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Recently, metal-halide perovskite nanocrystals (NCs) have shown major development
and have attracted substantial interest in a wide range of applications, such as light-
emitting diodes (LEDs), solar cells, lasers, and photodetectors due to their attractive
properties, such as superior PL emission, a wider range of color tunability, narrow
emission spectra, better color purity, low cost, easy solution-processability, and so on. In
the past, many color-converting materials, such as lllI-nitrides, organics, polymers, metal
chalcogenides, were investigated for solid-state lighting (SSL) white light-emitting diodes
(WLEDs). Still, they suffer from issues such as low stability, low color rendering index
(CRI), high correlated color temperature (CCT), low luminous efficiency (LE), and high
cost. In this sense, metal-halide perovskite NCs exhibit a better color gamut compared
with conventional lighting sources, and production costs are comparatively cheaper.
Such materials may offer an upcoming substitute for future color-converting WLEDSs. In
this review, we discuss the metal halide perovskite NCs and their synthesis protocols.
Then we elaborate on the recent progress of halide perovskite NCs as a conversion layer
in the application of WLEDs.

Keywords: metal halide perovskite nanocrystals, color converters, white light-emitting diodes, color quality,
efficiency

INTRODUCTION

Solid-state lighting (SSL) is a promising lighting technology where solid-state materials are being
used as light sources (Schubert and Kim, 2005; Krames et al., 2007; D’Andrade and Forrest, 2004;
Wang et al.,, 2018a; Dai et al., 2010; Wood and Bulovi¢, 2010). In 1993-1994, Shuji Nakamura first
introduced double-heterostructure InGaN/GaN and InGaN/AlGaN as active materials for blue LED
chips that were proved to be suitable for commercial applications (Nakamura et al., 1993; Nakamura
et al., 1994a; Nakamura et al., 1994b). Since then, major progress has been accomplished in the
evolution of Ill-nitride LEDs (NLEDs), organic LEDs (OLEDs), polymer LEDs, and metal
chalcogenide quantum dot LEDs (QDLEDs) (Schubert and Kim, 2005; Krames et al., 2007;
D’Andrade and Forrest, 2004; Wang et al., 2018a; Dai et al., 2010; Wood and Bulovi¢, 2010). In
recent times, white light-emitting diodes (WLEDs) are very important in our daily life as they are
commonly used in homes, streets, malls, TV, and displays. SSL WLEDs are much more efficient than
conventional lighting sources, e.g., incandescent bulbs and fluorescence lamps, in terms of energy
consumption and lead to tremendous energy saving (Tsao et al., 2010).
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LED Chip

perovskite materials integrated on a UV LED chip.
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FIGURE 1| Schematic diagrams of (A) a LED chip, (B) WLED with phosphors or perovskite materials integrated onto a blue LED chip, and (C) RGB color-emitting

UV LED Chip + Perovskites

FIGURE 2 | Schematic representations of (A) a perovskite unit cell, (B) 3-D, (C) 2-D, (D) 1-D, and (E) 0-D metal halide perovskite structures.
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The schematic diagram of a LED chip is shown in Figure 1A.
Color-converting WLEDs are usually fabricated on a single UV or
blue LED chip combined with color conversion layers (see
Figures 1B,C) (Schubert and Kim, 2005; Krames et al., 2007;
D’Andrade and Forrest, 2004; Wang et al., 2018a; Dai et al., 2010;
Wood and Bulovi¢, 2010). The basic operation of a WLED is
based on the radiative recombination of holes and electrons
produced by the injection of current into the device. The
easiest method to fabricate a WLED is to embed yellow-
emitting materials onto a 450- to 470-nm blue GaN LED chip.
In this LED device configuration, some parts of blue light emitted
from the LED chip excite the yellow-emitting materials. The
residual blue light combines with the yellow light, which overall
generates the white light emission. However, such WLEDs suffer
from low CRI and high CCT values due to a lack of red color
emission. Also, they suffer from low stability of CCT values under
different driving currents (Phillips et al., 2007; Crawford, 2009;
Lin et al, 2016; Baekelant et al., 2017). To improve the color
quality of the WLEDs, red-green-blue (RGB) color phosphors are
settled down on the top of a UV chip. These LEDs demonstrate

higher device efficiency, high CRI, better chromatic stability
under different driving currents (Schubert and Kim, 2005;
Krames et al., 2007; D’Andrade and Forrest, 2004; Wang et al,,
2018a; Dai et al., 2010; Wood and Bulovi¢, 2010). However, the
instability of CCT also happens in RGB WLEDs due to
degradation of different color phosphors or variations of
driving current (Phillips et al, 2007; Crawford, 2009;
Baekelant et al., 2017).

Next-generation LEDs can be identified as the devices with
high efficiency, high color quality, and lower economic and
energy costs of manufacturing (Shirasaki et al., 2013; Dou
et al, 2020). The II-nitride LEDs have transformed the
conventional lighting technologies, but the preparation of
these materials relies on high temperature and expensive
vacuum-based processing (Mondal et al, 2021). The
fabrication of OLEDs is also dependent on vacuum-based
sublimation, inappropriate for cost-effective processing on
large area (Sasabe and Kido, 2011). The usage of QDLEDs is
restricted by large nonradiative recombination processes from the
high surface-mediated defect states (Yang et al., 2019). Recently,
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lead-halide perovskite nanocrystals (NCs) have gathered massive
observations toward the fields of LEDs, solar cells, detectors, and
lasing due to their tunable wavelength, high photoluminescence
quantum yield (QY), narrow emission wavelength, wider color
gamut, and better color purity (Kovalenko et al.,, 2017; Li et al,
2017; Akkerman et al., 2018; Yan et al., 2019; Zhang et al., 2019; Li
et al.,, 2020; Li et al., 2021a). The color gamut of perovskite LEDs
exceeds 140% of the National Television System Committee
(NTSC) standard, surpassing the commercial OLED and
QDLED displays. The high color purity, low turn-on voltage,
cost-effectiveness, and low energy consumption of the perovskite
NC-based LEDs make them promising candidates for next-
generation display technologies. In this review, we execute our
key attention toward the properties of metal halide perovskites,
the synthesis of perovskite NCs, and their recent progress in
WLED applications as a conversion layer.

CHARACTERISTICS OF METAL-HALIDE
PEROVSKITES

Crystal Structure

Metal-halide perovskites have a distinctive crystal structure
having the chemical formula in the form of AMX; [A: organic
or inorganic cations (MA = CH3;NH;, FA = CH(NH,),, Cs, Rb);
M: divalent metal cations (Pb, Sn); and X: halide anions (Cl, Br,
I)] (Veldhuis et al., 2016; Kovalenko et al., 2017; Li et al., 2017;
Akkerman et al,, 2018; Yan et al.,, 2019; Li et al., 2020). They can
be distinguished into two groups of materials depending on the
type of the cations. If the A-site cation involves organic cations

(i.e., MA or FA or both), then the perovskite structure belongs to
the group of organometallic metal-halide perovskites. On the
other hand, if the A-site cation consists of Cs, Rb-cations, then the
system is considered all-inorganic metal-halide perovskites. In a
three-dimensional (3-D) perovskite unit cell, the A-cations are
situated at the eight corners of a [MXg]* octahedra, the
M-cations are located at the body centers, and six numbers of
X-anions are placed at the face centers (see Figures 2A,B). The
structure of perovskite materials mostly depends on the size of the
A-site cation. The larger A-site cations do not fit inside the space
and lead to the formation of lower-dimensional perovskite crystal
structures. In the case of two-dimensional (2-D) perovskites
(A,MX,), the longer cations are located at the A-site positions,
and each [MX¢]* -octahedron is connected with four neighboring
halide anions, which create a 2-D layered network structure as
shown in Figure 2C. In the case of one-dimensional (1-D)
perovskites (A’AMXs), each octahedron is attached with two
opposite corners, which form a series of parallel infinite chains
(see Figure 2D). In the case of zero-dimensional (0-D)
perovskites (A;MXg), each octahedron is separated by four
A-site cations, which behave like an isolated molecule (see
Figure 2E).

