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Perovskite Emitters as a Platform Material
for Down-Conversion Applications

Hyeokjae Lee, Jinwoo Park, Sungjin Kim, Seung-Chul Lee, Young-Hoon Kim,

and Tae-Woo Lee*

Methods to overcome the instability of perovskites to moisture, light, and
heat in down-converted displays (DCDs), in which films of perovskite emit-
ters are placed on top of the backlight unit and convert its light to a desired
color, are reviewed here. First, the photophysical properties of perovskite
emitters as light converters in DCDs are discussed. Second, five strategies

to improve stability of perovskite emitting materials (PeMs) mostly in a form
of perovskite nanoparticles (PeNPs) are summarized: i) encapsulation in
inorganics, ii) encapsulation in polymer, iii) semiconductor shelling, iv) ligand
engineering, and v) defect engineering. Third, examples of DCDs that use
perovskite emitters are presented. Finally, future perspectives for the com-
mercialization of perovskite emitters as a next-generation material that can be

applied to DCDs are outlined.

1. Introduction

Most flat-panel displays other than self-emissive displays such
as organic light-emitting diodes contain a light source called a
backlight unit (BLU). Conventional BLU especially for liquid
crystal displays (LCDs) does not include separate light sources
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for the red, green, and blue (RGB) colors
but incorporates white light sources, which
can be further converted to RGB emission
using color filters (CFs). Recent commer-
cialized televisions and computer moni-
tors generally use down-converted displays
(DCDs), in which color conversion phos-
phor films and CFs are laid atop the blue
BLU to change its emission to the desired
color. Semiconductor nanoparticles (NPs)
such as cadmium (Cd) quantum dots
(QDs) and indium phosphide (InP) QDs
with narrow spectral bandwidth, high
luminous efficiency, and easy tunable
wavelength have been recently introduced
as more suitable materials for display
application than the yttrium aluminum
garnet (YAG) phosphors that are widely used at present. QDs
have good color purity, but users demand still higher color
purity displays that can represent realistic colors.”/]

Metal-halide perovskites (shortly, perovskite) have simple
crystal structures of ABX; or A,BX, (where A is an organic
ammonium (e.g., methylammonium (MA; CH3;NH;*) and
formamidinium (FA; CH(NH,),")) or an alkali metal cation
(e.g., Cs"), B is a transition metal cation (e.g., Pb?"), and X is a
halide anion (I, Br~, and CI")® (Figure 1a). Perovskite emitters
have higher color purity (color gamut > 140% in National
Television Standards Committee (NTSC) TV color standard
and >95% in International Telecommunication Union (ITU)
Recommendation Rec. 2020 standard) than inorganic QDs
emitters (full width at half maximum (FWHM) = 30 nm; color
gamut = 110-115% in NTSC standard and <90% in Rec. 2020
standard). However, perovskite have low exciton binding energy
(=30-50 meV in MAPbI; and =76 meV in MAPDbBr;), so most
of electron-hole pairs are dissociated into free charge carriers,
reducing radiative recombination and photoluminescence
quantum yield (PLQY) at room temperature.

Perovskite nanoparticles (PeNPs) are highly bright® and
have unique optical and physical properties such as facile emis-
sion wavelength tunability, narrow FWHM, and high PLQY
(295%) compared to inorganic QDs and organic emitters
(Figure 1b)®! and high absorption coefficient compared to inor-
ganic QDs. Therefore, many researchers have tried to use them
as light emitters. However, perovskite emitters have limitations
when applied to DCDs. First, polar organic solvents or water
cause structural changes in perovskites and consequent loss
of optical properties. Second, environmental factors such as
moisture, heat, light, and oxygen degrade perovskite emitters.

© 2020 Wiley-VCH GmbH
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Third, due to the fast exchange of the halide ions that are
components of perovskite emitters; when two different color-
emitting PeNPs with different halide source are mixed, the
intermediate wavelength may be intensified.’) For example,
when PeNPs that emit red and green light are dispersed
together, the intensity of intermediate emission wavelength of
yellow tends to be increased and the emission bandwidth is
widened. This increased intensity in intermediate wavelength
implies that the excellent optical properties of the perovskite
emitter are degraded.l%]

To maintain the advantages of perovskite emitters, the
stability of each PeNP must be assured, while maintaining
the intrinsic optical properties. The photoluminescence (PL)
is induced by an external light source and is affected by light-
induced heat, high light flux, and the chemical environment
that the film encounters when it is dispersed in various poly-
mers or directly deposited on the light-emitting diode (LED).
Therefore, structural and interfacial stability, and tolerance
to heat, light, and environmental conditions (moisture and
oxygen) must be achieved in perovskite-based DCDs.

Here we review the development of perovskite emitters
(PeNPs and other perovskite emitting materials (PeMs) in a
different form) and demonstrate their potential as light emitters
in DCDs. In Section 2, we compare characteristics of perov-
skite emitters with those of conventional QDs and phosphors
that have been used in DCDs. In Section 3, we provide various
methods to increase the stability of perovskite emitters by using
inorganic oxides, polymers, and inorganic semiconductors.
In Section 4, we review applications of perovskite emitters on
DCDs. In Section 5, we provide insights and suggest future
research directions to further improve DCDs that use perov-
skite emitters including PeNPs and other types of PeMs. !

2. Next Generation Materials Property
Comparison

2.1. Commercialization Period

In LCD, organic LED (OLED) and QD, commercialization
period of display materials have been shortened with material
development (Figure 2). This shortening of the timing of com-
mercialization for new type of panel display makes it possible to
expect a faster realization of the next-generation display using
perovskite emitters. We compared the periods of commercial-
ization of displays with different materials. The liquid crystal
was discovered by Friedrich Reinitzer in 1888, but thin film
transistor LCD TV was introduced in 1982, and after 16 years,
it entered the mass production mode; it took about 100 years for
commercialization since the first discovery of the liquid crystal
material. Organic light-emitting materials were known since the
1960s!™3 and required about 55 years to be released on OLED
TVs by LG Electronics Inc. in 2014. Comparing the LCD TV and
the OLED TV commercialization periods, it can be seen that it
was reduced by about 40 years. After discovering quantum con-
finement effects by Russian physicist Alexey I. Ekimov!™ and
discovering that the wavelength could be controlled by size, it
took only 30 years for the products to be introduced. As perov-
skite emitters have advantages in luminescence properties and
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economically superior to conventional QDs, products using
PeNPs can be expected to come out sooner.

