injecting, the initiator combining Rb* was re-
acted with FABr-modified precursor solution to produce deep-blue
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Fig. 7. (a) Diagram of Mn-doped nanocrystal structure. (b) Electroluminescence spectra and (c) J-V-L characteristic curve of constructed PeLEDs with different doping ratios of
Mn?*, Inset shows a picture of 0.19%-Mn?*-doping device. Reprinted with permission [53]. Copyright 2018, Elsevier Science Inc. (d) Schematic picture of ligand exchange process
driven by HBr etching. (e) FTIR results of pristine QDs, etched QDs and treated QDs (f) Operational half-lifetime (Ts) of the related blue LEDs at an initial brightness of 102 cd m™.

Reprinted with permission [81]. Copyright 2021, Wiley-VCH.

(Rbg33CS0.67)0.42FA0 58PbCly 25Bri75 QDs. Via octahedral distortions
and quantum confinement effect caused by the small Rb*, the blue
shift of emission wavelength can be obtained. And the resultant
perovskite QLEDs exhibited an EQE,.x of 0.61% at 466 nm. Similarly,
Rb" was also incorporated into CsPbBr3 nanocrystals to yield stable
blue emission through a mixed cation strategy [78]. Changes in Rb*
content can tune emissions from 460 to 500 nm. When operating
voltages reached 10V, the newly-designed devices displayed color-
pure stable EL, largely attributed to a pure bromine crystal structure.
Peak EQE of 0.11% for 464 nm was obtained. This A-site doped
strategy enabled good thermal and operational stability, providing a
potential solution to overcome the shortcoming of halide segrega-
tion under external fields. Other ions such as Ni* were also used to
dope CsPbCl,Brs-, perovskite QDs for constructing bright blue LEDs
[44], and a maximum luminance of 612cdm™, EQE of 2.4% at
470 nm were obtained. Numerous alternative doping ions provide a
huge space for the development of defect-lowered high-stable per-
ovskite QLEDs. Moreover, most reported blue PeLEDs are lead-based.
The toxicity of lead may cause serious environmental issues for
practical commercialization. So, it is of great significance to gradu-
ally reduce or even completely eliminate dependence on lead. Shan
et al. [79] demonstrated deep-blue LEDs based on ternary copper
halide Cs3Cu,ls nanocrystals. The fabricated devices showed a EQE
of 1.12% at 445nm and a half-lifetime above 100 h, proving good
operation stability of the eco-friendly element.

For perovskite QDs used to fabricate LEDs, photoluminescence
and electroluminescence performance are usually not matched.
Although equipped with exceptionally tunable optical character-
istics and a high PLQY of more than 90%, the existence of relatively
insulating long-chain ligands results in inefficient charge injection,
which largely limits the improvement of EQE. Therefore, if the long-
chain ligands are replaced with short-chain ligands based on en-
suring the processing and stability of perovskite QDs, it will be of
great benefit to the enhancement of device performance. Employing
a short-chain halide ion pair, di-dodecyl dimethyl ammonium bro-
mide (DDAB), to cap CsPbX3 QDs for realizing stable films facilitates
more efficient carrier transport [46]. The key to this ligand-exchange
strategy lies in desorbing the protonated long-chain ligands. And a
maximum EQE and luminance of 1.9% at 490 nm and 35 cd m™2 were
achieved. DDAB and di-dodecyl dimethyl ammonium chloride
(DDAC) was also used to reconstruct stable mixed-halide perovskite
NCs via a ligand-mediated post-treatment method. CI™ (Br™) induced