Defect Tolerance and Energy Diagram
Goldschmidt’s tolerance factor is defined as ¢ = %, where
ra, T, and rx are the radius of respective ions in the AMX;
formula, which hints at the formation of respective well-defined
perovskite structures (Veldhuis et al., 2016; Kovalenko et al.,
2017; Li et al., 2017; Akkerman et al., 2018; Yan et al., 2019; Li

et al., 2020). For instance, the majority of the 3-D lead iodide
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FIGURE 4 | (A) Quantum confinement effect in size tunable NCs, schematic representation of colloidal synthesis processes of perovskite NCs by (B) hot injection,
(C) LARP, and (D) schematic diagram showing attachment of different ligands to a perovskite NC surface.
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perovskite materials have ¢ values ranging between 0.8 < ¢ < 1.0,
which confirms the ideal cubic structure and possesses the most
stable phase (see Figure 3A). If the ¢ value is not in this range, then
the crystal structure transforms into different crystal phases or
forms lower-dimensional perovskites. The perovskite material,
which has a ¢ value that lies at the edge of the range 0.8-1.0, such
as FAPbI; (¢~ 1) and CsPbl; (¢~ 0.8), can easily undergo a phase
transition. Hence, the FAPbI; and CsPbl; cubic crystal structures
transform to comparatively stable hexagonal and orthorhombic
phases, respectively, at room temperature, which is referred to as
yellow phases (see Figures 3B,C). The crystal stability of the
perovskites can be enhanced by adjusting the ¢ value close to 0.9.
The perovskite structure is also restrained by the octahedral factor
(4), which is defined as y = L. It describes the stability of the
[MX,]*-octahedra which ranges from 0.442 to 0.895.

The energy level diagram of lead halide perovskites is
dependent on the M-site and X-site ions. From a theoretical
point of view, the energy of the emitted photon from perovskite
materials can be relatable to the energy difference between the
conduction band minimum and the valence band maximum. The
valence band for lead halide perovskites is formed by the np
orbitals of the X ions and the 6s orbitals of the Pb ions, whereas
the conduction band is mainly determined by the Pb-6p orbitals
with a minor contribution from the np orbitals of the X ions as
shown in Figure 3D (Sum and Mathews, 2014). Henceforth, the
absence of bonding-antibonding interaction between these
conduction bands and valence bands (VB) results in a high
defect tolerance. Thus, the maximum number of defect states

lies within the valance or conduction bands instead of in between
the bandgap. It has been observed an abrupt change in the
bandgap energy with halide substitution in MAPbX;
perovskites, which are 2.97, 2.24, and 1.53 eV for MAPbCl;,
MAPbBr;, and MAPDI;, respectively, with slight change in the
jonic radii of Clions (1.81 A), Brions (1.96 A), and Iions (2.20 A)
(Sum and Mathews, 2014; Correa-Baena et al.,, 2017). On the
other hand, the bandgap energy of the APbI; perovskites changes
very slightly with an exchange in A-site cations [MAPbI;
(1.55eV) > CsPbl; (1.5eV) > FAPDI; (1.45eV)], even though
the ionic radii of the A-site cation change immensely in the range
of 1.8-2.5 A (Sum and Mathews, 2014; Correa-Baena et al., 2017).

INTRODUCTION TO NCS

NC:s consist of about hundreds to thousands of atoms on the scale
of 1-100nm whose properties are similar to neither the
individual atom nor those of the bulk materials (Roduner,
2006; Burda et al., 2005). If the size of NCs is less than the
exciton Bohr radius then the energy levels of NCs split to each
other due to the quantum size confinement effect and such NCs
are defined as quantum dots (QDs). The charge carriers are
spatially confined inside the QDs. The photophysical qualities
immensely rely on size and shape of the QDs as shown in
Figure 4A. A bulk solid contains very few numbers of surface
atoms; as a result, broken chemical bonds have a minimal effect
on the material properties. However, the smaller the NCs become,
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FIGURE 5 | (A) PL spectra of different halide perovskite NCs (Inset: photograph of the corresponding NCs in solution form under a UV lamp). (B) Absorption, PL
spectra, and (C) TEM image of all inorganic CsPbX3 perovskite NCs. (D) Schematic diagram of a core@shell NC structure. (A,B) are reproduced with permission from
Protesescu et al. (2015). Copyright 2015, American Chemical Society. (C) is reproduced with permission from Chen et al. (2021a). Copyright 2021, Elsevier B.V. 3.1.2.
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the more number of surface atoms combinedly affects the optical
qualities of the NCs (Boles et al., 2016; Kazes et al., 2021). Size-
dependent emission tunability, high intensity of emission, and
narrow emission spectrum allow them to explore considerably in
the fields of LEDs, solar cells, lasing, photodetectors, etc.
(Shirasaki et al., 2013; Kramer and Sargent, 2014; Garcia de
Arquer et al.,, 2017; Liu et al., 2021).

Synthesis of Metal Halide Perovskite NCs

Various efforts have been made to develop dependable synthetic
strategies for the preparation of high-yielding metal halide
perovskite NCs by controlling their shape, restricting their size
to nano-range and their optical properties (Kovalenko et al., 2017;
Li et al,, 2017; Akkerman et al.,, 2018; Yan et al., 2019; Li et al,,
2020). These approaches can be classified either as top-down or as
bottom-up methods. The top-down approach defines the
fragmentation and structuring of macroscopic solids through a
mechanical or chemical approach. At the same time, the bottom-
up approach starts with molecules and ions, which proceed via
liquid or vapor phase chemical reactions. It is observed that the
liquid phase chemical reaction is the best way for synthesizing
metal halide perovskite NCs. The two most developed liquid
phase synthesis methods of colloidal metal halide perovskite NCs
are hot-injection and ligand-assisted reprecipitation (LARP)
methods. The hot-injection method requires an inert
atmosphere and a high working temperature which makes NC
synthesis costly and hence limits its mass production. However,

the perovskite NCs can also be synthesized at room temperature
via the LARP method that can be employed as the most cost-
effective way to grow high-quality perovskite NCs.

Hot Injection Synthesis Strategy

Hot injection synthesis is a strategy where generally the precursor
solution is rapidly injected into a hot solution. The hot solution
consists of a high boiling solvent containing MX, halide
precursors and ligands (see Figure 4B). (Li et al, 2017;
Kovalenko et al., 2017; Akkerman et al., 2018; Yan et al., 2019;
Lietal., 2020) This method is generally used for synthesizing NCs
that exhibit a narrow size distribution, separating the nucleation
and growth stages. Immediately after the injection, a rapid
nucleation bursts resulting in the formation of small nuclei.
Furthermore, due to the rapid depletion of monomers, the
nucleation stage terminates and the nuclei starts growing over
time and eventually forming NCs with narrow size distribution.
The first report on metal halide perovskite synthesis via the hot-
injection method was reported in 2015 by Protesescu et al. for the
colloidal synthesis of CsPbX; NCs (Protesescu et al., 2015). The
NCs were synthesized by injecting the Cs-oleate precursor into a
hot solution of PbX, (X = Cl, Br, I) salts at 140-200°C, which were
dissolved in octadecene (ODE) along with carboxylic acids and
primary amines. The absorption and PL spectra of the resulting
NCs are given in Figures 5A,B. The NCs are cubic in shape as
shown in Figure 5C. It was observed that monodisperse NCs
depend on equal ratios of acids and amines and the size can be
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adjusted by simply changing the reaction temperature. Mixed-
halide perovskite NCs can also be easily synthesized by merely
changing chemical proportions of the halide salts (Akkerman
etal, 2015; Nedelcu et al., 2015). PL emission of the resulting NCs
could be finely adjusted across the entire visible spectrum
(410-700 nm) by varying the halide composition and tuning
the size of the NCs. Consequently, the hot-injection method
was extended to FAPbX; (X = Br, I) NC systems by replacing Cs-
oleate with formamidinium-oleate (Protesescu et al., 2016). In
view of this, with passing years, different organic and inorganic
metal halide perovskites have been synthesized by this method
with control over size and shape of resulting NCs by varying the
reaction time, ligands, temperature, and precursor concentrations
(Pan et al, 2016; Sun et al., 2016).

