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emitters (FWHM ≈ 30 nm; color gamut 
≈100% in NTSC standard and <90% in 
Rec. 2020 standard).[11–15]

MHPs are composed of three atoms 
or molecules in simple crystal structures, 
ABX3 or A2BX4, where A is an organic 
ammonium (OA, e.g., methylammonium 
(MA; CH3NH3

+) and formamidinium (FA; 
CH(NH2)2

+)) or an alkali metal cation 
(e.g., Cs+), B is a transition metal cation 
(e.g., Au2+, Sn2+, Mn2+, and Pb2+), and 
X is a halide anion (I−, Br−, and Cl−). In 
3D ABX3 cubic crystal structure, one B 
cation is coordinated to the six halide 
anions in a corner of BX6 octahedral con
figuration and A is located in the octahe
dral voids. Although bandgap formation 
mechanism of MHP crystals is still under 
debate, electronic structure of MHP crys
tals is mainly contributed by the inor
ganic BX6 octahedra rather than by the A 
cations;[16–18] these studies indicate that 
emission wavelength λ of MHP emitters 
can easily be tuned (380 ≤  λ ≤ 1000 nm) 

by totally or partially replacing B cations or X anions. Perov
skite crystal structure is also affected by Asite cations due to 
hydrogen bonding and vibrational coupling between BX3

− and  
A+, so bandgap and concomitant λ of MHPs can be controlled 
by tuning the Asite cations.[19,20] These emission spectra with 
high color purity and wide λ tunability do not depend on the 
size of grains or crystals of MHP emitters when their dimen
sion is larger than exciton Bohr diameter DB;[21,22] this size
independent high color purity of MHPs is particularly suited as 
a vivid natural color emitter in future display technology.

Because of their unique crystal structure (e.g., ionic bonding) 
and bandgap formation mechanism, MHPs have balanced 
and high charge carrier mobility (e.g., both electron and hole 
mobility ≈ 1000 cm2 (V s)−1 in CsPbBr3 single crystals[23]) and 
have comparable energy level to those of organic semiconduc
tors.[24] Furthermore, MHP emitters have low material cost and 
good compatibility with diverse solution processes to synthe
size MHP crystals; these are great advantages of MHPs to mass 
production and commercialization.

In the early 1990s, several researchers tried to fabricate the 
MHP lightemitting diodes (PeLEDs) by using layered MHP 
emitters as an emitting layer (EML).[25,26] However, MHPs 
showed low photoluminescence quantum efficiency (PLQE), 
and yielded bright electroluminescence (EL) only at cryogenic 
temperature, which may be ascribed to immature MHP crystalli
zation processes, ineffective confinement of electrons and holes, 
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1. Introduction

Metalhalide perovskites (MHPs) have superior electrical and 
optical properties, which give them great potential for use in 
lightemitting diodes (LEDs).[1–4] Especially, their narrow emis
sion linewidths (full width at halfmaximum (FWHM) ≤ 20 nm) 
can achieve ultrahigh color purity (color gamut ≥ 140% in 
National Television Standards Committee (NTSC) TV color 
standard[1,5] and >95% in International Telecommunication 
Union Recommendation BT 2020 (Rec. 2020) standard[6]); 
these are superior to the properties of organic emitters (FWHM 
> 40 nm; color gamut < 100% in NTSC standard and <90% 
in Rec. 2020 standard)[7–10] and inorganic quantum dot (QD) 
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and suboptimal device structures.[25,26] Although LEDs using a 
perovskitestructured material with an organic emitting dye in 
A cation sites showed an external quantum efficiency (EQE) 
≈0.11% at room temperature in 1999, their color purity was very 
poor (FWHM > 100 nm) because the emission comes from an 
organic emitting dye in A cation sites not from BX6 octahedra.[27] 
Therefore, this LED does not follow the emission mechanism 
of MHP emitters but that of organic emitters. Because of those 
MHP’s physical properties that are favorable for charge separa
tion and transport but unfavorable for radiative emission, MHPs 
have been developed preferentially as light absorbers in photo
voltaics rather than as light emitters in LEDs.[28,29]

Instead, organic emitters and QD emitters have been mainly 
developed as EML in selfemissive LEDs over decades. Organic 
LEDs achieved EQE ≈30%,[10,30] and QD LEDs achieved EQE 
≈20%.[14,31,32] Many efforts to demonstrate bright MHPs at 
room temperature were tried, such as coating of MAPbBr3 
precursor solution onto porous alumina[33] or synthesizing 
MAPbBr3 nanoparticles in warm solutions.[34,35] The desire to 
achieve bright roomtemperature EL in PeLEDs was fulfilled 
in 2014 by using the device structure of highefficiency OLEDs 
and QD LEDs: bright greenemitting PeLEDs (EQE ≈ 0.1%, cur
rent efficiency (CE) ≈ 0.3 cd A−1, and luminance L ≈ 364 cd m−2)  
were fabricated in conventional structure (indium tin oxide 
(ITO)/poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS)/MAPbBr3/poly(9,9dioctylfluorene) (F8)/Ca/Ag); 
efficient nearinfrared (NIR)emitting PeLEDs (EQE ≈ 0.76% 
and radiance ≈ 13.2 W sr−1 m−2) were demonstrated in inverted 
structure (ITO/TiO2/MAPbI3−xClx/F8/MoO3/Ag).[2] Kim et al.  
reported PeLEDs (ITO/buffer hole injection layer (BufHIL)/
MAPbBr3/2,2′,2″(1,3,5benzinetriyl)tris(1phenyl1H
benzimidazole) (TPBI)/LiF/Al) with improved brightness 
(EQE ≈ 0.125%, CE ≈ 0.577 cd A−1 and L ≈ 417 cd m−2) by 
applying the device structures of OLEDs in which BufHIL 
can efficiently prevent quenching of electron–hole pairs at the 
interface between PEDOT:PSS and EML and facilitate hole 
injection from electrode to EML.[3] However, these efficiencies 
are still far below those of stateoftheart OLEDs and commer
cially required levels. Therefore, these reports also indicate that 
the PeLEDs still have fundamental limitations to achieve high 
luminescence efficiency (LE) at room temperatures. There
fore, fundamental breakthroughs are required to make MHP 
films favorable for radiative decay of electron–hole pairs. The 
EL efficiency similar to the level of phosphorescent OLEDs can  
be achieved when the intrinsic issues of perovskite polycrystal
line films were solved: the perovskite films were prepared to 
have small grains (<100 nm), fine stoichiometry control was 
done to avoid uncoordinated Pb species, and the grain bounda
ries were healed by an electrontransporting organic additive.[4,36]

Since those pioneering achievements, many researchers 
have tried to understand the properties of MHP materials and 
the limitations to LE of PeLEDs, and have devoted effort to 
increase the LE of MHP materials and PeLEDs. Within three 
and half years, PeLEDs have shown rapidly increased LE (from 
EQE ≈ 0.1% to ≈14.36% in greenemitting PeLEDs,[37] and from 
EQE ≈ 0.76% to ≈11.7% in NIRemitting PeLEDs[38]). MHPs in 
different crystal forms have also shown dramatically improved 
LE (EQE ≈ 13.4% in greenemitting colloidal nanocrystals 
(NCs),[39] EQE ≈ 6.3% in redemitting colloidal NCs,[40] and EQE  

≈ 0.1—0.2% in single crystals).[41] Compared with green,  
red and NIRemitting PeLEDs, blueemitting PeLEDs have 
not shown dramatic improvement in LE yet (EQE ≈ 0.004% 
for deep blue (λ ≈ 432 nm),[42] EQE ≈ 0.024% for blue 
(456 nm),[42] and EQE ≈ 1.9% for skyblue (λ ≈ 490 nm)[43]) 
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due to low PLQE[44] arising from high defect density related 
to wide bandgap,[45] long lifetime, and diffusion length 
of charge carriers in the case of chloridedoped perovskite 
crystals,[46] and inefficient hole injection arising from deep 
valence band maximum (VBM).[47] These LEs are still too low 
to be commercialized in displays and solidstate lightings, 
but considering their rapid increase over time, we believe 
that EL efficiency will merit commercialization in the near  
future.

Here, we review the factors that limit the LE of PeLEDs; we 
categorize the factors into i) photophysical properties of MHP 
crystals (charge carrier recombination, charge carrier–ionic 
lattice coupling, defect states and PLQE), ii) factors that affect 
morphology of MHP EML (crystallization mechanisms, and 
aggregation and insulating problems of colloidal NCs), and  
iii) problems caused by device architectures (electrical and 
optical losses at the interfaces, and operating instability) 
(Figure 1). Then we provide recently reported suggestions 
to overcome those LElimiting factors in MHP emitters and 
PeLEDs. We also suggest research directions to further increase 
the LE of MHP emitters. We ultimately highlight the poten
tial of MHPs as a core component in displays and solidstate 
lightings.

2. Limitations to Luminescence Efficiency  
of MHPs and LEDs

2.1. Limitations to Luminescence Efficiency of MHP Materials

2.1.1. Charge Carrier Recombination and Photoluminescence 
Quantum Efficiency

The most important phenomena that determine EL efficiency 
of PeLEDs are charge carrier recombination processes and 
concomitant PLQE of MHP emitters. Charge carrier recom
bination in MHP emitters occurs in several steps (Figure 2A):  

1) photoillumination excites the electrons from VBM into con
duction band minimum (CBM) where they induce formation 
of electron–hole pairs; 2.1) some of these pairs recombine with 
each other and emit light (radiative recombination of electron–
hole pairs; excitonic recombination) or 2.2) other pairs separate 
into free charge carriers. The ratio of the radiative recombina
tion to separation into free charge carriers of electron–hole 
pairs RREC is mainly determined by exciton binding energy

b H
0 r

2E R
m

µ
ε

=  (1)

where RH = 13.6 eV is the binding energy of electron in 
H atom, m0 = 9.11 × 10−31 kg is the mass of a free electron, 

1 1

e h

1

m m
µ = +





−

 is the reduced mass of charge carriers in sem

iconducting MHPs, where me is the effective mass of an elec
tron and mh is the effective mass of a hole, and εr is the relative 
dielectric constant (relative permittivity) of MHPs.

MHPs have low and similar effective mass (me ≈ 0.15m0; 
mh ≈ 0.14m0) and are ionbonded, so electrons and holes can 
freely move, rotate, and oscillate in the MHP crystals. How
ever, heavymetal atoms (e.g., Pb) and orientational motion of 
organic cations[48] in MHPs prevent the movement of charge 
carriers and induce largely screened Coulomb interaction, 
large polarization, and large εr. Therefore, as a result, MHPs 
have low Eb (≈30 – 50 meV in MAPbI3

[49,50] and ≈76 meV in 
MAPbBr3

[49]) which is similar to the thermal energy at room 
temperature (≈25 meV); these values have been confirmed 
by various measurement methods such as magnetooptical 
absorption spectroscopy,[49,51] optical absorption,[52] and tem
peraturedependent PL.[53] In MHPs, RREC can be estimated by 
using the Saha–Langmuir equation:[54] 3D MHPs with small Eb  
(≈30 – 76 meV)[49,50] have dominant free charge carriers at 
room temperature; if Eb increases and temperature decreases, 
RREC gradually increases (Figure 2B). This direct dissociation of  
electron–hole pairs into free charge carriers and concomitantly 
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Figure 1. Schematic illustration describing the limitations to luminescence efficiency of MHPs (left) and LEDs (right).
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dominant free charge carriers has stimulated research into 
MHP solar cells, but has impeded the development of MHP 
LEDs because efficient light emission in PeLEDs requires 
strongly bound electron–hole pairs.

Photoexcited charge carriers that separate into free charge 
carriers (process 2.2) can then (process 2.2.1) undergo radiative 
recombination, or (process 2.2.2) be trapped into defect states 
(Shockley–Read–Hall (SRH) recombination) or (process 2.2.3)  
recombine by multiparticle interaction (threebody Auger 
recombination). The recombination kinetics of charge carriers 
in MHPs can be described as[55]

1 2
2

3
3n t

t
k n k n k n

( )∂
∂

= − − −  (2)

where n(t) is the charge carrier density at time t, k1 is excitonic 
recombination rate k1,exciton or defectmediated recombination 
rate k1,defects, k2 is the bimolecular recombination rate of free 
charge carriers, and k3 is the trimolecular Auger recombina
tion rate. Recombination rates of MHPs can be attained by fit
ting the transient absorption kinetics (exciton bleach kinetics) 
according to the different pump fluences; 3D MAPbBr3 
films showed k1 ≈ 27.2 µs−1, k2 ≈ 4.9 × 10−10 cm3 s−1, and  

k3 ≈ 13.5 × 10−28 cm6 s−1; 3D MAPbI3 films showed k1 ≈ 72.7 µs−1, 
k2 ≈ 1.5 × 10−10 cm3 s−1, and k3 ≈ 3.4 × 10−28 cm6 s−1.[56] In MHPs, k2  
and k3 are inherent values, whereas k1 can be affected by the 
degree of charge carrier confinement and by defect density; 
these characteristics indicate that specific recombination path
ways in conventional 3D MHPs can be controlled by tuning the 
defect density, crystallinity, and dimensionality or dimension of 
MHP crystals.[55] In conventional 3D MHPs, Eb is small, so at 
room temperature most electron–hole pairs dissociate directly 
into free charge carriers, and defectmediated recombination 
and Auger recombination occur mainly by nonradiative recom
bination; these observations suggest that bimolecular recombi
nation of free charge carriers is the main radiative mechanism 
in conventional 3D MHPs at room temperature (Figure 2C).

Therefore, in MHPs, PLQE can be represented as[55]

PLQE 1.exciton 2

1.exciton 1.defect 2 3
2

k k n

k k k n k n
= +

+ + +
 (3)

In 3D MHP films, defectmediated recombination of charge 
carriers dominates other recombination mechanisms (e.g., 
radiative recombination of excitons (Coulombically bound 
electron–hole pairs); radiative recombination of free charge 

Adv. Mater. 2019, 31, 1804595

Figure 2. A) Schematic illustration describing the recombination pathways of charge carriers in MHPs, B) excitation density (n) versus fraction of free 
charge carriers over the total excited charge carriers with different exciton binding energy. Reproduced with permission.[54] Copyright 2014, Nature 
Publishing Group. C) Recombination pathways of excited charge carriers in 3D bulk MHPs (dissociated into free charge carriers and then trapped in 
defect states or recombined to emit light). Reproduced with permission.[55] Copyright 2017, Nature Publishing Group. D) Band structure of indirect 
bandgap in MHPs induced by orientation of MA. Reproduced with permission.[20] Copyright 2015, Nature Publishing Group.
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carriers) in low excitation fluences (in LED operating condition; 
charge carrier density < 1015 cm−3) due to fast k1.exciton, slow k2, 
and moderate defect densities (1014 – 1017 cm−3 in thin films 
and 109 – 1010 cm−3 in single crystals).[48] In high excitation flu
ences, multicharge carrier interactions such as Auger recombi
nation and biexciton recombination can occur as nonradiative 
recombination channels.[55] Therefore, PLQE of MHP emitters 
and resultant EQE of PeLEDs are limited.