2.2. General Property Comparison
Various emitters have been used in DCDs; these emitters have

a range of optical and photophysical properties, reliability,
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Figure 1. a) Schematic of ABX; perovskite crystal structure. Reproduced with permission.®l Copyright 2016, National Academy of Sciences and
b) schematic representation of emission characteristics, FWHM and size of inorganic QDs, perovskite emitters, and organic emitters.[®!
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Figure 2. Comparison of material discovery for display and release dates
of commercial products using found materials. Period of commercializa-
tion of liquid crystal, organic materials, and quantum dot, and prediction
of perovskite display product period based on them.
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and degree of commercialization (Table 1). Most commer-
cialized white LED (WLED) light is obtained by a combina-
tion of blue LEDs and YAG:Ce phosphors.'*-® However, the
FWHM of WLEDs is =70 nm; this wide band width is the main
impediment to its use in display screens that have wide color
gamut.1>20]

Material requirements for wide color gamut displays are
PLQY > 90%, wide tunable emission wavelength range, and
narrow FWHM. InP QDs[?-2% have PLQY > 90%, wide tun-
able emission wavelength range, and FWHM that are generally
wider than those of Cd QDs.[-3! PeMs including PeNPs have
high absorption coefficients that are 2.5 times higher than that
of Cd QDsP*?*3 and five times higher than that of InP QDs;[3#
these can increase brightness and significantly reduce energy
use to maintain the same brightness. Conventional QDs (such
as InP QDs, and CdSe QDs) are defect-intolerant structures in
which defects exist in localized wide ranges between bandgaps,
but perovskite emitters are defect-tolerant structures in which
traps exist in the shallow or intra band states of conduction
bands. Defects do not act as trap states in perovskite emitters

© 2020 Wiley-VCH GmbH
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Table 1. Overall characteristics of perovskite, semiconductor nanoparticles, organic phosphors, and conventional inorganic phosphors such as phys-

ical properties, optical properties, synthesis method, and long-term stability.

Items YAG:Ce White organic Cd based InP based Perovskite
Structure Micropowder Micropowder Quantum dot (QD) QD QD, NP, bulk
Cerium yttrium Organic compound Core-shell, alloy, Core—shell, gradient Compound core
aluminum garnet gradient
- - Covalent bonding Covalent bonding lonic bonding

WL range 550 nm 550 nm 510-630 nm 530-620 nm 450-780 nm
PLQY =90% =90% >90% 290% 290%
FWHM 70-90 nm 70-90 nm 25-40 nm 35-50 nm 15-25 nm
Absorbance? -b) -b) 0.4 0.2 1
Brightness? 1 0.7 1 =0.9 1
Fabrication Ex situ Ex situ Ex situ Ex situ Ex situ/in situ
Acceleration test®) 8585 or 6090 Pass Pass Pass Pass Pass

8505 or 6005 Pass Pass Pass Pass Pass

High flux - - Pass Pass On going

Cost? L H M H L
Rec.2020 260% >60% =~90% 85% 295%
RoHS regulation No issue No issue <0.01% (100 ppm) No issue <0.1% (1000 ppm)
Production status Mass Mass Mass Mass Proto or Lab scale
Synthesis temperature 300-400 °C 100 °C Hot temp. (HT) HT Room temp, HT
Process type Powder Deposition Solution Solution Solution/deposition

2Relative comparison; P)Specific wavelength absorption; 9Industry request condition.

and are therefore benign toward their electronic and optical
properties.[*!

The consequent reduction in operating cost is a major factor
in securing an edge in price competitiveness. PeNPs are easier
to be synthesized than inorganic QDs. PeNPs can be synthe-
sized in air at room temperature using methods such as
solvent-induced reprecipitation, ligand-assisted reprecipitation,
emulsion process, and template assisted synthesis,*?! whereas
conventional QDs are synthesized at high temperature
(200-350 °C) under inert condition in reactors.

Both PeNPs and Cd QDs contain toxic heavy metals. Con-
ventionally developed PeNPs include Pb, which is allowed to
constitute <1000 ppm of the weight of the display, whereas
the Cd in Cd QDs can only constitute <100 ppm of the weight
of the display by European Union’s (EU) Restriction on
Hazardous Substances (RoHS) Directive.l*¥! Therefore, PeNPs
can be more easily applied than Cd QDs on LEDs. Furthermore,
lead-free PeNPs (e.g., (C4N,H4Br),SnBrs) have been developed
and have achieved PLQY = 95%.+4

PeNPs have a higher absorption coefficient than Cd QDs, so
the required number of PeNPs is only 1/3 to 1/2 of the number
of Cd QDs to achieve the same brightness. PeNPs can reduce
the production cost and heavy metal content compared to Cd
QDs to meets the RoHS Directive.[*]

PeNPs need to meet the basic acceleration-harsh assess-
ment to achieve the reliability that is required by the industry;
these assessments include combinations of high temperature
and high humidity, high temperature and low humidity**!
or high light intensity.**#] PeNPs fulfill most of the require-
ments for commercialization. However, perovskites*4! are
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still chemically unstable under some environmental conditions;
research is underway to solve this problem.

Nonetheless, the PL properties of PeNPs achieved 135% of
the NTSC standard (Figure 3),°% which is superior to commer-
cialized OLEDs and QLEDs. This advantage means that PeNPs
have a great potential for use as down-conversion materials in
displays.

3. Passivation Engineering for PL Applications

Degradation mechanism of PeNPs can vary depending on
their composition. Especially A-site cation is a key parameter
to control the degradation mechanism; thus engineering of
Asite cation is effective to enhance the stability. For example,
organic A-site cation, e.g., MA* and FA*, can be easily decom-
posed to volatile products such as methylamine, methyl halide,
or formamidine.’'3 Therefore, PeNPs with organic A-site
cations suffer from instability against thermal stress. It is
notable that the degradation of PeNPs can start <100 °C while
the decomposition temperature of MA* or FA* is > 200 °C.>*>]
Another important influence of A-site cation is structural
stability. Goldschmidt tolerance factor (t) is an important para-
meter to determine the structural stability, which is expressed
R +Rx
J2(Rs +Ry)
cation, Ry is the radius of B-site cation, and Ry is the radius of
X-site anion). Radius dependence of Goldschmidt tolerance
factor indicates that the appropriate selection of A-site cations
for different halides (Cl, Br, I) is important for stability

by following equation: £ = (Ra is the radius of A-site

© 2020 Wiley-VCH GmbH
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Figure 3. White OLED (WOLED) TV achieved 96% of NTSC standard, and perovskite emitters achieved 140% wider color reproduction characteris-
tics than the WOLED. Rec.2020/2021 with the widest color space has 34% more space than NTSC 1953. The standard broadcasting signal recommended
by ITU to shining a light on a wide color gamut display. To meet this need, display-related companies have been working to develop wide color gamut

technologies and seek partnerships with other companies.

enhancement.’®  Typically for CsPbl; perovskites where
Cs cation is too small to stabilize the Pblg octahedra, bright
black-phase o~CsPbl; can be easily transformed to nonemissive
yellow-phase &-CsPbI;.”l Mixed A-cation can induce the change
of the lattice constant following Vegards’s law,*®>% thus stabilize
the perovskite crystal and enhance the stability. This stability
enhancement was observed in various system including
MA/Cs,Il FA/Cs,1861 and Cs/Rb.[6263]

PeNPs are unstable possibly due to their ionic bond nature;
perovskite crystals are easily decomposed under the exposure
to light, moisture, oxygen, and heat®l in common regardless
of A-site cation. This low stability degrades the reliability of
devices and components that use PeNPs. Several approaches
have been used to increase the stability of PeNPs. Combined
with an understanding of the decomposition mechanism under
various conditions, we review recent studies on improving the
stability of PeNPs. By principle, these strategies can be classi-
fied into four types 1) encapsulation of NPs, 2) perovskite shell
engineering, 3) ligand engineering, and 4) defect engineering.
The performance in down conversion is also summarized.

