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ABSTRACT: Metal halide perovskites (MHPs) have outstanding photo-
physical properties and are therefore being evaluated as next-generation
light emitters. Within just a few years, the e ciencies of polycrystalline
perovskite light-emitting diodes (PeLEDs) have been drastically
improved and are catching up with those of conventional organic
LEDs. The electroluminescence e ciency of polycrystalline PeLEDs has
been limited by shortcomings such as limited outcoupling e ciency,
charge imbalance in MHP emitting layers, di culty controlling surface .
morphology, small exciton binding energy at room temperature, and s
nonradiative recombination at defect sites. In this Perspective, we focus
on promising strategies such as optical engineering, charge balance
control, morphological and nanograin engineering, and chemical
modi cation to overcome these shortcomings and suggest future
directions for research to further improve the e ciencies of polycrystal-
line PeLEDs.
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M etal halide perovskites (MHPs) are promising
semiconducting materials for next-generation opto-
electronic devices." * Through the development
history of organic light-emitting diodes (OLEDs) for about the
last 30 years, OLED displays have evolved into thin,
lightweight, and curved forms with high resolution and
superior electroluminescence (EL) e ciencies for low energy
consumption. However, the high material cost and low color
purity of organic emitting materials do not meet the need for a
low-cost product with a vivid, natural color display. Therefore,
to make the leap into the development of next-generation
luminescent materials that meet those needs, MHPs have
quickly attracted the attention of researchers studying LEDs
because MHPs have excellent photophysical properties,
including high color purity with narrow full width at half-
maximum (FWHM) of photoluminescence (PL), excellent
electrical properties, simple solution processability at low
temperature, and easy synthesis routes.” '

Three-dimensional (3D) polycrystalline MHPs have ABX;
crystal structure, where A is an organic or inorganic cation that
functions as a structural template, B a metal cation, and X a
halide anion.® *° Each B is surrounded by six X atoms, and
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each A is positioned in the center of BXg octahedral
frameworks. To be structurally stable, polycrystalline MHPs
should have the tolerance factor t = (ry + ry\)/[v/2 (rg + 1)1,
where r is the ionic radius, in the range 0.8 t 1.0, and
octahedral factor (= rg/ry) in the range 0.44 0.9,
respectively.>**? The crystal structure of 3D cesium-based
lead halides (CsPbXs; X = ClI, Br, 1) was rst investigated by
Maller in 1958 and 3D methylammonium (MA)-based
MHPs (CH;NH3BX3; CH;NH; = MA; B = Pb, Sn; X = Br, I)
were rst synthesized by Weber in 1978.**** Since then, the
optical, photophysical, structural, and dielectric properties of
MHPs have been tested at various temperature ranges."® *°
Some early works reported MHP LEDs (PeLEDs):** 2° such
PeLEDs worked at low temperature (<110 K) in the 1990s,
but had relatively wide FWHM of 100 nm at room
temperature, as a result of emission from organic uorescent
ligands instead of the Pb X octahedron lattice in 1999.%°
These reports did not receive much attention because the low-
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temperature processing or wide-band emission are not
appropriate for next-generation emitting devices.?* “° Thermal
exciton quenching (i.e., thermal ionization of excitons) may be
the main cause of the low EL e ciency of 3D polycrystalline
PeLEDs at room temperature;** if this is correct, then EL
e ciency of PeLEDs could be increased by achieving a high
radiative recombination rate at room temperature. This early
work on PeLEDs showed a low possibility of MHPs as emitters
at room temperature and did not investigate engineering
methods such as morphology and grain size controls, interface
modi cation, or use of additives to overcome the EL e ciency
limitations.

3D polycrystalline MHPs wererst
chosen for use in light emitters for
PeLEDs because of the advantages of
simple synthesis, easylm fabrication,
and e ective charge-transporting
properties.

3D polycrystalline MHPs were rst chosen for use in light
emitters for PeLEDs because of the advantages of simple
synthesis, easy Im fabrication, and e ective charge-trans-
porting properties.**"*" In 2014, the rst PeLEDs that had
been developed at room temperature using 3D polycrystalline
MHP emitters with MAPbI; ,Cl, and MAPDbBr; were
produced by adopting simple planar structures, which had
solution-processed MHP emitting layers (EMLS) between
charge-transporting organic layers with electrodes.>*® The EL
e ciencies of the early-stage PeLEDs in 2014 [infrared (IR)
radiance of 13.2 W/(sr-m?) and external quantum e ciency
(EQE) = 0.76% for MAPbI, ,Cl,; luminance L = 417 cd/m?
and EQE of 0.125% for MAPbBr, perovskite emitters]*?® were
inferior to those of conventional OLEDs, but those solution-
processed PeLEDs clearly proved the possibility of room-
temperature processed next-generation LEDs with a high color
purity of a narrow FWHM 20 nm. Therefore, this pioneering
work triggered research in PeLEDs.**® Since then, EQEs of
PeLEDs have been dramatically improved to the EQE level of
OLED:s; therefore, PeLEDs have been proven to be promising
next-generation LEDs.**?° 3 This rapid increase of EQE in
visible-emitting PeLEDs is much faster than that of the
conventional OLEDs (Figure 1A). This increase may be a
result of high purity of semiconducting materials that can be
achieved by improved synthesis methods and of the highly
developed solution-processing and vacuum-processing techni-
ques for device fabrication which have been established
through the development of OLEDs over the last few decades.

Recently achieved EQEs of 20% clearly prove the
possibility of 3D MHPs as next-generation light emitters.®® 3°
An island/lid-stacked structure (termed quasi-core/shell) of
polycrystalline CsPbBr; capped with MABr additive yielded
EQE = 17% [current e ciency (CE) = 65 cd/A] in green
polycrystalline PeLED.** This structure allowed high photo-
luminescence quantum vyield (PLQY). The EQE was
maximized to 20.31%, assuming a Lambertian distribution
(CEqa = 78 cd/A, CEn 425 cd/A, average CE  56.75
cd/A with relative standard deviation  17.9%) by inserting a
thin insulating poly(methyl methacrylate) (PMMA) layer to
improve charge balance.®® Increase in light extraction e ciency
in polycrystalline PeLEDs based on submicrometer-scale
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FAPbI; (FA = formamidinium) yielded maximum EQE =
20.7% (minimum EQE  17.75%, average EQE ~ 19.2% with
relative standard deviation of 4%) with invisible IR emission.**
The increase in light extraction from FAPbl; was achieved
using an insulating layer of 5-aminovaleric acid (5AVA) to
reduce leakage current through the uncovered emitter region
and to passivate surface defects. Those rapid developments of
PeLEDs have con rmed their possibility of utility as next-
generation emitters.

