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Inorganic halide perovskites (IHPs) have received substantial attention due to their unique optoelectronic proper-
ties. Among all the intriguing performance, the efficient luminescence of IHPs enables the practical application of
white light-emitting diodes (WLEDs) for lighting. During the last decade, IHP-based white lighting sources with
a high luminesce and a broad color gamut have been developed as strong competitors to conventional and classic
WLEDs based on rare-earth phosphors and blue LED chips. Thus, it inspires us to give an overview of the
emerging progress of IHP WLEDs that can function as lighting sources. Here, in this review, the generation
of luminescent properties and white light in IHPs are first presented. Then, both photoluminescence and electro-
luminescence WLEDs with IHPs emitters, including both lead-based and lead-free IHPs, are synthetically dis-
cussed to exhibit their advantages. Furthermore, the efforts on the optical performance enhancement of IHPs in
WLEDs are demonstrated and summarized. Apart from WLEDs, visible light communication based on IHPs
featuring efficient luminescence is proposed to highlight their promising potential in lighting communication.
Finally, some perspectives on the evolution and challenges are described, followed by an inspirational outlook on

their future development.
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1. INTRODUCTION

Since more than 20% of global electric energy is consumed by
lighting every year, it is quite urgent to develop efficient light-
ing sources to save massive energy. White light-emitting diodes
(WLED:s), which are regarded as bright and solid-state lighting
sources, have aroused wide attention due to their high lumi-
nous efficiency, long operating lifetime, and ecofriendly nature
[1-5]. The performance of photoluminescence and electrolu-
minescence WLEDs, in which the white light originates from
optical pump and electrical driving, is dominated by the emit-
ters and luminescent materials [6]. In conventional WLED:s,
the white emission derives from rare-earth phosphors and
blue/violet InGaN/GaN LED chips. Despite the fascinating
characteristics of WLEDs based on rare-earth phosphors, their
further development and commercialization still suffer from the
supply shortage issues of the rare-earth elements as well as the
complex and high-temperature preparation processes of phos-
phors with energy consumption. Apart from rare-earth phos-
phors, organic and II-VI-/III-V group semiconductors could
also be used as emitters in WLEDs; however, the instability
issue of organic semiconductors and the sophisticated mass
production of II-VI-/III-V semiconductors have limited their
studies [7,8]. Thus, it is of great interest to explore emitting
materials with feasible preparation, efficient luminescence,
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and excellent stability for the next-generation WLEDs
applications.

Owing to the high photoluminescence quantum yield
(PLQY), tunable photoluminescence (PL) across the entire vis-
ible region, and being solution-processable, inorganic halide
perovskites (IHPs) have been selected over other efficient emit-
ters in optoelectronic applications [9—11]. Moreover, compared
to hybrid organic perovskites with inorganic groups, such as
MA, FA, and PEA, IHPs containing stable Cs*, Rb™, and K™
exhibit enhanced stability against heat, humidity, and UV ir-
radiation. In addition, their prominent advantages, including
structural stability and processability, inspire researchers to fo-
cus on their development and applications. The Goldschmit’s
tolerance factor (#) that depends on the ionic radius is used to
estimate the structural stability of perovskites [12,13]. Thus,
the organic groups with a large ionic radius indicate large 7 val-
ues in hybrid perovskites, resulting in the instable structures,
while the Cs*, Rb™, and K% ions with a suitable radius facili-
tate the stabilization of the crystal structures of inorganic per-
ovskites, leading to the improvement of structural stability.
Apart from structural stability, owing to the high boiling point
of inorganic ions, the high-quality IHPs can be synthesized by
solution methods at increasing temperature. These properties
endow IHPs with great potential for lighting, with encouraging
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research progresses in IHP-based lighting being witnessed in
recent years. However, the practical applications of WLEDs
based on inorganic lead halide perovskites (CsPbX3) are still
hindered by their intrinsic instability and the relatively low
PLQY of red and blue emission. To obviate these problems,
beneficial strategies, including coating, embedding, morpho-
logical optimization, and surface-ligand modification, are
exploited to further enhance the stability and optical properties
of IHPs [14—16]. In addition, it is essential for state-of-the-art
WLED:s to possess broad spectra covering the entire visible re-
gion, but the narrow emission spectra of CsPbX3 are identified
as a major bottleneck in the lighting application. The expanded
width of the emission spectra of WLEDs can be accompanied
by combining with other emitters with complementary emis-
sive spectra and incorporating dopants into IHPs to introduce
novel emission peaks [17,18]. Moreover, benefiting from the
fascinating characteristics of broad emission and nontoxicity,
inorganic lead-free halide perovskites have emerged as good
candidates for emitters in WLEDs [19-22]. Therefore, among
the emitters used in high-performance WLEDs, the IHPs stand
out as the promising still-up-and-coming choices.

In this review, as shown in Fig. 1, we first provide a com-
prehensive overview of the white light in WLEDs and optical
properties of IHPs, with the key factors to evaluate the perfor-
mance of WLEDs being also summarized. Then, we classify the
WLED:s into two types according to their emitters, including
WLEDs based on both inorganic lead and lead-free halide
perovskites, respectively. The optimum strategies of both types
of THPs for photoluminescence and electroluminescence
WLEDs, including coating, embedding, morphological opti-
mization, and surface-ligand modification, are introduced
and discussed synthetically. Especially, the device structures
of electroluminescence WLEDs are analyzed to highlight the
effects of carrier transport layers on the performance of lighting,.
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Moreover, the luminescent mechanisms and properties of
single-component white emission derived from inorganic
lead-free halide perovskites with broad emission are presented.
In addition to the lighting applications, with unique merits of
high luminosity and low energy consumption, WLEDs based
on IHPs are also considered as alternative candidates for visible
light communication applications. Thus, the advances achieved
in the visible light communication are proposed to demonstrate
the prominent potential of WLEDs. Finally, further challenges
toward enhanced performance and commercialization are in-
cluded with discussions on the future perspectives.

2. WLEDS AND IHPS

As efficient lighting sources, WLEDs exhibit numerous advan-
tages (e.g., low energy consumption, long duration, and
ecofriendliness), emerging as the mainstream in the fields of
lighting and displays. According to the pumped modes,
WLED:s can be classified into photoluminescence and electro-
luminescence ones. For both types of WLED:s, the efficient
white-emitting properties, which are evaluated by color render-
ing index (CRI), correlated color temperature (CCT), and lu-
minous efficiency, facilitate lighting applications. The CRI is
used to measure the rendering ability of a light source to reveal
colors of objects in comparison to the sunlight; CCT is defined
as the temperature of an ideal black-body radiator that radiates
the light of a given lighting source. According to the CCT val-
ues of the white emission, the WLEDs can be classified into
warm (2700-3700 K), neutral (3700-6500 K), and cold (over
6500 K) ones [8,13,23]. However, the cold white light with the
dominant blue and ultraviolet components is found to harm
the naked eyes of humans; as a result, the WLEDs with warm
and neutral white light are recognized as good candidates of
lighting and display sources. Therefore, it is essential for an
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Fig. 1. Summary of the review, which includes materials, photoluminescence, and electroluminescence white emission and application of

inorganic halide perovskites.
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efficient WLED to possess a high CRI (near 100), a proper
CCT (2700-6500 K), and a high luminous efficiency
[6,24]. In terms of efficient WLEDs, their white emission orig-
inates from the combination of different colors, including the
mix of yellow and blue light, as well as tricolor (red, green, and
blue) light. For photoluminescence WLED:s, the yellow and
tricolor components are usually derived from emitting materi-
als, which are pumped by blue or ultraviolet (UV) chips [6].
Similarly, the electroluminescence WLEDs are accompanied
by fabricating electrically driven devices with emitting and car-
rier transport layers [25]. Besides, the novel white emitters with
broad luminescent spectra are proposed to implement WLEDs,
which are of great interest for single-component white light
[8,13]. As described above, the performance of WLEDs con-
siderably depends on the optical properties of luminescent ma-
terials. Among all the bright emitters, IHPs have shown distinct
advantages due to their stable perovskite-type structures and
prominent optoelectronic properties.

Owing to the fascinating properties, such as high PLQYs,
tunable emission, and excellent absorption, CsPbX;
(X = (l, Br, I), one of the typical known IHPs, has emerged
as the dream materials for optoelectronic applications [26,27].
Besides, the studies of IHP nanocrystals have also brought new
opportunities and challenges to exploit quantum confinement
effects. Thus, IHP nanocrystals with size-tunable emission and
high PLQYs have gained great interest in LED-related applica-
tions. Apart from IHP nanocrystals, IHP single crystals with a
low defect density and controllable surface morphologies can
facilitate the radiative recombination of excitons, enhancing
their luminescent efficiency [28-30]. Moreover, CsPbX; per-
ovskites feature three-dimensional structures with corner-
sharing lead-halide octahedra isolated by Cs* ions, rendering
them chemically stable. The optical properties of CsPbX; are
attributed to the basic units of lead-halide octahedra. The con-
duction band minimum (CBM) and valence band maximum
(VBM) of those IHPs originate from the antibonding orbits of
lead and halide ions, in which the defect levels locate in bands
[31]. It endows IHPs with outstanding abilities to tolerate
defects and merits of efficient luminescence [32]. Besides, ben-
efiting from the dependence of CBM and VBM energy levels
on orbits of halide ions, the tunability of the bandgap of IHPs
can be achieved through the change of halide components,
leading to tunable emission. More importantly, the solution
processability of IHPs without the requirement of a high
temperature and a high vacuum makes it possible to deposit
them over a large area while maintaining a low cost. With
the abovementioned striking properties, IHPs are considered
as promising candidates for efficient WLEDs in lighting
applications.

