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A Review on Halide Perovskites as Color Conversion
Layers in White Light Emitting Diode Applications

Tugrul Guner and Mustafa M. Demir*

In the last decade, halide perovskites have attracted great interest due to
many reasons, including their low cost, solution-processability, superior PL
properties, broad range of color tunability, color purity, and defect tolerance,
among others. They are in increasing demand for a wide range of
applications, such as solar cells, light emitting diodes (LEDs), white LEDs
(WLED), and lasers. Yellow phosphors have been heavily employed in solid-
state lighting, since its illumination by blue yields white light with various
optical features, such as high/low CRI, CCT, and luminous efficiency.
However, phosphors as pigments are seldom found and are costly material.
In this sense, halide perovskites may offer a promising alternative to
phosphors for future solid-state lighting. In this study, the synthesis and
optical properties of halide perovskites, as well as their application in WLED

as a conversion layer are investigated.

1. Introduction

Solid-state lighting (SSL) is new generation of lighting that uses
solid-state materials as light sources.!"” This field has shown
great progress in the last several decades, and has led to the
development of light emitting diodes (LEDs), organic light
emitting diodes (OLEDs), polymer light emitting diodes
(PLEDs), and lasers.[**! One type of SSL, white LEDs (WLEDs),
has been commonly employed in streets, malls, homes, displays,
and other places by replacing traditional lighting sources, e.g.
incandescent and fluorescence lamps.*® Since LED is more
efficient than traditional lighting sources in terms of energy
consumption, this increasing replacement by, and use of, LEDs
in general lighting is expected to lead to tremendous energy
saving,”! expected to reach 75% by 2035, according to the 2016
Solid State Lighting Forecast Report of U.S. Department of
Energy.'”!

There are two main approaches to generating white light
through LEDs. In the first approach, LEDs with different
wavelengths including red, green, and blue (RGB) can be
combined into multichip configuration.""'?) However, this
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approach involves a complex process: in
order to get uniform white light distribu-
tion, driving currents of LED chips emit-
ting different wavelengths must be
matched, and their individual responses
to aging and temperature should be
balanced in every multichip device. In
the second approach, a single UV or blue
LED device can be combined in a LED
package with a color conversion layer
consisting of inorganic phosphor (pig-
ment) particles such as oxide and
nitride derivatives!* " and also their
association with a transparent polymer
resin.!'*~1>%172¢ Thig strategy is known as
phosphor-converted WLED (pc-WLED).

A well-known and mainstream design of
pc-WLED configuration involves a blue
LED chip coated with yellow phosphor; one
that is frequently used is cerium-doped
yttrium aluminum garnet (YAG:Ce*™"). In this setup, some
portion of the blue light from LED excites the yellow phosphor,
and white light is generated when the remaining portion of the
blue light combines with the emitted yellow light. However, this
approach suffers from low color rendering index (CRI) due to red
deficiency and high correlated color temperature (CCT). To
overcome this problem, additional phosphors (red phosphor, for
instance) can be integrated into the system,!*”-** or red, blue, and
green phosphors (RGB) can be used as conversion layers over
UV or near UV (n-UV) LED chips. With the growing use of pc-
WLEDs, phosphor consumption increases, and the need for
phosphor will lead to challenges in the future in terms of their
cost and availability, since they contain rare earth elements.’?”! In
this sense, either phosphor consumption must be reduced**—!
or different luminescent materials need to be employed in a
white LED package as an alternative to phosphors. Moreover,
promising substitute candidates should achieve high CRI and
luminous efficiency, as well as adjustable CCT to be used in
WLEDs.

Halide perovskites have a unique crystal structure in the form
of ABXj; (A: organic or inorganic cation, B: divalent metal cation,
and X: halide anion (Br~, 17, C17)). To date, three possible cations
for A have been reported that are able to stabilize the perovskite
structure: MA™, FA', and Cs*.’? Goldschmidt’s Tolerance
Factor,?®) t = (ra + rx)//2(rp + rx), Where ra, 5, and ry are
respective ions in the ABX; formula, hint to the formation of
well-defined perovskite structure.**! For instance, the majority of
the 3-D perovskites were found to be (empirically) satisfying at
0.8 <t<1.0. Depending on the type of cation, halide perovskites
can be divided into two groups. If the cation A of the perovskite
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involves either MA™ or FA™ or both, the structure belongs to the
group of organometallic halide. On the other hand, if Cs™ is
employed, the structure is considered to be the all-inorganic
halide perovskites. All-inorganic lead halide perovskites
(CsPbX;) have been a known substance since 1890s*>); however,
it took six decades to report the semi-conductive nature of these
materials.®® Organometallic halide perovskites (MAPbX; or
FAPDX3), by contrast, were introduced in the late 1970s and have
been known for almost 40 years.>”!