However, the high relative standard deviation of reported
EQEs are still problematic; therefore, a reliable method to
produce high-e ciency PeLEDs with narrow EQE distribution
should be developed. In this Perspective, we present promising
strategies for e cient 3D polycrystalline Ims and cover the
prospective ways to e ectively improve their EL e ciency of
polycrystalline PeLEDs (Figure 1B).

Optical Engineering and Charge Balance Tamimbinsic
properties of MHPs such as long electron hole di usion
length, small exciton binding energy at room temperature, and
high extinction coe cient (i.e., strong light absorption) are not
favorable for LED applications that in principle need a high
radiative recombination rate with low defect density, e ective
exciton con nement, low optical loss, and charge balance in
PeLEDs. To satisfy those requirements in 3D MHP Ims,
optical properties and charge balance should be modi ed
during deposition of the MHP Im and fabrication of the
devices.

Multilayer PeLEDs are composed of MHP EMLs, organic
charge transport layers, and electrodes. Optical energy loss in
planar LEDs is a result of the surface plasmon, waveguide
mode, and substrate mode. Especially, the refractive index nis
generally higher in solution-processed MHP Ims (n 2.2
2.6) than in organic Ims (n 1.4 2.0),soncandi er greatly
across the interface between them. As a result, the waveguide
mode of the total re ection of the emitting light at the interface
of MHP EMLs can be a major optical energy loss in
PeLEDs.*"*® Therefore, modifying the optical properties is a
simple but very e ective approach to improve the light
outcoupling of PeLEDs. Optical simulation to estimate
theoretical EQE values of PeLEDs with assumptions of ideal
charge balance, PLQY, and Im conditions (i.e., without
considering defects and surface morphology condition)
showed that 3D polycrystalline MAPbI; PeLEDs can have
EQE, . (25.7%) that is relatively higher than that (19.6%) in
quasi-2D NFPI; (the mixture of 1-naphthylmethylamine
iodide, FA iodide, and Pb iodide) PeLEDs.** The simulation
result suggested that the light interference e ect can be
induced by the high n of 3D MHP Ims; therefore, the
outcoupling e ect can be improved by sensitively controlling
the thickness of 3D MHP EMLs (Figure 2AB).** The
outcoupling e ect in PeLEDs depends on the MHP EML
thickness by designing a thin MHP layer (35 40 nm); the
waveguide optical loss is signi cantly minimized to e ectively
improve light outcoupling and EQEs from 4.8% (160 nm
thickness) to 14.3% (35 nm thickness) of the MAPbI; PeLEDs
(Figure 2C).*® Reducing the n of MHP Ims can also be
e ective to minimize waveguide mode optical loss in PeLEDs
(Figure 2D). The nis in uenced by the density of the material
or porosity; the Lorentz Lorenz relationship states that low
density of MHP Ims can lead to a low n*%** The light
emitted from the MHP EMLs passes through complex media,
including grains and grain boundary regions that form during
the crystallization process. The density of the crystallized MHP
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Figure 1. (A) EQE developments depending on the dimension of metal halide perovskites. (B) Promising strategies for highly e cient

polycrystalline PeLEDs.

Ims can be a ected by the deposition method and
crystallinity; therefore, the n of MHP Ims can be changed.
In single-crystalline MHP, n = 2.5; in solution-processed MHP,
n=2.2; and in vacuum-processed MHP Ims, n= 1.8 (Figure
2E).*? The decrease in n means that the polycrystalline media
had lower n than the single-crystalline MHP because the
solution-processed MHP  Im can have relatively lower density
and suggests that the lowest n of vacuum-processed MHP Im
may originate from a lower density, which can be caused by a
low crystallinity. Optical simulation indicated that as n
decreased from 25 to 1.6 (i.e, decrease by 36%), the
outcoupling e ciencies improved from 7% to 25% (i.e.,
increase by 350%).%% Therefore, controlling optical properties
(i.e, the nand thickness) of MHP Ims and design of device
architecture are highly e ective approaches to achieve optimal
EQEs in PeLEDs when ideal MHP Ims are deposited.

EL e ciency in LEDs is signi cantly determined by the
charge balance, recombination rate of electron hole pairs, and
PLQY of the emitting Im in devices. Compared to 3D
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EL e ciency in LEDs is signcantly
determined by the charge balance,
recombination rate of electron hole
pairs, and PLQY of the emitting Im in
devices.

polycrystalline MHPs, the low-dimensional [two-dimensional
(2D) or zero-dimensional (0D)] MHPs have higher exciton
binding energies and e ective exciton con nements due to
guantum con nement e ects by large insulating organic
cations or organic ligands.>** ** In 2D MHPs, a few PbXg
(X = Cl, Br, 1) layers are sandwiched by adding bulky organic
cations such as phenylethylammonium (PEA) or butylammo-
nium (BA) to achieve a multiqguantum well structure that
yields large exciton binding energy and strong exciton
con nement.*® In 0D MHPs, PbX, octahedra that are isolated
by insulating ligands e ectively con ne excitons; this results in
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Figure 2. Optical power distribution of (A) 3D MAPbI; (n = 2.6) and (B) quasi-2D NFPI; (n = 2.0) PeLEDs depending on the MHP EML
thickness. (Adapted with permission from ref 39. Copyright 2018 Wiley Online Library.) (C) External quantum e ciencies of PeLEDs
depending on the MAPbI; thickness. (Adapted with permission from ref 38. Copyright 2018 Wiley Online Library.) (D) Schematic
illustration of optical outcoupling in polycrystalline PeLEDs depending on the EML thickness. (E) Optical constants ( lled symbol, n; open
symbol, k) of single crystal (black), solution-processed thin- Im (red), and vacuum-processed thin- Im (green) from ellipsometry
measurements. (Adapted from ref 42. Copyright 2017 American Chemical Society.) (F) Schematic images of energy and charge carrier
cascade in multiquantum wells of quasi-2D MHPs. (Adapted with permission from ref 35. Copyright 2018 Elsevier Ltd.) (G) Electron
current density versus voltage measurement of MAPbBr;-based electron-dominant devices depending on the TPBI additive concentration of
A-NCP. (Adapted with permission from ref 30. Copyright 2017 Elsevier Ltd.) (H) Schematic illustration of improved electron injection
e ciency at the MHP interface. (Adapted with permission from ref 30. Copyright 2017 Elsevier Ltd.).

