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MHPs conventionally are constituted by 
three atoms or molecules (here, we marked 
them as A, B, and X); A is an alkali metal 
cation (e.g., Cs+) or organic ammonium 
(e.g., methylammonium (MA; CH3NH3

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

+), B is a 
transition metal cation (e.g., Pb2+, Sn2+, 
Mn2+, Au2+), and X is a halide anion (I−, 
Br−, Cl−). These atoms or molecules can 
construct various MHP crystals with dif-
ferent dimensionalities such as ABX3, 
A2BX4, A3BX5, and A4BX6: ABX3 has a 3D 
structure in which the BX6 octahedra are 
linked to each other three dimensionally;[2,3] 
A2BX4 has a 2D structure in which the 
PbX6 octahedra are sandwiched between 
organic ammonium and form an infinite 
2D plane;[15–17] A3BX5 has a 1D structure 
in which the PbX6 octahedra share two 
opposite corners and form an infinite  

1D chain;[18] A4BX6 has a 0D structure in which the PbX6 octahedra 
are isolated in the organic ammonium or alkali metal cation 
matrix.[19,20] Especially, quasi-2D structures, which have various 
numbers of PbX6 octahedral planes in MHPs, can be formed 
by incorporating 3D ABX3 with 2D A2BX4; this structure has 
gained intensive attention for the emitting layer (EML) in high-
efficiency perovskite LEDs (PeLEDs) these days as it has the 2D 
structure.[21,22] It is still under debate whether or not 0D A4BX6 
crystals emit visible light.[19,20] MHP crystals with a 3D ABX3 
structure can also be formed having morphologically 1D chains 
and 2D nanoplatelets.[23] As dimensionality in MHP decreases 
from 3D (generally, ABX3) to 0D (generally, A4BX6), the exciton 
binding energy EB and bandgap gradually increase, whereas 
charge mobility tends to decrease.[24] Their color can be simply 
tuned over a wide range (380 ≤ λ  ≤ 1000  nm) by substituting 
or partially mixing ion compositions. Furthermore, MHPs have 
great advantages such as low material cost, high charge-carrier 
mobility (e.g., electron mobility ≈ 1000 cm2 V−1 s−1 in CsPbBr3 
single crystals),[25] comparable energy levels with organic semi-
conductors (e.g., conduction band minimum (CBM) ≈ 3.6  eV 
and valence band maximum (VBM) ≈ 5.9 eV in MAPbBr3; CBM 
≈ 3.6 eV and VBM ≈ 5.6 eV in MAPbI3),[2,26] and low energy dis-
order.[27] Therefore, MHPs have been studied as alternative light 
emitters for natural-color displays.

Despite these advantages, high-efficiency LEDs based on 
polycrystalline (PC) MHPs are not easily achieved, because 
they have: i) low photoluminescence quantum efficiency 
(PLQE)[13] and ii) rough surface with many pinholes and 
defects, which severely increase the leakage current and 

Metal halide perovskites (MHPs) are promising light emitters because they 
have high color purity, high charge-carrier mobility, comparable energy levels 
with organic semiconductors, and the possibility of diverse crystal forms 
and various crystal formation methods. Since the first report of MHP light-
emitting diodes (PeLEDs) in 2014, many researchers have devoted efforts 
to increase the luminescence efficiencies of MHPs in various crystal forms, 
and achieved dramatically improved photoluminescence quantum efficiency 
of >90% in MHP emitters and external quantum efficiency of ≈14.36% in 
PeLEDs. Here, the recent progress regarding PeLEDs is reviewed by catego-
rizing MHPs into three types: polycrystalline bulk films, colloidal nanocrys-
tals, and single crystals. The main focus is on photophysical properties, 
crystallization methods, and mechanisms of various crystal formation, and 
applications to PeLEDs. Future research directions are also suggested and an 
outlook for MHP emitters and PeLEDs is given.

Perovskite Light-Emitting Diodes

1. Introduction

Metal halide perovskites (MHPs) have superior optical and 
electrical properties, and are therefore being evaluated as light 
emitters for light-emitting diodes (LEDs)[1–4] and lasers.[5] MHPs 
have narrower emission linewidth (full width at half maximum 
(FWHM) ≤ 20 nm) and wider color gamut (≥140% of the National 
Television Standards Committee (NTSC) TV color standard)[1–4] 
than organic emitters (FWHM >  40  nm; color gamut cover < 
100% of NTSC)[6–8] and inorganic quantum dots (QDs) (FWHM 
≈ 30 nm; color gamut cover ≈ 100% of NTSC).[9–11] MHPs have 
also shown low lasing threshold (<600 nJ cm−2) and extremely 
narrow lasing spectral linewidth (FWHM <  0.25  nm) above 
the lasing threshold.[12] Furthermore, these narrow emission 
linewidths in MHPs are not affected by the size of the grains or 
particles when they exceed the exciton Bohr diameter DB.[1,13,14]
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reduce the electroluminescence (EL) efficiency in PeLEDs.[4,28] 
Thus, initial PeLEDs based on MHP PC films (early 1990s) 
showed bright EL only at low temperature of ≈77 K, or were 
too dim at room temperature (RT) to enable quantification of 
device efficiency,[15–17] and therefore did not attract the interest 
of researchers.

In 2014, Tan et al. fabricated thin MHP PC films and used 
them to achieve PeLEDs that are bright at RT: green light with 
external quantum efficiency (EQE) ≈ 0.1%, current efficiency 
(CE) ≈ 0.3  cd A−1, and luminance L  ≈ 364  cd m−2; and near-
infrared (NIR) lights with EQE ≈ 0.76% and radiance ≈ 13.2 W 
sr−1 m−2.[3] Then, Kim et al. demonstrated bright PeLEDs based 
on MHP PC films with EQE ≈ 0.125%, CE ≈ 0.577 cd A−1, and 
L  ≈ 417  cd m−2 by facilitating hole injection into MHP PC 
films and preventing luminescence quenching at the interface 
between the hole injection layer (HIL) and the MHP PC films.[2] 
These devices still showed much lower EL efficiency than did 
inorganic QD LEDs[29,30] and organic LEDs (OLEDs);[8,31,32] 
however, they were enough to demonstrate the possibility of 
achieving high EL efficiency in MHP emitters, and to stimulate 
interest from researchers.

Low EL efficiency of MHP emitters has been overcome by 
developing and modifying various forms of MHP emitters 
such as: i) MHP PC films, ii) MHP nanocrystals (NCs), and 
iii) MHP single crystals (SCs) (Figure 1). Basically, the PLQE 
of MHP emitters can be increased by reducing the dimen-
sionality of crystals[33] or the size of the perovskite grains[1,4] 
that confine the electron-hole pairs, and by reducing trap 
density.[34] The EL efficiency of PeLEDs can be increased by 
fabricating uniform perovskite layers in order to reduce the 
leakage current in devices.[4] Therefore, to efficiently confine 
charge carriers, suppress trap states, prevent a leakage cur-
rent, and increase the EL efficiency of PeLEDs, researchers 
have used diverse crystal-formation methods (e.g., the solu-
tion process,[1–4] vacuum deposition,[35–39] the vapor-assisted 
solution process (VASP),[40–42] and crystallization assisted by 
microwaves,[43] by sonication,[44] or by mechanical milling[45]). 
These intensive and diverse efforts have achieved MHP emit-
ters with dramatically increased EL efficiencies (EQE ≈ 14.36% 
in green-emitting PC films,[46] EQE ≈ 10.4% in green-emitting  
PC films,[47] EQE ≈ 8.73% in green-emitting NCs,[48] and 
EQE ≈ 0.1–0.2% in SCs).[49]

Here, we review this rapid development 
of MHP emitters, and demonstrate their 
great potential as light emitters. We catego-
rize the crystal forms into: i) PC bulk films, 
ii) NCs, and iii) SCs (Figure 2). In Sections 
2 and 3, we provide the recently reported 
solution and vacuum-deposition processes, 
respectively, that have been used to fabricate 
uniform MHP PC films and high-efficiency 
PeLEDs. In Section 4, we review the var-
ious methods to synthesize MHP NCs, and 
recent advances in PeLEDs based on them. 
In Section 5, we cover the synthesis of MHP 
SCs and their application in LEDs. Finally, 
we provide insights and future research 
directions to develop MHP emitters that can 
achieve highly efficient PeLEDs.

Young-Hoon Kim received 
his M.S. (2014) in the 
Division of Environmental 
Science and Engineering 
and Ph.D. (2016) in mate-
rial science and engineering 
from the Pohang University 
of Science and Technology 
(POSTECH), South Korea. 
He is currently working in 
materials science and engi-
neering at the Seoul National 

University, South Korea as a postdoctoral researcher 
(2016–2018). His research focuses on solution-processed 
electronics based on organic and organic–inorganic 
hybrid materials for flexible displays and solid-state 
lightings.

Tae-Woo Lee is an associate 
professor in materials sci-
ence and engineering at the 
Seoul National University, 
South Korea. He received 
his Ph.D. in chemical 
engineering from the KAIST, 
South Korea in 2002. He 
joined Bell Laboratories, 
USA as a postdoctoral 
researcher and worked at 
Samsung Advanced Institute 

of Technology as a member of research staff (2003–
2008). He was an associate professor in materials 
science and engineering at the Pohang University of 
Science and Technology until August 2016. His research 
focuses on printed electronics based on organic and 
organic–inorganic hybrid materials for flexible dis-
plays, solid-state lighting, and solar-energy-conversion 
devices.