LARP Synthesis Method

LARP is merely a simple process compared with the hot-injection
method, which consists of dissolving the respective ions in a good
solvent up to a certain equilibrium concentration and then
transferring the solution into a state of nonequilibrium,
i.e., supersaturation (see Figure 4C) (Kovalenko et al., 2017; Li
etal., 2017; Akkerman et al., 2018; Yan et al., 2019; Li et al., 2020).
The supersaturated state can be raised by varying the
temperature, i.e., cooling down the solution, by evaporating
the solvent, or by adding a miscible cosolvent in which the
solubility of the ions is low. Under these conditions,
spontaneous precipitation and re-crystallization reactions
occur until the system reaches an equilibrium state. If this
procedure is implemented along with ligands, then this
process is referred to as LARP method. The desired organic or
inorganic salts (MAX, CsX, or PbX,) are dissolved in suitable
polar  solvents, ie., dimethylformamide (DMF) or
dimethylsulfoxide (DMSO), and then the precursor solution is
injected in poor solvents such as toluene, hexane, or octane, along
with suitable ligands or any other capping reagents. When the
precursor solution is injected into the poor solvent, the mixture
results in a supersaturation instantly, inducing the growth and
nucleation of perovskite NCs. It is to be noted that the LARP
procedure can be implemented under normal atmospheric
conditions by using simple chemical equipment and can be
easily multiplied, which allows production of metal halide
perovskite NCs on a large scale. Also, these NCs are well
distributed and possess a narrow size distribution. The first
report on the LARP synthesis of organic-inorganic MAPbBr;
NCs was presented by Schmidt et al; the perovskite precursor
salts were mixed in DMF and injected dropwise in toluene. It
formed moderately luminescent green NCs with sizes 6 nm
(Schmidt et al.,, 2014). Later, various color-tunable and highly
luminescent perovskite NCs were synthesized via the LARP
method (Kovalenko et al., 2017; Li et al., 2017; Akkerman
et al.,, 2018; Yan et al., 2019; Li et al., 2020).

Stability Issues in Metal Halide Perovskites
The instability of metal halide perovskites remains a major issue
that needs to be tackled soon because the perovskite structures
readily undergo chemical degradation, resulting in optical losses
(Park and Seok, 2019; Zhao and Park, 2015; Zhou and Zhao,

Perovskite Nanocrystals Color-Converting WLEDs

2019). They degrade very easily due to their ionic nature. These
perovskite crystals suffer from chemical instability against
moisture, oxygen, and polar solvents. The attachment of
ligands on the surface of NCs is not very strong. They can
detach effortlessly, which results in agglomeration of NCs via
an oriented attachment process (Baranov et al., 2021; Bhaumik,
2019). This leads to transformation into larger crystals and losses
of NC properties in the nanometer regime. Also, mixing different
compositions of perovskite NCs leads to an anion-exchange
process, resulting in the shifting in the PL emission,
deteriorating their initial optical stability. Recently, various
research progress has been achieved to improve the NC
stability through compositional engineering, development of
the 2-D structures interlinked by long-chain organic molecules
(see Figure 4D) (Kamat et al., 2020; Ahmed et al., 2021; Kar et al.,
2021). An encapsulating shell over the perovskite NCs is a
suitable approach to improve the stability from the harsh
external atmosphere and enrich the core’s optical properties.

Encapsulation of Perovskite NCs With
Different Shelling Materials

The term encapsulation is usually referring to coating of a
protective layer around the NCs during or after the synthesis.
The aim is to achieve homogenous dispersion of emitting NCs
into a single or a matrix of protective shell to reduce
agglomeration and quenching of PL. Many approaches have
been made by coating the perovskite NC core with some
acceptable coating materials such as various metal oxides,
metal-halide perovskite, metal organic framework, polymer
(see Figure 5D).

Zheng and his coworkers synthesized silica-encapsulated
MAPbBr;. They prepared PbBr,, MABr, and APTES
precursors mixed in DMF which were injected into toluene.
Silica-coated MAPbBr; NCs were synthesized, followed by the
hydrolysis and condensation of tetraethyl orthosilicate (TEOS),
forming a silica coating. The PL peak with quantum yield 60.3%
was obtained at 523 nm (Zeng et al, 2018). Yang and his
coworkers reported an approach in which they used
aminopropyl trimethoxy silane (APTMS) in place of
aminopropyl triethoxy silane (APTES) to form orthorhombic
MAPbBr;@SiO, (Yang et al., 2018). The orthorhombic phase of
NCs was stable after silica encapsulation and was highly
luminescent. The PL emission peak was obtained at 527 nm
and a QY of 78%. The shape of the NCs was spherical with
an average diameter of 2.8 nm. Other than silica, titanium oxide
(TiO,) has also been used as an oxide material to encapsulate on
the surface of CsPbBr; NCs (Li et al., 2018). According to the
analysis they observed a decrease in PL intensity due to the type-II
band alignment of these core@shell NCs than that of normal
CsPbBr; NCs. CsPbBr;@TiO, NCs had an orthorhombic phase
and exhibited PL peak at 520 nm. The NCs were stable for
12 weeks in aqueous media, demonstrating high water stability
of these core@shell NCs.

Bhaumik and his coworkers reported a unique approach for
synthesizing MAPbBr; core and octylammonium lead bromide
(OA),PbBr, shell NCs (Bhaumik et al., 2016). The molar ratios of
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MABr and OABr were varied to obtain different thicknesses of
shell layer around the core. The pure MAPbBr; NCs showed an
absorption peak at 513 nm and a PL peak at 521 nm with a QY of
84%. With an increase in the concentration of OABr, additional
peaks were seen at lower wavelength in the absorption spectra.
The PL emission peaks were also shifted toward the lower
wavelength side, confirming the presence of a layered
perovskite structure over the surface of core. The 8:2 M ratio
of MABr and OABr gave the best QY of 92% with impressive
stability for above 2months under a normal atmospheric
condition. The average size of NCs observed from the TEM
images was in the range of 5-12 nm. Novel CsPbBr;@CsPbBr,
core@shell NCs were synthesized via the hot-injection method
(Wang et al., 2018b). The size of NCs was obtained as 6 nm, while
the size of core was 2 nm. The NCs showed an emission peak at
463 nm with QY of 84%, which was much higher than the pure
CsPbBr; NCs (QY~ 54%). The protective amorphous CsPbBry
shell helps the excited charge carriers to accumulate inside the
core and improve the NC luminescence intensity. This shell also
protects from direct contact with harmful atmospheric oxygen
and water molecules that degrade the perovskite structure.
Another report of CsPbX;@Cs,PbXs core@shell NCs was
synthesized via the hot-injection method (Jia et al., 2018). The
core NCs were cubic in shape with an edge width of 7.2 nm.
However, with Cs,PbBrg shelling, the width of the core@shell
NCs increased. The PL peak was obtained at 516 nm with a QY of
96.2% compared with the QY 84.4% of core NCs.

Besides metal oxides and perovskite shells, MOFs are another
suitable shelling material for perovskite NCs forming composites
since they have a very high surface area. Kong and his coworkers
synthesized CsPbBr;@Zerolite imidazole = framework
photocatalyst, which then showed enhanced CO, reduction
compared with normal CsPbBr; (Kong et al., 2018).

Coating NCs with suitable polymers is another way of
increasing material stability. For the effective passivation of the
NC surface, the preferred polymer can be introduced at the
synthesis stage or post synthesis eventually forming a polymer
shell or a matrix around the NCs. The selectivity of the polymer is
generally based on the final material’s specific advantages, which
leads to flexibility, hydrophobicity, or biocompatibility. Raja et al.
reported that the poly(styrene-ethylene-butylene-styrene) (SEBS)
was mixed with NCs (CsPbBr3), which significantly improved the
water stability for nearly 4 months (Raja et al.,, 2016). Also, the
samples showed more than 200 times less Pb atoms than the one
that contained unprotected NCs. They also studied the
interaction of poly(lauryl methacrylate) (PLMA) with these
NCs. The composites were highly stable in an ambient
environment and partially soluble in an aqueous medium.
Huang and his coworkers reported CsPb(Cl/Br); NCs
dispersed with ethyl-cellulose, spin-coated onto optical glass
(Huang et al.,, 2019). The stability of the NCs was more than
5 days under environmental conditions. Wang and his coworkers
coated MAPbBr; NCs with various polymers such as polymethyl
methacrylate (PMMA), polyvinyl chloride (PVC), cellulose
acetate, acetonitrile butadiene styrene (ABS), polycarbonate
(PC), and polystyrene (PS) and studied their optical properties
under different conditions (Wang et al., 2016). The polymer-
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coated film was prepared by the swelling and de-swelling
technique, which enables polymer dissolution in suitable
solvents. During the evaporation process, shrinkage in
polymers occurs, forming a strong binding on the NC layer.
Then the water stability of the films in the above-discussed
polymer matrices was performed. A slight decrease in QY was
observed after boiling the polycarbonate and polystyrene-coated
films for 30 min. In addition, polycarbonate films can withstand
up to 180°C exhibiting a high thermal stability. Zhang et al.
synthesized NCs in micro-hemispheres of polystyrene matrix
(Zhang et al., 2017). The polymer PVP was added to perovskite
precursors to passivate the surface and further the PVP-
passivated NC solution was injected into the PS solution.
Owing to the interfacial tension, PS molecules aggregate into
spherical micelles with NCs trapped inside them. The spherical
micelles form micro-hemispheres when the resulting solution is
dropped onto a quartz substrate under the effect of gravity.