The first known applications of these halide perovskites were
performed using organic cations. These materials were found to
show significant optical features—including small exciton
binding energies, high charge carrier mobilities, and strong
light absorption***°and led to the discovery of the highly
efficient photovoltaic (PV) devices of halide perovskites.[*!*%
Since then, these materials, involving either organic or inorganic
cations, have begun to gain significant attention, and these
developments have recently brought halide perovskites into the
research spotlight.*~**! Apart from their use in PV devices, they
show more than 90% quantum yield in photoluminescence!***”;
moreover, they possess unique properties, such as solution-
processability, long carrier lifetimes, ease of fabrication, and
wavelength tunability.?***% These features make halide
perovskites a strong candidate to be used in optical applications,
including display technologies, WLEDs, and others.**>'>¢
Particularly in the case of WLED applications, these halide
perovskites may i) be used together with YAG phosphor; ii)
replace YAG phosphor in YAG-based WLEDs; or iii) be used to
obtain three main red-green-blue (RGB) colors separately over
UV LED, as alternative to UV phosphors.

To get further insight into what degree of white LED studies
involve phosphor or perovskites, statistical data of total
publications and citations released in the last two decades were
collected from Web of Science. These data are based on
publications and citations related to the keywords white LED,
white LED + phosphor, and white LED + perovskite; the statisti-
cal results are presented in Figure 1. It is obvious that white LED
publications and citations have grown together with phosphor
publications and citations and have closely followed each other
since the beginning of the 2000s. However, publications and
citations involving white LED and phosphors have begun to
stabilize in recent years. This loss of interest in white LED
studies may be the result of saturating phosphor studies, most
probably due to reaching sufficiency in terms of materials
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discovery and their optimization. On the other hand, perovskite-
related white LED publications and citations only began in 2012,
and have grown rapidly since then. It will be no surprise if this
new technology will surpass the phosphor-related studies in a
short time, and then lead to rapid growth for white LED
publications and citations.

This topical review will summarize recent trends in halide
perovskites that were used in WLED applications. The following
topics will be briefly discussed: first, recent developments in the
preparation of halide perovskites; second, their optical
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Figure 1. Statistical data of (a) publications and (b) citations about the last 20 years.
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properties; and third, their use as a color conversion layer in
WLED configurations. Finally, a conclusive perspective will be
presented concerning the challenges and future prospects of
halide perovskites.

2. Preparation of Halide Perovskites

Halide perovskites, in general, contain [BX¢]*™ (B: Pb*™ or Sn**
or Ge’™) as counter ions, having an octahedral arrangement
around a central cation. The cations, either organic (MA* or
FA™) or inorganic (Cs™), are located between the large spaces of
anionic octahedron sites (Figure 2a). The polymorphs of this
crystal structure have cubic, tetragonal, and orthorhombic
lattices in the bulk form."* Note that merely an orthorhombic
phase is reported for QDs.””*®) The band gap of related
perovskite crystals varies based on the type of cation. For
instance, MAPDI; has E; ~1.50-1.61eV, FAPbI; has E; ~1.47-
1.55eV, and CsPbl; has~1.67-1.73eV."”) Therefore, it is
important to select the appropriate halide perovskite(s) depend-
ing on the targeted application: solar cell, LED, laser, transistor,
etc.

2.1. Organometallic Halide Perovskites

Various preparation methods have been developed to synthesize
organometallic halide perovskites as targeting novel potential
applications, particularly to enhance the efficiency of both solar
cells and LEDs or to improve their stability to be used in WLED.
In frontier studies, halide perovskites were synthesized through
mesoporous metal oxides, where the porosity allows the
formation of perovskite crystals.****=** Parallel to the advance
of colloidal synthesis methods, it becomes possible to obtain
bulk!®=%” or nano-structured®~"% organometallic perovskites
from a solution.