Small Methods 2018, 2, 1800093

Figure 1.  Schematic illustration describing the application of various perovskite crystals to 
light-emitting diodes.
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2. Solution-Processed Polycrystalline Bulk Films 
and Light-Emitting Diodes

MHP PC bulk films can be easily fabricated by coating and 
drying the perovskite precursor solutions, so solution-processed 
MHP PC films were first developed as an EML in PeLEDs. To 
increase the EL efficiency of MHP PC films, chemical, photo-
physical, and morphological properties such as surface mor-
phology, thickness, and grain size of MHP PC films have 
been modified by controlling the precursor ratio,[50] by using 
additives that delay or prevent crystal growth,[51,52] by mixing 
various types of organic ammonium,[21,22] or by dripping vola-
tile solvent on the spinning perovskite quasi-film.[4] Especially, 
researchers have mainly tried to increase the morphological 
uniformity, reduce the dimensionality, and decrease the grain 
size in PC films because: i) PLQE of MHP PC films can be 
increased by confining electron-hole pairs in low-dimensional 
crystals or in small perovskite grains,[4,33] and ii) EL efficiency 
of PeLEDs can be increased by fabricating uniform perovskite 
layers to reduce leakage current in devices.[4] In this section, 

we review recently reported fabrication methods of solution-
processed MHP PC films and PeLEDs based on them.

2.1. One-Step Solution Process

The one-step solution process is the simplest solution-process 
method to fabricate MHP PC films, so it was first used to fab-
ricate PC films and PeLEDs. Perovskite solution is prepared by 
dissolving appropriate molar ratios of AX precursor and BX2 
precursor in polar solvents. Because MHP crystals have high 
dipole moments μ (e.g., MAPbI3 has μ ≈ 1.94 D as measured 
by impedance spectroscopy, or μ  ≈ 2.1 D as estimated using 
ab initio electronic structure calculation),[53–56] they can be dis-
solved only in polar solvents with high μ, such as N,N-dimeth-
ylformamide (DMF) (μ  ≈ 3.86 D), dimethylsulfoxide (DMSO) 
(μ ≈ 3.96 D), and γ-butyrolactone (GBL) (μ ≈ 4.27 D). Perovskite 
precursors (here, CH3NH3X, PbX2) were dissolved in polar sol-
vents as colloidal dispersions with new coordination following 
this reaction pathway[40,57,58]
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Figure 2.  Schematic illustrations of various perovskite crystal formation methods.
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PbX2 was dissolved in solution by making soft coordination 
with CH3NH3X or DMF; as the amount of CH3NH3X increased, 
the solubility of the PbX2 increased due to halide coordination 
of Pb2+; this trend indicates that the size of colloids in solution 
and the final film morphology can be controlled by adjusting 
the ratio of CH3NH3X (MAX) to PbX2.[58] During the first 
stage of the spin-coating process, the centrifugal force flings 
the dispensed solvent off the edge of the wet film. As the sol-
vent begins to evaporate and perovskite solution concentration 
increases to exceed supersaturation, PbX2 with lower solubility 
in polar solvent crystallizes first, then reacts with MAX, which  
has higher solubility in solvent; the result is CH3NH3PbX3 · DMF  
coordination that can provide nucleation sites for crystal growth 
(Figure 3a).[40,57–59]

PbX DMF CH NH HPbX DMF CH NH
CH NH PbX DMF CH NH PbX

3 3 3 3 3 2
Spin coating

3 3 3 3 3 3

x x⋅ + ↔ ⋅ +  →
⋅  →

− +

∆
� (2)

As the coating process proceeds, perovskite crystals grow 
until all remaining solvent has evaporated. Annealing after this 
nucleation scheme yields MHP PC films.[40,57,58] Kim et al. and 
Tan et al. reported the first bright inverted PeLEDs and normal 
PeLEDs by using this one-step solution process.[2,3] However, 
MHP PC films fabricated by this process have a rough surface 
morphology with large cuboidal crystals of size greater than 
micrometers, due to: 1) fast and abrupt crystallization, 2) dif-
ferent solubility between PbX2 and MAX,[60] and there are pos-
sible impurities in the formed crystals as below[57]

xCH NH vacancy : CH NH HPI3 2 3 2 3( ) � (3)

x yx y yIodide vacancy : CH NH H PbI 0 , 13 2 2( ) < <+ � (4)

All of these factors severely reduce the PLQE and EL 
efficiency of MHPs in PeLEDs. These indicate that the crystal-
lization rate, the solubility difference between the perovskite 
precursors (e.g., PbX2 vs MAX), and impurities in the formed 
crystals should be controlled to increase both the PLQE and EL 
efficiency of MHP PC films. Thus, many researchers have tried 
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Figure 3.  a) Schematic image illustrating the film formation process of one-step solution process. Reproduced with permission.[59] Copyright 2018, 
the Royal Society of Chemistry. b) Schematic illustration for the one-step solution process with crystallization-preventing additives. Reproduced with 
permission.[28] Copyright 2014, Wiley-VCH. c–h) SEM image of PEO:MAPbBr3 polycrystalline films with different PEO:MAPbBr3 ratios. Reproduced 
with permission.[52] Copyright 2015, Wiley-VCH.
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to improve the MHP PC film morphology by: i) controlling the 
precursor ratio, ii) increasing the film density, iii) preventing 
crystal growth, and iv) increasing the nucleus numbers.

2.1.1. Precursor Ratio Control

Poor morphology of MHP PC films occurs because PbX2 has 
lower solubility than AX in solvent, and reduced number of 
coordination complexes of lead polyhalides induces huge col-
loidal soft frameworks in solution and large PbX2 impuri-
ties in the final films.[57,58] Therefore, the film morphology 
can be improved by finely controlling the precursor ratio 
between AX and PbX2. Increasing the ratio of AX to PbX2 in 
the perovskite solution increases the coordination number of 
the lead polyhalides with AX and thus reduces the colloid size 
in solution and reduces the grain size in the resultant MHP 
PC films.[58] As the molar ratio of MABr increases from 1:1 to 
2.2:1, the morphology of the MAPbBr3 PC films improves and 
the perovskite grain size decreases.[61] However, if the molar 
ratio of MABr to PbBr2 is too high (MABr:PbBr2  = 3:1), the 
excess MABr retards the crystallization of the perovskite by 
inducing dewetting of the perovskite grains from the under-
layer and thereby causes the formation of large aggregated 
MAPbBr3 crystals. At the optimal MABr:PbBr2 ratio (2.2:1), PL 
intensity, and PL lifetime greatly increased; this observation 
indicates suppression of nonradiative recombination and passi-
vation of defects in MAPbBr3 PC films. MAPbBr3 PeLEDs with 
MABr:PbBr2 = 2.2:1 had EQE ≈ 3.38%, CE ≈ 15.26 cd A−1, and 
L ≈ 6124 cd m−2; these were orders of magnitude higher than 
those of PeLEDs with MABr:PbBr2  = 1:1 (EQE ≈ 0.004%, CE 
≈ 0.02 cd A−1, L ≈ 28.8 cd m−2). Another report in the literature, 
which demonstrated high-efficiency PeLEDs based on in situ-
formed NCs demonstrated that the optimal MABr:PbBr2 ratio 
was 3:1;[62] this indicated that the optimal MABr:PbBr2 ratio can 
be different according to the film formation process and crystal 
forms. Excess MABr also increased the luminescence efficiency 
(LE) of mixed halide PC films (MAPbBrxCl3−x).[50] The halide 
anion composition of the perovskite structure also affects the 
surface morphology because the nucleation rates differ among 
PbX2 halides.[58,63,64]

Control of the perovskite precursor ratio can also be effective to 
improve the film morphology and LE of all-inorganic CsPbBr3 PC 
films. As the molar ratio of CsBr increased in the precursor solu-
tion, the PL lifetime and the PLQE of CsPbBr3 films increased 
from 5.06 to 45.7 ns and from 0.5% to 33.6%, respectively, due 
to the passivation of surface traps and reduced nonradiative 
recombination. As a result, EL efficiencies (CE ≈ 0.57  cd A−1,  
L ≈ 7276 cd m−2) with high operating stability under the ambient 
air (L > 100 cd m−2 for > 15 h) were achieved.[65]

2.1.2. Crystallization-Delaying Additives

The rough surface morphology of MHP PC films occurs mainly 
as a result of the fast and abrupt crystallization during spin 
coating.[28] Thus, MHP PC films can be smoothened by adding 
liquid additives that have low vapor pressure Pvapor to the perovs-
kite solutions. A small amount of liquid additives with low Pvapor 

(e.g., N-cyclohexyl-2-pyrrolidone (CHP) (Pvapor  ≈ 0.05  mmHg 
at RT),[66] 1,8-diiodooctane (DIO) (Pvapor  ≈  0.000281  mmHg at 
RT)[67]) reduce the evaporation rate of polar solvent (e.g., DMF) 
and crystallization rate of perovskite crystals, and thus enable 
homogeneous nucleation and development of smooth MHP 
PC film that covers the substrate completely.[60] Especially, DIO 
additives induced intermediate states, such as chelation of Pb2+ 
with iodocarbons in DIO, and thus further delay the crystalliza-
tion of perovskite crystals. Adding a solid additive, NH4Cl, into 
the perovskite precursor solution can also retard the crystalli-
zation of the perovskite precursors by inducing intermediate 
states (e.g., PbX2 · MAX⋅⋅⋅x · NH4Cl).[68] These additives can be 
removed during spin coating, or by postannealing.