3. PHOTOLUMINESCENCE WLEDS OF IHPS

A. Photoluminescence WLEDs of CsPbX;

Owing to their feasible fabrication and high luminous effi-
ciency, photoluminescence WLEDs are popular and commer-
cialized in applications of lighting especially in recent years.
Typically, photoluminescence WLEDs based on IHPs are fab-
ricated from IHP emitters and blue/UV chips. However,
CsPbX; have a small full width at half-maximum (FWHM)
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of emissive spectra, making them unable to achieve high-
performance WLEDs with broadband emissions using a single-
component CsPbX3. To overcome such an issue in CsPbX;
WLED:s, other emitters with complementary spectra should
be added to broaden the emission [33—41]. Benefiting from
the tunable emission of CsPbX3, CsPbX; with different halides
could serve as emitters together to form broad emission
[42—44]. Among various methods to prepare CsPbX; nano-
crystals, a hot-injection method evolved from the preparation
of CdSe and PbS semiconductor nanocrystals is promoted
[45—47]. The reaction temperature and solvent polarity during
the hot-injection process were previously reported to affect the
sizes and morphologies of CsPbX; nanocrystals [48,49]. It is
found that high temperature and a low-polarity solvent favor
nucleation and growth of CsPbXj nanocrystals, resulting in
nanocrystals with uniform morphologies and high PLQYs
[50]. Besides, as shown in Figs. 2(a) and 2(b), the CsPbX;
nanocrystals with different sizes and halides show tunable lu-
minescent spectra from 410 to 700 nm, covering the
entire visible light region. Do er al. studied CsPbX; with
different halide ions and ratios via the hot-injection method,
with cyan CsPb(Bry75Cly,s);, green CsPbBrs, yellow
CsPb(Brggslpss)s> orange  CsPb(Brgslys);, and  red
CsPb(Brj351p65); nanocrystals being synthesized through
the control of halide ratios and reaction temperature [53].
By putting IHP nanocrystal films on commercial InGaN chips,
Commission International de I'Eclairage (CIE) coordinates can
be obtained, demonstrating the potential in pure-color display
and white lighting with a large gamut.

Wang et al. proposed a polar-solvent-controlled ionization
(PCI) method to prepare CsPbXj nanocrystals with different
halide components by mixing the cesium and lead/halide pre-
cursors directly at room temperature [54]. WLEDs were then
fabricated by casting red and green CsPbX; on blue GaN chips,
exhibiting a CIE coordinate of (0.31, 0.34), very close to the
standard CIE coordinate of (0.33, 0.33) for white light. Zeng
et al. reported a room-temperature solution strategy to prepare
CsPbX; nanocrystals [51]. The precursors with Cs™, Pb?T,
and X~ are added into the nonpolar solvents, facilitating the
supersaturated recrystallization of CsPbXj3 perovskites. When
changing the ratios of halide precursors, CsPbX; with different
X~ ions can be obtained at room temperature. The PLQYs
and PL peaks of the obtained CsPbClBr,, CsPbBr;, and
CsPbBr, ,1; g are 70% and 478 nm (blue), 95% and 513 nm
(green), and 80% and 628 nm (red), respectively. The CsPbBr;
and CsPbBr;,1; g were dispersed into a PMMA (polymethyl
methacrylate)/chloroform solution and then coated on blue
chips with a PL center of 460 nm to achieve WLEDs. By
changing the component ratios of green and red perovskites
deposited on the blue chips, the spectra of WLEDs can be
tuned, resulting in a tunable CCT in the range from 2500
to 11,500 K, as shown in Fig. 2(c).

In addition, other emitters are also combined with CsPbX3
perovskites to realize white emission. Rare-earth phosphors are
usually utilized in commercial WLEDs due to their broad emis-
sion and high stability, and are hence considered as suitable
candidates to be mixed with CsPbXj perovskites to emit white
light. Wang e al. excited the blend of red-emitting CsPbBrl,
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Fig. 2. (a) Photographs of CsPbX; colloidal solution in toluene under 365-nm UV irradiation. (b) PL spectra of CsPbX3 nanocrystals with varied
halide ions. Reproduced with permission [50]. Copyright 2016, Wiley-VCH GmbH. (c) CCT values of WLEDs as a function of component ratios
of green and red perovskites. Reproduced with permission [51]. Copyright 2016, Wiley-VCH GmbH. (d) Photographs and (e) EL spectra of
WLEDs with and without red-emitting CsPbBrl, nanocrystals. Reproduced with permission [52]. Copyright 2016, Royal Society of Chemistry.

nanocrystals with a yellow Ce**:YAG (yttrium aluminate gar-
net) phosphors glass (PiG) by blue chips, constructing IHPs/
phosphors-based WLEDs, as shown in Fig. 2(d) [52]. The
spectra of the WLEDs present broad emission with three lu-
minescent peaks, corresponding to the emission of perovskites,
phosphors, and blue chips, respectively [Fig. 2(e)]. The
WLEDs exhibit a proper CCT of 5907 K, a high CRI of 90,
and a high luminous efficiency of 58 Im/W, implying their ef-
ficient performance in lighting. Tu ez a/. fabricated WLEDs by
coating CsPbBr; nanocrystals as well as red and blue phosphors
on UV chips, resulting in bright white light emission with a
CIE coordinate of (0.394, 0.384), a CRI of 85, and a CCT
0f 4026 K [55]. These obtained values are found to correspond
to those of efficient WLEDs and vary slightly with the increase
of the device-driving current.

However, due to the thermal instability, the luminescent in-
tensity of CsPbXj; seems to decrease when operating on blue or
UV chips due to the heat release. This creates problems even in
the case of WLEDs at high driving voltages for a long period.
Besides, the so-called “wash” process at the end of the CsPbX;
preparation is found to aggravate the surface of perovskites,

especially for nanocrystals, which may increase the surface traps
and defects in CsPbX3, resulting in PL quenching of lumines-
cence. Thus, strategies are required to suppress the surface de-
fects as well as enhance the stability and luminescent properties
of CsPbX; perovskites.

The surface of CsPbX3 perovskites was previously reported
to be fulfilled with traps and defects, including Cs* vacancies,
Br~ vacancies, and Pb?™ interstitial atoms [56,57]. Thus, alkali
ions, halide ions, and organic groups are typically used as the
termination to decrease the surface traps [58]. For example,
Wang e al. introduced KBr to passivate the alkali and halide
vacuums on the CsPbBrj surface, leading to a high PLQY of
87% and an enhanced thermal stability [59]. The passivation
effect of KBr on the surface traps is shown in Fig. 3(a). The blue
KBr-passivated CsPbBr; nanoplatelets, green CsPbBrj, and red
CsPbBr 51 5 nanocrystals are then excited by UV chips to fab-
ricate WLEDs, showing bright white light emission with a CIE
coordinate of (0.33, 0.34) and 123% of the NTSC (National
Television Standards Committee) standard, suggesting an ex-
cellent white emission and a large color gamut. Xia ez a/. added
ZnX, precursors into the as-prepared CsPbX; nanocrystals/



hexane solution to conduct a postsynthetic surface treatment
[60]. Figure 3(b) shows high-resolution transmission electron
microscopy (HRTEM) images of both pristine and treated
CsPbX3 nanocrystals. Clearly, pristine CsPbXj3 nanocrystals
show “black dots” on the surface of nanocrystals, corresponding
to PbX, and lead (Pby). The instable structure of perovskites is
considered mainly caused by the defects and traps on the sur-
face of CsPbX3 nanocrystals. Under electron beam irradiation
and heat/water treatment, the nanoscale structures of perov-
skites, i.e., octahedrons, may decompose into PbX, and Pb?
due to the existence of defects and traps. In comparison, the
postsynthetic treatment of ZnX, enables the suppression of
surface defects and traps in CsPbXj3 nanocrystals, leading to
a removal of the black dots. Figure 3(c) demonstrates the en-
hancement of the PL intensity for ZnX,-treated CsPbX; nano-
crystals, showing an increased PLQY of CsPbCl;, CsPbBr;,
and CsPbl; from 4%, 58%, and 63% to 86%, 93%, and
95%, respectively. Moreover, by casting red K,SiFs:Mn**
(KSF) and green ZnBr,-treated CsPbBr; on blue chips,
WLEDs were also demonstrated by the authors, exhibiting a
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high luminous efficiency of 98 Im/W and a CIE coordinate
of (0.32, 0.30). Similarly, BaBr,, guanidinium bromide
(GABr), and Pb(SCN), were also introduced into CsPbX; per-
ovskites, facilitating an improvement of both optical properties
and stability in 2021 [63-65].