KEY PARAMETERS OF WLEDS

The major parameters for the characterization of LED to be
considered when developing luminescent materials for WLEDs
are CCT, CRI, LE, and CIE 1931 (x,y) color space.

CCT is meant to identify the color temperature of any light
source (Wood and Bulovi¢, 2010). Ideally, a pure white light
source should have a CCT value between 2500 and 6500 K. Light
sources with CCT values above 5000 K represent bluish-white
light sources, whereas temperatures below 4000K signify
yellowish light sources (i.e., incandescent lamps). However, it
is difficult to represent a complex spectral distribution of a light
source with a simple CCT number. Therefore, many other
parameters are used to define the quality of any light source.
CRI is represented as a quantitative measure of a light source to
reveal the colors in comparison with natural or standard light
sources (Wood and Bulovi¢, 2010). It is measured on a scale of
0-100, where 100 is known as the illumination of a standard light
source where daylight and incandescent bulbs are used as typical
reference sources. When the CRI value is low, the colors are
somewhat saturated (with pale aspect) or too saturated (with
vivid appearance). The CRI value for white light is considered to
be 80 (Nardelli et al., 2017).

The CIE maps the color of a light source in terms of hue and
saturation (Wood and Bulovi¢, 2010). The boundary of the CIE
color diagram can be identified by the different saturated hues
perceived by the human eye in wavelength range from 380 to
780 nm. The color purity defines the closeness to the boundary of
the CIE diagram. The color gamut can be enabled by a display
with a triangle where red, green, and blue (RGB) pixels define the
color coordinates of the individual pixels. The triangle of RGB-
NCs is larger than the International Telecommunication Union
HDTYV standard, highlighting the advantage of NC emitters. The
CIE color coordinates for WLED must have lied close to the value
of (0.33, 0.33) (Wood and Bulovi¢, 2010). LE is defined as a
measurement of brightness based on a standardized model of the
human eye’s sensitivity, which can be measured by the ratio of
luminous flux to input power (Lumens/Watt in SI unit). High LE
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requires high light extraction from an LED package which should
be in between 20 and 60 Lumens/Watt for an efficient WLED.
The antisenility of phosphors and epoxy can directly influence the
lifespan of WLED:s.

UTILIZATION OF METAL HALIDE
PEROVSKITES IN WLED APPLICATIONS

Blue LED + Red/Yellow Phosphor + Metal

Halide Perovskite NCs

In WLED applications based on red/yellow phosphor, the
generation of white light generally has low color-rendering
index as the spectrum has less green/red components,
respectively. Henceforth, red and green halide perovskite NCs
can improve the color-rendering index and reduce the color
temperature values by placing them onto a phosphor-
converted WLED.

In the context of this, Xu and his coworkers reported the
synthesis of CsPbBr; NCs via the hot-injection method, where
olive oil was used in the place of oleic acid as a surfactant (Xu
et al, 2019). QY was achieved up to 93%. The WLED was
fabricated by mixing the CsPbBr; NCs with K,SiFg:Mn**
phosphors that were blended with silicone resin A and silicone
resin B in the ratio of 1:1 and then sintering at 120°C for 30 min.
Finally, the mixture was directly coated onto a blue LED chip
(453 nm). Under an operating voltage of 3V, the WLED
exhibited a high CRI of 85, an LE of 46 Lumens/Watt, a CIE
of (0.34, 0.31), a CCT of 4754 K, and a color gamut of 118% of
NTSC standard. Xuan and his coworkers reported the synthesis
of CsPbBr; nano-crystals synthesized via hot injection and then
embedded into super-hydrophobic porous organic polymer
frameworks (CsPbBr;@SHFW) (Xuan et al, 2019). The
composites exhibited a QY of 60% and showed better water
stability due to super hydrophobicity. The respective WLED was
fabricated by encapsulating a mixture of CsPbBr;@SHFW
composites, KSF phosphors, and silicone resin onto a blue
InGaN LED (447 nm). It exhibited a high LE of 50 Lumens/
Watt at a driving current of 20 mA. The corresponding EL
spectrum consisted of three emissions peaks centered at
447 nm, 525 nm, and 630 nm. The WLED showed a CIE value
of (0.329, 0.305) and a color gamut of 127% of NTSC standards.

Furthermore, Chen and his coworkers reported the synthesis
of CsPbX; NCs by using peanut oil as a ligand source (Chen et al.,
2019). QY of the NCs was obtained as high as 96.9%. First, the
green-emitting CsPbBr; PNCs, red-emitting (Sr, Ca) AISiN3:Eu**
phosphors, and epoxy resin were mixed. This mixture was then
coated on a GaN blue LED chip to complete the fabrication of a
WLED. The WLED exhibited a white light emission which
showed a CIE value of (0.4050, 0.3985), a CRI value of 81.1,
and a CCT value of 3529 K. Xu and his coworkers prepared
CsPbX; NCs via a hot injection method. They studied the phase
transition from monoclinic to cubic CsPbX; NCs, which helped
to understand the growth and synthetic kinetics of these NCs
better (Xu et al, 2020). The obtained QY was 99.8%. They
fabricated a WLED by combining green-emitting NCs with
red-emitting KSF phosphors with silicone resin. The anhydride
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curing agent in the ratio of (1:2) was coated onto a blue LED
(453 nm) and then thermally cured at 120°C for 2 h. The WLED
showed the CIE value of (0.389, 0.376) at a driving current of
20 mA with a wide color gamut of 123% compared with NTSC
standards. Furthermore, Li et al. synthesized and encapsulated
porous Y,O3 nanoparticles (P-Y,03) on CsPbBrl, PNCs using a
porous-nanoparticle-assisted dispersion strategy (Li et al., 2022).
The corresponding WLED device was fabricated by combining
the as-prepared CsPbBrl,/Y,05 composite and YAG: Ce’" yellow
phosphor on an InGaN blue chip (460 nm). The fabricated
WLED provided white light emission at a driving current of
5mA. Two discrete peaks were observed for composite-based
LED in the blue and green-to-red regions. The EL spectra of the
WLEDs are shown in Figure 6A. As a result, the CIE value of the
fabricated WLED was (0.339, 0.354) with a CCT value of 5049 K
(see Figure 6C). The LE of the as-prepared WLED was obtained
at 61 Lumens/Watt with a CRI of 83. Besides the 3-D perovskites,
Fang et al,, in 2021, reported a 2-D layered perovskite with high
quantum yields and enhanced stability. They synthesized Mn-
doped PEA,(Pb/Mn)(Br/I); PNCs by anion exchange surface
engineering. They achieved a QY of 52%, which was
comparable to most of the reported red-emitting phosphors
(Fang et al, 2021). They fabricated a WLED by using
commercial (Sr, Ba),SiO:Eu phosphor and PEA,(Pb/Mn)(Br/
I)4. The mixture was then dispersed in PMMA/toluene solution
and coated onto a quartz glass. These color converters were finally
incorporated onto a blue LED (440 nm) chip. The corresponding
WLED had a white light emission (see Figure 6B) with a CIE
value obtained at (0.34, 0.33).