Addition of acids such as HBr[28,51] or HI[69] can increase the 
solubility of inorganic compounds (here, PbX2), supersaturation 
concentration, and viscosity of perovskite solutions (Figure 3b). 
These acids also induce an intermediate step, which retards the 
crystallization speed during the one-step solution process.[57]

PbX HX HPbX2 DMF 3+  → � (5)

HPbX CH NH CH NH PbX3 3 2 3 3 3+ → � (6)

These processes retard the direct crystallization of perovskite 
precursors and thereby yield smooth and dense MHP PC films. 
An optimized concentration of HBr (6 vol%) in MAPbBr3 solu-
tion has increased the average viscosity of solution from 2.5 to 
3.5 mPa s, decreased the crystal size from 1.5 to 500 nm, greatly 
improved film uniformity, and increased the EL efficiency in 
PeLEDs (EQE ≈ 0.1%, CE ≈ 0.43  cd A−1, L  ≈ 3490  cd m−2).[51] 
Although MHP PC film morphologies were greatly improved 
by adding crystallization-delaying additives, their EL efficiencies 
in PeLEDs were still low due to the low PLQE of MHP PC emit-
ters arising from electron-hole pair separation into free charge 
carriers in the large dimension of the perovskite grain;[1,4,33] 
these indicate that other methods that both improve the film 
morphology and reduce the grain size should be developed.

2.1.3. Crystallization-Preventing Additives

In the one-step solution process, growth of perovskite crystals 
dominates the nucleation of crystals; thus, inhibiting growth 
can be a good strategy to reduce the grain size and smoothen 
the film.[70,71] Organic molecules mixed in perovskite solution 
can effectively prevent growth of perovskite crystals and induce 
small grains. The molecules were dissolved together in per-
ovskite solutions, and became located between the perovskite 
nuclei when they were spin-coated; organic molecules reduced 
the space for the perovskite crystals to grow. Because the per-
ovskite crystals grow until they meet each other or organic addi-
tive inhibitors, the presence of these organics reduce the final 
crystal size.[72]

Uniform and pinhole-free MHP PC films with greatly 
reduced grain size can be achieved by adding poly(ethylene 
oxide) (PEO) into the perovskite solution.[52] As the ratio of the 
PEO concentration to the MAPbBr3 precursor concentration 
increased from 0.05:1 (PEO:MAPbBr3) to 0.25:1, the grain size 
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gradually decreased from ≈1  µm to ≈100  nm and the surface 
coverage increased from >80% to >95% (Figure  3c–h). These 
small grains can be uniformly dispersed within the composite 
films; broadened X-ray diffraction (XRD) peaks confirmed that 
these perovskite polycrystals were fairly small and randomly ori-
ented. PEO is a good ionic conducting polymer, so addition of 
PEO also facilitated the migration of ionic species and induced 
p–i–n homojunctions in composite films. This simple method 
in the one-step spin-coating process was used to fabricate single-
layered PeLEDs (indium tin oxide (ITO)/PEO:perovskite com-
posite film/top electrode (In/Ga or Au)) with CE ≈ 0.74 cd A−1, 
L ≈ 4064 cd m−2, and low turn-on voltage VON ≈ 2.9 V.[52] PEO  
additives can also effectively reduce the grain size of all- 
inorganic MHPs (CsPbBr3), fabricate uniform PEO:CsPbBr3 
composite films with pinhole-free surface coverage, and 
achieve high-efficiency CsPbBr3 PeLEDs (EQE ≈ 4.26% and CE 
≈ 15.67 cd A−1[73] or EQE ≈ 4.76%, CE ≈ 21.38 cd A−1, and L ≈ 
51  890  cd m−2 after chloroform post-treatment[74]). Semicon-
ducting poly(vinyl carbazole) (PVK)[75] and polyimide precursor 
dielectric (PIP)[76] have also been mixed with MAPbBr3 precur-
sors to fabricate uniform composite films and bright MAPbBr3 
PeLEDs (EQE ≈ 0.64%, CE ≈ 2.37  cd A−1, L  ≈ 1561  cd m−2, 
VON ≈ 3.5 V in PeLEDs based on PVK:MAPbBr3; EQE ≈ 1.2%, 
L ≈ 2800 cd m−1 in PeLEDs based on PIP:MAPbBr3).

Mixing two organic molecules (PEO with polyvinylpyrrolidone 
(PVP)[77] or PVK with 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)
benzene (TPBI)[78]) can further improve the uniformity of MHP 
PC films, facilitate charge injection from the HIL/EML and 
EML/EIL interfaces due to the in situ-formed p–i–n junction in 
the EML[77] or efficient charge-transport properties of PVK (hole 
mobility ≈ 4.8 × 10−9 cm2 V−1 s−1)[79] and TPBI (electron mobility 
≈ 5.14 × 10−5 cm2 V−1 s−1),[80] and thus achieve an efficient EL 
in PeLEDs (EQE ≈ 5.7%, power efficiency PE ≈ 14.1  lm W−1, 
L  ≈ 593  178  cd m−2 for PeLEDs based on PEO:PVP:CsPbBr3; 
EQE ≈ 2.28%, CE ≈ 9.45  cd A−1, L  ≈ 7263  cd m−2 for PeLEDs 
based on PEO:PVP:MAPbBr3).

Mixing a hydrophobic polymer, poly(ethylene glycol) (PEG), 
scaffold with a perovskite solution also made pinhole-free and 
uniform MHP PC films.[81] The PEG scaffold can provide a 
3D skeleton that supports the growth of perovskite crystals, 
improve the wettability of perovskite precursors, and decrease 
the crystallization rate of perovskite precursors. An excess 
amount of organic small molecules, 4,4-bis(N-carbazolyl)-1,1- 
biphenyl (CBP),[82] and inorganic salt additives, NaBr,[83] can 
also improve the uniformity of the MHP PC films by preventing 
growth of MAPbBr3 crystals and by acting as a nucleation 
agent, respectively.

2.1.4. Multicoating

A double coating of perovskite solution (MAPbX3) on top of 
the heated underlayers[84] and dripping a second perovskite 
precursor solution on the spinning perovskite quasi-film[85] 
can also improve the film morphology. Coating the first 
perovskite solution increases the wettability of the second-
coated perovskite solution; this effect decreases the contact 
angle from 33° (on pristine poly(3,4-ethylenedioxythiophen
e):poly(styrenesulfonate) (PEDOT:PSS) films) to 17° (on the 

predeposited perovskite layer), and yields a pinhole-free mor-
phology (>95% coverage and root-mean-square roughness 
rRMS ≈ 1.18 nm). PeLEDs with double-coated MHP PC films 
showed high EL efficiencies (green emission: EQE ≈ 6.2%, 
CE ≈ 21 cd A−1, L ≈ 16 060 cd m−2; yellow emission: EQE ≈ 
4.2%, CE ≈ 16  cd A−1, L  ≈ 4200  cd m−2; red emission: EQE 
≈ 5.8%, CE ≈ 19 cd A−1, L ≈ 10 100 cd m−2) that were much 
higher than in single-coated MHP PC films (green emission: 
EQE ≈ 1.25%; yellow emission: EQE ≈ 1%; red emission: 
EQE ≈ 1.23%).[84]

2.1.5. Mixing Various A-Site Cations

Mixing various organic ammoniums in the A-site in the perov-
skite structure can also yield uniform MHP PC films with 
reduced grain size. Especially, large organic ammoniums such 
as phenylethyl ammonium (PEA)[21,22] and 2-phenoxyethyl-
amine (POEA)[86] impede the growth of MAPbX3 crystals and 
thus reduce the grain size in the films. Furthermore, large 
organic ammoniums can separate 3D MHP crystals (MAPbX3) 
by locating between PbX6 octahedral planes; these form a 
quasi-2D structure Ruddlesden–Popper (RP), and increase EB 
and PLQE by confining electron-hole pairs inside the 3D MHP 
crystals. Pure MAPbBr3 PC films showed scattered large cubic 
grain with size > 1 µm, but PEA2MAm−1PbmBr3m+1 (m ∈ {1–4}) 
films showed full film coverage with small grain size that 
even cannot be distinguished in scanning electron microscope 
images.[21] These quasi-2D MHP PC films mixed with PEA 
and MA showed much reduced trap density, reduced nonra-
diative trap-assisted recombination, and greatly increased PLQE 
(≈34%) compared to MAPbBr3 PC films (≈2–3%), and thereby 
achieved higher EL efficiencies (CE ≈ 4.9  cd A−1, L  ≈ 2935  cd 
m−2) than did MAPbBr3 films (CE ≈ 0.082 cd A−1, L ≈ 195.15 cd 
m−2).[21] PEA2(MA)n−1PbnI3n+1 films also showed greatly 
increased PLQE ≈ 27%, EB  >  200 meV, and EL efficiencies in 
NIR emission (EQE ≈ 8.8%, R  ≈ 80 W sr−1 m−2) in PeLEDs 
compared to MAPbI3 films (PLQE ≈ 1%, EB ≈ 20 meV, EQE ≈ 
0.14%, R ≈ 1.2 W sr−1 m−1).[22]

The growth of FAPbX3 perovskite crystals can be also 
restricted by 1-naphthylmethylamine halide (NMAX) addi-
tives.[87] Quasi-2D NMA2(FAPbI3)n−1PbI4 films showed uniform 
MHP PC films with much lower rRMS  ≈ 2.6  nm than FAPbI3 
films (rRMS  ≈ 18.8  nm). PeLEDs with NMA2(FAPbI3)n−1PbI4 
achieved high EL efficiency in NIR emission (EQE ≈ 11.7%, 
R  ≈ 82 W sr−1 m−2). NMA2(FAPbI3)n−1PbI4 with excellent film 
uniformity can also help to scale up the device area up to  
64 mm2 while maintaining high EL efficiency (EQE ≈ 7.5%). 
PEA can also induce uniform FAPbBr3 PC films with a small 
grain size.[46] PEA2(FAPbBr3)n−1PbBr4 PC films had quasi-2D 
perovskite films that contained a variety of multiphases with 
quantum-well structures; these induced a blueshift of the PL 
spectrum due to the quantum-confinement effect, and high 
PLQE (≈57.3%) and EL efficiency in PeLEDs (EQE ≈ 14.36% by 
assuming the Lambertian profile of the EL emission and CE ≈ 
62.43 cd A−1 after trioctylphosphine oxide (TOPO) treatments).[46]

Long-chain organic ammonium can also efficiently impede 
the growth of 3D perovskite grains, reduce grain size and 
surface roughness, and induce quasi-2D MHP films.[47] 
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Mixing n-butylammonium (BA) with MA reduced rRMS 
in PC films from 3.4  nm in MAPbBr3 films and 4.9  nm 
in MAPbI3, to 1  nm in BA0.2857MA0.7143PbBr3 films and 
0.6  nm in BA0.2857MA0.7143PbI3 films (Figure 4a,b). With 
these highly uniform quasi-2D PC films, highly efficient 
PeLEDs were demonstrated (EQE ≈ 10.4% in PeLEDs based 
on BA0.17MA0.83PbBr3; EQE ≈ 9.3% in PeLEDs based on 
BA0.17MA0.83PbI3) (Figure  4c,d). Long organic ammonium 

that assembles at the surface of crystallites also impedes 
migration of ions and related traps, and therefore signifi-
cantly improves operating stability (Figure  4e,f). These 
quasi-2D PC films can also change the emission wavelength 
(from ≈410 to ≈545  nm for Br-based MHPs[88,89] and from 
≈575 to ≈760 nm for I-based MHPs,[89] respectively) by con-
trolling the number of 3D perovskite crystal layers due to 
quantum-confinement effects.