It is well known that organic ligands on the CsPbXj; surface
play an important role in the passivation of surface defects and
dispersion of colloidal nanocrystals. But the conventional oleic
acid (OA) and oleylamine (OAm) ligands seem to fall down
from the CsPbXj; surface because of their long alkyl chains.
To solve such an issue, organic ligands with shorter chains
and branches, as well as bounding atoms, are used to replace
OA/OAm. Shi ez al. proposed olive acid to replace OA as the
surface ligands in CsPbXj; because of its multiple bound points
[66]. During the hot-injection preparation process, the utiliza-
tion of olive acid as surface ligands is conducive to the nucle-
ation and growth of CsPbXj nanocrystals, resulting in an
increased PLQY. The blue chips are used to optically pump
the combination of green CsPbBr; and red KSF phosphors,
emitting white light with a CCT of 4754 K, a CRI of 85,
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Fig. 3. (a) Representative scheme of the surface passivation of CsPbBr; nanocrystals from KBr. Reproduced with permission [59]. Copyright
2021, Wiley-VCH GmbH. (b) HRTEM images and (c) variation of PL spectra of CsPbCl;, CsPbBr;, and CsPbly with ZnX, treatment.
Reproduced with permission [60]. Copyright 2018, American Chemical Society Publications. (d) EL spectrum of WLEDs based on CsPbBr;
and KSF phosphors. Reproduced with permission [61]. Copyright 2021, Elsevier Publishing Group. (e) CIE coordinates and the color gamut
of WLEDs based on CsPbBr; and KSF phosphors. Reproduced with permission [62]. Copyright 2021, Springer Nature Group.
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and a luminous efficiency of 46 Im/W. As a quaternary alky-
lammonium ligand, didodecyldimethylammonium bromide
(DDAB) was proposed to passivate the surface traps of CsPbBr;
nanocrystals at room temperature by Gao ¢t al. [61]. With the
assistance of organic acids with different chain lengths, the
morphologies of CsPbBr; nanocrystals can be controlled.
Importantly, the treated CsPbBr; nanocrystals show a near-
unity PLQY with single radiative decay curves, suggesting
reduced surface defects as a result of the effect passivation by
DDAB and organic acids. The WLEDs based on the DDAB-
passivated CsPbBr; show typical emissive spectra, in which the
blue, green, and red emission originates from blue chips,
CsPbBr;, and KSF phosphors, as shown in Fig. 3(d). The
CIE coordinate and the luminous efficiency of the WLEDs
are (0.330, 0.329) and 12.45 Im/W, respectively, demonstrat-
ing efficient and standard white emission. Furthermore, Jing
et al. reported a double-terminal 4, 4'-Azobis(4-cyanovaleric)
acid (CA) as surface ligands bonding in CsPbBr; nanocrystals
at room temperature in 2021 [62]. Owing to the strong bond-
ing energy of CA ligands, the trap density on the surface of the
CsPbBr; nanocrystals is found to reduce, leading to a high
PLQY of 72% and excellent stability against heat, light, and
water. The WLEDs with a CIE coordinate of (0.33, 0.33)
are fabricated by coating green CA-CsPbBr; and red KSF
phosphors on 460-nm blue chips, exhibitinga CCT of 5569 K,
a luminous efficiency of 18.9 Im/W, and a large gamut
of 126% NTSC standard and 92% Rec. 2020 standard
[Fig. 3(e)].

Apart from the surface modification, coating is another ef-
fective strategy to passivate surface defects of CsPbX3 perov-
skites and prevent them from heat, water, and polar solvents
[67-69]. The coating layers, which seem as “shells” on the
CsPbX;, should be robust, stable, and processible. As a
stable matrix, PMMA has been reported to coat and embed
CsPbX; perovskites because of its good processability and
low cost [70]. However, the high oxygen diffusion coefficient
(3.3 x 107 cm?s7! at 22°C) of PMMA may cause photo-oxy-
gen, thus hindering the UV stability of CsPbXj. Actually,
among the coating materials, metal inorganics are regarded
as a good candidate to coat CsPbXj; perovskites. Recently, vari-
ous metal inorganics, such as SiO,, TiO,, Al, O3, ZrO,, and
Si;N,, have been utilized to coat CsPbX5 perovskites with facile
methods, including physical deposition and chemical hydroly-
sis [71-81]. In 2016, Yu et al. coated CsPbX; nanocrystals
with silica for the first time by adding (3-aminopropyl)triethox-
ysilane (APTES) into the as-prepared CsPbX; nanocrystals
[82]. The addition of APTES can benefit the dissolving of
PbX, and its silyl ether groups, enabling cross-link to cover
the nanocrystals and forming a nanocrystal/silica monolith.
When the nanocrystals/APTES dispersed solution is open to
the air, the APTES may absorb water molecules in air and then
hydrolyze to silanol (SiOH) gradually, eventually forming silica
on the surface of the nanocrystals. The coated silica is found to
passivate the surface defects of nanocrystals, resulting in a sta-
bilization of colloidal CsPbX3 nanocrystals and an enhanced
PLQY. Importantly, the air stability of coated CsPbX; nano-
crystals is also improved, implying a key role of the silica coat-
ing in the performance optimization. The coated CsPbBr; and

CsPb(Br,I); perovskites were then combined with blue chips
to fabricate WLEDs, showing a CIE coordinate of (0.33, 0.33)
and a high luminous efficiency of 61.2 Im/W due to the in-
creased PLQY by the coating.

However, due to the fast hydrolysis rate of APTES, the ob-
tained silica is regarded as a matrix to embed CsPbX; nano-
crystals, resulting in nonuniform thin films by spin-coating
or dip-coating. Zang et al. reported a controllable one-step
in situ method to synthesize CsPbBr; nanocrystals coated with
silica (SiO,) at room temperature [83]. As shown in Fig. 4(a),
the precursor solution of CsPbBr; nanocrystals is injected into
toluene containing the coating precursor of APTES for the
rapid growth of colloidal CsPbBr; nanocrystals. In the mean-
time, owing to the interaction between the amine groups of
APTES and as-prepared nanocrystals, the hydrolysis of APTES
occurs on the surface of nanocrystals, leading to the formation
of coating silica layers. The whole process for the preparation of
silica-coated CsPbBr; nanocrystals only takes 20 s, with the
coating of uniform silica shells on nanocrystals being guaran-
teed by the amount control of APTES. Similarly, the passivat-
ing effect of silica coating enables an enhancement of PLQY of
CsPbBrj nanocrystals from 35% to 75%. Moreover, compared
to intrinsic perovskites, the silica-coated CsPbBrj presents im-
proved stability under heat (80°C) and polar solvent. The
coated CsPbBr; nanocrystals were then mixed with red Ag-
In-Zn-S nanocrystals as emitters in WLEDs with excitation
from blue chips, showing an excellent lighting performance,
including a CIE coordinate of (0.404, 0.411), a high CRI
of 91, a proper CCT 0f 3689 K, and a high luminous efficiency
of 40.6 Im/W.

Apart from APTES, other silica precursors with slower
hydrolysis rates were also proposed to coat CsPbX; perovskites.
For example, Liu er al. used tetracthoxysilane (TEOS) as the
precursor to coat CsPbBrj nanocrystals, where the hydropho-
bic and multibranched trioctylphosphine oxide (TOPO) was
introduced to suppress the hydrolysis of TEOS [84].
Figure 4(b) presents the obtained monodispersed CsPbBr;@
silica nanocrystals with a core-shell structure. The coated nano-
crystals demonstrate a high PLQY of 87% with negligible
changes of PL intensity at a high heating temperature of
120°C. The passivation of CsPbBr; induced by the coating
may not affect the PL spectra but instead increase the PL decay
time, as shown in Figs. 4(c) and 4(d). Besides, the robust silica
shells can efficiently block the exchange of anions among col-
loidal nanocrystals with different halides, maintaining their
original optical properties. WLEDs were fabricated by casting
the green CsPbBr; @ silica and red CsPbBry g1, 4@ silica nano-
crystals on blue chips. The EL spectra with three stable lumi-
nescent peaks are observed in WLEDs driven at increased
voltages, showing the negligible halide exchanges even under
high voltages.

Chen ¢t al. further researched the stability improvement of
CsPbX3@ silica nanocrystals under UV, water, and heat [85].
Owing to the prominent protective role of robust silica shells,
the PL of CsPbX;@ silica perovskites can maintain as high as
80% of their initial values after UV exposure and water soaking
for 4000 and 3000 h, respectively. Figure 4(e) shows the variety
of PL intensity of CsPbX;@ silica perovskites during thermal
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Fig. 4. (a) Schematic showing the process for coating CsPbBr; nanocrystals at room temperature. Reproduced with permission [83]. Copyright
2020, Elsevier Publishing Group. (b) HRTEM image of silica-coating CsPbBr; nanocrystals. Variety of (c) PL spectra and (d) PL decay curves of
intrinsic and coated CsPbBr; perovskites. Reproduced with permission [84]. Copyright 2021, Elsevier Publishing Group. (e) Changes of PL in-
tensity of coated CsPbBrz, CsPbBr 51, 5, and CsPbBrl, perovskites during thermal cycling tests. Reproduced with permission [85]. Copyright
2021, Royal Society of Chemistry. (f) Stability of PAA-H-PS-coating CsPbBr; nanocrystals in toluene, methanol, ethanol, and water. Reproduced
with permission [86]. Copyright 2021, American Chemical Society Publications. (g) EL spectrum and (h) CIE coordinate of WLEDs based on
CsPbBrj and red CsPb(Brg 51y 5); nanocrystals embedded in a zeolite-Y matrix. Reproduced with permission [87]. Copyright 2017, Wiley-VCH

GmbH.

cycling tests, suggesting that the silica coating may suppress the
thermal quenching of CsPbBr;@ silica. However, with the in-
crease of iodine ratios, the protective effects of silica at a higher
temperature may not work well, as caused by the occurrences of
phase changes. By exciting the mix of coated CsPbBr; sCl, 5,
CsPbBr;, and CsPbBrl, perovskites, white light with a CIE

coordinate of (0.334, 0.351) and a CCT of 5433 K is exhib-
ited. Zhang e al. synthesized CsPbX3/oxide Janus nanocrystals
by combining a water-triggered transformation process with a
hydrolysis method [88]. Although the silica may not cover the
entire surface of nanocrystals, the coating can improve the sta-
bility against both UV irradiation and water. In addition,
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hydrophobic polymers were used to coat CsPbX; perovskites,
facilitating the water-resistant performance. Manna ez al. re-
ported a facile strategy to coat CsPbX3 nanocrystals with
poly(acrylic acid)-block-poly(styrene) (PAA-H-PS), followed
by an absorption of long-chain (acrylic acid)-block-poly(sty-
rene) molecules and an aggregation of PAA-4-PS micelles [86].
As shown in Fig. 4(f), the final PAA-6-PS would efficiently
encapsulate the nanocrystals, leading to the stability enhance-
ment under not only water but also polar solvents, including
methanol, ethanol, and toluene. Rogach ez al. introduced poly-
hedral oligomeric silsesquioxane to encapsulate the CsPbBr;
perovskites, which were then combined with red phosphors
to implement WLEDs, showing a series of excellent lighting
properties, including a CIE coordinate of (0.349, 0.383), a
CRI of 91, and a luminous intensity of 14.1 Im/W [89].