from DDAC (DDAB) can compensate for the Cl (Br) vacancy during
the synthetic process of NCs. This self-anion exchange enables a max
EQE of 0.86% and 0.44% at 480 + 2 and 470 nm, respectively [80].
DDAB (DDAC) had been highly successful for a post-synthetic
treatment during the formation of perovskite NCs. They were also
used as a sole ligand system to directly synthesize uniform cuboid
perovskite NCs [47]. As a result, the LED demonstrated high EQE
values of 1.03% for EL peak position at 463 nm. Recently, Tian et al.
[81] prepared stable small-sized CsPbBr3; QDs (= 4 nm) by adopting a
novel acid etching-driven ligand-exchange strategy with the aid of
hydrochloric acid (HBr) etching. As schematically shown in Fig. 7d,
the incomplete octahedrons were etched and excessive long-chain
ligands were removed with the help of HBr. Then, the short-chain
didodecylamine (DDDAM) and phenethylamine (PEA) were in-
troduced to link with uncoordinated sites and exchange with
residual long-chain oleic acid and oleylamine. According to Fourier-
transform infrared spectroscopy (FTIR) results, the etched QDs ex-
hibited weak C=O0 stretching and N—H bending vibration, and the
ligands exchange process was confirmed by the presence of C=C
stretching vibration from the benzene ring of PEA ligands (Fig. 7e).
Compared with pristine QDs, the treated QDs equipped with short-
chain DDDAM and PEA have much fewer vacancy defects, presenting
a near-unity PLQY and good stability. The developed LEDs showed a
robust durability at 470 nm with a half-life time of 12 h at initial
luminance of 102 cd m™ in operation, making a record life time of
blue Pb-based perovskite LEDs (Fig. 7f). Ligand-exchange was also
used in blue perovskite QLED with an emission wavelength below
470 nm. Kido et al. demonstrated that adamantine diamine (ADDA)
with a rigid bidentate structure can be used for the improvement of
PLQY and LED performance [49]. Assisted by a quaternary ammo-
nium salt of interfacial layer, the fabricated blue LED exhibited a max
EQE of 1.1% and luminance of 43.2cdm™ at 456nm. And this
method of replacing long-chain ligands with short-chain ligands has
achieved great success. However, because of the intrinsic ionic
nature of perovskite lattices, size changes induced by the regrowth
of NCs during the replacing process make it difficult to ensure pre-
designed emissive characteristics in LEDs. An alternative approach is
to use conductive inorganic ligands [82]. The organic-ligand-lacking
perovskite NCs applied for stable LEDs can be obtained by reason-
ably choosing halide-bearing ligands [83]. Based on a mild reaction
of thionyl halides (SOCl,, SOBr», or mixture thereof) with the amine
and carboxylic groups on the surface of perovskite NCs, the produced
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NCs showed good stability and high PLQY. Profiting from the fine-
controlling severity of the reaction, excessive etching of uniformly
sized NCs was avoided. And an attractive feature is the high film-
forming property of synthesized NCs inks. The resultant blue per-
ovskite NCs LEDs achieved a max EQE of 1.35% at 460 nm, with a
FWHM of 14.6 nm. This solution-phase ligand-exchange strategy for
preparing organic-ligand-lacking perovskite NCs provides a sys-
tematic solution for constructing efficient blue emissive devices with
easier charge transport. Another issue of concern of ligand exchange
is the destruction of the perovskite ionic structure by the existence
of polar solvents. The terminating ion pairs on the surface of per-
ovskite NCs and the organic ligands will be stripped off during the
exchanging process, further destabilizing the colloid NCs. A bipolar-
shell resurfacing strategy was pursued to construct strongly con-
fined perovskite NCs [29]. The negatively charged inner shell and
positively charged outer shell were adsorbed to each other by elec-
trostatic force. Specifically, based on synthesized NCs, iso-
propylammonium bromide (IPABr) and NaBr were used to
implement ligand exchange steps, respectively. The out shell of
resurfaced perovskite NCs comprised of polar solvent molecules and
the inner consisted of anion shell. The short inter-NC distance
greatly promoted charge transport efficiency among resurfaced NCs
when compared with traditional long-chain perovskite NCs. Moti-
vated by the lowered trap density and improved mobility, the blue
perovskite QLED based on resurfaced NCs demonstrated the highest
EQE value of 12.3% at the EL position of 479 nm to date. Therefore,
the suitable ligand management of perovskite NCs plays an im-
portant role in achieving efficient and stable perovskite LEDs. On the
other hand, although surfactants are necessary to form stable col-
loidal MHP NCs in the traditional method, the dynamic equilibrium
between unbound and bound ligands caused by proton exchange
between acid and amine may enable ligands loss. Besides, OAm is
also a reason for the degradation of NCs [84]. Synthesis of perovskite
NCs through replacing amine for blue LEDs was proposed, such as
tetraoctylammonium halides (TOAX) [48]. Despite a low EQE of
0.075% at 495 nm, this amine-free method without the post-anion
exchange provides a solution for high-performance stable electro-
luminescent devices.

Passivation treatment to eliminate the trap defects is also vital
for efficient PeLEDs. Employing a new type of short calcium--
tributylphosphine oxide (Ca-TBPO) complexes to passivate the sur-
face of CI-Br mixed MHP NCs for reducing non-radiative defects via
halogen compensation, an EQE of 3.3% at 463 nm, which represented
the highest value in the deep-blue range [85]. Similarly, the passi-
vation of non-polar organic pseudohalide (n-dodecylammonium
thiocyanate (DAT)) for Cl vacancies in mixed MHP NCs attributed in
an EQE of 6.3% at 471 nm of fabricated blue LEDs [43]. And the
passivation of phenethylammonium chloride to CsPb(Cl/Br)s per-
ovskite NCs enabled an EQE of 0.77% at 462 nm and 2.15% at 470 nm
[86]. As emission layers, perovskite NCs films are generally formed
by spin-coating NCs solutions on charge transporting layers, and the
subsequent deposition of CTLs may dissolve the NCs films. A tri-
methylaluminum (TMA) vapor-based crosslinking method was re-
ported to chemically incorporate ligands into the alumina network
which acted as a surface passivating agent, enhancing the thermal
stability of emissive NCs [87]. In conclusion, through the optimiza-
tion of device architecture and colloidal MHP NCs itself, blue LEDs
will harvest strong performance improvement.

