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Abstract

Lead halide perovskites (LHP) have progress in not only photovoltaic materials but also
light-emitting materials in recent years. In particular, nano-sized LHP quantum dots (QDs) have
attracted much attention as good candidates for display and lighting application due to their
excellent optical properties such as narrow emission, high photoluminescent, and color tunability. In
this review, we discuss the current approaches to achieve highly efficient LHP-QDs based LEDs.
We focus on the four categories, (i) synthesis and optical characterization, (ii) purification process,

(iii) ligand exchange for surface passivation, and (iv) blue and red LHP-QDs LEDs.

1. Introduction

Lead halide perovskites (LHPs) have a ternary component crystal structure, APbXs, where A is a
cation site and X is a halide site (X = CI", Br, or I"), which are classified two types; the former
hybrid organic-inorganic LHPs using organic alkyl cation such as methylammonium or
formamide'® and the later all inorganic LHPs using metal cation such as cesium (Cs")"” in A-site of
perovskite structure. Hybrid organic-inorganic LHPs MAPbX; bulk films have both a strong
absorption coefficients and small exciton binding energy, which lead to highly efficient
photovoltaics (PVs) materials with power conversion efficiency up to 20% in recent several
years.'”'? On the other hand, LHPs have attracted much attention for applications in not only PVs,
but also light-emitting devices (LEDs) due to their high color purity emission spectra with narrow
full width at half maximum (FWHM) and low-cast solution processed semiconducting materials.
Early research on LHPs based LEDs have been attempted in 1990s, however, electroluminescence
(EL) spectra could not be observed at room temperature, but it exhibited at only liquid nitrogen
temperature.” First reported hybrid organic-inorganic LHPs based LEDs exhibited a bright EL with

external quantum efficiency (EQE) of 0.73% at room temperature in 2014." Subsequently, grain
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size’, interfacial engineering controls'’, quasi-two-dimensional Ruddlesden—Popper-type
perovskitesls'18 have been developed to achieve high efficiency LHPs based LEDs, which reached
an EQE of 14.3%'” and 16.3%" for green emission, and an EQE of over 10% for red emission

hybrid organic-inorganic LHPs based LEDs'**°

within over the past years.

All inorganic LHPs with CsPbX; have been demonstrated a novel classified colloidal
light-emitting quantum dots (QDs), which have also expected great potential for the application in
LEDs due to their superior chemical stability, narrow emission spectra enable coverage the next
generation of standard for display, B.T. 2020 color gamut, high photoluminescence quantum yields
(PLQYSs) of up to 90%, plainly tunable emission wavelength in full visible range by halide anion
composition (X site = CI” for blue emission, Br for green emission, or I for red emission) or size
of QDs.2'™" All inorganic CsPbX; LHP-QDs were synthesized by the hot-injection method in
2015.%' The EQE of LEDs based on CsPbX3; LHP-QDs have rapidly increased from 0.1% to over
8% for past only three years, although there are several issues such as unestablished purification
process, ligand desorption, surface defect, insulating behavior of surface ligand, and poor stability

of LEDs. In this review, we focus on current progress of LHP-QD based LEDs, issue and challenge

for high efficiency and high stability LEDs.

2. Synthesis and characterization of perovskite QDs

Protesescu et al. reported that the development of novel hot-injection synthesis method for colloidal
all inorganic CsPbX3 LHP-QDs using lead halides (PbX,, where X is Cl, Br, or I) and cesium-oleate
precursors.”’ These LHP-QDs are ionic nanocrystal materials with cubic crystal shape and phase at
room temperature, which result in a relative lower reaction temperature (below 200 °C), fast
reaction time (only few seconds), and narrow size distributions compared to the hot injection with
traditional Cd based QDs (over 200 °C and few minutes) (Fig. 1 a—c).31 The size of LHP-QDs can
be controlled in the range of 4-15 nm by reaction temperature and reaction time. Another synthesis

3236
d and

route of LHP-QDs, room temperature ligand-assisted reprecipitation (LARP) metho
microwave assisted synthesis’’ >’ have also been reported. LHP-QDs have a size dependency of
optical properties, which exhibits tunable both optical band gap and emission wavelength by QDs
diameters that smaller size lead to wide energy gap and blue shift due to the quantum size effect,