Embedding CsPbX; in a robust and stable matrix is another
strategy to improve the optical performance and stability of in-
organic perovskites [90]. The existence of interspaces is essen-
tial for the embedding candidates, which can promote the
crystallization of nanoscale and microscale CsPbX; as well as
accommodate them tightly [91-99]. In 2016, Liu er al. em-
bedded the CsPbX; nanocrystals onto mesoporous silica par-
ticles with pore sizes of approximately 12-15 nm [100]. The
pore sizes of the mesoporous silica are similar to the size of
nanocrystals, enabling embedding of nanocrystals on the mes-
oporous silica particles. As a result, the significant enhancement
of both PLQY and the stability of CsPbXj is found, inspiring
the authors to apply them for white lighting. Zhang et al.
reported a two-step method to prepare embedded CsPbX;
in zeolite-Y-involved synthesis precursors, in which the as-pre-
pared CsPbXj; nanocrystals were encapsulated in the inner of
the zeolite-Y matrix [87]. The embedded green CsPbBr; and
red CsPb(Br 5] 5); nanocrystals were then mixed and excited
by InGaN blue chips to fabricate WLEDs, showing a high per-
formance with a CIE coordinate of (0.38, 0.37) and a CCT of
3876 K [Fig. 4(g)]. Moreover, the WLEDs present a large color
gamut, covering 114% and 85% of the NTSC and Rec.2020
gamut, respectively, as shown in Fig. 4(h). Similarly, the
CsPbX; perovskites were also reported to be embedded into
amorphous glass [101-107] and polymer matrixes [108—118]
to achieve high-performance WLEDs with efficient and stable
emission.

On the other hand, as a typical semiconductor, the proper-
ties of CsPbX; perovskites can be modulated by incorporating
dopants into them [119-122]. It has been found that the dop-
ants may passivate the surface defects of CsPbX; perovskites,
resulting in a further increase of luminous efficiency and im-
provement of stability for WLEDs [123-127]. Moreover, the
doping has been certified as an effective strategy to enhance the
CRI of WLEDs based on CsPbXj; perovskites by introducing
novel luminescent peaks, which would also compensate for the
vacant regions of visible light and reduce the use of rare-earth
phosphors in WLEDs. For example, Lee ¢t al. and Wang et al.
introduced Zn** and Fe** into CsPbX;3 nanocrystals, respec-
tively, in which both ions were found to locate on the surface of
nanocrystals [128,129]. As a result, the doped CsPbX;3 nano-
crystals show higher PL intensity due to the passivating effects
of dopant ions. In contrast, the incorporation of dopants into

the inner of perovskites may change their energy-band struc-
tures and introduce novel energy levels, leading to the shifts
of the original PL spectra and appearance of additional PL
peaks [130,131]. Zhang et al. doped neodymium ions
(Nd**) into CsPbBr nanocrystals at room temperature, result-
ing in a shift of PL spectra to higher energy with the increase of
Nd** amounts, as shown in Fig. 5(a) [132]. Such a PL shift
from green to blue may be related to the tunable energy
bandgap induced by the doping, as suggested by the calculated
results. Besides, the doping can increase the exciton binding
energy of perovskites, enhancing the PLQY of Nd3+—doped
CsPbBr; to ~90%. By mixing the green-doped CsPbBr;
and other CsPbX;, WLEDs with a CIE coordinate of (0.34,
0.33) and a CCT of 5310 K were achieved by them as well.
Zang et al. proposed a facile antisolvent method to incorporate
Sn** ions into CsPbBrj nanocrystals without using the toxic
toluene [133]. With the increase of Sn** doping concentra-
tion, a slight shift of PL spectra with an obvious change of
PLQY was found, showing a maximum PLQY of 82.77%.
In addition, as shown in Figs. 5(b) and 5(c), the PL intensity
of intrinsic CsPbBr; nanocrystals reduces to 14% after heating
at 80°C for 105 min, while for doped CsPbBr;, PL intensity as
high as 93% of its initial value is maintained, revealing the sig-
nificant enhancement of the thermal stability for Sn?*-doped
nanocrystals. WLEDs based on the Sn?"-doped nanocrystals
were then fabricated by combining them with red Ag-In-
Zn-S nanocrystals, followed by casting both nanocrystals on
blue chips. The as-fabricated WLEDs show excellent lighting
performance, including a CRI of 89, a CCT of 3954 K, and a
high luminous efficiency of 43.2 Im/W, implying the impor-
tance of doping for efficient WLEDs.

Among the dopants in CsPbX; perovskites, Mn?* is re-
garded as a prominent candidate for the application of WLEDs,
because the Mn2"-doped perovskites feature novel and broad
orange emission with the PL spectra at about 600 nm
[136—141]. Chen ez al. investigated the optical properties of
Mn?*-doped CsPbX; with various Br~/Cl™ ratios [134]. As
shown in Fig. 5(d), orange emission with an increased emissive
intensity is clearly seen with the reduction of Br™ /Cl" ratios in
CsPb(Br/Cl);, mainly due to the efficient energy transfer be-
tween CBM of CsPb(Br/Cl); and Mn?™ levels contributed by
the larger energy differences. Alternatively, Jung ez al. incorpo-
rated various amounts of Mn?T precursors to prepare doped
CsPbCl; nanocrystals, showing an orange emission with a high
PLQY of 26.1% and an FWHM of 92 nm [142]. Tang ez al.
doped CsPb(Br/Cl); nanocrystals with Mn?* and then coated
them with silica, resulting in a PL peak at 607 nm with a high
PLQY of 50.5% and excellent thermal stability of the as-pre-
pared nanocrystals [135]. Thanks to the broad and efficient
orange emission induced from Mn?* doping, the WLEDs ob-
tained by exciting the combination of the Mn?*-doped
CsPb(Br/Cl); and green CsPbBr; nanocrystals with UV chips
display a high CRI of 91 and a high luminous efficiency of
68.4 Im/W. As shown in Figs. 4(e) and 4(f), while the EL in-
tensity of the WLEDs increases with the increase of driving
current, the thermal effect at a higher current causes the PL
quenching of nanocrystals, leading to the shifts of CCT to the
blue region. In addition to Mn**, rare-earth element Eu®" was
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Fig. 5. (a) PL and absorption spectra of Nd**-doped CsPbBr; nanocrystals with various Nd** amounts. Reproduced with permission [132].
Copyright 2020, Wiley-VCH GmbH. PL variation of (b) intrinsic and (c) Sn-doped CsPbBr; nanocrystals heated at 80°C in air. Reproduced with
permission [133]. Copyright 2021, Royal Society of Chemistry. (d) An energy level diagram of Mn** ions in CsPb(Cl/Br); with increased Br/Cl
ratios. Reproduced with permission [134]. Copyright 2017, American Chemical Society Publications. Evolution of (e) EL spectra and (f) CIE
coordinates of WLEDs driven by increasing currents. Reproduced with permission [135]. Copyright 2019, Wiley-VCH GmbH.

doped into CsPbBr; nanocrystals by Zhang er al [143].
Benefiting from the numerous transition energy levels in
Eu’*, the Eu’"-doped CsPbBr; demonstrates a series of nar-
row PL peaks ranging from 540 to 710 nm, offering great
merits for white emission.

Apart from the doping with single ions, two doping ions are
incorporated into CsPbX; perovskites together (i.e., codoping)
to further promote the development of CsPbXj; in the WLED:s.
For example, Song et al. codoped Ce** /Mn?*, Ce’T /Eu’T,
Ce?* /Sm’*, Bi** /Eu?t, and Bi*T /Sm>* into CsPbCl,Br;_,
nanocrystals, respectively, achieving a PLQY as high as 75% in
Ce** /Mn?*-codoped CsPbCl,Br;_,, mainly due to the im-
proved energy transfer from nanocrystals to Mn?* assisted
by Ce®* [144]. Besides, the existence of Ce’* ions may
broaden the blue and green PL spectra of CsPbClL,Br;_,.. By
exciting the Ce?*/Mn**-codoped CsPbCl,Br;_, with 365-
nm GaN chips, WLEDs with white emission were obtained
by them, which display a CIE coordinate of (0.33, 0.23)
and a CRI of 89. A similar phenomenon and similar results
were also reported later by the same group and Yang ez al.,
who codoped Bi**/Mn?* and Tm?*/Mn?* into CsPbX;
perovskites, respectively, demonstrating the importance of co-

doping in high-quality WLEDs [145,146].