Various studies are being performed to develop PeNPs that sat-
isfy all requirements of the display industry (Table 1). We focus on
PL applications and describe how inorganic materials or polymer
are formed on the PeNPs surface to improve stability>26%6]
while maintaining superior optical properties (Figure 4).

This section reviews recent attempts to increase the chemical
stability of PeNPs with understanding of the decomposition mech-
anism under various conditions, including effects from light,
oxygen and moisture, and the structural instability of the PeNPs.

3.1. Inorganic Encapsulation

Silica and alumina have been used to protect PeNPs against
external oxygen or moisture. However, ionic bonding of
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perovskite easily decomposes during silica coating, so the silica
coating source and coating conditions must be selected carefully.

One method is to mix presynthesized CsPbBr; PeNP with
mesoporous silica spheres that have a pore size of 12-15 nm.
The resulting composite significantly increased the thermal
stability and photostability (Figure 5a).”l The solution of
CsPbBr; PeNPs is penetrated into the mesoporous silica and
heated to remove the solvent and obtain a stable perovskite
composite.[®l When perovskite precursors directly fill the pores
of mesoporous silica and grow inside mesoporous silica tem-
plates, the size of the NPs conforms to the size of the pores;
the quantum confinement effect occurs and photostability is
improved.[®” Similar processes that use mesoporous silica film
are being tested./%

Organosilica complexes such as (3-aminopropyl) trieth-
oxysilane (APTES) have been used as both the capping agent
for inorganic PeNPs and the precursor for a silica matrix. All
chemicals were mixed in a water-free synthesis system to form
PeNPs, then the system was opened to the air, APTES captured
the trace water vapor and reacted with it before it contacted the
NP surface. In this way, a silica matrix was slowly formed and
the delicate PeNPs were protected (Figure 5b).”! After the solu-
tion was centrifuged, the supernatant was colorless; this state
indicated that all the PeNPs had been collected. The precipitate
was dried and PeNP/silica composite powder was obtained.
The formation of a crosslinked organic silica network in the
PeNPs/silica composites was verified 2 by examination of a
Fourier-transform infrared spectroscopy spectrum. The PLQY
of both red-emitting and green-emitting PeNP/silica powder
was remarkably stable over time. Over three months, the PLQY
of red-emitting PeNPs/silica powder declined by only 5% and
the PLQY of the green-emitting PeNPs/silica powder was
nearly unchanged for >80 days (Figure 5b). Therefore, one-pot
encapsulation of the PeNPs with silica matrix greatly enhanced
their air stability.

© 2020 Wiley-VCH GmbH
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Figure 4. Schematic summary of representative instability of perovskite emitters with chemical reactionsl*>6>%¢ and corresponding solutions.

Perhydropolysilazane (PHPS) has been used as a silica
precursor to encapsulate inorganic silica rather than organic
silica.”?l SiO, obtained using PHPS exhibited higher chemical
stability, hardness, and dense inorganic material than did SiO,
obtained using tetramethyl orthosilicate and silica obtained
using APTES; therefore, the formation of silica barriers by using
PHPS provides good resistance to water, heat, and chemicals
for PeNPs (Figure 5c). When the temperature is returned from

MP-CsPbBr, PQDs

Mesoporous silica powder with
pore size 12-14 nm mixed with
CsPbBr, perovskite QDs

in hexane solution at room
temperature

>100 °C to room temperature, the silica composite recovers
its initial PL, whereas the uncoated particles does not recover
emitting characteristics. This phenomenon suggests that SiO,
prevents sintering of CsPbBr;-PeNPs and phase transformation
of CsPbBr; from cubic to orthorhombic, and thereby increases
the thermal stability of the CsPbBr;-PeNPs.

Other methods include forming CsPbX;/SiO, compositions
by using a water-inducing conversion process combined with

103 o MP-CsPbBr, 90 S0k
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Figure 5. a) Synthesis of mesoporous silica green-emitting PeNPs nanocomposite (MP-PeNPs) and photostability test of MP-CsPbBr; and CsPbBr;.
Reproduced with permission.l”] Copyright 2016, Wiley. b) Schematic illustration of formation of PeNPs/silica composites and the PLQY stability of
the green-emitting and red-emitting PENPs/silica composites (inset: photographs of green-emitting and red-emitting PeNPs/silica powders under UV
light). Reproduced with permission.’"l Copyright 2016, Wiley. c) Procedure to synthesize CsPbBr; NP-incorporated PHPS-derived SiO, composites,
schematic illustration of CsPbBr;-SiO, composite, temperature-dependent normalized PL intensities of CsPbBr; (blue open circle) and CsPbBr;-SiO,
composite (green solid triangle) (inset: photographs of CsPbBr;-SiO, under UV light). Reproduced with permission.?l Copyright 2016, Elsevier.
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a sol-gel protocol,” and by inserting tetraethyl orthosilicate
into the synthesized CsPbBr;-PeNPs to create a layer of amor-
phous silica.””! Other methods of improving the stability use
Al,0;757) and TiO,"® as inorganic materials instead of SiO,,

3.2. Polymer Encapsulation

Polymers can also be used to encapsulate PeMs. Effective
encapsulation of PeNPs has improved air stability and water
resistance. Moreover, some polymers passivated the surfaces
of the NPs and thereby increased their PLQY. Efforts to use
polymer materials to improve PeNPs’ resistance to moisture
and oxygen are continuing.

The polymer matrix that is used for encapsulation must
also allow each NP to have a stable emission spectrum from
a individual nanocrystal (NC) and must suppress dynamic
PL blueshift caused by embedding single NC in a polymeric
matrix.”?) In particular, polystyrene (PS) provides the best
photostability one to two times higher than that obtained
by poly(methyl methacrylate) (PMMA), which is a common
polymer sealant. Molecular dynamics simulations that use the
force-field approximation support the hypothesis that PS pro-
vides dense molecular packing on NP surfaces. These findings
emphasize that sample fabrication methods can influence the
optical properties of PeNPs at the single-particle level and may
guide the further design of powerful single-photon sources.
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The use of polymer matrices with tailored hydrophobicity, for
instance, the use of fluorinated groups, and with improved
ligand—polymer interactions with polymers grafted with
long alkyl chains can provide high optical characteristics and
photostability.””) Perovskite emitters can be coated with a
matrix solution. Perovskite emitter precursors are dissolved in
dimethylformamide (DMF) solution and then mixed with PS,
PMMA, polycarbonate (PC) or acrylonitrile butadiene styrene
acetate (ABS), polyvinyl chloride (PVC), and cellulose acetate
(CA) in order to form a polymer film. The polymer chains
swelled when in contact with a good solvent and finely incor-
porate precursor solution. During a baking process to remove
the solvent, MAPbBr; PeNPs formed in the polymer matrix.[8
The resulting MAPbBr;—-PS, MAPDbBr;-PC, MAPbBr;—ABS,
MAPbBr;-PVC, and MAPDbBr;—CA films retain high lumines-
cence even when soaked in water for 60 d, but the PL intensity
of MAPbBr;-PMMA was quenched rapidly possibly due to low
swelling ratio of PMMA in DMF solvent (Figure 6a—e).