high exciton binding energy.*”*® Furthermore, CsPbX; (X =
halides) quantum dots (QDs) have achieved PLQY > 90%.*
The low dimensionalities of 2D and 0D MHPs are
theoretically bene cial to achieving high external PLQY of
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the Ims, which can lead to high EL e ciency. However, the
external PLQY of the MHP Ims can be decreased by photon
recycling and low outcoupling e ciency that arise from the
high n of MHPs.2"° Therefore, passivation of surface defects
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in 3D polycrystalline MAPbl; Im has given a high internal
PLQY = 91.9% at the photon ux of 60 mW/cm? at 532 nm,
although an external PLQY showed 37%.3"*° This high
internal PLQY of 3D MHPs suggests that 3D polycrystalline
MHP Ims possibly have a high radiative recombination rate,
but high external PLQY may be degraded by bulk and surface
defects and by high n. Therefore, an ideal EQE up to 25 30%
in 3D polycrystalline PeLEDs can be achieved when the low
external PLQY is overcome by defect passivation and e ective
light outcoupling.

Although the grain boundary has been reported as a charge-
transporting barrier, charge separator, and charge trapping site
in 3D MHPs,>"* the charge-transporting property is more
bene cial in 3D MHPs than in 2D and 0D PeLEDs that have
bulky organic cations or insulating ligands.> Furthermore, the
contribution of the charge transfer is more important than the
energy transfer for the EL e ciency of quasi-2D
PA,(CsPbBr3), PbBr, PeLEDs (PA = propylammonium; y
number of PbBrg layers between bulky organic layer)
accompanied by e cient energg/ con nement during electrical
device operation (Figure 2F).>> Especially, the charge balance
and con nement depending on charge carrier cascades from
high to low bandgap states (i.e., MHP units with large y) in
quasi-2D MHP Ims are not e cient because of the energy
level di erences between multiquantum well MHP units and
the imbalanced electron and hole cascade;* charges can
accumulate and device e ciency can decrease signi cantly at
high driving voltages. Therefore, the charge-transporting
property is an important parameter in the luminescent
properties of PeLEDs; the electrical transport property can
be better when 3D MHPs are used than when low-dimensional
MHPs are used, and the e ciency of the PeLEDs can be
e ectively improved when the defective grain boundary region
becomes benign.

To further improve the charge balance in PeLEDs, the
charge injection e ciency at the interface of MHP EMLs
should be considered. The surface of crystallized MHP EMLs
has a high density of grain boundary regions that signi cantly
suppress the charge injection and transport because of poor
interfacial characteristics such as contact barriers, charge
scattering, and defects including vacancies and intersti-
tials.?”**** The charge carrier mobility — in MHPs is
signi cantly in uenced by the crystallinity and grain size of
MHP Ims, and these characteristics can be strongly a ected
by the deposition methods.>® As grain size decreases, grain
boundary region increases; therefore, is signi cantly lower in
polycrystalline MAPbBr; [ = 0.047 cmzlgv-sgg than in a
single MAPbBr; crystal [ = 38 cm?/(V:s)].2"*%*®%"  can be
increased by passivating the defective grain boundary regions
by lling it with organic semiconducting molecules to suppress
the charge scattering and improve interfacial characteristics;
the result is an increase in charge injection e ciency and
charge balance in the devices. In the standard-structured
MAPDBr; PeLEDs, the electron injection e ciency can be
improved by lling the grain boundary region near the
MAPDBr; surface with a semiconducting organic additive such
as 2,2 ,2 -(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimida-
zole) (TPBI); this process increases the electron current
density levels as TPBI additive concentration increases (Figure
2G,H).*® The improved electron injection induced e ective
charge balance and thereby resulted in a gradual increase in
EQEs from 2.56% to 8.79%. Moreover, both the hole and
electron injection e ciencies for the charge balance can be
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simultaneously improved by a coadditive system of hole-
transporting additive and an electron-transporting additive.
The hole- and electron-transporting properties can be
investigated by measuring the current density voltage
characteristics of unipolar charge-dominant devices.***® The
hole (or electron) current density can be increased when the
hole-transporting (or electron-transporting) additive is added
into MHP precursor solutions. An optimized 1:2 weight ratio
of poly(9-vinylcarbazole) (PVK) as a hole-transporting
additive and TPBI as electron-transporting additive improved
charge balance in MAPbBr; PeLEDs and greatly increased the
CEs from 1.4 cd/A to 9.45 cd/A.>® Therefore, methods to
optimize the devices should simultaneously include adding
organic transporting materials into MHPs and applying optical
engineering for e ective light outcoupling by reducing n and
controlling electron hole balance by composition engineering.

Morphological Engineerfapr surface morphology and
coverage cause nonradiative recombination loss, which is one
of the critical problems that degrade the luminescent e ciency
in planar PeLEDs, especially when the organic or MHP layers
are deposited using a solution process.>” ® The interfacial

Poor surface morphology and coverage
cause nonradiative recombination loss,
which is one of the critical problems
that degrade the luminescent e -
ciency in planar PeLEDs.

properties between layers of planar-structured devices are
closely related to current leakage and device lifetime.
Furthermore, 3D MHPs generally form micrometer-scale,
island-like microscale cubic crystals with poor surface coverage
after the normal spin-coating process because MHP precursors
have poor wettability on the underlying organic layer and
crystallize rapidly.®® The discontinuous crystal domains and
poor surface coverage are accompanied by pinholes, which can
cause leakage current in the devices."*® The direct contacts
between charge transport layers due to pinholes between large
cuboid MHP crystals can allow charges to pass through the
devices without injecting charges into MHP EMLs; the charge
transport can be concentrated in a local contact region and
thereby si%ni cantly degrade the device e ciency of
PeLEDs.%* °° Therefore, strategies of morphological engineer-
ing to improve surface morphology for e cient PeLEDs have
been reported.®” "* The most representative method is the
antisolvent-induced crystallization process, which can induce
rapid and uniform crystallization of MHP crystals to achieve a
pinhole-free and uniform morphology.”> " The smooth
surface coverage without leakage current by discontinuous
microcuboids can generally achieve improved device perform-
ance with high reproducibility in applications of both solar cells
and LEDs.