Indirect bandgap in MHPs also slows down the recombi
nation rate of charge carriers and limits the PLQE of MHPs 
(Figure 2D).[56,57] Heavy center metals (e.g., Pb) induce strong 
spin–orbit coupling, and thus conduction band and valence 
band are spin polarized and split in momentum space; 
these changes (Rashba splitting) induce indirect bandgap in 
MHPs.[57,58] The orientation of organic A cations can also induce 
the indirect bandgap of MHPs.[20,59] This indirect bandgap 
is measured to be ≈25 – 75 meV below the direct bandgap in 
MAPbI3; this result has been confirmed by numerical simula
tion,[20] temperaturedependent PL,[59] temperaturedependent 
transient absorption,[58] and magneto dielectric studies.[60]

2.1.2. Coupling between Charge Carriers and Ionic Lattices: Polaron 
Formation and Hot-Phonon Bottleneck

Longlived hot carriers can also limit the LE of MHPs because 
i) radiative recombination is slower in hot carriers than in 
charge carriers at the band edge, ii) energy of hot carriers can 
be reabsorbed in the crystals,[61] and iii) hot carriers with long 
lifetime can also be easily trapped by defect states and undergo 
nonradiative recombination. Slow cooling of longlived hot 
carriers in MHPs can be attributed to two mechanisms: (1) for
mation of large polarons at low excitation densities (<1018 cm−3) 
due to i) vibrational coupling between BX3

− and A+,[61,62] and 
ii) soft, polarized and flexible PbBr6

−4 frameworks;[63–66] (2) a  
hotphonon bottleneck under high excitation densities 
(>1018 cm−3).[67–69]

Photoexcitation in MHPs (MAPbBr3, FAPbBr3, and CsPbBr3) 
with higher energy than their bandgap at low exciton densi
ties (≈7 × 1016 cm−3) induces formation of charge carriers at 
the bandgap edge and also of hot carriers. Anisotropic local
reorientation motion of organic A cations in organic–inorganic 
hybrid MHPs (e.g., MAPbBr3 and FAPbBr3) induces strong 
vibrational coupling between BX3

− and A+; it screens scat
tering of hot carriers with longitudinal optical (LO) phonons 
that is caused by Coulomb interaction, prevents the energetic 
hot carriers from cooling down, and thus forms hot carriers 
of which ≈24% of the PL population was longlived (≈0.5 ns) 
(Figure 3).[61] Recently, allinorganic MHPs (e.g., CsPbBr3) were 
also reported to have polarons due to soft, polarized and flexible 
PbBr6

−4 frameworks which can easily couple with charge car
riers.[63–66] In addition, these large polarons, which are formed 
by vibronic coupling between charge carriers (excess electrons 
or holes) and highly ionized crystalline lattices, are widely delo
calized in crystals (over several unit cells), and can screen the 
scattering of hot carriers with LO phonons, and thus dramati
cally reduce the cooling rate of hot carriers.[61] Furthermore, 
polarons themselves recombine much more slowly than do 
charge carriers,[63,66] i.e., vibrational coupling between BX3

− and 

A+, coupling between PbBr6
−4 frameworks and charge carriers, 

and concomitant polaron formations can reduce the recombi
nation rate of charge carriers and thus limit the LE of MHPs. 
This screening effect of large polarons on scattering between 
hot carriers and LO phonons can be confirmed by the decrease 
in longlived excess electronic energy as excitation density 
increases; as excitation intensity increases until <1018 cm−3 and 
the resultant density of large polaron increases, large polarons 
become destabilized due to repulsive interaction among them. 
Then their screening effect on the interaction between hot 
carriers and LO phonons decreases, so the cooling rate of hot 
carriers increased.[61]

Under high excitation densities (>1018 cm−3), an excess of hot 
phonons was generated, so phonon reabsorption can occur.[69] 
This process slowed down the cooling of hot carriers; this 
mechanism is called hotphonon bottleneck effect. Hot pho
nons can reheat the charge carriers and thus reduce the cooling 
rate of charge carriers.[63] Directly after photoexcitation by 
energy larger than the bandgap of MHPs, transient absorption 
(TA) spectra showed highenergy tails (at ≈1.58 eV in MAPbI3) 
and broadened spectra due to distribution and reabsorption 
of hot carriers over the bandgap as a result of reheating by 
the phonon bottleneck, which increased the lifetime of hot  

Adv. Mater. 2019, 31, 1804595

Figure 3. Time-resolved optical Kerr effect transients of single-crystal 
A) CsPbBr3, B) MAPbBr3, and C) FAPbBr3. Reproduced with permission.[61] 
Copyright 2016, The American Association for the Advancement of 
Science.
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carriers.[68] In MAPbI3, the lifetime of hot 
carriers gradually increases as excitation den
sities increase under high excitation densities 
(>1018 cm−3); this trend confirms that long
lived hot carriers are formed by the hot 
phononbottleneck effect rather than by the 
polaron effect.[68]

These charge carrier–ionic lattice interac
tions can be intensified in lowdimensional 
(e.g., 2D, 0D) perovskites in which self
assembled quantum wells (in 2D crystals) or 
NCs (in colloidal 0D crystals) are bound by 
a weak van der Waals interaction.[55] Many 
dangling bonds such as outofplane self
terminations of PbX6 octahedra (in 2D crys
tals) and NC surfaces (in 0D crystals), and 
excess charge carriers due to efficient spatial 
confinement perturb the lattices and cause 
large charge carrier–ionic lattice interac
tion.[55] 2D MHPs ((C10H7CH2NH3)2PbI4) 
show much larger exciton–LO phonon cou
pling strength (≈260 meV)[55] than do 3D 
MHPs (≈40 meV in FAPbI3, ≈61 meV in 
FAPbBr3, ≈40 meV in MAPbI3, ≈58 meV in 
MAPbBr3,[70] ≈92.1 meV in MAPbI3−xClx[53]).

2.1.3. Defect States

In MHPs, k2 and k3 are inherent values and 
k1 is strongly affected by k1,defects according 
to the charge carrier recombination kinetic 
mechanisms.[55] Therefore, recombination 
pathways of charge carriers are dominantly 
affected by the defect density. Furthermore, 
PLQE of MHPs also depends strongly on 
the defect density because defectmedi
ated recombination occurs mostly by non
radiative recombination and is much 
faster than other recombination pathways 
(k1.defect >  k1.exciton or k2) (Figure 4A).[16,71] 
Therefore, defect formation mechanisms may explain the low 
PLQE in MHPs.

Because MHP crystals are formed at relatively low 
temperature (room temperature (≈25 °C) for colloidal NCs 
synthesized by recrystallization methods;[72] <100 °C for MHP 
polycrystalline bulk films;[4] <200 °C for MHP NCs synthesized 
by hotinjection methods[5]) and are held together by brittle 
ionic bonding, they naturally incorporate various defect states 
such as Schottky defects which are neutral vacancy defects (e.g., 
PbX2 vacancy; MAX vacancy), Frenkel defects which induce the 
charge difference in crystals (e.g., elemental defects of Pb2+, 
I− and MA+; unintentional doping) and structural defects (e.g., 
lattice distortion by accumulated charges and impurities; grain 
boundaries). Formation of defect states at surfaces is acceler
ated because perovskite crystals are susceptible to deforma
tion at the surface (in MAPbI3 thin films; bulk trap density 
≈ 5 × 1016cm−3, surface trap density ≈ 1.6 × 1017 cm−3).[73] 
These defect states can also be formed by electron–phonon 

coupling and ion migration.[74–76] Easily decomposed lattices 
of MHP crystals show low formation energy of defects (e.g., 
27 – 73 meV for Schottky defects).[16,77,78] These defect sites 
have energy levels located 100 – 400 meV below the bandgap 
in the MHPs,[78] and therefore can trap the charge carriers and 
limit the LE. Here, we categorize the reasons for defect forma
tions in MHP crystals into i) flaws during crystal formation and 
ii) effects of external factors.

Defect states can easily be formed as the perovskite crys
tallizes. Representatively, MHPs are crystallized by onestep 
solution process to fabricate polycrystalline bulk films. During 
solvent evaporation and crystallization, MHP films develop 
defects due to solubility difference between each precursors 
(e.g., MAX, PbX2) in solvents,[79] loss of ions,[4] and incom
plete reaction between each precursors.[4] These phenomena 
yield nonstoichiometric crystal structures, so the MHP films 
include metallic Pb that can quench the PL.[4] Fast and direct 
crystallization during solution process can also induce unreacted 

Adv. Mater. 2019, 31, 1804595

Figure 4. A) Schematic illustration describing the recombination mechanism of charge carriers 
in MHP under the low and high excitation fluences. Reproduced with permission.[88] Copyright 
2014, American Physical Society. B) Transmission electron microscopy images of MHP devices 
based MHP layers without annealing and with annealing in different atmosphere conditions. 
Reproduced with permission.[119] Copyright 2015, Wiley-VCH. C) Scanning electron microscope 
images of MAPbI3 films stored in dark (left) and light (right) under humidity conditions. 
Reproduced with permission.[87] Copyright 2016, Royal Society of Chemistry. D) Schematic 
illustration of sublimation or decomposition of MABr, MA+, and Br− from MAPbBr3 films under 
long thermal annealing. Reproduced with permission.[110] Copyright 2016, Elsevier B.V.
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intermediate products,[80,81] and byproducts from solvent–pre
cursor reactions (e.g., MA vacancy ((CH3NH2)xHPbI3), iodide 
vacancy ((CH3NH2)xHyPbI2+y (x > 0, y < 1)).[80] Insufficient 
conversion of precursors to perovskite crystals, and precursor 
residues on perovskite crystals can occur during other crystal
lization processes such as twostep solution,[82] vacuum evapo
ration,[83] or chemical vapor deposition.[84] In the case of excess 
MABr vapor concentration in the vaporassisted solution pro
cess, redissolution of solid perovskite crystals or precursors into 
vapor states can occur,[85] and then induce defect states.

Although perfect perovskite crystals without any defect 
states can be formed using wellcontrolled crystallization 
methods, perovskite crystals can degrade and develop defect 
states during exposure to light, moisture, air or other envi
ronmental factors.[86,87] Light exposure causes significant and 
complex effects on the perovskite crystals; examples include 
change of defect density and shape of crystal structure. Light 
excitation on MHPs at moderate intensity can increase the LE 
by reducing the defectmediated recombination pathway[55,88] 
and inducing halide redistribution,[89] but light exposure can 
also induce defect states.[90,91] The positive effect of light expo
sure on MHP crystals is a result of defect passivation, whereas 
the negative effect is a result of decomposition of perovskite 
crystals as[90]

2CH NH PbX X H 2PbX 2CH NH3 3 3
light

2 2 2 3 2→ + + +  (4)

in the presence of the halogen gas (X2), decomposition of per
ovskite crystals has negative Gibbs free energy;[92,93] this means 
that degradation and defect formation in MHPs become spon
taneous and further accelerated.[94] Light excitation can also 
reduce the LE of MHP crystals by inducing ion segregation,[95] 
transformation of crystal structures,[96] metastable states,[97] and 
ion migration,[98] and decomposition of PbX2 to Pb metal and 
X2.[91]

Oxygen also has mixed effects on the LE of MHP crystals. 
The positive effect is that the unpaired electron in oxygen pas
sivates the trap states (uncoordinated Pb2+ or MA+)[99] in a 
manner that is similar to passivation by Lewis bases.[100] The 
negative effect is that oxygen can induce hydrolysis of perovs
kite crystals (Figure 4B).[93] Simultaneous exposure to light and 
oxygen causes formation of superoxide (O2

−) in MHP crystals, 
and further accelerates the decomposition and defect formation 
in MHP crystals as[101,102]

CH NH PbX CH NH PbX3 3 3 3 3 3
*

hv

→  (5)

CH NH PbX O CH NH PbX O3 3 3
*

2 3 3 3 2
*+ → + −  (6)

CH NH PbX O CH NH PbX
1

2
X H O3 3 3 2

*
3 2 2 2 2+ → + + +−  (7)

Moisture can react with MHPs to generate hydrated spe
cies similar to ((CH3NH3)4PbX6 · 2H2O) which weaken the 
hydrogen bonding between organic cations and inorganic 
PbX6 octahedra, and thereby change the crystal struc
ture (Figure 4C).[103] These hydrated species consist of iso
lated PbX6

4− octahedra and (CH NH H O H NH C)3 3 2 3 3 2
4⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +  

dimers;[104] 0D PbX6
4− octahedra are nonemissive[105] or emit at 

low efficiency,[106] so their presence can reduce LE. The degree 
of moisture effects on LE of different MHP crystals can vary; 
MAPbI3 have unstable tetragonal structure, whereas MAPbBr3 
has relatively stable cubic structure due to radii of halogen 
anions (Cl−: 167 pm; Br−: 182 pm; I−: 206 pm).[107] Therefore, 
moisture can more easily penetrate into the MAPbI3 crystal 
structure than into MAPbBr3 crystal structure. MAPbI3 began 
to decompose and to change color from dark brown to yellow 
at humidity >55%, however, MAPb(BrxI1−x)3 maintained crystal 
structure under the same conditions.[108] MAPbBr3 polycrystal
line films with cubic structure showed stable PL efficiency, PL 
spectrum and crystallinity in ambient air for >1 h.[3] Short expo
sure of FAPbI3 crystals to 55% moisture increase their LE,[109] 
therefore, further studies of the effects of moisture exposure on 
MHP crystals should be conducted.