A new approach interfaces CsPbX; NPs (X € {Cl, Br, I})
with polymers by copolymerizing methacrylic acid-capped NC
(MA-NC) with polyhedral oligomeric silsesquioxane (POSS)-
appended methacrylate monomer (MA-POSS) or methyl meth-
acrylate or both (Figure 6f-m).B!l The synthesis method for
CsPbX; NPs uses halide-rich reaction media to enable photo-
polymerization of comonomers and MA-NC without degrading
the NPs. The resulting composite PMMA-co-P(MA-POSS)-
co-P(MA-NC) (PMPOPNC) consists of monodispersed NPs

Chemically addressable NCs
+

UV-induced
Polymerization

TYTvepuy
.oty N
B

2

PL Intensity rations

Figure 6. a) Scheme of MAPbBr;—polymer composite film formation process by swelling—deswelling. Water and thermal stability characterizations.
b) Photographs taken under white light or UV irradiation at indicated times. Composite film samples immersed in water are MAPbBr;—PS, MAPbBr;—
PC, MAPbBr;—ABS, MAPbBr;—PVC, MAPbBr;—CA, and MAPbBr;—PMMA. Temperature-dependent PL intensity of ¢c) MAPbBr;—PS, d) MAPbBr;—PC,
and e) MAPbBr;—ABS. Squares: first thermal cycle; triangles: second thermal cycle. Solid symbols: heating stages; open symbols: cooling stages. Black
lines in (c) and (d) indicate Boltzmann fittings for the reversible heating, cooling processes. Reproduced with permission.B% Copyright 2016, Wiley.
f) Design of PMPOPNC by copolymerization with chemically addressable NCs. g—i) Photographs taken under ambient light or UV irradiation at
indicated times after immersion in water of thin films of g) MA-NC/PMMA blend, h) PMPNC, and i) PMPOPNC films. j,k) Photographs showing the
hydrophobicity of PMPOPNC film. I) Relative PLQY plots of MA-NC, MA-NC/PMMA blend, PMPNC, and PMPOPNC films upon immersion in water
over time. m) Photographs of films of PMPOPNC-CsPb(Br/Cl);, PMPOPNC-CsPb(Br/l);, and PMPOPNC-CsPbl; taken under UV irradiation after
immersion in water for 60 d. Reproduced with permission.®l Copyright 2018, American Chemical Society.
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Figure 7. a) Schematics showing the core—shell type layer growth of octylammonium lead bromide nanomaterials over MAPbBr; NPs. Transmission
electron microscope images of core—shell NPs with MABr and OABr molar ratios 8:2 and 3:7. Photographs of mixed organolead bromide perovskite NPs
with different MABr-OABr ratios in toluene solution under UV exposure over different time intervals. Reproduced with permission.l”l Copyright 2016,
Royal Society of Chemistry. b) Diagrams of all-inorganic perovskite CsPbBrs@A-CsPbBrx composite and structural characterization of perovskite
CsPbBr;. Reproduced with permission.’®l Copyright 2018, American Chemical Society. ¢) Formation CsPbBr;/Cs,PbBrg core/shell NCs was realized
using a seeded growth approach. ZnX, (X =Cl, Br, I) was used as a halide source. Cg: conduction band; Vg: valence bands; bandgaps were E; = 2.25 eV
for bulk CsPbBrs and E, = 4.0 eV for bulk Cs,PbBrg . Reproduced with permission.*) Copyright 2018, Royal Society of Chemistry.

uniformly distributed within the polymer matrix. The composite
shows high PLQY and excellent resistance to water and other
protic solvents. The normalized PL of the MA-NCs/PMMA
blend thin films decreased to 87% of their initial values after
30 d and to 49%, whereas PMMA-co-P(MA-NC) (PMPNC) and
PMPOPNC composite lost less than 5% of PLQY after soaking
in water for 60 d (Figure 6f~m).

Other methods synthesized PeNP blends variously in PS or
PMMA concentrations to secure absorbance and PLQY char-
acteristics over a certain level.”?l PeNP can be encapsulated
in macroscale polymers, either PS, poly(laurylmethacrylate)
(PLMA), or poly(styrene-ethylene-butylenestyrene) (SEBS).
PeNP-PS had the best resistance to water and PeNP-PLMA had
the best resistance to light; PeNP-SEBS had excellent resistance
to both moisture and light.[8

Various other methods have been used to encapsulate perov-
skite emitters in polymer. Encapsulation method allows indi-
vidual particle enclosed in polymer, or formation of polymer-
perovskite composite film. Many other ways had led to research
to increase the chemical stability of PeNPs by using various
polymers such as PS/®3 PMMA,® polydimethylsiloxane, !
polyacrylonitrile,®! poly(3,4-ethylenedioxythiophene),®” poly-
vinylpyrrolidone,®8  ethylene vinyl acetate,®”) poly(maleic
anhydride-alt-1-octadecene),® poly-2-vinylpyridine (P2VP),0l
polystyrene-b-poly(ethyl oxide),??! ethyl cellulose,?®l carboxyben-
zene,™ PLMA, 184 SEBS [82%] etc.

3.3. Perovskite Shell Engineering

Many researchers have tried to develop PeNPs with ideal
core—shell structure similar to CdSe/ZnS or InP/ZnS by
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forming a monodispersed crystalline shell on the surface of
individual particles. The core/shell particles’ size can be smaller
than that of NPs coated with polymer or inorganic. The shell
can improve the chemical stability of perovskites by preventing
oxygen and water from penetrating into the core. A thin shell
can improve the luminescence characteristics by passivating
the surfaces defects on the corel*° and reduce the number of
nonradiative recombination site.

A solution method can produce highly stable and color-adjust-
able core—shell type mixed MA-octylammonium (OA) lead bro-
mide PeNPs with spherical shape and high PLQY!™ (Figure 7a).
The cation ratio in the precursor solution has a major effect on the
layered shell growth on PeNP surface, PLQY, and stability of these
core-shell PeNPs (stored under ambient conditions at 60% rela-
tive humidity (RH)). This structure is a successful development
of perovskite/perovskite core/shell NPs; new opportunities to
develop inexpensive air-stable and color-tunable perovskite LEDs.