Simple control of the molar ratio between the MHP
precursors such as MABr and PbBr, (i.e., stoichiometry
engineering) can yield good surface morphology with high
reproducibility and low nonradiative recombination loss b)é
enabling su cient reaction between excess MABr and PbBr,.°
The resulting PeLEDs have low current leakage; this is
ascribed to the improved surface morphology and yielded
PeLEDs that had improved L, = 6124 cd/m? and CE,,
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A

HBr 6 vol.%

Figure 3. Schematic illustrations of strategies to control surface morphology using (A) acidic additive such as HBr, (D) polymeric additives

such as PIP, and (G) small-molecule additives such as TPBI. Scanning electron microscopy images of MAPbBr; polycrystalline
Ims with HBr additive amount of (B) 0 vol % and (C) 6 vol %. (Adapted with

di erent morpholgical engineering methods. MAPbBr,

Ims with

permission from ref 87. Copyright 2016 Royal Society of Chemistry.) MAPbBr; Ims with PIP additive amount of (E) 0 and (F) 1/2 w/w
ratio. (Adapted from ref 92. Copyright 2015 American Chemical Society.) MAPbBr; polycrystalline Ims (H) without NCP and (1) with A-
NCP. (Adapted with permission from ref 1. Copyright 2015 American Association for the Advancement of Science.)

15.26 cd/A, whereas PeLEDs without stoichiometgy control
showed L, = 28.8 cd/m? and CE,,,, = 0.02 cd/A.”®

The poor morphology of MHP Ims can be improved by
surface modi cation of the underlying layers to increase the
number of nucleation sites. MHP precursors have a high
nucleation barrier and a very poor wettability on underlying
hydrophobic surfaces of conventional organic layers, resulting
in the discontinuous island growth.°” °° The di erence in
interfacial energy causes abrupt partial crystallization with large
pinholes during crystal growth, and as a result prohibits full
surface coverage of MHP  Ims. UV-ozone treatment to acquire
a hydrophilic surface on the underlying layer can improve the
wettability of MHP precursors by reducing the interfacial
energy and heterogeneous nucleation barrier.”® This process
yields dense nucleation sites and uniform coverage without
pinholes. Nickel oxide (NiO,) is a promising hole injection
material for PeLEDs to replace the commonly used poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) because the surface energy of NiO, is much
higher than that of PEDOT:PSS and because of other
advantages, such as high transmittance >95%, smooth surface
morphology, and nonacidic nature. Especially, the nonacidic
nature of the underlying NiO, layer compared with the acidic
nature of the underlying PEDOT:PSS layer can result in a
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lower density of interfacial trap states and related nonradiative
recombination at the interface, showing signi cantly enhanced
photostability of MHP Ims and operational stability of
PeLEDs.”” The hydrophilic NiO, surface improves the
wettability of CsBr and PbBr, precursors and surface coverage
of inorganic CsPbBr; Im, thereby increasing L., to 23 828
cd/m? and CE,, to 9.54 cd/A, whereas PEDOT:PSS-based
PeLEDs had L = 14959 cd/m? and CE = 2.92 cd/A.° A
variety of candidates with hydrophilic surfaces, such as
poly[(9,9-bis(3 -(N,N-dimethylamino)propyl)-2,7- uorene)-
alt-2,7-(9,9-dioctyl uorene)] (PFN) and LiCoO,, can be
substituted for PEDOT:PSS or other hydrophobic HTLs.”®

Also, the crystallization kinetics of MHP Ims can be
precisely controlled by choosing an underlying layer that is
soluble in a polar solvent. Poly(styrenesulfonate)-grafted
polyaniline (PSS-g¢PANI) is a self-doped conducting polymer
that can be soluble in DMSO, so its Im can be partially
dissolved by a base solvent of DMSO. As a result, the
evaporation rate of the solvent can be retarded. With a delayed
evaporation of DMSO during a spin-coating process, high
density of nuclei can participate in crystal growth for smaller
grains with uniform surface morphology.®* Therefore, two-
times improved device e ciency of 14.3 cd/A was achieved
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with PeLEDs based on PSS-gPANI HTL comgared to that of
pristine PeLEDs based on PEDOT:PSS HTL.%

Inserting a hydrophilic insulating polymer layer under the
MHP layer is another promising method to modify the surface
energy of the underlying layer. Deposition of a hydrophilic
polyvinyl pyrrolidine (PVP) interlayer induced a good wetting
property with the hydrophilic MHP precursor solution and
yielded uniform CsPbBr; crystal growth with a low density of
pinholes; therefore, nonradiative recombination losses were
suppressed, and ultrahigh L, = 91000 cd/m? and EQE, 5 =
10.4% were achieved.”

Addition of stabilizers to the MHP precursor solution to
control the crystal growth of MHPs is an e ective way to
achieve a uniform and smooth surface morphology. When the
MHP precursor solution is synthesized with an equimolar ratio
of MAI:Pbl,, the precursor solution usually forms a mesoscale
colloid which then disperses.®® These mesoscale colloids can
participate in nucleation and yield of large crystals that have
poor morphology.®*® Addition of an excess of MA organic
cation to the MHP precursor solutions can decrease the size of
the colloids that are dispersed in it, so Im morphology can be
improved. Acidic additives such as hydroiodic (HI) or
hydrobromic (HBr) acid can help to dissolve the colloids,
which act as nucleation sites and thus increase the super-
saturation concentration of precursor solution during the
deposition process and suppress fast crystallization.®*5°
Addition of 6 vol % HBr into the MABr:PbBr,:DMF precursor
solution can improve the solubility of the precursors by
e ectively dissolving the inorganic component, so a dense and
uniform MAPbBr; Im with reduced grain size of 500 nm was
achieved; the PeLEDs had L, = 3490 cd/m? and CE,,
0.43 cd/A (Figure 3A C).%’

An MHP Im with smooth surface morphology can be also
deposited by vapor-assisted sequential deposition; this method
is useful for mass production with high reproducibility.®®
To perform this method, thermally vaporized MAX (X = ClI,
Br, 1) ows across the surface of a spin-coated PbX, layer and
then di uses into the underlying PbX, layer to form a MAPbX,

Im by a dissolution recrystallization mechanism. During this
process, if the evaporation time of MABr powder is insu  cient
(i.e., the concentration of MABr vapor is low), then initially
formed MAPhBTr; crystals hinder the di usion of MABr into
the PbBr, layer and the MAPbBr; Im can retain unreacted
PbBr,. The evaporation temperature can be controlled in the
range of 120 180 °C to further modify the surface
morphology to achieve a smooth and pinhole-free MAPDBr,

Im. Therefore, growth parameters such as the evaporation
time of MABr vapor and optimized reaction temperature
should be precisely optimized to fully convert the PbBr, layer
to a high-quality MAPbBr; Im.