Heat can also induce formation of defect states in MHP 
crystals and reduce LE of PeLEDs because MHPs are very vul
nerable to heat treatment (Figure 4D). One factor is thermal 
annealing, which is necessary to fabricate highly crystalline 
MHP[110] and to achieve uniform MHP films for higheffi
ciency PeLEDs.[111] Joule heating[112] during device operation 
can also cause damage. The optimal annealing temperature 
TANN of MHPs is 60 ≤ TANN ≤ 100 °C considering their decom
position temperatures (≈125 °C for MAPbI2Br;[113] ≈150 °C for 
MAPbI3;[114] ≈220 °C for MAPbBr3

[115]), but optimal annealing 
time varies with TANN.[110,116] If TANN is too low, the residual 
solvents are not fully evaporated, and the perovskite precur
sors[117] or intermediate species[80] are not completely converted 
to perovskite crystals. If TANN is too high, the MHP crystals can 
decompose as[117]

CH NH PbX CH NH PbX HX3 3 3 3 2 2→ + +  (8)

CH NH PbX CH NH X PbX3 3 3 3 3 2→ +  (9)

these reactions can severely reduce the LE of MHPs.
Growth of PbX2 in the grain boundary can passivate the 

grain boundary[116] and increase the LE of MHPs,[4] but the  
insulating properties of PbX2 limit the EL efficiency of 
PeLEDs.[4] Annealing time can also affect the LE of MHPs 
and PeLEDs.[110] Damage to MHPs by thermal annealing can 
be accelerated in the presence of O2,[115] light,[118] or mois
ture;[119,120] these factors can even induce recrystallization, 
segregation and delamination of perovskite crystals from 
underlayers.[119,120] These defects induce gap states within the 
bandgap of MHP crystals[78] which trap the charge carriers and 
limit the LE of MHPs and PeLEDs.

2.2. Limitations in Luminescence Efficiency of PeLED Devices

When electrical bias is applied to PeLEDs that have multilay
ered structure (e.g., anode/hole injection layer (HIL)/MHP 
EML/electron transport layer (ETL)/cathode), holes are injected 
into anode and electrons are injected into cathode. Then holes 
move to the VBM of the MHPs through the highest occupied 
molecular orbital of the HIL, and electrons move to the CBM 
of the MHPs through the lowest unoccupied molecular orbital 
of the ETL. These charge carriers recombine in the MHP EML 
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and generate light that has similar energy 
to the bandgap of the MHPs. These lights 
are emitted through transparent electrodes. 
Here, the EL efficiency (EQE) of PeLEDs is 
mainly calculated as[121]

EQE Lχγβφ=  (10)

where χ is the outcoupling factor, γ is the 
chargebalance factor, β is the probability 
of production of emissive species, and φL 
is the quantum efficiency of luminescence. 
Therefore, in addition to the inherently low 
PLQE in MHP crystals due to low radia
tive recombination rate of charge carriers, 
charge carrier–ionic lattice coupling and 
defect states as mentioned in the previous  
Section 2.1 (related to the φL in Equation (10)),  
poor outcoupling efficiency of light (optical 
losses at interfaces; related to the χ in 
Equation (10)) and low charge balances 
in devices (electrical losses at interfaces; 
related to the γ in Equation (10)) severely 
limit the EL efficiency of PeLEDs. Further
more, rough MHP film morphology, aggre
gation of colloidal MHP NCs during film 
formation, operational instability, and dif
fusion of metallic quenchers from electrode 
into MHP EML can reduce the EL efficiency 
of PeLEDs.

2.2.1. Rough Film Morphology

The simplest and bestknown method to 
fabricate the MHP films is a onestep solu
tion process in which perovskite precursors 
are dissolved in polar solvents, then perov
skite crystals are produced by evaporating the solvents during 
spincoating or other filmformation methods.[3] However, MHP 
crystals formed by this process have very large cuboid structure 
>1 µm and numerous voids in films which severely reduce 
the EL efficiency by inducing leakage current in devices.[4] 
Fast crystallization[122] and large colloidal lead polyhalides  

+ → ⋅ +− +x(PbX CH NH X PbX DMF CH NH )2 3 3
DMF

3 3 3
[80,123] in solu

tion induced by solubility difference between each precursors 
in polar solvents (e.g., N,Ndimethylformamide (DMF)) are the 
main causes of nonuniform MHP films with large cuboid struc
tures, numerous voids and low crystal density (Figure 5A). Var
ious pathways of perovskite crystal growth (solution growth and 
colloidal growth) can also induce rough film morphology.[123]

Twostep solution process and vacuumdeposition process 
can minutely control the crystallization process and fabricate 
highquality MHP films. However, in these processes, incom
plete conversion of BX2 films to ABX3 crystals or excess AX 
residues,[82] redissolution of perovskite crystals into ions,[85] and 
inaccurate deposition rate of each perovskite precursors[124] can 
also induce rough MHP films and limit the EL efficiency of 
PeLEDs.

2.2.2. Aggregation and Insulating Ligands of Colloidal MHP NCs

Colloidal MHP NC is a promising MHP crystal form to achieve 
highly efficient PeLEDs. Colloidal MHP NCs have much higher 
PLQE (>90% in solution at both low and high excitation inten
sities)[5] than do other crystal forms (≈36% in polycrystalline 
forms),[4] but achieve similar EL efficiency in PeLEDs (EQE ≈ 
13.4% in green emission[39]) compared to that in PeLEDs based 
on PC films (EQE ≈ 14.36% in green emission,[37] EQE ≈ 11.7% 
in NIR emission[38]). The main reasons for limited EL efficiency 
in PeLEDs based on colloidal MHP NCs despite high PLQE are 
that they aggregate readily in highly concentrated solution[125] 
or during film formation,[6] that fabrication of thick and uni
form films is difficult,[125] and that insulating organic ligands 
surround NC surfaces.[21,43,126]

Colloidal MHP NCs with initial dimension ≈10 nm synthe
sized by various methods (e.g., hotinjection methods,[40,127] 
reprecipitation methods[6]) can easily form agglomerations 
with diameter >100 nm during film formation; they yield a 
rough film with many pinholes.[128] Large grains decrease the 
electron–hole wavefunction overlaps and consequently reduce 
PLQE (from ≈80% in solution states to ≈10% in film states, 
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Figure 5. A) Scanning electron microscope images of MAPbI3 films with different MAI:PbI2 ratio. 
Reproduced with permission.[123] Copyright 2015, American Chemical Society. B) Photographs, 
C) scanning electron microscope images, and D) transmission electron microscopy images of 
NC films after different number of purification cycles ((1)–(4)). Reproduced with permission.[130] 
Copyright 2017, Wiley-VCH.
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in CsPbBr3 NCs),[129] and rough film limits the EL efficiency 
in PeLEDs by inducing severe leakage current.[128] Agglomera
tion can also complicate fabrication of thick and uniform NC 
films.[21]

Organic ligands are necessary for synthesis of stable col
loidal MHP NCs, but these organic ligands consist of long alkyl 
chains, which can impede charge transport in film states and 
limit the EL efficiency of PeLEDs. Therefore, many researchers 
have tried to remove organic ligands by washing,[130] by 
replacing long ligands with short ligands[43] or by controlling 
ligand density and length during synthesis.[21,22] However, 
inadequate or excess ligand posttreatments can induce further 
aggregation of NCs and reduce their PLQE (Figure 5B–D).[43,130] 
Furthermore, functional groups in organic ligands such as 
amine (NH3+) and carboxyl (COO−) are unstable on the NC sur
face, and can react with each other; these processes can also 
induce aggregation and limit the LE of NCs and PeLEDs.[43,126] 
Randomly deposited NCs in films also prevent the formation of 
densely packed uniform film and thus limit the EL efficiency of 
PeLEDs.[131]

2.2.3. Electrical and Optical Losses at the Interfaces

Interfaces between MHP EML and HIL or ETL have a strong 
influence on the EL efficiency of PeLEDs because MHPs have 
different optical[132,133] and electronical[24] properties with con
ventional organic[3] or inorganic[134,135] interlayers. MHPs 
have a much deeper VBM (≈5.6 eV in MAPbI3, and ≈5.9 eV 
in MAPbBr3)[24] than the workfunction (WF) of conventional 
transparent conductive oxide (TCO) electrodes (≈4.8 eV in 
ITO, ≈5.0 eV in fluorinedoped tin oxide (FTO),[136] ≈5.0 eV 
in indium zinc oxide (IZO)[137]) and than that of hole injec
tion materials (≈4.8 eV in PEDOT:PSS,[3] ≈5.3–5.4 eV in 
NiOx

[134]). MHP also have a CBM (≈3.6 eV in MAPbI3, ≈3.6 eV 
in MAPbBr3)[24] that is shallower than the WF of conven
tional metaloxide electron transport materials (≈4.2 eV[135] or  
≈3.7 eV[138] in ZnO). These energylevel offsets 
induce large hole/electron injection barriers 
and reduce the EL efficiency by impeding 
the electron–hole charge injection balance 
(reducing γ in Equation (10)) in PeLEDs.

MHPs have refractive indices n > 2.2 in 
solutionprocessed thin films,[132,139] and ≈2.5 
in single crystals[132] which are higher than 
those of typical organic layers (n ≈ 1.8) and 
transparent electrode (n ≈ 1.8 in ITO).[140] 
When generated light passes from an MHP 
with higher n to adjacent organic inter
layers with lower n, a large amount of light 
is reflected at the interfaces and trapped 
inside the MHP layer; this process is called 
waveguide mode and is explained by Snell’s 
law.[140] Light that is generated by MHP 
EMLs can also be trapped at the transparent 
electrode/air interfaces (”substrate mode”) 
and at the MHP/nontransparent electrode 
interfaces (“surface plasmon mode”) as also 
occur in OLEDs and QD LEDs.[140] These 

effects can reduce χ in Equation (10) and thereby reduce the EL 
efficiency of PeLEDs.

The recombination mechanism and PLQE of MHPs are also 
strongly affected by interlayers. Because of unprecedentedly 
long charge carrierdiffusion length of MHPs (e.g., ≈100 nm 
in CH3NH3PbI3,[46,141] >1 µm in CH3NH3PbI3−xClx[46]), charge 
carriers can easily be quenched by the PEDOT:PSS interfaces[3] 
or the ZnO interfaces.[142,143] Metallic species that migrate from 
electrodes into inner layers in PeLEDs (e.g., Au diffusion from 
Au cathode during annealing at moderate TANN ≈ 70 °C,[144] 
etched In and Sn from ITO anode by overcoating acidic 
PEDOT:PSS layer as[145,146])

In O 6H 3H O 2In2 3 2
3+ → ++ +  (11)

SnO 4H 2H O Sn2 2
4+ → ++ +  (12)

SnO 2H H O Sn2
2+ → ++ +  (13)

also severely quench the radiative recombination and limit the 
LE of MHPs (Figure 6A).

Adsorption of polystyrene sulfonate (PSS−) ligands in 
PEDOT:PSS to a protonated ITO surface can weaken the 
InO and SnO bond strengths and detach PSS–In and 
PSS–Sn complexes from the ITO surface.[147,148] Direct con
tact between metal electrodes (e.g., Al) and MHPs induces 
redox reactions that convert Pb2+ to Pb0 and MAPbI3 to 
MA4PbI6·2H2O; these species reduce both the stability and 
PLQE of MHPs.[149] Even in the presence of interlayers, mois
ture exposure facilitates ion diffusion that causes the redox 
reaction, and acts as a decomposition reagent (Figure 6B).[149] 
Moreover, MHPs reacted with Ag electrodes and severely 
degraded by a change of silver (Ag0) to silver iodide  
(Ag+–I−);[150] these reactions severely reduce the LE of MHPs 
and PeLEDs.

Adv. Mater. 2019, 31, 1804595

Figure 6. A) Schematic illustration describing the diffusion of metallic species from ITO 
electrode into MHP EML and exciton quenching induced by them in PeLEDs. Reproduced 
with permission.[145] Copyright 2017, Wiley-VCH. B) Schematic illustration of degradation 
mechanism of Ag electrode induced by H2O penetration. Reproduced with permission.[150] 
Copyright 2015, Wiley-VCH.
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2.2.4. Operating Instabilities

Electrical stresses during device operation can passivate the 
defect states and increase the EL efficiency; these changes 
temporarily increase the luminance and device efficiencies of 
PeLEDs under increasing applied current density (or bias)[4] 
or under multiple electrical scans.[151] However, electrical 
stresses can also induce migration of charged defects (e.g., MA 
vacancies, Pb vacancies, and X defects)[152] or ions[151] in MHP 
crystals, and these processes generate defect states by inducing 
accumulation or deficiency of ions in crystal structures, and 
result in reversible conversion from perovskite (MAPbX3) to 
lead halide (PbX2); these processes limit the EL efficiency of 
PeLEDs.[153]

The crystal structure of MHPs formed by ionic bonding 
results in low activation energy for ionmigration (0.08[152] 
or 0.33 eV[154] for I−; 0.23 – 0.25[155] or 0.09 eV[152,156] for Br−; 
0.8 eV for Pb2+;[152] 0.36[157] or 0.46[152] or 0.55 eV[154] for MA+) 
and low formation energy of charged defects (0.23 – 0.83 eV 
for I−; 0.2 – 0.93 eV for MA+).[78] Owing to these low energies, 
ions can move in MHP crystals under small electric fields 
of 0.3 – 1 V µm−1[157,158] in MAPbI3 films and 0.5 V µm−1 in 
MAPbBr3 films.[98] Ions can migrate through various diffusion 
channels such as grain boundaries, Schottky defects, Frenkel 
defects, and lattice distortions caused by electric fields, accumu
lated charges or impurities.[76]

Ion migration can also have both beneficial and harmful 
effects on device operation and EL efficiency in PeLEDs. MA+ 
cations and X− anions that accumulate on the cathode and 
anode side induce pdoping and ndoping (p–i–n structure, also 
called poling) in MHP layers; these induce a sharp tunneling 
barrier and facilitate injections of electrons and holes from the 
each electrodes into the EML.[157,159] Furthermore, shortdis
tance migration of local excess ions can passivate defect states 
and increase the EL efficiency.[89,151] However, ion migration 
can easily generate defect states by backdiffusion of ions or 
migration of nonexcess ions which were located in the perovs
kite crystal structure.[89,151] Furthermore, charge imbalance in 
PeLEDs which can arise by ionmigration can induce lumines
cence quenching by annihilation of electron–hole pairs that in 
turn reduces the EL efficiency in PeLEDs.[160]

Electrical fields also induce color instability in PeLEDs based 
on mixedhalide MHPs. PeLEDs based on mixedhalide MHPs 
(e.g., CsPbClxBryI3−x−y, MAPbClxBryI3−x−y) show drivingvoltage 
or operatingtime dependent variable emission spectrum due 
to halide separation and phase segregation in MHP emis
sion layer.[161,162] These color instability of mixedhalide based 
PeLEDs can be further analyzed by molecular dynamics simula
tion and cathodoluminescence imaging.[163]

3. Strategies to Improve Luminescence Efficiency 
of MHP Materials and PeLEDs

Many research groups have tried to overcome the limitations 
to LE and to increase the EL efficiency of PeLEDs.[3,138,145] 
Methods include fabrication of uniform MHP EML,[4,164,165] 
crystal engineering,[166] dimension and dimensionality con
trol of MHP crystals or grains,[4,167,168] synthesis and ligand 

engineering of MHP colloidal NCs or QDs,[21,22,43,130,169] 
defect passivation,[100,170] and optimization of device architec
ture. Especially, researchers have mainly tried to i) reduce the 
grain size[4] or dimensionality[167] of MHPs, which are neces
sary to improve the LE of MHPs by confining the electron–
hole pairs, ii) heal the surface defects in the grain boundary 
by organic additives,[36] Lewis bases,[100,171] and aminebased 
molecules,[170] iii) reduce the ligand concentration and length 
in NC films,[21,22] and iv) decrease the luminescence quenching 
sites in device architecture.[4,145] In this section, we provide var
ious recently reported strategies to improve the LE of MHPs 
and PeLEDs (Figure 7). We also summarize the improvement 
of EL efficiencies in PeLEDs by categorizing these strategies 
(Tables 1 and 2).