Later, Shu et al. incorporated CsPbX; PNCs in an aluminum
stearate (AlSt;) matrix via the co-precipitation approach (Shu
etal,, 2021). AlSt; used as a hydrophobic shell to protect CsPbBr;
PNCs from the environment. These shells passivate the PNC
surface via the coordination bonding formed between St-Cs and
St-Pb and bonding between the AI>* and Br~ions. They fabricated
a WLED combining CsPbBr;@AlSt; composites on a N620
phosphors. Epoxy was deposited on a blue-emitting InGaN
chip. As a result, the device obtained bright white light with a
CRI (R,) of 90, a CCT (Tc) of 4929 K, and a CIE of (0.34, 0.32)
(see Figure 6E). The crafted WLED possessed excellent R,
compared with commercially used WLEDs with low R, (<80).
Furthermore, there was no significant change in R, and Tc after
continuous operation of 24 h. Renjie Chen et al. synthesized
CsPbBr; NCs and doped them with zinc ions to improve their
optical properties and stability due to the enhancement in the
formation of energy and surface passivation (Chen et al., 2021a).
The doped NCs were synthesized via the hot-injection method
achieving a QY of 91.3%. The respective WLED was fabricated by
combining the Zn-doped CsPbBr; NCs and K,SiFg:Mn®*
phosphors onto a blue LED chip exhibiting LE of 36 Lumens/
Watt (see Figure 6D) with a CIE value obtained at (0.327, 0.336),
as shown in Figure 6F. A CCT value of 5760 K and a wide color
gamut of 137% of the NTSC standard were obtained.

Li and his coworkers reported the room-temperature synthesis
of silica-coated di-dodecyl dimethylammonium bromide
(DDAB)-capped CsPbBr; NCs (Li et al.,, 2021b). The DDAB-
coated CsPbBr; encapsulated by SiO, NC composites exhibited
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FIGURE 6 | (A) EL spectrum of CsPbBrl,/Y,03 composite-based WLED. (B) EL spectra of WLED based on (Sr,Ba),SiO4:Eu phosphor and PEA,(Po/Mn)([Br/l),.
(Inset of a and b is the photograph of WLED under the external bias.) (C) CIE coordinates of CsPbBrl./Y>03 composite-based WLED. (D) EL spectrum based on Zn-
doped CsPbBrz; NCs, KSF phosphors, and a blue LED chip (the inset photograph shows the WLED under working condition). (E) EL spectra of WLED fabricated by
depositing the mixture of CsPbBrs-AlSts composites and nitrate phosphors. (F) The color coordinate and the color gamut of as-fabricated WLED based on Zn-
doped CsPbBrs NCs, KSF phosphors, and a blue LED chip. (A,C) are reproduced with permission from Li et al. (2022). Copyright 2021, Elsevier Ltd. (B) It is reproduced
with permission from Fang et al. (2021). Copyright 2021, Elsevier B.V. (D,F) These are reproduced with permission from Chen et al. (2021a). Copyright 2021, Elsevier
B.V. (E) It is reproduced with permission from Shu et al. (2021). Copyright 2021, Elsevier B.V.
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an improved QY and a higher stability in ethanol and heat than
that of pure CsPbBr; and DDAB-capped CsPbBr; (see
Figure 7A). As a result, the WLED was fabricated by
depositing green DDAB-capped CsPbBr; encapsulated by SiO,
NC composites and red InAgZnS NCs as a color-conversion layer
on a blue LED for warm white WLEDs. Figures 8A-C show the
PL spectra of WLEDs based on DDAB-capped CsPbBr;, DDAB-
capped CsPbBr; encapsulated by SiO, NCs, and pure CsPbBr; at
a voltage of 2.6 V, respectively. The PL intensities of DDAB-
capped CsPbBr; and DDAB-capped CsPbBr; encapsulated by
SiO, were more than the pure CsPbBr;, for which there was a shift
in color coordinates toward green, resulting in a better CRI of 86,
a CIE value of (0. 41, 0.38) of DDAB-CsPbBr3/SiO, composites.
The CCT value of 3209 K and a high-power efficiency of 63.4
Lumens/Watt at a driving voltage of 3V for DDAB-CsPbBr;/
SiO, composites, while those based on DDAB-CsPbBr; showed a
low CRI of 73.

Yan et al. reported ligand-modified CsPbBr; NCs where they
used 2-hexyldecanoic acid (DA) so as to replace the normal oleic
acid (OA) (Li et al,, 2021a; Dongdong et al., 2022). Furthermore,
two WLEDs were constructed by combining the ligand-modified
CsPbBr; NCs (OA/DA) with AgInZnS NCs on InGaN blue chip.
The EL spectra of OA-capped CsPbBr; and DA-capped CsPbBr;

are shown in Figures 8D,E (the inset images show the cold white
and warm white LED of OA and DA-capped CsPbBr;). The DA-
capped CsPbBr; showed the CIE of (0.44, 0.42), a high CRI of 93,
and an LE of 64.8 Lumens/Watt. A comparative study of both
CRI and CCT values of all the composites from Figures 8 A-E is
shown in Figure 8F. This comparative study provides a clear
understanding between DDAB-capped CsPbBr; and OA/DA-
capped CsPbBr;-fabricated white LED from pure CsPbBrs;. It is
being noticed that a high CRI value (93) and a lower CCT value
(3018 K) were obtained for DA-capped CsPbBr;. Later, Shen et al.
reported a WLED based on a cyan-emitting (trimethylsilyl)
methylamine (TmMA)-modified (MA),(DMA)PbBr;,, lower-
dimensional perovskite with cyan emission (Shen et al,, 2021).
They achieved a QY up to ~87.8%. The WLEDs were fabricated
with the commercial YAG: Ce phosphor, CaAlSiN;:Eu** red
phosphors, and cyan-emitting perovskite applied onto a blue
LED InGaN chip. The WLED exhibited white light emission with
a CIE value at (0.31, 0.34) with a CCT value of 6677 K. The CRI
value was 81.7 of TmMA-modified cyan-emitting perovskite
nano-crystals, much higher than the conventional WLEDs,
i.e, without the TmMA-modified perovskite material (CRI~
73.1) as shown in Figure 7B. The WLED also exhibited an
internal quantum efficiency (IQE) of nearly 68.5%.
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In addition to the previous reports, Zhao et al. synthesized
MAPbBr; PNCs and encapsulated them with hexagonal boron
nitride (h-BN) to form h-BN/MAPDbBr; PNC nanocomposites by
the LARP approach (Zhao et al, 2022). Due to the excellent
thermal conductivity and the layered structure of the h-BN
material, the nanocomposite powder exhibits excellent thermal
and moisture stability with a QY of 93.7%. As a result, the
fabricated WLEDs with h-BN/MAPbBr; PNC nanocomposite,
a commercial red phosphor, and a blue phosphor possessed CIE
value of (0.35, 0.34), a CCT value of 4742 K, and 63.1 Lumens/
Watt LE at a driving current of 20 mA. The color gamut of the
fabricated WLED was 99.8% of the NTSC standard. The CRI
value was found to be 75.

Tang et al. proposed a one-pot anchoring process in which
they synthesized MAPbBrsl, 5 NCs and formed a composite
with YAG:Ce (Tang et al., 2022). They have prepared four kinds
of MAPbBrysl,5 PNC@A-YAG composite by changing the
amount of A-YAG and without A-YAG named CI1, C2, C3,
and C4, respectively. A WLED was fabricated by combining
InGaN chip and A-YAG combined NC composite. Figure 7C
represents the EL intensities of both YAG and PNCs increased
with current from 20 to 300 mA, indicating that C1 composite
exhibited no saturation. The CRI of 92, CCT of 4755 K, and a high

R9 of 95 at an operational current of 20 mA were obtained (see
Figure 7D). The CIE coordinates for the WLED were obtained at
(0.34, 0.32), and an LE was obtained at 23.5 Lumens/Watt. They
also performed the color stability against increasing current and
concluded no saturation to the blue light within a wide range of
working currents. All the optical properties, including CRI, CCT,
and LE of the fabricated WLEDs, were observed. From YAG
composite to C1-C4 composites, the CRI value was higher, and
CCT was lower. But there was a decrease in LE for enhanced red
emission. They also noticed that the R9 value corresponds to the
CRI of saturated red, which had vital importance in producing
warm white light. It was greatly enhanced from -3.5 for YAG to
95 for C1 composite (see Figure 7E).