Small Methods 2018, 2, 1800093

Figure 4.  a,b) Atomic force microscopy images of MHP PC films with different BAI:MAPbI3 ratios (a) and BABr:MAPbBr3 ratios (b). c,d) EQE versus current 
density characteristics of PeLEDs based on PC films with different BAI:MAPbI3 ratios (c) and BABr:MAPbBr3 ratios (d). e,f) Operating stability of PeLEDs based 
on PC films with different BAI:MAPbI3 ratios (e) and BABr:MAPbBr3 ratios (f). Reproduced with permission.[47] Copyright 2017, Nature Publishing Group.
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Mixing different small cations in the A-site of the perovskite 
structure can also modify the PC film morphology.[90–96] Incor-
porating 15% (molecular ratio) of MAPbBr3 into FAPbI3 sta-
bilizes the perovskite phase of FAPbI3 and induces uniform 
and dense morphology with improved crystallinity.[94] Adding 
13% (molecular ratio) of MABr into CsPbBr3 also improved 
the film morphology and greatly increased the EL efficiencies 
(EQE ≈ 10.43%, CE ≈ 33.9  cd A−1, and L ≈ 91 000 cd m−2 in 
PeLEDs based on Cs0.87MA0.13PbBr3) compared with PeLEDs 
based on CsPbBr3 (EQE ≈ 2.41%, CE ≈ 7.19  cd A−1, and L ≈ 
11 600 cd m−2).[93] These device efficiencies achieved by A-site 
engineering are the highest values[46] among the reported EL 
efficiencies in PeLEDs up to now; these results indicate that 
A-site engineering is a very effective method to enhance the 
EL efficiency in MHP emitters and suggests that researchers 
in this research field should focus more on the optimiza-
tion of this A-site engineering method combined with other 
methods.

2.2. Two-Step Solution Process

The two-step solution process to obtain ABX3 MHP PC films 
involves: i) depositing BX2 films by spin coating BX2/DMF or 
DMSO precursor solution, then ii) overcoating AB/isopropyl 
alcohol (IPA) solution on top of the BX2. Nucleation rather than 
growth is the main crystallization mechanism in the two-step 
solution process, so it can be an effective method to fabricate 
uniform MHP PC films with small grain size, and efficient 
PeLEDs based on them.[97] Film morphology, grain size, and 
LE of MHP PC films obtained using a two-step solution pro-
cess have been controlled by adjusting the concentration[98] 
and loading time[99] of the second deposited precursor solution, 
the reaction temperature,[70] and the solvent combination of 
the solutions that are used to fabricate the first-coated under-
layers[100] or second-coated upper layers.[101]

Increasing the concentration of the MABr precursor solution 
from 0.18 to 0.27 m facilitated sufficient conversion of PbBr2 
into MAPbBr3 crystals and increased the surface coverage.[98] 
Furthermore, increasing the concentration of the second-coated 
precursor solution increased the number of nuclei on the first-
coated PbX2 films, and thereby reduced the grain size.[102] 
Increasing the concentration of PbBr2 from 1 to 1.5 m also 
yielded cubic MAPbBr3 crystals with clear edges due to suffi-
cient crystallization. Thus, MAPbBr3 films converted by 1.5 m 
PbBr2 and 0.27 m MABr precursor solutions showed a highest 
PLQE of 24% and the longest PL lifetime of 5.73  ns. PeLEDs 
based on optimized MAPbBr3 films achieved EQE ≈ 0.023% 
and CE ≈ 0.1 cd A−1, which were higher than those of PeLEDs 
based on other films.[98] A MAI loading time of <30 s induced 
insufficient conversion of PbI2 to MAPbI3.[99] However, a MAI 
loading time of >60 s induced greatly increased perovskite 
grain size and an excessive MAI residue on top of MAPbI3 
films; these traits facilitated electron-hole pair dissociation and 
nonradiative recombination. Therefore, the concentration and 
loading time of each precursor solution should be optimized to 
fabricate uniform and efficient MHP PC films.

FAPbBr3 PC films fabricated by two-step solution processes 
with optimized conditions and annealing process at moderate 

temperature (≈70  °C) showed highly crystalline films without 
PbBr2 spectral peaks or observable pinholes.[97] These films 
had average grain size (100–200  nm) and low rRMS  <  20  nm, 
and thus achieved moderate EL efficiencies (EQE ≈ 1.16%, CE 
≈ 2.65  cd A−1, L  ≈ 13  062  cd m−2) with high reproducibility. 
Despite the many advantages of the two-step solution process 
(e.g., the nucleation process as the main crystallization mecha-
nism and the possibility of minutely controlling the reaction 
between precursors), EL efficiencies of MHP PC films formed 
by the two-step solution process are inferior than those of PC 
films formed by the one-step solution process.[46] Therefore, 
other methods such as adding additives or A-site engineering 
should be combined with the two-step solution process to fur-
ther increase the EL efficiency.

2.3. Nanocrystal Pinning Process

Nanocrystal pinning (NCP) can efficiently reduce the grain size 
and induce formation of uniform MHP PC films.[4,103,104] NCP 
can be conducted by: i) nucleation and growth of perovskite crys-
tals during spin coating; ii) dripping volatile solvents with high 
Pvapor on the spinning perovskite quasi-films to immediately stop 
the crystal growth, and thus induce uniform MHP PC films with 
small grains (≈100–250 nm in MAPbBr3 films) (Figure 5a). The 
grain size can be further reduced by adding TPBI additives into 
volatile solvent (≈99.7  nm in MAPbBr3 films) (Figure  5b–d).[4] 
MAPbBr3 PC films fabricated by the NCP process based on the 
TPBI additive achieved a high PLQE (≈36%) and EL efficiency 
in PeLEDs (EQE ≈ 8.52% and CE ≈ 42.9 cd A−1) (Figure 5e–g).[4] 
NCP can be also used to fabricate other MHP PC films[84] and in 
situ NC thin films (Section 4.4).[62,105]

2.4. Roll-to-Roll Process

Roll-to-roll (R2R) manufacturing methods such as blade 
coating,[106–111] gravure coating,[112] slot-die coating,[113,114] and 
spray coating[115–119] are compatible with scale up to industrial-
scale production. These methods have low material waste and 
high throughput, and are simple and viable for large areas; 
these can be applied to fabricate the uniform MHP PC films 
and large-area PeLEDs based on them. The surface morphology 
of the MHP PC films printed using these R2R methods can be 
also modified by controlling the surface energy of the under-
layer,[106] the substrate temperature,[106–109,113,115,117] the reaction 
atmosphere,[120] the drying airflow,[110] the composition ratio,[111] 
the additives,[114] the droplet sizes,[116] the coating cycle,[118] and 
the sequential deposition methods.[110,113]

To fabricate MHP PC films by using blade coating, perovskite 
solutions are loaded onto the substrate with some gap distance 
between the blade and the substrate (Figure 6a).[111] Then, the 
blade is dragged at a certain speed to form a meniscus of perov-
skite solution; the solution dries to form a film. MAPbBr3:PEO 
composite films fabricated by the blade-coating method 
showed reduced grain size (≈5  µm) and improved film cov-
erage (≈90%) (Figure 6b).[106,111] PeLEDs with simplified struc-
ture, in which both MAPbBr3:PEO composite films and silver-
nanowire electrodes were fabricated by blade coating in air, 
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achieved EQE ≈ 1.1%, CE ≈ 4.91 cd A−1, and L ≈ 21 014 cd m−2 
(Figure  6c,d).[111] These printing methods can also fabricate 
flexible PeLEDs (EQE ≈ 0.14%, CE ≈ 0.6 cd A−1, L ≈ 360 cd m−2) 
on polymer substrates/carbon nanotube electrodes.[111]

3. Vacuum-Deposited Polycrystalline Bulk Films 
and Light-Emitting Diodes

The vacuum deposition process can be used to fabricate MHP 
PC bulk films and PeLEDs. This method has various advan-
tages, such as small batch-to-batch variation, easy patterning, 
and insensitivity to environmental atmosphere. Under gradual 
heating in a high vacuum, each perovskite precursor evapo-
rates and diffuses; they reassemble on the target substrate 
and assemble into perovskite crystals.[121,122] Vacuum depo-
sition does not require consideration of the physical proper-
ties of the underlayers or the choice of appropriate solvents to 
dissolve the perovskite precursors; therefore, this method is  
more easily adapted to demonstrate multilayered and tandem 
PeLEDs than the solution process. Furthermore, vapor-deposited  
MHP PC films do not have imperfections or impurities  
such as a solvation intermediate phase (perovskite-solvent) 
that occurs in solution-processed PC films due to the in 

situ growth of perovskite crystals and interactions with 
solvents.[40,121,122]