40-41 10 addition, the

whereas larger size of QDs exhibit a narrow gap and red shift of emission.
chemical composition of halide X-site can be drastically tuned band gap and emission wavelength
in the range of ultraviolet to near-infrared region; 410 nm for CsPbCl;, 510 nm for CsPbBr3, and
700 nm for CsPbl;. The photoluminescence (PL) spectra of LHP-QDs exhibit broader FWHM as
increasing wavelength from 12 nm (CsPbCl;) to 40 nm (CsPbls) corresponding to less than 100
meV, remarkable high PLQY of up to 90%, and fast PL lifetime of less than 30 ns (Fig. 1d). In
addition, the toxicity of heavy metal component “lead (Pb)” in LHP-QDs is unestablished issue for

2
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application.**

The current limit the use of Pb is 1000 ppm by weight in electric application from
the European Restriction on Hazardous Substances (RoHS), which is more permissive than that of
Cd (100 ppm by weight). Therefore, lead-free perovskite QDs have been demonstrated using tin
(Sn)**, antimony (Sb)*’, and bismuth (Bi)** *, unfortunately lead-free perovskite QDs exhibited a
weak PL emission with large FWHM at room temperature so far.

In order to impart both dispersibility in non-polar organic solvents (toluene, hexane, or octane)
and precis size control, long alkyl oleic acid (OA) and oleylamine (OAM) were generally used as
surface ligands on LHP-QDs. Colloidal LHP-QDs dispersion in non-polar solvent can be easily
form a smooth thin-film by solution processing such as spin coating for the LEDs fabrication with
low cost, large area, and flexible characteristics as well as the use of established fluorescent or
phosphorescent small molecules, polymers and Cd-based QDs. The valence band and conduction
band of LHPs are located close to the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of typical organic light-emitting semiconductors used in
organic light-emitting devices (OLEDs). Therefore, LHP-QDs can be applied the established OLED
structures, which enable the effective charge injection from neighboring charge transport or
electrodes. By contrast, traditional Cd based QDs with wide gap outer shell (ZnS) has a deep The
valence band, which result in high charge injection barriers from neighboring layers to QDs
layers.”*>?

Song et al. reported all inorganic LHP-QD based LEDs with blue (CsPb(Cl/Br);), green
(CsPbBr3), and orange (CsPb(Br/I);) LHP-QDs for the first time.” In general,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is used as hole injection
layer, and poly(4-butylphenyl-diphenyl-amine) (poly-TPD),
poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)-diphenylamine) (TFB), or poly(9-vinylcarbazole)
(PVK) are used as hole transport layer in standard LHP-QD based LEDs structure (Fig. le).
Tris-(1-phenyl-1H-benzimidazole) (TPBi) is used as electron injection layer. The EL peak
wavelength of blue, green, and orange LHP-QD based LEDs were 455, 516, and 587 nm with
narrow FWHM of 20, 23, and 23 nm, respectively. The peak luminance and EQE were 742 cd/m’
and 0.07% for CsPb(Cl/Br);, 946 cd/m” and 0.12% for CsPbBrs, 528 cd/m’® and 0.09% for
CsPb(Br/I); (Fig. le), which demonstrated that the use of LHP-QDs in LEDs as light-emitting
materials have attracted attention for display and lighting applications as well as organic

compounds or Cd-based QDs.

3. Purification process of perovskite QDs

The purification process of LHP-QDs is still unestablished, which result in a lower efficiency of

LHP-QDs based LED compared to the OLED and Cs-based QD LEDs. Generally, the

reprecipitation methods have demonstrated for the purification of LHP-QDs because synthesized
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crude solution contains impurities such as reaction solvent octadecene and ligand precursors OA or
OAM (Fig. 2a). These impurities are electrical insulating that inhibits a charge injection or transport
in the LHP-QD based LEDs. Long alkyl ligands capped LHP-QDs were dispersive in non-polar
solvent with low dielectric constant, e.g. toluene, octane, and hexane, which act as good solvent in
reprecipitation process, whereas the polar solvents with high dielectric constant such as alcohols
and ketone solvents have play a role in poor solvent.”* When the poor solvents added to LHP-QDs
dispersion in good solvent, which allow for precipitation and isolation of LHP-QDs by
centrifugation. The impurity containing supernatant was discarded to removal of impurities that
were soluble in polar solvents. Their long alkyl ligands OA and OAM were weak bonding to the
surface on LHP-QDs, which cause an easily ligand desorption and colloidal instability during the
reprecipitation process.>> %% In addition, ionic feature of LHP-QDs were enormously sensitive to
polarity of solvents. For instance, high dielectric constant alcohols such as methanol (¢ = 33.1),
ethanol (¢ = 23.8), and isopropanol (¢ = 20.1) were used of poor solvent for reprecipitation of
LHP-QDs, which cause an optical quenching due to easily decomposition of perovskite structure.’’
Therefore, purification and isolation of LHP-QDs are more difficult to handle compared with the
case of typical Cd-based QDs reprecipitation. Appropriate choice of poor solvents with moderate
dielectric constant (¢ < 10) and increasing reprecipitation cycle are significantly important for
effective purification of LHP-QDs.”®