3.1. Dimensionality and Dimension Control

Decreasing the dimension from micrometer scale to nano
meter scale,[4,36] and dimensionality from 3D to 2D or 0D[167] 
are the most effective ways to increase the LE of PeLEDs 
because they can increase LE of MHPs by confining the charge 
carriers and improving the possibility of radiative recombina
tion of electron–hole pairs (excitons).

Dimension of MHPs can easily be reduced by nanocrystal 
pinning (NCP) in which dripping volatile solvents on the pero
vskite quasifilms during spin coating wash out the remaining 
solvents (e.g., dimethyl sulfoxide (DMSO), DMF), quench the 
growth of perovskite crystals and thus induce the reduced grain 
size (Figure 8A).[4,36,134] NCP also effectively smoothens the sur
face morphology (Figure 8B,C). Grain size and film morphology 
can be controlled by choosing the dripping solvents[172,173] and 
perovskite precursors.[174] The grain sizereduction effect by 
NCP is maximized by adding organic semiconductors (TPBI), 
which can act as impurities that impede grain growth, into  
volatile solvents; small grain size of 50 – 200 nm (average grain 
size ≈ 87 nm) in MAPbBr3 films was achieved (Figure 8D).[4,36] 
TPBI also improved the charge balance in MAPbBr3 EMLs and 
healed the defect states in the grain boundaries (Figure 8E,F); 
these methods yielded PeLEDs that had high EL efficiencies 
(EQE ≈ 8.79%).[36]

2D MHPs, in which a PbX6 octahedra is sandwiched between 
long or large OA, showed more strongly confined electron–hole 
pairs in PbX6 inorganic layers and much lower trap density than 
3D MHPs (MAPbI3); these causes k1 to be related to k1,exciton 
rather than to k1,defects and increases PLQE.[55,175] However, in 
2D MHP polycrystalline bulk films and PeLEDs based on them, 
long and huge insulating OA groups inhibit charge transport 
and thereby limit EL efficiency in PeLEDs.[167] To achieve mod
erate charge transport characteristics while maintaining effi
cient confinement of electron–hole pairs, quasi2D structures, 
called Ruddlesden–Popper (RP) phase, were incorporated 
by mixing 3D perovskites with 2D perovskites. The average 
number of layers (dimensionality) of PbX6 octahedral planes  
(m in (large OA)2(MA or FA)m−1PbmX3m−1, m = from 1 (2D 
structure) to ∞ (3D structure)) can be tailored by controlling the 
mixing ratio between 2D perovskite precursors and 3D perov
skite precursors.[167] The large OA cations intercalate between 
separated 3D perovskites by relatively weak van der Waals 
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interactions,[55] in this way they confine the electron–hole pairs 
inside the 3D MHP crystals and thereby prevent the dissocia
tion of electron–hole pairs into free charge carriers. As a result, 
radiative recombination of electron–hole pairs is increased; 
this effect can be confirmed by much shorter PL lifetime of 
quasi2D MHPs (≈20 ns) than that of 3D MHPs (≈1200 ns) 
and the linear dependence of PL intensity on injected carrier 
density.[55] Quasi2D MHPs also showed higher Eb (>200 meV  
for (PEA)2(MA)m−1PbmI3m−1) (PEA: phenylethylene ammonium)  
than did 3D MHPs (≈20 meV for MAPbI3).[168] However, in 2D 
and quasi2D MHP polycrystalline bulk films, large exciton–LO 
phonon coupling caused by many dangling bonds (e.g., out
ofplane selfterminations of PbX6 octahedra) and excess exci
tons due to efficient spatial confinement can also limit LE as 
described in Section 2.1.2.[55] Therefore, optimum MHP crystal 
structures which have efficient exciton confinement, moderate 
charge transport, and low exciton–LO phonon coupling should 
be developed to maximize the LE in PeLEDs.

Quasi2D MHPs are composed of various perovskite struc
tures that have different dimensionalities; this arrangement 
induces energy transfer from crystals with large bandgap 
(small m) to crystals with low bandgap (large m) because crys
tals with different dimensionality were located near each other 
(Figure 9A). This energy transfer induced a higher concen
tration of electron–hole pairs (excitons) on crystals that had 
relatively smaller bandgaps, and achieved high PLQE under 

low excitation density because only defect states in crystals with 
relatively smaller bandgaps need to be passivated.[168]

The dimensionality (bandgap) distribution in MHP crystals 
can be controlled by changing the compositions, and by solvent 
engineering; when quasi2D MHPs have largebandgap crystals 
as major components and a relatively graded dimensionality 
distribution, energy transfer was boosted, so PLQE and EL effi
ciency in PeLEDs can be increased (PLQE ≈ 12%, EQE ≈ 5% in 
pristine quasi2D films; PLQE ≈ 60%, EQE ≈ 7.4% in optimized 
quasi2D films) (Figure 9B,C).[176]

Quasi2D MHP films also showed reduced trap density 
and reduced number of nonradiative recombination channels 
compared to the 3D MHP films, because large OA can passi
vate the surface defects in 3D MHP films;[177] this effect can 
be confirmed by measuring the trap density of states (tDOS) 
in PeLEDs,[167] and by increase of PLQE (from 1 to 2% for 
MAPbBr3 to 34% for (PEA)2(MA)m−1PbmBr3m−1,[167] from 0.2% 
for MAPbI3 to 10.6% for (PEA)2(MA)m−1PbmI3m−1

[168]). Quasi
2D MHPs also showed much faster recombination rates  
(k1≈ 5 × 107 s−1, k2 ≈ 2 × 10−9 cm3 s−1, k3 ≈ 2 × 10−26 cm6 s−1) 
than did 3D MHPs (k1 ≈ 9 × 105 s−1, k2 ≈ 7 × 10−10 cm3 s−1,  
k3 ≈ 3 × 10−28 cm6 s−1).[55] These indicate that quasi2D MHPs 
can have much higher PLQE in LED operating conditions 
(charge carrier density < 1015 cm−3) than do 3D MHPs.

Incorporating large or long OA into perovskite precur
sors can also yield small grain size in uniform MHP films. 
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Figure 7. Schematic illustration of various strategies to improve the LE of MHPs and PeLEDs.
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Table 1. Reported EL efficiencies and strategies in PeLEDs based on MHP polycrystalline bulk films.

Publication date[ref.] Strategies Emission layer (emission 
color, wavelength)

Device structure EL efficiencies

2014/04[2] Confine the charge carriers in 

thin MHP PC films

MAPbBr3 (green, 517 nm)

MAPbI3−xClx (NIR, 773 nm)

ITO/PEDOT:PSS/MAPbBr3/F8/Ca/Ag

ITO/TiO2/MAPbI3−xClx /F8/MoO3/Ag
EQE ≈ 0.1%, CE ≈ 0.3 cd A−1,  

L ≈ 364 cd m−2

EQE ≈ 0.76 %, radiance ≈ 13.2 W sr−1 m−2

2014/11[3] Prevent exciton quenching and 

improve hole injection at the 

interface (Buf-HIL)

MAPbBr3  

(green, 543 nm)

ITO/buffer-HIL/MAPbBr3/TPBI/LiF/Al EQE ≈ 0.125%, CE ≈ 0.577 cd A−1,  

L ≈ 417 cd m−2

2015/02[202] Prevent the crystal growth by 

adding PIP additive

MAPbBr3:PIP  

(green, ≈540 nm)

ITO/PEDOT:PSS/MAPbBr3:PIP/F8/

Ca/Ag
EQE ≈ 1.2%, L ≈ 2800 cd m−2

2015/02[138] Improve the film morphology 

and reduce electron injection 

barrier by adding PEI interlayer

MAPbI3−xClx (NIR, 768 nm)

MAPbBr3 (green, 532 nm)

ITO/ZnO/PEI/MAPbI3−xClx/LiF/Al

ITO/ZnO/PEI/MAPbBr3/LiF/Al
EQE ≈ 3.5%, radiance ≈ 28 W sr−1 m−2

EQE ≈ 0.8%, PE ≈ 4 lm W−1

L > 20 000 cd m−2

2015/08[165] Prevent the crystal growth by 

adding PEO additive

MAPbBr3:PEO  

(green, 532 nm)

ITO/MAPbBr3:PEO/In/Ga EQE ≈ 0.165%, CE ≈ 0.74 cd A−1,  

L ≈ 4064 cd m−2

2015/09[217] Fabricate the uniform 

and bright EML by using 

coevaporation

MAPb(I0.6Br0.4)3  

(NIR, ≈680 nm)

ITO/PEDOT:PSS/MAPb(I0.6Br0.4)3/

PCBMa)/Ba/Ag
EQE ≈ 0.06%

2015/11[164] Retarding the crystallization by 

adding HBr additive

MAPbBr3  

(green, 540 nm)

ITO/PEDOT:PSS/MAPbBr3/SPB-02Tb)/

LiF/Ag
EQE ≈ 0.1%, CE ≈ 0.43 cd A−1,  

L ≈ 3490 cd m−2

2015/12[4] Improve the film morphology 

and reduce grain size by NCP 

and prevent metallic Pb by 

adding excess MABr additive

MAPbBr3  

(green, ≈545 nm)

Polymeric anode/MAPbBr3/TPBI/LiF/Al EQE ≈ 8.52%, CE ≈ 42.9 cd A−1

2015/12[216] Fabricate the uniform EML by 

adding PEO additive in blade-

coating process

MAPbBr3:PEO  

(green)

ITO/MAPbBr3:PEO/Ag nanowires EQE ≈ 1.1%, CE ≈ 4.91 cd A−1,  

L ≈ 21 014 cd m−2

2016/06[167] Improve the film morphology, 

reduce defect states, induce 

energy funneling by controlling 

MA:PEA ratio

PEA2(MA)n−1PbnBr3n+1 

(green, 510 – 520 nm)

ITO/buffer-HIL/PEA2(MA)n−1PbnBr3n+1/

TPBI/LiF/Al

CE ≈ 4.9 cd A−1, L ≈ 2935 cd m−2

2016/06[168] Improve the film morphology, 

reduce defect states, induce 

energy funneling by controlling 

MA:PEA ratio

PEA2(MA)n−1PbnI3n+1  

(NIR, ≈760 nm)

ITO/TiO2/PEA2(MA)n−1PbnI3n+1/F8/

MoO3/Au

EQE ≈ 8.8%, R ≈ 80 W sr−1 m−2

2016/08[199] Prevent the crystal growth by 

adding PEO additive

CsPbBr3:PEO  

(green, 521 nm)

ITO/PEDOT:PSS/CsPbBr3:PEO /TPBI/

LiF/Al
EQE ≈ 4.26%, CE ≈ 15.67 cd A−1,  

L ≈ 53 525 cd m−2

2016/08[134] Improve the film morphology 

by using NiOx interlayer and 

MA gas treatment

MAPbBr3(green, 540 nm) ITO/NiOx/MAPbBr3/TPBI/LiF/Al CE ≈ 15.9 cd A−1, L ≈ 70 000 cd m−2

2016/09[38] Improve the film morphology, 

reduce defect states, induce 

energy funneling by controlling 

FA:NMA ratio

NMA2(FAPbI3)n−1PbI4 (NIR, 

786 nm)

ITO/ZnO/PEIE/NMA2(FAPbI3)n−1PbI4/

TFBc)/MoOx/Au
EQE ≈ 11.7%, R ≈ 82 W sr−1 m−2

2016/09[159] Prevent the crystal growth by 

adding PEO and PVP additives

CsPbBr3:PEO:PVP  

(green, 522 nm)

ITO/CsPbBr3:PEO:PVP/In/Ga EQE ≈ 5.7 %, PE ≈ 14.1 lm W−1,  

L ≈ 593 178 cd m−2

2016/10[206] Improve the film morphology 

by adding excess MABr additive

MAPbBr3(green, 531 nm) ITO/PEDOT:PSS/MAPbBr3/TmPyPBd)/

LiF/Al
EQE ≈ 3.38 %, CE ≈ 15.26 cd A−1,  

L ≈ 6124 cd m−2

2016/11[135] Fabricate the uniform EML by 

using two-step solution process

FAPbBr3 (green, 540 nm) ITO/ZnO/FAPbBr3/poly-TPD/MoO3/Al EQE ≈ 1.16%, CE ≈ 2.65 cd A−1,  

L ≈ 13 062 cd m−2

2016/12[212] Fabricate the uniform EML by 

optimizing solution concentra-

tion in two-step solution process

MAPbBr3 (green, 539 nm) ITO/ZnO/PEIEe)/MAPbBr3/PCDTBTf)/

MoO3/Au
EQE ≈ 0.023%, CE ≈ 0.1 cd A−1

2016/12[177] Improve the film morphology 

by controlling MA:POEAg) ratio
POEA2(MA)n−1PbnBr3n+1 

(green, 520 nm)

ITO/PEDOT:PSS/

POEA2(MA)n−1PbnBr3n+1/TPBI/LiF/Al
EQE ≈ 2.82%, CE ≈ 8.2 cd A−1

2016/12[205] Modify the crystal growth by 

adding excess CsBr additive

CsPbBr3 (green, 524 nm) ITO/PEDOT:PSS/CsPbBr3/

B3PYMPMh)/Cs2CO3/Al
EQE ≈ 0.15 %, CE ≈ 0.57 cd A−1,  

L ≈ 7276 cd m−2
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Publication date[ref.] Strategies Emission layer (emission 
color, wavelength)