In this section, we review recently reported publications 
about vapor deposition of MHP PC films and their applica-
tion on PeLEDs. We categorize these technologies in detail: i) 
coevaporation deposition;[35–39] ii) sequential deposition;[123–126] 
iii) flash evaporation;[127–130] iv) chemical vapor deposition 
(CVD);[131–135] v) VASP.[40–42]

3.1. Coevaporation Deposition

Coevaporation deposition methods use separate sources 
because two precursors for fabricating perovskite crystals 
have different deposition temperature (e.g., ≈70  °C[136] or 
≈100  °C[137] for MAI and ≈250–280  °C for PbI2

[136,137]) (Figure 
7a). Vapor-phase perovskite precursors meet and react to fab-
ricate perovskite crystals on the target substrate. MHP PC 
films deposited by coevaporation showed highly uniform and 
flat films over scales of tens of micrometers, whereas solution-
processed MHP PC films showed nonuniform film morpholo-
gies with varying thicknesses and pinholes.[35] These uniform 
films showed excellent reproducibility with finely controllable 
thickness and reaction precursor ratio,[37,38] and can be used in 
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Figure 5.  a) Schematic illustration of NCP process. b–d) SEM images of MAPbBr3 PC films without NCP process (b), with NCP process (c), and with 
a TPBI additive–based NCP process (d). e–g) Current efficiency versus voltage characteristics (e), luminance versus voltage characteristics (f), and 
operating image (g) of PeLEDs. Reproduced with permission.[4] Copyright 2015, American Association for the Advancement of Science.
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PeLEDs.[39] Reported PeLEDs with MAPbBr3 PC films depos-
ited by coevaporation achieved EQE = 0.06%.[36] EL and PL 
spectra, atomic compositions, and film morphologies of these 
coevaporation-deposited MHP PC films can also be modified by 
sequential deposition of different perovskite moieties.[36]

Even though coevaporation-deposited MHP PC films show 
a highly uniform film morphology, they show inferior EL effi-
ciencies than solution-processed MHP PC films.[46] Here, 
we categorize the possible reasons: i) the perovskite precur-
sors (e.g., MAI, MABr, MACl) can diffuse freely and undirec-
tionally in the vacuum chamber due to their small molecular 
weight and can interfere with the monitoring of the deposition 
rate of other precursors (e.g., PbI, PbBr, PbCl);[123] ii) the high 
reaction rate between the MAX and the PbX2 in the coevapora-
tion method can leave unreacted precursors in the PC films, 
which induce nonstoichiometry in MHP PC films and limit 
the LE in them; iii) one precursor can contaminate the other 
precursor that is contained in the other crucible; iv) predepos-
ited perovskite precursors on the wall inside the chamber can 
be desorbed and contaminate the samples. Furthermore, other 
reports in the literature only used organic–inorganic MHPs 
(e.g., MAPbBr3, MAPbI3) which had volatile components due 
to low deposition temperature (≈70  °C[136] or ≈100  °C[137] for 
MAI and ≈150–175  °C[127] for MABr); these can also induce 
the easy undirectional diffusion of molecules in the chamber 
and hinder the formation of highly crystalline MHP PC films. 
Therefore, MHP PC films with components that have a high 
decomposition temperature (e.g., CsPbBr3 has decomposition 
temperature of 580  °C[138]) should be fabricated for efficient 
PeLEDs.

3.2. Sequential Vapor Deposition

Layer-by-layer sequential vapor deposition 
methods sublimate MAX precursors onto 
predeposited PbX films, where it crystal-
lizes (Figure  7b). This method avoids the 
problems of the coevaporation methods that 
were discussed in Section 3.1. The reaction 
depth and rate between the deposited PbX 
and MAX can be controlled by tuning the 
substrate temperature.[123] The thickness 
and characteristics of the devices that use 
them can be modified by varying the PbX/
MAX deposition cycles[124] or MAX deposi-
tion duration.[125] MHP PC films with mixed 
A-site can be fabricated using sequential 
vapor deposition by premixing A-site pre-
cursors in the crucible; the PL emission 
wavelength and the crystal composition of 
the (PEA)2(MAPbBr3)nPbBr4 films can be 
controlled by tuning the ratio of MABr to 
phenethylammonium bromide (PEABr).[126] 
(PEA)2(MAPbBr3)nPbBr4 films with opti-
mized MABr:PEABr ratio (1:0.25) showed 
higher EL efficiencies in PeLEDs (EQE ≈ 
0.36%, CE ≈ 1.3  cd A−1) than films with 
other MABr:PEABr ratio (EQE ≈ 0.00061%, 
CE ≈ 0.002  cd A−1 for 1:0 ratio and EQE  
≈ 0.0059%, CE ≈ 0.02 cd A−1 for a 1:0.5 ratio).  

MHP PC films fabricated by sequential vapor deposition 
methods showed very narrow emission linewidth (18.6  nm) 
with Commission Internationale d’Eclairage coordinates of 
(0.2, 0.75), which correspond to highly saturated green.[2,126]

3.3. Flash Evaporation

Flash evaporation may be an alternative method to deposit 
MHP PC films.[129,130] First, a tantalum (Ta) heater foil is pre-
coated with perovskite material by a solution process, then a 
strong current is passed through the foil to induce evaporation 
of the perovskite crystals (Figure  7c). Because the perovskite 
crystals have already been formed, the temperature of the Ta 
foil can be lower than that of the crucible that is used in the 
coevaporation and sequential vapor deposition methods;[127,128] 
this reduction in temperature can prevent the decomposition of 
organic compounds, which can occur as[127,128]

CH NH Br CH NH HBr2 3 2 2→ + � (7)

This method can fabricate 3D, layered, and 2D MHP PC 
films with different ammonium cations at the A-site,[130] and 
thus can be successfully applied to PeLEDs.

3.4. Chemical Vapor Deposition

The CVD process can be used in a variety of industrial pro-
cesses because CVD methods need only moderate vacuum 
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Figure 6.  a) Schematic illustration of the blade coating process of MHP PC bulk films.  
b–d) SEM image of MAPbBr3:PEO composite films (b), current efficiency versus voltage char-
acteristics (c), and photograph (d) of operating PeLEDs based on blade-coated MAPbBr3:PEO 
composite films. Reproduced with permission.[111] Copyright 2015, American Chemical Society.
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pressure (≈10−3  Pa), are compatible with large-area processes, 
and have excellent sample-to-sample variation.[131–133,139] For 
the formation of MHP PC films, CVD methods have advan-
tages such as: i) no need for additional postannealing process 
because perovskite crystal grows at high temperature, and ii) 
possible controllability of gas flow, which affects the reaction 
rate of the perovskite crystal uniformity (Figure  7d).[131–133,139] 
Furthermore, high-quality MHP PC films can be formed in a 
low-pressure atmosphere[134] and even under ambient pressure 
by aerosol-assisted CVD methods.[135] The perovskite grain size 
can be further controlled by tuning the substrate temperatures 
TS; the perovskite grain size increased with increasing TS; opti-
mized MHP PC films achieved maximum EQE ≈ 0.02%, CE ≈ 
0.06 cd A−1, and L ≈ 900 cd m−2 in PeLEDs.[132] These EL effi-
ciencies are still low. Inspired by the one-step solution-pro-
cessed MHP PC films, we suggest that codeposition of organic 
semiconductors with precursors or diverse A-site organic 
ammonium cations can further improve the EL efficiencies in 
PeLEDs.

3.5. Vapor-Assisted Solution Process

Vacuum-deposition methods can be combined with solution-
process methods to fabricate uniform MHP PC films; this 
method is called the VASP.[40–42] Generally, VASP methods 

include two sequential steps: i) fabricating PbX2 solid films by 
a solution process, such as spin coating; ii) depositing MAX 
vapor on predeposited PbX2 films and inducing gas–solid crys-
tallization process uniformity (Figure 7e).[41]

PbBr s MA v Br v MAPbBr s2 3( ) ( ) ( ) ( )+ + →+ −
� (8)

MHP PC films fabricated by gas–solid crystallization avoid 
the perovskite–solvent complexes that arise in the solution-
process method.[40] In the VASP method, a dissolution– 
recrystallization growth mechanism may occur: under Br vapor, 
MAPbBr3 crystals or PbBr2 films were redissolved into ions, 
and then recrystallized as[41]

MAPbBr s Br v MA v PbBr v3 4
2( ) ( ) ( ) ( )+ → +− + − � (9)

PbBr s 2Br v PbBr v2 4
2( ) ( ) ( )+ →− − � (10)

PbBr v MA v MAPbBr s Br v4
2

3( ) ( ) ( ) ( )+ → +− + − � (11)

as the MABr concentration and deposition duration increased; 
the remaining underlying PbBr2 layer converted to MAPbBr3 
crystals and the surface coverage increased. Increasing the 
evaporation temperature of MABr powders also facilitates 
crystallization and yields uniform films. PeLEDs based on 
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Figure 7.  a–e) Schematic illustrations of the coevaporation deposition method (a), sequential the vapor deposition method (b), flash evaporation (c), 
chemical vapor deposition (d), and VASP (e) for MHP PC bulk films. (a) Reproduced with permission.[35] Copyright 2013, Nature Publishing Group.  
(b) Reproduced with permission.[126] Copyright 2017, American Chemical Society. (c) Reproduced with permission.[129] Copyright 2015, the Royal Society  
of Chemistry. (d) Reproduced with permission.[139] Copyright 2014, the Royal Society of Chemistry. (e) Reproduced with permission.[41] Copyright 2017, 
American Chemical Society.
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MAPbBr3 PC films with optimized fabrication conditions 
(deposition duration ≈ 25  min, MABr power temperature ≈ 
180 °C) showed maximum EQE ≈ 4.36%, CE ≈ 8.16 cd A−1, and 
L ≈ 6530 cd m−2.[41]

4. Colloidal Nanocrystals and Light-Emitting 
Diodes

MHP NCs with size of less than a few tens of nanometers have 
high PLQE (90%) and even can be easily synthesized at room 
temperature in air conditions, maintaining excellent optical 
properties; these various advantages make them promising 
emitters in PeLEDs and competitive with conventional inor-
ganic QDs and QD LEDs.