In 2022, Qi et al. reported a unique approach for synthesizing
CsPbl; PNCs in the borosilicate glass by melting-quenching and
heat treatment (Qi et al., 2022). The corresponding WLED was
fabricated by combining red CsPbl; PNC@glass and green
commercial phosphor (LuAG: Ce) onto a blue LED chip. They
adjusted the ratio of LuAG and red CsPbl; PNC@glass powder to
contribute to bright white-light luminescence. The WLED vyielded
a CRI of 95, a CCT of 5755K, and an LE of 95 Lumens/Watt
under a driving current of 20 mA. With respect to the previous
ones, the silica coating upon the NCs was reported by Zhihao
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from Dongdong et al. (2022). Copyright 2022, OEA.

Chen et al. They synthesized CsPbX; by APTMS as ligands at
room temperature (Chen et al, 2021b). The CsPbBr; was
synthesized by the hot-injection method with a QY of 69.2%.
They fabricated a white LED by combining the green CsPbBr;
NCs and commercial red K,SiFs:Mn** phosphor with a blue LED
chip (455 nm). The fabricated WLED emitted white light with
CIE coordinates obtained at (0.3142, 0.3448) operated at 60 mA
as shown in Figure 7F and an LE of 70.47 Lumens/Watt.
Moreover, the color gamut of this WLED covered over 129.4%
of the NTSC standard, suggesting that the prepared PNC solid
powders possess great potential for the wide color gamut display
application.

Similarly, Zhang et al. synthesized CsPbBr; NCs by
introducing a  double-terminal  ligand  4,4'-azobis(4-
cyanovalericacid) (CA) replacing oleic acid (OA) ligand at
room temperature. They achieved a QY of 72% (Zhang et al,
2021). The white LED device was fabricated by using green-
emitting CsPbBr;-CA, commercial red-emitting K,SiFg:Mn**
mixed with silicone resin B and silicone resin A with the ratio
of 1:1 onto a blue LED chip (460 nm) and sintered for 2 h at 120°C

in an oven. The device exhibited warm white light emission with
CIE coordinates obtained at (0.33, 0.33) with an LE of 18.9
Lumens/Watt and a CCT value of 5569 K under a driving
current of 20 mA and 2.6 V. A wide color gamut of more than
126% of NTSC standard was obtained from the WLED. In the
meantime, Du et al. synthesized CsPbBr;/CsPb,Br;@PbBr(OH)
nano/microspheres through a water-assisted process by varying
water content (Du et al., 2021). These microspheres had ultrahigh
stability, and by mixing green-emitting PNC@PbBr(OH) powder
and K,SiF&Mn*" (KSF) red phosphor on a 460-nm blue chip, a
WLED were fabricated, which had a high luminous efficacy of
101.27 Lumens/Watt at 10 mA and CIE value obtained at (0.32,
0.33). The summary of the fabricated WLEDs by using perovskite
NCs with blue chip and red/green phosphors is shown in Table 1.

Blue LED Chip + Metal Halide

Perovskite NCs

Apart from integrating red or green perovskite NCs into YAG:
Ce** based yellow phosphor and KSF phosphor-converted
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TABLE 1 | Chart for different parameters of WLEDs fabricated by embedding perovskite NCs and phosphors upon a blue LED chip.

S.I No Perovskite Synthesis CIE color CCT (K) CRI LE (Lumens/Watt) Color References
material method coordinates gamut
(compared
to NTSC)
1 Olive oil-capped CsPbBrg Hot-injection 0.34, 0.31 4754 85 46 118% Xu et al. (2019)
2 CsPbBrs@SHFW Hot-injection 0.329, 0.305 — — 50 127% Xuan et al. (2019)
3 Peanut oil-capped CsPbBrg LARP 0.4050, 0.3985 3529 81.1 — — Chen et al. (2019)
4 CsPbBrg Hot-injection 0.389, 0.376 — — — 123% Xu et al. (2020)
5 CsPbBrl,@P-Y,03 LARP 0.34, 0.35 5049 83 61 — Li et al. (2022)
6 PEAS(Pb/Mn) (Br/l)4 Hot-injection 0.34, 0.33 — — — — Fang et al. (2021)
7 CsPbBrz@AISt; LARP 0.34, 0.32 4929 90 — — Shu et al. (2021)
8 Zn-doped CsPbBra Hot-injection 0.327, 0.336 5760 — 36 137% Chen et al. (2021a)
9 DDAB-CsPbBrs/SiO, LARP 0.41, 0.38 3209 88 63.4 — Li X. et al. (2021)
10 DA-capped CsPbBr3 Hot-injection 0.44, 0.42 3018 93 64.8 — Dongdong et al. (2022)
11 (MA),(DMA)PbBr3,,@TmMA LARP 0.31, 0.34 6677 81.7 — — Shen et al. (2021)
12 h-BN/MAPbBr3 LARP 0.35, 0.34 4742 75 63.1 99.8% Zhao et al. (2022)
13 MAPDBBrg slo s@A-YAG One-pot anchoring 0.34, 0.32 4755 92 23.5 — Tang et al. (2022)
14 CsPbl;@ borosilicate glass Melt-quenching — 5755 95 95 — Qi et al. (2022)
15 CsPbBr;@SiO, Hot-injection 0.3142, 0.3448 — — 70 129.4% Chen et al. (2021b)
16 CA-capped CsPbBrg LARP 0.33, 0.33 5569 — 18.9 126% Zhang et al. (2021)
17 CsPbBrg/CsPb,Brs@PbBr (OH)  LARP 0.32, 0.33 — — 101.27 — Du et al. (2021)
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FIGURE 9 | (A) EL spectra of WLEDs obtained by covering a green CsPbBrs PQD glass sheet coated with red CsPb(Br/l)s PQD glass powder film on a blue InGaN
chip (Inset is the image and CIE of WLED). (B) Luminous efficiency of WLED based on CsPbBr;@SiO, and CsPbBrq ¢l2.4@SiO, NCs as a function of different driving
currents. Inset is the CRI and CCT of the WLED under different driving currents). (C) Working stability of the WLED at 5 mA current. (D) EL spectra of the WLED with
different driving currents. (Inset is the schematic device architecture of the WLED). (E) Photographs of CsPbXz@POE-based backlit LCDs (inset is LCDs with blue
chip). (F) Color gamut of the WLEDs obtained by covering a green CsPbBr; PQD glass sheet coated with red CsPb(Br/l)s PQD glasses powder film on a blue InGaN chip
inthe CIE 1931 color space. (A,F) are reproduced with permission from Yang et al. (2022). Copyright 2021, Elsevier Ltd. (B-D) are reproduced with permission from Gao
et al. (2021). Copyright 2020, Elsevier B.V. (E) is reproduced with permission from Mei et al. (2022). Copyright 2022, Elsevier B.V.
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TABLE 2 | Chart for different parameters of WLEDs fabricated by embedding green- and red-emitting perovskite NCs upon a blue LED chip.

S.INo Perovskite Synthesis CIE color CCT (K) CRI LE (Lumens/ Color References
material method coordinates Watt) gamut

(compared

to NTSC)
1 CsPbBrz and CsPbBrg glo 4@SiO» LARP 0.32, 0.33 5993-6588 90 65 — Gao et al. (2021)
2 CsPbBr,l and CsPbl;@MOF LARP 0.36, 0.32 - - 21 125% Cuan et al. (2021)
3 CsPbBrz and CsPb(Br/l);@ borosilicate Melt- 0.2994, 0.3132 — - 21 121.9% Yang et al. (2022)

glass quenching

4 CsPbBrz and CsPbBrl,@ POE Hot-injection 0.3389,0.3348 - — 15.72 117% Mei et al. (2022)

WLEDs, one can also replace these traditional phosphors with
perovskites such as green-emitting CsPbBr; or red-emitting
CsPbL,