Another strategy to improve the surface morphology by
control of crystallization kinetics is to retard crystal growth rate
to avoid abrupt crystal growth, which results in a rough surface
morphology. Polymeric additives are e ective to retard crystal
growth of MHPs for the formation of pinhole-free thin Ims.
When a polymeric additive such as poly(ethylene glycol)
(PEG), PVK, polyimide precursor (PIP), PVP, or poly(2-
hydroxyethyl methacrylate) (poly-HEMA) is added to the
MHP precursor solution, its viscosity increases and the
interaction between perovskite precursors is hindered, so
crystal growth rate can be signi cantly reduced.*®* °
Moreover, polymeric additives signi cantly interrupt di usion
of MHP precursors during spin-coating and thermal treatment
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processes. As a result, formation of pinholes can be e ectively
suppressed, and current leakage can be reduced in PeLEDs.
The addition of PIP e ectively reduced the crystal size from
250 nm in the large cuboids of pure MHP thin Im to 60 nm
in PIP:MHP  Im with weight ratio of 1:2 (Figure 3D F).”
This process doubled the EQE of 1% in the MAPbBr;:PIP
PeLED, compared to pure MAPbBr; PeLEDs.®? Also,
incorporation of 0.5 3 wt % PEO into MHPs reduced the
crystal size from 2 m to 100 nm and yielded uniformly
dispersed nanosized grains with Im coverage >95%.°%°" By
the mixing of a PEO:DMSO additive solution with a
CsPbBr;:DMSO precursor solution before spin-coating, uni-
form and pinhole-free CsPbBr; Ims with high PLQY of 60%
were formed by a one-step spin-coating process.”® This
method vyielded a fully covered and smooth CsPbBr; PEO

Im, suppressed the interfacial quenching and leakage current,
and achieved L, = 53525 cd/m? and EQE,,, = 4.26%.

The crystallization process can also be retarded using Lewis
base additives such as dimethyl siloxane (DMSO), thiourea,
and pyridine, which react with lead halide precursors to form a
Lewis acid base adduct.”® © The lone-pair electrons in the
Lewis base additive are shared with Pb atoms of lead halide
precursors by dative bonding, so Lewis acid base adducts
form. The strength of the dative bonds depends on the Lewis
basicity, so adduct formation energy can increase as the
basicity of the Lewis base additive increases. The Lewis acid
base adduct approach has been mainly reported for the
development of solar cell applications, but their retarded
crystallization process could be also applicable to PeLEDs by
enabling easy control of grain size and passivating defects to
reduce low nonradiative recombination losses.'*”

After the formation of MHP Ims, the Im morphology can
be also improved with post vapor treatment to remove
pinholes and induce further chemical reaction. Residual base
solvent of DMSO can make pinholes after the crystallization
because of its high boiling point and formation of intermediate
phase with MAPbX; precursors.*®®> The vapor-assisted
postannealing method can be an e ective way to remove
pinholes and achieve a closely packed surface morphology by
simultaneously rinsing residual DMSO with vaporized other
nonpolar solvents such as chlorobenzene (CB).*** Moreover,
providing MA vapor onto MAPbBr; Ims can e ectively heal
and reconstruct the defective grain boundaries, including voids
or pinholes arising from insu cient chemical reaction or
residual DMSO.**

To further develop the crystallization retardation method,
semiconducting small-molecule additives such as TPBI or
bathocuproine (BCP) with antisolvent-induced crystallization
(i.e., solvent engineering) can be used.*>'% The crystallization
kinetics can be simultaneously controlled by both the small
molecules acting as inhibitor and the antisolvent changing the
solubility of perovskite precursors, helping make MHP thin

Ims with pinhole-free, closely packed, and uniform surface
coverage by controlling the crystallization and washing the
base solvent during the spin-coating process.”” " Nanocrystal
pinning (NCP) is an e ective method to control the
crystallization Kkinetics, and thereby it can form the pinhole-
free surface morphology of the MAPbBr; Im.**® The NCP
process can rapidly induce an excess supersaturation state with
a high density of nucleation sites, so crystals grow rapidly with
smooth surface morphology and complete coverage (Figure
3G,H).**%™ Therefore, when the crystal growth rate is
retarded, the nucleation and crystal growth rate can be
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Figure 4. (A) Schematic illustrations of the spatial exciton con nement in nanograins. Scanning electron microscopy images of MAPbBr;
with di erent NCP solvents. NCP solvent is (B) cyclohexane or (C) CB. (Adapted with permission from ref 108. Copyright 2017 Royal
Society of Chemistry.) Atomic force microscopy images of MAPbBr; of (D) without A-NCP and (E) with A-NCP. (Adapted from ref 110.
Copyright 2017 American Chemical Society.) MAPbBr; polymer Im with di erent gas pressures. The gas pressure is (F) 0.1 MPa or (G)
0.25 MPa. (Adapted from ref 111. Copyright 2017 American Chemical Society.).

appropriately controlled by applying the NCP process with dissolved in an antisolvent into the MHP precursor solution

optimized dripping time, speed, solvent type, and amount of can retard the crystal growth by acting as inhibitors. Moreover,

solvent. With that, incorporation of small-molecule additives the NCP process concurrently modi es surface morphology
1141 DOI:10.1021/acsenergylett.9b00518
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and reduces grain size; those e ects will be discussed in the
next section.

Nanograin Engineeriggnall grains e ectively con ne
excitons within grains of 3D MHPs and achieve a high
radiative recombination rate to overcome the intrinsic small
exciton binding energy and long electron hole di usion length
(Figure 4A). To reduce grain size and achieve high-e ciency

Small grains e ectively con ne exci-
tons within grains of 3D MHPs and
achieve a high radiative recombination
rate to overcome the intrinsic small
exciton binding energy and long
electron hole di usion length.