4.1. Template-Assisted Growth

Noncolloidal MHP NCs without ligands were synthesized by 
depositing perovskite solution on preheated mesoporous Al2O3 
films.[140] As the solvents evaporated, the perovskite precursors 
crystallized in the porous matrixes; these MHP NCs have PLQE 
of >50% even though they have no surface ligands.[141] The NC 
size and PL spectrum of template-assisted-grown NCs can be 
tuned by controlling the pore size of the template.[142]

4.2. Hot-Injection Methods

Hot injection is the best-known method to synthesize colloidal 
semiconductor NCs or QDs, and it can be used to synthesize 
monodispersed MHP NCs. Generally, PbX2 precursors are dis-
solved in a hot hydrophobic solvent (octadecene (ODE)) which 
predissolves the acid ligands and amine ligands; Cs precursors 

(e.g., Cs2CO3) are dissolved in a separate hot solvent with acid 
ligands, which make Cs-oleate in N2 or Ar inert atmosphere 
(Figure 8a).[143] When the Cs-oleate is injected into the PbX2 
solution, MHP NCs can be synthesized as[143]

2Cs oleate 3PbX 2CsPbX Pb oleate2
high temperature

3 2( ) ( )+  → + � (12)

These MHP NCs have very high PLQE (recently, MHP NCs 
with PLQE ≈ 100% have been reported[34,144]) and high color 
purity with narrow emission linewidth (FWHM <  20  nm).[143] 
The size, shape, and emission wavelength can be controlled 
by tuning the reaction temperature and reaction time. 2D 
nanoplates and 1D nanowires can be formed by ligand engi-
neering,[145–147] reaction-temperature engineering,[146] purifi-
cation,[148] ultrasonication,[149] A-site-cation engineering,[150] 
or by using additives.[151] Furthermore, the synthesized MHP 
NCs can be also post-transformed from 3  nm thick CsPbBr3 
nanosheets to Pb nanoparticle (NP)–CsPbBr3 nanocomposites 
by electron beams,[152] from 2D CsPbBr3 nanoplatelets to larger 
structures such as nanobelts or square-shaped nanodisks by 
photoirradiation,[153,154] or from cubic phase to orthorhombic 
phase in FAPbBr3 crystals by pressure.[155]

The first PeLEDs based on MHP NCs synthesized by hot-
injection methods showed relatively low EL (blue emission: EQE 
≈ 0.07%, CE ≈ 0.14 cd A−1, L ≈ 742 cd m−2; green emission: EQE 
≈ 0.12%, CE ≈ 0.43 cd A−1, L ≈ 946 cd m−2; orange emission: EQE 
≈ 0.09%, CE ≈ 0.08 cd A−1, L ≈ 528 cd m−2).[156] These low ELs are 
due to the insulating ligands, which impede charge transport in 
the NP films; therefore, many researchers have tried to increase 
the EL efficiencies of MHP NCs by ligand engineering.

Replacing the long ligands (oleic acid and oleylamine) with 
relatively short ligands (didodecyldimethylammonium bromide 
(DDAB)) was found to improve charge transport in the NC films 
and increased the EL efficiencies (blue emission: EQE ≈ 1.9%, 
L ≈ 35 cd m−2; green emission: EQE ≈ 3%, L ≈ 330 cd m−2).[157] 
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Figure 8.  a,b) Schematic illustrations of the hot-injection method (a), and ligand density control of colloidal MHP NCs (b). c) Current density versus 
voltage characteristics of PeLEDs based on MHP NCs with different purification cycles. d) PLQE of MHP NCs with different purification cycles.  
e,f) Current efficiency versus voltage characteristics (e) and EQE versus voltage characteristics (f) of PeLEDs based on MHP NCs with different purification 
cycles. Reproduced with permission.[158] Copyright 2016, Wiley-VCH.
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Purification by washing the NCs with hexane/ethyl acetate sol-
vent mixtures can effectively reduce the surface ligand density 
and improve the charge-transport properties (Figure  8b,c).[158] 
However, purification for more than four cycles has seriously 
degraded the stability and PLQE of MHP NCs (Figure  8d). 
PeLEDs with MHP NCs that had been washed three times 
showed much improved EL efficiencies (EQE ≈ 6.27%, CE ≈ 
13.3  cd A−1, L  ≈  15  185  cd m−2) (Figure  8e,f).[158] Recently, by 
performing both ligand exchange and purification, a high EQE 
of 8.73% and CE of 18.8 cd A−1 were achieved in green-emitting 
PeLEDs based on MHP NCs synthesized by hot injection.[48]

4.3. Recrystallization Methods

Recrystallization methods that can be performed in air at room 
temperature have been developed to overcome the disadvan-
tages of hot-injection methods, such as the complex synthesis 
process and the high synthesis cost.[159,160] First, perovskite 
precursors were dissolved in polar solvents such as DMF and 
DMSO. These perovskite solutions were dripped into less-polar 
solvents such as toluene; the solubility of the perovskite pre-
cursors suddenly decreased in the mixed solvent, so they were 
crystallized (Figure 9a). If perovskite solutions were dripped 
into unmixable less-polar solvents such as hexane, they formed 
emulsion states, then were crystallized by mixing with a demul-
sifier (e.g., tert-butanol).[14,161] Then, the premixed organic 
ligands adhered to the surface of the MHP NCs and prevented 
the aggregation of the NCs in colloidal solution.[160] MHP NCs 
synthesized by recrystallization methods have shown similar 
LE and photostability to those synthesized by hot-injection 
methods.[159] The size and shape of MHP NCs can be controlled 

by tuning the synthesis temperature,[162] A-site cations,[163] 
ligand density,[13] and ligand length.[14,146] This method also 
allows the use of crosslinkable and polymerizable ligands to 
increase the moisture stability of the MHP NCs.[164]

As ligand density and length decrease, the size of 
the MAPbBr3 and FAPbBr3 NCs increases gradually 
(Figure  9b).[13,14] MHP NCs with particle size >DB showed 
improved PLQE because the low surface-to-volume ratio 
reduced the number of surface defects, and the decreased 
ligand density and length improved the charge-transport char-
acteristics in the film states (Figure  9c,d). PeLEDs based on 
MAPbBr3 and FAPbBr3 NCs with dimension >DB achieved 
high CE ≈ 15.5  cd A−1 (Figure 9e)[13] and CE ≈ 9.16  cd A−1.[14] 
Mixing FAPbBr3 2D nanoplatelets with polymer matrixes also 
achieved high EL efficiencies (CE ≈ 13.02 cd A−1).[165] Although 
MHP NCs showed higher PLQE than MHP PC films, they 
showed lower EL efficiencies than MHP PC films[46] due to 
remaining insulating organic ligands and aggregation prob-
lems during the film formation process.

4.4. In Situ Formation

MHP NCs grown in situ are formed during film formation and 
do not need organic ligands; this process avoids the problems 
of colloidal NCs such as aggregation of NCs in high-concen-
tration solutions and during film formation,[166] and impedes 
charge transport by insulating ligands.[48,157,158] MHP NCs 
can be fabricated in situ by combining A-site engineering 
methods (Section 2.3) and NCP methods (Section 2.3). The 
growth of perovskite crystals can be efficiently suppressed 
by dripping toluene onto spinning perovskite quasifilms 

Small Methods 2018, 2, 1800093

Figure 9.  a,b) Schematic illustrations of recrystallization methods (a) and size control of colloidal MHP NCs (b). c,d) PL spectrum (c) and PLQE (d) 
of colloidal MHP NCs with different sizes. e) Current efficiency versus voltage characteristic of PeLEDs based on MHP NCs synthesized by recrystal-
lization methods. Reproduced with permission.[13] Copyright 2017, American Chemical Society.
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that contain both perovskite precursors (MABr, PbBr2, MAI, 
PbI2) and bulky organic ammonium halide additives (PEABr, 
4-fluorophenylmethylammonium iodide (FPMAI)); as a 
result, NCs of size < 10 nm were formed in matrix films.[105] 
The NCP process without bulky organic ammonium halide 
additives yields MHP PC films rather than NC-in-matrix 
films. MHP NCs grown in situ showed a blueshifted PL, pos-
sibly due to increased disorder or the quantum-confinement 
effect. They also showed increased PL lifetime because bulky 
organic ammonium additives passivated the surface trap 
states and reduced nonradiative recombination.[105] MHP 
NCs grown in situ achieved much higher PLQE (≈10.9% for 
MAPbBr3 NCs) and EL efficiencies in PeLEDs (EQE ≈ 7.9% 
in MAPbI3 and EQE ≈ 7% in MAPbBr3 NCs) compared with 
MHP PC films that were fabricated without additives (PLQE 
≈ 0.4% in MAPbBr3 PC films; EQE ≈ 0.2% in MAPbI3 and 
EQE ≈ 0.3% in MAPbBr3 PC films).[105] MHP NCs grown 
in situ also improved the operating stability of PeLEDs 
because the bulky organic ammonium additives covered 
the grain boundaries and impeded ion migration. Excess 
amounts of MABr in perovskite precursors also suppress 
the crystal growth and thus achieve in situ-grown MAPbBr3 
NC films and high EL efficiencies in PeLEDs (EQE ≈ 8.21%,  
CE ≈ 34.46 cd A−1).[62]