4.2. LEDs based on 2D NPLs

2D NPLs are also used to fabricate blue perovskite LEDs. However,
uniformly distributed NPLs with tunable thickness and edge length
are still unavailable owing to high growth rates. Many efforts have
been devoted to overcoming these challenges. Ultrathin CsPbBr3
NPLs with controllable dimensions were obtained by adjusting
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reaction kinetics without further purification steps [64]. The proto-
type of the blue LED prepared showed a maximum luminance of
25cdm™ and an EQE value of 0.1% at the EL position of 480 nm.
Other works based on quantum-confined 2D NPLs also achieved
decent device performances [64,88,89]. Assisted by poly (triar-
ylamine) interlayers, the poor electronic interface between HTLs and
emission layers could be optimized and interfacial non-radiative
losses could be reduced. The EQE of 464 nm and EQE of 489 nm LED
were 0.3% and 0.55%, respectively [88]. 2D Ruddlesden-Popper per-
ovskite NPLs were another potential candidate for blue LEDs. Deng
et al. demonstrated (PEA),PbBr4-based (PEA = CgHgNH3) blue LEDs at
410 nm [90]. The as-fabricated devices delivered a maximum lumi-
nance of 147.6 cd m™2 and an EQEay of 0.31%. Furthermore, the EL
intensity retained 80% after the 1350-min operational test, proving
the great potential of 2D perovskite for the development of stable
blue LEDs.

5. Quasi-2D perovskites for blue PeLEDs
5.1. Optical properties of quasi-2D perovskites

As mentioned above, 2D colloidal NPLs possess strong exciton
binding energy when the number of perovskite octahedral layers is
no more than 4 [91,92]. As shown in Fig. 8a, quasi-2D perovskites are
a combination of 2D perovskites with small-n values (n<4) and 3D
perovskites or 2D perovskites with large-n values [93,94]. In other
words, quasi-2D perovskites possess not only few layer 2D NPLs with
sufficient excitons but also 3D perovskites with deficient excitons
[95-97]. Typically, quasi-2D perovskites have a prevailing formula of
L,(APbX3),.1PbX,4 (Ruddlesden-Popper phase) or L(APbX3),.{PbX4
(Dion-Jacobson phase), where L is an organic spacer cation (such as
butylammonium (BA), phenylethylammonium (PEA), and 1,4-dia-
minobutane (DAB)), A stands for monovalent cations (Cs*, MA*, FA*,
etc.), X is halide and n represents the number of stacking perovskite
units. When the organic cations in the A-site is large enough that the
bulk perovskite structure cannot be maintained, the perovskite lat-
tice will be separated along with the <100 > crystal orientation to
partially form a two-dimensional layered structure. On one hand,
Ruddlesden-Popper (RP) phase containing two spacer monocations
is formed by cutting along the <100 > plane in bulk perovskites,
exhibiting a staggered configuration. On the other hand, Dion-Ja-
cobson (DJ) phase containing diamine spacer cations is derived from
bulk perovskites with no shift between the two adjacent layered
perovskites using the same approach as the RP phase. (Fig. 8b) [98].
Especially, the concentration of organic cations in precursor solution
plays an important role in determining the thickness of inorganic
layers, and phase distribution could be affected by various organic
cations. In recent years, numerous investigations on quasi-2D per-
ovskites for high-performance photoelectric devices have been re-
ported by many groups due to their outstanding photoelectric
conversion efficiency, good moisture stability [99,100], confined
charge carrier balance, and state-of-the-art pinhole-free film as the
LED emitters [101,102]. The bandgap of quasi-2D perovskites can be
tuned by modulating the number of perovskite octahedron layers (n)
(Fig. 8c). Intriguingly, the photoluminescence (PL) spectrum of
quasi-2D perovskites appears as multiple luminescence peaks but
the electroluminescence (EL) spectrum is a single luminescence
peak. Herein, charge transfer or energy transfer in multi-quantum
wells may unravel the above phenomenon [93,103,104]. The charge
recombination occurs in a high-n quantum well eventually via
charge transfer or energy transfer driven by electric field. Therefore,
only a single peak can be observed in the EL spectra. Originally,
Huang’s group (93] prepared a NFPbl, film to demonstrate that en-
ergy transfer from quantum wells with large exciton energies (n<4)
to quantum wells with lower exciton energies. As a result, the
electron-hole recombination process is completed in a narrow
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Fig. 8. Schematics of the properties of quasi-2D perovskites. (a) Schematic illustration of quasi-2D perovskites. Reprinted with permission [94]. Copyright 2020, American
Chemical Society. (b) RP phase with monoamine cations and D] phase with diamine monoamine in <100 > crystal direction. Reprinted with permission [98]. Copyright 2019,
American Chemical Society. (¢) Tuning the bandgap by varying the number of stacking regular octahedral. Reprinted with permission [111]. Copyright 2016, Springer Nature. (d)
Schematic illustration of energy transfer. Reprinted with permission [93]. Copyright 2016, Springer Nature. (e) Schematic of charge transfer in multiple quantum wells. Reprinted
with permission [104]. Copyright 2018, Elsevier Science Inc. (f) Schematic diagram of carrier transfer in PA,(CsPbBr3) ,-1PbBr4 quasi-2D perovskite. Reprinted with permission