B. Photoluminescence WLEDs of Inorganic Lead-
Free Halide Perovskites

Despite the fascinating characteristics and promising white
lighting applications, the commercialization of CsPbX3 perov-
skites is still hindered by the toxicity of Pb elements and the
intrinsic narrow PL spectra. To overcome the toxicity and per-
formance limitation in the lighting applications, inorganic lead-
free halide perovskites are proposed to serve as emitters in
WLEDs. Among all the inorganic lead-free halide perovskites,
Cs3Cu, X5 and CsCu, X5 with nontoxic copper elements have
attracted wide attention due to their novel properties and out-
standing potentials in WLEDs [147-149]. Hosono ez al.
synthesized Cs;Cu,ls single crystals as well as characterized
their crystal structures and electronic configurations [150].
Figure 6(a) displays the crystal structure of Cs3Cu,ls, which
consists of zero-dimensional (0D) [Cu,I5]>~ dimers and isolated
Cs™ ions; this is significantly different from CsPbX; perovskites
featuring 3D corner-sharing [PbX4]* octahedra structures.
Thus, compared to CsPbXj; perovskites, Cs3Cu, 5 exhibits dis-
tinguishing optical performance, including a large Stokes shift of
155 nm, abroad PL spectrum with an FWHM of ~100 nm, and
along PL decay time, as shown in Fig. 6(b). The distinguishing
optical properties suggest that the PL mechanism of lead-free
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(a) Schematic of the crystal structure of Cs3Cu,ls. (b) PL and PLE spectra of Cs3Cu,ls. (c) Schematic configuration coordinate for the

excited-state reorganization in Cs3Cu,ls. Reproduced with permission [150]. Copyright 2018, Wiley-VCH GmbH. (d) PL spectra of Cs3Cu,Cls
and CsCu, Cl; prepared at 120°C and 70°C, respectively. Reproduced with permission [151]. Copyright 2021, Chinese Laser Press. (¢) White PL
spectra of Pb-doped Cs;Cu,Brs nanocrystals excited at 310 nm. Reproduced with permission [152]. Copyright 2021, Cell Press. (f) Schematics of
crystal structures of Cs;Bi, X (X = Cl, B, I). Reproduced with permission [153]. Copyright 2018, Wiley-VCH GmbH. (g) Evolution of PLQY of
Cs3Bi;Xg and CsPbBr; nanocrystals after adding water. Reproduced with permission [154]. Copyright 2020, Royal Society of Chemistry. (h) CIE
coordinates of WLEDs based on Sb?*-doped Cs,InCls - H,O. Reproduced with permission [155]. Copyright 2020, American Chemical Society

Publications.

Cs3Cuyls may not be ascribed to the band-edge emission.
Instead, the PL of Cs;Cu,ls is found to originate from the
self-trapped excitons (STEs) emission, which results from the
0D configuration and the soft lattice of Cs3Cu,ls. Under light
excitation, the electronic configuration of [Cu, 15>~ dimers may
change to the excited ones with higher energy, leading to a struc-
tural distortion of crystals; this is called as the “Jahn-Teller dis-
tortion.” The existence of Jahn-Teller distortion in excited
Cs;Cuy,ls crystals can give rise to the reorganization of the
excited-state structure. As a result, the excited electrons first relax
to the reorganized excited state to form STEs with holes in the
distorted crystals and then recombine to emit light, as shown in
Fig. 6(c). Therefore, the large Stokes shift is owing to the differ-
ence between the original bandgap and the exciton energy of
excited structures, while the broad emission with a long decay
time can be explained by the distorted electronic structure and
crystalline configuration [156]. Benefiting from the large Stokes
shifts and the broad emission, the perovskites show negligible
self-absorption with an increased emissive covering region,
which results in the enhanced optical performance of the
WLED:s. By mixing the blue Cs;Cu,Is with yellow CsCu,l;,
the controllable white emission with a high CRI and
a proper CCT value was achieved [157-159]. Furthermore,

due to the broad PL spectrum of yellow CsCu,13, Huang ez al.
utilized it to serve as emitters in WLEDs without the need for
other phosphors [160]. The as-fabricated WLEDs show a CIE
coordinate of (0.345, 0.364) and a CCT of 5035 K, revealing
their prominent potentials in single-component WLED:s.
Zang et al. reported a facile hot-injection method to prepare
Cs3Cu,Cls and CsCu,Cls nanocrystals at 120°C and 70°C,
respectively [151]. As shown in Fig. 6(d), the PL peaks of
Cs3Cu,Cls and CsCu,Cly nanocrystals locate at 518 and
453 nm, respectively, with the PL mechanism of them domi-
nated by STEs. WLEDs were then fabricated by casting both
crystals and red phosphors on UV chips, showing a CIE coor-
dinate of (0.337, 0.338), a high CRI of 94, and a CCT value of
5285 K, and demonstrating the excellent potential in lighting
applications. To further enhance the performance of WLEDs
based on Cs3Cu,Xs and CsCu,Xj;, one effective strategy is
doping. By doping Nd** into the Cs;Cu,15/CsCu,l;3 system,
Zhong et al. obtained the coexistence of high-efficiency and
stable Cs3Cu,ls and CsCu,l; with varied ratios, which was
beneficial for the achievement of WLEDs [161]. Alternatively,
Zang et al. doped small amounts of Pb*>" into Cs;Cu,Brs
nanocrystals via a hot-injection method, in which the Pb**
ions act as the centers of isolated [PbBrs]* octahedra, and
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achieved two STEs PL originated from distorted 0D [PbBrg]*-
octahedra and [Cu,l5]*~ dimers [152]. Figure 6(e) shows a
broad blue intrinsic and red emission, enabling the formation
of integrated white light by exciting the nanocrystals with 310-
nm UV chips. The obtained single-component WLEDs exhibit
a CCT of 5469 K, a high CRI of 98, and excellent operating
stability of more than 200 h.

Apart from copper, other nontoxic elements, such as Ag*,
Bi**, and Sb>, are also used to replace Pb in perovskites to
form polyhedra with halide ions [162-168]. Tang ez al. pre-
pared colloidal Cs;Bi,Xy nanocrystals via adding CsX and
BiXj; into the reaction precursors [153]. As shown in Fig. 6(f),
while Cs3;Bi,Cly possesses a monoclinic structure, both
Cs3BiyBry and Cs;Biyly belong to hexagonal structures.
With the variety of halide ions from CI™ to I, the correspond-
ing PL spectra are found to shift from 393 to 545 nm, exhibit-
ing the similar PL tunability to CsPbX3 perovskites. By mixing
the blue Cs;BiyBry nanocrystals with yellow phosphors,
WLEDs were fabricated, showing a CIE coordinate and a
CCT of (0.29, 0.30) and 8477 K, respectively. Shi ez al. re-
ported a room-temperature water-induced strategy to prepare
Cs3Bi, Xy nanocrystals with an increased PLQY from 20.2% to
46.4%, thanks to the formation of BiOX on the surface of
corresponding nanocrystals [154]. The BiOX encapsulation
enables the suppression of surface defects of Cs3Bi, X9 nano-
crystals, resulting in the enhancement of optical performance,
as shown in Fig. 6(g). Besides, it has been well known that in-
trinsic CsPbX; perovskites exhibit a poor stability in water with
PL quenching because of the rapid decomposition to CsX and
PbX,. In comparison to CsPbX3, the presence of BiOX on the
surface of Cs3Bi, Xy nanocrystals can work as a protection layer.
As a result, the stability significantly enhanced with the PL in-
tensity of Cs3Bi,Bry nanocrystals in water increases first by
130% and reduces gradually to its initial value for 52 h, as com-
pared to a PL intensity quenching of CsPbBr; for only 5 h. The
blue Cs3Bi,Brg nanocrystals were then mixed with yellow
phosphors to construct WLEDs, resulting in a CIE coordinate
of (0.321, 0.334) and improved operating stability. Further,
Tang et al. found that the incorporation of 2.75% Bi** dop-
ants into Cs,SnClg could increase its PLQY to 78.9% due to
the strong blue emission derived from the Big, + V¢ defect
complex [169]. Owing to the bright blue emission at
455 nm and the large Stokes shift of 106 nm for Bi*"-doped
Cs,SnClg, the WLEDs based on the lead-free perovskites and
yellow phosphors demonstrate excellent performance, includ-
ing a CIE coordinate of (0.36, 0.37) and a CCT of 4486 K.
Xia er al. prepared air-stable Cs,InCls-H,O crystals and
doped various amounts of Sb** into the crystals [155]. By
replacing In** with Sb?*, a small lattice deformation may oc-
cur, leading to the enhancement of absorption intensity and a
red shift of the absorption edges. By exciting with 340-nm UV
light, the Sb>T-doped Cs,InCls - H,O emits STE-dominated
bright yellow light at 580 nm with a large Stokes shift of
240 nm and a high PLQY up to 95.5%. The utilization of
the Sb>-doped Cs,InCls - H,O crystals with blue phosphors
as the emitters also enables the fabrication of the single-
component WLEDs with a CIE coordinate of (0.358, 0.355),
a CRI of 86, and a CCT of 4556 K, as shown in Fig. 6(h),
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indicating the prospective applications of the doped lead-free
perovskites in white light.