Device structure EL efficiencies

2017/01[178] Improve the film morphology 

and reduce grain size by 

controlling MA:BA ratio

BA0.17MA0.83PbBr3  

(green, 513 nm)

BA0.2857MA0.7143PbI3  

(NIR, 748 nm)

ITO/PVK/BA0.17MA0.83PbBr3/TPBI/

LiF/Al

ITO/poly-TPD/BA0.2857MA0.7143PbI3/

TPBI/LiF/Al

EQE ≈ 9.3%, 17.1 cd A−1

EQE ≈ 10.4%,

2017/01[172] Improve the film morphology 

and reduce grain size by NCP
MAPbBr3 (green, ≈545 nm) ITO/PEDOT:PSS/MAPbBr3/TPBI/

LiF/Ag
EQE ≈ 0.71%, CE ≈ 3.31 cd A−1,  

L ≈ 14 460 cd m−2

2017/03[215] Improve the film morphology, 

by multicoating the MHP 

solution

MAPbI3−xBrx  

(green, 540 nm yellow, 

580 nm red, 635 nm)

ITO/PEDOT:PSS/MAPbI3−xBrx/Ca:ZnO/

Ca/Al
green: EQE ≈ 6.2%, CE ≈ 21 cd A−1,  

L ≈ 16 060 cd m−2

yellow: EQE ≈ 4.2%, CE ≈ 16 cd A−1, 

 L ≈ 4200 cd m−2

red: EQE ≈ 5.8%, CE ≈ 19 cd A−1,  

L ≈ 10 100 cd m−2

2017/04[204] Prevent the crystal growth by 

adding PVK and TPBI additives

MAPbBr3:PVK:TPBI  

(green, 534 nm)

ITO/PEDOT:PSS/MAPbBr3:PVK:TPBI/

Cs2CO3/Al
EQE ≈ 2.28 %, CE ≈ 9.45 cd A−1,  

L ≈ 7263 cd m−2

2017/05[200] Prevent the crystal growth by 

adding PEO additive and CF 

vapor treatment

CsPbBr3:PEO  

(green, 525 nm)

ITO/PEDOT:PSS/CsPbBr3:PEO/TPBI/

LiF/Al
EQE ≈ 4.76%, CE ≈ 21.38 cd A−1,  

L ≈ 51 890 cd m−2

2017/05[201] Prevent the crystal growth by 

adding PVP additive

MAPbBr3:PVP  

(green, 516 nm)

ITO/PVK:TPD/MAPbBr3:PVP/TPBI/

Ba/Al
EQE ≈ 1.88 %, CE ≈ 6.5 cd A−1,  

L ≈ 1427 cd m−2

2017/05[176] Maximize the energy funneling 

by tailoring the composition of 

quasi-2D structure

PEA2(MA)n−1PbnBr3n+1 

(green, 526 nm)

ITO/PEDOT:PSS/

PEA2(MA)n−1PbnBr3n+1/TPBI/LiF/Al
EQE ≈ 7.4%, L ≈ 8400 cd m−2

2017/06[143] Improve the film morphology 

by using PVP interlayer and 

MABr additive

Cs0.87MA0.13PbBr3  

(green, 520 nm)

ITO/ZnO/PVP/Cs0.87MA0.13PbBr3/

CBPi)/MoO3/Al
EQE ≈ 10.43%, CE ≈ 33.9 cd A−1,  

L ≈ 91 000 cd m−2

2017/06[156] Improve the film morphology 

by adding excess CsBr additive 

and using Buf-HIL interlayer

CsPbBr3(green, 522 nm) ITO/Buf-HIL/CsPbBr3/TPBI/LiF/Al CE ≈ 5.39 cd A−1, L ≈ 13 752 cd m−2

2017/06[84] Improve the film morphology, 

by controlling substrate tem-

perature and film thickness in 

chemical vapor deposition

MAPbBr3 (green, 510 nm) ITO/PFN-OXj)/MAPbBr3/TAPC/MoO3/

Au
EQE ≈ 0.02%, CE ≈ 0.06 cd A−1, 

L ≈ 900 cd m−2

2017/08[203] Prevent the crystal growth by 

adding PEG additive

CsPbBr3:PEG  

(green, 522 nm)

ITO/PEDOT:PSS/MAPbBr3:PEG/TPBI/

LiF/Al
EQE ≈ 5.34 %, CE ≈ 19 cd A−1,  

L ≈ 36 600 cd m−2

2017/10[179] Improve the film morphology, 

reduce defect states, induce 

energy funneling by controlling 

the Cs:PBAk) ratio

PBA2(CsPbBr3)n−1PbnBr4 

(green, 514 nm)

PBA2(CsPbI3)n−1PbnI4 (NIR, 

683 nm)

ITO/NiO/TFB/PVK/

PBA2(CsPbBr3)n−1PbnBr4/TPBI/LiF/Al

ITO/NiO/TFB/PVK/

PBA2(CsPbI3)n−1PbnI4/TPBI/LiF/Al

EQE ≈ 10.4%

EQE ≈ 7.3%

2017/10[132] Fabricate the uniform and 

bright EML with low n by con-

trolling MABr and PEABr ratio 

in vacuum deposition

PEA2(MA)n−1PbnBr3n+1 

(green, 531 nm)

ITO/PEDOT:PSS/

PEA2(MA)n−1PbnBr3n+1/TPBI/Liq/Al
EQE ≈ 0.36%, CE ≈ 1.36 cd A−1, 

L ≈ 6200 cd m−2

2017/11[85] Improve the film morphology, 

by controlling the evaporation 

time of MABr powder in vapor-

assisted solution process

MAPbBr3 (green, 532 nm) ITO/P-NiO/MAPbBr3/TPBI/LiF/Al EQE ≈ 4.36%, CE ≈ 8.16 cd A−1,  

L ≈ 6530 cd m−2

2017/12[36] Improve the film morphology, 

passivate the defect and 

n-dope the EML by A-NCP

MAPbBr3 (green, 541 nm) Polymeric anode/MAPbBr3/TPBI/LiF/Al EQE ≈ 8.79%

2018/02[37] Confine the charge carriers 

in quasi-2D structure and 

passivate the defects by TOPO 

post-treatment

PEA2(FAPbBr3)n−1PbnBr4 

(green, 532 nm)

ITO/m-PEDOT:PSS/

PEA2(FAPbBr3)n−1PbnBr4/TOPO/TPBI/

LiF/Al

EQE ≈ 14.36%, CE ≈ 62.4 cd A−1

a)PCBM: [6,6]-phenyl-C61-butyric acid methyl ester. b)SPB-02T: polymer blue (Merck). c)TFB: Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-sec-butylphenyl)diphe-

nylamine)]. d)TmPyPB: 1,3,5-Tris(3-pyridyl-3-phenyl)benzene. e)PEIE: polyethylenimine ethoxylated. f)PCDTBT: poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-

2′,1′,3′-benzothiadiazole]. g)POEA: 2′phenoxyethylamine. h)B3PYMPM: 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine. i)CBP: 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl. 
j)PFN-OX: 6,6′-(9′,9′-Bis(6-((3-ethyloxetan-3-yl)methoxy)hexyl)-7,7′-diphenyl-9H,9′H-2,2′-bifluorene-9,9-diyl)bis(N,N-diethylhexan-1-amine). k)PBA: phenylbutylammonium.

Table 1. Continued.
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Table 2. Reported EL efficiencies and strategies in PeLEDs based on MHP NC films.

Publication date[ref.] Strategies Emission layer (emission 
color, wavelength)

Device structure EL efficiencies

2015/10[169] High PLQE in colloidal MHP 

NCs

CsPbX3  

(blue, 455 nm, green, 

516 nm, orange, 531 nm)

ITO/PEDOT:PSS/PVK/CsPbX3/ 

TPBi/LiF/Al
Blue: EQE ≈ 0.07%, CE ≈ 0.14 cd A−1 

L ≈ 742 cd m−2

green: EQE ≈ 0.12%, CE ≈ 0.43 cd A−1, 

L ≈ 946 cd m−2

orange: EQE ≈ 0.09%, CE ≈ 0.08 cd A−1, 

L ≈ 528 cd m−2

2015/11[128] Improve the film morphology 

by overcoating PVK:PBD on 

NC films

MAPbBr3 (green, 530 nm) ITO/PEDOT:PSS/MAPbX3/PVK: 

PBD/BCPl)/LiF/Al
EQE ≈ 0.48%, PE ≈ 1 lm W−1, 

L ≈ 10 590 cd m−2

2016/03[44] Improve the film morphology, 

passivate the surface defects 

and facilitate the charge carrier 

transport by TMA crosslinking 

method on NC films

CsPbX3 (blue, 480 nm, 

green, 523 nm, orange, 

619 nm, red, 698 nm)

ITO/ZnO/CsPbX3/TFB/MoO3/Ag Blue: EQE ≈ 0.0074%, L ≈ 8.7 cd m−2 

green: EQE ≈ 0.19%, L ≈ 2335 cd m−2

orange: EQE ≈ 1.4%, L ≈ 1559 cd m−2

red: EQE ≈ 5.7%, L ≈ 206 cd m−2

2016/05[125] Fabricate the uniform NC films 

by dip-coating method

MAPbX3 (blue, 445 nm, 

blue-green, 495 nm, green, 

525 nm, orange, 595 nm, 

red, 640 nm)

ITO/PEDOT:PSS/PVK/MAPbX3/ 

TPBi/LiF/Al
Blue: EQE ≈ 1.38%, CE ≈ 4.01 cd A−1 

L ≈ 2673 cd m−2

blue-green: EQE ≈ 1.13%, CE ≈ 3.87 cd 

A−1 L ≈ 2452 cd m−2

green: EQE ≈ 1.06%, CE ≈ 3.72 cd A−1, 

L ≈ 2398 cd m−2

orange: EQE ≈ 0.98%, CE ≈ 2.02 cd A−1, 

L ≈ 1053 cd m−2

red: EQE ≈ 0.53%, CE ≈ 1.52 cd A−1,  

L ≈ 986 cd m−2

2016/06[45] Convert as-deposited PC films 

to 2D nanoplates by solvent 

vapor annealing

(PEA)2PbBr4 (blue, 410 nm) ITO/PEDOT:PSS/(PEA)2PbBr4/ 

TPBI/Ca/Al
EQE ≈ 0.038%

2016/08[43] Facilitate the charge carrier 

injection by replacing long 

ligands with short ligands

CsPbBr3Cl3−x  

(blue, 490 nm, green, 

515 nm)

ITO/PEDOT:PSS/PVK/CsPbBr3Cl3−x/

TPBI/LiF/Al
Blue: EQE ≈ 1.9%, L ≈ 35 cd m−2

green: EQE ≈ 3%, L ≈ 330 cd m−2

2016/09[42] Boost the exciton binding 

energy by inducing dielectric 

confinement effect in 2D 

structure

MAPbBr3:CBP  

(deep blue, 432 nm, blue, 

456 nm, sky blue, 492 nm 

green, 520 nm)

ITO/PEDOT:PSS/PVK/MAPbBr3:CBP/

TPBI/LiF/Al
Deep blue: EQE ≈ 0.004%

blue: EQE ≈ 0.024% sky blue:  

EQE ≈ 0.23% green: EQE ≈ 2.31%,  

CE ≈ 8.1 cd A−1

2016/09[40] Improve the film morphology, 

and PLQE by adding PEI 

interlayer

CsPbBrxI3−x  

(green, 516 nm, red, 

688 nm)

ITO/ZnO/PEI/CsPbBrxI3−x /CBP/TCTA/

MoO3/Au
Green: EQE ≈ 0.4%, CE ≈ 1.32 cd A−1, 

L ≈ 3019 cd m−2

red: EQE ≈ 7.25%, CE ≈ 0.49 cd A−1,  

L ≈ 435 cd m−2

2016/11[130] Facilitate the charge carrier 

injection by washing the 

surface ligands

CsPbBr3 (green, 512 nm) ITO/PEDOT:PSS/poly-TPD/CsPbBr3/

TPBI/LiF/Al
EQE ≈ 6.27%, CE ≈ 13.3 cd A−1,  

L ≈ 15 185 cd m−2

2017/03[174] In situ form MHP NC films 

without ligand and aggregation

MAPbBr3:PEABr  

(green, ≈524 nm)

MAPbI3:FPMAI  

(NIR, 749 nm)

ITO/PEDOT:PSS/poly-TPD/

MAPbBr3:PEABr/TPBI/LiF/Al

ITO/PEDOT:PSS/PVK/MAPbI3:FPMAI/

TPBI/LiF/Al

MAPbBr3: EQE ≈ 7%

MAPbI3: EQE ≈ 7.9%

2017/03[222] In situ form MHP NC films 

without ligand and aggregation

MAPbBr3:MABr  

(green, ≈527 nm)

ITO/PEDOT:PSS/MAPbBr3:MABr/

TPBI/LiF/Al
EQE ≈ 8.21%, CE ≈ 34.46 cd A−1

2017/03[223] Improve the crystallinity, PLQE 

and hole injection capability by 

by controlling FA:Cs ratio

FA1−xCsxPbBr3  

(green, ≈526 nm)

ITO/PEDOT:PSS/TFB/FA1−xCsxPbBr3/

TPBI/LiF/Al
EQE ≈ 2.8%, CE ≈ 10.09 cd A−1,  

L ≈ 55 005 cd m−2

2017/05[126] Both ligand exchange and 

wash the surface ligand

CsPbBr3(green, 512 nm) ITO/modified PEDOT:PSS/poly-TPD/

CsPbBr3/TPBI/LiF/Al
EQE of 8.73%, CE of 18.8 cd A−1

2017/06[21] Reduce ligand density during 

NC synthesis
MAPbBr3(green, ≈515 nm) ITO/Buffer-HIL/MAPbBr3/TPBI/LiF/Al EQE ≈ 5.09%, CE ≈ 15.5 cd A−1

2017/07[218] Improve the film morphology, 

conductivity, and PLQE by 

radical-based crosslinking

MAPbBr3 

(green, 528 nm)

ITO/TiO2/Al2O3/MAPbBr3/F8/ 

MoO3/Ag
EQE ≈ 0.58%, CE ≈ 2.47 cd A−1, 

L > 7000 cd m−2
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The reason is that large or long OA effectively impedes the 
growth of 3D perovskite grains.[167] Quasi2D MHP films 
showed much decreased roughness (γrms ≈ 0.6 nm in buty
lammonium (BA)0.2857MA0.7143PbI3 films, γrms ≈ 1 nm 
in BA0.2857MA0.7143PbBr3 films) than did 3D MHP films 
(γrms ≈ 4.9 nm in MAPbI3 films, γrms ≈ 3.4 nm in MAPbBr3 

films).[178] With these advantages, PeLEDs based on quasi2D 
MHP achieved high EL efficiencies (CE ≈ 4.9 cd A−1[167] or 
EQE ≈ 7.4%[176] for (PEA)2(MA)m−1PbmBr3m−1; EQE ≈ 2.82% and 
CE ≈ 8.23 cd A−1 for (C6H5OCH2CH2NH2)2(MA)m−1PbmBr3m−1;[177]  
EQE ≈ 10.4% for (C6H5C4H8NH3)2(CsPbBr3)m−1PbBr4 
and EQE ≈ 7.3% for (C6H5C4H8NH3)2(CsPbI3)m−1PbI4;[179] 

EQE ≈ 8.8% and radiance ≈ 80 W sr−1 m−2 
for (PEA)2(MA)m−1PbmI3m−1;[168] EQE ≈ 9.3% 
for BA0.17MA0.83PbI3 and EQE ≈ 10.4% for  
BA0.17MA0.83PbBr3;[178] EQE ≈ 11.7% 
and radiance ≈ 82 W sr−1 m−2 for 
( C 1 0H 7C H 2N H 2) 2( F A P b I 3) n − 1P b I 4; [ 3 8 ] 
EQE ≈ 14.36% and CE ≈ 62.4 cd A−1 for  
PEA2(FAPbBr3)n−1PbBr4) with TOPO treat
ments (EL data was measured by silicon 
photodiode and EQE was calculated by 
assuming Lambertian emission profile)[37] 
(Figure 9D,E)). These LEs of PeLEDs based 
on quasi2D MHPs are the highest values 
among PeLEDs so far, thus further optimiza
tion of large or long OA and their processing 
should be intensively conducted.