Core/shell structure cubic CsPbBr;@amorphous CsPbBr,
shell perovskite QDs have been obtained using an easy hot
injection method and centrifugation process (Figure 7b).’® The
core/shell structure QDs showed a highest blue-emission PLQY
of 84%, which is much higher than the PLQY of blue-emitting
cubic CsPbBr; QDs and CsPbBr,Cl;_, QDs. The amorphous
shell protects the perovskite CsPbBr; core by enclosing its sur-
face and protecting it against luminescence degradation and
also contributes to the formation of excitons; as a result, PLQY
increases. These QDs with amorphous shell are free from the
defect generated due to lattice mismatch between the core
and shell. Therefore, PL efficiency of the original core/shell
structure is increased. The amorphous CsPbBr, shell can also
provide additional protection to prevent oxygen and water from
diffusing into the perovskite CsPbBr; core.

© 2020 Wiley-VCH GmbH
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CsPbX;/Cs,PbX (X € {Cl, By, I}) core/shell PeNPs were syn-
thesized by seed growth using an exchange method between
CsPbX; and Cs,PbX, (Figure 7c).””) Absorption and X-ray dif-
fraction spectra confirmed that the core/shell structure was
formed with a high-energy bandgap shell. The shell’s thick-
ness increased smoothly without any evident steps. The initial
CsPbBr; seeds had PLQY = 84.4%, which is consistent with pre-
viously reported values. Core/shell PeNPs that had a thin shell
had PLQY = 85% and core-shell PeNPs that had thick shells
had PLQY = 96.2%.

The shell increased the chemical stability of the perovskite in
air. The PL of the CsPbl; PeNPs without the shell was almost
quenched within 2 d. The core/shell sample showed only a
475% loss of the original value after 7 d. The semiconductor
shell is formed on the surface of a core; this method can inspire
development of other methods to form core/shell PeNPs to fur-
ther increase their stability and improve their PL characteristics.

3.4. Ligand Engineering

The chemical stability of perovskite emitters can also be
increased by ligand engineering. Usually, PeNPs are composed
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of a nanometer-scale perovskite crystal surrounded by organic
ligands.l1%1% Organic ligands can effectively passivate the
surface of the perovskite emitters and reduce the nonradia-
tive recombination of spatially confined electron-hole pairs in
perovskite crystal.70103105-109 Thys the efficiency of PeNPs can
be significantly affected by the bonding between perovskite
crystal and ligands and strengthening of the bond can increase
the chemical stability of PeNPs. Conventional synthesis usu-
ally uses a combination of alkyl acid and amine as ligands for
PeNPs.0-104 However, protons transfer between carboxylate
and ammonium ligands can cause neutralization by Brensted
acid-base equilibria, so ligands can be easily detached from the
surface of the perovskite crystal; this process can degrade the
PLQY of PeNPs and cause a spectral shift (Figure 8a).[110-113]

A new amine-free method (Figure 8b) to synthesize PeNPs
with RGB emission (Figure 8c) can increase the oleic acid
capped PeNPs’ colloidal stability.'3] Amine-free synthesis using
octyl phosphonic acid (OPA) can actively interact with lead
atoms in perovskite crystals, so OPA capped PeNP can main-
tain PLQY > 90%.M" In particular, OPA-capped PeNP main-
tained high PLQY even after multiple purification processes;
this result indicates that the binding between the perovskite
crystal and the ligand was strengthened. Correspondingly,
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Figure 8. a) Schematic illustration of dynamic protonation/deprotonation of ligands on PeNPs surface. Reproduced with permission."% Copyright
2016 American Chemical Society. b) Synthesis route of the first amine-free PeNPs and c) corresponding absorption and PL spectra of RGB-emitting
amine-free PeNPs. Reproduced with permission."l Copyright 2016, Wiley. d) Method of PeNP synthesis with crosslinkable and polymerizable V18
ligands and their application in water-resistant composites and high-efficiency LEDs. e) PL stability of crosslinked-PeNPs (PNC-V18) and controlled
sample (PNC-O8) in ambient condition. Reproduced with permission.l" Copyright 2017, Wiley.
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Figure 9. a) PLQYs of TMSI-CsPbl; and traditional CsPbl; PQDs versus storage time. Reproduced with permission.["®l Copyright 2019, American
Chemical Society. b) Steady-state optical absorption and PL spectra for CsPbCl; NPs before and after YCl; surface passivation. Reproduced with per-
mission.%%l Copyright 2018, American Chemical Society. c) Schematics of proposed passivation and doping models for various alkaline earth metals.
Reproduced with permission.?2 Copyright 2019, American Chemical Society. d) Schematic of thiocyanate salt treatment. Reproduced with permis-

sion.["?2 Copyright 2017, American Chemical Society.

OPA-capped PeNP has greatly improved chemical stability
during storage under ambient conditions.

Crosslinking of ligands is another ligand-engineering
approach to increase the chemical stability of PeNPs. A method
to synthesize PeNPs with crosslinkable and polymerizable
ligands!"™  uses 4-vinylbenzyl-dimethyloctadecylammonium
chloride ligands with a styryl functional group, which can
enable the crosslinking of radical polymerization (Figure 8d).

Crosslinking was accomplished by heating the PeNPs.
The crosslinking decreased the surface-defect density and
thereby increased the PLQY from 33% to 56%. The PL inten-
sity of crosslinked-PeNPs was unchanged after storage for
30 d in ambient conditions, whereas the uncrosslinked sample
maintained only 65% of its initial PL intensity (Figure 8e).
Notably, bulk composite fabricated using crosslinked-PeNPs
showed extremely high resistance to water without significant
change in PL intensity or wavelength after storage for 90 d in
water.

3.5. Defect Engineering

Although ligand plays a role of passivation of defects on the
surface of PeNPs, there are problems that the ligands are
easily detached from the NP surfaces!!'” and resulting defects
are difficult to be passivated due to the steric hindrance of
the ligand.'2 As the particle size decreases, the surface to
volume ratio increases, and the surface greatly affects the
properties of PeNPs. In particular, the under-coordinated
Pb located on the surface acts as a nonradiative trap state,

Adv. Mater. Technol. 2020, 5, 2000091 2000091

and this defect deteriorates not only optical properties but
also stability of PeNPs.M-18] Therefore, in order to achieve
high-efficiency PeNPs, additional passivation strategies are
required.

Replacement of the conventional lead with Pb-oleate and
of the conventional halide source with trimethylsilyl iodide
(TMSI)I! yielded a halide-rich surface of PeNPs with I/Pb
molar ratio = 4.2, whereas the standard process that uses Pbl,
as halide source yields I/Pb molar ratio = 2. Under the halide-
rich surface, under-coordinated Pb atoms are passivated and
CsPbl; NPs had PLQY = 85% after storage for 105 d (Figure 9a).