The systematic purification process of CsPbBr; QDs for achieving high efficiency LEDs was
reported by Li et al. that multicycle reprecipitation using low dielectric constant poor solvent ethyl
acetate (¢ = 6.02).” The use of ethyl acetate as a poor solvent enables a multicycle reprecipitation
due to controlling the ligand desorption on the CsPbBr; QDs. The presence of impurities was
confirmed by proton nuclear magnetic resonance ('"H-NMR) measurement. In the case of one
reprecipitation cycle sample was not sufficient purification because terminal alkene resonace in
reaction solvent octadecene is observed at 4.9 and 5.8 ppm. As increasing number of reprecipitation
cycle, these resonance peaks were disappeared, which demonstrate that the fully removal of
octadecene. The estimated ligand density of CsPbBr; LHP-QDs surface was 6.7 nm™ for one-cycle,
4.8 nm™ for two-cycle, and 3.9 nm™ for three-cycle, respectively (Fig. 2b, ¢). These results suggest
that multi reprecipitation cycles could be not only removed impurity octadecene but also adjusted
surface ligand density. The green LED based on two-cycle reprecipitation CsPbBr; QDs reached the
peak EQE of over 6% with high luminance of over 15,000 cd/m” (Fig. 2d).

4. Surface passivation for perovskite QD LEDs
In order to resolve various issues such as colloidal instability in dispersion, aggregation in film,
chemical decomposition, and, phase transformation, surface passivation strategy of LHP-QDs has

been demonstrated that are categorized into four-approaches, additional passivation layer, ligand
4
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exchange via post-treatment, ligand replacement via hot-injection method, and halide-rich
composition synthetic method. The chemical structure of conventional long alkyl ligands, surface
passivation materials, and effective surface ligands are listed in Fig. 3.

PLQYs of LHP-QDs in film were typically lower value of approximately 30%, which was
drastically decreased compared with PLQYs in colloidal dispersion (ca. 80%). One of the reason
this result is derived from closed packed LHP-QDs that facilitated an optical quenching by
non-radiative energy transfer.”’ Thus, additional passivation layer with LHP-QDs was developed
using trimethylaluminum (TMA) vapor treatment.”* The LHP-QDs coated with TMA can be form
insoluble film due to the effect of crosslinking adjacent each LHP-QDs that is derived from the
hydrolysis of TMA by expose ambient air condition. This crosslinking approach allows the
multilayer structures that adjacent charge injection or transport layer can be coating onto insoluble
LHP-QD film by solution processing. Moreover, PLQY of CsPbBr; and CsPbl; LHP-QD films
drastically increased with increasing TMA vapor treatment time (0 to 10 second), from 35% in the
untreated CsPbBr; film to 60% in CsPbBr; with TMA film and 20% in the untreated CsPbl; film to
80% in CsPbl; with TMA film at reaction time of only 2 sec, respectively. This result suggested that
TMA treatment enable passivation of surface defects on LHP-QDs and improvement PLQYs.
Polyhedral oligomeric silsesquioxane (POSS), cagelike structure containing siloxane core with
organic corner substituent group was also demonstrated as beneficial passivation layer.®’ POSS
coated LEDP-QDs improved their water or poor solvent resistivity, and film forming ability. The
LED based on additional POSS layer exhibited EQE of 0.35%, which was 17-fold enhancement to
control device without POSS. In addition, luminance and operational stability of LEDs with POSS
layer were also improved compared to the LED without POSS, which indicating the hole-blocking
effect of POSS.