[103]. Copyright 2016, Springer Nature.

bandgap quantum well with high-n thickness (Fig. 8d). Chen et al.
[104] investigated the charge transfer in PA,(CsPbBrs) ,.{PbBry
quantum wells. They hold the view that charge transfer is more
significant than energy transfer because quasi-2D perovskite
quantum wells have a high dielectric constant (¢) which is inversely
proportional to the rate of energy transfer (Fig. 8e). In addition, apart
from charge transferring in inherent quantum wells, the process was
also found among adjacent grains by Sargent’s group [103]. The re-
sults of transient absorption (TA) and time-resolved PL spectroscopy
indicated that the downward funneling of energy was complete from
higher energy states to lower energy states, and residual dynamic
recombination would occur in the lowest-energy inclusions after
around 100 ps (Fig. 8f). On the other hand, there are several draw-
backs to quasi-2D perovskites. Because of inefficient energy transfer,
quasi-2D perovskites always contain multiple phase structures and
undesirable impurity phase, which lead to low external quantum
efficiency [101,105]. Meanwhile, they suffer from poor spectral sta-
bility as a result of unavoidable van der Waals gaps caused by the
spacer monoammonium organic cations [106].

5.2. LEDs based on quasi-2D perovskites

Initially, quasi-2D perovskite was applied in solar cells to address
the water-oxygen stability issues caused by the chemical decom-
position of regular 3D perovskites in a humid environment [99,107].
Lee’s group [108] firstly took a hack at employing quasi-2D per-
ovskites as emitters in visible green PeLEDs, eventually producing an
optimum device with a current efficiency of 4.90cdA™' and max-
imum luminance (2935 cd m™2) at 520 nm. Many researchers have
investigated blue-emitting PeLEDs using quasi-2D perovskites in
recent years, owing to their high exciton binding energy and good
environmental stability [105,109-111]. In contrast to colloidal per-
ovskite QDs/NPLs, quasi-2D perovskite thin films are formed using
solution-based in-situ growth rather than synthesized colloidal na-
nocrystals. Therefore, the proper large organic cations are vital for
perovskite films with high crystalline quality, even device perfor-
mance. The conventional organic cations in quasi-2D perovskites
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have been widely used in LEDs, like arylamines and alkylamines [94].
In 2016, Cheng and co-workers [22] reported the first sky-blue Pe-
LEDs based on 4-PBA,(CsPbBr3),_1PbBr4 perovskites, showing an EQE
of 0.015% at a brightness of 186 cd m™2. Despite the low efficiency of
devices, this report proves that quasi-2D perovskite has real poten-
tial for blue LED application in the future. Yip's group [112] further
explored 2-phenoxyethylamine (POEA) as an organic spacer into
CH3NH3PbBr3 precursor solution. As illustrated in Fig. 9a, with in-
creasing concentration of POEA, both the color emission of PL and EL
spectrum shifted from green to blue. Finally, a 60%-POEA device
showed an emission peak at 462 nm, delivering a brightness of
19.5cdA™! and an EQE of 1.1%. Likewise, Vashishtha et al. [113]
produced perovskite RP phase using butylammonium as a separating
ligand. The as-obtained blue PeLED showed an EQE of 2.4% and 6.2%
at a wavelength of 465 nm and 487 nm, respectively. Li et al. [109]
firstly demonstrated sky-blue LEDs based on PEA,Cs,_Pb,
(ClyBri—x)3n+1. The introduction of PEA into the precursor solution
not only reduced the trap states but also strikingly improved the
PLQYs of films from 0.15% to a maximum of 27%. Also, they con-
trolled the thickness of hole transporting layers (HTL) to modulate
the recombination zone on top of perovskite layers, suggesting the
thinner (= 30 nm) HTL controlled, the better performance devices
obtained (Fig. 9b). Finally, a maximum luminance of 3780 cd m™2 and
the best EQE of 5.7% at 480 nm was achieved (Fig. 9c). In quasi-2D
perovskite LEDs, PEA is a widely used organic ligand due to its high
triplet energy level which enables generating electron-hole pairs to
improve radiative recombination [114]|. However, this large bulky
organic ligand with strong van der Waals interaction is favorable to
facilitating the formation of 2D perovskites (n under a current
density 1), which is harmful to exciton energy transfer [111]. It is
reported that the notorious 2D phase (n=1) leads to nonradiative
recombination but the popular phases with other small-n values
such as n=2, 3, and 4 are beneficial to energy transfer and more
efficient blue emitting [115]. In 2018, Xing et al. [111] replaced par-
tially long ligands (PEABr) by short ligands, iso-propylammonium
bromide (IPABr). Blue shift is evidently shown in film PL spectra,
suggesting IBABr additive can promote the formation of small n
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Fig. 9. (a) PL spectra of MAPbBr; precursor with different contents of POEA and EL spectra of corresponding perovskite LEDs. Reprinted with permission [112]. Copyright 2017,
Wiley-VCH. (b) The top diagram showed that energy transfer or charge transfer occurs in a quasi-2D structure after charge injection. The bottom diagram illustrated the
distribution of perovskite crystals in luminescent layer, where a strong blue emitting can be observed in Zone A and the Zone B shows a weak blue emission after electrons and
holes recombining by carrier injection. And (c) EQE diagram of 100%-PEA PEA,Cs,,—1Pby(ClxBri_x)3n+1 perovskite LEDs with different PEDOT: PSS thickness and photo of the device
while operating. Reprinted with permission [109]. Copyright 2019, Springer Nature. (d) PL and (e) absorption spectra of quasi-2D PEA;(MA/Cs);5Pb, 5Brgs with 0-60% iso-
propylammonium bromide (IPA) additive. Insets are UV-irradiation films with different IPA contents. Reprinted with permission [111]. Copyright 2018, Springer Nature. (f)
Schematic diagram showing the rearrangement of phase distribution by Na* additive, and the related device insets based on quasi-2D perovskites. Reprinted with permission