4.5. Microwave-, Sonication-, or Milling-Assisted Crystallization

Microwave irradiation[43,167] and sonication[44,168,169] have been 
also reported as good one-pot synthesis methods to provide 
colloidal MHP NCs with high product yields, good reproduc-
ibility, compatibility with mass production, and easily tunable 
optophysical and morphological properties (Figure 10a,b). 
MHP NCs can be synthesized by mixing organic ligands 
(e.g., oleic acid, oleylamine) and perovskite precursors (e.g., 
Cs2CO3, PbX2) in a hydrophobic solvent (e.g., ODE); then, 

under microwave irradiation or sonication, solid precur-
sors dissolve near the liquid–solid interface; the dissolved 
perovskite precursors react with each other to nucleate the 
crystal seeds; then, they grow under continuous microwave 
irradiation.[43,167,168] The duration of the microwave irra-
diation strongly affects the size and shape of the MHP NCs; 
NCs were found to grow from ≈5 to ≈15 nm during the first 
15 min of microwave irradiation, but irradiation > 15 min can 
destroy NCs by excessive energy[43] or transform them from 
nanocubes to nanowires.[167] Diverse shapes of NCs such as 
nanorods, nanowires, nanoplates, and nanocubes can be 
achieved by controlling the concentration of the perovskite 
precursors or ligands, by predissolving the precursors before 
reaction, and by heating the reaction solution.[43,167] A high 
synthesis temperature (>180  °C) and slow heating rates 
(<8 °C min−1) during MHP NC synthesis by microwave irradi-
ation can weaken the bonds between the organic ligands and 
the NC surface, and thereby induce agglomerated and nonu-
niform NCs.[167]

Solvent-free mechanical milling/grinding at room tempera-
ture can also crystallize perovskite precursors (e.g., CsX and 
PbX2) into perovskites by inducing heating/supplying reaction 
energy, as microwave irradiation and sonication methods do 
(Figure  10c).[45] This reaction also occurs in three steps: each 
precursor is changed to an amorphous solid under mechanical 
milling/grinding; then chemical reactions such as nucleation  
and growth of amorphous perovskite crystals occur; then 
perovskite crystals form and unreacted precursors are exposed  
to further crystallization cycles. The LE of NCs was greatly 
increased by adding amine ligands. The shapes and sizes of the 
NPs were controlled by the milling speed and duration. These 
MHP NCs showed easy color tunability (400 < λ  <  700  nm) 
and high PLQE (≈90% for NCs synthesized by microwave- 
irradiation methods,[43]≈72% for NCs by sonication methods,[44] 
and ≈44% for NCs by milling/grinding method[45]), so they can 
be applied on efficient PeLEDs.

Small Methods 2018, 2, 1800093

Figure 10.  a–c) Schematic illustrations of microwave-assisted crystallization (a), sonication-assisted crystallization (b), and milling-assisted crystallization  
(c) of MHP NCs. (a) Reproduced with permission.[43] Copyright 2017, the Royal Society of Chemistry. (b) Reproduced with permission.[44] Copyright 2017,  
Wiley-VCH. (c) Reproduced with permission.[45] Copyright 2017, American Chemical Society.
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5. Single Crystals and Light-Emitting Diodes

MHP SCs that do not have grain boundaries inside their crystals 
have fewer defect states than MHP PCs or NCs.[170–172] There-
fore, we have categorized PeLEDs based on MHP SCs as PeLEDs 
that do not have any grain boundaries inside their emitting MHP 
crystals. PeLEDs based on MHP films that consist of lots of 
micro- or nanocrystals have been categorized as PeLEDs based on 
PC films or NC films and are discussed in the previous sections 
because those had lots of grain boundaries inside their emitting 
MHP films. Furthermore, MHP SCs that lack grain boundaries 
enable researchers to study the optical and electrical properties of 
pure MHPs excluding the effects of grain boundaries,[173–175] and 
to correlate these properties with device efficiency in PeLEDs.[176] 
The possibility of controlling the size from a few centimeters to 
a few nanometers, and the dimensionality from 3D to 2D micro-
disks, nanosheets, nanoplatelets, and 1D nanowires can enable 
MHP SCs to be used as emitters in PeLEDs.

5.1. Top-Seeded Solution Growth

High-quality MHP SCs with large size of >1 mm can be synthe-
sized by the top-seeded solution-growth (TSSG) method.[170] In 
this method, small MHP SCs are placed on the bottom of a bottle  

that is maintained at 75 °C; a Si substrate is placed on the upper 
side of the bottle and kept at less than 75 °C (Figure 11a). Small 
MHP SCs sublimate under the high temperature and renucleate 
on the Si substrate, then grow for several days. MAPbI3 SCs syn-
thesized by TSSG methods had a trap density of 3.6 × 1010 cm−3, 
which is five orders of magnitude lower than that in MAPbI3 PCs 
(2.0 × 1015 cm−3).[170] Other perovskite materials such as MASnI3 
and FASnI3 can be also synthesized by TSSG.[171,172]

5.2. Bottom-Seeded Solution Growth

MHP SCs can be also synthesized by the bottom-seeded solution 
growth (BSSG) method.[177,178] In this method, the seed crystal is 
placed at the middle of a designed tray that can be rotated by an 
electric motor, then the saturated solution is slowly cooled down 
(Figure  11b). Nucleation and growth of the seed crystals occur 
by spontaneous crystallization. With this method, Pb-free SCs 
(e.g., NH(CH3)3SnCl3, NH(CH3)3SnCl3) can be synthesized.[179]

5.3. Antisolvent Vapor Crystallization

Antisolvent vapor crystallization (AVC) is very effective method 
to grow large MHP SCs >100 mm3.[180] By slowly diffusing an 

Small Methods 2018, 2, 1800093

Figure 11.  a–d) Schematic illustrations of top-seeded solution growth (a), bottom-seeded solution growth (b), antisolvent vapor crystallization (c), and 
inverse temperature crystallization (d). e) Schematic illustrations describing the fabrication process of PeLEDs based on MHP SCs synthesized by the 
CVD-growth method. The inset is a photograph of an operating PeLED. Reproduced with permission.[49] Copyright 2017, American Chemical Society.
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Table 1.  Reported EL efficiencies of PeLEDs based on various MHP crystal forms.

Crystal forms Publication 
date[ref ]

Crystallization method Emission layer Device structure EL efficiencies

Solution-processed 

PC bulk films

2014/04[3] One-step solution 

process

MAPbBr3

MAPbI3−xClx

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

L ≈ 417 cd m−2

2015/11[51] With crystallization-

delaying additives

MAPbBr3 ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag EQE ≈ 0.1%, CE ≈ 0.43 cd A−1, 

L ≈ 3490 cd m−2

2015/08[52] MAPbBr3:PEO ITO/ MAPbBr3:PEO/In/Ga EQE ≈ 0.165%, CE ≈ 0.74 cd A−1, 

L ≈ 4064 cd m−2

2016/08[73] CsPbBr3:PEO ITO/PEDOT:PSS/ CsPbBr3:PEO/TPBI/LiF/Al EQE ≈ 4.26%, CE ≈ 15.67 cd A−1, 

L ≈ 53 525 cd m−2

2017/05[74] CsPbBr3:PEO ITO/PEDOT:PSS/ CsPbBr3:PEO/TPBI/LiF/Al EQE ≈ 4.76%, CE ≈ 21.38 cd A−1, 

L ≈ 51 890 cd m−2

2015/02[76] MAPbBr3:PIP ITO/PEDOT:PSS/MAsPbBr3:PEO/F8/Ca/Ag EQE ≈ 1.2%, L ≈ 2800 cd m−2

2016/12[77] CsPbBr3:PEO:PVP ITO/CsPbBr3:PEO:PVP/In/Ga EQE ≈ 5.7%, PE ≈ 14.1 lm W−1, 

L ≈ 593 178 cd m−2

2017/03[84] Multicoating MAPbI3−xBrx 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

2016/06[21] With A-site engineering PEA2(MA)n−1PbnBr3n+1 ITO/buffer HIL/PEA2(MA)n−1PbnBr3n+1/ 

TPBI/LiF/Al

CE ≈ 4.9 cd A−1, L ≈ 2935 cd m−2

2016/06[22] PEA2(MA)n−1PbnI3n+1 ITO/TiO2/PEA2(MA)n−1PbnI3n+1/F8/

MoO3/Au

EQE ≈ 8.8%, R ≈ 80 W sr−1 m−2

2016/09[87] NMA2(FAPbI3)n−1PbI4 ITO/ZnO/PEIEa)/NMA2(FAPbI3)n−1PbI4/

TFBb)/MoOx/Au

EQE ≈ 11.7%, R ≈ 82 W sr−1 m−2

2017/01[47] BA0.17MA0.83PbBr3

BA0.2857MA0.7143PbI3

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

ITO/poly-TPDc)/BA0.2857MA0.7143PbI3/TPBI/

LiF/Al

EQE ≈ 9.3%, 17.1 cd A−1

EQE ≈ 10.4%

2016/07[93] Cs0.87MA0.13PbBr3 ITO/ZnO/PVP/Cs0.87MA0.13PbBr3/CBP/

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

L ≈ 91 000 cd m−2

2016/11[97] Two-step solution 

process

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

L ≈ 13 062 cd m−2

2015/12[4] Nanocrystal pinning 

process

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

2015/12[111] Blade coating MAPbBr3:PEO ITO/MAPbBr3:PEO/Ag nanowires EQE ≈ 1.1%, CE ≈ 4.91 cd A−1, 