Recently, lead-free double perovskites have received substan-
tial research interest due to their tunable properties and wide
applications in lighting. According to the chemical formula, the
double perovskites can be divided to two main types:
AMTM?FX and A;M?*TM37X,,, where the M represents
the lead-free elements. In double perovskites, while the lead-
free elements enable the formation of [MX;] octahedra, the
configuration and structure of the octahedra may endow the
double perovskites with varied dimension, crystal structures,
and optoelectronic properties [170]. The broad emissive spec-
tra of double perovskites make them possible to be employed
directly as emitters in efficient WLEDs. Kuang ez a/. designed
and synthesized a novel Cs;MnBi,Cl;, double perovskite with
a 2D layered structure, in which the inner [BiClg]>~ facilitates
the activation of electrons in d orbits of Mn?™ ions [171]. As
shown in Fig. 7(a), the enhanced d-d transition in Mn** leads
to an emission centered at 610 nm with a high PLQY of 25.7%
and long decay time of 144 ps. The blend of Cs;MnBi,Cl;,
crystals with blue and green phosphors could therefore achieve
efficient WLEDs with a CIE coordinate of (0.32, 0.30).

To further enhance performance of WLEDs based on dou-
ble perovskites and cut the use of rare-earth phosphors, the
doping and alloying strategies have been adopted by researchers
to broaden the covering regions and increase the luminescent
efficiency of double perovskites [176—182]. Shi e al. incorpo-
rated small amounts of Sb3* and Bi** ions into Cs,NalnCly,
resulting in dual emission locating at 450 and 580 nm with a
high PLQY of 77%, as shown in Fig. 7(b) [172]. Specifically,
the broad blue emission arises from the STEs in [SbCl¢]*~ oc-
tahedra with a small deformation, while the yellow emission is
attributed to the increased deformation of the [SbCl¢]*~ octa-
hedra induced by the doping of Bi** ions. The presence of
broad blue and yellow emission enables the white light in
the Sb>*/Bi**-codoped Cs,NalnClg, illustrating the impor-
tant role of doping in spectral tunability and achievement of
white emission. Yella ¢f a/. investigated a variety of electronic
structures and bandgaps of Bi**-alloyed Cs,AgInCl, [173].
With the increase of Bi®* amounts, the electronic structures
of double perovskites change from direct transition to indirect
transition [Fig. 7(c)], accompanying the variety of bandgap re-
sults. In addition, the emissive intensity of dual emission at
~420 nm and 570-620 nm, which corresponds to the intrin-
sic band-edge emission and sub-band gap emission, respec-
tively, is found to change with the variety of Bi’'-alloyed
amounts, as shown in Fig. 7(d). The choice of 30% Bi**-
alloyed Cs,AgInCl; as the emitter enables the fabrication of
single-component WLEDs with a CIE coordinate of (0.36,
0.35), a high CRI of 91, and a CCT of 4443 K. Tang et al.
alloyed Na™ ions into Cs,AgInCl, double perovskites to break
the parity-forbidden transition by manipulating the parity of
the wavefunction of the self-trapped exciton, resulting in a sig-
nificant increase of PLQY for the alloyed samples [174].
Furthermore, as shown in Fig. 7(e), by doping 0.04% Bi**
into the optimized Cs;Nag 4Ag (InCls, a maximum PLQY of
86.2% can be obtained, which is 3 and 4 orders of magnitude
higher than that of intrinsic Cs,AgInCl,. Apart from the
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(a) Energy-level diagram of Cs;MnBi,Cl;,. Reproduced with permission [171]. Copyright 2020, Cell Press. (b) PL spectrum of

Sb3>* /Bi**-codoped Cs,NaInCls. Reproduced with permission [172]. Copyright 2021, American Chemical Society Publications.
(c) Estimated band gap values of Cs,Agln,_.Bi, Cls measured from Tauc plots for both direct and indirect transitions. (d) A variety of PL spectra
of Cs,Agln,  Bi, Clg perovskites. Reproduced with permission [173]. Copyright 2019, American Chemical Society Publications. (e) Activation
energy and PLQYs of Cs,Ag Na,_, InCls. Reproduced with permission [174]. Copyright 2018, Springer Nature Group. (f) Evolution of EL in-
tensity of WLEDs based on Bi*"-Cs,Ag, ,Nay3InClg. Reproduced with permission [175]. Copyright 2020, American Chemical Society

Publications.

high PLQY, the use of Bi-doped Cs,Nag4Ag, (InClg also
enables ultrastable white emission with a CIE coordinate
of (0.396, 0.448) and a CCT of 4054 K, meeting the require-
ment of solid-state lighting. Li ez al. prepared Bi-doped
Cs;Nag 3Ag, ;InCls double perovskites and applied them into
WLEDs [175]. Owing to the broad emission of the double
perovskites, the white light can be achieved by directly exciting
it with UV chips. The resulted WLEDs show a CIE coordinate
of (0.38, 0.44), a CCT of 4347 K, and a CRI of 87.8. Besides,
as shown in Fig. 7(f), the EL intensity of the operating WLEDs
maintains 90% of its initial value after 1000 h, suggesting the
excellent operating stability as lighting sources. To sum up, ow-
ing to the broad emission with large Stokes shifts derived from
STEs, the photoluminescence WLEDs based on lead-free
perovskites exhibit excellent performance including high CRI
values and prominent stability, making them great candidates
in lighting applications.

4. ELECTROLUMINESCENCE WLEDS OF IHPS
Although photoluminescence WLEDs based on IHPs have

been researched for years, their current efficiency, which is de-
fined as the ratio of luminance to current, is relatively low due
to the thermal relaxation and energy loss in chips. Compared to
photoluminescence WLEDs, the emission of electrolumines-
cence WLED:s originates from the direct recombination of car-
riers confined in the emitting layers, recognized as the efficient
utilization of current and energy [170,183]. Moreover, for
IHPs, their Cs*, Rb*, and KT cations with a small radius
are found to exhibit increasing ion migration. In comparison,
the organic cations with a large radius limit the ion migration in
hybrid perovskites [184—186]. Therefore, the enhanced ion
migration in IHPs facilitates the release of the Joule heat in

LEDs, improving the lifetime of emitting devices. Therefore,
researchers start to pay more attention on the IHP-based
electroluminescence WLEDs. The emitting materials and
parameters of the WLEDs based on IHPs are summarized
in Table 1.

In 2017, Yang et al. employed the blend of CsPbBr,Cl,_,
with poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-
lene] (MEH:PPV) as an emitting layer to construct WLEDs
[187]. Figure 8(a) shows the energy band structure of the
WLEDs, where the injected carriers (i.e., electrons and holes)
are confined in the emitting layer. It is found that the emission
of CsPbBr,Cl,_, and MEH:PPV locates at 470 and 560 nm,
respectively. Thus, by changing the ratios of CsPbBr,Cl;_, and
MEH:PPV in the emitting layer, WLEDs with different spectra
were demonstrated with varied EL intensity of both emitters.
Figure 8(b) depicts the CIE coordinates of electroluminescence
devices with different ratios of CsPbBr,Cl,_, and MEH:PPV,
with the optimum WLED:s [a corresponding CIE coordinate of
(0.33, 0.34)] being achieved at a ratio of 9:1. Figure 8(c)
presents the current density-voltage (/ - V) and luminance-
voltage (L - V) curves of the WLEDs, demonstrating that their
maximum luminance reaches up ~350 c¢d/m?. Choy et al. de-
signed multilayer-structure electroluminescence WLEDs with
cyan CsPb(Br, Cl); and red (CH3CH,CH,NHj;),CsPb,1;
emitters [189]. To hinder the anion exchange between
CsPb(Br, Cl); and (CH;CH,CH,NH3;),CsPb, 1, perovskites,
two organic layers were deposited between both perovskites
acting as interlayers. The CIE coordinate and CCT of the
WLED:s are found to be (0.32, 0.32) and ~6000 K, respec-
tively, and the maximin external quantum efficiency (EQE)
reaches 0.22%. Song et al. introduced Sm** ions into CsPbCls
nanocrystals and found the presence of Sm3* shifts the PL to
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Table 1. Summary of Emitting Materials and Key Parameters of Electroluminescence WLEDs Based on IHPs
Emitters CIE Coordinate CRI CCT (K) Luminance (cd/m?) EQE (%) Ref.
CsPb(Cl, Br); /MEH:PPV (0.33, 0.34) 350 [187]
CsPbCl, 5Br; s /HFSO (0.28, 0.33) 1200 [188]
CsPb(Cl, Br); /PA,CsPb, 1, (0.32, 0.32) ~6000 0.22 [189]
CsPbBr; /p—GaN/n—ZnO (0.309, 0.323) 267 0.042 [190]
Mn-CsPb(CL, Br)3 /red & green phosphors (0.311, 0.326) 102 0.25 [191]
CsPb(Cl, Br);/ZnCdS/ZnS (0.34, 0.34) 75 5153 275 0.015 [192]
CsPbBr; 515 5/CsPbBr; (0.31, 0.36) 657 [193]
Sm?*—CsPbCl, (0.32, 0.31) 93 938 1.2 [194]
CsPbX3/carbon QDs (0.41, 0.44) 92 3900 140 0.06 [195]
Zn—CsPbBr; /PVK (0.356, 0.356) 71 860.9 0.22 [196]
a—CsPbl; /8-CsPbl; (0.35, 0.43) 12200 6.5 [197]
CsCu,I3/blue phosphors (0.27, 0.31) 10,000 [150]
Cs3Cu,I5/CsCu,l; (0.327, 0.348) 94 352.3 0.053 [199]
Cs,Agln, oBig ; Clg (0.32, 0.32) 94.5 6432 158 0.08 [201]

the range of 550-680 nm [194]. With the increase of the
Sm3+ dopants concentration, the enhanced energy transfer
from the perovskites to Sm®* ions results in an increase of
emissive intensity derived from Sm** and a reduction of the
PL intensity of the blue emission from the intrinsic CsPbCls.
At a Sm®>" doping percentage of 5.1% (molar ratio), the emis-
sion from perovskites and dopants exhibits similar intensity,
facilitating the white emission. Consequently, it is adopted
as the emissive layer in WLEDs with the structure of
ITO/ZnO/PEI/Sm*T - doped CsPbCl;/TCTA (p-type
4,4',4" -tris(carbazol-9-yl) triphenylamine)/MoOj;/Au. The
single-component WLED:s display a CIE coordinate of (0.33,
0.32) and a CRI of 93, as well as a maximum luminance and an
EQE of 938 cd/m? and 1.20%, respectively.