[115]. Copyright 2020, American Chemical Society.

phase (Fig. 9d). Meanwhile, as the concentration of IPABr added
increased, the blue shift of absorption edge was observed in Fig. 9e,
attributing to growth of intermediate n phase and the suppression of
lowest-n and highest-n phases (n=2, 3, 4). PEAyA,-1Pb,X3,+1 per-
ovskite film displayed color-stable blue emission (477 nm) with a
PLQY of 88% by mixed ligands engineering. The resulting sky-blue
LEDs exhibited a maximum luminance of 2480 cd m™2 and an EQE .«
of 1.5% at the EL emission of 490 nm. This proves that the in-
troduction of mixed ligands into perovskite precursors is an effective
way of enabling the narrowed phase distribution, and improving the
film's stability and PLQYs. Similarly, Jin et al. [116] utilized the sy-
nergistic effect of dual ligands, PEABr and NPABr, (N-(2-Bro-
moethyl)-1,3-propanediamine  dihydrobromide), to fabricate
spectrally stable PeLEDs under continuously operating conditions.
The final LED showed a maximum EQE of 2.62% and a half lifetime
(Tso) of 8.8 min. Other ligands mixing with PEABr not only enhance
the PLQYs of the film and the external quantum efficiency of devices,
but also stabilize photoluminescence spectra of film and electro-
luminescence spectra of blue PeLEDs, such as 1,4-Bis(aminomethyl)
benzene bromide (P-PDABr;) [117], ethylenediammonium dibromide
(EDABTr,) [118], i-butylammonium bromide (iBABr) [110], diphenyl-
phosphinic chloride (DPPOCI) [119] and so on. In addition to organic
ligands, inorganic salts can also control the growth of quantum
wells. Huang’s group [120] obtained wide-bandgap perovskites by
incorporating PEACI (phenylethylammonium chloride) and YCls
(Yttrium(III) chloride) into CsPbBr3 perovskite films to enhance the
PLQY from 1.1% to 49.7%. After the introduction of YCls, the charge
carriers were confined inside perovskite grains for more radiative
recombination. Inspiringly, with the aid of PEACI and YCls ligands,
the corresponding devices have a high EQE value, reaching 4.8% at
477 nm and 11.0% at 485 nm. Pang et al. [115] rearranged the phase
distribution by incorporating NaBr solution. As shown in Fig. 9f, the
incorporation of the sodium ions with PEA can reduce the formation
of the n=1 phase and increase the proportion of other small-n
phases. After treatment, the relative sky-blue LED, with a high EQE of
11.7% and a stable emission peak at 488 nm, was achieved.
Furthermore, other strategies for improving the efficiency and sta-
bility of quasi-2D PeLEDs have been explored, containing doping
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[105,121], dimensional engineering [122], and modifying the hole
transporting layer [123,124]. It is known that the perovskite layer is
susceptible to ion migration and phase separation, making the EL
spectrum unstable. A-site doping in quasi-2D perovskite is a plausible
strategy to realize blue emission with an unchanged spectrum. In 2019,
Jiang et al. [105] fabricated spectrally stable blue PeLEDs based on Rb-
doping quasi-2D perovskite, <n> = 3 PEAy(RbyCs1-),Pb3Bryo. By adding
an excess amount of RbBr, the PLQY of film soared up to 82%. Accord-
ingly, the corresponding LEDs displayed blue-emission at 475 nm with a
half-life time of 14.5 min, and the EL peak emission remained the same
at continuous driving voltages (Fig. 10a). Chu et al. [ 121] further explored
the A-site doping by adding the large cation CH;CH,NH," (EA") (Fig. 10b).
Based on sky-blue PeLEDs with 60% EABr, they demonstrated that the
emission spectra are stable under applied voltage, delivering a lumi-
nescence of 2191 cd m™ and 12.1% EQE at a peak EL of 488 nm under a
current density of 17.58 cd A™!, (Fig. 10c). Mass undesirable nonradiative
recombination at the interface, between transporting layer and per-
ovskite film, is responsible for lagging blue PeLEDs. Choy’s group [123]
applied hole transporting bilayer structure composed of PSSNa and NiOy
to inhibit the nonradiative decays by reducing the defects in NiO, and
improving the morphology of perovskite film. They further incorporated
KBr into the quasi-2D perovskite for amending the quality of perovskite
film. Consequently, the carrier injection barrier was reduced resulting
from the band gap shift of transporting and perovskite layers (Fig. 10d).
Taking this idea into consideration, Shen et al. [124] used a K*-modified
hole transporting layers (HTL) to passivate the halide defects at the HTL/
perovskite interface and guide the growth of quasi-2D perovskite,
thereby indirectly enabling a more unhindered hole transporting
(Fig. 10e). In the end, the high-efficiency deep-blue LED with a max-
imum EQE of 4.14% at EL of 469 nm was realized (Fig. 10f). Moreover, an
ultrathin emissive layer, comprising quantum-confined nanoparticles
embedded in quasi-2D phases, was prepared by Liu et al. [122]. The
blue-emission perovskite film with higher bandgaps was composed of
major quasi-2D perovskites with some QDs. Based on this quantum-
fined blue film, they further adopted the antisolvent strategy with the
aim of dissolving excess organic ligands (phenylbutylammonium bro-
mide, PBABr), which effectively reduce the charge-injection barriers
causing by PBABr. Finally, with a high EQE of 9.5% at 483 nm, the
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Fig. 10. (a) Stable EL spectra of the Rb-doping PEA,(RbyCs;-x)>Pb3Bryo LED and inset image shows the electroluminescence of the related LED. Reprinted with permission [105].
Copyright 2019, Springer Nature. (b) Schematics depicting CHsCH,NH," (EA*) cation doping into the host lattice to partially replace Cs*. (c) Schematics characterizing the current
density and luminance of EABr-doped quasi-2D PeLEDs. Inset shows the electroluminescence photos of PeLEDs with 40%, 60% and 80% EABr. Reprinted with permission [121].
Copyright 2020, Springer Nature. (d) Schematic picture showing energy level of PSSNa-treated NiOy and K*-treated perovskite layer. Reprinted with permission [123]. Copyright
2020, Wiley-VCH. (e) Schematic diagram of growth of quasi-2D perovskites guided by K*-modified HTL. (f) EL spectra under continuous increasing bias voltages based on K*-
modified PeLED and inset is an electroluminescent image. Reprinted with permission [124]. Copyright 2020, Wiley-VCH.