L ≈ 21 014 cd m−2

Vacuum-deposited 

PC bulk films

2015/09[36] Coevaporation 

deposition

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

Ba/Ag
EQE ≈ 0.06%

2017/10[126] Sequential vapor 

deposition

(PEA)2(MAPbBr3)nPbBr4 ITO/PEDOT:PSS/(PEA)2(MAPbBr3)nPbBr4/

TPBI/LiF/Al
EQE ≈ 0.36%, CE ≈ 1.3 cd A−1

2017/06[132] Chemical vapor 

deposition

MAPbBr3 ITO/PFN-OXe)/MAPbBr3/TAPCf)/MoO3/Au EQE ≈ 0.02%, CE ≈ 0.06 cd A−1, 

L ≈ 900 cd m−2

2017/11[41] Vapor-assisted solution 

process

MAPbBr3 ITO/P-NiO/MAPbBr3/TPBI/LiF/Al EQE ≈ 4.36%, CE ≈ 8.16 cd/A, 

L ≈ 6530 cd m−2

Colloidal NCs 2015/10[156] Hot-injection method CsPbX3 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
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antisolvent (e.g., dichloromethane) into a perovskite precursor 
solution, SCs can be formed because the antisolvent steadily 
reduces the solubility of the perovskite precursors, and thereby 
induces crystallizaton (Figure  11c). MAPbBr3 and MAPbI3 
SCs synthesized by AVC were found to show remarkably low 
trap densities of 5.8 × 109 and 3.3 × 1010  cm−3, respectively.[180] 
Micrometer-sized MHP SCs synthesized by AVC methods can be 
applied on simplified PeLEDs (ITO/MHP SCs/Au) by forming 
cathodes and anodes directly on MHP SC microplatelets with 
lateral length of 20–100 µm and a thickness of 10 µm.[176] Ion 
migration induces intrinsic p–i–n junctions in MHP SC micro-
platelets at room temperature, and facilitates electron and hole 
injection from each electrode to the microplatelets. The p–i–n 
junction can be stabilized at low temperature; this makes 
PeLEDs based on micrometer-sized MHP SCs achieve CE 
> 0.5 cd A−1, L > 5000 cd m−2, and low VON ≈ 1.8 V.[176]

5.4. Inverse Temperature Crystallization

Inverse-temperature crystallization (ITC) exploits the solubility 
reduction of perovskite precursors in polar solvents (DMF, 
DMSO, GBL) with increasing solution temperature (Figure 11d). 
This method can synthesize MHP SCs much faster than can 
TSSG, BSSG, and AVC.[181] For this method, a large quantity of 
the perovskite precursor, such as MABr and PbBr2, is dissolved 
in DMF at room temperature. Heating the perovskite solutions 
to 80 °C reduces the solubility of MAPbBr3 in DMF from 0.8 to 
0.3 g mL−1; this solubility reduction induces supersaturation of 
perovskite precursors and crystallization into perovskite crys-
tals. The growth rate of MHP SCs (MAPbI3 and MAPbBr3 SCs) 
increased gradually with increasing reaction time (≈3 mm3 h−1 for 
the first hour, but ≈20 mm3 h−1 (MAPbI3 SCs) and ≈38 mm3 h−1 

(MAPbBr3 SCs), respectively, for the following hour).[181] The 
shapes of the MHP SCs can be controlled by choosing the geom-
etry of the vessel in which crystallization occurs. SCs based on 
other MHPs, such as MAPbX3,[182,183] FAPbX3,[27,184,185] and  
FA1−xMAxPbX3,[186–188] can be synthesized using ITC.

5.5. Chemical Vapor Deposition

MHP SCs can be also synthesized by CVD methods 
(Section 3.4).[49] These MHP SCs can be easily applied to 
PeLED applications because SCs can be formed directly on 
the patterned electrodes (Figure 11e). Rectangular micrometer-
sized CsPbBr3 SCs with lateral dimension ≈10  µm and thick-
ness ≈100–500 nm were directly grown by CVD methods and 
placed between patterned ITO electrodes.[49] Under an applied 
bias, lateral structural PeLEDs with micrometer-sized CsPbBr3 
SCs showed pure green emission with an EL spectrum of 530–
532 nm, FWHM of ≈22 nm, and EQE of 0.1–0.2%.[49]

6. Conclusion and Outlook

We have reviewed the recent progress in MHPs and PeLEDs 
by categorizing the forms of MHP emitters: i) PC bulk films,  
ii) colloidal NCs, and iii) SCs (Table 1). We have mainly focused on 
the various methods for the fabrication, synthesis, and modifica-
tion of perovskite crystals, their photophysical properties, and  
application in PeLEDs. The low PLQE of MHP emitters and low 
EL efficiency of PeLEDs are mainly attributed to the fast dissoci-
ation of electron-hole pairs due to the small EB, large grain size, 
and rough crystal morphologies; these problems can be solved 
by improving the MHP film morphology and by modifying the 

Crystal forms Publication 
date[ref ]

Crystallization method Emission layer Device structure EL efficiencies

2016/11[158] CsPbBr3 ITO/PEDOT:PSS/poly-TPD/CsPbBr3/TPBI/

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

L ≈ 15 185 cd m−2

2017/05[48] CsPbBr3 ITO/modified PEDOT:PSS/poly-TPD/

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

2017/06[13] Recrystallization 

methods

MAPbBr3 ITO/buffer HIL/MAPbBr3/TPBI/LiF/Al EQE ≈ 5.09%, CE ≈ 15.5 cd A−1

2017/08[14] FAPbBr3 ITO/buffer HIL/FAPbBr3/TPBI/LiF/Al CE ≈ 9.16 cd A−1

2017/03[105] In situ formation MAPbBr3:PEABr

MAPbI3:FPMAI

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[62] MAPbBr3:MABr ITO/PEDOT:PSS/MAPbBr3:MABr/TPBI/

LiF/Al
EQE ≈ 8.21%, CE ≈ 34.46 cd A−1

SCs 2017/05[176] Antisolvent vapor 

crystallization

MAPbBr3 ITO/MAPbBr3/Au CE > 0.5 cd A−1, L > 5000 cd m−2 

at low temperature

2017/09[49] Chemical vapor 

deposition

MAPbBr3 ITO/MAPbBr3/ITO (lateral) EQE ≈ 0.1–0.2%

a)PEIE: polyethylenimine ethoxylated; b)TFB: poly(9,9-dioctylfluorene-co-N-(4-butylphenyl) diphenylamine); c)poly-TPD: poly[bis(4-butypheny)-bis(phenyl)benzidine]; d)PCBM: 
phenyl-C61-butyric acid methyl ester; e)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,Ndiethylhexan-1-
amine)); f)TAPC: (4,4′-Cyclohexylidenebis[N,N-bis(4-methylphenyl]benzenamine).

Table 1.  Continued.
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perovskite crystals. Numerous and diverse research efforts have 
been tried, and thus greatly improved PLQE (>90% in NCs)[143] 
and EL efficiencies (EQE ≈ 14.36% in PC films,[46] EQE ≈ 
8.73% in NCs,[48] and EQE ≈ 0.1–0.2% in SCs[49]) in each crystal 
form of MHP emitters have been achieved. However, these EL 
efficiencies of PeLEDs are still lower than those of OLEDs (EQE 
≈ 30%),[8,31,32] QD LEDs (EQE ≈ 20%),[29,30] and the theoreti-
cally maximum device efficiency (EQE ≈ 25–30%), which can 
be calculated by considering the charge-balance factor (≈100%) 
and outcoupling efficiency (≈25–30%) in PeLEDs. Further-
more, there are still other challenges that must be overcome to 
achieve successful use of MHPs and PeLEDs.[189]

In MHP PC films, the LE can be increased by decreasing the 
grain size, but further reduction of the grain size to nanom-
eter scales is currently very difficult. Furthermore, MHP PC 
films with a small grain size inevitably contain numerous grain 
boundaries, which can induce nonradiative recombination 
and reduce the LE of MHPs when no defect healing in grain 
boundaries is done. In MHP NCs, electron-hole pairs can be 
easily dissociated in film states due to the close proximity of the 
NCs; this process decreases the LE. Inspired by the progress 
of OLEDs, we suggest that dopant-in-host (MHP PC or NC- 
in-organic) systems[78] have potential to improve the EL efficiency  
of PeLEDs because these systems may further reduce the grain 
size, passivate surface defects in grain boundaries, and prevent 
dissociation of electron-hole pairs. Inspired by the progress of 
QD LEDs, core–shell[190] or gradient–alloy[191] (MHP NC–inor-
ganic) system may also further confine the electron-hole pairs 
in their core perovskites and improve the EL efficiency.

The high sensitivity of MHP emitters to environmental 
conditions and low operating stability of PeLEDs must be 
solved from them to be used in industry.[189] Hydrophobic and 
crosslinkable organic cations or organic ligands can block the 
penetration of oxygen and moisture into perovskite crystals. 
Core–shell type (MHP NC–inorganic) NCs[190] can also show 
improved stability because the inorganic shell materials can 
have low oxygen permeability and prevent ion migration in the 
film states.

In addition, most MHPs use Pb atoms, which are toxic. 
Many researchers have tried to synthesize Pb-free or Pb-less 
MHP emitters and fabricate PeLEDs based on them. However, 
their LEs were much lower than Pb-based MHPs and PeLEDs 
due to the instability of the Pb-free MHPs. Adding Pb-free-
MHP-crystal stabilizing agents during or after fabrication of the 
perovskite crystals can improve the stability and LE of Pb-free 
MHPs and PeLEDs based on them.

In summary, we believe that the ultimate goal of MHPs and 
PeLEDs is commercialization, and it will be achieved soon 
after solving the remaining problems, such as insufficient LE, 
sensitivity to environmental conditions, and low stability. We 
hope that this review will help researchers to understand the 
progress in development of MHP emitters, and inspire them to 
further concentrate on the development of PeLEDs.
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