Therefore, Gao et al. synthesized CsPbBr; NCs and assembled
them into silica shells to form CsPbBr;@SiO, nanocomposites
with a high QY of 87% (Gao et al.,, 2021). The introduction of
hydrophobic and multi-branched trioctylphosphine oxide
(TOPO), suppressed the rate of hydrolysis of tetraethoxysilane
(TEOS). As a result, the anion-exchange reaction among different
perovskite-NCs was completely inhibited. A WLED was
fabricated by combining CsPbBr;@SiO, NCs with
CsPbBry 4L, 4@SiO, NCs onto blue GaN chips. He obtained a
CIE at (0.32, 0.33) at 5 mA current. They also achieved a high CRI
0f 90 and an LE of 65 Lumens/Watt. The CCT displayed a tunable
range of 5993-6588 K with an injection current from 5 to 40 mA
(see Figures 9B,D). To further know about the device stability,
Figure 9C showed the EL spectra of this WLED before/after a
continuous working period of 10 h at 5 mA. No change was seen
for the two EL spectra. Similarly, Cuan and his coworkers used a
hierarchically porous metal-organic framework grown in situ on
CsPbX; perovskite NCs (Cuan et al., 2021). Hierarchically porous
MOF enables the impregnation of perovskite precursors in one
step and allows more facile diffusion of the reactants. By
integrating the green-emitting CsPbBr,J@eMOF and red-
emitting CsPbI;@MOF nanocomposites with a commercial
blue GaN LED chip, a WLED was fabricated, which exhibited
white light emission with CIE obtained at (0.36, 0.32). The
fabricated WLED demonstrated an LE of 21 Lumens/Watt.
They also measured the wide color gamut, which showed an
NTSC value of 125% and Rec. 2020 of 93% under a driving
current of 20 mA.

Next year, Yang et al. synthesized CsPbBrs;-embedded
borosilicate glass through melt quenching and in situ
crystallization using PbO instead of PbBr, as the lead source
(Yang et al., 2022). By adjusting the halogen element, they also
synthesized red CsPb(Br/I); and blue CsPb(Br/Cl); PNC glasses.
The WLED was fabricated by combining green CsPbBr; PNC
glass sheet coated with red CsPb(Br/I) PNC glasses powder film
on a blue InGaN chip. The WLED had a white light emission (EL
spectra are shown in Figure 9A) with CIE at (0.2994, 0.3132) (see
Figure 9F) with an LE of 21 Lumens/Watt. The device achieved a
wide color gamut of 121.9% NTSC standard and 91.1% Rec. 2020
standard in the CIE 1931 color space. Later, Mei et al. reported the
synthesis of green and red CsPbX; PNCs by encapsulating SiO,
and POE to protect them from moisture and heat stability (Mei

et al., 2022). They obtained CsPbBr; and CsPbBrl, PNCs by the
hot-injection method. Due to the excellent photoelectric
properties of POE-encapsulated PNCs, they fabricated a
WLED by combining CsPbBr;@POE and CsPbBrl,@POE
composite film with a blue chip. The LE of the fabricated
WLED was 15.72 Lumens/Watt with a CIE value of (0.3389,
0.3348). Besides this, the WLED showed a wide color gamut with
117% of the NTSC standard. Next, they demonstrated a liquid
crystal (LCD) display by combining green-emitting CsPbBr;@
POE and red-emitting CsPbBrl, @ POE composite films, as
shown in Figure 9E. The summary of all the parameters of
the fabricated WLEDs by using green- and red-emitting halide
perovskites with blue chip is shown in Table 2.

UV LED Chip + Metal Halide Perovskite NCs
To fabricate WLED by using a UV LED chip needs three main
colors, ie., blue, green, and red to be excited under UV
illumination. Here halide perovskites are major candidates to
be used as color conversion layers. These materials cover the
entire visible spectrum.

In this context, Zheng et al. reported Mn and Cu co-doping at a
different molar concentration to obtain CsPbCl;_,Br, NCs through
anion exchange by PbBr, at room temperature (Zheng et al., 2020).
In this work, they first synthesized Mn and Cu co-doped CsPbCls.
Then they mixed the NC solution with PbBr, precursor to obtain
Mn and Cu co-doped CsPbCl; ,Br,. The incorporation of Cu ions
in CsPbCl; reduced the defect states, resulting in an enhancement
in emission due to Mn doping. These Mn and Cu co-doped
CsPbCl; «Bry NCs show dual blue-orange emission with a QY
of 53% and green-emitting NCs, i.e., CsPbBr;@Cs,PbBrg core@
shell with a QY over 90% was used to fabricate a WLED. The
emission spectra of WLED fabricated by green CsPbBr;@Cs,PbBr,
core@shell and blue-orange co-doped CsPbCl; Bry NCs with the
molar ratio of Mn, Pb, and Cu (2/1/2) excited by a 395-nm InGaN
UV chip were obtained at 517, 450, and 600 nm, respectively. The
improved performance of the WLEDs was controlled by changing
the thickness of two emitting layers. The obtained WLED had CRI
85, LE 69%, and CCT 4872 K, and got a CIE value of WLED (0.346,
0.336) operated at a current of 10 mA. Also, they observed that an
increase in the intensity of Mn emission improves the CRI of
WLED:s. The stability of WLED was also checked with different
work times from 0 to 24 h. A significant decrease in emission was
observed, which was because WLED was not encapsulated. But it
was noted that the emission of dual emitting blue-orange Mn and
Cu co-doped CsPbCl; (Br, NCs decreases comparatively slower
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FIGURE 10 | EL spectra of LEDs fabricated from (A) CsPbCl,Bri@AG, (B) CsPbBrs@AG, and (C) CsPbBr4l,@AG composites. (Insets: photographic images of
corresponding blue, green, and red LED respectively). EL spectra of a constructed WLED based on PNC-encapsulated SiO./PMMA operated at (D) different time
intervals and (E) different driving currents. (F) CIE chromaticity coordinates, and color gamut of different LEDs fabricated from CsPbCl.Bri@AG, CsPbBrs@AG, and
CsPbBr41,@AG composites excited by GaN blue chip. (A=C,F) are reproduced with permission from Chen et al. (2022). Copyright 2021, Elsevier B.V. (D,E) are
reproduced with permission from Naresh et al. (2021). Copyright 2020, Springer-Verlag GmbH.

than green-emitting undoped CsPbBr; NCs. These results showed
that Mn and Cu co-doped CsPbCl; ,Br, NCs were promising
perovskites for fabricating high-quality WLEDs.

In 2021, Chen et al. reported Mn-doped lead halide CsPb(Br/
Cl); as a promising phosphor material for fabricating WLEDs
(Chen et al., 2021c). The obtained perovskites showed dual-color
emission with blue emission at 463 nm and red emission at
602 nm. They fabricated two kinds of WLED, including the
single-component Mn-doped CsPb(Br/Cl); phosphor-based
WLED and the dual-component CsPbBr;/Mn-doped CsPb(Br/
Cl); mixture phosphors. The prototypes were fabricated by
coating as-prepared phosphors/silicone gel mixture on UV
InGaN LED chips. The EL spectra of single-component
WLED exhibited strong orange-red emission and relatively
weak blue emission, which had no significant change when the
driving current is increased from 30 to 150 mA. The warm light
had been obtained at a driving current of 30 mA. But the dual-
component WLED contained blue, green, and red PL peaks,
which are at 426, 520, and 609 nm, respectively. The CIE obtained
was (0.39, 0.38).

Similarly, Naresh et al. reported the blue-green-red emitting
CsPbX; (X = Cl/Br, Br, Br/I) PNC synthesis via the hot-injection
method. Later they coated with silica and embedded in
poly(methylmethacrylate) (PMMA) matrix (Naresh et al,

2021). The QYs of blue, green, and red-emitting SiO,/
PMMA-coated PNCs were 37, 86, and 71%, respectively.
Furthermore, the PNC-encapsulated SiO,/PMMA composite
films were coupled on the surface of 365nm UV LED to
achieve white light emission. The designed WLED device
was operated at 20 mA current. The obtained white light
has CIE of (0.349, 0.350) and LE of 39.2%. A CCT of
4825K and a CRI of 84.7 were achieved. They also
performed the stability of fabricated WLED, which showed
tremendous resilience up to 24 h at 20 mA driving current (see
Figure 10D). There was no spectral variation observed in the
EL spectra. The constructed WLED also exhibited EL spectra
by increasing the current flow from 20 to 100 mA (see
Figure 10E). Additionally, the device produced a wide color
gamut of 121.47% of NTSC and 98.56% of Rec. 2020 in CIE
1931 color space.