color-pure blue LED was fabricated. Lately, Ren et al. [106] thought that
the weak van der Waals gaps could cause perovskite phase scattering
with a loose connection, which might lead to inefficient energy transfer.
It also deteriorated the stability of the perovskite structure with easy
degradation during LED operating. They introduced 4-(2-aminoethyl)
benzoic acid (ABA) into perovskite to diminish this bad effect for pro-
moting coupled quasi-2D perovskite layers. Finally, the improved devices
showed a high peak EQE of 10.11% and long-time operational stability of
81.3 min. Until now, Wang et al. [125] achieved one of the best pure-blue
quasi-2D LEDs by the incorporation of a chelating additive molecule,
y-aminobutyric acid (GABA). They thought GABA could suppress
the growth of thicker quantum wells (n > 3) by coordinating the PbBr,
molecules. The treated film appeared bluer spectra in contrast
with original film, with the reason that electron-hole recombination

process was finished in a low-n quantum well (n=3). A true-blue
LED at 478 nm was thus demonstrated using a device structure of ITO/
PEDOT: PSS/PVK: PFI/PEA,Cs, 1Pb,Brs,.1/TPBi/LiF/Al, presenting an
EQE of 6.3% and a luminance of 17 cd m™ (Fig. 11). So far, the details of
blue PelEDs based on quasi-2D perovskites are also summarized in
Table 2.

Although quasi-2D perovskites have been successfully utilized in
fabricating high-performance blue LEDs, most of the EL spectra at
480-490 nm, which are not suitable for the blue range according to
National Television System Committee (NTSC) standard. And the EL
spectra based on blue PeLEDs is supposed to be located in a bluer
region. Therefore, the relative research on perovskite LEDs in bluer
ranges should attract more attention in terms of promoting device
performance.
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Fig. 11. Characterization of pure-blue LED based on GABA-treated quasi-2D perovskite film with its properties. (a) Schematic showing the inhibition of high-n quantum wells by
GABA. (b) PL spectra of pristine film and (c) GABA-treated film. Inset are green and blue photoluminescence under UV photoexcitation in respective diagrams. (d) Electron-hole
recombination process in GABA-treated device and control device. (e) Schematic drawing of device structure. (f) Schematic diagram of EQE for the control group. Reprinted with