In this context, this review focuses on the solution-based NC
synthesis of these materials, which can be divided into two
strategies. The first involves ligand-assisted re-precipitation. A
highly polar solvent, such as DMF, is used to dissolve both
alkylammonium halide and the lead halide source; then, the
resulting solution mixture is injected into a poor solvent to
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trigger NC crystallization. For instance, Zhang et al.”") dissolved
PbBr,, MABr, n-octylamine, and oleic acid in DMF, and then
dropped this solution with a fixed amount into toluene. The
authors obtained MAPbBr; quantum dots with 3.3 nm size and
having 50-70% absolute quantum yields.

The second strategy is the ionic metathesis approach, which
involves no polar solvent but rather various sources of cation,
including alkyl-amines (similar to using Cs-oleate as a Cs*
source in the case of synthesizing all-inorganic perovskites). As
an example, Vybornyi et al.* used oleic acid (OA) containing
methylamine solution in tetrahydrofuran (THF), injecting it into
a solution of PbX, containing an oleylamine (OAm)-OA—-ODE
mixture. The resulting solution showed fast crystallization
occurring in seconds, proving that the authors successfully
obtained MAPbX; (X=Br~ and I") nanocrystals, with various
morphologies of cubes, wires, and platelets, by controlling the
volumetric ratio of OAm and OA. For instance, in the case of
MAPDI;, the authors obtained nanocubes by employing the
particular OAm/OA ratio of 0.2:0.8, nanoplatelets from 0.7:0.12,
nanowires from 0.6:0.7, and quantum dots from 0.5:1.5.

2.2. All-Inorganic Halide Perovskites

Similar to the fabrication of organometallic halide perovskite
NCs, all-inorganic perovskite synthesis includes two main
methods: hot injection and room-temperature recrystalliza-
tion.’?) In hot injection (Figure 2b), preheated Cs-oleate is
injected as Cs" source into a solution mixture containing PbX,
and OA, OAm, and ODE, at temperatures varying from 60 to
250°, under which decomposition of the complex takes
place.*®7*74 The solution rapidly turns a greenish color, most
probably due to the formation of bright green emission of NCs
under daylight. The crystals can be then collected via
centrifugation. This method allows for control of the size of
the resulting NC by adjusting reaction time, temperature, and
precursor concentrations.”” A typical sample with a nanocube
shape is illustrated by the inset.

In the case of room temperature recrystallization (Figure 2c),
similar to the organometallic halide synthesis, CsX and PbX; are
dissolved in a good solvent, such as DMF, in the presence of OA
and OAm. Then, an aliquot of this mixture is dropped into a poor
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Figure 2. Schematic representation of (a) halide perovskite crystal structures, (b) hot injection method (TEM image of a typical sample is given at the
inset), and (c) room-temperature recrystallization. a) Reproduced with permission.**l Copyright 2017, The American Association for the Advancement
of Science. b) Reproduced with permission.”? c) Reproduced with permission.””!
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solvent, such as toluene, causing a supersaturation and leading
to fast crystallization, due to the solubility difference between
DMF and toluene.”®””!

Notice that the ligands OA and OAm are used during the
synthesis of both organometallic and all-inorganic halide
perovskites. These ligands can balance the charge between
cations and anions. Therefore, by varying the chemical
properties of these ligands or their ratio, one can tune the
morphology of resulting NCs.”>78" For instance, Pan et al.®%
showed that by varying the length of amine and acid chains and
injection temperature, CsPbBr; nanoplatelets and nanocubes
with various sizes and quantum yields can be obtained. In the
case of employing OA and OAm, tuning the reaction
temperature from 170 to 140° leads to a change from nanocube
to nanoplatelet, with sizes of 7.1-2.6 nm and with almost similar
quantum yields of ~86%. On the other hand, by adjusting the
amine chain length via replacing OAm with dodecylamine at
the fixed temperature 170°, the authors were also able to change
the morphology from nanocube to nanoplatelet, while reducing
the size from 7.1 to 4.5nm and the quantum yield from 87 to
51%, respectively. Moreover, Tong et al.®? reported that CsPbX;
nanowires can be obtained from precursor powders by using OA
and OAm through a single-step ultrasonication-assisted
synthesis.