As the next approach, ligand exchange process via simple two-step reaction in dispersion has
demonstrated to achieve surface passivation, high PLQYs, and high efficiency LEDs. Di-dodecyl
dimethyl ammonium bromide (DDAB) consists of relative shorter alkyl chain (C12) with halide ion
pair that lead to facilitate both charge injection or transport and effective surface passivation in
LHP-QDs.”” %% In this process, small amount of OA was added into purified CsPbBr; LHP-QDs
dispersion to desorb OAM from LHP-QD surface (first step), subsequently DDAB solution in
toluene was quickly injected into mixture dispersion under stirring (second step) (Fig. 4a). Ligand
exchange CsPbBr;-DDAB is higher PLQY of 71% with high colloidal stability than those of
pristine CsPbBr; with OA and OAM (49%) due to better surface passivation, although peak
emission wavelength and size of particle is almost identical during two-step ligand exchange
process. The green LED based on ligand exchange CsPbBr;-DDAB exhibited a maximum
luminance of 330 cd/m” and peak EQE of 3.0%, which was significantly higher than the LED
without ligand exchange pristine CsPbBr; with OA and OAM.” Furthermore, the combination
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ligand exchange and purification process was further effective for greater LED efficiencies. The
DDAB-capped CsPbBr; with butyl acetate (¢ = 5.01) two-wash exhibited high PLQY's of 42% even
in film. The LED based on CsPbBr;-DDAB purified by butyl acetate was achieving a low turn-on
voltage of only 2.6 V and high EQE of 8.7%.” Recently, Song et al have reported on a
room-temperature synthesis method for CsPbBr; QDs with triple-ligand surface engineering
strategy.®* The use of tetraoctylammonium bromide (TOAB), octanoic acid (OTAc), and DDAB
result in a high ink stability, high PLQY and single exponential PL decay. The short alkyl OTAc is
also effective for charge injection and transport properties in thin film. Moreover, the addition of
organic cation such as formamidinium (FA) increased PLQY of 61% due to reduce surface defect
by A-site engineering. The green LED based on FA doped CsPbBr; QDs exhibited remarkable high
EQE of 11.6%. Therefore, mix cation engineering in A-site is also significantly strategy to achieve
high efficiency of LHP-QD LED:s.

The replacement of typical long alkyl ligand OA and OAM by octylphosphonic acid (OPA) with
shorter alkyl chain (C8) by direct hot-injection synthesis have recently reported.65 The interaction
between LHP-QDs and OPA was strong that allowed a multi reprecipitation cycles using methyl
acetate even when eight-times due to retained high ligand density. Thus, PLQYs was kept after
eight-times reprecipitation and improved PL stability (Fig. 4b). The CsPbBr; capped with OPA
based LED exhibited a high EQE of 6.5%, which was 8-fold improvement compared with typical
OA and OAM ligand based LEDs (0.85%). Another ligand capping strategy, zwitterionic long alkyl
chain with deprotonated acid and quaternary ammonium such as sulfobetaines, phosphocholines,
and y-amino acids have been demonstrated to simultaneously achieve high colloidal stability and
high PLQYs (Fig. 4c).®® These zwitterionic ligands results in tightly coordinated with perovskite
QD surface compared to the conventional OA and OAM. Thus, optical properties (PL, PLQY, and
PL-lifetime) of zwitterionic-capped CsPbBr; maintained after reprecipitation washing process and
long-term storage stability. The sulfobetaine-capped CsPbBr; based LEDs exhibited a peak EQE of
2.3% at 3.5 V. Moreover, the peak luminance of LEDs with sulfobetaine ligand exceeded 24000
cd/m’.

The chemical composition of LHP-QDs has an impact on optical properties such as PLQY and
PL decay lifetime. However, conventional synthetic route with hot-injection methods result in
lead-rich composition LHP-QDs, which act as surface trap site. To overcome this issue, the
halide-rich composition control by using lead oxide and ammonium halide has also been
demonstrated to obtain high quality LHP-QDs (Fig. 4d).67 The PLQY of LHP-QDs increases with
increasing halide element component. In addition, the removing excess lead element from
LHP-QDs surface is also effective approach to prevent a trap site.®® The halide-rich LHP-QDs could
be formed by addition of small amount of thiocyanate. The thiocyanate treatment improves the
PLQY due to controlling chemical composition of LHP-QDs from Pb/Br ration of 1:2.7 to 1:3.0

6

Page 6 of 21



Page 7 of 21

Journal of Materials Chemistry C

(Fig. 4e).