Mixing various small OA cations can 
also yield uniform MHP films with smaller 
grains, and yield efficient PeLEDs. Partially 
incorporating inorganic cation (Cs+) into 
FAbased MHPs increased the crystallinity, 
phasestability, and stability during excitation 
by light, humidity heat.[180–182] Furthermore, 
10% doping of Cs on FAPbBr3 films reduced 
grain size from ≈325 nm to ≈199 nm and 
reduced trap density while maintaining 
a single phase, so PLQE (≈28.3%) and 
EL efficiencies in PeLEDs (EQE ≈ 3.1%, 
CE ≈ 14.5 cd A−1) were increased.[183] Mixing 
a small amount of organic cations (MA+) into 

Adv. Mater. 2019, 31, 1804595

Publication date[ref.] Strategies Emission layer (emission 
color, wavelength)

Device structure EL efficiencies

2017/07[226] Stabilize CsPbBr3 NCs by Mn2+ 

doping

Mn2+ doped CsPbBr3 

(green, 512–515 nm)

ITO/PEDOT:PSS/poly-TPD/Mn2+ 

doped CsPbBr3/TPBI/LiF/Al

EQE ≈ 1.49%, CE ≈ 3.71 cd A−1,  

L ≈ 9971 cd m−2

2017/08[6] Boost the dielectric 

confinement effect by 

dispersing 2D MHP NCs in low 

n-PMMA matrix

FAPbBr3:PMMA 

(green, 529 nm)

ITO/PEDOT:PSS/poly-TPD/

FAPbX3:PMMA/3TPYMBm)/LiF/Al
EQE ≈ 3.04%, CE ≈ 13.02 cd A−1,  

PE ≈ 13.36 lm W−1, L ≈ 2939 cd m−2

2017/08[131] Fabricate the uniform NC films 

with preferred orientation

CsPbBr3(green, 515 nm) ITO/PEDOT:PSS/NPB/CsPbBr3/BCP/

LiF/Al
CE ≈ 0.09 cd A−1, L ≈ 23 cd m−2

2017/08[22] Reduce ligand length during 

NC synthesis

FAPbBr3 (green) ITO/Buffer-HIL/FAPbBr3/TPBI/LiF/Al CE ≈ 9.16 cd A−1

2017/10[221] Fabricate the uniform NC films 

by centrifugal coating

CsPb2Br5 (green, 520 nm) ITO/PEDOT:PSS/CsPb2Br5/TPBI/LiF/Al EQE ≈ 1.1%, CE ≈ 1.32 cd A−1,  

L ≈ 7317 cd m−2

2018/01[228] Synthesize stable NCs with 

octylphophonic acid ligands

CsPbBr3 (green, 516 nm) ITO/PEDOT:PSS/poly-TPD/CsPbBr3/

TPBI/LiF/Al
EQE ≈ 6.5%, CE ≈ 18.13 cd A−1,  

L ≈ 7085 cd m−2

2018/03[39] Induce energy cascade by  

controlling the FA:OAm ratio
(OAm)2(FA)n−1PbnBr3n+1 

(green, 528–532 nm)

ITO/PEODT:PSS/

(OAm)2(FA)n−1PbnBr3n+1/PO-T2Tn)/Ca/Al
EQE ≈ 13.4%, CE ≈ 57.6 cd A−1,  

L ≈ 34 480 cd m−2

l)BCP: bathocuproine; m)3TPYMB: Tris[2,4,6-trimethyl-3-(pyridine-3-yl)phenyl]borane; n)PO-T2T: 2,4,6-Tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine.

Table 2. Continued.

Figure 8. A) Schematic illustration describing the NCP. Scanning electron microscope images 
of MAPbBr3 polycrystalline films B) without NCP, C) with NCP, and D) with TPBi based NCP. 
Reproduced with permission.[4] Copyright 2015, The American Association for the Advancement 
of Science. E,F) Schematic illustration of trap-filling and electron injection improvement effect 
by A-NCP. Reproduced with permission.[36] Copyright 2017, Elsevier Ltd.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804595 (16 of 28)

www.advmat.dewww.advancedsciencenews.com

Csbased MHPs (CsPbBr3) also controlled the crystallization 
kinetics, and thereby smoothened the surface and helped to 
achieve high EL efficiency (EQE ≈ 10.43%, CE ≈ 33.9 cd A−1).[143] 
Mixing large or long OA into these MHPs based on various 
small A site cations can be more effective to enhance the LE of 
PeLEDs. Mixed cations (e.g., Cs/MA and Cs/MA/BA) can also 
improve the colorstability of PeLEDs based on mixedhalide 
MHPs by preventing the phase separation.[184]

Colloidal MHP NCs and QDs are also a promising emitter 
form for highefficiency PeLEDs.[1] Colloidal MHP NCs consti
tute a small grain or particle size (≈10 nm) and MHP QDs have 
a smaller grain or particle size than DB (<10 nm) (quantum size 
regime),[21] in which electron and hole wavefunctions easily 
overlap, and surface organic ligands that passivate the surface 
defect states.[5,72] Furthermore, organic ligands with low dielec
tric constant induce dielectric confinement of electron–hole 
pairs (excitons) inside NCs and QDs and weak van der Waals 
coupling between NCs and QDs.[55] Therefore, MHP NCs and 
QDs undergo radiative recombination by exciton, and have 

high PLQE (>90%) under both low and high 
excitation density.[5,72] Overall crystal shapes 
and dimensionality of MHP NCs can be 
tuned by controlling the ligands,[185,186] syn
thesis conditions,[187] compositions,[42] and 
posttreatments such as light excitation[188] 
and electron beams.[189] MHP NCs and QDs 
have also various advantages for use in effi
cient PeLEDs; examples include simple and 
diverse synthesis processes,[5,72,190,191] easy 
scaleup[192] and postsynthesis color tun
ability by exchange of compositions.[193]

3.2. Fabrication of Uniform MHP Films

Fabricating uniform MHP films is also very 
important to achieve high EL efficiency in 
PeLEDs. To avoid development of rough film 
morphology and large pinholes in MHP EML 
by fast and abrupt crystallization during one
step solution process, uniform MHP films can 
be achieved by i) retarding the crystallization 
rate, ii) preventing the growth of crystals or iii) 
increasing the number of nucleation sites.

Small amounts of acid additives such as 
HBr[122,164] and HI[194] increase the viscosity 
and supersaturation concentration of solu
tions, and also increase the solubility of inor
ganic compounds in perovskite solutions. 
Acid additives can also induce an interme
diate step in crystallization and thus retard 
the crystallization. Organic or inorganic addi
tives with low vapor pressure (e.g., 1,8dii
odooctane (DIO),[195] Ncyclohexyl2pyrro
lidone (CHP)[196] and NH4Cl[197]) delay the 
evaporation of solvents (e.g., DMF). These 
additive methods prevent abrupt crystalliza
tion of perovskite precursors, and achieve 
uniform MHP films with high crystal den

sity by slowing the crystallization rate (Figure 10A). MHP 
films fabricated by adding 6 vol% HBr showed wellconnected 
crystalline structure with decreased grain size (≈500 nm) and 
green EL emission with full coverage over the pixel area.[164] 
The PbBr2 peak disappeared from XRD patterns by adding 
HBr additives;[164] this change confirms that HBr additives 
increase the solubility of inorganic compounds (PbBr2) and 
prevent the formation of luminescence quenching sites (e.g., 
metallic Pb[4]). Despite improved film morphology, PeLEDs 
still had low EL efficiency (EQE ≈ 0.1%, CE ≈ 0.43 cd A−1, and 
L ≈ 3490 cd m−2);[164] this failure to improve the LE of PeLEDs 
indicates that the EL efficiency of PeLEDs is limited by dissocia
tion of most Coulombically bound electron–hole pairs into free 
charge carriers in their large grain size due to small Eb,[4] and 
their nonradiative recombination.[55]

Organic additives such as polymers and small molecules can 
inhibit the growth of perovskite crystals and thus induce for
mation of uniform MHP films. These impurity effects can be 
explained by the KosselStranski terracestepkink model;[198] 
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Figure 9. A) Schematic illustration describing the energy transfer in quasi-2D MHPs. 
B) Schematic illustration of enhanced energy transfer and C) transient absorption spectra 
of engineered quasi-2D MHPs. Reproduced with permission.[176] Copyright 2015, American 
Chemical Society. D) Current efficiency of PeLEDs based on quasi-2D MHP EMLs with different 
average number of layers (dimensionality) and E) current efficiency of PeLEDs based on 
quasi-2D MHP EMLs with TOPO post-treatments. Reproduced with permission.[37] Copyright 
2018, Nature Publishing Group.
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crystallization rate decreases exponentially as impurity concen
tration increases. Adding polyethylene oxide (PEO) to perov
skite precursors (e.g., MAPbBr3,[165] CsPbBr3

[199]) limited their 
diffusion and yielded small crystal grains with uniform and 
fullcovered films (rootmeansquared roughness γrms ≈ 9 nm in 
PEO:CsPbBr3 (0.086:1 in molar ratio) films,[199] ≈100 nm grain 
size with >95% film coverage in PEO:MAPbBr3 (0.25:1 in molar 
ratio) films[165]) (Figure 10B–G). PEO additives also improved 
the uniformity of current distribution in films; this uniformity 
can prevent leakage current in PeLEDs.[199] The ionconducting 
property of PEO facilitated the migration of ions in composite 
films and thus induced formation of p–i–n junctions under the 
external electric fields; these junctions diminished the charge 
injection barriers at the electrode/MHP EML interfaces and ena
bled fabrication of singlelayered PeLEDs (ITO/PEO:MAPbBr3/
InGa or Au) with high device yield of 95%. These electrical 
poling effects are similar to those of lightemitting electrochem
ical cells (LECs), but further studies should be conducted to 
elucidate the device operating mechanism. PEO can also sup
press nonradiative recombination by passivating surface defect 
states and thus improve PLQE (≈60%)[199] and Eb (≈128.4 meV 
after CF treatments)[200] in PEO:CsPbBr3 films. PeLEDs based 
on PEO showed high EL efficiencies (EQE ≈ 4.26% and CE ≈ 
15.67 cd A−1[199] or EQE ≈ 4.76% and CE ≈ 21.38 cd A−1[200] for 
PeLEDs based on PEO:CsPbBr3; CE ≈ 0.74 cd A−1 for PeLEDs 

based on PEO:MAPbBr3
[165]). PEO:CsPbBr3 

film morphology and EL efficiency of PeLEDs 
based on PEO:CsPbBr3 films (EQE ≈ 5.7%, 
PE ≈ 14.1 lm W−1) can be further improved 
by adding poly(vinylpyrrolidone) (PVP) into 
PEO:CsPbBr3 solutions because polar pyr
rolidone group in PVP facilitates the disper
sion of perovskite precursors in the polymer 
matrix.[159] Incorporating poly(9vinylcarba
zole) (PVK),[201] polyimide precursor dielec
tric (PIP),[202] polyethylene glycol (PEG)[203] 
and PVK with TPBI[204] into perovskite pre
cursors also help to achieve uniform MHP 
films and high EL efficiencies.

Excess OA cations[80,123] or inorganic 
cations[205] can reduce colloidal and grain 
size by increasing the coordination number 
of lead polyhalide complexes in solutions; 
MHP films with excess MABr (MABr:PbBr2 
(2.2:1)) showed reduced surface roughness 
with decreased grain size and thus had 
enhanced EL efficiencies (EQE ≈ 3.38%, 
CE ≈ 15.26 cd A−1) compared to those with 
equimolar precursor ratio (EQE ≈ 0.004%,  
CE ≈ 0.02 cd A−1).[206] Large or long OA can 
also hinder the crystal growth and thus help 
to achieve uniform MHP films (Section 3.1).