3. Optical Characteristics of Halide Perovskite
Materials

One of the exceptional features of halide perovskites is the
tunability of the emitting wavelength. In general, it can be
achieved simply via anion-exchange reactions or via quantum
confinement by adjusting the NC size. A number of studies
reported in literature show the control over spectral features
between 390 and 1050 nm.*¢6*71:8399 Anjon.exchange reac-
tions depend on the halide ions of X that are used in the ABX;
structure, showing a blue shift when Cl™ ions were employed,
where I shifts the resulting emission toward red.

In theoretical perspective, energy of the emitted photon from
CsPbX; can be related to the energy between conduction band

Www.pss-a.com

minimum (CBM) and valence band maximum (VBM). Even
though CBM was reported as being composed primarily of Pb 6p
with minor halide np orbitals, VBM contains an antibonding
hybridization of Pb 6s and X np orbitals, where the major
contribution comes from the np orbitals of the counter ion X.°"
In this sense, since halide ions possess different energy levels—Cl
(3p), Br (4p), and I (S5p)—wavelength tuning is the natural
outcome of the changing bandgap through shifting the VBM
toward more positive potentials, with the decreasing energy of
the np orbitals of X from I™ to Cl™.

Furthermore, halide perovskite crystals can also be prepared
using more than a single anion, i.e., AB(CLBryl;_,_,);, Where
the total ratio of these halide anions is equal to unity (0<x,
y<1). Simply by adjusting the ratio of halide anions, the full
spectrum can be covered from UV to infrared.[*¢72%%%2
Figure 3a shows the emission of the samples with various
halide ions (or halide ion ratios) under UV light. Their registered
PL and absorption-emission spectra are given in Figure 3(b and
c), which clearly verify the tunability of wavelength depending on
the counter halide ions from UV to infrared.

Another parameter for the control over optical properties is
quantum confinement. It shows the effect of particle size on its
emission, and it can be related by

W2

= (B~

Ry) (1)
where r is the radius of the particle, m* is the reduced carrier
mass, and E, is the band gap energy; R,=m"e*/2¢’h” is the
exciton binding energy including ¢ as the dielectric constant,
which can be used for both band-gap engineering and quantum
yield improvement. In general, a critical parameter known as
Bohr’s radius (a = h%f/m*¢?), defined through Equation (1), is
used to understand the degree of confinement for a given
particle size. In the case of having particles much larger than a,
the first term in Equation (1) drops, and the excited state of the
particle becomes lower than the ground state (no confinement).
However, the confinement appears when the particle size is
smaller than a, since E reaches larger values compared to Eg. In
such a case, the system starts to behave like a quantum well,
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Figure 3. a) Halide perovskites with various anions (or anion ratio) under UV illumination, (b and c) collected PL and abs/PL spectra of related samples,
respectively. a—c) Reproduced with permission.?! Copyright 2015, American Chemical Society. d) The size effect of perovskite NCs on the wavelength

tunability. Reproduced with permission.[”!
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showing a sharp distinction between excited states, leading to
increased energy of excited states. This size effect is illustrated in
Figure 3d.

As the size of perovskite NCs increases, a red shift takes place
in the wavelength at almost 50 nm. Moreover, Huang et al.l”’!
reported that during the synthesis of MAPbBr; NCs via
recrystallization, they obtained size-tunable band-gap by simply
adjusting the temperature of the poor solvent. The authors found
tuning emissions in the range of 475-520 nm. High quantum
yields of 74-94% were obtained following this method. Size-
tunable band-gap can be achieved in the case of all-inorganic
halide perovskites, too. For instance, Protesescu et al.[4®]
synthesized CsPbBr; NCs with particle diameters ranging from
4 to 12 nm, which were able to cover the spectral region of 410—
700 nm with high quantum yields of 50-90%, respectively. The
authors calculated the Bohr radius of CsPbX; halide perovskites
and found it to be 5nm for C1~, 7nm for Br—, and 12nm for I,
which are demonstrably comparable in size with the perovskite
crystals that they had synthesized. Recently, doping in perovskite
crystals, particularly with Mn?" ions, has become a new and
active research era, which can serve as an alternative strategy to
wavelength tuning in halide perovskites.”*”! In such a case,
Pb** ions are substituted with Mn?* in the octahedron structure
of (PbXe)*~ under certain conditions, such as particular
temperatures of medium or Mn”" concentrations.