3D polycrystalline PeLEDs, several methods of solvent
engineering, additive engineerin?, and thermodynamic mod-
i cation have been developed.?”*%%%7

During an antisolvent dropping method (i.e., solvent
engineering) for nanograin engineering, the crystallization
behavior that a ects the surface morphology is dependent on
the properties of the antisolvent, such as volatility or polarity;
that is, a nonpolar solvent can be an e ective antisolvent when
DMSO or DMF is used as base solvent to dissolve MHP
precursors. Cyclohexane, toluene, benzene, CB, and CF can be
used as antisolvents when DMSO or DMF are used as a base
solvent of MHPs.**® The relative polarities of antisolvents and
base solvents are 0.006 in cyclohexane, 0.099 in toluene, 0.111
in benzene, 0.188 in CB, 0.259 in CF, 0.444 in DMSO, and
0.386 in DMF.**° When the polarity is too much lower in the
antisolvent than in the base solvents of DMSO and DMF that
are generally used to dissolve MHP precursors, the antisolvent
is relatively immiscible with base solvents and therefore cannot
wash them out. Therefore, cyclohexane dripping did not
improve the surface morphology compared to the other
antisolvents because of its very low polarity, whereas other
antisolvents yielded a fully covered and smooth surface
morphology with small grains (Figure 4B,C).*%®

The NCP process is an e ective solvent engineering
method.*° During the NCP process, volatile and nonpolar
chloroform (CF) induces rapid crystallization by drastically
washing out the polar base solvents (e.g., DMF or DMSQO) and
thereby signi cantly in uences crystallization kinetics; the
embryos can change rapidly to the supersaturated state, so
nucleation and crystal growth can easily occur at the interface
between the underlying layer and quasi-MHP Im during the
spin-coating process. Then the surface morphology of
MAPDBBr; is improved from randomly distributed micro-
meter-sized cuboids to well-packed small grains (100 250
nm) with complete coverage.

To further decrease the grain size, TPBI dissolved in CF can
be used as an additive; this process is called additive-based
NCP (A-NCP). The TPBI additive in the A-NCP process can
locate between growing grains, where it impedes crystal
coarsening; as a result, the grain size has been decreased to 99
nm and perfect Im morphology can be achieved (Figure 31).%
The excitons are e ectively con ned inside small grains by
spatial con nement e ect, so the electron hole di usion
length in 3D MHPs can be reduced. Therefore, MAPDBr,
PeLEDs achieved using A-NCP showed high CE,,, = 42.9 cd/
A and EQE,,, = 8.53%." The TPBI additive is located in the
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grain boundary region but does not a ect perovskite crystal
structure; the grain size can be decreased to 86.7 nm with
optimized TPBI additive concentration of 0.1 wt % to yield
EQE, 4 Of 8.79%.%

Other additives can be also used in the A-NCP process to
control grain size. With perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) as an additive for a dripping process,
the additive-assisted crystal pinning process greatly reduced
grain size to 100 400 nm, compared to 5 10 m in pristine
MAPbBr, Im without antisolvent treatment (Figure 4D E).**°
The PTCDA molecular additive can attach to the grain surface
by chemical bonding, which can suppress crystal growth. A
local emission map of confocal uorescence microscopy
showed homogeneously enhanced PL intensities on the surface
of the MAPbBr; Im that had been treated with PTCDA:CF.
To give more detailed information about reported NCP
methods, the reported additives, solvents, and achieved device
e ciencies are summarized in Table 1.

Table 1. Nanocrystal Pinning (NCP) Methods and Detailed
Information

precursor reported device
NCP methods solution solvent  additive e ciencies
solvent-based ~ MAPbBr, CF a 21.4 cd/A’ 2.56%°
NCP
(S-NCP)
S-NCP MAPbBT, CF a 15.9 cd/A
additive-based MAPDbBr3; CF TPBI 12.9 cd/A, 8.53%,"
NCP 8.79%*
(A-NCP)
A-NCP FAoCso1PbBry CF  TPBI 145 cd/A, 3.1%"*
A-NCP MAPbBT, CF PTCDA  0.02%°
fast A-NCP MAPbBr3:TPBI CF  TPBI 45.95 cd/A, 11.7%,
87.35 cd/AP
21.819%°4%

3The S-NCP method was used without additive. PE ciencies with
half-sphere lens.

As an additional e ect of solvent engineering, Cl atoms of
CB can passivate the defects of the MHP  Im.*® This defect
passivation e ect can be more e ective than the use of pure
solvent dripping in 3D MHPs because the density of the
defective grain boundary region inevitably increases as grain
size decreases. Therefore, solvent treatment that results in
formation of small grains with smooth Im surface
concurrently with defect passivation by the antisolvent such
as CB may be a promising strategy to fabricate highly e cient
3D polycrystalline PeLEDs.

Gas-assisted crystallization induces fast solvent washing to
achieve a high supersaturation state and formation of a large
number of nuclei. This method can be used to promote a high
nucleation rate with fast crystallization of the MHP  Im.%-**
The gas-assisted crystallization method is favorable for mass
production and is less toxic than the antisolvent method;
therefore, it is more environmentally benign.**%%® In this
method, compressed N, gas is blown over the Im surface
during the spin-coating process; the purpose is to rapidly
remove the base solvent and promote the supersaturation state
of the precursor solution.”*** When the N, gas pressure was
increased, the average grain size and the thickness of the
MAPbBr; polymer composite Im were gradually decreased
from 409.8 and 669.8 nm at 0.1 MPa to 79.3 and 509.4 nm at
0.25 MPa (Figure 4F,G).*** However, after the gas pressure
reached 0.3 MPa, the grain size and thickness increased, and
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Figure 5. (A) Schematic illustrations of stoichiometry control using excess MABr to prevent exciton quenching from metallic Pb atoms. (B
and C) CE of PeLEDs and PL lifetime of perovskite thin Ims based on S-NCP and MAPbBr; nanograin emission layers with varying molar
ratio of MABr:PbBr,. (Adapted with permission from ref 1. Copyright 2015 American Association for the Advancement of Science.) (D)
Schematic illustration of postligand treatment using tri-n-octylphosphine oxide (TOPO). (E and F) Photoluminescence quantum yield

(PLQY) and PL lifetime of control (black) and TOPO-treated

Ims (red). (Adapted from ref 130. Copyright 2016 American Chemical

Society.) (G) FTIR spectra of PEG, PEG:PbBr,, and PEG:CsPbBr; powders. (H) Normalized PL intensity and PLQY as a function of the

PEG:CsPbBr; weight ratio. (I) PL lifetime of neat CsPbBr; and PEG:CsPbBr; (0.034:1)

American Chemical Society.).