permission [125]. Copyright 2020, Wiley-VCH.
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Table 2
Recent progress of blue PeLEDs based on quasi-2D perovskites.
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Perovskites ELymax EQEmax/% Device structure Luminance/cdm™  Ref.
(FWHM)/nm
Quasi-2D perovskites (PEOA),(MA),-1Pb,Brsn.q 494(NA) 11 ITO/PEDOT:PSS/Perovskite/TPBI/Ba/Al 19.25 [112]
IPA/PEA;MA/CSy1PbyBrsn_q 490(28) 15 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 2480 [111]
BA>CSn_1Pby(Br/Cl)zne1 465(NA) 24 ITO/PEDOT:PSS/PVK/Perovskite/TPBi/Al 962 [113]
PEA>CSn-1Pbn(CleBri—x)3ns 1 480(21) 5.7 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 3780 [109]
YCl3/PEACI:CsPbBrs 485(NA) 1 ITO/PEDOT:PSS/Perovskite/TPBI/LiF/Al 9040 [120]
PA,(CsPbBr3),-1PbBry4 492(~ 26) 1.45 ITO/NiO,/PSSNa/Perovskite/TPBi/LiF/Al 4359 [123]
PEA,(RbyCs1-x)2PbsBrio 475(20) 135 ITO/PEDOT:PSS/Perovskite/TmPyPB/LiF/Al  100.6 [105]
P-PDA/PEACS,,_1Pb,,Br3ps1 465(25) 2.6 ITO/PVK/PFI/Perovskite/3TPYMB/Lig/Al 211 [117]
PEA,NPA;Cs,PbsBr» 485(~ 23) 2.62 ITO/PVK/Perovskite/PO-T2T/Lig/Al 1200 [116]
PEABI:FAg5Cso.7PbBr3 483(26) 9.5 ITO/NiO,/TFB/PVK/Perovskite/TPBi/LiF/Al 54 [122]
DPPOCI:PEA;Cs16MAg 4PbsBr1g 479(18) 52 ITO/PEDOT:PSS:PFl/Perovskite/TPBi/LiF/Al 468 [119]
[(PEA)o.75(GA)o.25]2CsPb,X7 492(17.8) 8.2 ITO/PVK:F4-TCNQ/Perovskite/TPPO/TPBi/ 1003 [131]
LiF/Al
(BAXPEA-x)2CSn-1Pbn(Bro7Clo3)sn  485(NA) 7.84 ITO/PEDOT:PSS/Perovskite/TPBi/Ca/Al 1130 [110]
GABA-PEA;Cs,-1Pb,Br3n.q 478(NA) 6.3 ITO/PEDOT:PSS/PVK:PFI/Perovskite/TPBI/ 200 [125]
LiF/Al
NaBr:PEA-CsPb(Br,Cly_y)3 488(18.8) 1.7 ITO/NiOx/PTAA/PVK/Perovskite/TPBi/ 1511 [115]
LiF/Al
PEA>(Cs1-xEA«PbBr3),PbBr, 488(25) 121 ITO/m-PEDOT:PSS/Perovskite/TBPi [LiF /Al ~ 2191 [121]
EDA,[PEAPDBrs3],1PbBry 474(26) 217 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 290 [118]
FAPDbBr;_4Cly 473(NA) 31 ITO/PEDOT:PSS/Perovskite/B3PYMPM/ 2810 [132]
LiF/Al
F-PEABr:CsPbBry5Clys 469(21) 414 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 451 [124]
ABA-PEAPA,x(CsPbBr3),-1 PbBry 486(25) 10.11 ITO/PVK/Perovskite/TPBi/LiF/Al 513 [106]

6. Summary and outlook
6.1. Improving device stability and efficiency

In comparison with green/red PeLEDs, there are still plenty of
room for improvement of blue-emissive PeLEDs. Although blue-
emitting LMHPs have achieved a high PLQY reaching 100% in the
colloidal solution state, the widely recognized concerns about
PeLEDs such as poor stability, low efficiency, and slight luminance
still remain a baffling challenge to this date. The reasons for lagging
development of blue PeLEDs can be drawn to as-prepared materials,
film formation and device fabrication. Firstly, the as-prepared na-
nocrystals have abundant inherent defects which easily form trap
states, weakening the optical properties. A soft ionic crystal struc-
ture capped with highly dynamic organic ligands is responsible for
the instability of blue-emitting nanocrystals. For example, bromide-
based blue perovskites (QDs or NPLs) easily tend to agglomerate, and
mixed-halide perovskites severely suffer from phase segregation.
Second, it is incapable to precisely control perovskite growth ki-
netics during film formation, leading to generation of undesired
impurity phase. Many organic ligands of colloidal nanocrystals will
be lost during spin-coating process, causing the serious degradation
of the optical properties of perovskite film. Finally, because of a deep
valence band (= 6.1 eV) [75] in blue-emitting perovskites, large hole-
injection barrier, and emission quenching between CTLs and per-
ovskites are not favorable to electro-optical conversion efficiency.