The instability of these halide perovskites®®*? is a major
obstacle that needs to be overcome, because perovskites readily
undergo chemical degradation and eventually optical loss. All-
inorganic halide perovskites show better intrinsic stability
compared to their organic counterparts, since they have higher
thermal resistance (>500°)""" and better photostability.
Nevertheless, these perovskite crystals still suffer from
chemical instability against moisture, oxygen, and polar
solvents such as water, acetone, ethanol, and even against
perovskite crystals with different halide ions. For instance, in
the last case, mixing halide perovskites with different halide
ions result in anion-exchange reactions, which can cause shifts
in the PL emission of individually incorporated halide
perovskites into mixture. As a result, one obtains a floating
PL emission from the mixture, which deteriorates the optical
stability of WLED.
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Various methods have been developed to improve the stability
of halide perovskites. For instance, Wang et al.'®Y mixed
mesoporous silica—of pore size 12-15 nm-with green CsPbBr;
halide perovskite in a non-polar solvent, and found that this
method is able to prevent anion-exchange reactions between
green CsPbBr; and red CsPb(Brolpc)s when they mix in
silicone resin (Figure 4a). In another method, Bhaumik et al.**
reported that they obtained a stable MAPbBr; by growing a shell
of octyl-ammonium lead bromide, which has a high band-gap
over the MAPbBr; (Figure 4b). This method of growing a wider
band-gap shell over a lower band-gap core is also known as core-
shell semiconducting nanocrystals.'”! Further methods about
improving the stability will be discussed in the next section while
summarizing the WLED applications of halide perovskites.

4, Use of Halide Perovskites in WLED
Applications

4.1. Blue LED + YAG:Ce?*" + Halide Perovskite

In YAG:Ce*"-based WLED applications, generated white light
generally exhibits lower CRI, since the resulting spectrum lacks
the red component. To improve CRI, red phosphors, particularly
ones with narrow FWHM, can be integrated into the system. !
In this sense, red halide perovskite crystals can be used to
improve CRI and reduce CCT by integrating them into
traditional phosphor-converted WLED applications. Following
this strategy, Zhou et al.l'*! fabricated red-emitting perovskites
NCs by alloying CsPbl; with Br~ (leading to CsPbBry,l;5s),
which has a better stability against moisture compared to
CsPbl;. Using this alloyed red-emitting perovskite QDs in poly
(methyl methacrylate) (PMMA)/chloroform solution, the
authors covered the upper surface of a YAG-based WLED device
using the spin coating method (Figure 5a). As a result, this
WLED system showed CRI of 92, CCT of 4222K, and LE of
78.411m W, which is superior to a bare YAG-based WLED
system (with CRI of 74, and CCT of 6713 K).

Similarly, Zhou et all'® also reported a promising red
CsPbBr;_,I, halide perovskite QDs used in a YAG:Ce>**-based
WLED system. The optical properties of this red halide perovskite
were examined to find the optimum value of x reported as 2,

“ Core-shell

MP-CsPbBr; PQDs
<. # Nanoparticle

Figure 4. Different halide perovskite stabilization methods; (a) mixing with mesoporous silica and (b) growing shell of wider band-gap over halide
perovskite NCs. a) Reproduced with permission."" b) Reproduced with permission.!" Copyright 2016, Royal Society of Chemistry.
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Figure 5. WLED applications of red halide perovskites integrated into the blue LED excited YAG:Ce*" phosphor, which are (a) directly coated on blue

LED or (b) prepared in the form of PiG systems. a) Reproduced with permission.l'®! Copyright 2017, Elsevier. b) Reproduced with permissio

Copyright 2016, Royal Society of Chemistry.

showing both high quantum yield and intensive luminescence.
Then the authors embedded the optimized halide perovskite
(CsPDbBrl,) into PMMA and deposited it on the upper surface of the
YAG:Ce*"-based phosphor-in-glass (PiG) disk by using spin
coating (Figure 5b). It was found that placing this color conversion
layer over blue LED in a remote system produced the results CRI of
90, CCT of 5907K, and LE of 58lmW ', which are quite
satisfactory and suggest that halide perovskites are promising
materials for future WLED applications.