Ims. (Adapted from ref 93. Copyright 2017

the surface roughness increased because secondary nucleation
may occur onto the precrystallized MHP layer. Therefore, N,
gas pressure must be optimized to deposit e cient MHP Ims
with small grains and smooth surface morphology for high-
e ciency PeLEDs. An optimized gas-assisted crystallization
process achieved CE, = 1.12 cd/A and L, = 6800 cd/m?
for PeLED with a MAPbBr; polymer composite Im (vs CE =
0.38 cd/A without gas-assisted crystallization).

The properties of MHP  Ims can be signi cantly in uenced
by Im deposition methods. A two-step deposition method
that deposits AX (A = MA, FA, Cs; X = Cl, Br, 1) precursor
solutions onto a predeposited PbX, layer is an e ective method
to control the grain size and surface morphology. Factors such
as reaction temperature and loading time before spinning
during spin-casting a ect the reaction mechanism between two
precursor layers.”>*** The two-step deposition method has
high reproducibility due to the precise controllability of
crystallization kinetics."**** In particular, the underlying PbX,
surface can provide dense and uniform nucleation sites, so the
homogeneous nucleation and crystal growth can be accel-
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erated. When MABr:isopropyl alcohol precursor solution was
spin-coated onto the predeposited PbBr, layer to deposit a
MAPDbBr; Im, the grain size of the MAPbBr; Im was
dramatically decreased to 187 nm, whereas the one-step
procleigsed MAPbBr; Im showed the larger grain size of 660
nm.

Another way to control crystallization kinetics is a
modulation of precursor sources. The precursors of CsBr
and PbBr, have been generally used to make a CsPbBr; Im.
As a source of CsPbBr; precursors, cesium tri uoroacetate
(CSTFA) can be used instead of the CsBr precursor.**” A
CsTFA-based CsPbBr; Im can be e ectively formed without
forming the intermediate phase (i.e., CsBr-PbBr,DMSO
complex) because of a strong interaction between TFA
(CF,COO0 ) and Pb?". Therefore, the direct conversion into
CsPbBr; at room temperature can accelerate crystallization
resulting in high nucleation density, so the CsTFA-based
CsPbBr; Ims have smooth and smaller grain size ( 60 nm).
As a result, the CsTFA-based CsPbBr; PeLEDs achieved CE,p.,
= 32.0 cd/A and EQE,,, = 10.5%.
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We expect that nanograin engineering by Kkinetically
controlling the crystallization mechanism, combined with
deposition process, will be a very important approach to
realize highly e cient 3D polycrystalline PeLEDs.

Chemical ModificatioBne challenging aspect of poly-
crystalline MHP thin Ims is that they inevitably form high-
density defect states. Furthermore, MHP crystals have a polar
and soft ionic lattice with lattice tilting and distortion which
can result in atomic vacancies and high chemical reactivity, so
they are vulnerable.**® Therefore, the perovskite structure has
various ionic trap states as well as the defect states.**® Charge
carriers can be easily trapped or quenched by trap states such
as metallic interstitial defects or halide vacancies; as a result,
EL e ciency can decrease drastically.**°

One e cient strategy to increase EL e ciency is to remove
metallic quenching sites such as metallic Pb atoms in the
perovskite structure. Metallic atoms that remain after
incomplete reaction between precursors can act as a strong
quencher for excitons by dipole dipole interaction, which
facilitates nonradiative recombination loss."*** Stoichiometry
engineering using excess organic cations has been used to
remove metallic Pb atoms and reduce exciton quenching
(Figure 5A).2*9%22 pL_ lifetimes extracted from transient PL
data have shown that uncoordinated metallic Pb atoms cause
strong nonradiative recombination. PL lifetime can be
increased by removing the metallic Pb atoms; the increase in
device e ciency can be ascribed to reduction in exciton
quenching by the ne stoichiometry control (Figure 5B,C).

Compositional engineering using a di erent composite
system for a stable crystal structure can also enhance the
intrinsic chemical stability and suppress the electronic trap
states in a perovskite lattice. Substitution of widely used MA
cation with other cations, including FA*, Cs*, rubidium (Rb"),
potassium (K*) or a mixture of them, has shown to be e ective
for the enhanced structural stability and photophysical
properties.”**?* In particular, systematic analysis on structural
and optical properties of FA,Cs; ,PbBr; or FA,Rb, ,PbBr;
revealed that incorporating a small amount of alkali cations
into perovskite crystals can e ectively stabilize the chemical
state of Pb?" ions and PbBrg octahedra, resulting in the low
trap density and enhanced EL e ciency with suppressed
photoinduced and electrically driven degradation.***** More-
over, central Pb substitution with other divalent metals such as
cadmium (Cd) or zinc (Zn) reported in solar cell applications
has indicated the possibility of further structural stabilization
and enhancement of photophysical properties of 3D MHPs.*?®

Chemically passivating defect states at the grain boundaries
is also important because nanograin engineering inevitably
causes a high density of grain boundary regions.'*°

Chemically passivating defect states at
the grain boundaries is also important
because nanograin engineering inevi-
tably causes a high density of grain
boundary regions.