5. Blue and red perovskite QD LEDs

The combination of two different anions, mix-halide anion LHP-QDs such as CsPb(Cl/Br); and
CsPb(Br/I); can be complemented blue (ca. 430490 nm) and red (ca. 550-650 nm) region in
visible range by adjustment of mix-halide anion ratio.”” ®7> The mix-halide LHP-QDs are
commonly prepared three routes, direst synthesis method, blend in LHP-QDs method, and anion
exchange method using halide salts. For the direct synthesis method, two lead halide salts such as
PbCl,:PbBr; or PbBr,:Pbl, are used in synthesis step of hot-injection method, which can be easily
tuned an optical properties by changing ratio of lead halide salts. On the other hand, post-treatment
of synthesized LHP-QDs are also utilized for the form of mix-halide composition due to their high
ionic conductive properties. The anion exchange method of LHP-QDs that the replacement halide
anion from Br anion to CI" or I" anion in LHP-QDs at room temperature demonstrated by
Akkerman et al. using various halide salt precursors (ammonium-halides or metal-halide salts) or
blended with LHP-QDs dispersion with different halide composition (CsPbCl;:CsPbBr; or
CsPbBr;:CsPbls) (Fig. 5a).”

Blue CsPb(CI/Br); QDs based LEDs are still lower efficiency compared to the green CsPbBr;
QD-LEDs. Song et al. have demonstrated blue CsPb(Cl/Br); QD-LEDs with high luminance of 742
cd/m* and EQE of 0.07% with EL peak wavelength at 455 nm.” Blue CsPb(C1/Br); QDs coated
with TMA was also reported with luminance of 8.7 cd/m’ and peak emission at 480 nm.* Pan et al.
have demonstrated the blue CsPb(CIl/Br); by novle ligand-exchange process of with di-dodecyl
dimethyl ammonium chloride (DDACI) to replace bromine anion by chloride anion.” Blue LED
with DDAC capped CsPb(Cl/Br); exhibited the EQE of 1.9% with EL peak at 490 nm. Thus, ligand
exchange strategy enables to not only improve charge balance and efficiencies of LEDs, but also to
control emission wavelength of LHP-QDs. Yao et al. have also reported the CsPb(Cl/Br); by mixing
method with directly synthesized CsPbCl; and CsPbBr; to obtain the blue emission at 470 nm with
narrow FWHM of 15 nm.” The use of mix dispersion with hexane and toluene led to the smooth
surface roughness and small grain size in film. In addition, nickel oxide was use as hole injection
and transport layer to reduce hole injection barrier between CsPb(Cl/Br); layer. The blue QD-LED
with surface and energy level engineering reached a high luminance of 350 cd/m* with EQE of
0.07%. Further approach by using nafion perfluorinated ionomer (PFI) was reported to improve the
green CsPbBr; QD74 and blue CsPb(C1/Br); QD based LEDs””. The strong dipole effect of PFI could
be controlled the energy level of under hole transport layer such as TFB (Fig. 5b). The blue
CsPb(Cl/Br); QD-LED with multilayer of TFB/PFI achieved a high luminance over 100 c¢d/m” and
EQE of 0.5% with EL peak at 469 nm (Fig. 5c).