On the other hand, Song et al."”) argued that PMMA can
cause degradation for these perovskites, and the authors offered
ethyl cellulose as an alternative to PMMA. Two red-emitting
CsPb(Bro4loe); halide perovskite-embedded polymeric films
were prepared, using ethyl cellulose and PMMA as matrix. The
quantum yield of halide perovskite in the ethyl cellulose was
reduced from 34.2 to 19.8%, while the PMMA-based quantum
yield reduced from 34.9 to 9.5% after 200 h dipping time of the
films in water. Stabilization of the perovskite materials against
water was discovered to be superior compared to the PMMA-
based sample, as it is the result of passivation characteristics of
ethyl cellulose. Meanwhile, white color was obtained from the
ethyl cellulose-based halide perovskite QDs integrated with the
YAG:Ce**-blue LED system, showing CRI of 90.3, CCT of
3897.9K, and LE of 46.45lmW ' under 20mA forward-bias
current. Even though PMMA is able to keep the bright
luminescence of QDs due to its high transparency, it does not
show a significant stability improvement against UV exposure
nor against photo-oxidation, since the oxygen diffusion coeffi-
cient of PMMA is relatively high.['%®!

To provide further stability for halide perovskite QDs, Di
et al.'® coated these QDs with mesoporous silica. They showed
that all-inorganic perovskites can keep their optical performance
for months under air atmosphere. As a WLED application, the
authors used two systems with two different chemistries of
halide perovskites: CsPbBrs/silica as green-emitting, and
CsPb(Brg4lo6)s3/silica as red-emitting conversion layers. In the
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first system, they stacked red-emitting perovskite QDs/silica,
blended with organic paste film, on a PiG plate over a blue LED.
In the second system, green-emitting and red-emitting
perovskite QD/silica powders with blue LED were combined.
The authors reported that the former strategy exhibits CRI of 92,
CCTof5198 K, and LE of 75.21m W~ !, while the latter shows CRI
of 82, CCT of 5853 K, and LE of 14.11m W' Evidently, the first
strategy performed better than the second one. The authors then
optimized the white light generation in terms of the concentra-
tion of red perovskite, and obtained CRI of 92, CCT of 4718K,
and LE of 56lm W' under 20mA driving current for the
particular concentration.

In another approach, same-halide perovskite QDs with
various x of CsPbBr;_,I, were used in the form of liquid-type,
which aims to keep the related quantum dot solution in liquid
phase while protecting them from drying. For instance, Sher at
al."% ysed a glass material to keep the QD solution in liquid
form, and the authors showed that the liquid-type QD structure
can stabilize the QDs against the environment while providing
high and reliable CRI. Moreover, the authors found that this
method can also improve the efficiency of QDs and reduce
thermal effects. In the case of halide perovskites, Bi et al.l''!
prepared red CsPb(Br/I); liquid-type QDs and combined them
with the traditional yellow phosphor YAG:Ce** as color
conversion layers, to fabricate warm WLED pumped with a
blue LED. As a result of this combination, luminous efficiency of
84.7lm W1, CRI of 89, and CCT range of 2853-11.068 K were
achieved, depending on the QD concentration, while maintain-
ing its initial quantum efficiency.

4.2. Blue LED + Halide Perovskite
Apart from integrating red perovskite QDs into YAG:Ce®"-based

pc-WLEDs, one can also replace the traditional YAG:Ce** yellow
phosphor with perovskites such as green-emitting CsPbBr;. In

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

this context, Li et al.””! used all-inorganic red and green halide
perovskite QDs in a PMMA matrix, and cast them as separate
layers over blue LED. Then, by simply changing the red and
green QD component ratio, CCT was tuned between 2500 and
11500 K. The resulting CIE color coordinate was optimized to
(0.33, 0.30), which is very close to the standard coordinates of
(0.33, 0.33) as white color.

In an another case, Pathak et al.'*? first reported that, by
varying the ratio of OA and MA in the synthesis of perovskite, the
size of the crystals can be controlled to a 5-10 nm length scale of
resulting crystals. By substituting MA with OA, the authors
observed that PL quantum yield was enhanced from 20 to 36%
(from MA only to a 0.6 OA:0.4 MA molar ratio). However, further
increase in the molar ratio results in a decreased quantum yield
(18% for 0.9 OA:0.1 MA molar ratio). Next, the authors blended
PS with the mixture of blue, green, red, and emitting crystals at
intermediate regions, from 410 to 770nm (which can be
obtained via mixing I"/Br~ and Br™/Cl™ halides), and they
found that the mixture covered a visible range (Figure 6a).
Moreover, the authors fabricated PS/perovskite composite films
by separately embedding (0.3 OA:0.7 MA)PbBr; emitting at
520 nm, (0.3 OA:0.7 MA)Pb(I 66B10¢ 34)3 emitting at 678 nm, and
(0.3 OA:0.7 MA)PDbI; emitting at 775nm in the PS matrix, the
results of which are presented in Figure 6b (under UV
illumination). By stacking these films over the blue LED chip,
the authors generated white light (Figure 6¢), which has the
optical features CRI of 86 and CCT of 5229 K.