As another example, Lu et al. synthesized CsPbBr; 5I; 5 NCs
and grew them in situ on StHAp [strontium hydroxyphosphate,
Sr5(PO,);OH] nanorods (Lu et al., 2021). The CsPbBr, sI; ;@
SrHAp samples showed both the intrinsic luminescence from the
matrix and the emission of CsPbBr, 5I; 5 PNCs, which result in
the tunable multi-color emissions in a single-phase phosphor by
changing the amounts of SrHAp matrix or adjusting the
excitation wavelengths. The corresponding WLED had white
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TABLE 3 | Chart for different parameters of WLEDs fabricated by embedding green, red, and blue-emitting perovskite NCs upon a UV LED chip.

S.L Perovskite Synthesis CIE color CCT CRI LE (Lumens/ Color Reference
No material method coordinates (K) Watt) gamut
(compared
to NTSC)
1 Mn and Cu co-doped CsPbCls ,Br, and CsPbBrs@  Hot- 0.346, 0.336 4872 85 69 — Zheng et al. (2020)
Cs,4PbBrg injection
2 Mn-doped CsPb(Br/Cl)3 and CsPbBr;@SiO, Hot- 0.39, 0.38 — — — — Chen et al.
injection (2021c¢)
3 CsPbX3@SiO/PMMA Hot- - 4825 84.7 - 121.47% Naresh et al.
injection (2021)
4 CsPbBr gl s@SrHAp Hot- 0.343, 0.313 4905 91.8 17.8 — Lu et al. (2021)
injection
5 CsPbCl,Br1, CsPbBrs, and CsPbBr4,@Si0, AGs  Hot- 0.3010, 5834 86.7 79.53 — Chen et al. (2022)
injection 0.3108
6 CsPbBry/Nd** Hot- 0.32,0.34 - - — — Padhiar et al.
injection (2022)
7 CPB-20°C, CPB- 80°C, Mn-doped PEA,PbBr,4 — — — 96 — — Sun et al. (2022)
8 CsPb(CI/Br)s, CsPbBrs, and Mn:Cs4PbCls Hot- 0.3229, 5586 — — — Shi et al. (2022)
injection 0.3037

light emission with the chromaticity coordinates (0.343, 0.313), a
CCT of 4905 K, a CRI of 91.8, and an LE of 17.8 Lumens/Watt,
respectively.

Later, Z. Chen et al. encapsulated CsPbX; (X = Cl, Br, I) PNCs
are encapsulated into super-hydrophobic silica aerogels (SiO,
AGs) to form a protective layer for resisting destruction by
external forces (Chen et al, 2022). The CsPbCLBr;@AG,
CsPbBr;@AG, and CsPbBr;L@AG  composites  were
synthesized with narrow emissions that replaced traditional
phosphors as color converters. Stable white light emission is
generated by two ways i.e., coupling separate CsPbBr;@AG/
CsPbBr;L,@AG (WLED-1) or coupling YAG: Ce**'CsPbBr, L@
AG (WLED-2) composites on GaN blue chip. As shown in
Figures 10A-C, the EL spectra of CsPbCL,Br;@AG, CsPbBr;@
AG, and CsPbBr;I,@AG composites powders emitting blue,
green, and red light can be excited by the GaN blue chip. The
fabricated WLED-1 had a LE of 14.55 Lumens/Watt, R, of 94.9,
and CCT of 5477 K, while the WLED-2 had an LE of 79.53
Lumens/Watt, CCT 5834 K, and R, of 86.7, respectively. Finally,
CsPbX;@AG@PS composite film based on dual protection of
aerogel and PS polymer, the composite film achieved CIE of
(0.3010, 0.3108) as shown in Figure 10F.

Again, Padhiar et al. reported the change in optical properties
of CsPbBr; NCs by mixing Nd** trivalent lanthanide halide
cations (Padhiar et al, 2022). The Nd** cations, when
incorporated into CsPbBr; NCs, reduced the nonradiative
recombination more efficiently. As a result of this, the PL QY
has been significantly increased to 91%. A WLED device was
fabricated using the CsPbBrs/Nd’" NCs integrated with an
ultraviolet (UV) LED chip, producing a cool white light
emission with a CIE value at (0.32, 0.34). Furthermore, Sun
et al. performed the synthesis of three-color perovskite
phosphors, i.e., blue-emitting CsPbBr; NCs synthesized at
20°C, green-emitting CsPbBr; NCs synthesized at 80°C, and
red-emitting Mn-doped PEA,PbBr, NCs were coupled
together to generate warm white light emission with a CRI
value of 96 (Sun et al., 2022).

In addition to those, Shi et al. synthesized 0D-Cs,PbX4 NCs
and adjusted the bandgap via Mn doping (Mn:Cs,PbXs) (Shi
et al., 2022). CsPb(Cl/Br)3, CsPbBr3, and Mn:Cs,PbCls NCs were
mixed in a toluene solution of PS to prepare blue, green, and red
luminescent films, respectively. The WLED device was designed
by placing the films as color conversion layers above a 280-nm
LED chip. The color coordinates of the white LED in the CIE
chromaticity diagram are (0.3229, 0.3037), which are located in
the white area with a CCT of 5586 K. The summary of all the
parameters of the fabricated WLEDs by using red, green, and
blue-emitting halide perovskites embedded on a UV LED chip is
shown in Table 3.

CONCLUDING REMARKS AND
PERSPECTIVES

This review basically emphasizes the current research progress
and the potential of perovskite conversion layer in WLEDs. The
WLEDs highly require energy efficiency, high CRI, easily tunable
CCT, high luminous intensity, but at the same time need to be
cost-effective suitable for their production at a large scale. In the
last two decades, many phosphors have been investigated
regarding WLEDs, which are currently going to reach the
saturation point in terms of having new alternate phosphors
and lack of optimization in the recent ones. Also, the PL QY of the
phosphor-converted WLED system is low and CCT is quite high,
resulting in bluish or cool WLED. By replacing the conventional
phosphors with perovskite NCs, the CCT value can be optimized
to a lower possible forming a natural white light. However, their
instability against various environmental factors, such as
humidity, temperature, light, and polar solvents, still remains
an issue. On the other hand, the optical properties of these
perovskite materials need to be taken care of, or the
minimized optical loss has to be controlled during the
integration of these materials into polymers such as silicone
resin. One of the various strategies is to encapsulate the
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perovskite NCs with suitable metal oxides, lower dimensional
perovskites, MOFs, long chained polymers, etc., which increase
their stability and optical properties. As a result, these composites
show great potential as color conversion layers for WLEDs,
making them extra durable and efficient at the same time. For
obtaining a decent WLED, a CIE value of (0.33, 0.33), a CRI value
of nearly 80, and an LE in the range of 20-60 Lumens/Watt are
necessary. It can also be observed that emission intensity while
operation of WLEDs increases at high currents leads to excess
heating that degrades the NC conversion layers. Therefore, the
device fabrication method should be in such a way that it will
deliver a maximum output at even low currents. This can reduce
the overheating of WLEDs and prevent the degradation of
emitting layers from degradation, overall increasing the
working periods of WLEDs. The stability of perovskite NCs
against the halide exchange process also proves their potential
capability in lithography (Huang et al., 2020). The top-down
lithographic method combining photolithography, electron-
beam lithography, O, plasma etching, and argon milling can
be applied to construct multi-color patterned perovskite films
layer by layer, thereby taking efficient WLED from perovskite
conversion layers one step further. This paves the way for high-
quality flat display technologies.

We also studied the synthesis process of various metal halide
perovskite NCs and their subsequent use for WLED applications.
The LARP synthetic procedure is one of the most favored
synthetic protocols for perovskite NCs because it is a very
facile and cost-effective RT process that allows large-scale
production to yield high-quality perovskite NCs. The stability
of perovskites NCs, precisely the heat stability, and stability
against halide exchange are some of the prime aspects for
producing efficient WLEDs working for longer periods of
time. Compared with organic-inorganic hybrid perovskites,
including large organic cations like MA or FA, the heat
stability is found to be better for all inorganic perovskites,
mostly for Cs-based perovskites, which is also a reason that
CsPbX; perovskite NCs are mainly used as color converters
(Li et al, 2019). Furthermore, the encapsulation also inhibits
halide exchange between NCs containing different halide anions
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