Zeng et al. studied the preparation and properties of both o
and O phases CsPbl;. While o—CsPbl; can emit red light
due to the band-edge mechanism, 8—CsPbl; exhibits a broad
emission ranging from ~410 to ~700 nm as derived from
STEs [197]. Thus, thin films with the combination of
a- and 6—CsPbl; are prepared for WLEDs [Fig. 8(d)], with
a—CsPbl; facilitating the carrier transport because of its high
mobility and 8—CsPblj serving as an emitter. Figure 8(e) dis-
plays a photograph of the operated WLEDs driven at 5.2 V,
featuring bright and uniform white emission with a CIE coor-
dinate of (0.35, 0.43). As shown in Fig. 8(f), the WLEDs
display a typical white emissive spectrum with the broad and
red emission originating from the 8- and a—CsPbl; in the
blending emitting layer, respectively. Although the current den-
sity is enhanced with the increase of the driving voltages for the
WLEDs due to the diode characteristics, the luminance rises
and then reaches saturation, achieving a maximum luminance
of 12,000 cd/m? under a driving voltage of 6.6 V [Fig. 8(g)].
The EQE and current efficiency of the WLEDs are found to
reduce gradually as a function of current density, in which
a maximum EQE and a current efficiency of 6.5% and
12.23 cd/A were achieved, respectively, as shown in Fig. 8(h).

Shi er al. reported a one-step method to prepare
CsCu,l;/Cs3Cuyls thin films, in which PL spectra are found
to vary with different CsI/Cul ratios in the precursors, as shown
in Fig. 9(a) [198]. Cleatly, the increase of Cul in the precursors

enables the synthesis of more yellow CsCu,l; in the compo-
sites, facilitating the warm white emission with a CRI of
91.6 and a CCT of 4264 K. Figure 9(b) presents the EQE
characteristics of the cold, standard, and warm WLEDs with
CIE coordinates of (0.28, 0.29), (0.32, 0.33), and (0.38,
0.42), respectively. Similarly, the EQE of the three WLEDs
rises and then reduces with the increase of driving voltages,
reaching maximum EQE values of ~0.1% at driving voltages
of ~7 V. Moreover, Fig. 9(c) plots a lifetime curve of the
WLEDs running at 7 V, from which an operating lifetime
(T'sp, time to half of the initial luminance) of 238.5 min can
be obtained. The reduction of the luminance of the WLED:s is
attributed to the increase of device temperature from 37.5°C
t0 59.9°C during the operation at high running voltages, which
generates massive joule heat. The presence of joule heat may
give rise to the formation of nonradiative recombination centers
in the devices, quenching their luminous performance.

In 2021, Wang ¢t al. added Tween (polyethylene glycol
sorbitan monooleate) into a precursor solution consisting
of GCsl and Cul and then spin-coated them to prepare
CsCu,l;/Cs3Cuyls thin films [200]. A grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurement is per-
formed to investigate the effects of Tween on the crystallization
of CsCu,I; /Cs3Cu,l;s thin films. As shown in Fig. 9(d), during
the spin-coating process, the signals of both CsCu,l; and
Cs3Cu,l5 are observed at the same time of 33 s from the pre-
cursors without Tween. In contrast, due to the electrostatic in-
teraction between Tween and Cs™ ions, Cs;Cu, 5 is found to
form at 42 s, while the CsCu,l; appears at 46 s when
using precursors with Tween [Fig. 9(e)]. The electrostatic in-
teraction may retard the nucleation rates of both CsCu,I5 and
Cs3Cu,ls, facilitating the enhancement of the crystallinity of
CsCu,l;3/Cs3Cusls thin films. Thus, the CsCu,l5/Cs3;Cu,ls
thin films with Tween demonstrate excellent morphologies,
high surface potential, and favorable energy alignment in emit-
ting devices, enabling the fabrication of WLEDs. Figure 9(f)
presents the evolution of the EL spectra, which exhibits the
enhanced EL intensity with a negligible change of the emitting
wavelength centered at 565 nm when increasing voltages.
The WLEDs have a CIE coordinate of (0.44, 0.53) and a
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(a) Energy band schematic, (b) variety of CIE coordinates, and (c) /-V and L-V curves of electroluminescence WLEDs based on

CsPbBr,Cl;_, nanocrystals and MEH:PPV. Reproduced with permission [187]. Copyright 2017, Wiley-VCH GmbH. (d) Schematic of device
structure, (e) photograph of an operating device, and (f) EL spectrum of the WLEDs with the emitting of blend of a- and 8—CsPbl;. (g) /-V and
L-V curves, (h) EQE and current efficiency versus current density of the electroluminescence - and 8—CsPbl; WLEDs. Reproduced with

permission [197]. Copyright 2020, Springer Nature Group.

CCT of 3650 K, corresponding to characters of warm
white light. Figures 9(g) and 9(h) plot /—V and L-V as well
as EQE versus current density curves of WLEDs, showing
a maximum luminance and an EQE of 1570 c¢d/m? and
3.1%, respectively. In comparison, WLEDs based on
CsCu,l;/Cs3Cuyls thin films without Tween show poor per-
formance with a lower luminance and EQE of 35 cd/m? and
0.04%, respectively, indicating the key role of Tween on the
optoelectronic performance of WLED:s.

5. VISIBLE LIGHT COMMUNICATION OF IHPS

The continuous development of mobile communication, the
Internet of Things (IoT), and supercomputing technologies
has led to a rapid growth of data communication, bringing
new challenges for efficient and high-speed communication
technologies [202]. Owing to the solution processability and
low energy consumption, the LEDs-based visible light commu-
nication (VLC) is of potential practice in next-generation data
communication. With great advances being already achieved in
white lighting of IHPs, they are considered suitable candidates
as light sources of VLC.

WLEDs based on IHPs were first proposed to serve as light
sources in VLC by Bakr ez 4/ in 2016 [203]. Figure 10(a)
presents the applied VLC system, which includes a source, fil-
ters, a lens, and a photodetector. WLEDs consisting of green
CsPbBr; perovskites and red phosphors as excited by blue laser
devices are employed as the sources for the VLC system.
Although the response frequency of the WLED:s is found to
be lower than that of the pure blue laser (1000 MHz), a
-3 dB bandwidth of 491.4 MHz is achieved from the
WLEDs based on CsPbBrs. This is higher than those based
on YAG- and nitride-based phosphors (3-12 MHz) and or-
ganic materials (40-200 MHz), implying the outstanding ad-
vantages of CsPbBr; with a fast PL response. As modulated by
an on—off keying (OOK) modulation scheme, the bit-error
rates (BERs) of the VLC system is 7.4 x 107 at 2 Gbit/s, which
is lower than the forward error correction (FEC) standard of
3.8 x 1072, Furthermore, clear open eyes can be observed in
an eye diagram, suggesting the CsPbBr;-based WLEDs enable
data transmitting at a high rate of up to 2 Gbit/s, as shown in
Fig. 10(b). However, the use of lasers as excited sources may
result in the large energy consumption and complicated manu-
facturing technologies, hindering the development and promo-
tion of IHPs-based WLEDs in VLC.
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Tian et al. prepared WLEDs with yellow CsPbBry gl ,
nanocrystals and blue GaN micro-LEDs as lighting sources
of VLC [204]. Figure 10(c) presents the frequency response
of the modulated WLEDs with the increase of current from
5 to 80 mA. As driven by the rising current, the corresponding
-3 dB bandwidth of the VLC increases from ~40 to
~80 MHz, which is explained as the reduced carrier lifetime
at the higher injection current of devices. However, as shown
in Fig. 10(d), a higher -3 dB response is found in pure blue
micro-LEDs at the same current, suggesting the further en-
hancement of the response for VLC is limited by the intrinsic
carrier lifetime of CsPbBr; gI; , nanocrystals. Besides, the BER
results of data communication demonstrate that the BER of the
VLC system does not reach the FEC standard at a data rate of
300 Mbit/s. Zhao et al. casted a blend of red and green CsPbX;
nanocrystals on blue chips to fabricate WLEDs, which were
then applied as light sources in the VLC system [206]. When
WLEDs operate at a current density of 7 and 15 kA/cm?, the
modulated -3 dB bandwidth values are 400 and 750 MHz,

(a) Arbitrary waveform
generator (AWG)
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ml— )ln : QS 00
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respectively. These are higher than those of light sources with
CdSe/ZnS nanocrystals due to the short PL decay time of
CsPbX; and confirm that IHPs are excellent candidates as
emitters in VLC. In 2021, Fu et al. fabricated WLEDs with
PMMA-coated yellow CsPb(Br/I); nanocrystals (YPNCs),
red CsPbl; nanocrystals (RPNCs), and high-bandwidth blue
micro-LEDs [205]. As shown in Fig. 10(e), when the driving
current is large enough, the bandwidth of the pLED and
pPLED + R&Y PNC-PMMA reaches 1130 and 1005 MHz,
respectively, which are the champions among the previous
white-light VLC works based on WLEDs. Moreover, the
eye diagrams of the WLEDs operated at a data rate of 1.5
and 1.7 Gbit/s are shown in Fig. 10(f), in which clear open
eyes are found, indicating the high-speed operating ability of
the VLC system.