Increasing the number of nucleation sites 
is also a good strategy to achieve uniform 
MHP films with small grain size.[207] The acti
vation energy of heterogeneous nucleation is 
much lower than that of homogeneous nucle
ation,[208] so nucleation can be facilitated by 
improving the wettability of perovskite solu

tions on the underlayer. Polyethylene imine (PEI) interlayer[138] 
or selfassembly monolayer[209] or PVP interlayer[143] on ZnO, 
and NiOx interlayer[134] increase the wettability of perovskite 
solutions and heterogeneous nucleation of perovskite crystals, 
and thus fabricate uniform MHP films. PeLEDs based on ZnO/
PVP/Cs0.87MA0.13PbBr3 layers achieved EQE ≈ 10.43% and CE 
≈ 33.9 cd A−1.[143] Increasing substrate temperature during the 
spin coating of perovskite solution also facilitates the nuclea
tion of perovskite crystals and yields dense and uniform MHP 
films.[111] Intermixing between perovskite (CsPbBr3) solution 
and PFI underlayers also facilitates heterogeneous nucleation, 
increases the number of nucleation sites, and thus induces uni
form CsPbBr3 film morphology with full coverage, because PFI 
molecules have many branches.[156]

Twostep solution process can also achieve uniform MHP 
films, because in this process nucleation is the main crystalliza
tion mechanism rather than growth of crystals.[210,211] FAPbBr3 
films coated using the twostep solution process showed uniform 
films with γrms < 20 nm and small grain size (100 – 200 nm) 
and achieved moderate EL efficiency in PeLEDs (EQE ≈ 1.16%, 
CE ≈ 2.65 cd A−1).[135] The film morphology and grain size can 
be controlled by modifying solution concentration,[212] loading 
time of the second solution,[82] reaction temperature,[210] and  
solvents.[213,214] Other methods such as multicoating,[215]  
rolltoroll process,[216] thermal evaporation,[132,217] vaporassisted 
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Figure 10. A) Schematic illustration of MHP film formation without and with organic additive 
(CHP) with low vapor pressure. Reproduced with permission.[196] Copyright 2014, Nature 
Publishing Group. Scanning electron microscope images of PEO:MAPbBr3 polycrystalline films 
with different PEO:MAPbBr3 ratio of B) pure MAPbBr3, C) 0.05:1, D) 0.15:1, E) 0.25:1, F) 0.5:1, 
and G) 0.75:1. Reproduced with permission.[165] Copyright 2015, Wiley-VCH.
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solution process,[85] chemical vapor deposition[84] have been also 
tested to fabricate the uniform MHP films and efficient PeLEDs.

3.3. Ligand Engineering of Colloidal MHP NCs and QDs

Although colloidal MHP NCs and QDs have high PLQE in 
solution states, the first reported PeLEDs based on MHP QDs 
showed very low EL efficiencies (EQE ≈ 0.07%, CE ≈ 0.14 cd A−1, 
power efficiency (PE) ≈ 0.07 lm W−1 for blue emission, EQE 
≈ 0.12%, CE ≈ 0.43 cd A−1, PE ≈ 0.18 lm W−1 for green emis
sion, EQE ≈ 0.09%, CE ≈ 0.08 cd A−1, PE ≈ 0.06 lm W−1 
for orange emission)[169] for two main reasons: i) NCs and 
QDs easily agglomerate in highly concentrated solutions 
(>0.5 mg mL−1)[125] or during film formation process[21] so fab
rication of uniform and thick NC and QD films is very dif
ficult; ii) insulating organic ligands (e.g., oleylamine, oleic 
acid), which are necessary to stabilize NCs and QDs in solu
tions, severely prevent charge injection and transport in NC 
films.[21,22] Furthermore, decreased PLQE of MHP NCs and 
QDs, especially CsPbBr3 QDs,[129] in film states limits EL 
efficiency.

Many research groups have tried various strategies to fabri
cate uniform and thick NC films and to fabricate highly effi
cient PeLEDs based on them. The surface coverage can be 
improved by overcoating the bipolar organic host semiconduc
tors (PVK):2(4biphenylyl)5phenyl1,3,4oxadiazole) (PBD) on 
predeposited NC films,[128] or by mixing NCs with poly(methyl 
methacrylate) (PMMA).[6,127] Especially, PMMA matrix, which 
has low dielectric constant, increased the Eb (≈161.6 meV) 
and PLQE (≈92%) of NC films by inducing the dielectric 
confinement effect, and thereby achieved high EL efficiency  
(EQE ≈ 3.04%, CE ≈ 13.02 cd A−1) in PeLEDs.[6]

Treatments that use trimethylaluminium (TMA) vapor on 
coated MHP NC films can crosslink the NCs; this process 
makes NC films insoluble during washing and while over
coating upper layers; these induce uniform NC films with 
full coverage. TMA treatments also dramatically increase 
PLQE of NC films from ≈25 to ≈85% by passivating the 
surface defects, and achieve high EL efficiencies in PeLEDs 
(EQE ≈ 5.7% in red emission).[44] Crosslinking the organic 
ligands by using initiators or heat treatment is also an effec
tive method; MHP NCs capped with 4vinylbenzyldimeth
yloctadecylammonium chloride can easily be crosslinked 
by initiator (azobisisobutyronitrile); crosslinked NC films 
had homogenous film morphology and high PLQE (≈56%) 
and achieved moderate EL efficiencies (EQE ≈ 0.58% and 
CE ≈ 2.47 cd A−1).[218] Crosslinking by Xray irradiation[219] 
can also increase the density of NC films and facilitate the 
charge transport.

Control of underlayers such as PEI[40] or PFIenriched sur
face[21] can also improve the surface morphology and device 
efficiencies (EQE ≈ 6.3%, CE ≈ 3.4 cd A−1 for redemitting 
PeLEDs based on PEI interlayer;[40] EQE ≈ 5.09%, CE ≈ 15.5 cd 
A−1 for greenemitting PeLEDs based on PFIenriched surface 
(BufHIL)[21]). Various coating methods such as dipcoating,[125] 
inkjet printing[220] and centrifugal coating[221] have also been 
tried to fabricate uniform MHP NC or QD films and efficient 
PeLEDs. Preferred orientation of QDs (wellaligned QDs) 

also results in densely packed QD films and increased EL 
efficiencies.[131]

Even though uniform MHP NC and QD films were fab
ricated and high PLQE was achieved in NC and QD films, 
their EL efficiencies were not still higher than those of MHP 
bulk films, because insulating organic ligands hindered effi
cient charge injection or transport from the electrodes or 
within the NC and QD films. Postligand engineering is an 
effective method to reduce the ligand length and density. 
Replacing long ligands (oleic acid and oleylamine) with di
dodecyl dimethyl ammonium bromide greatly increased the 
charge transport characteristics, and increased EQE from 
≈0.1% to ≈3% in PeLEDs (Figure 11A).[43] Washing synthe
sized QDs with hexane/ethyl acetate cosolvents in which 
ethyl acetate is a solvent with moderate polarity (≈4.3) can 
effectively reduce the surface ligand density (Figure 11B). 
Washing ≤3 times can effectively reduce the surface ligand 
density, improve the charge transport characteristics while 
maintaining high PLQE of QDs, and can achieve high EL 
efficiencies in PeLEDs (EQE ≈ 6.27%, CE ≈ 13.3 cd A−1).[130]  
Conducting both ligandexchange and washing process is more 
effective to improve the EL efficiencies (EQE ≈ 6.25%, CE ≈ 
18.8 cd A−1 and PE ≈ 18.9 lm W−1)[126] than doing either process 
individually.

In situ methods can be used to control ligand length and 
density on the surface of MHP NCs (Figure 11C,D).[21,22] When 
NCs were synthesized using recrystallization methods, reduc
tion in the density[21] or length[22] of ligands caused increase in 
NC size in the regime beyond the quantum size effect. In these 
NCs, luminescent quenching at the surface defects was sup
pressed, so the NCs showed sizeindependent high color purity 
and PLQE. Furthermore, these NC films had reduced length and 
density of ligands, and therefore showed increased charge trans
port characteristics. With these methods, highly efficient PeLEDs 
based on MAPbBr3 NCs (EQE ≈ 5.09%, CE ≈ 15.5 cd A−1)[21] and 
FAPbBr3 NCs (EQE ≈ 2.05%, CE ≈ 9.16 cd A−1)[22] were achieved.

NCs that had been formed in situ were also effective to fab
ricate highly efficient PeLEDs because these NCs do not have 
organic ligand and do not aggregate with each other.[174,222] 
Small NCs can be fabricated in situ by performing NCP on 
perovskite quasifilms that incorporate suitable amount of 
excess OA halides (MABr)[222] or bulky OA halides (e.g., 
(phenethylammonium bromide (PEABr), 4fluorophenyl
methylammonium iodide (FPMAI))[174] which can prevent 
the growth of 3D MHP crystals (e.g., MAPbBr3, MAPbI3). 
Surfaces of NCs were capped by bulky OA rather than by 
organic long ligands; bulky OA passivates the surface defects 
and induces efficient dielectric confinement of excitons in 
NCs. With these strategies, high PLQE and high EL efficien
cies in PeLEDs based on NC films that had been formed 
in situ were achieved (PLQE ≈ 4.4%, EQE ≈ 7.9%, radiance 
≈ 72 W sr−1 m−2 for (FPMAI)0.2MAPbI3 based NCs; PLQE ≈ 
10.9%, EQE ≈ 7% for (PEABr)0.2MAPbBr3 based NCs;[174] 
EQE ≈ 8.21%, CE ≈ 34.46 cd A−1 for (MABr)3MAPbBr3 based 
NCs[222]). Solventvapor annealing on preformed polycrys
talline bulk films can also obtain ligandfree NCs by trans
forming the bulk films into NCs;[45] these processes avoid the 
problems of organic ligands and aggregation, and therefore 
can yield efficient PeLEDs.
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Similar to the bulk films (Section 3.1), partial substitution of 
Cs cations for FA cations in FAPbBr3 NCs[223] or for MA cat
ions in MAPbBr3 NCs[224] can align energy levels and increase 
surface morphology, holeinjection capability and PLQE, and 
thereby increase device efficiencies. Recently, high EL efficien
cies in PeLEDs based on NCs were achieved by incorporating 
some amount of octylammonium (OAm) into FAPbBr3 crystals 
((OAm)2(FA)n−1PbnBr3n+1) (EQE ≈ 13.4%, CE ≈ 57.6 cd A−1).[39]  
CsPbBr3CsPb2Br5 dual phase,[225] Mn2+ doping on CsPbBr3,[226] 
use of other ligands (e.g., polyhedral oligomeric silsesqui
oxane[227] and octylphosphonic acid[228]), and excess halide 
anions[229] stabilize perovskite crystal structures and also 
increase the PLQE and EL efficiencies of MHP NCs or QDs. To 
further improve the EL efficiency of PeLEDs based on NC and 
QD films, comprehensive strategies considering all the lumi
nescenceresulting factors (e.g., precursor components, type of 
ligands, doping and fabrication process) should be done. We 
also suggest that chemical fusion of organic ligands after for
mation of NC and QD films, in which all the organic ligands 
were removed, maintaining high PLQE can facilitate the charge 

carrier transport and enhance the LE of PeLEDs based on NC 
and QD films.

3.4. Post-Treatments

Even if uniform MHP films are fabricated, they can retain 
residual solvents,[110] unconverted precursors[110] and trap 
sites.[151,170,206,230,231] These unavoidable factors limit the EL effi
ciency of PeLEDs. Therefore, many researchers have tried to 
suppress these luminescencequenching sites by various post
treatments such as i) overcoating of trappassivation agents, ii) 
electrical, photo or thermal annealing, and iii) control of envi
ronmental atmosphere.

Overcoating of Lewis bases (e.g., thiophene, pyridine)[100,171] 
or aminebased molecules (e.g., PEI, ethylenediamine 
(EDA))[170] on preformed MHP films can passivate the surface 
defects and achieve high EL efficiencies (EQE ≈ 6.19%, CE ≈ 
28.9 cd A−1 in PeLEDs based on EDA posttreatments)[170] 
because they react with uncoordinated Pb. Overcoating of pure 
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Figure 11. A) Schematic illustration describing the postligand exchange. Reproduced with permission.[43] Copyright 2016, Wiley-VCH. B) Schematic 
illustration of postligand density control by purification. Reproduced with permission.[130] Copyright 2016, Wiley-VCH. C) Schematic illustration 
describing the in situ control of ligand density during NC synthesis.[21] Copyright 2017, American Chemical Society. D) Schematic illustration of charge 
transport in NC films with different ligand length (left: short; right: long). Reproduced with permission.[22] Copyright 2016, Elsevier Ltd.
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chlorobenzene solvent[232] and steaming 
chloroform solvent[200] or MA vapor[134] also 
smoothen the surface, reduce the numbers 
of pinholes and defects, suppress the non
radiative recombination, and achieve effi
cient PeLEDs (Figure 12). Overcoating of 
trioctylphosphine oxide (TOPO) on quasi2D 
MHPs (PEA2(FAPbBr3)n−1PbBr4) passivates 
trap states, reduces nonradiative recombina
tion pathways, increases PLQE from 57.3 to 
73.5% and PL lifetime from 0.17 to 0.36 µs,  
and achieves the highest EL efficiencies 
(EQE ≈ 14.36%, CE ≈ 62.4 cd A−1; EL data 
was measured by silicon photodiode and 
EQE was calculated by assuming Lamber
tian emission profile) yet reported.[37] Over
coating of acidbased molecules can also 
be effective to passivate the surface defects 
because MHPs have various surface defect 
states,[16,77,78] however, related research has 
not been intensively studied yet.

Although electrical stress, photoirradia
tion and thermal annealing can induce defect 
states in perovskite crystals (Section 2.1.3), 
moderate treatments with these factors can 
increase the PLQE and EL efficiencies in 
PeLEDs. Brief electrical scans induced local 
movement of excess ions (here, mobile I−) in 
MHP films; these ions can fill local intersti
tial defects or vacancies, and thereby improve 
the radiative recombination and device 
efficiency (from EQE ≈ 5.9% to ≈7.4%) in 
PeLEDs based on MAPbI3 films.[151]

Photoirradiation excites the electrons 
and holes, which then become trapped in 
the iodine vacancies (i.e., uncoordinated Pb 
ions).[89] These trap fillings create an elec
trical field, which induce local movement of 
excess I− into vacancies and interstitials, and 
reduce the number of traps and the degree 
of nonradiative recombination of charge car
riers. After photoexcitation of MAPbI3 films 
for 862 s at 258J cm−2, trap density of MAPbI3 
films decreased from ≈1.7 × 1017 cm−3  
to ≈ 2.5 × 1016 cm−3. Furthermore, this trap
filling effect by redistribution of excess ions 
can be superior in dark spots that have more 
nonradiative recombination centers than 
the bright spots; as a result, photoexcitation 
can improve the luminescenceuniformity 
in polycrystalline bulk films.[89,231] Photoex
citation can also dope the EML and induce 
in situ p–i–n homojunctions by inducing ion migration, and 
thereby increase the LE of PeLEDs.[89,233]

Thermal annealing under optimized conditions can improve 
the LE and crystallinity of MHP films by evaporating residual 
solvents,[110,116] and also smoothen the films’ surface mor
phology.[117] Thermal annealing at moderate TANN (60 – 90 °C)  
for 2 h induced recrystallization and grain growth of MAPbBr3 

crystallites and thereby achieved uniform and continu
ously linked MAPbBr3 films with improved EL efficiencies 
in PeLEDs.[230] However, thermal annealing at too high TANN 
(>100 °C) for 2 h melted the MAPbBr3 crystallites and induced 
vertical cracks, possibly as a result of sublimation of MABr or 
decomposition of MABr to MA and HBr because of the rela
tively low decomposition temperature (≈100 °C) of perovskite 
crystals (MAPbX3).[113] Annealing at too low TANN cannot fully 
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Figure 12. A) Schematic illustration describing the MA vapor post-treatment, scanning electron 
microscope images of MAPbBr3 polycrystalline films after different MA vapor post-treatment 
duration of B) 0 s, C) 20 s, D) 60 s, E) 80 s, and F) 100 s, G) current efficiency of PeLEDs based 
on MAPbBr3 EML after different MA vapor post-treatment duration, and H) PL spectrum and 
PL lifetime (inset) of MAPbBr3 polycrystalline films after different MA vapor post-treatment 
duration. Reproduced with permission.[134] Copyright 2016, Wiley-VCH.
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evaporate residual solvents[110,116] and can yield randomly 
oriented crystals[234] which can reduce the LE of PeLEDs.