Meyns et all''¥ suggested that introducing poly(maleic
anyhdride-alt-1-octadenece) (PMA) during the synthesis of
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halide perovskites can increase their quantum yield while
stabilizing their optical features, by protecting their surface and
preventing them from aggregating. Two perovskites, emitting in
green CsPbBr;-PMA and emitting in red CsPbBr, ¢l +-PMA,
were prepared and employed in a stacking configuration over
blue LED. It was found that CRI of 72.4 and CCT of 3665 K were
initially obtained, and then—due to degradation of the red
component—CRI was reduced to 66.9 and CCT increased to
9300K after 5 min, even in the presence of PMA.

Wei et al.'" packed all-inorganic perovskites into cross-
linked polystyrene (PS) beads in the form of perovskite QD@PS,
by using the swelling-shrinking strategy. The authors were able
to stabilize perovskite QDs against water, acid-aqueous solution,
and alkali-aqueous solution, while maintaining their high
luminescence. They then fabricated WLED using blue LED
and a mix of green CsPbBr;@PS and red CsPb(Brg 41o6)3@PS
halide perovskites. The spectrum of the prepared WLED was
found to possess three individual emission signals, which
indicate that an ion-exchange reaction was also prevented
between green and red halide perovskites. In other words, green
and red halide perovskites were able to maintain their
corresponding solid state PL spectra even after they were mixed.
With this system, the authors found that the generated white
light has color coordinates of (0.31, 0.30).

In the case of organometallic halide perovskites, Zhang
et al.”! blended halide perovskite possessing organic cation MA
with a PMMA/chloroform solution, combining it with a red
phosphor KSF dispersed in a silicone gel, as separate layers, over
a blue LED. The resulting WLED was found to have a luminous
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kites. Parts (b and c) present the appearance of blue, green, and red halide

perovskites under UV illumination, and their related spectrum after stacking them onto the blue LED, respectively. a—c) Reproduced with permission.l''
Copyright 2015, American Chemical Society. d) WLED fabricated via stacking the green emitting halide perovskite with a red phosphor over blue LED.
Reproduced with permission.I''® Copyright 2017, Royal Society of Chemistry.
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efficiency of 481m W™ and color coordinates of (0.33, 0.27). The
authors pointed out that casting the MAPbBr;/PMMA over a
blue LED, painted with a KSF silicone gel, shows superior
performance compared to the CdSe-based LEDs in terms of color
rendition.!"”!

Similarly, Wang et a used two commercial silicone resins
to prepare stable green organometallic halide perovskite
MAPDBr; nanocomposites (Figure 6d). Among these, the
QDs prepared with phenyl methyl silicone resin (PMSR) was
found to exhibit better stability against UV, water, and thermal
than the QDs prepared with the silicone sealant Dow Corning
937 (SSDC). The authors then fabricated a WLED by using
green-emissive PMSR/QD and red-emissive nitride phosphor
PMSR/S1,SisNg:Eu*" composite films as separate layers over a
blue LED. They obtained CCT of 3100 K and color coordinates of
(0.402, 0.348), and the highest quantum yield of 62% was
obtained.

As another example, Ma et all'"”) used green emitting
CsPbBr; halide perovskites that were synthesized in situ in the
presence of PMMA via a microfluidic-spinning microreactor.
This synthesis method of perovskite by in situ endowed great PL
stability against water moisture and UV radiation, while the use
of a microfluidic-spinning microreactor allowed a scale-up
fabrication. For WLED application, the authors embedded the
mixture of CsPbBr;/PMMA and emitting CdSe QD into a UV-
curable adhesive, and then blue LED was encapsulated with this
film to generate white light. They reported that the resulting
white light possessed CRI of 89.2 with color coordinates of
(0.3413, 0.3329) under 350 mA operation. Apart from polymers,
perovskites can be prepared by incorporating them into
microcrystals similar to QDs embedded in inorganic salts,
which can lead to enhancement of the photo and chemical
stabilities.[®121]