In the case of colloidal perovskite NCs (OD) or NPLs (2D), we need
to find more reasonable methods for minimizing surface defect
density for high PLQY and optimizing organic ligands for better
charge injection of the device. Doping impurity ions into the per-
ovskite host (ABX3) is quite beneficial in meliorating optical prop-
erties. Specifically, A-site dopants such as Rb*, FA*, MA®, K* could
stabilize crystal structures and thereby the spectrally stable emis-
sion can be observed. B-site doping can easily tune the luminescence
properties and suppress some inherent defects, such as Mn?* | AI>*,
Cd?*, Sn**, Cu®* and so on. The surface capping ligands can stabilize
nanoparticles in blue-emissive LMHPs, but they also greatly hinder
carrier injection efficiency while the LED is running. Ligand ex-
changing for the surface chemical environment modulation of
LMHPs by replacing traditionally organic long-chain OAm/OA is an

effective approach to facilitate carrier transport and injection effi-
ciency, e.g., DDAB, ADDA, IPABr and so on. In a nutshell, the trade-off
between charge injection efficiency and stability of blue wide-
bandgap LMHPs should be clarified for high-performance blue LEDs.

Phase segregation in mixed halide perovskites, whether colloidal
nanocrystals or quasi-2D perovskites, is a long-lasting severe issue
that brings about spectrally unstable and short operating time [126].
Driven by electric current, the blue-emissive CsPb(Cl,Bri_x)s; per-
ovskites segregate into Cl-rich phase and Br-rich phase, causing the
EL spectrum shift towards the green domain [87]. Since the weak-
defect-tolerance CsPbCl; phase is responsible for instability of mixed
halide perovskites, defect passivation for CsPbCl; phase is quite
necessary. Significantly, the Cl defects can be generally repaired in
two approaches: one is to passivate Cl vacancy by introducing Lewis
base (e.g., quaternary ammonium bromide, pyridine) or inorganic
halide salts (e.g., NiCl,, YCl3); the other one is to fasten CI” to avoid
the ions migration by using functional ligands. For example, Ma et al.
[119] demonstrated a novel chloride insertion-immobilization
strategy by using diphenylphosphinyl chloride (DPPOCI) to restrain
phase segregation and thereby developed a stable sky-blue LED with
an excellent operational lifetime (Tso = 90 min, at initial luminance
of 100 cd m™2). Besides, the experience of solving phase separation in
perovskite solar cells can be used for reference, such as the vapor-
assistance-crystallization method [127,128]. More importantly, the
mechanism of phase separation should be taken into consideration
in great depth.

The elaborative design of device architecture should also be
considered as well. And alternative CTLs should be utilized to match
blue deep-energy-bandgap perovskite well. Additionally, the inter-
face charge loss between CTL and perovskite layer should be reduced
by regulating the transporting layer. Interfacial defect passivation
and hole-electron injection balance should be also carefully ex-
plored. Moreover, the interfacial physical mechanism ought to be
deeply understood under device operating conditions.

6.2. Developing deep-blue PeLEDs
Generally, the blue emissive range can be divided into three light

emitting regions, involving sky-blue (490-475nm), pure-blue
(475-465 nm), and deep-blue (420-465nm) [59]. Following NTSC
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(Rec. 2020), the chromaticity coordinate of blue light is (0.131,
0.046), which means blue LED is supposed to emit at around 465 nm
or bluer. Nevertheless, the deep-blue PeLEDs still run into some
obstacles in both efficiency and stability due to higher carrier in-
jection barriers and greater halide vacancy defects compared with
sky-blue PeLEDs. The most baffling barrier in developing advanced
deep-blue PelEDs lies in devising high-efficient materials and
matching the energy levels between perovskite layer and CTLs.

For colloidal nanocrystals (QDs or NPLs), there are several ap-
proaches to realizing deep-blue luminescent perovskite. One
method is to increase more Cl contents into mixed halide nano-
crystals to enlarge the bandgap. Obviously, chlorine vacancy origi-
nated from uncoordinated Cl ions in perovskites can introduce deep
defect levels as the carrier traps, resulting in nonradiative re-
combination [50,129]. Thus, the deep-blue mixed halide nanocrys-
tals with many defects should be passivated by short-chain capping
ligands (e.g., thionyl halides (SOCl,/SOBr,)) or inorganic salts (e.g.,
YCl;, PrCls). Preparing wider-bandgap perovskite via strong
quantum-confined synthesis of ultra-small nanocrystals or B-site
doping represents another approach, such as Cu-doping [79]. As for
quasi-2D perovskite, thickness control of perovskite layer for charge
transfer confinement can achieve bluer-emitting LEDs, which is
conducive to the recombination of electron-hole in small-n quantum
wells (n=2, 3). However, these low-n phases can only be generated
by introducing more organic ligands, and thermal exciton quenching
could easily occur in small-n quantum wells [59], resulting in in-
efficient charge injection at the interface between CTLs and quasi-2D
perovskite emitting layers. Therefore, controlling the growth kinetics
by small organic molecules (e.g., y-aminobutyric acid [ 125]) could be
a promising strategy for achieving high-efficiency deep-blue LEDs.

In conclusion, with simultaneously considering the optimization
of low-dimensional metal halide perovskites and relative LED ar-
chitecture, we believe that high-efficiency and high-stability deep-
blue LEDs will be realized for extensive optoelectronic applications.
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