Use of excess halide may also eliminate the lead-rich
surface and various metal halides!""*123] have been proposed.
For example, stable CsPbX; (X € {Br, I}) NPs have been
synthesized by introducing an additional metal halide
(ZnX,)." Compared with pristine CsPbX;, ZnX,-CsPbX; has
a surface that is rich in lead halide and were nearly intact after
aging for 5 d under ambient atmosphere. Dual-surface passi-
vation of CsPbCl; NPs has been achieved using metal halide
(YCL).1200 Y3* and CI- ions efficiently form the surface Pb—Cl
ion-pair and passivate under-coordinated Pb, to yield a Cl-rich
surface. After YCl; treatment, PLQY of CsPbCl; NPs increased
by a factor of 60 (Figure 9b).

Suitable ion doping!?'"% can be used to suppress the for-
mation of surface traps. Various alkaline earth metals (e.g., Ca,
St, Ba, and Mg) can dope CsPbCl; NPs!'??] (Figure 9c). The loca-
tion of the dopant and the passivation effect vary depending on
the metal species. Ca?" and Sr?* ions are located on the defect
on NP surface and strongly bind with Cl to form a passivation
layer that reduces surface traps.

(10 of 19) © 2020 Wiley-VCH GmbH
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Other methods!?126-1291 {5 passivate defects in PeNPs
apply ligands in a postsynthesis process. Treatment with thio-
cyanate salt yielded CsPbBr; NPs that had extremely high
PLQY = 100%M2 (Figure 9d). Thiocyanate salts partially
replaced the surface ligands and formed lead-thiocyanate bonds
and thereby decreased the number of under-coordinated lead
ions on the surface. The high PLQY of thiocyanate treated
CsPbBr; was maintained over time, whereas PLQY of untreated
samples declined drastically.

4. PL Applications

This section demonstrates the possibility of perovskite emitters
for commercialization. The process of commercializing perov-
skite emitters and the adoption of the display structure will
likely be similar to those of QDs, so those processes are used as
a guideline in the ensuing presentation.

4.1. Display Structures for PL Application

QD displays were commercialized by applying a blue-emitting
LED on an LCD that uses a BLU; the purpose of this design was
to utilize the PL characteristics of existing QDs. Depending on
how QDs are applied, they are divided into three structures: “on-
chip,” “on-edge,” and “on-surface.” Each structure has advantages
and disadvantages and the best method may vary depending on
the application area (Figure 10).127.12% Therefore, we will compare
the structure and the advantages of the various LCDs and explain
the application of perovskite emitters on those devices.
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4.1.1. On-Chip Structure

This structure is compatible with the phosphor-converted
WLED structure that uses YAG:Ce. This existing optical design
structure is the most effective for QD phosphor applications(!3"!
and can be used for perovskite emitter without modification;
i.e., the LED package can be used as-is by simply replacing the
phosphor. However, the LED junction generates a high temper-
ature and the LED emits bright light; both of these phenomena
can reduce the lifetime and stability of the PeNP.[327131]

4.1.2. On-Edge Structure

In this structure, a resin infused with QDs is injected into
the glass tube by exploiting capillarity. A QD glass tube is
inserted between the blue-emitting LED bar and the light guide
plate (LGP), aligned accurately then fixed in place; a mixing
cup made of highly reflective plastic is used to improve effi-
ciency.34 The on-edge structure consisting of LGP, blue LED
bars, QD glass tubes, and mixing cups has a trade-off between
efficiency and color uniformity.

4.1.3. On-Surface Structure

QD film®133134 is most commonly used by attaching it to the
light-guide plate. The film can be kept separate from the heat
source of the LED, so the operating temperature is similar to
room temperature. Also, in this design, the amount of incident
light per area is the smallest; the low temperature and low light
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Figure 10. Schematics of three display structures implementing QD mixtures. a) QD placed within an LED package. b) QD placed between LED and
light guide plate, also known as quantum rail. ¢) QD (known as quantum dot enhancement film (QDEF)) placed on the top surface of light guide
plate (LGP). Left and middle column: Reproduced with permission.[?’l Copyright 2017, IEEE; Right column: Reproduced with permission.[?’) Copyright
2015, Wiley.
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Figure 11. Scheme of four types of “on surface” structures. a) Structure currently applied to commercial products and b) NP film laminated directly
on glass LGP structure; soon to be commercialized. c) Color conversion (CC) with combined structure color filter (CF) and NP to convert color at CF
stage. d) CC structure that uses blue OLED or blue uLED without LGP and blue LED.

intensity greatly improve the reliability and long-term chemical
stability of the perovskite emitters.[*13]

QD thin films are also widely used for CFs. This method has
been used in CFs that use LCDs, blue-emitting OLEDs, and
blue-emitting micro-LEDs (Figure 11). Isotropic release of QDs
and PeNPs can greatly widen the viewing angle. Therefore, the
CF has the photoemissive effect at the last stage, so the same
image quality can be obtained as by using an OLED, but use of
QDs in the CF has the disadvantage of increasing the QD con-
sumption by four to ten times compared to the film method.

PeNPs are relatively inexpensive, so use of them can main-
tain price competitiveness even if a large quantity of them are
used. Use of PeNPs is expected to be competitive with use of
QDs without any delay caused by trial and error in the com-
mercialization process for display. Commercialized perov-
skite-emitter-DCD will likely use the on-chip or on-surface
applications.

4.2. Perovskite Emitters PL Application Cases

With the on-chip structure wide color gamut can be easily
achieved without any special optical design. Some applica-
tions have already been developed using red and green PeNPs
(Figure 12). One uses a green-emitting MP-CsPbBr; PeNPs
nanocomposite with red-emitting PeNPs in silicon resin and
subjected to excitation by using a blue-emitting InGaN chip
to fabricate WLED (Figure 12a). The light from the WLED
was passed through a CF. The NTSC value was 113% and the
Rec.2020 value was 85%.11 On the Commission internationale
de l'éclairage (CIE) chromaticity chart, the color coordinate
triangle (Figure 12b)"Y drawn by the green-emitting and red-
emitting APTES-PeNP/SiO,, and blue-emitting chip encom-
passed 120% of the NTSC- standard, which is better than that
achieved using QDs.['*% This result demonstrates that the white
backlight was excellent. Three resolved PL peaks were observed,
in the blue, green, and red spectral regions respectively; this
observation demonstrates that the PHPS-derived SiO, effi-
ciently prohibited anion exchange between Br~ and I". By
using these RGB components in the electroluminescent (EL)
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spectrum, the color gamut of the fabricated WLED was calcu-
lated to be 127% of NTSC color space (Figure 11c).”l Moreover,
the fabricated WLED showed wide color gamut of 95% of Rec.
20207137 (Figure 12c). Red-emitting LEDs and green-emitting
LEDs can be manufactured in separate packages, so they can
be applied without being subject to anion exchange. Three dif-
ferent cases create encapsulated PeNPs to prevent the spectral
change resulting from the anion exchange and increase chem-
ical stability. All cases show better color gamut than NTSC.
However, on-chip structure does not provide long-term stability
or the reliability because of the high brightness and high opera-
tion temperature of the LEDs.