Although MHP crystals can be hydrolyzed[93] or decom
posed[101,102] by exposure to moisture or oxygen (Section 2.1.3), 
in some cases H2O or O2 molecules can increase the LE by pas
sivating the uncoordinated Pb atoms.[99,235] Furthermore, expo
sure to moist atmosphere induces merging of perovskite grains 
due to the hygroscopic properties of MAX molecules;[236] this 
process can reduce the number of pinholes in MHP films, and 
thereby suppress leakage current in PeLEDs.

3.5. Device Architecture Optimization

The EL efficiency (EQE) of PeLEDs is influenced by the outcou
pling factor χ and the chargebalance factor γ (Equation (10)). 
These factors can be controlled by optimizing device architec
ture such as interlayers or interfacial treatments.

First, interlayers or interfacial treatments are very effective 
to facilitate charge injection into perovskite EML by reducing 
the charge injection barrier between electrode and MHP EML, 
and thereby enhance the charge balance in PeLEDs. Buf
HIL, which is composed of PEDOT:PSS and PFI,[3] or PFI on 
PEDOT:PSS/poly(bis4butylphenylN,Nbisphenyl)benzidine 
(polyTPD) underlayers[237] reduced the holeinjection barrier 
into MHP EMLs, suppressed the luminescence quenching at 
the interfaces, and thus improved the EL efficiencies in PeLEDs 
(EQE ≈ 0.125%, CE ≈ 0.577 cd A−1 for PeLEDs based on Buf
HIL) compared to those in PeLEDs based on PEDOT:PSS 
(EQE ≈ 0.000393%, CE ≈ 0.00165 cd A−1 for PeLEDs based on 
PEDOT:PSS).[3] Addition of interlayers (e.g., PEI,[138] spatial 
atmospheric atomic layerdeposited (SAALD) Zn0.56Mg0.44O 
films[238]) and interfacial solvent treatments (e.g., ethanola
mine)[239] on top of ntype inorganic metal oxide (e.g., TiO2 
and ZnO) layers also lowered the WF of underlayers, and thus 
reduced the electron injection barrier into MHP EMLs. Inter
layers and interfacial treatments can also prevent luminescence 
quenching (Figure 13A,B)[3,237,239] and modify the morphology 
of MHP films.[40,143,227] Several combinations of these inter
layers have been tested to maximize device efficiencies.[6,199]

Interlayers can also effectively extract the light from EML to 
the outer surface; controlling the refractive index of charge injec
tion/transport layers can increase the outcoupling efficiency in 
PeLEDs as do BufHIL in OLEDs.[240] Gold nanoparticles[241] 
dispersed in PEDOT:PSS, and silver nanorods[242] dispersed 
in N,N′bis(1naphthalenyl)N,N′bis(phenylbenzidine) (NPB) 
interlayers caused a localized surface plasmon resonance 
effect, which increased light extraction. Although outcoupling 
efficiency is one of the most important factors resulting EL 
efficiency of PeLEDs, research about the degree of outcou
pling efficiency and strategies to improve it has been seldom 
reported. We suggest that studies about outcoupling efficiency 
in PeLEDs should be conducted in parallel with research about 
modification of MHP EML and inner structure in PeLEDs.

To prevent luminescence quenching induced by diffused 
In and Sn impurities from TCO electrodes (Section 2.2.3), 
researchers have used TCOfree electrodes such as selforgan
ized conducting polymer (SOCP) and graphene.[4,145] These 
electrodes do not have any impurities that can diffuse into MHP 

EML during the formation of upper layers (Figure 13C,D).[145] 
PeLEDs with SOCP and graphene showed much higher EL effi
ciencies (EQE ≈ 8.53% and CE ≈ 42.9 cd A−1 for PeLEDs using 
SOCP[4] and CE ≈ 18.0 cd A−1 and EQE ≈ 3.8% for PeLEDs using 
graphene[145]) than those with the conventional ITO anode  
(CE ≈ 10.6 cd A−1 and EQE ≈ 2.2%) (Figure 13E,F).[145] TCOfree 
electrodes were also used to fabricate flexible PeLEDs,[4,145] and 
PEDOT:PSSPEO composite electrodes were used to fabricate 
stretchable PeLEDs.[243]

4. Summary and Outlook

We have reviewed factors that limit the LE of PeLEDs. We have 
categorized these factors into i) inherent properties of MHP 
crystals (e.g., slow radiative recombination rate of free charge 
carriers, low Eb, coupling between charge carriers and ionic lat
tices, and easily formed defect states), ii) morphological prop
erties of MHP EML (e.g., rough film, and aggregation and 
insulating organic ligands of MHP NCs), and iii) problems 
caused by device architectures (e.g., electrical and optical losses 
at the interfaces, diffusion of luminescencequenching species 
from electrodes, and low operational stability). We explained 
these factors by coupling with equations that derive the PLQE 
of emitters and EQE of LEDs.

Then, we summarized recent progress in research on 
PeLEDs to overcome those limiting factors and improve their 
EL efficiency. Uniform MHP films are necessary to reduce 
leakage current in PeLEDs. Such films can be achieved by mod
ifying the crystallization kinetics and film formation process. 
Reducing the dimensionality and dimension of grains, parti
cles and crystals from the micrometer scale to the nanometer 
scale are very effective to increase radiative recombination of 
electron–hole pairs and to smoothen the film; RP phase, and 
colloidal NCs and NCP are representative methods that try this 
approach. In the presence of large or long OA (in the case of 
RP phase), organic ligands (in the case of colloidal NCs), and 
solventdripping process (in the case of NCP), crystalgrowth 
processes are prevented, so relatively small grains, particles, or 
crystals are formed. This reduction in the size of grains, par
ticles, or crystals of MHPs causes increase in the overlap of 
electron and hole wavefunctions, so the possibility of excitonic 
recombination and PLQE in emitters are increased.

Ligand engineering methods were developed to reduce the 
density and length of organic ligands and increase the charge 
transport characteristics in NC films. Several methods such 
as postligand exchange, postligand washing, in situ control, 
and in situ formation of ligandfree NCs were reviewed. Post
treatments of preformed MHP crystals were effective to passi
vate the surface defect states although the effects of moisture, 
oxygen, and photoexcitation on luminescence efficiencies are 
still being clarified. Device optimization strategies can also 
be used to maximize the charge balance and outcoupling effi
ciency in PeLEDs. These strategies have dramatically improved 
the EL efficiencies of MHPs from EQE ≈ 0.1% for green emis
sion and EQE ≈ 0.76% for NIR emission[2] to EQE ≈ 14.36%[37] 
in greenemitting PeLEDs within only three and a halfyear. 
However, this efficiency is still lower than that of OLEDs[7–10] 
and QD LEDs,[11–15] therefore, LE of PeLEDs must be improved 
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further. Here, we suggest some future research directions to 
accomplish this goal.

Basically, LE of Pbbased MHPs is limited due to their 
inherently slow k2 ≈ 10−10 cm3 s−1.[55] If we could increase k2 to 
>10−8 cm3 s−1 while maintaining k1 and k3, we could obtain highly 
luminescent MHP crystals. Although MHPs that have these 
recombination rates have not been reported yet, we expect that 
MHP crystals based on other central metals such as Mn[226] and 
Bi[244,245] or partial doping of them into Pb could be candidates.

LE of MHPs can be increased by facilitating the radiative 
decay of charge carriers by reducing the charge carrier–ionic 
lattice interactions such as polaron effect and hotphonon bot
tleneck.[69] Because hotphonon bottleneck is boosted by the 
nonequilibrium LOphonon population that can arise due to 
the mass difference between each ions,[69] ions with similar 

mass must be used in MHP crystals to prevent the hotphonon 
bottleneck. The hotphonon bottleneck can also result from 
ferroelectric characteristics of MHPs which arise from reorien
tation of OA (e.g., MA+) under the electric fields;[69,246] there
fore, MHPs which do not have hotphonon bottleneck as well 
as polaron effect should be developed to further improve the 
EL efficiency in PeLEDs by facilitating the radiative recombi
nation of electron–hole pairs.[61] Multiplequantumwell nano
structures increase the charge carrier–ionic lattice interactions  
(Section 2.1.2);[67,69] therefore, other nanostructures that both 
effectively confine the electron–hole pairs and prevent the 
charge carrier–ionic lattice interactions should be designed.

Among many MHP crystal systems (e.g., 3D MHP bulk 
films, quasi2D MHP bulk films, and colloidal NCs), quasi
2D MHP bulk films have shown the highest EL efficiency in 
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Figure 13. A) PL lifetime and B) PL intensity of MAPbBr3 polycrystalline films on different underlayers (PEDOT:PSS and Buf-HIL with different PFI 
ratio). Reproduced with permission.[3] Copyright 2015, Wiley-VCH. C) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) depth profile of 
MAPbBr3 polycrystalline films on graphene/Buf-HIL underlayers, D) schematic illustration describing the efficient radiative recombination in PeLEDs 
based on graphene electrodes, and E) current efficiency and F) luminance characteristics of PeLEDs based on graphene electrodes and ITO electrodes. 
Reproduced with permission.[145] Copyright 2017, Wiley-VCH
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PeLEDs up to now.[37,38,176–179] However, these PeLEDs used 
different large OAs, i.e., the best structure of OA has not been 
found. Thus, we suggest that some research should be devoted 
to finding the best OA with optimum size, length, alkyl group 
structure (e.g., aromatic, aliphatic or a combination), and func
tional groups (e.g., carboxylic acid, amine, phosphonic acid) to 
further improve the EL efficiency.

Study of the functional groups in organic ligands in NCs 
is imperative to increase the EL efficiency of PeLEDs based 
on MHP NCs. The most widely used organic ligands such as 
carboxylic acid ligands and amine ligands interact dynamically 
with each other although they adhere to the NC’s surface; these 
reduce the stability and PLQE of NCs during purification.[247] 
Recently, MHP NCs without amine ligands,[248] with only alkyl 
ammonium ligands,[218] and with only octylphosphonic acid 
ligands[228] were synthesized and incorporated in PeLEDs, 
however, their stability and EL efficiencies were still low. Zwit
terionic capping ligands[249] that have both amine (NH3

+) and 
acid (e.g., SO3

−, COO−, and PO3
−) can stably adhere to the NC 

surface and can therefore endure the purification process; NCs 
with these ligands can achieve high EL efficiency in PeLEDs. 
We also suggest that synthesis of MHP NC–polymer com
posites,[250] MHP NC–inorganic semiconductor heterostruc
ture,[251] or gradientalloy or core–shelltype NCs (e.g., inorganic 
semiconductor or oxide[252] shell) can be effective strategies to 
realize highly efficient and stable emitters and PeLEDs based 
on them.

Furthermore, inspired by the development of OLEDs, 
we suggest that organic host–MHP guest system in which 
energy is transferred from organic host into MHP emit
ters can be an effective method to concentrate the electron–
hole pairs only in MHP emitters and reduce annihilation of 
bound electron–hole pairs. These new systems can be real
ized by i) mixing the organic semiconductors with MHP 
precursors[165,199] or NCs[6,127] in solution and ii) thermally 
depositing the organic semiconductors with MHP precursors 
in high vacuum.[132,217]

Considering the high refractive index >2.2 of MHP 
films,[132,139] various methods to increase the outcoupling 
efficiency are more effective to increase the EL efficiency in 
PeLEDs than in OLEDs and QD LEDs. Appropriate selection of 
device (HTL/ETL/EML) thickness and electrode or transparent 
metalfree PeLEDs will reduce the dipole–metal interaction and 
minimize the optical losses at the metal electrode.[30] Recently, 
CsPbBr3 nanocube films,[253] CsPbBr3 nanoplatelets,[254] and 
CsPbI3 QDs[255] were reported to have polarized emission.  
Inspired by the progress of OLEDs which achieved EQE > 30% 
by using heteroleptic iridium complexes with preferred orien
tation of dipole moments,[30] we suggest that EL efficiency of 
PeLEDs can be increased by adopting those polarized emit
ting MHP crystals. Furthermore, in addition to Au nanopar
ticles and Ag nanorods dispersed in interlayers,[241,242] Au 
nanoparticles[256] and Ag nanoparticles[257] that adhere to 
the surface of MHP NCs can induce surface plasmon reso
nance and maximize the light extraction from PeLEDs toward 
the outside. We also expect that the combination of highindex 
electrode and lowindex HIL,[258] optimization of electrode or 
interlayer thicknesses,[259] corrugated device structure,[260] and 
lightoutcoupling layers[261] would help to extract the light and 

increase the EL efficiency of PeLEDs. Optical simulation may 
assist to optimize the device structure to maximize the outcou
pling efficiency, as it did in OLEDs.[30]

In addition to the unprecedentedly fast growth of EL effi
ciency in PeLEDs, many research groups have tried to increase 
their operating stability and reduce their environmental effects. 
Considering their efforts and multidisciplinary collaborations of 
researchers, we believe that commercialization of PeLEDs will 
be achieved much faster than that of OLEDs. By analogy with 
inorganic QD LEDs, we anticipate that color conversion–type 
LEDs in which perovskite EMLs or films are placed in front of 
the backlight unit in displays will be industrialized before self
emissive PeLEDs. We hope that this review will help readers 
to grasp the progress of research on PeLEDs, to appreciate the 
remaining problems, and to concentrate on development and 
industrialization of highly efficient PeLEDs.
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