Using this strategy, Xu et a incorporated halide
perovskites into carboxybenzene (CB) crystals, and found that
mixing halide perovskites with CB enhances the stability of
perovskite QDs against moisture and blue light while keeping its
PL properties. Furthermore, they prepared a WLED device

1.1116]

1.1122)

G-Perovskite QDs
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composed of the mixture of blue LED with green-emitting
CsPbBr3-CB and red-emitting CsPb(Brg4I06)3-CB. They ob-
served that anion-exchange reactions can be prevented due to the
presence of CB, and they obtained color coordinates of (0.41,
0.37), which shows only a 7% reduction in PL intensity after 30 h
of continuous illumination.

4.3. UV LED + Halide Perovskite

Fabrication of WLED using UV LED chip requires three main
RGB colors to be generated under UV illumination. In this
context, halide perovskites are suitable pigments to use as color
conversion layers. These materials can be excited by UV and
they cover the visible spectrum. Zhang et al.'**! reported
mixing of organic cations MA and FA in the particular ratios of
1:1 for blue and 4:1 for green emissions. Single-cation FA was
used to produce red emission. All these materials having blue,
green, and red emission were dissolved in PMMA/chloroform
solution and then blended with thermocurable silicone resin.
As a WLED application, a UV LED chip was coated separately
with halide perovskite composite films, and results of CRI of 85
and luminous efficiency of 40.2ImW™' were obtained
(Figure 7).

Similarly, Palazon et al.l'**) prepared color conversion layers
either by involving solely all-inorganic halide perovskites for all
colors or by replacing the red color with non-perovskite
emitters, such as Cu-In-Zn-S (CIZS)!'*! or giant-shell CdSe/
CdS nanocrystals,??! and placed them over a 365nm UV LED
chip. In the case of all-inorganic halide perovskites, they
colloidally synthesized all colors from the two main perovskites
CsPbBr; and CsPbl; which differ in morphology. The CsPbBr;
nanocubes and nanoplatelets emit blue and green; CsPbl;
nanocubes and nanosheets emit red and orange. Apart from the
instability observed for the perovskite mixture due to anion-
exchange reactions, CsPbl; suffered also from the intrinsic
instability that causes serious PL degradation, particularly
against irradiation.'*”! This causes a lower overall efficiency

1 [124

R-Perovskite QDs
B-Perovskite QDs
UV ship

Pe-WLED

Intensity

Wavdength (am)

Figure 7. a) Schematic representation of WLED prepared using halide perovskites over UV LED chip and (b) resulting white light generation.
Reproduced with permission.['*! Copyright 2017, American Chemical Society.
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observed in the stacking case of perovskites (1.19 Cd at the
excitation power of 800 mW). In the case of non-perovskite red
emitters, the authors mixed blue-green-emitting CsPbBr;
nanocubes-nanoplatelets with CIZS and CdSe/CdS, and
obtained x=0.31467; y=10.34251; CCT=6317K from CIZS,
x=0.32396; y=0.35315; CCT=5856K from the CdSe/CdS-
based solution. White light is obtained in all approaches with
tunable CCT; among those, the hybrid approach involving
CdSe/CdS nanocrystals showed very high stability upon
continuous illumination at high power.

5. Conclusion and Outlook

WLED applications demand energy-efficient devices satisfy-
ing high CRI, tunable CCT, and high luminous flux, along
with low cost. The last two decades of WLED-related studies
indicate that phosphor studies have already begun to level off,
most probably due to reaching the saturation point in terms of
new phosphor discoveries or their optimization. In recent
years, halide perovskites have attracted great attention, since
they are able to provide the desired optical features with high
quantum yields. However, instability against environmental
conditions, such as humidity and polar solvents, still remains
an issue. The optical features of these materials (i.e., their
high quantum yield) have to be maintained—or at least the
optical loss has to be minimized-after integrating with
polymers such as silicone resin, because of the quenching
effect of macromolecules through surface interactions and/or
the aggregation of molecules. Nevertheless, halide perovskites
are new, hotly debated, and promising materials for WLED
applications. They appear to be a strong alternative to
phosphors, and will lead to a significant rise in the number
of WLED-related studies. Along with the studies enriched with
novel pigment materials for instance perovskites in this
overview, the near future of solid state lighting may focus on
replacing LEDs with laser diodes to enhance the optical
performance of the white light.
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