Red emission LHP-QDs are also required to for full color display applications. Therefore, mix
7
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halides anion with CsPb(Br/I); QDs and iodine based CsPbl; QDs have also demonstrated for red
emission LEDs appli<:ation.76'78 In contrast to the blue CsPb(Cl/Br); QD based LEDs, the efficiency
of red QD-LEDs were comparable to the green CsPbBr; QD-LED. The red CsPbl; QDs with TMA
based LED reached EQE of 5.7%, which was 10-fold higher than the untreated CsPbl; based
LED.% Similarly, amine based aliphatic polymer polyethyleneamine (PEI) can be also served as a
passivation layer of red CsPb(Br/I); LHP-QDs, which led to considerably improvement PLQYs
from 15% without PEI to 70% with PEL”’ Moreover, PEI could be reduced the work function of
metal oxides such as zinc oxide (ZnO) due to form the interfacial dipole moments.® The inverted
red LEDs with multilayer structure of ZnO/PEI as a both passivation and electron injection layers
exhibited a low-turn on voltage of 1.9 V and high EQE of up to 6.3%. Ligand exchange process
with bidentate ligand based on double carboxylic groups, namely 2,2’-iminodibenzoic acid (IDA),
have also demonstrated to passivate the surface of red CsPbl; QDs.* IDA-CsPbl; QDs exhibited a
higher PLQY (95%) compared with untreated CsPbl; QDs (80%), although no significant change
was observed in the crystal structure, PL emission, and absorption spectra. Whereas longer PL
decay component was observed after IDA ligand exchange LHP-QDs due to less surface trap site by
IDA capping (Fig. 5d, e). The double carboxylic groups is able to bind to two surface Pb atom,
which is stronger binding energy (1.4 eV) than that of single carboxyl OA (1.14 eV). Thus, PL
emission of IDA- CsPbl; QDs was stable even after 15 days, while untreated CsPbl; QDs exhibited
PL quenching after only 5 day. The red LED based on IDA-CsPbls QD has a peak EQE of 5.02%,
which is 2-fold higher that of untreated CsPbl; QD based LED (2.26%).

The operational stability and color stability of LHP-QD LEDs still remain to be solved for their
LED applications. In particular, mix halide anion based on CsPb(Br/I); LEDs exhibited a red-shift
of EL spectra under during operation, which suggesting the halide anion segregation effect.® The
red-shifts of EL spectra hinges on the chemical composition of mix halide I/Br ratio. The LHP-QD
LED with lower I/Br ratio (lower-iodide content) exhibited a large red-shift with shorter time
compared to the LEDs with higher I/Br ratio (higher-iodide content) (Fig. 5f). Furthermore, similar
color shift by anion segregation effect under applied electric field were observed in blue
CsPb(Cl/Br); LEDs.”” In order to address this issue, further investigations are required for

improvement operational stability and color stability of LHP-QD LED:s.
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6. Summary and outlook

LHP-QDs based LEDs with high color purity emission spectra in the full visible range have been
demonstrated as a good candidate for next-generation light-emitting materials in lighting and
display applications over the past few years. One of the key feature of LHP-QDs is narrow FWHM
emission, ~15 nm for blue, ~20 nm for green, and 30 nm for red, respectively, which are superior
than those of conventional organic emitters (fluorescent and phosphorescent materials) or Cd-based
core-shell QDs. Thus, their LHP-QDs emission spectra can be covered the wide color gamut
BT.2020. LHP-QDs are consisted almost entirely of inorganic elements, the valence band and
conduction band of LHP-QDs are similar to the HOMO or LUMO level of organic light-emitting
materials, which lead to fabrication of device with similar structure of OLEDs.

In this review, we discussed the current approaches to achieve highly efficient LHP-QDs based
LEDs, hot-injection synthesis method for LHP-QDs, purification process, ligand exchange
approaches for surface passivation, and blue and red LHP-QD LEDs. In particular, the chemical
composition of the LHP-QDs has a great influence on their optical properties. The precise control
of A-site by mix cation strategy and reducing anion defect in X-site are needed in order to achieve
both high PLQY of LHP-QDs film and high EQE of LEDs. The reprecipitation method by good
(low dielectric constant) and poor (high dielectric) solvent is not ideal purification process because
LHP-QDs are quite sensitive to high dielectric constant solvent such as alcohols. Thus, further
investigation of low dielectric poor solvent or non reprecipitation purification process are
significant and beneficial for high quality LHP-QDs. In addition, surface ligand admits some
improvement due to electrical insulating property. The use of short alkyl ligand, aryl ligand, and
inorganic ligand are needs to solve this issue.

The fabrication of LHP-QDs, energy level alignment between LHP-QDs and adjacent charge
injection/transport layers is key feature to realize effective recombination in LHP-QDs emission
layer. From this viewpoint, the analysis for valence band and conduction band of LHP-QDs in film
by additional passivation layer or ligand exchange strategy are also needs. Moreover, LHP-QDs
film is difficult to fabricate layer-by layer or multilayer structure by solution processing because
LHP-QDs capped with conventional long alkyl ligand is easy soluble in coating solvent of upper
layer. The fabrication of LHP-QDs LED is limited by hybrid solution and evaporation process so far.
Therefore, further approaches to form insoluble LHP-QDs film are strongly desired for all solution

processed multilayer structure and highly efficient LHP-QDs LEDs.
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