Uncoordinated ions occur at the grain surface, mostly as a
result of formation of ionic defects with low formation energy
such as halogen or MA vacancies and interstitials."?’ These
defects can remain charged defects, trap charge carriers, or
dissociate excitons into the free charges.**®
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Theoretical studies and direct observation of confocal PL
microscopy on the defect chemistry have shown that chemical
treatment of nonstoichiometric grain surfaces with uncoordi-
nated Pb atoms can strongly a ect the PL e ciency of MHP

Ims.**® Electron-rich molecules can passivate undercoordi-
nated Pb?* ions in MHPs and thereby suppress charge trapping
and nonradiative recombination. Moreover, surface treatment
of MHP Ims with electron-rich Lewis base molecules such as
pyridine, thiophene, and tri-n-octylphosphine oxide (TOPO)
have dramatically increased the PL lifetimes and PLQYs by
neutralizing and deactivating positively charged defects (Figure
5D F).2%2"3% |ewis-basic PEG-doped CsPbBr; for PeLEDs
has been achieved by inducing a dative bonding between
electron-rich oxygen atoms and uncoordinated Pb?* defects.”®
Maximum PLQY was much higher (35%) in PEG-doped
CsPbBr; Im than in pristine CsPbBr; Im, and the optimized
PeLEDs achieved CE.. = 19 cd/A and EQE,. = 5.34%
(Figure 5G 1).°* In-depth study and experimental inves-
tigation of nonradiative losses at the chemical defect states of
MHPs are ongoing; the results may further accelerate the
development of high-e ciency PeLEDs to achieve high
internal quantum e ciency without nonradiative losses.

Summary and Future OutldBkpolycrystalline MHPs have
easier synthesis methods, better coating processabilities, and
higher charge transport properties in comparison to low-
dimensional MHPs. However, 3D polycrystalline MHPs have
intrinsically small exciton binding energy at room temperature,
long electron hole di usion length, and high refractive index n
and su er from defect formation during deposition processes;
these shortcomings have limited the EL e ciency of
polycrystalline PeLEDs. To overcome those limitations,
promising strategies such as optical engineering, charge
balance control, morphological and nanograin engineering,
and chemical modi cation have been developed. As a result,
during the short and active development period after 2014 for
3D polycrystalline PeLEDs that operate at room temperature,
EQEs of 3D polycrystalline PeLEDs have been rapidly
improved to >20%, assuming a Lambertian distribution.
Moreover, researchers have theoretically and experimentally
proven the possibilities of achieving high EQEs of 25% and
internal PLQY of 91.9% in polycrystalline PeLEDs.*>” Although
those prominent results of 3D polycrystalline PeLEDs have
been reported, scienti ¢ and technological challenges remain.

The research area of PeLEDs has been divided into three
di erent major sub elds: (1) 3D polycrystalline perovskites,
(2) quasi-2D perovskites (Ruddlesden Popper), and (3) 0D
perovskites (QDs), and each sub eld has its own progress
(Figure 1A). The low-dimensional quasi-2D and 0D perov-
skites in principle do not have the intrinsic limitations in
e ciency related to small exciton binding energy and long
exciton di usion length, which can be ideal for high-e ciency
emitters. However, the 3D MHPs have those intrinsic
limitations in EL e ciency despite their strong advantages of
easy synthesis and favorable optical and electrical properties for
optoelectronics, as discussed in the above sections. Therefore,
the e cient strategies to overcome those fundamental issues in
3D MHP emitters should be further developed to improve the
device e ciency of 3D polycrystalline PeLEDs. To improve
the EL e ciency of 3D polycrystalline PeLEDs by improving
radiative recombination rate, grain size must be decreased to
the exciton Bohr diameter (e.g, 10 nm for MAPbBr;) to
achieve e ective spatial con nement of excitons in nanograins.
Furthermore, the formation of perfect single-crystalline
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nanograins without bulk defects and surface defect passivation
by semiconducting additives can be a promising strategy. One

One way to achieve this goal may be to
mimic the core shell system of low-
dimensional MHPs, which are sur-
rounded by bulky organic cations or
insulating ligands.

way to achieve this goal may be to mimic the core shell
system of low-dimensional MHPs, which are surrounded by
bulky organic cations or insulating ligands (i.e., 3D MHP
polycr}/stals surrounded by semiconducting organic addi-
tives),"****" to overcome simultaneously the limited charge
transport in low-dimensional PeLEDs and the defective grain
boundary passivating in 3D polycrystalline MHP  Ims. Small
nanograins surrounded by organic semiconducting additives
will also decrease n of the 3D MHP Ims; we expect that the
organic semiconducting additives can reduce the density of the
MHP Ims because low-n organic additives at the grain
boundary region can e ectively separate the high-n MHP
nanograins, thereby reducing n. A low n can reduce the
waveguide mode optical loss at the interface between MHP
EMLs and adjacent organic layers; the light outcoupling
e ciency can then be maximized by simultaneously controlling
the thickness of MHP EMLs.

Methods to overcome the morphological limitations can
include additive or solvent engineering to stabilize the MHP
precursor and precisely control the crystallization kinetics by
surface modi cation of the underlying layer to attain uniform
and dense crystallization of MHPs. To inhibit nonradiative
recombination at trap sites in MHP Ims, various strategies can
be applied: the ne stoichiometric approach (excess MABr to
remove metallic Pb), the chemical passivation of surface
defects with additives that have strong Lewis basicity or acidity,
and post-treatment of surface defect states with CH3;NH,
vapor or Lewis-base molecules. Thus, achieving defect-free
and highly luminescent MHP crystals is one of the highest
priorities for highly e cient 3D polycrystalline PeLEDs that do
not su er from nonradiative losses at trap sites.

The strategies to improve EL e ciency in PeLEDs can be
e ectively accompanied by an improved device lifetime.
Possible in uences on device lifetime include the following:
(1) E ective charge balance, which can induce the uniform
recombination throughout the MHP EMLs, can avoid a local
charge accumulation that can cause a local electric eld
accelerating ion migration. (2) A pinhole-free and smooth
surface morphology can reduce the local leakage current that
causes Joule heating and degrades the thermal stability. (3)
Defect passivation can e ectively impede an ion migration at
the grain boundary region and improve chemical stability;
chemically stable MHP Ims can improve operational device
lifetime. In particular, when small nanograins used to achieve
high-e ciency 3D polycrystalline PeLEDs are inevitably
accompanied by high-density grain boundary region, passivat-
ing the grain boundary region can be a promising strategy to
simultaneously improve device lifetime by suppressing the
migration of ion species.

Although problems with polycrystalline PeLEDs remain to
be solved, we expect that multidisciplinary approaches,
especially control of light outcoupling, will yield 3D
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polycrystalline PeLEDs that have an EQE that is comparable
to those of OLEDs (>25 30%) and may reach EL e ciencies
that are comparable to those of conventional OLEDs. The
prospective strategies for 3D polycrystalline PeLEDs may also
be e ective in other optoelectronic applications of MHPs.
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