For concept demonstration, a green-emitting PeNP-polymer
film and a red-emitting CdSe based QD—polymer film were pre-
pared® (Figure 13). Overall, the system can cover over 100%
of the Adobe RGB color gamut and 95% of the Rec. 2020 color
gamut (Figure 13a). A similar approach has recently been com-
mercialized by 3M/Nanosys and QD Vision**2 with green-
emitting and red-emitting QDs.

Hybrid film fabricated using swelling—deswelling micro-
encapsulation can overcome the instability of perovskite mate-
rial. This perovskite film has the advantage of narrow line width
(FWHM = 18 nm) of green emission; this narrow band is essen-
tially pure green, which is essential to widen the color gamut.
Green-emitting PeNPs using core—shell structure for improved
stability and Red QDs are dispersed in polymer at the same time.
As a proof of concept, Quantum Solutions company fabricated
and tested a prototype of PMMA film with Cs,PbBrg powder
and red-emitting CdSe/ZnS QDs!*®#! (Figure 13b). This film
is semitransparent with yellow illumination under UV. It has a
thickness of 200 um and is laminated between two pure PMMA
films (100 um thick) to prevent degradation under air and mois-
ture. The PL spectrum of the film consists of two emission
peaks with relative intensities of 3:1. The higher one corresponds
to Cs,PbBrg with emission peak at 520 £ 1 nm and narrow
FWHM < 20 nm. The smaller one corresponds to CdSe/ZnS
QDs with emission peak at 620 + 1 nm and FWHM > 25 nm.
CIE 1931 Chromaticity Diagram for this film (Figure 13b) has a
pure green color; the color gamut area is 120% of NTSC area.
The big advantage of such film is that the concentration of Pb

© 2020 Wiley-VCH GmbH
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Figure 12. a) Down-conversion characteristics of PeNPs encapsulated in mesoporous silica with blue LED. Reproduced with permission.”] Copyright
2016, Wiley. b) PL spectra of the WLED (inset: photograph of device operated at 20 mA) and color triangle of the blue LED, the green and red QD/silica
(red dashed line) compared to the NTSC TV standard (black dashed line) and the CIE color coordinates of the WLED. Reproduced with permission.’]
Copyright 2016, Wiley. c) PeNP using polysilazane and compared with color reproduction characteristics. Reproduced with permission.’3 Copyright
2016, Elsevier.
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Figure 13. a) Application of MAPbBrs—polymer composite films as down-converters for back-light units of wide-color-gamut displays. Photograph
of red QD-PS and MAPbBr;—PS composite films under UV illumination. Scheme of white light generation by integrating red-emitting QD-PS and
MAPbBr;—PS films with blue-emitting diodes. Emission spectra of a white LED system with green-emitting MAPbBr;—PS and red-emitting QD—PS films
as down-converters for blue-emitting LEDs. Dashed lines: Gaussian fit for green and red emission spectra. Color gamut coverage of the white LED
systems (blue) with adobe RGB (gray) and Rec. 2020 (black) standards for comparison in CIE 1931, Reproduced with permission.l% Copyright 2016,
Wiley. b) Green-emitting PeNP to be used as a green emissive material in combination with red-emitting QDs (CdSe or InP QDs based) for LCD
backlighting. Due to narrow FWHM of emission, green-emitting PeNPs make LCD to exceed NTSC standards and get it closer to Rec. 2020. Quantum-
solutions’ special QDs shelling achieves high thermostability and photodegradation resistivity according to industrial standards to QDs. Reproduced
with permission.[*l Copyright 2019, Wiley.
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Figure 14. a) Large-scale PeNP film fabrication by roll-to-roll technique. b) Comparison of BLU structures and film structures of QDEF and PeNP film.
¢) The structure diagram of PeNP film-LCD TV prototype. d) The color gamut and white color coordinates of the PeNP film -LCD TV prototype in CIE

1931 diagram. Reproduced with permission.[3% Copyright 2018, Wiley.

is <1000 ppm, and the concentration of Cd is < 100 ppm, so it
meets the EU RoHS, whereas films that contain only CdSe QDs
do not [48:49.80,137]

Quantum-solutions company also performed a harsh-accel-
eration test by monitoring of PLQY for samples that were
treated with continuous illumination under a blue-emitting
LED setup with power 10 W for 1000 h. The PLQY and FWHM
did not change during this test. This result shows the feasibility
of PeNPs for commercialization. However, the proposed LCD
had on-surface structure which was adopted to compare with
the on-chip structure, and used a hybrid method in which QDs
and PeNPs are mixed rather than using PeNPs for both red
and green emission. Such cases without hybrid method as in
conventional QD LCD cannot prohibit anion exchange between
Br™ and I” when two kinds of perovskite particles are dispersed
in the same resin. To achieve an affordable display, simplest
and cheapest process would be to disperse the same kind of
particles for display.[ ]

A practical application that is closest to commercialization
(Figure 14) is a prototype TV by TCL Co.127#L4] Until now,
the application examples have prepared PeNP film by using an
ex situ method to synthesize NPs and disperse them in resin.
The perovskite film was prepared by synthesizing green-emitters
by an in situ method using polyvinylidene difluoride (PVDF)
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and perovskite precursor in DMF solution to yield a swelling—
deswelling process. Perovskite film was applied to blue-emitting
LEDs with red-emitting phosphor K,SiFg:Mn," (KSF) to achieve
white light emission and further applied to prototype TVs.
Zhijing Nanotech and Lucky cooperation have developed
a roll-to-roll process to scale-up fabrication of PeNP film
(Figure 14a); they worked with TCL to demonstrate the first
PeNP film integrated for LCD backlights.13% In the PeNP
film -LCD TV prototype (Figure 14b), the blue light emitted
from an LED chip is partly converted to red and green light by
a red-emitting KSF phosphor and a green-emitting PeNP film,
respectively. Compared with CdSe QDs based QDEF, PeNP film
has significant advantages of low costs, high brightness, and
low heavy metal content (Figure 13c). In 2018, TCL achieved the
first PeNP film based 55” TV panel with a color gamut of 101%
and a highest brightness of 500 nits!***13] (Figure 14d).
Another approach uses polymer-PeNPs composite films
that were obtained using swelling—deswelling microencapsu-
lation that exploits tensile strength. This approach achieved
a backlight for an LCD with a color gamut of 89-91% of the
Rec. 2020 standard.[3®! Under adequate tensile force, the PVDF
may be stretched and aligned along the force direction; this
process leads to spatial alignment of the inclusions within the
composite film. The authors exploited this unique mechanical

© 2020 Wiley-VCH GmbH
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Figure 15. A prototype of 28 inch, 4K ultrahigh definition (UHD) LCD/perovskite film display at Consumer Electronics Show (CES) 2020 by Seoul
National University. a) Specification of the prototype LCD/perovskite film display. b) Color gamut of perovskite film display in CIE 1931 diagram.
c) Spectrum of perovskite film display. d) Prototype of LCD/perovskite film display and e) conventional LCD without the perovskite color conversion film.

property and combined it with in situ fabrication to produce
PeNP film.