Zang et al. focused on the improvement of optical efficiency
and stability of CsPbBr; nanocrystals and employed them in
the application of VLC [75,77]. The CsPbBr; nanocrystals

were first coated with SiO, and ZrO, via a facile solution
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(a) Schematic diagram of a VLC system. Reproduced with permission [75]. Copyright 2021, Elsevier Publishing Group. (b) Electrical-

optical-electrical frequency response, (c) received SNR, (d) bit loading profile of the VLC system based on WLEDs, and the corresponding con-
stellation diagrams of (e) BPSK, (f) 4QAM, (g) 8QAM, (h) 16QAM, (i) 32QAM, and (j) 64QAM, respectively. Reproduced with permission [77].

Copyright 2021, Wiley-VCH GmbH.
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128QAM [208]. Copyright 2022, Wiley-VCH GmbH.

method and then blended with other emitting materials to con-
tract efficient WLEDs. Figure 11(a) displays a schematic dia-
gram of the VLC system, where the CsPbBr; nanocrystals and
other emitting materials are excited by blue chips to emit white
light. The WLED:s based on CsPbBr; nanocrystals coated with
SiO, and ZrO, show -3 dB bandwidth of 1.5 and 2.7 MHz
[Fig. 11(b)], respectively. Moreover, the signal-to-noise ratio
(SNR) of the VLC system is found to reduce gradually as a
function of the modulation frequency, as shown in Fig. 11(c).
The SNR maintains at least a value of 5 at a modulation fre-
quency of 10 MHz, ensuring the recognizable data communi-
cation. Furthermore, the bit loading profile within 10 MHz
bandwidth in Fig. 11(d) suggests a highest bit loading of
6 bit - s' - Hz"' being achieved at lower response frequency
and 1 bit - s - Hz™" at a modulation frequency as high as
10 MHz. The corresponding received constellation diagrams
of binary phase-shift keying (BPSK), 4-ary quadrature ampli-
tude modulation (4QAM), 8QAM, 16QAM, 32QAM, and
64QAM are shown in Figs. 11(e)-11(j), respectively. The
transmission data rate of the VLC reaches 33.5 Mbit/s with
orthogonal frequency division multiplexing (OFDM) modula-
tion according to the bit loading results, which is ~12 times of
the measured -3 dB bandwidth.

Apart from CsPbXj, the WLEDs based on inorganic
lead-free perovskites are employable in VLC applications.
For example, Zang er al. fabricated WLEDs by casting the
mix of the silica-coated Cs3Cu,Cls nanocrystals and phosphors
on UV chips and applied them in VLC applications [207].

The -3 dB bandwidth of the VLC is 0.42 MHz, but a high
data rate of 2.65 Mbit/s is achieved, as shown in Fig. 12(a).
The low bandwidth and communication data rate are ascribed
to the long PL decay time of red phosphors in WLEDs and the
low luminous efficiency of the white emission. To solve such
issues, the same group also employed the prepared high-quality
Cs;Cu,ls and CsCu,lj single crystals as emitters of white
sources in VLC [208]. Owing to the increased PLQY (99.75%
for Cs3Cu,ls and 16.73% for CsCu,l;) and PL decay rates
of both single crystals, the corresponding -3 dB bandwidth
and achievable communication data rate of the VLC increase
to 10.1 MHz and 87.7 Mbit/s, respectively, as shown in
Figs. 12(b) and 12(c). Figure 12(d) displays the constellation
diagrams of bit loading for the VLC with OFDM modulation,
showing the maximum quadrature amplitude modulation of
128 in data communication, which implies the potential appli-
cations of WLEDs based on inorganic lead-free perovskites

in VLC.

6. CHALLENGES AND FUTURE PERSPECTIVE

As discussed and highlighted in this review, more and more
attention has been paid to the research and development of
IHPs for lighting and visible light communication. For both
inorganic lead halide and lead-free perovskites, various strate-
gies including ligand modification, coating, embedding, and
doping have been proposed to improve the optical performance
and stability by passivating defects, preventing decomposition,
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and incorporating novel energy states for emission. Owing to
the tunable emission of CsPbXj; perovskites, they are used as
emitters to blend with other phosphors and emitting materials
to contract efficient photoluminescence and electrolumines-
cence WLED:s. Besides, the inorganic lead-free perovskites with
broad emissive spectra, large Stokes shifts, and high PLQYs
have been employed in single-component WLEDs without
the need of rare-earth phosphors. Furthermore, high-perfor-
mance WLEDs have been udilized in the VLC applications
to act as light sources for outputting light data and showing
a high bandwidth response and high communication rates.
However, there are research problems and challenges in
IHPs as well as their applications in lighting and VLC, which
hinder their potential commercialization. Here, the future per-
spectives to further promote the research and development of
lighting and VLC based on THPs are summarized, focusing on
the following challenges.

(1) Owing to the requirement of reducing the use of rare-
earth phosphors and achieving high-performance WLEDs with
a high CRI, inorganic lead-free perovskites are recognized as
good candidates of emitters in single-component WLEDs be-
cause of their broad emission with negligible self-absorption
derived from the STEs mechanism. However, only very few
numbers of lead-free perovskites were reported as emitters
for white emission. To realize more possible lead-free perov-
skites capable of use in WLEDs, a machine-learning method,
using the parameters of lead-free perovskites with a variety of
structures and components from big data would be developed
to filter out those possible choices for the researchers. It would
undoubtedly show distinct advantages in the introduction and
rapid evolution of lead-free perovskites and attract more atten-
tion from researchers to study lead-free perovskites.

(2) The instability of inorganic perovskites in heat, water,
polar solvents, and UV irradiation is regarded as the main ob-
stacle hindering their commercialization. To address the prob-
lem of instability, the coating and encapsulating strategies are
utilized to prevent the inorganic perovskites from water and
polar solvents. Generally, stable metal inorganics and polymers
can act as the candidates to coat and encapsulate inorganic per-
ovskites, suppressing their decomposition upon heating and
UV irradiating treatments.

(3) Despite the advances in photoluminescence WLEDs
based on IHDPs, they face a series of problems, such as the
use of blue/UV chips and rare-earth phosphors, as well as the
large energy consumption. It may be attributed to the low-
efficiency emissive mechanism of chips-based photolumines-
cence, in which the current is first injected to drive the emission
of chips and then excite the emitters to enable white light. With a
direct drive by the current, an increase of the current efficiency
and luminance can be achieved in electroluminescence WLED:s.
However, the commercialization of electroluminescence
WLEDs with organic carrier transporting layers (CTLs) is still
limited by the complex manufacturing and high cost. To over-
come the problems, the industrialized technologies of organic
light-emitting diodes (OLEDs) can be utilized to promote
the fabrication of WLEDs based on IHPs. Besides, the progress
of low-cost encapsulation technologies can enhance the operat-
ing stability of the lighting devices. Itis believed that the efficient
electroluminescence WLEDs based on IHPs would become
mainstreams in lighting fields in this century.

(4) Despite the great advances achieved in electrolumines-
cence WLEDs, their current efficiency and EQE are found to
be not relatively high, which is owing to the unbalanced holes/
electrons injection and leaky emitting layers. To address the
above problems, the thickness of the hole and electron trans-
port layers is optimized and the interlayers are introduced to
facilitate balancing the charge injection. Moreover, the addi-
tives are incorporated into the precursors of thin films to enable
the uniformity of the emitting layers with an efficient crystal-
linity. Finally, the thermal deposition method and improved
coating techniques are also employed to enhance the quality
of emitting films.

(5) Although the application and progress of WLEDs based
on IHPs in VLC have been achieved in the past years, an
achieved bandwidth below 1 GHz still lags far behind that
of commercial VLC systems. The low bandwidth of IHPs-
based VLC can be attributed to the long luminescent decay
time of phosphors and the limited bandwidth of UV and blue
chips. To solve such issues, IHPs with rapid luminescence are
desired as the emitters in an electroluminescence device struc-
ture. Apart from phosphors and blue chips, most of the IHPs
exhibit long luminescence decay time, limiting the develop-
ment of high-speed and high-bandwidth VLC. To enhance
the bandwidth and data rates of VLC based on inorganic
lead-free perovskites, the emissive inorganic lead-free perov-
skites with a band-edge and other mechanisms are chosen to
act as emitters in sources of VLC. For example, inorganic
lead-free Cs3Bi, X9 (X = Cl, Br, I) with a band-edge and
Rb,AgBr; with defect-bound excitons emission exhibit short
photoluminescence decay time of 10°-10' ns. These novel
lead-free perovskites are regarded as excellent candidates to en-
hance the performance of VLC. In the meantime, the resistor-
capacitance effect in the electroluminescence WLEDs with lay-
ered structures needs to be reduced by shrinking the active area
and optimizing the energy alignment of devices to decrease
both parasitic and charge capacitance originated from the car-
rier accumulation, respectively.
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