Recently, the research group at Seoul National University led
by Tae-Woo Lee demonstrated an LCD/perovskite film display
with 4K (3840 x 2160) resolution at Consumer Electronics Show
(CES) 2020 in which a down-conversion film made of green
MAPDbBr; NPs (FWHM =20 nm) and red CdSe/ZnS core—shell
QDs (FWHM =20 nm) was installed in front of blue LED back-
light (Figure 15).

5. Conclusion and Perspective

We conclude this article by arranging the possible uses of
perovskites. Research on PeNPs has sought ways to obtain
chemical stability and has made rapid progress. Methods that

Adv. Mater. Technol. 2020, 5, 2000091 2000091

improved the stability of PL can be assigned to five types:
i) encapsulation in polymer, ii) encapsulation in inorganic
material, iii) use of core/shell structure, iv) ligand engineering
to control the length and binding energy of the ligand, and
v) defect engineering.

Satisfaction of stability and reliability and excellent optical
efficiency are essential elements and economic considerations
are inevitable for the commercialization. QDs are currently
only used for high-end products because of the high cost of
material synthesis. When used for CFs in the near future,
the consumption of QDs will increase rapidly, so inexpensive
emitters are urgently needed. Considering these requirements,
we evaluated Cd QDs, InP QDs, and PeNPs by five criteria: i)
color gamut, ii) material price, iii) material consumption, and
iv) environmental regulation (RoHS regulation), and v) long-
term stability (Figure 16).
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Figure 16. Comparison of competitiveness of perovskite emitting mate-
rials versus existing quantum dots from an economic viewpoint.

i) Color gamut: The key parameter that determines the color gamut
is the emission band width: as band width narrows, the area in
color space that can be expressed on the display widens. The
PeNPs have much narrower emission band width than those
of Cd QDs and InP QDs, so PeNPs are advantageous to widen
color reproduction (Table 1: Achievement ratio of Rec. 2020).

ii) Material cost: Perovskites are composed of readily available,
inexpensive materials; Cd QDs and InP QDs are more expen-
sive than perovskites.

iii) Material consumption: PeMs mostly in a form of PeNPs have
higher absorption coefficient than those of Cd QDs and InP
QDs, so fewer PeNPs than Cd QDs or InP QDs are needed to
achieve the same brightness. For the same reason, more InP
QDs are needed than Cd QDs.

iv) Environmental regulation: ROHS regulations limit Cd content
to 100 ppm and Pb content to 1000 ppm, so the Cd QDs are
more stringently regulated than the PeMs. The components
of InP QDs are not regulated. The regulation of Pb is ten
times more relaxed than that of Cd.
Long-term stability: PeNPs have about 80% of the reliability of
Cd QDs and InP QDs based on how many criteria for com-
mercialization are met. Cd QDs and InP QDs meet all five
criteria related to a high luminous flux test (change of less
than 15% after 1000 h under stress condition), two types of
tests of high temperature and high humidity (60 °C—RH 90
and 85 °C—RH 85), and two different high temperature tests
(60 and 85 °C). PeNPs meet four of five criteria (80%) which
are two types test of high temperature and high humidity
and two types test of two different high temperature condi-
tions but require further improvement at high luminous flux
conditions.*#) Cd QDs are more stable than InP QDs, but
both materials are already commercialized and evaluated as
equivalent because the difference in stability does not affect
consumers.

=

Optical property of PeNPs is superior or equal to Cd QDs
and InP QDs. Therefore, the high luminous flux immunity
must be increased to the level required by the industry before
perovskite emitters can compete with existing QDs.

Systematic analysis of the trial-and-error process that was
involved in producing practical QD light-emitters may identify
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ways to speed up the commercialization of display products
that use PeNPs. For QDs, a prototype was introduced by a dis-
play company 2-3 years after the light-emitting characteristics
were discovered. Lessons learned during commercialization
of display using QD light-emitters may reduce time delay for
PeNPs.

Application of PeNPs films in LCD that use light emitting
characteristics has recently been introduced, the film does not
use both of red-emitting and green-emitting PeNPs; they com-
bine green-emitting PeNPs with red-emitting Cd QDs, InP
QDs, or KSF. Development of 100% PeNP film requires devel-
opment of a way to prevent diffusion of mobile ions between
red-emitting PeNPs and green-emitting PeNPs which yield
intermediate emission when they are dispersed together.

A unique characteristic of perovskite emitter is that PeNPs can
be synthesized in a polymer with solvents (in situ fabrication);
the process steps can be simplified and polymers can be used for
encapsulation during the synthesis process without exposing the
perovskite to oxygen and moisture in the external environment.
However, the color coordinates and brightness must be adjusted
according to the purpose of the screen, and the fine-tuning wave-
length and the concentration control must be adjusted. Adjust-
ment of precursor concentration for each purpose is not cur-
rently feasible. Furthermore, the swelling process may yield non-
uniformity of film thickness and of concentration. These issues
limit large display application. In addition, PeNP synthesized
by the in situ method is difficult to encapsulate individual NP,
so different types of NP or two or more different films must be
used for display application to the “on-surface structure.” Solving
these concerns would be large advances toward useful and
productive fabrication.

To prevent emission wavelength shift caused by anion
exchange between PeNPs, which can induce consequent broad-
ening of emitting bandwidth, encapsulation must be used
to disperse two or more types of PeNP together. The shell of
core/shell PeNPs must be optimized to achieve chemical and
thermal stability.

For PL applications, ligand engineering can focus on
improving the stability of the particles without considering the
electrical conductivity as in the EL application side; i.e., ligand
engineering should be designed to leave uniform coats of
polymer or inorganic substances on the surface of the particles
and to maintain high temperature stability when robust encap-
sulation is achieved using high binding energy of ligand.

Defect engineering can be conducted without sacrificing
the original crystal structure and other properties, especially
because vacancy control during the synthesis of PeNPs is effec-
tive to avoid inducing heteroatoms or other impurities.

A process technology that use powder PeNP should be devel-
oped for easy use of both film-type and on-chip methods that
can be compatible with CFs, and with direct placement of PeNP
in an LED chip. Luminous efficiency and color purity have
been improved by securing better optical properties than those
of QDs, but the stability has not been improved to the level
required by the industry. In this case, we predict that PeNP
films will replace QDEEF or diffusers, and that the color conver-
sion layer on the CF layer, which consumes a large number of
NPs, and enable commercialization at a lower price than those
that use conventional QDs.
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The use of heavy metals remains a concern. Although ten
times more Pb than Cd is allowed by the RoHS regulation, so
that PeMs including PeNPs in the color conversion film sheet is
much easier to meet RoHS than Cd QDs. However, developing
low-lead or lead-free perovskite materials while maintaining
excellent optical characteristics!***3-18] can be a challenging
research direction.
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